The Pennsylvania State University
The Graduate School
Harold and Inge Marcus Department of Industrial and Manufacturing Engineering

SIMULATION ABOUT RESILIENCE OF THE TEAM IN THE EMERGENCY
DEPARTMENT

A Thesis in
Industrial Engineering
by
Jing Wang

 2017 Jing Wang

Submitted in Partial Fulfillment
of the Requirements
for the Degree of

Master of Science

December 2017

ii

The thesis of Jing Wang was reviewed and approved* by the following:

Ling Rothrock
Professor of Industrial Engineering
Thesis Advisor

Yiqi Zhang
Assistant Professor of Industrial Engineering

Robert C. Voigt
Professor of Industrial Engineering
Graduate Program Coordinator of Industrial Engineering

*Signatures are on file in the Graduate School

iii

ABSTRACT
Teamwork is essential in many different organizations and industries, especially in the
emergency department of the hospital. Moreover, the emergency department, as one of the most
important departments, is often faced with identified and potential perturbations. The identified
perturbations include incidents with historical records, such as earthquakes. The potential
perturbations consist of unpredictable absence of doctors and nurses. Both situations need to be
solved by the team in the emergency department. The doctors, nurses and other staff members need
to make decisions within a limited time. In addition, with increasing number of patients and limited
resources, the emergency department should pay attention to improving the efficiency of teamwork
and reducing the treatment time for patients.
The limited resources and the overcrowding of patients would result in team resilience.
Team resilience in the emergency department describes the ability of the system to handle all kinds
of perturbation. When the system goes into a degraded or critical state, the team of the emergency
department is in a resilient state. Moreover, team resilience would influence the performance of
emergency departments and the waiting time of patients.
In this thesis, the team resilience was analyzed with identified and potential perturbations.
Several proposals were designed and investigated to relief or solve the team resilience in emergency
department. A discrete event simulation model was fabricated to evaluate the performance of these
proposals under varying situations.
The simulation results in this thesis shows that the best solution to natural disasters or other
identified perturbation is to add one nurse and one doctor. The primary waiting time for all patients
can be reduced to 60 minutes. Also, the utilization of all resources could decrease by 70%. In this
condition, the performance of the team in the emergency department could maintain in a normal
state.
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The performance of teams and the utilization of resources are analyzed with respect to
potential perturbations. The environment is assumed to be a normal state in the beginning, and the
influence of the absence of one doctor and one nurse is simulated. The results shows that this
perturbation would increase the primary waiting time and the utilization of resources. The primary
waiting time for every patient is longer than that of normal state. The maximum primary waiting
time is longer than 60 minutes and the acuity level of the patient is 5. It can be concluded that no
resilience happens. When two doctors and two nurses are out of work all day, the primary waiting
time of 1 or 2 patients can be longer than 60 minutes. The possibility of a degraded performance is
66%.
When identified perturbations happen with one doctor and one nurse absent, the
performance of the team would be degraded and remain critical for 24 hours. Varying time
strategies of correction actions are analyzed. The earlier the corrections are made, the better team
performed under perturbations. The correlation between resilience and amount of supplementary
doctors and nurses is further discussed. Although there are no ways to eliminate the resilience,
adding three doctors and three nurses could reduce the primary waiting time. Moreover, the
coefficient of resilience would increase to 0.284. Hence, the performance of team could return to
normal state after 9h 28 minutes after the occurrence of identified perturbation.
As a conclusion, the performance of the investigated emergency department is simulated
and discussed in terms of two types of perturbation. According to simulation results, a response
strategy in terms of supplementary doctors, nurses and resources is designed to minimize the
expectation of resilience time in case of perturbations.
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Chapter 1
Introduction and Background

1.1 Introduction
Teamwork is a complex and important concept found in many different areas in all
organizations. Proper corporation and communication in team can improve the efficiency of work
and save time. Health system depends upon teams to efficiently maintain functions and adapts to
dynamic and complex situations, especially for the emergency department. Moreover, with an
increasing amount of patients in the emergency department, emergency departments are
experiencing signiﬁcant challenges. As the demand for emergency care increases, the emergency
department may dissatisfy patients with an extremely long length of stay. Moreover, the work
efficiency of the doctors and nurses may decrease because of the increment of the patients. Due to
the limitation of the resources in the emergency department, there are three points we should pay
attention to:
1. For the patients, they need high service quality, and short length of stay in the hospital.
2. For the doctors and other staffs, they need good team coordination to improve the
efficiency.
3. For the health systems, they need to develop a good team to reduce the waste of the
resources.
To solve this problem and enhance the quality of treatment, simulation study is helpful to
predict the impact of improvement procedures and obtain the insights for future management. In
the meantime, Discrete-Event Simulation (DES) has proven to be a useful tool for progress
modeling and improvement for the simulation of emergency department. The emergency

2
department can use the DES to access the current performance and examine the resilience of the
systems. In this work, we will use DES model to simulate the current statue of emergency
department when it faces all kinds of planned or unplanned situations.

1.2 Background
The emergency department is one of the most critical departments in health care system
because it provides patients the essential and immediate treatment. Emergency departments are
often faced with flux patient flow generated by unexceptional and/or exceptional events, such as
technical or natural disasters related to earthquakes, an outbreak of flux and so on. So, emergency
departments should be able to receive patient flows for treatment at any time and to let patients
have beds at the same time.
Overcrowding and resilience in the emergency department has been a severe problem
nearly all over the world. Many studies have suggested potential solutions to reduce or solve these
situations. For the staffs in the emergency department, they should make quick reaction using their
knowledge within a limited time. So, their cooperation and teamwork are crucial for the treatment
of patients. In some situations, even if the team can perform adequately and quickly, a change of
the external environment due to earthquake or other disaster can lead to the modification of the
emergency department. For example, when the arrival rate of patients’ changes, the waiting time
and the service time which patients get would change. The increment of the number of the patients
in a short time would lead to the resilience of team in the emergency department. The concept of
resilience is used widely in many organizations and occupations. It can describe the ability to
anticipate or to maintain the situation below the threshold.
Moreover, patients would also face with such situation which there is no surgery doctors
for him or her when they come into the emergency department. Therefore, they might need to wait
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for the specific doctor. And, some doctors or nurses may be out of work due to different reasons
considering the limitation of resources. Although it might not seem severely, there are many
different factors must be considered. The first is the number of the patients; the second is the duty
of the staff who is absent. All of these limitations would result in the team’s resilience in the
emergency department.
All in all, the limitation of the resources in the emergency department, the increment of the
number of patients in a short time, and absence of staffs are the probelems which the emergency
department should be faced with. In this work, we should discuss whether these situations lead to
the teams’ resilience using discrete event simulation model. To reduce or solve these problem, some
proposals are put forword.

1.3 Objective of this work
As discussed in previous sections, the proposal was put forward to improve the staffs and
resources in the emergency department. This thesis focused on three topics: the establishment of
the simulation model for the emergency department, the analysis of the resilience of the team in
the emergency department, the analysis of the utilization of resources and staffs in the emergency
department. To achieve these goals, the following objectives are carried out:
1. Use SIMIO9 to establish a model to simulate the function of the emergency
department. In this part, the model includes two parts: pre-bed service and in-room
service. First, the patient checks in if it is needed, then the patient is divided into
one of five levels according to the severity by triage. After that, the nurse would
arrange a room/bed for the patient to receive the test or other examinations. In the
end, they would leave the emergency department after all the procedure.
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2. Record the time how long each patient stays in the emergency department when
they come into the emergency department and their primary time. Investigate how
the patient flow and the number of team in emergency department influence the
resilience of the team. Moreover, how the resilience of team influences the
performance of team under different condition.
3. Calculate the utilization of the resources under different conditions. So, the best
suggestions under specific situation are put forward.
4. According to the performance of the team and the utilization of resources, the
proposal was put up to improve the efficiency of the staffs and resources in the
emergency department.

1.4 Thesis overview
The thesis will present the research in the following chapters:
Chapter 2: Literature review: in this chapter, we analyzed the relative concepts that are
related to the team’s resilience in the emergency department. It is meaningful to analyze the team’s
resilience. At first, the importance of teamwork in the emergency department is analyzed.
Moreover, the simulation method with the discrete event simulation (DES) are summarized. In this
chapter, the related definition of resilience is generalized. The relationship between the
performance of the team and the resilience of team was analyzed. So it is meaningful to analyze
the resilience of team in the emergency department.
Chapter 3: Methodology: in this chapter, we listed the model foundation, procedure for the
simulation and the criterion for the prediction. All of these items are critical components of the
simulation model. The model foundation lists the assumptions for the models, the work schedule
for the staffs in the emergency department and the patient's analysis. For the work schedule of the
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staffs, there are four nurses and four doctors for all day. And they are responsible for 20 beds in
total. The details are listed in section 2.4. At last, the patients’ arrival flow is analyzed during
different conditions (normal state and during earthquakes).
Chapter 4: Results: in this chapter, the results are analyzed under different conditions, and
all kinds of corrective proposals are compared. For the identified perturbations (such as
earthquakes, natural floods and so on), the best choice is to add one doctor and one nurse, which
not only could maintain the performance of teams in normal state, but also could save money and
improve the utilization of resources. For potential perturbation with one doctor and one nurse out
of work for one day, the performance of the team in the emergency department could remain at the
normal state. However, when two doctors and one nurse are out of work for all day, the performance
of team would be in a degraded state, which means that it would delay the time of treatment for
patients and reduce the efficiency of performance for staffs. At last, the most severe situation, one
doctor and one nurse are out of work under identified perturbation, is analyzed. The time for the
launch of corrective actions and what kinds of actions are compared. Although there are no
corrective actions could help the performance of teams to be in normal state, there are still some
actions could help the performance of teams return to the normal state from a critical state within
one day.
Chapter 5: Discussion: in this chapter, we discussed the results about the simulation model.
Moreover, the proposals are put forward for the emergency department. It will enhance the
performance of teams, improve the efficiency of work for the staffs.
Chapter 6: Conclusions and recommendations: in this chapter, the conclusions about the
results are shown. Moreover, the limitations of the simulation model are listed. In the end, to
overcome limitations, the recommendations are put forward.
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Chapter 2
Literature Review
This chapter discusses previous research related to the techniques and methods utilized in
this work. Presented first in Section 2.1 is the definition and application of the teamwork in the
emergency department. Section 2.2 shows the application of the discrete event simulation in the
emergency department in this work. It helps to establish the simulation model. Section 2.3 focus
on the definition and application of resilience in the emergency department. It is stated that the
resilience should be considered and analyzed by the simulation model. Section 2.4 presents the
performance of the team in the emergency department, which is one of the most important to
measure the resilience of team. Section 2.5 discusses the patient flow in the emergency department
and shows the model that will be used in the simulation. Finally, a summary of the literature
reviewed in this chapter is presented in Section 2.5.

2.1 Teamwork in the emergency department
Effective teamwork has been proven to be the essential requirement for the flight safety in
the last decade[1][2]. So, in the beginning, It is the aviation system that pay attention to teamwork
for improving the efficiency of teams. With the improvement of technology, now, nearly all the
commercial systems have standard team systems to finish kinds of tasks because experiments have
shown that effective teamwork can save time and finish task better.[3] The emergency department,
one of the most crucial departments in hospitals, has much similar to the aviation systems.
Moreover, both the emergency department and aviation system need to make a quick decision using
incomplete information and demand for effective coordination of group.
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To minimize errors, improve delivery performance, and promote their effects, it is
essential that emergency care systems begin to recognize the reality that all people frequently make
errors[4]. Moreover, given difficult vigilance tasks, complex, challenging task and longtime work
even the most experienced, most diligent and the smart physicians or staffs could often make all
kinds of errors[5]. As a result, a good team could help the physicians or staffs to reduce errors and
save time. Teamwork in the emergency department encourages doctors, nurses and other staffs to
actively coordinate and support each other in the treatment process[3].

2.2 The application of discrete event simulation model
Efforts to develop computer simulations of emergency department (ED) operations have
been advancing since the late 1980s when Saunders et al. simulated a generalized ED[6]. From that
time, Discrete event simulation (DES) models and other simulation models have been developed
to analysis healthcare systems.
Some authors used DES to in emergency department to analyze patient flow through the
time[7][8]. Moreover, also there are some authors use the DES to predict the capacities of new
facilities[9][10]. In particular, DES has been used to manage and predict the overcrowding
occurrences in the emergency department

[11]

. Using DES model to analyze the emergency

department have improved the patient flow and reduced the cost of patients. In the meantime, it
enhances the satisfaction level of the patient. So, using DES tool, the healthcare system can predict
the performance of teamwork in the emergency department.
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2.3 Resilience for the team in the emergency department

2.3.1 The perturbation in the emergency department
The emergency department is a critical part of the hospital, which often faced with the
unplanned or planned situation[12], such as the occurrence of earthquake, outbreak of epidemic
disease and so on. All these changes may influence the performance of team (waiting time of
patients, the length of stay in the emergency department, quality of treatment, …) in the emergency
department. The performance of the team has an impact on the efficiency of the emergency
department. Therefore, the performance for teamwork plays a crucial role to respond to the
perturbation.
The perturbation has impacts on the performance of teams. It may influence one single
aspect of the performance. It also may affect several aspects of performance of the team. To
characterize this perturbation, M. Aini [13] put forward a model for the socio-technical system:

Figure 2-1 Cycle of the perturbation in socio-technical system[13]
1) Pre-perturbation period: the period before the occurrence of perturbation.
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2) Perturbation period: the period during the occurrence of perturbation.
3) Post-perturbation period: the period after the occurrence of perturbation.

2.3.2 Strain situation in socio-technical system
According to [14], a strain situation is defined as a disequilibrium between the care load flow
(demand), and the care production capacity (supply) over a sufficient time to lead to harmful
consequences to a proper functioning of the ED.
Based on the definition of the strain situation, the performance of ED can be expressed by
two situations: normal or strain situation, which is shown in Figure 2-2.

Figure 2-2 Situations related to strain situation in ED
1) Normal state: in this state, the performance of ED could maintain in a normal state,
which is better than an acceptable state. Moreover, there is no need to add more staff
or resources to this system to help them. It also means that the needs of patients are
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less than the normal or most support of the team in the emergency department, which
they can offer.
2) Strain situation: in this state, the performance of the team in ED could not maintain in
a normal state. Moreover, there is need to add more staff or resources to this system to
help them. It also means that the needs of patients are more than the normal or most
support of team in the emergency department, which they can offer. In this situation,
it also is divided into two situations: degraded condition and critical situation. In the
degraded situation, the performance of team could maintain in an acceptable situation,
and the system could recover to the normal state if there is no extra load within a limited
time. In critical state, the performance of team could not maintain in an acceptable
situation, and the system may break up anytime if there is no staff or resources added.
In the strain situation, the team in the emergency department may be in resilience state. So
next section, the definition will be listed.

3.2.3 The definition of resilience
At any time, the emergency department should be able to accept patients for treatment. As
we can see, if some disasters happen, a significant flux of patients would come in the emergency
department to receive treatment. For the conventional medical systems, the team in the emergency
department would run into a strain situation. Thus, it is vital to strengthen the organization of the
team in the emergency department so that they can handle these situations. However, there is
limited staffs and resources for the team in the emergency department, so the emergency
departments should incorporate all the doctors, nurses and other resources to face this mission and
overcome this strain situation.
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To describe the strain situation, the concept of resilience is introduced in this section. The
concept of resilience and the application is used in many areas. However, very little paper pay
attention to the resilience in the emergency department. Mebarki[15] has explained that the resilience
is recognized as a reference concept for the recovery ability of the disasters, damages and other
catastrophe. Mallak

[16]

introduced some aspects which aim to define the elements of resilient

organizations and the performance of the person in the resilient situation. This author recognized
resilience as a rapid and decisive reaction behavior to support the stress which comes from the
environment. Anders et al.[17] use the concept and management of resilience to analyze the
emergency department. In this article, he tested and refined the resilience properties. Moreover, he
uses questionnaires and observation to analyze the resilience. Nemeth et al.,[18] also investigated
the resilience in health care system. In this article, he recognizes resilience as a strategy to improve
the safety of patients in the emergency department. He also pays attention to the adaptability ability
of staffs and resources and describes in which situation the resilience happens in health care systems
and how to deal with the complexed situation in the daily emergency situation. Then, Haimes et
al.,[19] defined resilience is the ability of the system to return to its optimal condition in a short
period. In this article, the author considered resilience as one strategy for recover the system.
However, he did not emphasize on the meaning of resilience in the emergency department.
In this work, the definition of resilience in the emergency department is the ability to
provide the patient care while maintaining its performance to an acceptable level faced to planned
or unplanned perturbations by adopting before, during and after the occurrence of the
perturbance[20].
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2.3.4

The measurement of the resilience of the team in the emergency department
Consider one or more staff of a team in the emergency department perform in a normal

state when the function of the ED works at normal state[20]. After the occurrence of the perturbation
(disaster or the change of the staffs etc.) at the time t, the performance of the team would decrease,
and their state would fall from normal state to degraded state at t=𝑡𝑉𝑆𝑒 .
The figure 5 processed the procedure for the emergency department’s performance during
the perturbation. As listed in the figure, The ED performance would be decreased into the degraded
state from the normal state. The ED performance can be divided into three periods:
Pre-perturbation (t<𝑡𝑉𝑆𝑒 ), in this period, the ED performance is in the normal state. The
team of the emergency department might not recognize the occurrence of the perturbation.
During the perturbation period (𝑡𝑉𝑆𝑒 <t<𝑡𝐹 ), in this period, the ED performance goes into
the degraded state even the critical state. In this period, the ED performance is affected by the
perturbation, and the action of patients is influenced by the perturbation.
Post-perturbation period (t>𝑡𝐹 ), this period represents the ED performance returns to the
normal state. [20]
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Figure 2-3 The course of the team performance after the perturbation
The resilience of team in the emergency department during the perturbation can be
expressed as follows:

𝑅(𝑇𝑅𝐸𝐶 ) =

𝑡
∫𝑡 𝐹 𝑄(𝑡)𝑑𝑡
𝑉𝑠𝑒
𝑡
∫𝑡 𝐹 𝑄0 (𝑡)𝑑𝑡
𝑉𝑠𝑒

𝑇𝑅𝐸𝐶

= 𝑡𝐹 − 𝑡𝑉𝑠𝑒

(2-1)

In the equation,𝑄(𝑡) is the real ED performance under perturbation. And 𝑄0 (𝑡) represents
the corresponding ED performance in normal operating conditions.

2.4 Performance of the team in the emergency department
For the emergency department, a great deal of effort, time and resources are required to
provide the high-quality patient care. Because the high salary and other expense, the doctors, nurses
and other resources are the primary concern. However, all the resources influence on the waiting
time of the patients and the satisfaction of the patients[21].
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A typical staff team schedule by day of the week was obtained for all positions directly
involved in the treatment of ED patients: registration nurses, triage nurses, ED nurses, ED doctors,
ED lab physician, and ED. The different positions’ responsibilities and the duration of the work are
identified. They would cooperate and help each other to treat the patient as a team. The data sources
of this team were interviews with the ED managers.[8]
For the need to the evaluation of the performance of the emergency department, this work
would consider the resilience of team in the emergency department as the team’s ability to regain
the normal state after the occurrence and the detection of perturbation.[20]
Moreover, the expression of the performance of team should be described by taking into
account:
1. The views of patients on the ED staff and nurses;
2. The environment of emergency department meet in case of the occurrence of the
perturbation;
3. Other criterias, such as strain indicator.[22]
In this work, the definition of performance, Q(t), of the team in the emergency department
as follows[20] (figure 2-4 ):
𝑄(𝑡) = (𝑄1 , 𝑄2 … , 𝑄𝑘 )𝑇 = 𝑓(𝑃, 𝐴, 𝐶𝑝 , 𝑡)

Figure 2-4 The performance of team in the emergency department

(2-2)
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•

P: which represent the perturbations. It can be defined by the time and the kind;

•

A: which describe the possible corrective actions, such as the increment of the
doctors or nurses, or activities on the resources and so on.

•

𝐶𝑝 : which represent the team performance criteria

•

R: which represents performance of the team in the emergency department

2.5 Patient Flow model in the emergency department
Emergency department overcrowding is a common problem all over the world, and all the
resources like nurse, doctor, space, and equipment are limited. Patients often have to wait for a long
time before being seen by a doctor and even longer before being transferred to a hospital bed [23].
From 1996 through 2006, the annual number of ED visits increased from 90.3 million (24) to 119.2
million visits (up by 32 percent). This represents an average increase of about 2.9 million visits (3.2
percent) per year

[23]

. Given the pressure of the vast population, it is critical for the emergency

department to develop the system that ensures all the patients have the permits to get the care within
the limited resources.
Moreover, for the patient flow in the emergency department, it usually consists of these
processes[24]:
Pre-bed service: admission or check-in, registration, triage and bed assignment
in-patient-room service: physician visits and diagnosis, nurse services, and laboratory and
radiology tests
discharge: go back to home or admitted to the hospital
The process can be expressed as the following figure 2-5:
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Figure 2-5 The procedure for the patient flow in the emergency department
1) Pre-bed service
For the pre-bed service, it includes check-in registration, triage and bed assignment.
Check-in: Usually patients would enter the Emergency Department by one of the two
potential gates depending on their arrival mode: ambulance or drive by self. After they arrive at the
emergency department, standing, sitting or lying, they would go to the reception if their condition
is not emergent. At this reception, one or two nurses would be installed there to be responsible for
admission or check-in. They will ask the patients about their identity and insurance information
and so on. Moreover, the first arrived patient would check in first, except for some emergency

17
conditions. After check-in, the patient would be installed into the waiting room and waiting for the
triage.
Triage: The next step for the patient is triage. For the emergency departments, there are
usually 2 or more triage nurses there. The term “triage” [25] is derived from the French word trier
(to sort) which was originally used to describe sorting of the agricultural products. Today, “triage”
is almost exclusively used in specific healthcare contexts. Aachary[25] said that the fundamental
point of triage is the following: not everyone who needs a particular form of health care, such as
medicine, therapy, surgery, transplantation, intensive care bed, can gain immediate access to it.
Triage systems are designed to assist allocation decisions in this regard.
For the patients, when they arrived at the triage, they would be asked about their medical
history (such as earlier diseases, surgeries, allergies and so on). After the nurse identified the
patient’s health condition, they would decide subsequently which level the patients should belong
to. The following is the levels of the triage (according to the reference[26]):
Level 1 – Resuscitation/Immediate: life-threatening. Life-threatening but treatable injuries
requiring rapid medical attention.
Level 2 – Emergency: could be life-threatening. The patient may have serious injuries but
are stable enough to wait a short while for medical treatment.
Level 3 – Urgency/Urgent: not life-threatening. No life-threatening and can wait a long
time for medical treatment.
Level 4 – Less-Urgency/Semi-Urgent: not life-threatening and less severe. The patients are
minor injuries, which can wait for more extended periods of time for treatment.
Level 5- Non-urgent: not serious. The patients are little injuries that can wait for an
extended period of treatment.
Category

situation

Response
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Level 1

Resuscitation

See patient immediately

Level 2

Emergency

Within 15 minutes

Level 3

Urgency

Within 30 minutes

Level 4

Less-Urgency

Within 60 minutes

Level 5

Non-Urgency

Within 120 minutes

Table 2-1 the level for patient in the triage
At the end of the triage, the nurse will ask the patients in the waiting room and continue to
take care of other patients. After triage, the patients can be sent to bed if there is any; otherwise,
they go to a registration table and then wait in the waiting room.
2) In-patient-room service
When the patient enters a patient room, he (or she) will first receive nurse service (such as
turning on the monitor and checking the temperature, blood pressure, heartbeat and so on). For
those patients who are sent directly to the beds, the nurse will also carry out triage and registration
procedures. Then, a physician will come to provide initial evaluation (examinations and possible
testing assignment). The laboratory and radiology tests (such as blood, urine, computed
tomography (CT), X-ray, MRI, and ultrasound) will be ordered and then accessed by the technician.
After the patient returns from the laboratory and radiology tests, IV/med will be provided by the
nurse. Typically, the patient may need to wait until all the testing results are ready. Then, the
physician will analyze the results, diagnose the syndrome, make disposition decisions, and write a
prescription. The following is the illustration.
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Table 2-2 The in-room service procedure in emergency department
3) Discharge
After all the examination, the patient may discharge from the emergency department. He
or she may go back home or admitted to the hospital. Then the bedroom will be cleaned and
prepared for the next patient.
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2.6 Summary
In this chapter, the literature review is listed. The phenomenon of overcrowding in the
emergency department has been verified in many papers. So the resilience has become one of the
severe problems which many emergency departments want to solve or relief. Moreover, many
authors have put forward all kinds of methods to enhance the efficiency of teamwork and save the
treatment time of patient. The performance of team and patient flow model are analyzed. As
summarized above, it is essential to simulate the influence of resilience on the performance of the
team in the emergency department under different perturbations. In the next chapter, the
methodology will discuss the model foundation, the criterion for the prediction and so on.
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Chapter 3
Methodology
In this chapter, a procedure is presented for the development of a simulation tool that
analyses the resilience of the team in the emergency department. The first section, section 3.1, tells
model foundation. In this part, the model assumption, notation, the work schedule for the staffs and
the patient's flow for this model are listed in this part. Section 3.2 presents the procedure for this
simulation model. It contains the procedure for the calculation and evaluation of the model. Section
3.3 lists the criterion for this model which shows the standard to evaluate the results. Then the next
part is the summary.

3.1 Model Foundation
This section outlines the underlying mathematical model that used in this simulation. This
section discusses assumptions, notation, input data, decision variables, and finally the complete
foundation.

3.1.1 Model Assumption
To investigate the resilience of the team in the emergency department, we should make
some assumptions to make sure our model is similar to the reality. The assumptions made are as
follows:
1. The first assumption is about the admission rate at normal state and after the
disaster. Depending on the literature, we had created the arrived rate table, and the
values are from the study the determine the admission rate for the model.
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2. The second assumption is about the time to consult and the time for an admission
decision to order. According to the acuity of the patients, we made the table in
Chapter 2.
3. In this model, it is assumed that the hospital structural and non-structural elements
can typically perform after the earthquake and other disasters.
4. It is assumed that the acuity level could not change after the level has been
determined.
5. All the patients would leave the emergency department after the procedure in the
simulation model.
6. All transfer time (travel time) are neglected, which would be considered as 0
minutes.

3.1.2 Notation
The index sets used in the model are:
i = patient index, i=1,2,3,…,P
j = nurse index, j=1,2,3, …, N
k=doctor index, k=1,2,3, …, D
m=machine index, m=1,2,3, …, M
The patient index is used to represent each of P patients in the emergency department who
receive the treatment. The nurse index is used to represent each of N nurse in the emergency
department that occupied in the bedroom. The doctor index is used to represent each of D doctor
in the emergency department that occupied in the bedroom. The machine index is used to represent
the number of the machine is occupied in the lab station.
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3.1.3 The work Schedule for the team in the emergency department
For this paper, we use an emergency department (ED) at a large community hospital,
Central Baptist Hospital in Lexington, KY as the simulation model.

[24]

Central Baptist Hospital

(CBH), is a vast community hospital in that area, which has more than 50 years of caring to serve
the people of Kentucky’s Bluegrass area. It is a major center with more than 370 beds for medical
research and education. It is also a good choice for the family who lived near the Kentucky. This
hospital could offer some of the most advanced medical facilities, technologies and so on. The
most critical point, the emergency department in that hospital is one of the busiest department. It
would offer more than 360 patients treated within one day.
The current work shift schedule is presented in the following table 3-1. As shown in Table
1, there are five primary nurses to manage a total of 20 rooms/beds, and each primary nurse
manages four regular beds. Also, there is one check-in nurse in admission room and one triage
nurse in the triage room.
Nurses

Rooms/beds

Work schedule

Nurse1

1-4 beds

All day

Nurse 2

5-8 beds

All day

Nurse 3

9-12 beds

All day

Nurse 4

13-16 beds

All day

Nurse 5

17-20 beds

All day

Table 3-1 Work schedule for nurses in the emergency department
For the work schedule of doctors, it is listed in table 3-2. There are four doctors in the
emergency department. They are responsible for 20 rooms/beds.
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Doctors

Rooms/beds

Work schedule

Doctor1

1-20 beds

All day

Doctor2

1-20 beds

All day

Doctor 3

1-20 beds

All day

Doctor 4

1-20 beds

All day

Table 3-2 Work schedule for doctors in the emergency department
For the lab equipment, there are four lab machines in the emergency department, including
CT, Ultra Sound, MRI, and X-ray Machine. Supposing that each machine works well all day.
Moreover, all patients would be tested by one machine.

3.1.4 Patient arrival analysis
The patients’ data rates in the normal state are imported from an ED tracking board, which
include the information of the patients and components, such as the arrival time, acuity level and
so on.
For the arrival rates and some patients’ arrival, it is shown in Figure 3-1.
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Figure 3-1 Patient arrival by hour in normal state
For the percentage with different acuity level of patients in normal state, it is shown in
Table 3-3.
Acuity Level

1

2

3

4

5

Percentage

0.56%

16.78%

71.19%

10.47%

1%

Table 3-3 the percentage of the patient with different acuity level in normal state
The data used as input for an abnormal situation in this model is the patients’ data rates
collected in the Californian hospital during 1994 Northridge earthquake. In 2011, Cimellaro et al.
have given the pattern of patients’ arrival rates of Northridge earthquake. In this article, the

[27]

arrival rate has been modified to adjust to their needs. Then the patient arrival rate was first scaled
using the peak ground acceleration (PGA) which has relation to one hospital in Turin. Then a
second scaling procedure based on the Modified Mercalli Intensity (MMI) scale was selected
(Figure 3-2). All of the scaling procedure has its limitation.
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Figure 3-2 Arrival rates for Northridge earthquake and arrival rate scaled concerning PGA and
MMI
In fact, data collection during an emergency such as an earthquake is a low priority activity,
so it is challenging to find real data. Then, the arrival rate in the earthquake was divided into
different acuity level following a similar distribution proposed by Yi [28] shown in Table 3-4.
Acuity Level

1

2

3

4

5

Percentage

3.7%

40.1%

48.48%

6.81%

1%

Table 3-4 The percentage of the patient with different acuity level in the earthquake
The distributions of the patients’ arrivals in a day is defined by the arrival cycle (Figure 33)
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Figure 3-3 Patient arrival by hour during disaster
In this work, the patient will be used in the model for a normal state and during earthquake.

3.2 Procedure for the simulation of the model
The patient arriving model has been analyzed in section 3.1; this section presents the
procedure for the simulation of this model. This procedure would provide the methods to evaluate
the team’s resilience according to its fundamental parameters.
This assessment would not only put up suggestions on the performance of the team in the
emergency department but also put forward corrective actions and measures to improve the
resilience and performance of the team in the emergency department.
In this section, the general procedure for the simulation of the model to assess the resilience
and the performance of the team is presented figure 3-4.
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Figure 3-4 The procedure for the simulation of the model [20]
Before the happens of the perturbation, the performance of staffs and resources are at
normal state. Then the perturbations happen, which has some influence on the team behavior in the
emergency department. There are two kinds of perturbations discussed in this work:
1. Identified perturbation: the perturbation caused by the environment. The outcomes are
carried out by analyzing the behavior or performance to the perturbations recorded in
the past, such as the earthquake happened in 1994.
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2. Potential perturbation: the perturbations are caused by the system itself. The outcomes
are carried out by analyzing the behavior or performance to the perturbations happened
within the systems. For example, the doctor, the nurse or other staffs may be out of
work because of reasons of themselves.
Then the next step is a simulation of the behavior of the team in the emergency department.
This step aims to evaluate the behavior of team in the emergency department when the perturbation
happens. The simulation can provide the relationship between the influence of the perturbation and
the behaviors. In this case, the simulation can be used:
1. To evaluate the damage of the team in the emergency department;
2. To evaluate the effect of the corrective proposals and to suggest the best choice when
faced with the perturbation.
The third step is to the estimation of the damage in the emergency department. In this
thesis, the strain indicator is used to evaluate the damage caused by the perturbations.
The fourth step is the estimation of the performance of the team in the emergency
department. In this thesis, Q(t), which has been defined before, is used to evaluate the performance
of team caused by the perturbations. This step would help to classify the perturbations and develop
the corrective actions.
The last step is the assessment of resilience. It can be concluded that the resilience of team
in the emergency department could be influenced by such factors: a) the severe level of perturbation
b) the kinds of the corrective actions, c) the launch time of the corrective actions
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3.3 Criterion for the prediction of the mode
As listed by Kadri

[20]

, the treatment for the patients begins when a patient arrives in the

emergency department and ends with either disposed to home or admitted to other department or
waiting for other consultation.
It is have been proved [14] that primary time (PW) is one of the most indicators to measure
the resilience and the level of resilience. Primary waiting time, which is explained in figure 3-5,
means that the time between check-in and the lab test.

Figure 3-5 The definition of the primary waiting time (PW)
In this thesis, the PW is one of the leading parameters to measure the damage to the
emergency department. The threshold values were verified and validated by the medical staff. [14]
Strain indicator

ED state
Normal state

Degraded state

Critical state

PW<60

60≤PW<90

PW≥90

PW(minutes)

Table 3-5 The strain indicator for the simulation model[14]
For the assessment of the performance of the team, Q(t) is used. Q(t) means the current
value of ED performance. As listed in figure 2-3, the Q(t) is changed with the change of time.
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For the assessment of the resilience of team in the emergency department, R(t) is used in
this thesis. It is calculated with equation 2-1.
Utilization of resources is the term to measure whether the staffs are busy and the resources
are occupied.

3.4 Summary
This chapter presented the results from the simulation about the team in the emergency
department. The first section outlined the baseline for the simulation of the resilience of team in
the emergency department. It tells the procedure how the patients are treated after coming to the
ED. The section presents the performance of the team in ED. It mainly concludes the primary
waiting time under different condition. Moreover, for the different condition, the team of ED should
make different measures. The third part presents the utilization of team member in ED.
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Chapter 4
Simulation results about DES model
As listed in chapter 3, the methodology of this model is analyzed. Moreover, in this chapter,
the simulation results of this model are listed under different conditions. Section 4.1 presents the
baseline for the estimation of the resilience for the teamwork in ED. Section 4.2 outlines the
performance of the team with perturbation. In this section, the performance of the team under the
different condition is analyzed and compared. Section 4.3 presents the utilization of team under
perturbation. In this section, utilization of the team under the different condition is listed. Section
4.4 is the summary of this chapter.

4.1 Baseline for the estimation for the resilience for the teamwork in ED
The treatment process for the patients begins when the patients come to the emergency
department and end when patients discharge from ED or admitted to other departments in the
hospital.
The simulation model was written using SIMIO 9, which listed in figure 4-1.
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Figure 4-1The patient flow in SIMIO 9
Figure 4-1 list the pre-bed process when patients come into the emergency department, and
Figure 4-2 list the in-room service they get when patients enter the patient room.
The waiting time between check-in and the nurse IV/Med is ranked the most relevant
indicator[14], which also is called primary waiting time (PW). In this work, the primary waiting time
is considered as one of the indicators to reflect the performance for teamwork in the emergency
department.

Figure 4-2 The patients in room service in SIMIO 9
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4.2 Performance of team with identified perturbation
In this section, the performance of the team in the emergency department was presented.
In section 4.2.1, the performance with the identified perturbation will be showed. In section 4.2.2,
it presents results about the performance with unidentified perturbation. In section 4.2.3, it gives
results about the performance combining identified and unidentified perturbation.

4.2.1 Performance of the team with identified perturbation
The model has been validated and verified by comparing the numerical results with the
results which was simulated by Margaret et al. [8]. The total time of each run in this simulation is
24 hours in the normal state. The primary waiting time for the patient is listed in figure 4-3:

Figure 4-3 Primary waiting time for patient in normal state
The performance of the team in the emergency department is keeping at the normal state.
The Primary time for each patient is less than 60 min.
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Recall the perturbation, as listed in chapter 3.2.3, happens. The primary waiting time for
the patients is listed in figure 4-4.

Figure 4-4 Primary waiting time under perturbation
As recorded in 4-4, the performance of the team, when they faced with earthquake, is in
the ungraded even critical state.
During this perturbation, the level of the team’s performance in the emergency department
is estimated. The perturbation period started at t = 6:41 a.m.
Recall
(𝑷𝑾−𝟔𝟎)

𝑸𝑷𝑾 (𝒕) = (𝟏 − 𝑴𝑨𝑿(𝑷𝑾)) × 𝟏𝟎𝟎%

[29]

( 4-1)

So, the team performance level is decreased to a lower level 𝑄𝑃𝑊 (𝑡)= 28.1%. The team
performance in the emergency department returns to the normal state at t=10:03 pm. As listed in
Figure 4-5, the recovery time 𝑇𝑅𝐸𝐶 = 15 ℎ𝑜𝑢𝑟𝑠 𝑎𝑛𝑑 22 𝑚𝑖𝑛𝑢𝑡𝑒𝑠.
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Figure 4-5 Procedure of the team performance in emergency department
To reduce the primary waiting time in the emergency department, additional staffs (doctors
and nurses) and material resources (lab equipment) can be added during the perturbation period.
Supposing that the time to detect the perturbation is at the beginning of the perturbation.
And all kinds of corrective actions (Adding staffs and resources) would be applied at the beginning
of perturbation. Table 4-1 summarize all kinds of corrective actions during the perturbation.
Scenarios

Corrective actions

Scenario 1 (S1)

Add one doctor all day

Scenario 2 (S2)

Add one nurse all day

Scenario 3 (S3)

Add one nurse and one doctor all day

Scenario 4 (S4)

Add one nurse and one lab equipment

Scenario 5 (S5)

Add one doctor and one lab equipment

Scenario 6 (S6)

Add 1 doctor, 1 nurse and 1 lab equipment

Table 4-1 Proposed corrective actions
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After all the corrective actions, the primary waiting time would change as listed in figure
4-6.

Figure 4-6 Primary waiting time at the emergency department during perturbation
The results are shown in Figure 4-6, and the conclusion is listed in the following:
1. As observed in figure 2, adding one doctor or one nurse into the team can reduce the
primary waiting-time (PW) of the patients in the emergency department. As shown in
this figure, the maximum primary waiting time can be reduced to 199 minutes from
241 minutes if just adding one nurse. Moreover, the strain situation reduced to 11 hours
27 minutes. The maximum primary waiting time can be reduced to 181 minutes from
241 minutes if just adding one doctor, and the strain situation reduced to 9hours
33minutes. If the emergency department adds one nurse and one lab equipment, the
maximum waiting time would be reduced to 158 minutes. And the maximum waiting
time would be 126 minutes if the emergency department adds one doctor and one lab
equipment.
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2. It can be seen from the figure, if one doctor and one nurse is added into the team, the
maximum waiting time is still more than 60 minutes. However, the person who is
waiting for more than 60 minutes is at the acuity level 5. It means that they just need
little treatment if time allows. They can choose to other department in workdays. So,
it is considered that there is no resilience happens.
3. As analyzed above, it can be seen from this figure that there is no resilience happens if
one doctor, one nurse with/ without one lab equipment. Moreover, the teams in the
emergency department could work in the normal state.
Recall that the equation which was used to calculate the performance of patients:
(𝑷𝑾−𝟔𝟎)

𝑸𝑷𝑾 (𝒕) = (𝟏 −

𝑴𝑨𝑿(𝑷𝑾)

) × 𝟏𝟎𝟎%

[29]

(4-2)

Figure 4-7 listed the performance with/without corrective actions.

Figure 4-7 Performance of team during perturbation
Recall the equation about resilience:

𝑅(𝑇𝑅𝐸𝐶 ) =

𝑡
∫𝑡 𝐹 𝑄(𝑡)𝑑𝑡
𝑉𝑠𝑒
𝑡
∫𝑡 𝐹 𝑄0 (𝑡)𝑑𝑡
𝑉𝑠𝑒

𝑇𝑅𝐸𝐶

= 𝑡𝐹 − 𝑡𝑉𝑠𝑒

(4-3)
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To evaluate the resilience of the team in the emergency department based on the strain
indicator, this worked use Matlab to model the procedure with/without corrective actions to
𝑡

get ∫𝑡 𝐹 𝑄(𝑡)𝑑𝑡.
𝑉𝑠𝑒

Performance Criteria
Scenario
Recovery Time

Resilience

Without actions(S0)

15h22minutes

0.217

S2

11 h27minutes

0.385

S1

9h22minutes

0.517

S4

8h43minutes

0.593

S5

4h26minutes

0.782

Table 4-2 The performance criteria for the scenarios
The comparison is listed above; there are improvements if the emergency department adds
staffs and resources:
1) The recovery time is longer, while the coefficient of resilience would be smaller. It is
remarked that the recovery time is reduced 7hours 1 minutes from S5 to S1, the
resilience of team in the emergency department would be increased to 0.782 from
0.217.
2) There is no resilience for S3 and S6, so their coefficient of resilience is one with the
definition.
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4.2.2 Performance of team with potential perturbation
For the potential perturbation (e.g. doctors or nurses are out of work all day),
they may happens at any time in one day. In this section, supposing one doctor and one nurse
would be out of work all day. Moreover, the staffs and resources would change as follows:
resources

number

doctors

4

nurses

5

Lab equipment

4

Table 4-3 the number of staffs and resources in normal state
resources

number

doctors

3

nurses

4

Lab equipment

4

Table 4-4 The number of staffs and resources under potential perturbation (situation 1)
In section 3.2.3, it is listed that they are five nurses at all, and each nurse is responsible for
four rooms/beds. However, in this section, one nurse is out of work, which means four beds are
reduced. Under potential perturbation, there are total 16 beds are available, and each nurse is
responsible for four beds/rooms. The whole time of each run in this simulation is 24 hours.
For the primary waiting time in the normal state is listed in section 4.2.1. Next, the primary
waiting time under potential perturbation will be discussed:
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Figure 4-8 Primary waiting time under potential perturbation (situation 1)
There is only one patient’s primary waiting time is longer than 60 minutes. Moreover, the
acuity level of this patient is 5. It would be determined there is no resilience of team in the
emergency department.
In this simulation, this situation is repeated 50 times. Among all of these simulations, there
are four times which exist such conditions: the primary waiting time of one patient is longer than
60 minutes. Moreover, the acuity level of the patient, whose primary waiting time is longer than 60
minutes, is level 5. So, it is concluded that there is no resilience happens with three doctors, four
nurses, and four lab equipment. Moreover, the performance of the team in the emergency
department is in a normal state.
Supposing the number of nurses is reduced to 3, and the number of doctors reduced to 3,
which is listed in table 4-5.
Resources

number

Doctors

3
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Nurses

3

Lab equipment

4

Table 4-5 The number of staffs and resources under potential perturbation (situation 2)
Under this potential perturbation, the model is simulated 50 times. Moreover, results are
shown in Figure 4-9:

Figure 4-9 Primary waiting time with unidentified perturbation (situation 2)
When one doctor and two nurses are absent all day, only four patients’ primary waiting
time is longer than 60 minutes, two of them are at five acuity level, and two are at four acuity level.
This simulation is repeated for 50 times; the details are listed in table 4-6.
Number of patients (primary waiting time longer
Total number of
Times

than 60 minutes) at different acuity level
patients
Level 3

Level 4

Level 5

22

1

2

1

4

2

2

1

0

3

4

0

1

1

2
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2

0

3

1

4

3

2

1

1

4

8

0

1

2

3

1

3

0

1

4

5

2

2

1

5

3

0

4

1

5

Table 4-6 Repeat times for number of patients at different levels
As listed in above table, the conclusions are as bellows:
1. There are 17 times in the above table that the acuity level of patients is all at level 4 or
level 5. The longest primary waiting time among this patient is 97 minutes at level 5.
For level 5, the patients could wait for 120 minutes. Moreover, the other patients are
at level 4, and the primary waiting time varies from 62 to 82 minutes. Patients who are
at level four means he or she has little injuries who can wait about 60 minutes. So, it is
reasonable to conclude that there is no resilience under this situation.
2. There are 33 times that the patients are level 3and their primary waiting time is longer
than 60 minutes. Patients who are at level 3 means he or she can wait a long time (30
minutes) for medical treatment. Moreover, the total time is longer than the time which
the patients could wait. It is assumed the performance of the team in the emergency
department is in the degraded state.
As listed above, in situation 2, the possibility which the staff may be under degraded state
is 66%. The number of nurses in this team cannot be reduced to 3.
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4.2.3 Performance of team under perturbation without recovery
Section 4.2.1 and 4.2.2 listed the situation which the system of the team in the emergency
department can rescue from the degraded or critical state. Supposing the time that earthquake
happens is as listed in section4.2.1. In the meantime, one doctor and two nurses are out of work, so
only 12 beds are available in the emergency department.
The primary waiting time for the patients listed in figure 4-10.

Figure 4-10 Primary waiting time under perturbation without recovery
As listed in 4.2, the performance of the team when they faced with earthquake is in the
ungraded even critical state.
During this perturbation, the loss of the team’s performance in the emergency department
is estimated. The perturbation period started at t = 6:41 a.m. Moreover, after 6:41 am, the team in
the emergency department are in the critical state all day. The maximum primary waiting time is
as high as 321.78 minutes.
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Figure 4-11 Recovery time under perturbation without recovery
To reduce the primary waiting time in the emergency department, additional staffs (doctors
and nurses) and material resources (lab equipment) should be added into the procedure during the
period.
Supposing that the time required to detect the perturbation and applied corrective actions
(Adding staffs and resources) at the beginning of perturbation. Table 4-6 summarize the kinds of
corrective actions during the perturbation.
Scenarios

Select corrective actions

Time

Scenario10(S10)

Without corrective actions

Scenario11(S11)

Add 2 doctors, 1 nurse (20 beds)

At 6:41 am (at the beginning)

Scenario12(S12)

Add 2 doctors, 1 nurse (20 beds)

At 8:41 am

Scenario13(S13)

Add 2 doctors, 1 nurse (20 beds)

At 10:41 am

Scenario14(S14)

Add 2 doctors, 1 nurse (20 beds)

At 12:41 pm

Table 4-7 Corrective actions under the perturbation without recovery
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After all the corrective actions, the primary waiting time would change as listed in figure
4-12.

Figure 4-12 Primary waiting time with/without corrective actions under perturbation without
recovery
The results are shown in Figure 2, and the conclusion is listed in the following:
1. As shown in Figure 2, the time of launch for the corrective actions (adding staffs
and resources and so on) influence the performance of teams. Moreover, the most
effective efforts are adding two doctors and one nurse at the start of the earthquake.
2. As expected, the maximum primary waiting time can be reduced with corrective
actions. The sooner the corrective measures are taken, the better results are lead to.
3. If two doctors and one nurse (20 beds) are added at the beginning of the
perturbation, The performance of the team in the emergency department may
require recovery to the normal state. The statistical results are listed in table 4-8.
Number of patients (primary waiting time less than 60

Total number

minutes) at different acuity level after perturbation happens

of patients

Times
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Level 1

Level 2

Level 3

Level 4

Level 5

36

0

0

0

0

0

0

4

0

0

2

0

0

2

3

0

1

0

1

0

2

4

1

1

0

0

0

2

1

0

1

0

0

0

1

2

0

0

1

0

0

1

Table 4-8 Repeat times for number of patients at different levels under perturbations
The conclusions are listed below:
1. After 50 repeats, there are 36 times which no patients could finish all the
examinations. It means there are 72% possibility the performance of team can’t
return to the normal state in 24 hours.
2. For four times in table 4-8, two patients are at level 3 whose primary waiting time
is less than 60 minutes. It is reasonable that the performance of team could return
to the normal state in 24 hours.
3. For the other conditions in table 4-8, the most number of patients whose primary
waiting time is less than 60 minutes is 2. Moreover, the shortest primary waiting
time for the patient is 47 minutes, whose acuity level is 1. Because the patient in
level one should be in bed immediately, it is reasonable to be concluded that the
performance of the team in the emergency department is under resilience
condition.
All in all, it can be seen from the table above, there are 36 times that there is no patients’
primary waiting time are less than 60 minutes. For the other 14 times, although the primary time of
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patients is less than 60 minutes, the acuity time of that patients are level 1 or level 2. It is considered
by the adding doctors and nurses, the performance of team can’t return to the normal state.
To help the team in the emergency department to return the normal state in one day, the
corrective actions will be taken at the beginning of the earthquake. And the corrective actions are
listed in table 4-9.
Scenarios

Select corrective actions

Scenario10(S10)

Without corrective actions

Scenario11(S11)

Add two doctor, one nurse (20 beds)

Scenario21(S21)

Add two doctor, two nurses (20 beds)

Scenario22(S22)

Add three doctor, two nurses (20 beds)

Scenario23(S23)

Add three doctor, three nurses (20 beds)

Table 4-9 Corrective actions at the beginning of earthquake
After selecting corrective actions, the performance of the team in the emergency
department would be better than before, as listed in figure 4-13.
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Figure 4-13 Primary waiting time under perturbation with/without corrective actions at the
beginning of earthquake
The results are shown in Figure 4-13, and the conclusion is listed in the following:
1. The corrective actions could improve the primary waiting time of patients in the
emergency department. If two doctors and one nurse (S11) are added to the team, the
maximum primary waiting time would be reduced to 197.28 minutes from 320.73
minutes. And if two doctors and two nurses are added into the team, the maximum
primary waiting time would be reduced to 183 minutes, which is 57.19% of the length
of the maximum primary waiting time without any corrective actions.
2. The length of time to recovery to the normal state could be reduced after taking
corrective actions. In the beginning, only one or two patients’ primary waiting time is
within 60 minutes after two doctors and one nurse are added into the team. Moreover,
after continuing to add doctors or nurses into the team, the number of patients, whose
primary waiting time is within 60 minutes, is increasing.
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3. The most effective corrective action is adding to three doctors and three nurses to the
team. Considering the salary for one doctor one hour, $240 per hour and one nurse’s
salary is $26 per hour; it is best to add more nurses and fewer doctors into the team.
Although the primary waiting time could decrease when more doctors and nurses are added
into the system, there are no methods to maintain the performance in the normal state. Next, the
performance of team would be discussed in figure 4-14.

Figure 4-14 Performance of team under perturbation with/without corrective actions at the
beginning of the earthquake
Recall the equation about resilience:

𝑅(𝑇𝑅𝐸𝐶 ) =

𝑡
∫𝑡 𝐹 𝑄(𝑡)𝑑𝑡
𝑉𝑠𝑒
𝑡
∫𝑡 𝐹 𝑄0 (𝑡)𝑑𝑡
𝑉𝑠𝑒

𝑇𝑅𝐸𝐶

= 𝑡𝐹 − 𝑡𝑉𝑠𝑒

(4-4)

The resilience and the recovery time are listed in table 4-10:
Performance Criteria
Scenario

Without actions(S10)

Recovery Time

Resilience

--------

---------
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S11

---------

------------

S21

16h9minutes

0.178

S22

15h27minutes

0.212

S23

14h28minutes

0.284

Table 4-10 The resilience under perturbation with/without corrective actions at the beginning of
the earthquake
As listed in the above table, the coefficient of resilience is below 0.3. It means the
performance of the team is under resilience state. More corrective actions should be taken. As listed
in section 4.2.1, it should be more nurses and doctors is prepared in the emergency department in
case of the occurrence of perturbations.

4.3 The utilization of resources
In this section, the utilization of staffs and resources in the emergency department was
presented. In section 4.3.1, the utilization of the crews and resources with the identified perturbation
will be showed. In section 4.3.2, it presents results about the utilization of the faculties and
resources under potential perturbation. In section 4.3.3, it presents findings of the utilization of the
staffs and resources combining identified and potential perturbation.

4.3.1 Utilization of team with identified perturbation
As listed in 4.2.1, the performance of the team in the emergency department is analyzed.
And the results showed that adding one doctor, one nurse with/ without one lab equipment could
make the performance of team stay in normal state.
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According to the results in Simio, the utilization of staff and resources in the team are listed
in Table 4-11.
Utilizations
resources
normal

S0

S2

S4

S1

S5

S3

S6

Nurse(average)

67.44%

95.43%

94.37%

93.24%

94.12%

90.83%

86.75%

81.32%

Doctor(average)

69.20%

98.87%

96.45%

95.32%

93.22%

85.30%

76.59%

72.18%

Lab equipment

47.80%

74.32%

63.32%

60.33%

58.43%

50.19%

53.76%

48.32%

Table 4-11 Utilization of staff and resources in the team of emergency department
From the results listed above, the conclusions are listed below:
I.

The utilization of resources has a relationship with the performance of the team in
the emergency department. The value of resilience is higher, and the value of the
utilization would be higher.

II.

The utilization of the lab equipment is below 75% in all conditions. It seems that
there is no need to use so many lab equipments. However, the lab equipment is
different kinds of devices (CT scanner, Ultra Sound, etc.…). Because this
simulation can’t determine the percentage of the usage for each machine, the
number of machines can’t be reduced to 3 or 2. However, there is no need to add
one machine according to the results of the utilization.

III.

Under the influence of perturbation, the utilization of all resources is higher than
that in a normal state. There is no criterion about the best utilization for the staffs
and resources. So it is hard to determine which is the best state to work for the
staffs.
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4.3.2 Utilization of team with potential perturbation
For the performance of the team with potential perturbation, there is no resilience, which
is listed in section 4.2.2.
For the utilization of the staff and other resources, it is listed in table 4-12:
Utilizations
resources
normal

4 nurses & 3 doctors

3 nurses & 3 doctors

Nurse(average)

67.44%

77.85%

80.56%

Doctor(average)

69.20%

71.14%

73.25%

Lab equipment

47.80%

47.38%

47.27%

Table 4-12 Utilization of staff and resources in the team of emergency department
For the normal state, this work analyzed the absence of staffs. The conclusions are listed
in the following:
1. It is reasonable that the value of utilization would be higher if the number of faculties
is lesser. However, there is no resilience happens. And it was recommended that the
team could reduce one doctor and one nurse in a normal state. And the number of
doctors and nurses could be reduced to three nurses and three doctors.
2. The salary of one doctor is about $240/ hour, and one nurse is $26/ hour, it is
recommended that the number of doctors can be reduced to three.
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4.3.3

Utilization under resilience without recovery

In this situation, the team is kept in the critical state all day. And it would happen if there
are an earthquake and severe disasters. The utilization of team member is analyzed using Simio.
And the utilization of staff and resources in the team are listed in Table 4-13.
Utilizations
resources
S10

S11

S12

S13

S14

Nurse(average)

98.52%

95.78%

96.27%

97.71%

98.43%

Doctor(average)

99.84%

99.12%

99.34%

99.51%

99.77%

Lab equipment

87.67%

75.48%

77.98%

81.34%

84.23%

Table 4-13 Utilization of staff and resources in the team of emergency department
The conclusions are listed in the following:
1. The team keeps busy all day. The utilization of all resources is all above 75%. And the
launch time of the corrective actions and the utilization of resources have relations.
The earlier the launch time of corrective actions are taken, the less the utilization of all
resources is.
2. As listed in above table, if the corrective actions are launched at 8:41 am, the average
utilization of nurses would be reduced to 95.78% from 98.52%. There are nearly 3%
improvement if adding two doctors and one nurse at the beginning of nurses. So,
adding more nurses and more doctors into the team earlier, the utilization would
decrease.
3. In this section, the utilization of resources is calculated. The performance of the team
has a relationship with the utilization of resources. If the performance of the team is
getting better, the utilization of resources would be decreased.
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4.4

Summary

This chapter presented the results from the simulation about the team in the emergency
department. The first section outlined the baseline for the simulation of the resilience of team in
the emergency department. It tells the procedure how the patients are treated after coming into the
ED. The section presents the performance of the team in ED. It mainly concludes the primary
waiting time under different condition. Moreover, for the different situation, the team of ED should
take different measures. The third part presents the utilization of team member in ED.
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Chapter 5
Discussion about the results of the simulation
Healthcare systems play a vital role in our society, especially the emergency department.
It shows the indispensable position no matter in a normal state, or after the disaster or other
perturbations.
In chapter 4, the performance of teams has been modeled in detail using a DES model,
which have contained most of the needed factors. Moreover, the results are shown with the
consideration of all kinds of perturbations.
In recent years, the number of patients to visit the emergency department are increasing.
Moreover, some patients may need surgery or other tests under some perturbations. For this
simulation model, the general steps are considered under all kinds of perturbations. In addition, the
most severe condition, the nurses and doctors are out of work for all day when the earthquake
happens, were compiled and presented in Chapter 4. This would give guidance to the emergency
department for the prevention of perturbations. This section would discuss the usefulness and the
importance of those results.
The details about the comparison between the doctor and the nurse in the team would be
listed in the following paragraph:
1. In section 4.2.1. There will be no resilience if the emergency department is in a normal
state without any perturbation happens. However, if the identified perturbation
(earthquake in 1944) occurs, the performance of team would be in degraded state or
even in the critical state. As listed in chapter 4, the ability of the performance of nurse
is limited, compared to the performance of doctors. However, with the considdoctors
and nurses, it is better to choose to add nurses instead doctors.
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2. Considering the triage time and the check-in time in this ideal model, they are separated
into two parts in this model. The primary time would decrease if the two parts
combined. It will be analyzed in future research.
3. There are 20 beds in this simulation, and every nurse only serves four beds all full day.
However, the added nurse could help all the beds. So, the utilization of the added nurse
is the highest value. If neglecting the paperwork or other procedures needed, the best
way to improve the efficiency of nurses is to arrange nurses to serve all the beds
together.
4. In the current situation for this model, the time from bed assignment to the first doctor
seems too long. It is assumed in this model that the doctor would wait to visit the patient
after the nurses complete their first service. However, this may be unnecessary for the
waiting of the doctor. A new strategy is proposed that the doctor can visit the patient
even if the nurse hasn’t finished her/his check. This strategy may save time and
improve the performance of the team in the emergency department.
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Chapter 6
Conclusions and Recommendation for future work
In this chapter, the conclusions are listed according to the results in chapter 5.Also the
recommendations for future work are presented in section 6.2.

6.1 Conclusions
The planning about the arrival rates of patients and absence of the staffs is an important
and sometimes complicated process that exists in most of the emergency department. An especially
essential aspect to this process is the planning of resource utilization. Knowledge about the future
state of resources at the start of any perturbations can be beneficial in making informed decisions
on how to best achieve the goals of a particular operation. The capacity to predict overall arrival
rates of patients to be a useful aid in planning the emergency team number in the future.
The objective of this work is to introduce a simulation model to evaluate ED team
performance and verify the effectiveness.
Moreover, this simulation model can accurately simulate patients flow in the emergency
department and can be used to analyze team behavior of an emergency department in function of
all kinds of perturbations. Resilience analysis concerning the number of doctors, nurses and the lab
equipment has been carried out.
To improve the performance of the team and to prevent or reduce the resilience of team in
the emergency department, it must take into account the efficiency of teamwork in the emergency
department, the salary of staff, and the maintaining of the resources (lab equipment, …)
Under identified perturbation (earthquake, natural floods and other natural disasters), the
best choice is adding one nurse and one doctor. The primary waiting time for all patients would be
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less than 60 minutes. Moreover, the utilization of all resources is less than 75%. In this condition,
the performance of the team in the emergency department could maintain in a normal state.
Under the potential perturbations, the performance of teams and the utilization of resources
are analyzed. Assumed that the environment is in a normal state, the work analysed the results when
one doctor and one nurse are absent for all day. The results showed that this perturbation would
influence the primary waiting time and the utilization of resources. Even nearly all the primary
waiting time of patients longer than before. However, just one patient’s primary waiting time is
longer than 60 minutes, whose level is 5. So, it is recognized that there is no resilience happens.
When one doctors and two nurses are out of work for all day, there is one or two patients’ primary
waiting time is longer than 60 minutes. However, as analyzed in this work, there are 66% possibility
that the performance of the team is in the degraded state. So, the number of the doctors couldn’t be
reduced to 3.
When the identified perturbation happens with one doctor, and one nurse is out of work all
day, the performance of the team in the emergency department would be in critical state. It won’t
recover to the normal state within 24 hours if no corrective actions are taken. After taking corrective
actions at the different time, there is some improvement for the performance of teams. The earlier
the corrective measures are taken, the better the performance of the team will be shown. If different
corrective actions are taken at the beginning of the perturbations, the performance of the team will
be demonstrated in this work. Although there are no ways to eliminate the resilience of performance
for the team, adding three doctors and three nurses could reduce the primary waiting time for all
the patients. Moreover, the coefficient of resilience would increase to 0.284. And the performance
of team could return to normal state after 9h 28 minutes from the beginning of the perturbation.
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6.2 Limitations and recommendations for future work
Although this research has demonstrated the ability to serve as a useful simulation tool in
the emergency department, there are still many limitations to this simulation model.
1. The time of bed assignment nurses. In this simulation model, the nurses’ time who is
responsible for bed assignment is 8 minutes average. In actual, the time of patients
varies according to the acuity level of patients.
2. The duty of doctors. In this simulation model, the doctor could cure all the patients
with different illnesses. However, the actual doctor couldn’t handle all the illness.
Specific doctors or experts could cure only several specific illnesses.
3. The difference of patients. In this thesis, the age, gender and other specific
requirements of patients are neglected, which are the factors can’t be ignored in actual
cases.
There are many other strateges might enhance or extend the simulation model further.
Expanding the model to a more important department or area might be handy for the emergency
department. Although this would result in the problem more complicated and difficult, it would be
helpful for the development of the emergency department.
An area for future research might include the consideration about how the patients come
into the emergency department. There are many patients sent to emergency department using
mbulances. So, they should be treated immediately with several doctors and nurses. In this ideal
model, patients are cured by just one nurse and one doctor no matter what kind of illness he or she
is. Originally this simple model was designed to be an easy to use tool for some instances. It helps
the emergency department to improve the performance of the team and prevent teams’ resilience
in future. If how patients are cured in detail is added in the simulation model, it would be beneficial
to the emergency department when perturbation happens.
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Another area for future research may include the waiting time in the whole process and all
processing time of patients in the emergency department. In this thesis, we just focus on the primary
waiting time of patients. There are many other factors which would influence the performance of
teams, such as the whole process time, and the skill level of team members. This would introduce
more variability into the simulation model and would even to generate the more realistic model.
Although the model should be modified a lot, it would be more helpful for the prediction of
performance of the team in the emergency department.
A third area that also might help enhance this simulation model would be incorporate other
types of the treatment procedure. The current process only focuses on three different procedures in
this ideal model. Incorporating other procedures would help create a more realistic and useful
simulation model that can use to multiple aspects in the emergency department.
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Appendix A Nomenclature
ED

=

emergency department

DES

=

discrete event simulation

PW

=

primary waiting time

Q(t)

=

current value of the team performance

Q(𝑉𝑠𝑒 )

=

value of the ED performance when the ED goes to degraded state

𝑄(𝑉𝐶𝑟 ) =

value of the ED performance when the ED goes to critical state

𝑡𝐹

=

date on which the ED returns to its normal state

𝑄0 (𝑡)

=

the corresponding ED performance in normal operating conditions

A

=

the possible corrective actions

P

=

the perturbations

𝐶𝑝

=

the team performance criteria

R

=

performance of the team in the emergency department

𝑡𝑉𝑆𝑒

=

date on which Q(t) reaches the value Q(𝑉𝑠𝑒 ) corresponding to the transition

for the normal state to the degraded state (𝑉𝑠𝑒 )
𝑇𝑅𝐸𝐶

=

Recovery time: time required to return to the normal state after the reached

value Q(𝑉𝑠𝑒 ) at date 𝑡𝑉𝑆𝑒 (𝑇𝑅𝐸𝐶 = 𝑡𝐹 –𝑡𝑉𝑆𝑒 )
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Appendix B Key parameter for the simulation model
Elements in the

Staff

Distribution

Registration time

Registration staff

Uniform (4,6,3)

Triage time

Triage nurses

Triangular (4.56,8.34,15.03,5)

Nurse access time

nurses

Doctor access time

doctors

Uniform (6,10,8)

Nurse IV/Med time

nurses

Uniform (6,10,8)

Doctor disposition time

doctors

Uniform (6,10,8)

Nurse disposition to

nurses

Min(251,lognormal(3.89,0.51,11))

nurses

Min(241,lognormal(2.89,0.51,12))

Lab test time

Lab staffs

Uniform (6,10,8)

Acuity level (normal)

Triage nurses

Discrete

simulation time

Uniform (7,9,8)

home time
Nurse disposition to
admission

(1,0.0056,2,0.1678,3,0.7119,4,0.1047,5,0.001)
Acuity level
(perturbation)

Triage nurses

Discrete
(1,0.037,2,0.401,3,0.4848,4,0.0681,5,0.001)

