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Abstract 

The growing demand for residential and commercial space in urban areas has resulted in 

increased number of constructed tall buildings around the world. Regarding the safety, tall 

buildings were subject of many disaster events in the last two decades, where the disaster on 9/11 

highlighted the importance of providing robust evacuation. The main reason for that is the fact 

that a single fire may cause considerable number of casualties in such buildings. Therefore, 

relocation strategy represents a major role in the safety design of any tall building. The first step 

to attain a safe and quick egress is understanding people behaviour in different evacuation 

scenarios, while the next step is the integration of it with building egress design and finding 

optimal evacuation strategy for all people. In this way, the optimal evacuation strategy would 

result in all people being evacuated from a tall building in the shortest possible time considering 

their actions. 

In spite of the increase in the availability of advance evacuation models, the main drawback 

to model evacuation process close to a real one is not the simulation of people’s movements, but 

the current understanding of decision-making steps that people take in specific evacuation 

situations. The same applies to tall buildings being unable to model route choice of people 

between stairs and lifts with low uncertainty in order to achieve an effective evacuation. 

Therefore, the route choice was investigated in the thesis in an effort to understand people 

behavioural actions for different evacuation scenarios, and considering this afterwards for finding 

the optimal evacuation strategy for people. In this regard, it was comprehended that directing 

people to use a particular egress component (e.g., evacuation lifts) leads to most predictable 

evacuation procedure. 

After grasping the knowledge related to the route choice of people, modelling of other people 

behavioural actions and their movements was undertaken by establishing an evacuation model 

which calculates total evacuation time for tall buildings. Thus, the mathematical model 

successfully integrated people performance, the stochastic nature of people behaviour at different 

egress components and capacities of egress components to represent a realistic evacuation process 

in tall buildings. In order to find the optimal evacuation strategy for all people the model is solved 

using branch and bound algorithm. The relative comparison of the results in several aspects 

showed that the research problem should be considered as multi-objective minimising the total 

evacuation time, the number of people waiting to be released on their floors and the number of 

people waiting at the refuge floors. The results indicated that 5400 people would be evacuated in 

approximately 1 hour and 15 minutes; less time compared to another model.  
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In the end, the conclusions drawn from research conducted in the thesis along with the 

implications and future research were presented. Thus, regarding the decision making of people, 

the importance of several parameters such as density of people on stairs, vertical position of refuge 

floors, number of people in front of lifts, navigation strategy and people’s familiarity with tall 

buildings is concluded. In terms of the optimal evacuation strategy, it was found that people 

should take at the beginning and the end the evacuation lifts or switch between stairs to achieve 

a balanced evacuation strategy, which would lead to faster evacuation of all people from a tall 

building.  
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1.1  Research Motivation 

The rapid urbanisation of cities around the world leads to the overpopulation of metropolitan 

areas and construction of many tall high-rise buildings. The growing demand for residential and 

commercial space in urban areas has resulted in increased number of developed tall high-rise 

buildings around the world, where the highest trends are evident in countries like China and the 

USA. Construction of such buildings is also present in many other countries like South Korea, 

Indonesia, Malaysia, Qatar, UAE and Australia, having each year several newly completed tall 

high-rise buildings. The average height of the tallest buildings in the world is increasing with each 

passing year. Thus, the average height of 100 tallest buildings considering the period between 

2000 and 2016 has an increase of ~5m per year (see Figure 1-1).   

 

Figure 1-1 Average height of world's 100 tallest buildings (CTBUH, 2016) 

Despite being one of the world’s least density-populated countries, Australia has the highest 

proportion of urban residents. Thus, the construction of tall buildings is increasing rapidly in 

major cities like Melbourne, Sydney and Brisbane (see Figure 1-2), aligning towards more denser 

cities and sustainable future (CTBUH, 2017). 

 

Figure 1-2 Study of 100m+ buildings in Australia (CTBUH, 2017) 
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When it comes to the safety, high-rise buildings represent a major subject of many disaster 

events which can result in a huge significant amount of casualties and damage costs. Only in 

USA, each year on the average, 40 civilian deaths, 520 civilian injuries and $154 million in 

property damage occur due to fires in high-rise buildings (Ahrens, 2016). Thus, providing safe 

evacuation for people in such buildings in case of fire, terrorist attack or earthquake is a major 

concern for building designers, occupants and governments. The disaster on 9/11 highlighted the 

importance of ensuring robust building evacuation as well as conducting more analyses in relation 

to human-infrastructure interaction, evacuation procedure and behavior of people (Galea et al., 

2008). Moreover, a single fire may cause a considerable number of casualties in such a building 

(Shi et al., 2009).  

Although high-rise buildings are safer in general than lower-rise buildings, they differ in many 

aspects and necessitate additional attention. Hence, the evacuation process in tall buildings is 

different from the evacuation process in lower-rise buildings, having several major differences 

(Atila et al., 2013):  

1. High vertical concentration of people and load of combustible materials; 

2. Higher probability for a large uncontrolled fire to move upwards due to building’s 

nature; 

3. The chance for people assembled in one area to be injured or even killed is higher, 

particularly for people that are physically closer to the incident; 

4. A delay can occur in reaching the safe area, because of the location of an emergency; 

5. The evacuation process becomes more difficult since a larger number of people cannot 

be evacuated by lifts and emergency exit stairwells at the same time; 

6. Access to firefighters can be restricted due to the location of the fire; 

7. The effects of wind, air circulation and temperature difference inside a building can 

increase the hot air and smoke. 

8. Open space, which are common in tall office buildings, can accelerate spreading of fire. 

1.2 Research Background 

The design of an evacuation procedure is the first step to achieve an appropriate level of 

building safety. Relocation strategy has a key role in the safety design of all high-rise buildings 

(Luo and Wong, 2006; Tubbs and Meacham, 2009). Factors such as number of floors, time 

required for people to be evacuated, and evacuation strategy proposed should be taken into 
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account during the assessment of building egress design (Ma et al., 2012a). Research shows that 

using evacuation lifts as a means of egress can provide much faster and safer evacuation than 

using stairs only (Ronchi and Nilsson, 2013b; Huang et al., 2014).  

Also, the current literature indicates that if evacuation lifts are connected to “refuge floors” 

total evacuation time can be significantly reduced (Ronchi and Nilsson, 2013b). Refuge floors are 

fire resistant floors suggested as a temporary place of safety for people to take short rests or wait 

for evacuation lifts or to change to another stair. Also, they can be used to secure people with 

disabilities and injured evacuees as well as to serve as a firefighter base. They are usually placed 

on each 20 to 25 floors (Bukowski, 2008) and are required for buildings taller than 100 m 

(GB50045-95, 2005; Clawson and O’Connor, 2011).  

Combining refuge floors and evacuation lifts can provide direct evacuation of people to the 

ground level (Wood et al., 2004; Ronchi and Nilsson, 2013b). A strategy combining stairs, 

evacuation lifts and refuge floors has already been adopted in many well-known tall buildings 

such as Burj Khalifa, Petronas Towers and the Eureka Tower (Kinateder et al., 2014b). However, 

the concept of including refuge floors has also different issues related to design efficiency, 

practicality and life safety. One of the disadvantages is economic costs since the cost of building 

development increases by including more egress components (Clawson and O’Connor, 2011). 

Although, during evacuation drills, people tend to follow evacuation procedure and evacuate 

going to the nearest refuge floor, the overcrowding issue of the refuge floor can provoke series of 

adverse events such as high waiting time for evacuation lifts, backing up to stairs, slowing down 

stair’s flow and people switching between stairs due to overcrowded stairs (Gershon et al., 2012; 

Bukowski and Tubbs, 2016). As a result of that, more attention should be paid to understanding 

people behaviour related to the use of stairs, evacuation lifts and refuge floors altogether (Ronchi 

and Nilsson, 2013b). At the same time, the literature underlines the importance of providing real-

time information for evacuation of tall building since it is crucial for the occupants to make 

adequate decisions (Bukowski, 2012; Kuligowski and Hoskins, 2012). 

Moreover, the main challenge of evacuation lifts is the fact that the percentage of people using 

them can vary from 33 %, if people have the freedom to select between lifts and stairs (Kinsey et 

al., 2010), to 100 % if suggested by staff during evacuation drills (Bukowski and Tubbs, 2016). 

Behavioural data related to route choice of people between stairs and lifts and maximum waiting 

time for lifts should be collected since scattering of the results is high (Ronchi and Nilsson, 

2013b). Precise evaluation of the percentage of stair/lift users is required since it can significantly 

impact total evacuation time which is presented in Figure 1-3 (Ma et al., 2012a).  



 

 

5 

 

 

Figure 1-3 Clearance time with different percentage of stair users f, where 0 means that all people were 

evacuated by lifts and vice versa (Ma et al., 2012a) 

After understanding people’s actions particularly the route choice of people, an optimal 

strategy for evacuation of tall buildings should be investigated minimising total evacuation time 

and increasing the safety of people (Bukowski and Tubbs, 2016). Rakip et al. (2012) introduced 

an optimal evacuation system which aims to obtain precise information of the emergency situation 

to guide people building out in the least time. Appropriate modelling of building egress evacuation 

strategy considering real-time information, people behaviour and available egress components 

can improve evacuation time and evacuation strategy itself (Aleksandrov et al., 2015). To tackle 

this problem, either for real-time evacuation of people or to model efficient evacuation strategy 

for tall buildings an optimisation approach is needed. 

So far, a modelling approach for finding an optimum building evacuation design solution for 

tall office buildings was proposed, where the percentage of lift users was altered to find the 

optimal solution (Ma et al., 2012a). Recently, Ding et al. (2017b) proposed an agent-based method 

using genetic algorithm to find the optimal solution considering different speed of people on 

stairs. However, some of the crucial aspects related to people behaviour such as initial delay (i.e., 

pre-movement time) of people to start evacuating, the route choice between evacuation lifts and 

stairs as well as the maximum number of people waiting for lifts were not considered in finding 

the optimal evacuation strategy. Therefore, finding an optimal building evacuation strategy for 

tall high-rise buildings considering people behavioural actions was investigated throughout this 

dissertation. 
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1.3 Research Problem and Aim 

According to the research description, route choice of people can result in evacuation 

scenarios that can vary significantly. Prediction of these people actions plays an important role in 

finding the best (i.e., optimal) strategy for evacuation all people. Also, other information such as 

pre-movement time, available egress components and real-time information should be 

investigated and integrated in modelling of evacuation process. Thus, an research problem 

identified is to predict people behavioural actions during different evacuation scenarios and 

propose a mathematical model which would consider it in finding an optimal evacuation strategy 

for any tall building. Therefore, two key components are identified that needs be investigated to 

address this research problem and find an effective solution approach for it. Firstly, a model 

predicting route choice of people with the least uncertainties should be determined. Secondly, the 

proposed model along with all other important parameters should be leveraged in a mathematical 

model that enables finding the optimal evacuation strategy for all people in a tall high-rise 

building. 

Accordingly, the research problem is defined as: 

Currently, there is no evacuation model for finding optimal evacuation strategy for tall 

buildings considering available egress components and people behavioural actions to 

provide faster and safer evacuation procedure. 

Therefore, the main aim of this research is to: 

Develop an evacuation model optimising evacuation strategy within a tall building to 

facilitate evacuation process of people by integrating different egress components, people 

behaviour and their abilities. 

The following research questions are addressed in this research: 

• What factors should be considered to design an optimal building evacuation strategy in 

tall buildings?  

• What would people want to use while evacuating a tall building; stairs or lifts?  

• How should the problem be formulated and solved to find safer and quicker evacuation 

strategy for tall buildings? 

• How well does the proposed model perform compared to the other available models?  

The hypothesis of this research is accordingly: 
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An optimal evacuation strategy integrating people behaviour and performance at different 

egress components can result in a safer and quicker optimal building evacuation strategy for tall 

buildings compared to other available models. 

The expected research outcome is: 

The research outcome is to provide a model which would optimise an evacuation strategy 

for tall buildings by integrating building’s egress components and behaviour of people. The model 

would facilitate the decision-making steps of people and their distribution in an optimal way 

during an evacuation process between available egress components. To sum up, this method will 

provide a safer evacuation conducted in the shortest possible time for all people within a tall 

building. 

1.4 Research Objectives 

Based on the research description, questions and aim of this thesis, the following objectives 

were identified (see Table 1-1). Each of these objectives answers one or more of the previously 

mentioned questions. 

Table 1-1 Research objectives and outcomes 

Objective Description Outcome 

1 Investigate and identify research limitations and directions to 

facilitate evacuation process in tall buildings 

Foundation of the research 

2 Identification of key factors and available models for evacuations of 

tall buildings 

Model requirements  

3 Identification of decision-making models which predict people 

behaviour in different emergency situations in tall buildings 

Gathering data and results 

validation 

4 Developing and testing the efficiency of the model to provide a more 

efficient evacuation process in tall buildings based on the established 

conceptual model 

Model for finding optimal 

building evacuation strategy 

and its performance  

1.5 Research Approach 

A research approach consists of actions and steps required for conducting research and 

defining the steps sequencing effectively. Figure 1-4 shows that a research process consists of 

series of interconnected activities, identifying 7 main activities and 10 steps and phases that need 

to be accomplished (Kothari, 2004). Thus, the following steps represent fundamental guidelines 

for successful implementation and realisation of research: formulation of the research problem, 

state-of-the-art literature review, hypothesis formulation, preparation of the research design, data 

collection, research execution, data analysis, hypothesis evaluation, interpretation of research 

findings and preparation of the thesis. 



 

 

8 

 

 

Figure 1-4 Research process flow chart (Kothari, 2004) 

In order to address the proposed research problem and provide answers to the established 

research objectives considering this approach, four stages are formulated. In each stage, one of 

the objectives is addressed and several steps are carried out. These four stages have been 

explained in detail in Figure 1-5. 

Stages: 

1. Define the research problem reviewing the current literature and establishing the 

theoretical scope to solve the problem; 

2. Identification of key factors that affect evacuation procedure in tall buildings and 

comparison of available models for evacuation of tall buildings 

3. Data collection through online questionnaires and virtual reality examining different 

route choice scenarios as well as evacuation scenario modelling of a tall building 

4. Preparation of input parameters via micro to macro evacuation modelling, mathematical 

formulation of the evacuation model and performance evaluation. 
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Figure 1-5 Research approach and its connection with the research objectives 

The research approach selected in this thesis represents performance based evacuation design 

methodology. The main reason behind using this methodology is the fact that it is commonly used 

for assessment of building evacuation scenarios considering people behaviour and their 

performance using different egress components. The key steps representing this methodology are 

defining research scope, goals and objectives, defining performance criteria, developing design 

scenarios, developing and evaluating trial designs and documentation preparation (Rosenbaum, 

2015). A brief explanation of each phase is presented in the following text, while a more detail 

one can be found in Chapter 3. Although performance based evacuation design methodology also 

evaluates the impact of an emergency, in this thesis, the attention is placed on prediction of people 

behaviour and finding an optimal evacuation strategy considering it. 
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1.5.1 Defining the research scope 

The initial phase of the research establishes the foundation and theoretical background of the 

research. In this phase, an extensive literature review is undertaken in two main areas: modelling 

people behaviour during indoor evacuations, and pros and cons of available evacuation models 

for finding optimal evacuation strategy for tall buildings. Based on the wide range of books, 

journal and conference papers, handbooks, discussions with relevant researchers, practitioners 

and experts in this area, the problem has been established and the research gap has been 

emphasised. The results achieved from this phase are unified in order to identify the main 

challenges to improve evacuation procedure in tall buildings. This stage enables defining the 

research problem and setting the research aims and objectives. After a profound investigation of 

the research problem, the hypothesis is identified enabling it to be tested and evaluated logically 

and empirically. This phase addresses the first two objectives of the research. 

1.5.2 Defining Performance Criteria 

Performance criteria is usually represented through threshold values, defined ranges of 

threshold values or performance distributions. In this regard, Bukowski (2008) stated that the total 

evacuation for tall high-rise buildings between 50 and 80 floors should be conducted in 1 to 1.5 

hours if only stairs are used for evacuation, while this should be even less than 1h in case of 

including as well evacuation lifts as means of egress. Therefore, a threshold of 1h was considered 

in this thesis.  

1.5.3 Development of Design Scenarios 

After defining the performance criteria, the development of design scenarios is assessed. The 

main goal of this section is to define building and occupants’ characteristics, and fire scenarios 

which could affect building evacuation strategy and design. Considering the research background 

explained above, there is high uncertainty in terms of the route choice of people between stairs 

and evacuation lifts. This phenomena can result in various evacuation outcomes affecting total 

evacuation time significantly. Therefore, as a first step, route choice of people between evacuation 

lifts and stairs was investigated using questionnaires to limit the number of scenarios that should 

be tested in finding optimal evacuation strategy for people (refer to Chapter 4). The next step 

represents a validation of thus identified route choice model through a virtual reality experiment 

to assess the results’ validity to be generalised to real-life settings which would be referred to as 

ecological validity in the further text (refer to Chapter 5). Afterwards, a case study building was 

selected, where the other parameters affecting an evacuation process were carefully investigated. 

Fire or any other emergency scenarios were regarded as out of scope since the impact of 
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emergency conditions was not assessed in the thesis. This phase is undertaken to address the third 

research objective. 

In order to limit the number of scenarios and to find a single optimal evacuation strategy 

solution of a tall building route choice of people between evacuation lifts and stairs was first 

investigated. In this regard, two subsequent questionnaires were conducted. Therefore, new 

models predicting people behaviour in tall buildings are proposed (refer to Chapter 4). However, 

since questionnaires represent stated preferences of people and cannot be taken for granted, a 

virtual reality experiment is conducted testing fewer similar evacuation scenarios to assess the 

ecological validity of the results collected through the questionnaires. Pros and cons of available 

behavioural data collection methods for evacuation purposes along with the differences between 

stated and revealed preferences of people are presented in Section 2.4.2. Thus, a behavioural 

model predicting people’s actions with the lowest uncertainty was compared to a model identified 

using virtual reality technology (refer to Chapter 5).  

As a next step, a case study building was selected where all building characteristics are 

explained in detail. The case study building represents a tall office building which is constructed 

based on the current regulations and standards. The design scenario step involves the 

identifications of building components and occupant characteristics to define the possible 

occupant scenarios. In this aspect, several aspects such as number of people, their performances 

and response using different egress component were investigated (refer to Section 6.2).  

1.5.4 Trial Design Development and Evaluation 

Through the development of trial design step, performance based egress components and 

features should be agreed upon assessment of total evacuation time correctly. A comparison 

between available evacuation models is presented in Section  2.2.1. In this aspect, graph-based 

model is selected to test various scenarios quickly and find an optimal solution. In this regard, 

empirical data are transformed into a representative set of equations, whereas micro to macro 

evacuation modelling is performed to represent the evacuation process realistically for each egress 

component (refer to Section 6.3). Afterwards, a mathematical model is presented, which 

integrates available egress components and people behaviour to calculate total evacuation time as 

well as to evaluate the trial design performance (refer to Chapter 7). Since the main research 

problem is to decrease the total evacuation time by finding optimal evacuation strategy for all 

people, branch and bound algorithm is used to solve the model and to find the optimal solution.   

To assess the performance of the model, the case study building was used undertaking different 

evacuation scenarios that people can face during an evacuation. The best representation of people 
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performance is through agent-based simulation, but immense computational time is the main 

problem to check various possible evacuation solutions. Hence, graph-based model are suggested 

to overcome this problem and to find optimal solution quickly. To represent all parameters and 

model occupant scenarios correctly in the graph model, micro to macro evacuation modelling is 

undertaken. Through this step, the performance of the people using stairs and lifts was evaluated 

defining the time required for people to travel each of them.   

To find the optimal evacuation strategy for tall buildings, an evacuation model is proposed. 

The solution considers the stochastic nature of people behaviour and capacities of available egress 

components to minimise the total evacuation time as well as to increase the safety of people. The 

mathematical formulation of the model is presented in Chapter 7 enabling to test various 

experimental scenarios. The solution uses a mixed integer linear programming integrating a 

branch and bound algorithm. This algorithm represents an exact method enabling to find the 

optimal solution from a set of possible solutions in minimal time (Land and Doig, 1960). In order 

to utilise the algorithm for this problem, Gurobi optimiser is used providing an option to include 

the objective functions and constraints identified. The mathematical formulation of the algorithm 

is assessed carrying out different quantitative analysis over the results showing the performance 

of the algorithm. The algorithm is compared in several aspects with a method proposed by Ma et 

al. (2012a) to find the optimal evacuation strategy (refer to Section 7.6). This phase is carried out 

in response to research objective four. 

1.5.5 Documentation Preparation 

In the final phase, a brief overview of the research is presented to the academic community 

through a dissertation, journal and conference publications besides a presentation to the relevant 

industry bodies and public safety authorities. This phase outlines the scope, goals and objectives, 

design scenarios, critical assumptions, design features and references. In the end, the future 

recommendations are presented as potential next steps for improvement and further research in 

this area. 

1.6 Delimitation of Scope and Key Assumptions 

The main focus of this research is on understanding people behaviour during evacuations of 

tall buildings and its integration into finding optimal evacuation strategy. In tall buildings, a wide 

range of incidents can occur such as fires, earthquakes, terrorist attacks, gas leakages, etc. 

However, the research does not include the entire indoor disasters, but it considers the situations 

in which the structure after an incident enables people to evacuate out of the building safely. In 
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addition, the impact of an incident (e.g., fire dynamics and smoke movements) on people’s actions 

is not modelled being beyond the scope of this research. 

In case of real evacuation, positions of people should be known within building. In this regard, 

the presence of indoor positioning system is required, which has not been investigated and 

considered in the model.  

Another aspect that should be mentioned is related to people with disabilities. Although the 

evacuation strategy suggested for them is to use evacuation lifts on their floors in which case 

unimpaired people taking stairs would not be impacted, there is a chance that people with 

disabilities would still need help or want to take the stairs as safer option or stay together with 

other people taking stairs. 

Lastly, the familiarity of people with a building environment and the level of training related 

to the evacuation procedure that people can gain were not investigated in the thesis.  

1.7 Thesis Structure  

As illustrated in Figure 1-6, this thesis is composed of eight chapters, which are grouped into 

four main parts: introduction, design and development, evaluation and conclusion and future 

works.  

 

Figure 1-6 Structure of the thesis 

Chapter 2, “Underlying Principles and Related Literature”, starts with the literature review 

explaining the general problems of different egress components such as stairs, evacuation lifts 

and refuge floors which are commonly used for evacuation from tall buildings. The chapter 
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identifies challenges and research gaps connected with egress design of tall buildings and people 

behaviour associated to it. Then, a detailed investigation of behavioural data collection methods 

for indoor evacuations is undertaken, identifying the most appropriate methods to tackle the 

problems related to the route choice of people. The final aspect provides an overview of 

evacuation models and the model selection for finding an optimal evacuation strategy for tall 

buildings beside the selection of the most suitable algorithm to address the main research problem. 

Chapter 3, “Research Design and Methodology”, describes the research design and 

methodology adopted to answer the research questions and to accomplish the relevant aim and 

objectives. In the chapter, the steps and methods used to conduct the research are explained. 

Chapter 4, “Understanding People Behaviour through Questionnaires”, starts with the 

process of designing the questionnaires, which covers the selection of evacuation scenarios to 

find a navigational strategy which predicts people behaviour with the least uncertainty. After 

identifying the scenarios, the data collection process along with methods used for data analysis 

are presented. Finally, the results are shown, highlighting the statistical importance of parameters 

and their impact on the final outcome performing a sensitivity analysis. After profound 

comparison between different navigational strategies, the best one is identified. 

Chapter 5, “Comparison of Behavioural Data using Virtual Reality”, endeavours to 

understand the validity of questionnaires’ results in order to be generalised to real-life situations. 

The chapter explains the procedure of combining different egress components and agent-based 

simulation to perform as realistic as possible an evacuation procedure in tall buildings and to 

understand an individual’s behaviour in similar evacuation scenarios as tested in the 

questionnaires.  

 Chapter 6, “Occupants Scenario Modelling”, examines the performance of various 

parameters to simulate different evacuation scenarios along with the parameters collected through 

the questionnaires and virtual reality. A tall building is constructed using Revit software based on 

the current practice and standards, where an office building was modelled through evacuation 

scenarios. Afterwards, the transition between micro to macro evacuation modelling is highlighted 

preparing the input parameters for the graph-based model. 

Chapter 7, “Finding Optimal Evacuation Strategy for Tall Buildings”, presents the 

mathematical formulation of the model incorporating behavioural actions of people and 

characteristics of egress components. The results are compared with another model to understand 

the performance of the proposed solution in several aspects. 
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Finally, Chapter 8, “Conclusions and Recommendations”, reflects the achievements of this 

research in addressing the proposed research problem, acknowledges the limitations of the 

research and lastly proposes the recommendations for future research.  

1.8 Chapter Summary 

This chapter presents the foundations for this dissertation. Firstly, a motivation and existing 

research issues related to evacuation procedure in tall buildings are presented. Then, the chapter 

explains the research problem, followed by the aim of the research and the questions needed to 

be addressed to accomplish the aim and the objectives. Afterwards, a short overview of research 

steps and phases associated with the objectives is described. This chapter ends up illustrating the 

overall structure of the thesis to direct the reader throughout this thesis report.  

The next chapter provides a thorough explanation of the research problem by understanding 

the challenges and gaps related to evacuation process in tall high-rise buildings which can be 

encountered by building designers, staff and evacuees.   
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2.1 Introduction 

As discussed in Chapter 1, evacuations of tall buildings are facing various challenges and 

uncertainties related to people behaviour and building evacuation design. To address the research 

problem, this chapter establishes the knowledge base presenting evacuation modelling principles 

and current status of the research in several aspects. Therefore, a thorough review of the current 

practice methods is conducted identifying the research gaps and highlighting the importance of 

the problem and proposed solution. 

The chapter starts with an overview of the state-of-the-art evacuation models highlighting their 

capabilities and limitations in order to identify the most appropriate model for finding the optimal 

evacuation strategy in tall buildings (refer to Section 2.2). The chapter then investigates various 

problems associated with different egress options usually used for evacuations of tall buildings 

(refer to Section 2.3). Also, in this section, the stochasticity related to the current understanding 

of route choice of people during evacuations of tall buildings is presented, having a deeper grasp 

of possible behavioural actions. In Section 2.4, to better understand the route choice of people 

between stairs and evacuation lifts in different emergency situations, a comparison of existing 

behavioural data collection methods is presented identifying the best suitable methods for tackling 

this problem. 

2.2 Indoor Evacuation Models and Routing Techniques 

As a first step in finding optimal evacuation strategy for tall buildings, it is crucial to assess 

the available evacuation models that enable considering people movement and behaviour in order 

to understand their pros and cons. Afterwards, the identification of a right routing algorithm is 

presented which enables solving the problem. Therefore, in the following section, indoor 

evacuation models and routing techniques will be evaluated. 

2.2.1 Evacuation Models 

For each evacuation model, the capabilities and characteristics should be specified to achieve 

more appropriate model choice for a particular problem. The main characteristics defining the 

current evacuation models are presented in Figure 2-1. Evacuation models can be represented via 

several submodels (Ronchi and Nilsson, 2013a; Kuligowski, 2016a), where all steps can be 

classified into four main areas: behavioural model selection, refinement of population, refinement 

of structure and model validation. In the following sections, each of these four models will be 

explained in detail. 
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Figure 2-1 Characteristics of evacuation models (Kuligowski and Gwynne, 2005) 

2.2.1.1 Behavioural Model Selection 

In spite of the increase in the availability of continuous-based evacuation models, several 

researchers have raised criticism regarding these models (Kuligowski, 2013; Gwynne, 2015). The 

main drawback to simulate evacuation process close to a real one is not the simulation of people’s 

movements, but the current understanding of decision-making steps that people take in specific 

evacuation situations (Groner, 2004; Lovreglio, 2016a). Thus, the way people behave in an 

emergency situation is still very limited (Kobes et al., 2010a). 

Behavioural modelling methods can be divided into three categories based on the level of 

sophistication used to model the behaviour of people: movement models, partial behavioural 

models and behavioural models (Kuligowski, 2016a). The movement models simulate people’s 

movement and do not integrate behavioural components. They are usually used for otimisation 

purposes aiming to optimise evacuation time through the exclusion of nonoptimal behaviours. 

Partial behavioural models simulate behaviour of evacuees to a certain degree. For instance, a 

model enabling to consider pre-evacuation time, specific characteristics and routes of people. On 

the other hand, behavioural models are highly complex being able to incorporate decision-making 

steps with regards to certain conditions in a building for individuals and groups of people at the 

same time.  

Although previous evacuation models were not able to integrate the behavioural component 

in optimisations, through this study, it is attempted to create a partial behavioural model which 

would enable its integration and find the optimal evacuation strategy for tall buildings. 
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2.2.1.2 Refinement of Population 

Another aspect requiring discussion when it comes to evacuation model capabilities is the 

method considered to represent the physical movement of people. The main importance behind it 

is to understand the level of approximation of people’s trajectories compared to real trajectories 

that people may take. In this way, the employed assumptions can be understood and their impact 

on the output can be assessed. Models representing the movement of people can be divided into 

three categories: macroscopic, mesoscopic and microscopic models. 

The macroscopic models are graph-based models allowing storing aggregated behavioural 

information at each graph segment in order to achieve a fast-computational time. The mesoscopic 

simulation models analyse agents in small groups. Microscopic or continuous models re-calculate 

the coordinates of agents at each time step considering occupant’s position, orientation and inter-

distance to other agents (Lovreglio, 2016a).  

A review of these models suggests that a continuous-based egress model is the most precise 

approach for simulating complex scenarios, but the computational time required is higher as 

compared to the time needed by other two models (Ronchi and Nilsson, 2013a). On the other 

hand, macroscopic models are usually used to find an optimal solution within a set of possible 

solutions in less time (Kuligowski, 2016a). Hence, a macroscopic model is used to quickly solve 

the identified optimisation problem, where the constraints related to the graph are achieved 

through a transition from microscopic to macroscopic model. 

2.2.1.3 Refinement of Structure 

The refinement of a structure shows the level of detail that is captured during simulations in 

terms of structure representation. With an increase in refinement, computational time needed to 

run a simulation increases. Refinement of a structure can be categorised into three categories: 

coarse network models, fine network models and continuous models (Ronchi and Nilsson, 2013a; 

Kuligowski, 2016a).  

A coarse network model subdivides a floor plan into rooms, corridors, lifts shafts and stairs 

allowing people to move from one component to another. Coarse models are represented through 

graph models, where each component is represented by a point and each connection by an edge. 

It should be highlighted that not all graph-based models are coarse models. One example is 

navigation mesh. The main advantage of such models is fast computational time which is the main 

reason for this model, while the limitation is oversimplification of building environment. 

A fine network model translates the floor plans into grid of cells where occupants can move. 

Usually each cell can be occupied by one person during the simulation. The main benefit of these 
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methods is the option to simulate more complex local and global occupants’ actions, but are 

definitely slower than coarse network models due to analysing several more options at each time 

step. 

A continuous network model allows occupants to move freely through space in a building. 

Thus, occupants can move continuously from one egress component to another. This model is 

widely used among researchers for agent-based simulations since a structure representation is 

captured very precisely. 

2.2.1.4 Validation 

Evacuation models are also categorised by their method of validation. There are several ways 

of validating evacuation models: validation against codes (C), validation against fire drills or other 

people movement (FD), validation against literature on past experiments (PE), validation against 

other models (OM) and third-party validation (3P) (Kuligowski et al., 2010).  

The input parameters in this thesis are taken from real evacuations, evacuation drills, 

experimental data, standards and are approximated through simulations based on validated 

models in order to model realistic scenarios and avoid modellers’ choices known as the user effect 

(Ronchi, 2012). The proposed evacuation model is validated several ways to represent a realistic 

evacuation process in tall buildings. On the other hand, in situations when behavioural data for 

evacuation scenarios are not available, researchers usually collect them through various methods 

(Haghani and Sarvi, 2017a). Therefore, to integrate the route choice of people between stairs and 

evacuation lifts in the evacuation model, data are collected using questionnaires and are validated 

through a virtual reality experiment. 

2.2.1.5 Comparison of Available Evacuation Models 

There are many available evacuation models dealing with various evacuation scenarios. 

Kuligowski et al. (2010) presented a review of 26 models enabling to simulate emergency egress 

for different building configurations. In Table 2-1, some of these models are presented showing 

their capabilities and limitations in above-highlighted aspects. At the same time, four available 

models providing optimisation of evacuation strategy for lower-rise and high-rise buildings are 

shown.  

Based on the comparison, it can be concluded that there is no validated evacuation model 

which provides integration of people behaviour and their movements to find an optimal solution 

for evacuation of tall buildings, which is in line with the identified problem in Chapter 1. To 
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achieve this, the evacuation model is presented in Chapter 7 enabling integration of all these 

components. 

Table 2-1 Model characteristics 

Model Behavioural 

model 

Refinement of 

population 

Refinement 

of structure 

Refinement 

of behaviour 

Validation Optimisation 

EVACNET4 Movement 

model 

Macroscopic Coarse N/A FD Yes 

WAYOUT Movement 

model 

Macroscopic Coarse N/A FD No 

PedGo Movement 

model 

Microscopic Fine Stochastic FD, PE, 

OM, 3P 

No 

PathFinder Partial 

Behaviour 

Microscopic Continuous Deterministic C, FD, PE, 

OM 

No 

FDS + Evac Partial 

Behaviour 

Microscopic Continuous Stochastic FD, PE, 

OM 

No 

MassMotion Behavioural 

Model 

Microscopic Continuous Artificial 

Inteligence, 

Stochastic 

C, FD, PE, 

OM 

No 

(Choi et al., 

1988) 

Movement 

model 

Macroscopic Coarse N/A N/A Yes 

(Desmet and 

Gelenbe, 

2013) 

Movement 

model 

Macroscopic Coarse N/A N/A Yes 

(Ma et al., 

2012a) 

Movement 

model 

Microscopic Fine N/A N/A Yes 

(Ding et al., 

2017b) 

Movement 

model 

Microscopic Fine N/A N/A Yes 

2.2.2 Evacuation Scenario Modelling 

Evacuation scenario modelling represents an essential aspect for any building configuration 

evaluation. There are usually four main aspects associated with the scenario configuration 

process: building, population, procedural and incident configuration (Kuligowski, 2016a). Each 

of the aspects has different components which should be covered in detail to understand the 

assumptions considered in the modelling of an evacuation process. The process of evacuation 

scenario modelling is shown in Figure 2-2. 
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Figure 2-2 Evacuation scenario modelling steps (Kuligowski, 2016a) 

Building configuration aspect highlights integrated egress components and their physical 

representation within a building. In this thesis, Revit software was used for the structure 

generation process integrating building information model (BIM) for evacuation scenarios. BIM 

has become commonly used model for building evacuation process modelling (Rüppel and 

Abolghasemzadeh, 2010; Rüppel and Schatz, 2011). Thus, the integration of microscopic model 

is enabled by modelling evacuation process in a three-dimensional space.  

The second aspect refers to the population configuration, which is one of the most sensitive 

steps when it comes to scenario modelling. There are four main components, namely number of 

people, characteristics of people, pre-movement times and behavioural actions of people. These 

components depend on many factors such as building use type, net floor space dedicated to 

people, date and time of the day (Kuligowski, 2016a). Due to the availability of more data related 

to people behaviour in office buildings, evacuation of office buildings was considered to evaluate 

the proposed model. 

For example, the response time of firefighters should be less than 2 minutes in USA, which 

requires modelling of counterflow for the fire department on stairs (Kuligowski, 2016a). Since 

the combination of refuge floors and evacuation lifts is considered in this study, it is assumed that 

firefighters will use evacuation lifts for fast transport and refuge floors as a base to assist in 

evacuation of people (Wood, 2007), having the flow on stairs not affected by them. However, the 

impact of firefighters on people’s decisions is not investigated in this thesis. When it comes to the 

representation of technological and human resources within a building, data are usually limited 

(Kuligowski, 2016a). However, their impact on people’s decisions is investigated through the 

questionnaires and the virtual reality experiment. 
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There are several types of incidents that may happen within a tall building, where the impact 

of fire/smoke on people’s decisions was studied the most (Gwynne et al., 2001). However, due to 

the complexity of this research area, the incident impact was identified as beyond the scope of 

this thesis.  

2.2.3 Indoor Evacuation Routing 

After understanding how to model an evacuation procedure, it is important to identify the 

capabilities of different routing algorithms which would be used for guidance of people inside a 

building. The current evacuation routing methods can be grouped into two methods: descriptive 

and prescriptive (Shahabi and Wilson, 2014). Figure 2-3 shows different methods to model indoor 

routing and evacuation solutions.  

 

Figure 2-3 Classes of evacuation solutions (Shahabi and Wilson, 2014) 

Descriptive methods enable to simulate various evacuation scenarios as realistically as 

possible. According to Santos and Aguirre (2004), there are four evacuation models falling into 

this category, namely flow-based simulation, agent-based modelling, cellular automata modelling 

and activity-based modeling. Descriptive methods consider using aforementioned continuous-

based models to support detailed representation of people movements. However, apart from being 

computationally complex, they are unable to provide an effective evacuation plan (Shahabi and 

Wilson, 2014). On the other hand, prescriptive methods enable finding an optimal evacuation 

routing strategy without the need to carry out a fine-scale simulation (Chiu et al., 2007). Using 

different mathematical techniques, these methods can determine the best evacuation routes for 
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individuals or groups of people. Objectives that are usually considered are related to minimising 

total evacuation time, congestion or exposure to danger. Prescriptive methods can further be 

divided into optimal and heuristics methods (Shahabi and Wilson, 2014). 

Optimal methods encompass polynomial-time algorithms which have a mathematical proof 

for finding the best solution. Hamacher and Tjandra (2001) presented several algorithms for 

finding optimal routes during evacuations which are mainly based on max-flow/min-cut theorem. 

However, these algorithms have some issues related to scalability and applicability. Thus, the 

flow representing evacuees escaping a building cannot be stopped, scheduled or delayed (Shahabi 

and Wilson, 2014). Liner programming (LP) algorithms enable identifying optimal evacuation 

solutions under linear constraints. Various LP-based algorithms have been proposed and 

implemented by taking into account different objectives for finding optimal solutions (Chiu, 

2004). They are suitable for finding feasible optimal solutions for scenarios like building 

evacuations (Shahabi and Wilson, 2014). Thus, LP-based algorithms were considered in this 

thesis. 

Heuristics methods find an approximate solution of the problem in the least time. Heuristic 

methods have a constant trade-off between optimality, completeness, accuracy, precision and 

execution time. Heuristics algorithms are usually compared to LP-based algorithms (i.e., exact 

methods) to understand their overall improvements regarding the performance and scalability. 

Several comparisons between these two methods have been presented (Kim et al., 2007; Lim et 

al., 2009). 

2.2.3.1 Optimal Evacuation Strategy for Tall Buildings 

Rakip et al. (2012) introduced an optimal evacuation system which aims at obtaining precise 

information of the emergency situation in order to guide people out of a building (see Figure 2-4). 

One of the main components of the system is the determination of evacuation paths for people 

during the evacuation. BIM is adopted as a base to create the graph model used in the proposed 

algorithm. The other components are either assumed to be present like indoor positioning system 

or not considered like the impact of environmental factors in the thesis. Therefore, considering 

these components, an optimal evacuation strategy can be achieved by providing evacuation 

instructions to people to evacuate a building in the least time. 
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Figure 2-4 Components of optimal evacuation systems (Rakip et al., 2012) 

The research problem identified represents a NP-hard problem (Ding et al., 2017b). At the 

same time, the problem is capacitive since all exit components such as stairs (Bukowski, 2008), 

lifts (Ronchi and Nilsson, 2013b) and refuge floors (Chen et al., 2017) have their own capacities. 

Up till now, a modelling approach for finding an optimal evacuation solution for tall office 

buildings was proposed, where the percentage of lift users was altered to find the optimal design 

(Ma et al., 2012a). Recently, Ding et al. (2017b) proposed a simulation-based method using a 

genetic algorithm to find the optimal solution; integrating different speed of people on stairs and 

a lift scheduling system. However, some crucial aspects such as computational time required, pre-

movement time, maximum number of people on a refuge floor and route choice modelling of 

people (i.e., it was assumed that people will always obey evacuation instructions) were not 

included in the determination of the optimal solution model. Also, there is no exact optimal 

solution which would be used as a basis to compare newly developed algorithms. Thus, branch 

and bound (i.e., LP-based) algorithm was utilised to solve the problem in the thesis, which enables 

finding an exact solution. One of the commonly used LP methods is mixed-integer linear 

programming (MILP) providing the ability to solve such problems where some of the variables 

are constrained to be integers (e.g., number of people travelling between floors), while others are 

allowed to be non-integers (Chen and Zionts, 1976).  
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2.2.3.2 Branch and Bound Algorithm 

Branch and bound algorithm was first proposed by Land and Doig (1960) for discrete 

programming, being able to solve NP-hard optimisation problems. Branch and bound algorithm 

enables finding an optimal solution by introducing branching variables to produce sub-MIPs and 

to compute optimal solutions for each of them, after which a better one is selected by comparing 

them. In this way, the search space is divided in two more restricted ones called nodes of the tree 

(see Figure 2-5). 

 

Figure 2-5 Branch and bound algorithm considering each node as a new MIP 

To find an optimal solution more quickly, mixed integer programming uses four new 

techniques, namely, presolve, cutting planes, heuristics and parallelism. Thus, presolve refers to 

a reduction of the problem by figuring out automatically which constraints, variables and 

constants can be eliminated to tighten up the problem formulation. Cutting planes represent a 

powerful technique which removes the undesirable solutions during the solution process without 

creating unwanted side effects (see Figure 2-6). On the other hand, heuristics introduces a concept 

of keeping a current best solution to find the optimal one more quickly considering some 

numerical rules. The last part goes to the option to enable performing in parallel the search through 

the possible solutions. Having all these components bestow the opportunity to discover the 

optimal solution as soon as possible. 
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Figure 2-6 Cutting planes approach 

2.3 Evacuation Process in Tall Buildings 

2.3.1 Evacuation Time 

Safe egress from a fire can be achieved if the required safe egress time (RSET) is shorter than 

the available safe egress time (ASET). RSET represents the time taken by an occupant during an 

evacuation to reach a safe place, where ASET is determined as the time until fire conditions reach 

untenable stage within a building. The most commonly used model to compare these two times 

is time-line model, where the times are defined as the sum of several subsequent times (Purser 

and Bensilum, 2001; Nelson and Mowrer, 2002; Proulx, 2002). Considering time-line paradigm, 

RSET can be subdivided into five different time intervals , where the sum covers the overall time 

required for an occupant to be in safe place (Proulx, 2002; Gwynne and Rosenbaum, 2016): 

              𝑡𝑝−𝑒 

𝑅𝑆𝐸𝑇 = 𝑡𝑑 + 𝑡𝑛 + 𝑡𝑟𝑒𝑐 + 𝑡𝑟𝑒𝑠 + 𝑡𝑒  

  𝑡𝑝𝑟𝑖−𝑒              𝑇𝐸𝑇 

(1) 

where 𝑡𝑑 is detection time, which is the time from the beginning of an emergency situation to 

its detection, whereas 𝑡𝑛 is a period from the emergency detection to notification of people that 

evacuation is required. These two phases do not require people involvement and their sum stands 

for a prior evacuation phase 𝑡𝑝𝑟𝑖−𝑒. These two phases can occur simultaneously (i.e. an electronic 

device detects fire/smoke presence and notifies people to evacuate) or they can occur one after 

the other (i.e., an alarm is triggered manually by an occupant) (Proulx, 2002). In the later part of 
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the study, both 𝑡𝑑 and 𝑡𝑛 are assumed to be zero. The next following time is the recognition time, 

which considers time since an occupant perceived the first cues that evacuation is required to the 

moment that decision to evacuate is made, whereas the response time is the time from the moment 

when the decision to evacuate is taken and the time when an occupant begins moving towards an 

area of safety. The sum of these two phases refers to pre-movement time 𝑡𝑝−𝑒 (Purser and 

Bensilum, 2001; Nelson and Mowrer, 2002). Thus, the pre-movement time or delay represents a 

period from receiving a notification for evacuation until people start a purposive movement 

towards a safe place. The next subsequent phase is evacuation time 𝑡𝑒 or movement time or escape 

time, which is time from the moment when people start evacuating until all of them reach an area 

of safety. Finally, total evacuation time (TET) is a time interval, which considers people’s 

involvement during evacuation process, starting from their notification until they are safely 

evacuated (Purser, 2003). Evacuation time in tall buildings depends on evacaution procedure, 

characteristics of available egress components, people’s abilities and performance. Engineers 

should take into accout these factors during the calcuation process of movement time.  

Reaching the untenable conditions for people to evacuate due to fire/smoke effects that occur 

within a building (Purser 2002) or collapse of the structure (Hurley et al., 2015) identifies ASET, 

which is always compared with RSET. Figure 2-7 highlights the components introduced above 

and their inter-relationship illustrated in equation (1).    

 

Figure 2-7 Time-line representation of evacuation process 

2.3.2 Pre-movement Time 

The delay usually occurs due to the initial thought of people that nothing unusual is happening 

and the response is not required. This phenomenon is known as normalcy bias, wherein people 

believe that a dangerous situation is not taking place (Okabe and Mikami, 1982; Omer and Alon, 

1994; Drabek, 2012). Therefore, if people are not aware that a dangerous situation is evident in 
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the building, they are unlikely to take any actions in order to protect themselves (Kuligowski, 

2016b). For instance, during 9/11 disaster, the people inside the buildings needed to be persuaded 

that immediate evacuation is required, which took several minutes for many of them (Kuligowski, 

2011). 

People in the majority of situations have an inconsistent reaction on becoming aware of an 

emergency (Fahy and Proulx, 2001). Duration of pre-movement time in tall buildings usually 

correlates to the building use due to different building populations. Pre-movement time in office 

buildings is significantly lower as compared to residential buildings since people are usually 

trained to start evacuating at the appropriate time after hearing the alarm for evacuation (Proulx 

and Fahy, 1997; Kuligowski and Hoskins, 2011). The pre-movement time is often the most extent 

phase and critical one, requiring high attention in dealing with it (Gwynne et al., 2016b). A proper 

representation of pre-movement time is through the use of log-normal distribution (Purser and 

Bensilum, 2001). The main examples are evacuations during 9/11, where pre-movement time 

took a log-normal distribution (Averill et al., 2005). Therefore, log-normal distribution was 

considered in this thesis for modelling the distribution of pre-movement time. 

The current literature identifies pre-movement times in many high-rise office buildings during 

evacuation drills (Peacock et al., 2012) as well as real evacuations (Averill et al., 2005). To keep 

track of information of different evacuation scenarios, a database gathering pre-movement times, 

walking speed, people’s characteristics and actions is developed (Fahy and Proulx, 2001). 

However, currently, there is no model for calculating pre-movement time considering evacuations 

from buildings with different structures and populations, making it difficult to generalise pre-

movement time for evacuation simulation of buildings (Kuligowski, 2016b). Based on currently 

available data related to pre-movement time for high-rise buildings, two equations characterising 

pre-movement time are presented in Section 6.2.3.2 to model this aspect. 

2.3.3 Evacuation Procedure 

The evacuation procedure for tall buildings considered in this study integrates the use of stairs, 

refuge floors and evacuation lifts. Refuge floors are considered as egress components directly 

connected to the ground floor via evacuation lifts. The evacuation procedure for unimpaired 

people above refuge floors is to go downstairs to the closest below refuge floor and either wait 

for evacuation lifts or proceed with other stair to the ground floor (see Figure 2-8), while for 

unimpaired people who are below the first refuge floor the only option were stairs (Bukowski and 

Tubbs, 2016).  

_Ref524702325
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Figure 2-8 Description of evacuation procedure (left - people switching between stairs; right - people 

moving towards a refuge floor) (Ma et al., 2012b) 

The identified strategy for people with disabilities is based on Australian regulations for 

vertical evacuation of people with disabilities in which they are allowed to use evacuation lifts 

which can travel to each floor within the building (Williamson & Demirbilek 2010). In this way, 

unimpaired people and people with disabilities have different evacuation routes being totally 

independent of each other. 

2.3.4 People with Disabilities 

The current evacuation procedures for evacuation of people with disabilities from tall 

buildings consider using refuge areas, stair travelling devices or evacuation lifts. Although using 

refuge areas represents the main method for evacuation of people with disabilities, they have 

several disadvantages such as people feel abandoned and under threat as well as in case of 

potential building collapse  they are not of particular use. Regarding travelling devices, there are 

many types that can enable evacuation of people with disabilities via stairs. These include special 

wheelchairs, evacuation and carry chairs (Hedman, 2010). Stair travel devices have several 

limitations such as relying on the help of others and slowing down others that use the same stairs. 

On the other hand, evacuation lifts can provide equal access to all people with disabilities (Adams 

and Galea, 2010; Bukowski, 2012). Therefore, a strategy involving evacuation lifts is suggested 

enabling people with disabilities to wait for evacuation lifts on their floor (Koo et al., 2013).  

Australian regulation for vertical evacuation of people with disabilities also considers this strategy 

(Williamson and Demirbilek, 2010). 
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Many studies show that the percentage related to people with disabilities can be significant as 

compared to the whole building population. For example, more than 12% of people in the United 

States can be considered disabled (Erickson et al., 2010), in the UK, this percentage is between 

14% and 17% (Koo et al., 2013) and in Australia, this percentage is 18.5% (Australian Bureau of 

Statistics, 2009). Different evacuation strategies for people with disabilities were analysed 

(Christensen et al., 2006). In simulation studies, the percentage of people with disabilities varies 

from 3% (Jönsson et al., 2012) to 14% (Koo et al., 2012). The percentage of people with 

disabilities depends on the group of people included. Thus, apart from people with permanent 

disabilities, people with temporary mobility difficulties, women in late stages of pregnancy and 

people accompanied by children or infants in prams and strollers could be potential lift users since 

they can experience difficulties using stairs (Koo et al., 2012; Australian Building Codes Board, 

2013). Based on the studies investigating 9/11 events, the percentage of people with disabilities 

was 6% considering NIST data (Averill et al., 2005) and 23% considering WTCES data (Gershon 

et al., 2012). 

However, considering the fact that people with disabilities do not use the same route as 

unimpaired people, two optimisation problems can be identified, one for each group of people. 

Regarding people with disabilities, since they use evacuation lifts operating each populated floor 

algorithms proposed for fast evacuation using lifts by Siikonen and Sorsa (2010) can be utilised 

minimising either egress time, waiting time or journey time. Therefore, optimisation of 

evacuation routes for people with disabilities is not considered in the thesis. 

2.3.5 Egress Methods and Associated People Behaviour 

To understand the performance of building egress design, consideration of variety of 

parameters is required such as people behaviour (Nilsson and Jönsson, 2011), demographics and 

abilities (Spearpoint and MacLennan, 2012) as well as the technology advances leading to the 

creation of very complex buildings in height and features (Ronchi and Nilsson, 2013b). Therefore, 

the performance of different egress methods considering people behaviour and abilities is 

assessed in the text below. 

Prediction of people behaviour is an essential aspect of any evacuation procedure. There are 

many behavioural actions that people need to take to evacuate a tall building. Some of them 

depend on time period of an evacuation, whereas others can be more dynamic referring to 

perceived situation. In general, they can be associated to a specific place within a building and 

egress component. 
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This section covers main issues related to use of stairs for evacuation of tall buildings along 

with the pros and cons of other alternative egress options that have started being employed 

recently in many tall buildings around the world such as evacuation lifts, refuge floors, sky-

bridges, etc. Schematic representation of these egress components and their mutual relationships 

are presented in Figure 2-9. In order to model an evacuation process in tall buildings correctly, 

factors that are listed below for each egress component are integrated afterwards in the algorithm. 

 

Figure 2-9 Schematic representation of different egress components in tall buildings  

2.3.5.1 Stairs 

The most common behaviour of people on stairs is overcrowding which leads people to switch 

from one stair to other. This effect was common during 9/11, where 20 % of the people switched 

at least once between stairs (Gershon et al., 2012). The overcrowding of stairs may occur due to 

uneven use of stairs by people, margining streams, smoke and/or debris presence, slow movement 

of people such as people with disabilities and other people experiencing fatigue (Pelechano and 

Malkawi, 2008; Peacock et al., 2012; Ronchi and Nilsson, 2013b). 

Uneven use of stairs is another problem which occurs due to the familiarity with a stair or 

smaller initial distance to it at the begging of an evacuation process, having usually a huge impact 

on evacuation time and should be considered in evacuation performances for tall buildings 

(Pelechano and Malkawi, 2008). In Figure 2-10, a scenario having uneven use of stairs is 

presented. Peacock at al. (2012) presented results from four evacuation drills in high-rise 

buildings showing this effect. For instance, considering the tallest building in that study with 31 
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floors had a ratio between the most (704 people) and the least (538 people) used stair of 13:10 

which will be used in this thesis. 

 

Figure 2-10 Uneven use of stairs (Pelechano and Malkawi, 2008) 

Fatigue is a factor which needs a careful investigation caused after running some time on 

stairs (Choi et al., 2011). Fatigue yields to people needing to pause their movement on stairs in 

order to take a rest, which can provoke bottlenecks (Pelechano and Malkawi, 2008). Results from 

actual incidents showed that people might need to stop during their stair trip as a result of 

tiredness, causing a delay during the evacuation process (Averill et al., 2005; Galea et al., 2010). 

The effect of fatigue manifests in speed decrease of people over travel distance (Denny, 2008). 

However, not all people feel fatigue during the evacuation (Ding et al., 2017c). For instance, the 

data from WTC 9/11 report suggest that only 20 % (124 survivors) of people felt fatigue during 

the building evacuations (Averill et al., 2005; Galea et al., 2012). It should be acknowledged that 

the fatigue problem will become more evident since people are becoming more and more obese 

which reduces their physical abilities gradually (Bukowski, 2008; Spearpoint and MacLennan, 

2012). However, due to unavailability of models that deal with this problem, this aspect is not 

investigated in this thesis. 

Gender and role may also have an impact on evacuation process. The experiments conducted 

by Boyce et al. (2012) highlighted that many different behaviours may arise on stairs during 

evacuations such as male grouping giving priority to women or groups with children, staff 

guiding, etc. This was also not investigated in the thesis, since behavioural models predicting this 

phenomena are not available. 

Speed on stairs is one of the main aspects during evacuation process in tall buildings. Stair 

movement speed of occupants is usually linearly dependent on the density of people moving on 

stairs (Kuligowski et al., 2015). A literature review investigating people’s speed while moving 
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downstairs shows different values from 0.17 m/s to 1.9 m/s, where the optimal value identified is 

0.48 m/s, while a “crush load” value is 0.2032 m/s (Peacock et al., 2012), which is approximately 

equal to the value of 0.2 m/s recorded in WTC towers during 9/11 incidents (Averill et al., 2005). 

This aspect was investigated in the thesis, where a new value for optimal speed is identified. 

2.3.5.2 Refuge Floors 

A refuge floor is a fire-resistant floor which prevents fire spreading to floors above and below 

it. They are suggested as a temporary place of safety for evacuees to take short rests or wait for 

evacuation lifts or to change to another stair. Also, they can be used to secure people with 

disabilities and injured evacuees as well as to serve as a firefighter base (Bukowski, 2008). 

Combining refuge floors and evacuation lifts can provide direct evacuation of people to the 

ground level (Wood et al., 2004; Ronchi and Nilsson, 2013b). Another advantage of using refuge 

floors is ensuring evacuation of most critical floors first in case of a small incident or to support 

total evacuation if it is required. In Australia, such floors are not strictly required by building 

codes, but some tall buildings like the Eureka tower have them (Aloi and Rogers, 2001). 

However, the concept of including refuge floors has different issues related to design 

efficiency, practicality and life safety. One of the disadvantages is economic costs since by 

including more egress components, the cost of building development increases. Thus, the cost of 

installing one refuge floor increases the price of the building by approximately 2% (Clawson and 

O’Connor, 2011). Although during evacuation drills, it is reported that people tend to follow 

directions of a chief warden and evacuate to the nearest below refuge floor, the primary concern 

is still overcrowding of refuge floors. Thus, overcrowding of refuge floors can provoke series of 

adverse events such as high waiting time for evacuation lifts, people backing up to stairs, slowing 

down stair’s flow and people switching between stairs due to overcrowded stairs (Bukowski & 

Tubbs 2016b; Gershon et al., 2012). As a result of that, modelling of the maximum waiting time 

for lifts at the refuge floor is suggested (Kinsey et al., 2012; Ronchi and Nilsson, 2013b). Another 

aspect that needs to be considered regarding refuge floors during an emergency is the required 

space of 5 m2 that should be provided for each occupant (Press, 2014). 

The vertical position of refuge floors varies by jurisdiction and building use classification and 

they are usually required for high-rise buildings taller than 100 m (GB50045-95, 2005). Refuge 

floors are currently required in all high-rise buildings in the Middle East and Asia. The frequency 

of refuge floors placement is between 15 and 30 floors depending on occupancy (Clawson and 

O’Connor, 2011). In practice, the vertical position of refuge floors is not strict, depending on 

occupancy which numerous buildings show (Kinateder et al., 2014b). The interval of refuge floors 

was determined based on the results estimating that people would experience fatigue after running 



 

 

36 

 

5 minutes downstairs which is approximately 18 floors, where the proposed interval would be 

between 20 and 25 floors (Egan, 1978). However, a review paper in this aspect suggests that the 

interval of placement refuge floors appears over-relied on research which is not well investigated 

and further research is required (Barber and Johnson, 2015). In spite of this fact, since fatigue was 

not investigated, a default value of 18 floors as an interval between refuge floors was used to 

model the case building and to test the proposed model. 

2.3.5.3 Evacuation Lifts 

The main challenges in achieving an appropriate level of building safety for tall buildings are 

building egress design and relocation strategy (Tubbs and Meacham, 2009). As a potential egress 

solution, the utilisation of evacuation lifts was suggested, which can result in evacuation in less 

than one hour regardless of building height and speed of lifts (Bukowski and Tubbs, 2016). The 

use of lifts can accelerate evacuation process in tall buildings, which was evident in the second 

WTC tower where 16 % of the people escaped using lifts before the second airplane hit the 

building (Averill et al., 2005). In the last two decades, there have been several evacuations in 

which occupants were evacuated by lifts. For instance, in the second tower of the World Trade 

Centre, on 9/11, 31 WTC staff members were rescued by lifts in only 72 seconds (Averill et al., 

2005). Another successful use of lifts during an evacuation was in the 28th building in the Jing’an 

district of Shanghai in 2009 (Chen et al., 2011). The lift industry argues that lifts are the safest 

mode of transportation (Bukowski, 2012) and other research demonstrates that using evacuation 

lifts during an evacuation is feasible (Bennetts et al., 2005; Butry et al., 2012). 

(Bukowski and Tubbs, 2016) stated that there are two main strategies for evacuation of tall 

buildings involving evacuation lifts. In the first one, people at the fire floor are first evacuated, 

whereas in the second one evacuation lifts serve only the refuge floors. Thus, the optimal 

calculated percentage of lift users was 25 % in the case evacuation lifts stop at every floor 

(Sekizawa et al., 1996), whereas it was 40 % if each refuge floor is served by an evacuation lift 

(Ma et al., 2012). Therefore, the second strategy is more suitable for evacuation of tall buildings 

since more people could have two options for evacuations. Other reasons are referring to safety 

of people and a huge waiting time for evacuation lifts considering strategy one since people are 

located on many different floors. The integration of the second strategy is highlighted in numerous 

tall buildings around the world having implemented it (Kinateder et al., 2014b). In this thesis, the 

second strategy is considered only. 

In Australia, the most famous example of a building having integrated evacuation lifts in its 

egress design is the Eureka Tower in Melbourne with 3 evacuation lifts and 2 refuge floors (Aloi 

and Rogers, 2001). 
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2.3.5.4 Other Egress Components 

One of the possible alternatives for evacuation of tall buildings is the use of sky-bridges. Sky-

bridges enable horizontal evacuation of people at the specific height linking towers. However, the 

design can be only implemented when a building is made up of at least two towers. Thus, the 

strategy can be considered for implementation in cities such as Hong Kong having density clusters 

of tall buildings (Wood, 2007). At the beginning of the 16th century, the concept of using sky-

bridges was firstly introduced by the architect Antonio Contin in Venice for the Ponte dei Sospiri 

building (Wood et al., 2004). The most well-known building having implemented this concept is 

the Petronas Towers (Ariff, 2003). In situations which require simultaneous evacuation of both 

towers, this strategy would be unable to perform like 9/11 event where both towers collapsed. 

The full potential of using sky-bridges is not explored regarding some aspects such as people 

behaviour, a strategy under consideration and the combination with other egress components 

(Ronchi and Nilsson, 2013a). The concept of sky-bridges is not investigated in this thesis, but it 

is believed that the proposed model can support their integration with a few minor changes. 

Apart from the methods explained above, there are also other proposed methods from which 

some of them are perhaps a little far-fetched such as jumping from a building into pools of water 

(Romano, 2003) or using special spiral sideways (Zhang, 2017), but others also proposed by 

Romano such as chute devices or an abseil-type system are maybe good to be considered (Wood, 

2007). 

2.3.6 Route Choice Modelling 

After understanding the common problems with different egress components and people’s 

actions associated to them, the route choice of people should be modelled. As presented in Figure 

1-3, the route choice of people between stairs and evacuation lifts can impact evacuation time 

significantly. So far, 5 hypothetical experiments were conducted by different researchers to 

investigate and to model people behaviour for evacuation of tall buildings considering lifts and 

stairs as exit options. To have a better insight into the differences between the experiments’ 

assumptions and limitations, a detailed description of them is provided in Table 2-2. The cross 

comparison suggests that experiments used various data collection techniques. Sociodemographic 

characteristics between studies were similar, having mainly young people as participants. 

However, the majority of characteristics related to decision-maker were not considered such as 

gender, level of fitness and BMI, where the research questions examined the route choice of 

people and the maximum waiting time for evacuation lifts. 

At the same time, some of these studies investigated decision-making under uncertainty 

where no information related to the alternatives was provided (Heyes and Spearpoint 2012; 
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Kinsey et al., 2010; Jönsson et al., 2012), while in one of them to reduce the uncertainty between 

alternatives evacuation lifts were indicated as the main egress component (Ding et al., 2017a). 

When it comes to factors that may affect people’s decisions, it is predicted whether a person 

would stay or redirect towards the stairs considering the vertical position of refuge floors as well 

as the overcrowding level of the lift lobby (Kinsey et al., 2010). Nevertheless, yet there is no 

research assessing how the density of people on stairs influences the people’s decisions, which 

was the main cause of people stopping or switching to other stairs a number of times during 9/11 

attacks (Galea et al., 2012). Another disadvantage of the available research is using cumulative 

probability only, thus being unable to estimate the impact of each individual parameter on the 

output. Therefore, the impact of the density of people on stairs, the number of people in front of 

evacuation lifts, the vertical position of refuge floors, messaging strategy, social influence and 

many other parameters were tested in this thesis. 

Another parameter which was investigated through these studies is the maximum acceptable 

time that people are willing to wait for lifts (Heyes and Spearpoint 2012; Kinsey et al. 2010; 

Jönsson et al., 2012). Considering all participants in the studies, the results showed that people 

would not wait more than 10 minutes (Ronchi and Nilsson, 2013b). Similar study which used 

virtual reality resulted in average waiting time of 8 minutes and 8.5 minutes in the case when the 

flashing light was used. However, since the waiting time for evacuation lifts was not available to 

people during the decision-making process, they underestimated their waiting time as compared 

to the actual waiting time (Andrée et al., 2015). It should be acknowledged that the maximum 

waiting time for lifts depends on many factors such as signage and messaging strategy 

(Kuligowski and Hoskins, 2012). Hence, a concern has been raised whether people would wait 

for evacuation lifts until their maximum acceptable waiting time since they may realise due to 

different messaging strategies (e.g., the current position of lifts, their arrival frequency, 

approximate time of arrival or clearance time) how much they should wait and make the decision 

earlier. In this thesis, decision-making time and the maximum waiting time for lifts were 

examined to understand if presenting waiting time for lifts would enable more stable and 

predictable evacuation process. 

It is important to note that in the dynamic conditions under greater time pressure, people 

usually choose alternatives which are perceived as a sufficient rather than the best one (Simon, 

1956; Kuligowski, 2016b; Klein, 2017). Thus, people are more likely to select an alternative 

which is perceived as good enough rather than the optimal (Gwynne et al., 2016a), which is 

another reason why people behaviour should be considered in any evacuation model. Such kinds 

of situations can occur when evacuation decisions become very complex requiring to process a 

lot of information (e.g., many possible alternatives or many attributes associated to alternatives), 

depending on available time and expertise of decision-maker (Grether et al., 1985). In this aspect, 
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the route choice between evacuation lifts and stairs can be very complex for the decision-maker 

since there are many attributes that are associated to each of the alternatives. Thus, vertical 

position of the decision-maker in a building, safety, quickness, overcrowding, level of control and 

many other attributes related to the alternatives should be considered by a decision-maker to make 

the decision (Heyes and Spearpoint, 2012). In order to consider this aspect attributes of the 

alternative and the decision-maker should be integrated (Lovreglio, 2016a). In this thesis, various 

parameters related to the alternatives would be investigated (e.g., which way is faster or safer 

between stairs and evacuation lifts considering different positions in a building) as well as the 

decision-maker (age, gender, BMI, etc) to understand in which cases people perceive evacuation 

lifts as a “better” option than stairs for evacuation and vice versa. After understanding the route 

choice of people through various evacuation scenarios, a model which predicts people behaviour 

with lowest uncertainty will be assessed through a virtual reality experiment and used for finding 

the optimal evacuation strategy for all people within a tall building. 
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Table 2-2 Chronologically conducted experiments in terms of people route choice for evacuation of tall buildings 

Research Articles Data collection 

type 

Participants 

[No] 

Socio-demographic 

characteristics of participants 

Waiting position 

for lifts 

Decision-making questions Parameters considered for 

each decision-making question 

(Heyes and 

Spearpoint, 2009) 

On-site 

behavioural 

questionnaire  

91 Mainly students that live in 

commercial buildings, age 19-25 

Occupant’s floor Preferred route choice of escape 

route 

Vertical position of the floor 

Online 

questionnaire 

229 Students, age 17 – 19 Maximum waiting time for lifts 

(Kinsey et al., 2010) Online 

questionnaire 

467 Mixed participants (students 

(18.9%), other professions 

(71.9%)) 

Average age 35 years 

Occupant’s floor referred choice of escape route Vertical position of the floor 

Overcrowding of lift lobby Vertical position of the floor and 

number of people in front of lifts 

Maximum waiting time for lifts Vertical position of the floor and 

age of participants 

(Jönsson et al., 2012) On-site 

behavioural 

questionnaire 

573 People who live, work and visit 

high-rise buildings 

Age is not available 

Occupant’s floor Preferred choice of escape route Vertical position of the floor 

Maximum waiting time for lifts 

(Andrée et al., 2015) Virtual reality 

experiment 

72 Staff and students; 

Average age 26.5 years 

Occupant’s floor Maximum waiting time for lifts Estimation of the maximum 

waiting time 

(Ding et al., 2017a) Paper-based 

questionnaire 

45 Students;  

Age 17-23 

Occupant’s floor Suggested escaping route Vertical position of the floor 
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2.4 Data Collection Methods and Behavioural Modelling 

Techniques 

In order to find out which data collection method represents the best option to investigate the 

possible behaviour of people in the process of selection between stairs and evacuation lifts, a 

comparison between 6 methods is undertaken in the following subsection assessing their 

capabilities and limitations in several aspects. Since this problem has discrete number of choices 

(stairs and evacuation lifts), an overview of available discrete choice methods investigating 

underlying reasons behind the decisions of people is presented.  

2.4.1 Methods Comparison 

The use of a particular space by people during evacuations has been studied for many years. 

Kinateder et al., (2014a) identified 6 different methods to understand such a phenomenon: 

hypothetical studies, lab-based experiments, virtual reality, field studies, drills and real case 

studies. Each of them is presented in detail to select the most suitable method for behavioural data 

collection regarding the identified problem.  

Hypothetical studies have mainly been used for fast data collection and understanding people 

behaviour in different emergency situations (Saunders, 2001; Haghani et al., 2014; Lovreglio et 

al., 2014). The hypothetical scenarios are usually presented in the form of videos shown in Figure 

2-11 (Lovreglio et al., 2014) in which situation participants are instructed to imagine specific 

scenarios (Haghani et al., 2014) and are asked what they would do in such hypothetical situations 

(Kinateder et al., 2014a). The main advantages of conducting hypothetical studies as compared 

to other available methods include high number of participants covering different tastes over the 

population, very low time and expenses required for data gathering and experiments’ 

development. More information about advantages and limitations of hypothetical (stated 

preference) studies is presented in the next section. 
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Figure 2-11 Hypothetical study (Lovreglio et al., 2014) 

Experiments involving people in a controlled laboratory environment are becoming a popular 

approach for data collection of people behaviour. It offers modelling different scenarios and the 

possibility of performing analysis on an individual level as well (see Figure 2-12). The main 

advantage of such collection data approach is physical presence of people and the environment 

and their mutual interaction (Haghani and Sarvi, 2017a). The potential problem with such 

collection approach is the risk for participants to get injured requiring prior ethical acceptance for 

experiments (Kinateder et al., 2014a). Also, a disadvantage is the scalability of experiment 

configuration representing the real-world building configuration as well as the inability to model 

route choice of people. Thus, in controlled laboratory environment modelling people behaviour 

during a vertical evacuation is almost impossible to be conducted, which is the case in this thesis.  

 

Figure 2-12 “Classical” Lab-based study (Haghani and Sarvi, 2017a) 

Virtual reality (VR) experiments enable participants to be immersed into a computer-

generated virtual environment either by the head-mounted displays (HMDs) or cave automatic 

virtual environments (CAVE) (Nilsson and Kinateder, 2015). VR has been used to study variety 

of emergency aspects such as the effectiveness of emergency training (Kinateder et al., 2013; 

Ribeiro et al., 2013), system performance (Ronchi et al., 2016; Olander et al., 2017), pre-
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evacuation behaviour (Kobes et al., 2010b), exit choice (Lovreglio et al., 2016b), way-finding 

(Gamberini et al., 2003; Tang et al., 2009; Kobes et al., 2010c; Duarte et al., 2014) and serious 

games (Chittaro and Ranon, 2009). The main advantages of conducting VR experiments include 

amount of behavioural data collected (Lovreglio et al., 2017), high level of experimental control 

and low risk for participants (Kinateder et al., 2014a). Like hypothetical studies, situations which 

do not exist in our physical world can also be tested (see Figure 2-13). On the other hand, VR 

experiments’ limitations can be divided into two categories; one referring to the available VR 

equipment and other referring to VR concept itself. When it comes to former one, people usually 

feel dizziness after being exposed to the virtual environment for some time (Kennedy et al., 1993; 

Hancock et al., 2008), which incapacitates to test participants for longer times and achieve high 

number of testing scenarios. Regarding the latter one, the main issue is lack of physical presence 

of people, which prevents performing experiments that require high-demanding people-people 

and people-infrastructure interactions such as egress flow experiments.  

 

Figure 2-13 Virtual reality experiment (Duarte et al., 2014) 

Field studies take place in natural settings as opposed to lab-based experiments. There are 

many aspects which have been studied in this area such as exit choice (Fang et al., 2010; 

Heliövaara et al., 2012), way-finding (Kobes et al., 2010c) and pre-evacuation time (Shields and 

Boyce, 2000). Unlike lab-based experiments, field studies usually require less funds to support 

the experiment due to the use of existing environments. Also, more complex building 

configurations which cannot be replicated in lab-based experiments can be tested. However, the 

main disadvantage is the low level of control over experimental settings (e.g., particularly in terms 

of the manipulation of physical environment) (Kinateder et al., 2014a), limitation referring to data 

capturing methods (e.g., position of CCTV disable recording all details such as mutual interaction 

of people, staff impact, etc.) and the logistic challenge of conducting more than one evacuation 

scenario (Haghani and Sarvi, 2017a). 
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Drills are usually required to be performed regularly in buildings based on many international 

codes (NFPA, 2012; NFC, 2015), being conducted in real venues as opposed to controlled 

laboratory environments which also require the physical presence of participants. The main 

difference compared to field studies is the fact that people are familiar to some extent with the 

environment and only once the evacuation takes place. A variety of topics have been studied in 

this area such as pre-evacuation time (Proulx, 1995), route choice and movement speed on stairs 

(Peacock et al., 2012; Ronchi et al., 2014a). It should be mentioned that drills are usually 

performed to train people and staff for increasing the familiarity of people with the procedure and 

building environment, which is another area that drills investigate. Drills can be either announced 

or unannounced, which distinguishes the level of ethical validity of results (Kinateder et al., 

2014a). Although the aspect referring to the ecological validity of observations may be in a fever 

of evacuation drills if we are talking about unannounced drills compared to other methods, there 

are many aspects which bound the results coming from drills. In general, the limitations are 

similar to field study experiments, but some of them are specific to drills such as the possibility 

to put people at risk of injury if the drill is unannounced, conducting mainly the same scenario 

without investigating other possible scenarios and focusing only on overall performance of the 

evacuation procedure without considering individual activities (Gwynne et al., 2016a). 

Real case studies represent situations covering natural behaviour of people during an 

emergency. This methodology can cover variety of evacuation situations since an emergency can 

happen everywhere at any time. People behaviour is mainly collected via CCTVs (Yang et al., 

2011) or post-disaster interviews (Galea et al., 2012). From the data reliability point of view, the 

observations show a realistic representation of possible people behaviour during an emergency. 

However, the results are bound to a specific emergency situation, thus issues referring to the 

replicability of the evacuation situation to understand whether the same people behaviour would 

emerge, the lack of experimental control over the attributes, high level of measurement error as 

well as unavailability of data’s access to researchers (Haghani and Sarvi, 2017a). 

Based on the review above, all the methods have some pros and cons. Regarding settings 

control replicability and risk for participants, hypothetical studies and VR experiments provide 

high potential to model variety of scenarios and factors. The observations can be readily replicable 

and there is a low level of potential risk for participants. The only difference in this aspect is that 

VR enables the collection of revealed preferences of people. The difference between stated and 

revealed preferences is explained in the next section. Since real case studies deal with more 

stressing situations as a result of an incident impact that either people are aware of or it is 

potentially real for them, the results have the highest level of realism regarding stressors presence 

and ecological validity. Unannounced drills can reach high level of stressors’ realism as well. 

When it comes to time and costs for experimental development as well as to reach high number 
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of participants capturing testes heterogeneity over the population, hypothetical studies represent 

the best option. In contrast, VR method requires buying suitable equipment, whereas lab and field-

based experiments as well as drills require allocating funds for participation of people. If an 

evacuation simulator provides the support to model behaviour of simulated agents and 

environment design, it can reduce the costs and time for VR experiments in the long run. Data 

extraction is another important aspect in which hypothetical studies and VR can provide automatic 

data extraction. The process can become easier for methods using CCTVs considering the 

advancements in image and video processing (Boltes and Seyfried, 2013). The aspect referring to 

number of scenarios enables the researcher to understand the impact of the specific parameter on 

the output. In this aspect, hypothetical studies and lab-based experiments represent the best 

options. However, repeating similar scenario can be at the same bias to some extent because the 

participants can have some opinion from previous scenarios, which is not the case with the first 

scenario. The mutual interactions between participants and the environment can be captured the 

best in experiments that require the physical participation of people. Being familiar with the 

building environment and evacuation procedure plays an important role in understanding people 

behaviour since people usually choose the most familiar option (Ronchi and Nilsson, 2013a). In 

this aspect, drills handle situations where people are mainly familiar with the environment and 

evacuation procedure. If training for familiar environment and evacuation procedure is taking 

place through VR or field-based experiment, the familiarity can be considered as present. 

Table 2-3 highlights the differences between 6 different data collection methods discussed 

above. The comparison shows 11 different aspects such as settings control, stressors presence, 

number of scenarios that can be tested, ecological validity of each method, etc. Therefore, a 

“horizontal” and “vertical” comparison between the methods is presented in the text above. 

Table 2-3 Comparison of data collection methods 

Characteristics 
Hypothetical 

study 

“Classical” 

Lab-based 

experiment 

VR 

experiment 

Field 

study 
Drill 

Real case 

study 

Settings control **** *** **** ** * * 

Stressors presence * ** ** ** *** **** 

Replicability  **** *** **** ** * * 

Time and costs for experiment 

development 

**** ** *** ** ** / 

Data extraction **** *** **** ** ** * 

Number of scenarios **** **** ** ** * * 

Risk for participants **** *** **** *** ** * 

Number of participants **** *** **  *** *** **** 

Interaction with people and 

infrastructure 

* **** ** **** **** **** 

Familiarity with environment and 

evacuation procedure 

* * ** ** **** *** 

Overall ecological validity * ** ** ** *** **** 

Notation of significance: (worst) *, **, ***, **** (best)  
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After having insight into pros and cons of the available behavioural data collection methods 

and the identified problem considering evacuation lifts and stairs, a hypothetical study conducting 

a questionnaire is the best option to be conducted. The main reasons are fast data collection by 

numerous people, wherein various evacuation scenarios can be tested. However, the main 

disadvantage of this method is low level of results validity to real-life response of people. 

Therefore, to validate the results, a virtual reality experiment testing fewer evacuation scenarios 

will be conducted as well. The main reasons for conducting both are explained in the next section. 

The other methods either cannot support conducting the experiment like lab-based 

experiments (e.g., a tall artificial building cannot be constructed in a laboratory environment) or 

can put people in danger like real case studies and drills or represent very expensive methods like 

field studies. 

2.4.2 Stated vs. Revealed Preferences of People in Evacuations 

The previous section described the methods available for data collection of people behaviour 

in the emergency situation. The literature identifies two types of choice data which classify the 

existing data collection methods: stated preference (SP) and revealed preference (RP) (Louviere 

et al., 2000). SP data represent observations resulting from experimental or survey scenarios 

where hypothetical choice situations are presented to participants, whereas RP data refers to the 

actual choice of people in real situations (Train, 2003).  

It should be acknowledged that there are several pros and cons of SP data compared to RP 

data and vice versa to predict people behaviour in emergency situations. Therefore, there are five 

identified limitations of SP presented, described as follows: 

1. SP experiments can lead to the inability to have a first-hand experience of the hypothetical 

environment and evacuation process due to the following reasons: 

a. Lack of possibility to use stressors in SP experiments (Kuligowski, 2016b); 

b. Inability to model the physical and social environments which are usually triggers 

of internal cognitions and decision-making actions among people (Kinateder, 

2013).  

c. The oversimplification of real environment presented in the videos and 

behavioural realism of simulated agents (Kinateder 2013). 

2. Participants are being aware that they are involved in a trial, resulting in the fact that they 

are driven by the judgement what is “right” in such situation compared to the “natural” 

behaviour during a real emergency situation. However, new findings in the evacuation 



 

 

47 

 

domain show that the model estimated patterns are consistent no matter coming from 

stated or revealed preference experiments (Haghani and Sarvi, 2017b). 

3. Although people state that they would take particular actions in specific situations, but in 

reality, they do not perform the same ones, which is a big limitation as opposed to RP 

(Train, 2003).  

4. The familiarity with the evacuation procedure and environment by conducting evacuation 

drills can impact decisions of people and it usually enhances the performance of the 

evacuation procedure (Gwynne et al., 2016a). 

5. Development of new models requires validation of the models (Kuligowski, 2016b), 

where the combination of SP and RP is suggested to determine and increase the ecological 

validity of the SP experiment (Kinateder et al., 2014a).  

On the other hand, the key benefits of SP experiments compared to RP are as follows: 

1. Being able to investigate a variety of scenarios and building configurations adjusting 

precisely the required experimental settings (Kinateder et al., 2014a), thus SP models are 

more robust than RP models (Louviere et al., 2000). 

2. SP experiments usually can quickly capture the heterogeneity of tastes over the 

population due to high number of participants and observations (Lovreglio et al., 2016b). 

3. Having the opportunity to examine situations that do not exist in the real world or there 

is insufficient variation in relevant factors tested in RP experiments (Louviere et al., 2000; 

Train, 2003). 

SP observations complement RP observation. Thus, by combining them, the advantages of 

each can be obtained and the limitations will be at same time mitigated, enabling variation of 

attributes using SP data and predicting the shares realistically by RP data (Train, 2003). Therefore, 

an RP experiment will also be conducted through a VR experiment enhancing the ecological of 

results and mitigating the limitations associated with SP experiments. However, considering the 

constraints of VR experiments explained earlier, only a few evacuation scenarios will be tested 

by a fewer number of people as well. 

2.4.3 Discrete Choice Models 

Discrete choice analysis enables to predict travel decisions of individuals. Discrete choice 

models incorporate some general assumptions to achieve desired results. Thus, there are four main 

characteristics of discrete choice models, such as decision-maker, alternatives, attributes and 

decision rule (Ben-Akiva and Bierlaire, 2003): 
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1. Decision-maker is assumed to be an individual due to the fact that discrete choice models 

are referred to as disaggregate models. Disaggregate models require including decision-

maker characteristics such as age, gender and education; 

2. Alternatives should be identified to determine the available choice set to decision-maker 

to identify which option is chosen, but also what has not been selected. The choice set 

must comply with three characteristics of the discrete choice framework (Train, 2003). 

The first characteristic implies that the decision-maker can select only one alternative 

from the available choice set. The second characteristic refers that all alternatives must 

be included having an exhaustive set of alternatives. The third characteristic states that 

number of alternatives must be finite; 

3. Attributes define the characteristics of each alternative. Attributes can be generic to all 

alternatives, while some of them may be alternative-specific or even a function of 

available data; 

4. The decision rule is the process used by decision-maker to assess each alternative and 

determine the choice. Utility theory is mainly used in this aspect, assuming that 

preference of a decision-maker for an alternative is utilised by a value, called the utility, 

where the decision-maker selects the alternative with the highest utility. 

2.4.3.1 Random Utility Theory 

The most commonly used theoretical basis for discrete choice models is random utility 

theory. This theory has been commonly used in the area of transportation and economy. The 

formulation of this theory follows some general assumptions (Ortuzar and Willumsen, 2002), 

which are explained in the following text: 

A decision-maker 𝑛 belongs to a population P and acts rationally choosing an option which 

maximises his/her utility. Decision-makers have an available set of alternatives 𝑗 over which a 

choice must be made. Thus, the researcher can acquire some level of utility 𝑈𝑛𝑗 considering each 

alternative, where the researcher can observe only some aspects of the alternatives faced by the 

decision-maker xnj and some aspects related to the decision-maker 𝑠𝑛. Aspects referring to 

available alternatives include social and physical characteristics of them, while the aspects related 

to decision-maker cover decision-makers’ personal characteristics and demographics. Apart from 

observed (deterministic) part 𝑉𝑛𝑗 which can be observed by the researcher, there is a random part 

휀𝑛𝑗 by the researcher which should be considered as well (see equation (2)). Random term 

captures the uncertainty coming from four different sources: unobserved attributes of alternatives, 

unobserved characteristics of the individual, measurement error and variables (Manski, 1977).   
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𝑈𝑛𝑗 = 𝑉𝑛𝑗(𝑥𝑛𝑗,  𝑠𝑛) + 휀𝑛𝑗 (2) 

Maximum likelihood estimation is a method mainly used for the estimation of discrete choice 

models (Severini, 2000). The main goal of this method is to identify sets of parameters which 

maximise the probability of a model to capture the observations. The problem is a nonlinear 

programming problem, where the type of the solution algorithm that must be used is determined 

by objective function and constraints. Thus, if the optimal function is concave, the probability 

density function has a closed-form. However, the function is not concave requiring using 

nonlinear programming algorithms which identify local optimum of it, where the parameters 

evaluation is performed through simulation (Ben-Akiva and Bierlaire, 2003). 

The well-known discrete choice models include logit, generalised extreme value (GEV), 

probit and mixed logit model. Table 2-4 shows six characteristic differences between these 

models (Ben-Akiva and Bierlaire, 2003; Train, 2003). Thus, the assumptions considered in these 

models are as follows:  

1. Estimated parameters are constant over the population being unable to capture random 

tastes variation over the population; 

2. Characteristics of choice probabilities are independent of irrelevant alternatives (IIA), 

which means that the unobserved utility portion of an alternative is uncorrelated with the 

unobserved utility portion of another alternative. A model having this assumption is Logit 

model, which was addressed in GEV models; 

3. Unobserved factors are mutually correlated over time for each decision maker, being 

unable to consider panel data. Probit models were introduced being able to deal with these 

three assumptions; 

4. Distribution of all unobserved aspects of utility is normally distributed. This aspect was 

mitigated using mixed logit model, where distributions such as lognormal, uniform, 

triangular or any other distribution can be utilised; 

5. The probability density function has a closed-form for logit and GEV models, having a 

nonlinear analytic function for maximum likelihood estimation problem; 

6. The objective function does not have closed-form and it is usually evaluated using Monte 

Carlo methods finding local function optimum. 

Table 2-4 Characteristic difference between available models 

Characteristics Logit GEV Probit Mixed logit 

Unobserved taste heterogeneity No No Yes Yes 

Flexible substitution pattern No Yes Yes Yes 

Panel data No No Yes Yes 

Normal distribution for error part No No Yes No 

Closed-form solution available  Yes Yes No No  

Simulation required No No Yes Yes 
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2.4.3.2 Random Utility Models in Evacuations 

To date, random utility models (RUMs) have been successfully applied in many areas such 

as marketing (Ben-Akiva and Boccara, 1995), finance (Small and Rosen, 1981) and transport 

(Ben-Akiva and Lerman, 1985; Bhat, 2003). Huang & Guo (2008) presented a logit-based model 

to predict the likelihood of selecting an exit as a function of the distance to it. The multinomial 

logit (MNL) formulation was proposed for exit selection considering free flow, congestion at the 

exit and exit width (Guo and Huang, 2010). MNL was also investigated to understand exit choice 

taking into account angular deviation, distance to exit and total number of people (Duives and 

Mahmassani, 2012).  

Finally, MLM has been largely applied to investigate how evacuees perceive emergency 

systems (Ronchi et al., 2016; Lovreglio et al., 2016b; Olander et al., 2017) and how evacuees 

make several decisions, such as the decision to evacuate (Lovreglio et al., 2016a; Lovreglio et al., 

2016b), route and exit choice (Lovreglio et al., 2014; Lovreglio et al., 2016a; Lovreglio et al., 

2016b; Haghani & Sarvi 2017b; Haghani et al., 2014). These studies show how MLM is a valuable 

disaggregate model for investigating taste heterogeneity over the population.  Hence, MLM was 

adopted to model the importance of factors which may affect people’s choices to use stairs or 

evacuation lifts for evacuation of tall buildings. 

2.5 Chapter Summary 

This chapter reviewed the current literature in the area of the evacuation of tall buildings. A 

thorough review of different factors which impact evacuation process were examined, identifying 

challenges faced by building designers to create an optimal evacuation strategy for tall buildings. 

Based on that, several research gaps related to building design and people behaviour during 

evacuations of tall buildings were determined.  

In order to understand and justify people behavioural actions related to the choice of people 

between stairs and evacuation lift, a comprehensive review of the existing behavioural data 

collection approaches was undertaken. Thus, conducting a questionnaire was determined to be 

the most appropriate method to predict people’s decisions in different emergency situations in tall 

buildings, where virtual reality technology is the best method to validate such collected data. 

Finally, this chapter discusses various indoor routing algorithms utilised for evacuations to select 

one which would be able to find optimal evacuation strategy for tall buildings embedding people 

behavioural actions. 
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The next chapter of this thesis will highlight the research approach and methodology 

undertaken to address the identified research problem and to find an optimal evacuation strategy 

for tall buildings. 
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Chapter 3  

Research Design and Methodology 
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3.1 Introduction 

A research design refers to the overall strategy of a study that researcher selects to combine 

different components in a logical and coherent way, so as to effectively address the research 

problem (Trochim and Donnelly, 2001). The research design is a key instrument to guide a 

researcher through the journey of decision-making steps starting from an initial problem and sets 

of research questions to a final solution and answers for them (Bordens and Abbott, 2002).  

Mouton (2001) considers a research design as a plan, structure or blueprint in a way how a 

researcher intends to conduct the research and provide answers to the primary research problem. 

In other words, research design is a framework that is established to find answers for identified 

research questions.   

This chapter shows the research design and justifies the methodologies considered in the 

study in order to answer the research questions and accomplish the aim and objectives of the 

research explained in Chapter 1. In Section 3.2, a conceptual design of the research will be 

presented highlighting all stages taken in the thesis. Section 3.3 will justify the selection of the 

research approach. It explains performance based evacuation design (PBED) as a need and 

concept. Then the dissertation approach and methods used to address the research problem and 

achieve the defined objectives will be presented in Section 3.4. PBED methodology which is 

selected as the main methodology for this thesis is presented in this section. Lastly, in Section 

3.5, an explanation of each component performed related to the methodology is highlighted.                                                                                                                                                                                                                                    

3.2 Conceptual Design 

To address the research questions and achieve the aim of this research explained in Section 

1.3 and 1.4, respectively, a conceptual design of the research is established. This design will allow 

more effective evacuation design for tall buildings and will take place through collection, 

validation and integration of data in a graph-based model to find optimal evacuation strategy for 

tall high-rise buildings. Figure 3-1 shows the conceptual design of the research and the 

relationship between research context, research elements, methods and outcomes. 

_Ref524504965
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Figure 3-1: Research steps undertaken 

The research methodology provides the key element to conduct the research. A research 

methodology acts as “glue” between research processes and is an essential prerequisite for 

reaching the research outcomes. A methodology is defined as “a system of principles, practices 

and procedures applied to a specific branch of knowledge” (Bordens and Abbott, 2002; Peffers et 

al., 2007). It precisely explains the way of achieving the research objectives and clarifies the 

choice of method selections, which is in line with research objectives (Lucky, 2013). The research 

methodology adopted in this research is the “Performance Based Evacuation Design” (PBED), 

which is a widely used methodology in engineering (Hurley et al., 2015). The next section 

explores the theoretical ground and historical progress of the PBED, which is followed by a 

detailed description of its characteristics and main steps. 

3.3 Performance Based Evacuation Design  

Performance based evacuation design is a method to properly design any building complexity, 

starting from one floor building to a high-rise residential or office building. Each proposed design 

may result in multiple answers, having some better than others, which should be classified as 

wrong (Hens, 2012). One of the first PBED implementations was defined in Hammurabi’s Code 

(c. 1795 to 1750 BC), stating that “a house should not collapse and kill anybody”. Modern 

approaches for PBED for designing fire protection date back to early 1970s (Custer and Meacham, 

1997), after which each country started providing regulations regarding the implementation of 

PBED (Hurley et al., 2015).  

Prescriptive standards and codes intend to result in a building which is “safe” in fire situations. 

However, what characterises “safe” is not very well determined. Performance based evacuation 

design leads to many pros and cons over prescriptive based evacuation design. For instance, 
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designers are enabled to work on addressing specific features and uses of a building. They can 

better understand how a building design performs in a specific event. At the same time, they 

require more expertise to employ and to review different aspects as well as it is more sensitive to 

changes. PBED needs more time to conduct required analysis compared to prescriptive based 

evacuation design (Rosenbaum, 2015). 

3.4 Performance Based Evacuation Design Methodology 

A framework of PBED was introduced by the Society of Fire Protection Engineering 

(National Fire Protection Association, 2006). The identified framework presents the steps that are 

included in PBED without identifying which models or methods should be considered to run a 

specific calculation related to the evaluation or development of a particular evacuation design (see 

Figure 3-2). The identified model is flexible to be tailored to different PBED projects, where 

components should be carefully assessed (Rosenbaum, 2015).  

 

Figure 3-2: Performance based evacuation design framework (National Fire Protection Association, 2006) 
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One of the most important aspects for building designers is to provide safe evacuation to 

exposed and potentially exposed people by moving them to a place of safety. Along the whole 

path people should be protected and well informed to accomplish safe escape. To accomplish this, 

all components that can impact safe evacuation of people should be carefully revised. PBED 

enables investigating different emergency situations and finds the best egress design of a building. 

PBED includes several main steps which include defining scope, developing goals and 

objectives, developing performance criteria, developing design scenarios, developing and 

evaluating trial designs and preparing documentation (Hurley et al., 2015). 

The first activity, “scope development”, involves gathering information about a structure, 

occupants and the application type to define the research scope. 

The second activity, “development of goals and objectives”, can cover different aspects such 

as finding the best way for protecting people during evacuations and rescue missions, limiting the 

impact of fire and hazardous materials, providing notifications to first responders, etc. (Code, 

2004). Performance based assessment can be utilised to investigate an evacuation strategy that 

meets proposed goals and objectives. Some of the evacuation goals that can be investigated 

support assessment of evacuation and crowd management planning. For instance, design may 

require to optimise evacuation using evacuation lifts for tall and super tall buildings (Bukowski 

and Tubbs, 2016).  

The third activity, “development of performance criteria”, is usually represented through 

threshold values, defined ranges for threshold values or performance distributions. Performance 

criteria for evacuation purposes should match a specific hazard such as fire or some other possible 

emergencies (Hurley et al., 2015). After identifying the tenability criteria, design safety scenarios 

should be identified.  

The fourth activity, “development of design scenarios” investigates several aspects such as 

building components and characteristics, occupant characteristics and fire scenarios (Robbins et 

al., 2012). In such way, different possible scenarios should be reviewed to appropriately 

characterise the level of safety in a building (Hurley et al., 2015). 

The fifth activity, “development of trial design”, should provide at least minimal 

requirements that should be developed covering desired egress components and features. The 

final design should comply with agreed objectives and performance criteria. Regarding PBED, 

the evaluation typically considers a review of required safe evacuation time (RSET) and available 

safe evacuation time (ASET) (Hurley et al., 2015; Bukowski and Tubbs, 2016). RSET is total 

time between the time when occupants are notified that they need to evacuate and the time when 
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the last occupant reaches a safe place, whereas ASET covers time between notification of 

occupants and the time of having untenable conditions (see Figure 3-3). The timelines of RSET 

and ASET are explained in detail in Section 2.3.1. 

 

Figure 3-3 Evacuation time steps (Bukowski and Tubbs, 2016) 

The sixth activity, “preparation of documentation”, represents a final step highlighting all 

analyses conducted and the final design proposed. The minimal requirements should include: 

project scope, goals and objectives, performance criteria, design scenarios and final design, 

evaluation criteria, critical assumptions, critical design features and references (Hurley et al., 

2015). 

3.5 Thesis Research Methodology 

The research scope was identified through extensive literature review presented in Chapter 1 

and Chapter 2, where several research questions were raised related to different egress 

components and people behaviour to find optimal evacuation strategy for all people within a tall 

building. 

The selected research goals and objectives have been covered in Section 1.3 and 1.4, where 

the main goal is to create a model which can facilitate in finding an optimal evacuation solution 

for any tall building incorporating people behaviour and performance at different egress 

components such as stairs, evacuation lifts and refuge floors.  

The performance criteria can be determined through emergency performance analysis or by 

defining a specific threshold. In this regard, Bukowski (2008) stated that the total evacuation for 

50 to 80 story buildings should be completed in 1 to 1.5 hours if only stairs are used for 

evacuation, while this should be even less than 1h in case evacuation lifts are included as means 

of egress. Therefore, a threshold of 1h was considered in the further text. Thus, the objective 

tested in terms of safety is that people are evacuated in less than 1 hour, which represents a 
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simplification of PBED objective that people should not be exposed to hazardous smoke during 

an evacuation, since smoke and its impact was not a focus of this thesis. 

Regarding the design scenarios, detailed representation of the building configuration used as 

a case study and modelling of occupant scenarios were covered. As a part of occupant scenario 

modelling (Section 2.2.2), several key aspects such as occupants’ number and characteristics, pre-

movement time, behavioural actions and route choice of people, emergency responders and staff 

impact along with fire impact should be integrated (Kuligowski, 2016b). The literature review 

highlighted that the percentage of lift users varies in different studies, which can affect total 

evacuation time significantly and disable finding one optimal solution. In this regard, several 

experiments were conducted, whereas the other parameters were obtained through different 

methods. Fire scenarios were not covered in this thesis, since the impact of the emergency was 

considered out of the scope. 

Regarding the development of the trial design, a graph-based model was used to calculate 

required safe evacuation time. A comparison between different evacuation models has been 

explained in Section 2.2.1, where justification of model selection has been presented along with 

the capabilities and benefits of the proposed model. To represent an evacuation process 

appropriately, a transition from micro to macro evacuation has been undertaken in Section 6.3. In 

Chapter 7, the proposed model representing an evacuation process in tall buildings has been 

identified considering various behavioural aspects of people, egress capacities and people’s 

performance using them. After that, the proposed model was solved by the Branch and Bound 

algorithm to find an optimal evacuation strategy for a tall building. In the same chapter, in order 

to compare the performance of the optimal solution in several aspects, an optimal solution using 

another model was found. 

In Chapter 8, detailed documentation of the research has been presented with all analysis 

undertaken and the final solution. In addition, key findings along with future directions and 

recommendations are explained which can lead to better design of tall buildings as well as faster 

and safer evacuation. 

Figure 3-4 shows the relationships between the research objectives, phases and thesis 

chapters. In Chapter 1, Chapter 2 and Chapter 3, the research problem and objectives are identified 

along with the methodology used. Chapter 4 and Chapter 5 focus on predicting people’s actions 

through questionnaires and a virtual reality experiment, while information about other parameters 

required for testing different design scenarios is presented in Chapter 6. In Chapter 7, the model 

for finding optimal evacuation strategy is presented along with its evaluation and comparison with 

another available model. Lastly, concussions, findings, recommendations and future works are 

presented in Chapter 8. 
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Figure 3-4 Research design 
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3.5.1 Project Scope, Goal and Objective Definitions 

The initial step of a research project is to establish the knowledge base for a specific research 

area. In this aspect, a literature review of the current evacuation procedure and practice in tall 

buildings is undertaken to identify specific research questions and to provide an appropriate 

foundation for further research in a particular area (refer to Chapter 2). In the following 

subsections, three major areas are explored to justify and highlight the importance of the proposed 

research problem, aims and objectives which were described in Chapter 1. 

3.5.1.1 Indoor Evacuation Models and Routing Techniques 

After identifying the research problems, selecting an appropriate evacuation model is the next 

primary task. The key importance lies in understanding the background of available models and 

their characteristics, which considers comprehending their capabilities and limitations to deal with 

identified problems. Hence, Section 2.2 looks at available evacuation methods to represent 

evacuation procedure in tall buildings dealing with the spatial representation of space and the 

accuracy of people’s movements, the level of sophistication used to represent people behaviour, 

the level of validated information available to simulate the evacuation process and the way of 

modelling evacuation scenarios. Also, a review of different algorithms and approaches for indoor 

routing and finding optimal evacuation strategy considering different modelling techniques was 

presented.  

3.5.1.2 Challenges of Egress Design in Tall Buildings 

In order to have a clear insight into the research problem and understand what kind of 

challenges are associated to different egress design components during real evacuation situations, 

a literature review is conducted taking into account various reports and published scientific papers 

in the domain of indoor evacuations. Therefore, in Section 2.3, a detailed overview of commonly 

used egress options in many tall buildings such as stairs, evacuation lifts and refuge floors are 

presented. Also, information about the evacuation procedure considered in this thesis is 

highlighted.  

3.5.1.3 People Behaviour Challenges for Evacuation of Tall Buildings 

In the recent years, especially after the 9/11 events, understanding of people behaviour has 

been the main focus of many researchers around the world; from grasping the knowledge related 

to the preconception of people before an event happens to interpreting actions of people during 

the actual evacuation process. In Section 2.4, different studies related to the route choice of people 

in tall buildings has been presented. The attention has been paid to route choice modelling of 
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people between stairs and evacuation lifts, since the difference between studies is significant. 

Apart from that, data collection methods capturing such behavioural actions and the analysis 

commonly used to represent them were presented. Also, a thorough literature review explaining 

various challenges that people face during evacuations in tall buildings were discussed and 

identified.  

3.5.2 Development of Design Scenarios 

Designing scenarios requires integration of building and occupant characteristics and fire 

scenarios (Robbins et al., 2012). Building characteristics cover aspects such as building height 

and size, use and occupancy, egress features, functions and processes, fire department response 

features, etc. (Tubbs and Meacham, 2007). Occupant characteristics include number of people, 

age of occupants and cognitive abilities, groups presence, and occupant response. However, 

people have different abilities and response characteristics which require considering a wide range 

of scenarios. Regarding fire scenarios, aspects related to fire location, source of ignition and 

growth rate should be examined (Bukowski and Tubbs, 2016).  

As a part of modelling occupant scenarios, people’s response characteristics should be 

determined (Kuligowski, 2016b). Since the percentage of lift users vary in different studies, 

having huge number of possible scenarios that can affect finding one optimal solution, route 

choice of people between stairs and lifts is tested carrying out two questionnaires whose results 

are validated through a virtual reality experiment. The results are afterwards incorporated into 

occupant scenario modelling to find out the optimal evacuation strategy for tall buildings.  

There are several types of incidents that may happen within a tall building, where fire was 

studied the most (Gwynne et al., 2001). However, as mentioned before, the incident impact was 

considered beyond the scope of this thesis.  

As a case study, a tall office building is constructed, which identified that the characteristics 

are in line with the current standards. The building configuration was not altered to test different 

set ups, since the performance criteria and an emergency were not modelled in the first place. 

Therefore, for the identified building configuration, finding an optimal evacuation strategy was 

only investigated.  

3.5.2.1 Understanding People Behaviour through Questionnaires 

In order to find out the best strategy for evacuation of people in tall buildings, the prediction 

of the route choice of people is one of the most important steps. Hence, two questionnaires were 

designed assessing different evacuation scenarios to find a model which predicts people behaviour 
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with the lowest uncertainty. The design process involves modelling different components such as 

3D indoor geometric representation, crowd dynamics and instructions delivering to create realistic 

evacuation scenarios in which participants would take part. As the effectiveness of an evacuation 

procedure depends on several aspects such as building evacuation design and people’s actions, 

Chapter 4 attempts to understand which evacuation strategy would result in the most predictable 

and safe evacuation procedure for tall buildings. In addition, the impact of each component 

influencing the decision-making process of people was evaluated. Finally, several behavioural 

models predicting people behaviour are identified. 

3.5.2.2 Comparison of Results using Virtual Reality 

Conducting questionnaires provide an option to quickly evaluate different evacuation 

scenarios and building configurations with a significant number of people. However, there are 

certain limitations related to them due to the fact that participants were not able to observe actual 

emergency situation and many other reasons which have been explained in Section 2.4.1 and 

2.4.2. Thus, a virtual reality experiment was conducted to assess the validity of results thus 

obtained. Considering the capabilities and limitations of virtual reality technology, a few similar 

scenarios are tested (refer to Chapter 5). As a final outcome, a behavioural model is identified 

predicting people’s decisions related to stairs and evacuation lifts.  

3.5.2.3 Case Study Specification 

When it comes to modelling of building and its characteristics, an office tall building is 

constructed with 56 floors, 2 refuge floors and stairs and 6 evacuation lifts. For this purpose, BIM 

of the building is created using Revit Software (see Figure 3-5). Detailed characteristics of the 

building design is explained in Chapter 6. The case study building will be used as a basis to carry 

out various scenarios that people can encounter during an evacuation and to understand whether 

it is possible to provide a faster and safer way out by finding an optimal evacuation strategy for 

all occupants. The same building will be used to compare the performance of the proposed model 

with another available model. 

OLE_LINK1
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Figure 3-5 3D representation of the building 

3.5.1 Trial Design Development and Evaluation 

Calculation of RSET time can be done in several ways. There are three egress models that can 

be used for its assessment (refer to Section 2.2.1.3). Agent-based models enable accurate 

calculation of RSET but require an immense computational time to execute various possible 

scenarios. As a result of that, graph-based model was utilised in the thesis to quickly check 

possible evacuation solutions. To correctly represent the travelling time for each egress 

component, micro to macro evacuation is performed. To compare the possible solutions to each 

other, total evacuation time and the use of egress components were assessed. The optimal solution 

is then compared with an optimal solution using another model (Ma et al., 2012a).  

3.5.1.1 Micro to Macro Indoor Evacuation Modelling 

Modelling evacuation process correctly is one of the main steps in assessing the performance 

of building egress design (Kuligowski, 2016a). The best representation of people’s movements 

for predicting total evacuation time is through agent-based simulation. However, there are some 

limitations of such models to find optimal feasible solutions in an appropriate time. As a result of 

that, graph-based models are usually used. Pros and cons of available models, as well as their 

main use, are presented in Section 2.2.1.5. The main issue with graph models is the 

overgeneralisation of evacuation process being unable to capture people’s movements through 

space accurately. Therefore, to represent people’s performance at different egress components, a 

transition from BIM to graph model was carried out. The process involves simulation of 

evacuation process combined with BIM, where parameters related to flow and capacities of egress 

components are measured to be integrated into the graph model. Thus, in Section 6.3, the 
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transition from agent-based to graph-based model is presented, having a realistic representation 

of the evacuation process. 

3.5.1.2 Evaluation and Finding Optimal Solution 

After identifying all parameters and defining the egress model, a mathematical model is 

proposed which enables simulating different evacuation scenarios. To solve the model and to find 

the optimal evacuation strategy for the selected building configuration, branch and bound 

algorithm is used. The evaluation between scenarios is undertaken based on total evacuation time 

and the use of egress components. The optimal solution is then compared to another model 

proposed by Ma et al., (2012a) to illustrate the performance and benefits of using the proposed 

model. 

3.5.2 Documentation Preparation 

As an outcome of this stage, the model presenting the optimal evacuation strategy is presented 

for the selected building evacuation configuration. The project scope, goals and objectives, 

performance criteria, design scenarios and final design, evaluation criteria, critical assumptions, 

critical design features and references were presented as well. The output of this research which 

considers models, simulations, experiments’ design and findings, publications and presentations 

are presented in this thesis. The limitations and implications along with recommendations for 

future research are described in Chapter 8. 

3.6 Chapter Summary 

This chapter presents a detailed description of the research strategy and design method used 

in this thesis. The conceptual design and the directions of the research were first presented 

investigating the challenges determined through the literature review. Then, the research approach 

was selected in addressing the identified research questions and objectives. Thus, the selection of 

performance based evacuation design methodology was justified. 

Overview of each phase for the selected methodology along with undertaken activities and 

methods were presented and outlined. As a case study, a tall building was constructed representing 

a realistic configuration of current tall buildings. The proposed model which enables finding the 

optimal evacuation strategy was introduced, whose performance will be accessed using another 

model. 
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Next chapter investigates people behaviour associated with route selection between stairs and 

evacuation lifts, trying to find out the most predictable evacuation strategy for evacuation of tall 

buildings. 
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Understanding People Behaviour through 

Questionnaires 
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4.1 Introduction 

The main reason for not using lifts in case of emergency is historical guidance presented to 

the public over the last decades by the emergency management community: “In case of fire, do 

not use lifts“. Thus, it results in an inability to predict public reaction to the use of lifts for 

evacuation purposes. In this regard, some questions have been raised: Would people want to use 

lifts for evacuation from tall buildings? What would be the percentage of lift users? (Bukowski 

and Tubbs, 2016). Evacuations of Petronas Towers, the day after 9/11 attacks, highlighted this 

challenge, where people did not want to wait for lifts but redirected towards stairs, which 

prolonged the evacuation process significantly (Ariff, 2003). Underlying factors behind people’s 

decisions arising from their pre-event opinions or beliefs about a particular disaster can result in 

actions that should be taken into account well before the disaster occurs (Kuligowski, 2016b). 

Research shows that the next course of people’s action strongly depends on their preferences, 

where a “rational” choice will take place by weighing all available options and selecting an option 

that he/she perceives as a sufficient rather than optimal (Slovic et al., 1977; Lovreglio, 2016a). 

Also, significant time pressure resulting from crisis or uncertainty can encourage people to search 

for more options (Zur and Breznitz, 1981; Zakay, 1993). This was the case during the 9/11 

incident, where people tried to use lifts although they were not available for evacuation (Averill 

et al., 2005). Hence, differences in people behaviour should be investigated to predict the outcome 

of possible evacuation scenarios and to reduce adverse effects that can occur during a disaster 

(Kuligowski, 2016b). This is done by collecting data through two questionnaires covering 

different evacuation scenarios. Mixed logit model is used to analyse the results, whose advantages 

compared to other available models have been explained in Section 2.4.3.1. 

In this chapter, two aspects are investigated, the collection of SP to investigate the impact of 

several environmental, social and personal factors and the investigation of people behaviour 

considering the systematic and random preferences of decision makers, using the mixed logit 

model. The chapter is divided into five main parts. In Section 4.2, the methodology used to 

conduct the questionnaires is explained. Section 4.3 describes the experimental design. Then the 

application of the mixed logit model and the main findings are presented in Section 4.4 showing 

difference between several navigation strategies. In Section 4.5, the research conclusions and 

future directions are highlighted. 

4.2 Data Collection Steps 

The data collection steps for the  SP survey is motivated by (Dell’Olio et al., 2011). All steps 

can be summarised in 3 main stages: background, survey design and data collection and modelling 

(see Figure 4-1).  
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The first step represents identifying objectives and relevant variables that will be tested in the 

questionnaire by conducting an extensive state-of-the-art bibliographic review. After selecting 

initial parameters related to specific objectives, a preliminary questionnaire is designed and tested 

using focus group techniques. Focus groups were formed from students who either have or do not 

often have interactions with high-rise buildings. People who were part of the focus groups did not 

participate afterwards in the questionnaire. The iterative process between preliminary versions of 

the questionnaire and focus groups resulted in final parameters tested in the questionnaire’s 

scenarios. The third step involves finding the optimal model considering the results given by the 

participants using discrete choice models. 

 

Figure 4-1 Data collection steps (Dell’Olio et al., 2011) 

4.3 Experimental Design 

To understand the relative importance of the underlying factors that may influence people’s 

decisions for evacuation of tall buildings two online questionnaires were conducted. The data for 

the first one was collected between August 2016 and November 2016, while for the second 

questionnaire data were gathered in April 2017. The main reason for conducting two 

questionnaires was to limit the participation time as well as to consider some of the findings from 

the first questionnaire in the second one in order to identify a model which can predict route 

choice of people with the lowest uncertainty. Participants were asked to predict how they would 

behave in different situations and positions in the building. The questionnaire was distributed 

among students at the University of Melbourne and was sent to building managers of the tallest 

buildings in Melbourne to distribute the questionnaire to their residents. The main reason why 

Australia was selected is a proposal to building designers by Australian Building Code Board to 

start considering the implementation of evacuation lifts in tall buildings (Australian Building 

Codes Board, 2013). The questionnaire includes five main parts. The first part provides general 

information on the building evacuation design, evacuation procedure and scenarios. The second 
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part contains three case studies that evaluate the impact of different factors on the behavioural 

model of people for evacuation of tall buildings. The third part provides insight into characteristics 

of participants as well as possible limitations of the research. The fourth part describes the 

limitations of the research. The fifth part presents the model specification used. 

4.3.1 Building Evacuation Design and Procedure 

In the questionnaires, a 75-story building has been considered containing 3 refuge floors 

located on floor 15, 35 and 55. In the study, a 112 mm standardised stair was tested, whose 

characteristics are defined in line with NFPA 101 (NFPA, 2012). The building has 3 evacuation 

lifts which is the same as the number of lifts integrated into the building evacuation design of the 

tallest building in Melbourne – Eureka Tower (Aloi and Rogers, 2001). At the beginning of the 

questionnaires, a brief introduction of the evacuation procedure, building evacuation design and 

purpose of refuge floors was explained to the participants.  

It was explained to the participants that the evacuation procedure requires going downstairs to 

a refuge floor, where participants would need to decide whether to continue evacuating via stairs 

or to take evacuation lifts to the ground floor. Questions in the questionnaires were presented in 

a sequential order reflecting the order that people would experience during an evacuation. The 

description of the building evacuation design, scenarios and case studies tested are presented in 

Figure 4-2. 

 

Figure 4-2 General description of the building evacuation design and scenarios 
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4.3.2 Case Scenarios 

People behaviour during evacuations can vary from highly predictable with less uncertainty to 

hardly predictable with huge uncertainty. Research argues that actions are more likely to be 

predictable and certain if the number of choices is fewer, people have experienced the procedure 

before and it is not something new for them (Notarianni and Parry, 2016). Hence, since evacuation 

by lifts is not usually a standard egress option for evacuation which increases the number of 

alternatives by including them, it is more likely to have a higher level of uncertainty between 

alternatives. In this research, scenarios suggesting evacuation lifts as the main egress option as 

well as a preferred choice of escape route are tested to understand whether reducing the number 

of options would lead to lower uncertainty. Research also shows that providing real-time 

information impacts a person’s decisions, beliefs and behaviour (Hovland et al., 1953; Notarianni 

and Parry, 2016), which was also investigated in the thesis.  

Different navigational scenarios were presented to the participants, together with videos 

showing evacuations with different density levels of people on stairs and a different number of 

people in front of lifts. The density of people on stairs was considered as a parameter which is 

independent of the type of stairs. Duration of videos was between 20 and 30 seconds and they 

were created using Pathfinder simulator (Pathfinder Thunderhead, 2018).  

Three scenario types were presented to the participant in each of the questionnaires 

considering various aspects (see Table 4-1). The first 4 scenarios aim to predict the probability of 

selecting evacuation lifts as opposed to stairs, while the rest 2 scenarios try to understand the 

maximum waiting time of people before redirecting towards stairs from a refuge floor, which is 

another way to determine the route choice of people.  

The first scenario type investigated people potential decision before starting the evacuation. 

The second scenario type considered a situation when he/she is on the stairs approaching the 

refuge floor, whereas the third one represented a case when the participant arrived at the refuge 

floor. The fourth scenario type represented a situation when a participant was instructed to use 

evacuation lifts for evacuation. In the fifth scenario type, maximum waiting time that people are 

willing to wait for evacuation lifts was investigated, whereas the sixth scenario type investigated 

a situation when evacuation times from stairs and evacuation lifts were presented to the 

participants. 
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Table 4-1 Description of the scenarios and parameters considered 

Case Scenario type Scenario 

[No] 

Navigational 

strategies 

Social 

impacts 

Refuge 

floors 

Stairs 

densities 

People levels 

at lift lobby 

1 Evaluation of different 

navigational scenarios 

18 2 3 3 - / 

2 Choosing between 

evacuation lifts or 

stairs under uncertainty 

9 1 / 3 3 / 

3 Waiting for lifts or 

backing up to stairs 

under uncertainty 

27 1 / 3 3 3 

4 Waiting for lifts or 

backing up to stairs 

under certainty 

54 2 / 3 3 3 

5 Maximum waiting time 

for lifts 

3 1 / 3 1 1 

6 Preferred evacuation 

time for evacuation 

lifts if evacuation time 

for stairs is presented 

27 1 / 3 3 3 

Regarding the third scenario type, two models are presented. The first model integrated the 

decision when the participant was on stairs to understand if people would stick to their previous 

choice when they come to the refuge floor, while the second model considered these two 

processes separately. The main objective is to understand whether people would stick to their 

previous choices. If this is the case, it would mean that there is no need for people who prefer 

stairs for evacuation to come to the lift lobby and wait for lifts, since they would choose stairs 

anyway. 

4.3.2.1 Evaluation of Different Navigational Scenarios 

During their trip to evacuate the building, people needed to decide whether to go to a refuge 

floor to use evacuation lifts or to continue their evacuation via stairs. Six navigational scenarios 

were presented to the participants, namely going alone, going with family, going with familiar or 

unfamiliar people that decided to use evacuation lifts and scenarios when a responsible person or 

dynamic signs advised people to use evacuation lifts as a first option (see Figure 4-3). Participants 

needed to predict their intended behaviour for each evacuation scenario considering the position 

of 3 refuge floors (15, 35 and 55 floor). Thus, the participants were tested in 18 (6 scenarios x 3 

refuge floors) hypothetical choice scenarios. 

 

Figure 4-3 Evacuation scenarios sequentially ordered: going alone, going with family, going with (un)known 

people, navigated with the help of a responsible person and navigated by dynamic signs 
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4.3.2.2 Choosing between Evacuation Lifts or Stairs under Uncertainty 

The going alone evacuation scenario (i.e., the scenario where participants are asked to evacuate 

without a personal group) is taken into account to represent an evacuation scenario under 

uncertainty when people are not advised which way to adopt, having the freedom to choose 

between both egress options. Going alone scenarios were only tested in the questionnaire so as to 

keep the participants in the proposed time for completing the questionnaire.  

The density level on stairs in high-rise buildings can usually go from 0 person/m2 (empty 

stairs) to 3.8 persons/m2 (people stop moving). In order to predict how density of people on stairs 

can influence decisions to use evacuation lifts or stairs, three density levels of people on stairs (1, 

2 and 3 persons/m2) were investigated as shown in Figure 4-4. Participants needed to predict their 

intended behaviour for each evacuation scenario while considering the position of 3 refuge floors 

(15, 35 and 55 floor), which resulted in 9 hypothetical choice scenarios. 

In order to simulate the tested density levels for people on stairs, equation (3) is used, which 

is integrated into the software for SFPE mode (Pathfinder Thunderhead, 2018), where 𝑁𝑝𝑒𝑟𝑠 

represents number of people, 𝐴𝑠𝑡𝑎𝑖𝑟 is the total area of the stair and 𝐴𝑏𝑙𝑎𝑦𝑒𝑟 is boundary layer 

with default value of 15 cm. A normal distribution of 1.29 ± 1 m/s with the range between 0.29 

and 2.29 m/s was assumed for speed of people (Boyce et al., 1999). 

𝐷 = 
𝑁𝑝𝑒𝑟𝑠

𝐴𝑠𝑡𝑎𝑖𝑟 − 𝐴𝑏𝑙𝑎𝑦𝑒𝑟
 (3) 

 

 

Figure 4-4 People density on stairs (left - 1 person/m2; middle - 2 persons/m2; right - 3 persons/m2) 

4.3.2.3 Waiting for lifts or backing up to stairs under uncertainty 

Once people arrived at a refuge floor, an occupant was supposed to decide whether to stay and 

wait for lifts or redirect towards stairs. Building designers should predict the likelihood of people 

selecting evacuation lifts in order to calculate the demand of evacuation lifts. In this regard, the 

importance of several parameters (vertical position of refuge floors, number of people in the lift 
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lobby, density on stairs and previous choice of people) were tested. Although people have not had 

insight into the current density of people on stairs when they arrive on a refuge floor, the density 

level was presented to them since they would come from the stairs. The previous choice of people 

is considered to understand whether there is a difference among decisions of people who have not 

chosen to come to refuge floors and those who decided to come considering the density on stairs 

from the previous model.  

Total number of possible scenarios was 27 (3 densities on stairs scenarios (1, 2 and 3 

persons/m2) x 3 scenarios with different number of people in front of lifts (50, 100 and 150 people) 

x 3 refuge floors (15, 35 and 55 floor)). The selection of people’s number in front of lifts is based 

on the study done by (Kinsey et al., 2010). 

Since the number of scenarios is 27, a double-bounded contingent valuation method is used to 

present a fewer number of scenarios to the participants (Hanemann et al., 1991; Cai et al., 1998). 

This method takes into account respondent’s answer to the previous question in order to present 

the next question (see Figure 4-5). Thus, the participants needed to predict their intended 

behaviour for a minimum of 12 scenarios and a maximum of 27 scenarios. As a starting scenario, 

a case with 2 persons/m2 for people on stairs and 100 people in front of lifts was selected (see 

Figure 4-6). 

 

Figure 4-5 Evacuation scenario considering density on stairs (left - 2 persons/m2) and number of people (right 

– 100 people) 
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Figure 4-6 Distribution of scenarios to the participants (+ indicates the next scenario, if evacuation lifts are 

chosen in the previous scenario; - indicates the next scenario, if stairs are chosen in the previous scenario) 

4.3.2.4 Waiting for lifts or backing up to stairs under certainty 

When it comes to waiting for lifts at refuge floors, the concept is slightly different compared 

to waiting for lifts at occupant’s floor due to the problem with overcrowding of refuge floors. 

Thus, a decision-maker should take into account how often lifts arrive at a refuge floor judging 

their reliability, the number of people waiting in the same queue for a lift and the noisy 

environment making the situation more difficult to reach a rational decision between the 

alternatives. In order to reduce the uncertainty among alternatives, scenarios in which evacuation 

lifts being indicated as the main egress component either by the chief warden or dynamic signs 

were examined (see Figure 4-7). 

 

Figure 4-7 Decision-making of people considering density of people on stairs, number of people in front of 

lifts, vertical position of refuge floors and dynamic signs indicating to use evacuation lifts for evacuation 
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A total number of 54 scenarios were considered based on tabular model proposed by Kocur 

et al. (1981). However, actual number of scenarios is identified using double-bounded contingent 

valuation method, which is explained in the previous subsection. 

4.3.2.5 Decision-making considering maximum waiting time for evacuation lifts 

The concept of waiting has several fundamental issues making it unacceptable or intolerable 

(Maister, 1984). Having insight into this, six characteristics have been identified referring to the 

concept of waiting time for evacuation lifts (Kuligowski and Hoskins, 2012). In a nutshell, 

estimated waiting time for lifts should be presented to the people in order to make an informed 

decision about the next course of action. In this model, it was investigated when people would 

make the decision whether to wait for lifts or go to stairs and what would be the maximum 

acceptable waiting time for lifts based on which they would make the decision. In other words, if 

waiting time for evacuation lifts at the decision moment is higher than the maximum waiting time 

of the decision-maker, he/she would choose stairs and vice versa (see Figure 4-8). The 

dependence between vertical position of refuge floors and maximum waiting time for lifts was 

also investigated. 

 

Figure 4-8 Decision-making time intervals at refuge floors for evacuation of tall buildings 

4.3.2.6 Preferred evacuation time for lifts if evacuation time for stairs is presented 

The third experiment represents scenario when estimated evacuation time of stairs, 

corresponding density of people on stairs and vertical position of refuge floors were presented to 

the people to understand what the maximum acceptable evacuation time should be for evacuation 

lifts so that people can choose them for evacuation (see Figure 4-9). The main reason behind this 

is to figure out how people would behave in situations when evacuation times of both egress 

components are available, having decision-making under a risk situation. The approximate 

evacuation time for stairs is calculated using Pathfinder software, where the parameters explained 

in the section above related to the initial speed of agents, density of people on stairs and building 

egress configuration were taken into account. 
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Figure 4-9 Understanding of the maximum evacuation time for lifts considering different densities of 

people on stairs, the vertical position of refuge floors and approximate evacuation time for stairs 

4.3.3 Respondents 

A total of 566 and 345 participants conducted both questionnaires, respectively. People who 

live, work or study in Melbourne participated. Participants were asked to provide information 

about their age, gender, physical activity level, height, weight and connection type with high-rise 

buildings (living, working, visiting or no connection). Characteristics of respondents for both 

questionnaires are presented in Table 4-2. 

Table 4-2 Participants’ characteristics 

Characteristics Type Questionnaire 1 Questionnaire 2 

Gender Females [No] 

Males [No] 

303 

263 

223 

120 

Age Average ± Std [years] 27.5 ± 5.5 25.9 ± 5.0 

Physical activity level Extremely inactive [%] 

Sedentary [%] 

Moderate active [%] 

Vigorously active [%] 

1 

35 

59 

5 

1 

30 

63 

6 

BMI Height [cm] 

Weight [kg] 

168.24 ± 18.73 

66.76 ± 16.49 

169.02 ± 9.03 

65.76 ± 14.62 

Participants’ connection 

with high-rise buildings 

Work [%] 

Live [%] 

Visit [%] 

Without connection [%] 

14 

21 

34 

31 

16 

24 

29 

30 

4.3.3.1 Understanding underlying factors behind people’s choices 

After answering these questions, the participants were asked to provide what were the main 

reasons for choosing stairs or lifts in several aspects depending on the position of refuge floors. 

Therefore, several aspects were investigated such as quicker way, safer way, level of control using 

stairs or evacuation lifts, escaping crowd in front of lifts and stairs, knowing that lifts cannot be 

used for evacuation, allowing others to use lifts, concern about waiting time for lifts, concern 

about the programming of the lift and concern about physical fitness. The impact of these factors 

was taken into account in the models for the first questionnaire. 
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4.4 Models Calibration 

4.4.1 Model Specification 

Measuring the impact of each parameter on people’s decision is a crucial step in 

understanding people behaviour in case of emergency. Considering the evacuation procedure, two 

mutually exclusive discrete alternatives (i.e., stairs and evacuation lifts) were available to 

participants, where mixed logit model was used to predict the route choice between the 

alternatives. Characteristics and advantages of MLM compared to other models and its use in 

evacuation domain were explained in Section 2.4.3.1 and 2.4.3.2, respectively.  

When it comes to the maximum waiting time for evacuation lifts, which is a real number, 

regression models was selected to predict the outcome. The difference between regression models 

and discrete choice models lies in the questions that should be answered. Thus, regression models 

examine choices of “how much” while discrete choice models investigate the choice of “which” 

(Train, 2003). Thus, models that required understanding the route choice considered discrete 

choice models (i.e., mixed logit model), while the models that quantitatively measured the 

maximum waiting time or evacuation time of lifts used linear regression model.  

4.4.1.1 Mixed Logit Model Specification 

A number of 1000 Halton draws are used to assure that simulation error in the estimated 

parameters is low (Train, 2000). Also, panel data is included to increase the degree of freedom of 

the model considering the correlation between replies of individuals for different scenarios, since 

the impact of factors that are not observed can persist over time (Train, 2003). Mlogit package 

for R programming language is used to obtain the variables’ coefficients (Train and Croissant, 

2012). All independent variables included in the model are assumed to have a random normal 

distribution. The main reason for assuming normal distribution is the fact that standard deviation 

of the parameters is most likely distributed equally around mean value and there is no specific 

reason why it would take an asymmetric shape or any other known distribution type. All models 

were tested including full models that have statistically higher fit compared to the presented 

models, which contain a lower number of parameters. In order to test this assumption, likelihood 

ratio test was used, which compares the likelihood of the data under full model against the 

likelihood of the data under a model with fewer parameters (Neyman and Pearson, 1992). All four 

presented models were examined, resulting in the conclusion that full models do not perform 

better than the proposed models showing that excluded parameters were not statistically 

significant to be included in the model.  
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4.4.1.2 Regression Analysis 

The most common method for modelling the relationship between a scalar dependent 

variable and independent variables is linear regression, using the ordinary least squares method 

to minimise the sum of the differences between the observed responses. The outcome for each 

predicted variable is provided by a standardised regression coefficient weight, its standard 

deviation and p-value showing the statistical significance in the optimal model. Linear regression 

method was applied in evacuation areas for modelling pre-evacuation time of evacuees in WTC 

towers (Sherman et al., 2011), and finding the relationship between movement speed and other 

variables considering observations from four high-rise buildings (Peacock et al., 2012). 

4.4.2 Optimal Models 

The experimental design for the case studies resulted in 4 models which highlight the impact 

of different factors on people behaviour in order to select evacuation lifts/stairs for evacuation in 

tall buildings. The importance of the navigation strategy (i.e. free choice between alternatives and 

suggesting to choose a particular alternative) and social influence was tested in model 1, whereas 

model 2 estimated the impact of density of people on stairs and position of the refuge floor on a 

person at the refuge floor to decide whether to switch between stairs or to go to the lift lobby and 

wait for evacuation lifts. The impact of the vertical position of refuge floors, density of people on 

stairs, number of people in the lift lobby and previous choice were considered in the model 3. 

Model 4 and 5 investigated a situation where all people would need to come first to the lift lobby 

on the refuge floor to decide between evacuation lifts and stairs.  

All models’ estimations were followed by a sensitivity analysis quantifying how uncertainties 

in the output are distributed over input parameters for choosing a particular egress option.  Thus, 

it was evaluated how and to what extent changes in factors may impact the decision-maker to 

choose evacuation lifts or stairs for evacuation of tall buildings. The models are called optimal 

since MLM tries to approximate the coefficients through simulation in optimal way to represent 

the decision of people. 

4.4.2.1 Optimal Model for First Scenario Type 

The estimation parameters for model 1, which refers to navigational scenarios evaluation, are 

presented in Table 4-3. Variables included in the model depend on a scenario under consideration 

(going with family, going with familiar and unfamiliar people that decided to take evacuation 

lifts, navigation with the help of a responsible person and dynamic signs), vertical position of 

refuge floors, factors referring to occupant’s belief (knowing the fact that lifts cannot be used for 

evacuation, seeing stairs as a safer and quicker way, trying to escape the crowd in front of lifts), 
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a factor which is related to the physical health of the occupant (multiplication of occupant’s BMI, 

level of fitness and concern about physical fitness – BMI*FitnessLevel*Concern) and a variable 

which refers to the alternative specific constant (ASC). The sign associated to the coefficients of 

variables means that probability of lift users would increase or decrease in case of being negative 

or positive, respectively. Also, the significance indicates that with the change or presence of a 

variable in the model the probability of lift users would change significantly. The confidence 

interval was at more than 99.9 % for all considered variables. The statistical significance of 

standard deviation confirmed the presence of tastes heterogeneity over the population.  

Table 4-3 Optimal model estimation for model 1 

Variable Coefficients t-value Significance 

ASC 4.4823796 -15.7442 < 2.2e-16*** 

Family -2.8195688 -13.8956 < 2.2e-16*** 

UnFamiliarPeople -1.0669397 -5.8066 6.37e-09 *** 

FamiliarPeople -3.6923370 -16.8311 < 2.2e-16*** 

PersonAdvice -7.7895786 -20.4502 < 2.2e-16*** 

DynamicSignalAdvice -10.898725 -13.9566 < 2.2e-16*** 

RefugeFloor -0.0844818 -15.6565 < 2.2e-16*** 

BMI*FitnessLevel*Concern -0.0392098 -12.5941 < 2.2e-16*** 

KnowingThatLiftsCannotBeUsed 0.7101657 5.5924 2.24e-08 *** 

SaferByStair 1.9468786 13.0599 < 2.2e-16*** 

QuickerByStair 1.1502334 7.9267 2.22e-15 *** 

EscapingCrowdInFrontOfLifts 0.7175469 5.8086 6.30e-09 *** 

 

Standard deviation of parameter 

distribution 

   

Sd ASC 2.8764739 18.1883 < 2.2e-16*** 

Sd Family 2.9317776 12.4490 < 2.2e-16*** 

Sd UnFamiliarPeople 1.9552166 -9.2203 < 2.2e-16*** 

Sd FamiliarPeople 2.2270202 -9.3397 < 2.2e-16*** 

Sd PersonAdvice 5.5154392 15.4930 < 2.2e-16*** 

Sd DynamicSignalAdvice 9.1141055 11.7698 < 2.2e-16*** 

Sd RefugeFloor 0.1258769 21.1707 < 2.2e-16*** 

Sd BMI*FitnessLevel*Concern 0.0243007 6.5207 7.00e-11 *** 

Sd KnowingThatLiftsCannotBeUsed 1.1714130 7.1682 7.60e-13 *** 

Sd SaferByStair 2.3883402 13.1568 < 2.2e-16*** 

Sd QuickerByStair 1.1195836 5.3483 8.88e-08 *** 

Sd EscapingCrowdInFrontOfLifts 0.6771840 3.9865 6.71e-05 *** 

 

Log-likelihood: -3390         McFadden R2: 0.4843 

Significance codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

4.4.2.2 Optimal Model for Second Scenario Type 

Table 4-4 shows that the estimation parameters related to the density of people on stairs, the 

position of refuge floors, knowing the fact that lifts cannot be used for evacuation, 

BMI*FitnessLevel*Concern, seeing stairs as a safer way and seeing lifts as quicker way and ASC, 

which were included in model 2, are statistically significant. Parameters’ distribution confirmed 

the presence of preference heterogeneity among decisions of people as well. 
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Table 4-4 Optimal model estimation for model 2 

Variable Coefficients t-value Significance 

ASC 9.2729350 -16.4520 < 2.2e-16*** 

RefugeFloor -0.0829599 -12.8155 < 2.2e-16*** 

DensityStair -3.3389129 -17.1268 < 2.2e-16*** 

BMI*FitnessLevel*Concern -0.0387135 -10.1021 < 2.2e-16*** 

KnowingThatLiftsCannotBeUsed 1.4089045 7.7436 9.77e-15 *** 

SaferByStair 1.8567131 10.2127 < 2.2e-16*** 

QuickerByLifts -1.8974230 -9.7922 < 2.2e-16*** 

 

Standard deviation of parameter 

distribution 

   

Sd ASC 2.5984119 -11.1054 < 2.2e-16*** 

Sd RefugeFloor 0.0627389 12.2521 < 2.2e-16*** 

Sd DensityStair 1.9067433 14.7561 < 2.2e-16*** 

Sd BMI*FitnessLevel*Concern 0.0515362 8.7910 < 2.2e-16*** 

Sd 

KnowingThatLiftsCannotBeUsed 
1.9228649 -5.6725 1.41e-08 *** 

Sd SaferByStair 1.4077972 -4.0252 5.69e-05 *** 

Sd QuickerByLifts 1.6129036 5.1322 2.86e-07 *** 

 

Log-likelihood: -1920.4       McFadden R2: 0.44712        Pr(>Chisq): 0.1314 

Significance codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

4.4.2.3 Optimal Models for Third Scenario Type 

Table 4-5 shows two models considering both building configurations. Model 3 shows the 

difference between people who would decide to observe the situation at a lift lobby and those who 

would switch between stairs at the refuge floor, whereas model 4 integrates decisions of all 

people. Both models indicated that position of refuge floors, density on stairs and number of 

people in front of lifts highly influence the decision to select evacuation lifts or stairs for 

evacuation. People were also committed to their previous choice. Thus, people who were like to 

go to the lift lobby would stick to their initial choice. The coefficient associated with number of 

people in front of lifts was not randomly distributed in both models compared to other variables.  

Table 4-5 Optimal model estimation for model 3, and model 4 which is presented inside the brackets 

Variable Coefficients t-value Significance 

ASC 2.5521112 (4.0060057) -12.8228 (-22.157) < 2.2e-16*** (2.2e-16***) 

RefugeFloor -0.0566272 (-0.0672735) -22.2758 (-27.104) < 2.2e-16*** (2.2e-16***) 

DensityStair -2.3083952 (-2.5801772) -30.3871(-33.999) < 2.2e-16*** (2.2e-16***) 

PeopleLift 0.0577420 (0.0578643) 38.6730 (39.261) < 2.2e-16*** (2.2e-16***) 

PreviousChoice 1.2036380 (-) 14.1312 (-) < 2.2e-16*** (-) 

 

Standard deviation of 

parameter distribution 

   

Sd ASC 2.5236671(2.7850064) 31.6997(34.158) < 2.2e-16*** (2.2e-16***) 

Sd RefugeFloor 0.0448023 (0.0507037) 22.7431(25.721) < 2.2e-16*** (2.2e-16***) 

Sd DensityStair 0.3050072 (0.3249319) 5.8499(6.627) 4.919e-09 *** (3.426e-11 ***) 

Sd PreviousChoice 0.6976872 (-) 3.8614 (-) 0.0001127 *** (-) 

 

Log-likelihood: -3827.8 (-3885.9)    McFadden R2: 0.54071 (0.53374)    Pr(>Chisq): 0.05439. 

Significance codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
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4.4.2.4 Optimal Models for Fourth Scenario Type 

Table 4-6 shows the results for model 5, testing the hypothesis that more people would wait 

for lifts if it is indicated that evacuation lifts are a primary option for evacuation as opposed to 

stairs which would be an alternative egress option. The results show that people’s choice depends 

on several parameters such as vertical position of refuge floors, density of people on stairs, 

number of people in front of lifts, navigational option and connection type of people with high-

rise buildings. The interesting fact is that for the alternative specific constant (ASC), the 

significance level was nearly unimportant showing that unobserved part is minimal. The p-value 

of parameters’ standard deviation shows the presence of the heterogeneity of tastes within the 

population of decision-makers. Another finding in the model was the positive signs associated 

with parameters related to people that work, live or visit high-rise buildings, which leads to the 

fact that these people are slightly less willing to use evacuation lifts compared to people without 

connections with high-rise buildings. 

Table 4-6 Optimal model estimation for model 5 

Variable Coeff. Std.Err. t-ratio P-value 

ASC -0.28385 0.13414 -2.1162 0.03433 * 

RefugeFloor -0.10330   0.00292 -35.3580 < 2.2e-16*** 

DensityStair -1.88429   0.05751 -32.7650 < 2.2e-16*** 

PeopleLift 0.05319 0.00133 39.9618 < 2.2e-16*** 

DynamicSigns -0.53144  0.06467 -8.2183 < 2.2e-16*** 

Visitors 0.98751   0.08885 11.1146 < 2.2e-16*** 

Residents 1.80848   0.09308 19.4285 < 2.2e-16*** 

Workers 2.83736   0.11927 23.7901 < 2.2e-16*** 

 

Standard deviation of 

parameters 

    

Sd ASC 3.03711  0.08382 36.2343 < 2.2e-16*** 

RefugeFloor 0.10115   0.00249 40.5945 < 2.2e-16*** 

DensityStair 0.42137   0.02302 18.3083 < 2.2e-16*** 

PeopleLift 0.02775   0.00077 36.0655 < 2.2e-16*** 

DynamicSigns 3.70556   0.10378 35.7063 < 2.2e-16*** 

Visitors 1.85995   0.09495 -19.5880 < 2.2e-16*** 

Residents 2.12278   0.10979 -19.3350 < 2.2e-16*** 

Workers 5.19747   0.18107 28.7050 < 2.2e-16*** 

 

Log-likelihood: -5128.2         McFadden R2: 0.57384         Likelihood ratio test : chisq = 13811 

Significance codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

4.4.2.5 Optimal Models for Fifth Scenario Type 

Table 4-7 shows the estimated weights for model 6 which enables modelling the maximum 

waiting time for lifts at refuge floor using linear regression model and package lm also 

implemented in R. In order to compare the full model with the simplified model, ANOVA test is 

performed, testing whether there is a statistical significance between the models. The results 

indicate that vertical position of refuge floors and unobserved part are statistically significant in 
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the model. However, based on the value of R2, it can be concluded that the heterogeneity of tastes 

over the population is meaningful, resulting in the conclusion that the model cannot predict 

maximum waiting time for evacuation lifts of people with good accuracy. 

Regarding the decision time, a value of 38 ± 30 seconds was identified. The time determined 

was independent on vertical position of refuge floors and other parameters associated to the 

decision-maker. 

Table 4-7 Optimal model estimation for model 6 

Variable Coeff. Std.Err. t-ratio P-value 

ASC 1.59196 0.22632 7.034 < 2.2e-16*** 

RefugeFloor 0.07367 0.00586 12.572 < 2.2e-16*** 

  

R2: 0.085         Significance codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1         Anova test: 0.08. 

4.4.2.6 Optimal Model for Sixth Scenario Type 

Table 4-8 shows estimated coefficients for model 7 providing the option to model maximum 

evacuation time of evacuation lifts to be chosen if evacuation time of stairs is presented. Although 

evacuation time of stairs was considered as a potential independent variable, it resulted in an 

unimportant parameter in the model. The parameters that were present in the model include 

vertical position of refuge floors, density of people on stairs and ASC. 

Table 4-8 Optimal model estimation for model 7 

Variable Coeff. Std.Err. t-ratio P-value 

ASC -1.59314 0.22905 -6.955 < 2.2e-16*** 

RefugeFloor 0.12114 0.00412 29.406 < 2.2e-16*** 

DensityStair 1.14140 0.08239 13.853 < 2.2e-16*** 

   

R2: 0.1721         Significance codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1         Anova test: 0.12 

4.4.2.7 People’s Perception Related to the Use of Stairs and Lifts for Evacuation 

Table 4-9 represents people’s perception of the use of stairs and lifts for evacuation purposes, 

which is drawn from people’s pre-event opinions or beliefs. The underlying factors are divided 

into two groups; one referring to stairs and other referring to lifts. The results suggest that there 

is a spatial correlation between majority of the factors and vertical position of refuge floors (see 

Figure 4-10). The statistical importance of some of the factors was present in model 1 and 2, while 

for model 3 and 4, their importance was distributed among observed parameters and it was not 

present in the models. Therefore, because these parameters are correlated with the position of the 

refuge floor and only parameters that can be observed impact people’s decisions, in the 

questionnaire 2, the underlying factors are not taken into account. 
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Figure 4-10 Participants' opinion related to stairs and lifts 
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Table 4-9 Percentage of people selecting a particular reason for choosing stairs or evacuation lifts for 

evacuation from tall buildings – questionnaire 1 

Reasons for choosing stairs Refuge Floor 

 15th floor 35th floor 55th floor 

Safer way 73.5 (416) 51.6 (292) 45.9 (260) 

Quicker way 48.6 (275) 20 (113) 9.5 (54) 

Escaping crowd in front of lifts 51.9 (294) 48.4 (274) 40.3 (228) 

Knowing that lifts cannot be used for evacuation 62.9 (356) 57.8 (327) 54.8 (310) 

Allow others to use lifts 32.7 (185) 26.5 (150) 23.3 (132) 

Concerns about waiting time for lifts 53.4 (302) 49.1 (278) 45.4 (257) 

Concern about the programming of the lifts 31.4 (178) 36.4 (206) 32.7 (185) 

Greater Level of control using stairs 47 (266) 41.5 (235) 36 (204) 

Reasons for choosing lifts  

Safer way 4.8 (27) 15.5 (88) 20.8 (118) 

Quicker way 28.6 (162) 54.2 (307) 68.4 (387) 

Escaping crowd from stairs 46.1 (261) 49.6 (281) 53.3 (302) 

Concern about physical fitness 16.4 (93) 27.2 (154) 38 (215) 

Greater Level of control using lifts 7.9 (45) 7.4 (42) 11.1 (63) 

4.4.3 Sensitivity Analysis 

Table 4-10 shows that the best performance in terms of the percentage of lift users is achieved 

by dynamic signs indicating to use evacuation lifts for evacuation based on model 1. The range 

of lift users goes approximately from 70% to 80% for floors between 15 and 55, respectively. The 

same navigational strategy considering a responsible person advising people to use evacuation 

lifts accomplished slightly lower percentage of lift users, resulting in the fact that people are more 

willing to follow and obey evacuation instructions coming from dynamic evacuation signs than 

by staff. The sensitivity analysis shows that the position of the refuge floor has the least impact 

on a person’s decision to choose evacuation lifts considering those two scenarios. Thus, the 

assumption that reducing the number of options or suggesting a particular egress component for 

evacuation led to a solution with less uncertainty. On the other hand, other evacuation scenarios 

tested in the questionnaire strongly depend on the position of refuge floors and have similar trends 

between each other (see Figure 4-11). Results also suggest that people would follow each other, 

showing that herding behaviour would be evident for scenarios when a person was accompanied 

by known or unknown people, compared to the scenario when the person was going alone. At the 

same time, when a person needed to make the decision for his/her family, he/she tended to choose 

evacuation lifts more often in comparison to the scenario when he/she was alone. 
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Table 4-10 Impact of a specific scenario and refuge floors’ position on a person’s choice - Model 1 

Plifts (%) Pstairs (%) Scenario Refuge Floor 

12.18 87.82 1 15 

31.75 68.25 2 15 

19.46 80.54 3 15 

26.86 63.14 4 15 

62.09 37.91 5 15 

69.85 30.15 6 15 

30.80 69.20 1 35 

48.60 51.40 2 35 

37.82 62.18 3 35 

53.97 46.03 4 35 

71.73 28.27 5 35 

76.22 23.78 6 35 

47.08 52.92 1 55 

60.24 39.76 2 55 

52.30 47.70 3 55 

64.54 35.46 4 55 

77.12 22.88 5 55 

80.24 19.76 6 55 

 

Figure 4-11 Impact of different scenarios and position of refuge floors on the choice of people to select 

evacuation lifts for evacuation 

Table 4-11 shows the sensitivity analysis for model 3 considering only people who were 

willing to use evacuation lifts based on model 2; model 4 includes all responses of people. Model 

5 represents the case when people are suggested to use evacuation lifts as the main option for 

evacuation by dynamic signs. In all three cases, the results indicated that people would not choose 

evacuation lifts if the refuge floor is highly occupied. In contrast, people would stay and wait for 

evacuation lifts in a situation when stairs are congested such as in a situation having 3 persons/m2 

on stairs. The previous choice played an important role only in situations when the lift lobbies are 

less overcrowded, which was the only difference between model 3 and 4. Comparing model 4 and 

5, the difference is evidently highlighting that more people would use evacuation lifts if 
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evacuation lifts are considered as a primary evacuation option (see Figure 4-12). Also, the changes 

in the parameters for model 5 have less impact on people’s decisions to select lifts for evacuation 

compared to model 4.   

Table 4-11 Impact of density of people on stairs, the position of refuge floors and the number of people in 

front of lifts on occupant’s choice to choose lifts for evacuation - model 3, model 4 and model 5 

Plifts (%) – 

Model 3 

Plifts (%) – 

Model 4 

Plifts (%) – 

Model 5 

Number of People 

in Front of Lifts 

Density on Stairs 

[persons/m2] 

Refuge Floor 

Position 

23.52 16.52 57.35 50 1 15 

5.24 3.51 39.27 100 1 15 

0.65 0.44 26.32 150 1 15 

50.34 41.59 69.90 50 2 15 

18.62 14.68 51.62 100 2 15 

3.79 3.04 36.16 150 2 15 

76.19 70.05 80.13 50 3 15 

43.32 38.33 63.19 100 3 15 

14.74 13.21 48.16 150 3 15 

37.01 30.07 68.57 50 1 35 

12.27 9.87 52.51 100 1 35 

2.41 2.04 38.31 150 1 35 

62.97 56.44 78.04 50 2 35 

31.11 27.43 63.19 100 2 35 

9.48 8.75 48.16 150 2 35 

83.38 79.54 85.41 50 3 35 

56.48 53.11 72.75 100 3 35 

25.93 25.17 58.01 150 3 35 

49.83 44.30 74.82 50 1 55 

23.16 20.90 62.13 100 1 55 

7.24 7.01 49.23 150 1 55 

71.68 67.31 81.85 50 2 55 

44.07 41.57 70.56 100 2 55 

19.18 19.09 57.84 150 2 55 

87.14 84.70 87.39 50 3 55 

66.38 64.50 77.88 100 3 55 

38.60 38.93 66.02 150 3 55 

 

Figure 4-12 Impact of number of people in front of evacuation lifts, vertical position of refuge floors and 

people density on stairs on the choice of people to select evacuation lifts considering model 4 (left) and model 5 

(right). Blue surface – 1 person/m2; red surface – 2 persons/m2; yellow surface – 3 persons/m2. 



 

 

89 

 

Table 4-12 shows the impact of the density of people on stairs and the vertical position of 

refuge floors on the maximum evacuation time of lifts. It is evident from the results that the 

position of the refuge floor impacts the most the decision-makers’ choice to wait for evacuation 

lifts in contrast to the density level of people on stairs. At the same time, a ratio test between lifts 

and stairs was performed, resulting in the fact that lifts should be approximately 3 times faster 

than stairs to be selected for evacuation if evacuation times of both alternatives are presented. 

Table 4-12 Sensitivity analysis for the model 7 

Lifts - Tevac [min] Stairs - Tevac [min] Ratio lifts/stairs Refuge floor Density 

[persons/m2] 

1.36 5 3.68 15 1 

3.79 9.5 2.51 35 1 

6.21 14.5 2.33 55 1 

2.50 7 2.80 15 2 

4.93 15.5 3.14 35 2 

7.35 23.5 3.20 55 2 

3.65 10 2.74 15 3 

6.07 22.5 3.71 35 3 

8.49 33 3.89 55 3 

4.4.4 Cross-compression between the SP experiments  

To compare the experiments, the average waiting time for evacuation lifts is determined for 

different scenarios considered in model 5, 6 and 7. Thus, an average waiting time for evacuation 

lifts considering scenarios with 50, 100 and 150 people in front of lifts and refuge floors 

positioned on floor 15, 35 and 55 were calculated. The calculation of the waiting time is based on 

the assumption that all three evacuation lifts are at the ground floor, which is the medium position 

of evacuation lifts where they could be when a decision-maker arrives at a refuge floor. 

The travel time 𝑡𝑣  of a lift depends on travel distance 𝑑, speed 𝑠, acceleration 𝑎 and jerk 𝑘 of 

the lift. Thus, considering the floor-to-floor distance 𝑡𝑣 , the travel time is determined using 

equation (4), whereas the cycle time 𝑇𝑐  is calculated based on equation (5) (Siikonen and Sorsa, 

2010). Table 4-13 shows the parameters included in the calculation of 𝑡𝑣  and 𝑇𝑐  which are based 

on the papers of Chen et al. (2017) and  Siikonen and Sorsa (2010), respectively. All parameters 

are self-explanatory in the equations except M, which represents the number of people 

transferring to/from a lift. 

𝑡𝑣 =
𝑑

𝑠
+
𝑠

𝑎
+
𝑎

𝑘
 (4) 

𝑇𝑐 = 𝑡𝑣 + 𝑡𝑠𝑑 + 𝑡𝑑𝑜 + 𝑡𝑑𝑐 − 𝑡𝑎𝑑𝑜 + 𝑡𝑝ℎ +𝑀𝑡𝑚 (5) 

Table 4-13 Typical values of parameters required to calculate the cycle time for a lift 
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Speed 

[m/s] 

Accel. 

[m/s2] 

Initial 

capacity 

Jerk 

[m/s3] 

Start 

delay [s] 

Door 

opens [s] 

Door 

closes [s] 

Adv. door 

opening [s] 

Photocell 

delay [s] 

Transfer 

time [s] 

10 1 20 1 0.7 1.2 3 0.7 0.9 0.9 
 

When it comes to the experiment covering maximum waiting time for evacuation lifts 

presented in model 6, the sum of the decision time and maximum waiting time was considered, 

which represents the average maximum waiting time for lifts at the refuge floor. In terms of the 

experiment covered in model 7, the predicted average evacuation times for evacuation lifts for 

each density level of people on stairs were considered. Lifts’ evacuation times were reduced by a 

lift’s travel time from a refuge floor to the ground floor and travel time from a lift to a building 

escape door on the ground floor which is assumed to be 0.5 min.  

Figure 4-13 shows, for each of these scenarios, average maximum waiting time for evacuation 

lifts that people need to wait at the refuge floor. As expected, waiting time in the first experiment 

increases gradually with the increase in the number of people at refuge floors waiting for lifts. 

The second experiment shows that if the maximum waiting time is considered, it can result in a 

situation having more than 150 people at the refuge floor regardless of the vertical position of the 

refuge floors. In contrast, if people are aware of evacuation times of both egress components, it 

would encourage more people to choose stairs compared to the situation when the maximum 

waiting time for evacuation lifts is inspected. Therefore, it can be concluded that if waiting time 

for evacuation lifts is considered, more people could be accommodated at refuge floors in order 

to wait for evacuation lifts. 

 

Figure 4-13 Impact of different evacuation strategies considering waiting time for evacuation lifts 
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4.5 Discussion 

The research provides people choice modelling between stairs and evacuation lifts for 

evacuation of tall buildings. The evaluated evacuation procedure considered using stairs to refuge 

floors where people needed to decide to either use evacuation lifts or switch between stairs. A 

mixed logit model was adopted to model people’s choices probabilistically, whereas linear 

regression was used to quantitatively measure maximum waiting time and evacuation time of lifts 

in the experiments. The questionnaire 1 and 2 were completed by 566 and 343 people, 

respectively. 

Presented models have shown the importance of considering the navigational strategy, density 

of people on stairs, number of people on the lift lobby, vertical position of refuge floors and 

previous choice of people. The results suggest that people would rather choose evacuation lifts in 

situations when they are the first option for evacuation and situations when stairs are 

overcrowded, whereas in situations when people need to make the decision between evacuation 

lifts and stairs, less crowded stairs and an overcrowded lift lobby lead to a decision in favour of 

stairs. The results also showed that people would stick with their previous choice, indicating that 

the next course of action of people is dependent on the previous one. Although the mixed logit 

model modelled the impact of unobserved factors and factors that refer to people’s pre-event 

perception of egress options, further research is required to acquire a full picture about choice 

modelling of people for evacuation of tall buildings. According to model 1, the social impact may 

also have an impact on decision-maker and it should be considered in the future studies. 

Decision-making can take different forms depending on how much decision-maker knows 

about available alternatives. Based on people’s time perception, it can be concluded that lifts 

should be on the average 3 times faster than stairs to be used for evacuation in tall buildings. 

However, the same experiment highlighted that the results are strongly correlated with the vertical 

position of refuge floors and people would not wait longer for lifts if evacuation times of both 

egress components is presented as opposed to the situation when the maximum waiting time for 

lifts is considered. The overall conclusion is that by presenting required waiting time for 

evacuation lifts at the refuge floor, the number of people willing to wait for evacuation lifts at the 

refuge floor would most likely increase. However, it should be borne in mind that the scatter of 

results in the model predicting maximum waiting time is high and there is still a need to collect 

more behavioural data. On the other hand, model 5 represents the most reliable model predicting 

people’s actions with the lowest uncertainty as opposed to other estimated models and it should 

be integrated into micro level simulations. 
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In the future, attention should be paid to presenting maximum waiting time for lifts considering 

different crowd situations at refuge floors and stairs to understand whether people would wait for 

lifts as predicted or overcrowding of refuge floors will be still an issue. In addition, a combination 

of stated and revealed preferences should be tested to understand the ecological validity of the SP 

experiments. 

4.6 Chapter Summary 

This chapter investigates different evacuation strategies predicting possible people behaviour 

in tall buildings. Thus, two questionnaires were designed evaluating route choice of people 

between stairs and evacuation lifts. In the questionnaires, altogether 909 people participated. 

The chapter is composed of four sections covering experiment design, calibration of statistical 

models, sensitivity analysis related to models and discussion section. In the experiment design 

section, modelling of components such as 3D indoor environment, crowd dynamics and case 

scenarios identification is performed. Then, to identify the optimal behavioural models mixed 

logit model and linear regression were used for understanding the importance of observed 

parameters and parameters related to people beliefs. Sensitivity analysis is undertaken afterwards 

to show the effect of each parameter present in the optimal models on the final outputs and a 

comparison between some of the experiments is also presented. In the discussion section, the final 

outcomes are presented. 

In the next chapter, using virtual reality, the results collected in the questionnaires will be 

evaluated to understand the behavioural actions of people in tall buildings more accurately. In this 

way, the ecological validity of model 5 will be tested as a model predicting people behaviour with 

the lowest uncertainty.   
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5.1 Introduction 

A number of studies are presented in Section 2.3.6 investigated route choice of people to 

evacuate a tall building. Several aspects were tested in these experiments such as vertical position 

of a refuge floor where the decision should be made, number of people waiting for evacuation 

lifts and maximum waiting time for evacuation lifts. The methods used for behavioural data 

collection in these studies were either questionnaires or virtual reality experiments. Both methods 

as presented in Section 2.4 having some advantages and limitations in understanding people 

behaviour in emergency situations. In brief, the main advantage of conducting a questionnaire is 

testing large number of scenarios, while virtual reality enables modelling and presenting more 

realistically evacuation scenarios to participants. On the other hand, the main disadvantage of 

questionnaires is presenting imaginary scenarios, whereas virtual reality experiments enable only 

testing a fewer number of scenarios. Therefore, by combining stated preferences of people coming 

from the questionnaires and the revealed preferences collected through the virtual reality 

experiment, the validity of results would increase. The differences between stated and revealed 

preferences along with main reasons of combining these two have been explained in Section 2.4.2. 

In this chapter, a comparison between questionnaire results and virtual reality is performed. 

The scenarios tested using virtual reality technology cover situations when people are informed 

by a responsible person to use evacuation lifts as a primary option for evacuation which was 

presented in model 5 (refer to Section 4.4.2.4). The chapter is divided into five main parts. Section 

5.2 describes the method used to perform the experiment. The experimental design is covered in 

Section 5.3. Finding the optimal model using logit model is presented in Section 5.4. In Section 

5.5, a comparison between the models comings from the second questionnaire and the virtual 

reality experiment is performed. The research conclusions and future directions are highlighted 

in Section 5.6. 

5.2 Data Collection Method 

The method considered in this experiment represents the adaptation of VR technology using 

head-mounted display. In the following sections, building evacuation design and procedure, 

modelling evacuation process, the respondents and scenarios are presented.  

_Ref524537243
_Ref524537424
_Ref524537628
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5.3 Experimental Design 

5.3.1 Building Evacuation Design 

In this experiment, a 70-story building having 1 refuge floor located on floor 35 with 

dimensions of 17.5 m x 12 m has been considered. Other parameters related to stairs and 

evacuation lifts were the same as in the questionnaire having two 112 mm standardised stairs and 

three evacuation lifts which support the refuge floor. At the beginning of the questionnaires, a 

brief introduction of the evacuation procedure, building evacuation design and main purpose of 

the refuge floor and evacuation lifts were explained to the participants. The description of the 

building configuration is presented in Figure 5-1. 

 

Figure 5-1 Building configuration 

5.3.2 Evacuation Procedure 

Participants received a plain language statement and instructions before starting the 

experiment. It was explained to the participants that the evacuation procedure requires going 

downstairs to the refuge floor, where participants would need to decide whether to continue 

evacuating via stairs or to take evacuation lifts to the ground floor. They were also informed that 

a responsible person would also guide them to use evacuation lifts, which represents the same 

situation as tested in the second questionnaire. Participants were asked to behave as they would 

behave in a real emergency situation since they are aware that this is not an actual evacuation. 

After each experiment, people were informed that they would need to answer some questions to 

understand the underlying behaviour of their decisions. 
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The starting position was a room on floor 36 (see Figure 5-2), which is one floor above the 

refuge floor to reduce the level of dizziness among participants caused by the VR equipment while 

going downstairs. To move within the environment they used a joystick allowing them to navigate 

precisely with certain speed and rotation, and have interaction with other agents and environment. 

All the doors were opening automatically at a distance of 0.5 m. Participants were told that a fire 

alarm will be started at some point and they should start evacuating after that. On floor 36, the 

participants were instructed to take the stairs to the refuge floor and wait for evacuation lifts once 

they arrive there, whereas on the refuge floor, people were advised to stay on the refuge floor and 

wait for evacuation lifts. At the refuge floor, two staff members also guided people to take 

evacuation lifts.  

 

Figure 5-2 Starting position of the player 

Prior to the participation in the experiment, participants were required to familiarise 

themselves with the equipment and navigate through a virtual environment as a practice test. 

These were followed by 2 experimental trials. Experiments were terminated once the participants 

selected either the stairs or entered one of the evacuation lifts in order to reduce the time involved 

in the experiment. After each trial, participants removed the HMD for a short break and they were 

asked to answer questions related to their perception of the emergency situation that they faced 

and how they understood the underlying behaviour associated with their decision.  

5.3.3 Modelling Evacuation Process 

A development pipeline was created to bring a BIM model and simulate agents’ movements 

in the virtual experiment (see Figure 5-3). The approach used is inspired by the one proposed by 

Lovreglio et al. (2018). To model the physical representation of virtual agents, Adobe Fuse CC is 

used. Thus, 20 humanoid agents (10 males and 10 females) representing residents of the building 
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and 2 staff members (1 male and 1 female) were modelled (see Figure 5-4). The models were 

afterwards uploaded to Adobe Mixamo for skeleton rigging and animation. The animated virtual 

agents were exported as fbx files and imported to Unity software. When it comes to BIM, it is 

modelled using Revit software and exported in 3ds Max to adjust textures of the building. The 

final model is imported to Unity also as a fbx file.  

 

Figure 5-3 Development pipeline implemented to develop the VR experiment 

 

Figure 5-4 Staff advising people to take evacuation lifts on the refuge floor 

In Unity3D software, final adjustments related to BIM were undertaken along with the 

simulation of virtual agents’ movements, audio and lights settings and player controlling options. 

C# scripts were attached to the evacuation lifts and doors to enable people to dynamically interact 

with those objects during the experiment. In the next step, the optimisation of the frame rate was 

conducted to reach the ideal value of 50 frames per second using Unity software (Oculus, 2017). 

Thus, the Lightmapping algorithm was used to pre-calculate lights as texture maps as opposed to 
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being calculated in real time. Also, the Occlusion Culling optimisation technique was adopted 

which disables rendering of objects that are not within the field of view of the player. 

5.3.3.1 Behaviour of People on Stairs 

Modelling people’s actions on stairs requires high attention and detailed understanding, which 

is presented in Section 2.3.5.1. In the experiment, the speed-density relationship was only 

modelled, having integrated a flow-based modelling technique called SFPE for movement 

calculation of agents (Hurley et al., 2015). The speed-density set up was the same as in the 

questionnaire which was previously explained in Section 4.3.2.2. In Table 5-1, the characteristics 

of all components considered for agents’ movements can be found, whereas the equations for 

real-time speed calculations of agents are presented in Table 5-2. Thus, the base speed 𝑣𝑏 was 

defined as a function of initial maximum speed 𝑣𝑚𝑎𝑥, density of people 𝐷 and stair’s type 

(Pathfinder Thunderhead, 2018). Figure 5-5 shows people going downstairs towards the refuge 

floor. 

Table 5-1 Characteristics considered for movements of agents on stairs 

 Component Notation Value Reference 

Agents Initial maximum speed 𝑣𝑚𝑎𝑥 1.29 ± 1 m/s [0.29-2.29] (Boyce et al., 1999) 

 Boundary layer 𝑏 15 cm (Pathfinder Thunderhead, 

2018) 

 Minimum speed fraction 𝑣𝑓𝑚𝑖𝑛 0.15 (Pathfinder Thunderhead, 

2018) 

Stairs Width  1420 mm (Kuligowski et al., 2015) 

 Tread depth  279 mm  

 Riser  178 mm  

 Constant 𝑘 1.08  

Table 5-2 Equations used for the speed calculation of agents 

Formula Equation 

𝐷 =
𝑛𝑝𝑒𝑟𝑠

𝐴𝑟𝑜𝑜𝑚 − 𝐴𝑏𝑙𝑎𝑦𝑒𝑟
 (3) 

𝑣𝑏 = 𝑣𝑚𝑎𝑥 ∗ 𝑣𝑓(𝐷) ∗ 𝑣𝑓𝑡   (6) 

𝑣𝑓(𝐷) = {
                                                            1, 𝐷 < 0.55

𝑝𝑒𝑟𝑠𝑜𝑛𝑠

𝑚2

max [𝑣𝑓𝑚𝑖𝑛 ,
1

0.85
∗ (1 − 0.266𝐷)] , 𝐷 ≥ 0.55

𝑝𝑒𝑟𝑠𝑜𝑛𝑠

𝑚2

 

 

(7) 

𝑣𝑓𝑡 =
𝑘

1.4
 (8) 
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Figure 5-5 People approaching the refuge floor via stairs 

5.3.3.2 Behaviour of People Associated to the Refuge Floor and Lifts 

Route choice of simulated agents was determined using model 5 presented in Section 4.4.2.4. 

Thus, the simulated agents considered number of people waiting for lifts, position of the refuge 

floor, density on stairs and the fact that residential building is modelled for the route choice. 

Figure 5-6 shows a scenario where people are choosing between evacuation lifts and stairs. Once 

agents arrived at the refuge floor, they were immediately deciding between evacuation lifts and 

stairs.  

When it comes to evacuation lifts, simulated agents were selecting less crowded lift to wait in 

order to achieve equal distribution of people between them. Above each lift, there was a display 

showing the current floor position of the lift. Parameters representing lifts’ characteristics are the 

same as presented in Section 4.4.4.  

_Ref524539712
_Ref524539767
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Figure 5-6 Decision making of people at the refuge floor in a situation when 100 people are waiting in front 

of the evacuation lifts 

5.3.4 Scenario 

To investigate the influence of overcrowding of the refuge floor, the number of people waiting 

for evacuation lifts was altered. A double-bounded contingent valuation method is used to present 

a fewer number of scenarios to the participants (Hanemann et al., 1991; Cai et al., 1998), which 

was also used in the questionnaires and presented in Figure 4-6. The starting scenario had 100 

people in front of the lifts, where the number of people for the second scenario depended on the 

choice in the first scenario. Thus, if a participant selected lifts in the first scenario, the number of 

people was increased by 50 in the following scenario and vice versa. The number of people 

waiting for the evacuation lifts and method used for selecting the next scenario was the same as 

in the questionnaires. 

The release rate for virtual agents coming from upper floors was 1 second. When a participant 

was on stairs, slightly before arriving on the refuge floor, the unnecessary number of people 

waiting for evacuation lifts was deleted to achieve the desired number of people waiting.  

5.3.5 Respondents 

Informed consent was obtained from all the respondents. The study was approved by the 

Ethical Committee of the University of Melbourne. A total of 77 participants participated in the 
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VR experiment, where three participants did not complete the VR experiment as a result of 

experiencing dizziness. People who live, work or study in Melbourne participated. They were 

asked to provide information about their age, gender, height, weight and connection type with 

high-rise buildings (living, working, visiting or no connection). Characteristics of respondents are 

presented in Table 5-3.  

Table 5-3 Participants’ characteristics 

Characteristics Type Numerical value 

Gender Females [No] 

Males [No] 

26 

48 

Age Average ± Std [years] 25.6 ± 5.5 

BMI Height [cm] 

Weight [kg] 

172.72 ± 8.97 

68.09 ± 14.73 

Participants’ connection with high-rise buildings Work [%] 

Live [%] 

Visit [%] 

Without connection [%] 

3 

39 

21 

11 

5.3.6 Limitations 

Although the experiment was modelled in such a way to achieve a realistic representation of 

an evacuation process in tall buildings, there are still some aspects that need further investigation 

to predict the route choice of people using VR technology. The main limitation was not modelling 

the physical interaction of people with the environment, thus being unable to understand the 

impact of fatigue presence after running several flights of stairs on their decision. Therefore, 

participants could not realise that they would get tired after running on stairs, and the continuation 

of using them from the refuge floor would mean that they would get even more tired. A potential 

solution to this problem cloud be the use of omnidirectional treadmills suggested by Nilsson and 

Kinateder (2015) along with VR suit to track the performance of participants in terms of fatigue 

and decision making, which was not investigated in the study. Other limitations are either covered 

in Section 2.4.2 or mitigated in some extent in the experiment. 

5.4 Models Calibration 

Understanding the importance of each parameter regarding people’s decisions during an 

evacuation process is an important step. Although MLM was used in the previous models, in this 

case, logistic regression is adopted. The main reason for that is the fact that parameters resulted 

in being not randomly distributed. In the further sections, two models were identified. The first 

model considered only parameters which could be observed, while the second model also 

integrated the main reasons of people for choosing stairs and evacuation lifts. 



 

 

103 

 

5.4.1 Optimal Model Considering Observable Parameters 

Table 5-4 shows the estimated weights for model 1 which enables predicting the probability 

for choosing either stairs or evacuation lifts. The results indicate that number of people waiting 

in front of evacuation lifts plays an important role to the route section along with gender, age, 

being a resident, visitor or worker within a tall building. The sign associated to the coefficients of 

variables means that probability of lift users would increase or decrease in case of being negative 

or positive, respectively. Regarding the gender, female participants preferred more evacuation 

lifts compared to males. The significance level indicates that with the change or presence of a 

variable in the model the probability of lift users would change to some extent. For example, 

gender has higher impact on people’s choice compared to number of people in front of lifts and 

age. Based on the value of R2, it can be concluded that the heterogeneity of tastes over the 

population is meaningful, resulting in the conclusion that the model cannot predict the probability 

with good accuracy.  

Table 5-4 Optimal model estimation for model 1 

Variable Coeff. Std.Err. t-ratio P-value 

ASC -0.18268 0.97367 -0.1876 0.85118 

PeopleLift 0.00919 0.00360 2.5559 0.01059 * 

Gender -0.96345  0.31194 -3.0886 0.00201 ** 

Age 0.06602  0.02808 2.3511 0.01872 * 

Residents -1.57835 0.48256 -3.2708 0.00107 ** 

Visitors -1.40339 0.51677 -2.7157 0.00661 ** 

Workers -2.46120 0.85691 -2.8722 0.00408 ** 

 

Log-likelihood: -136.66         McFadden R2: 0.10935         Likelihood ratio test : chisq = 33.556 

Significance codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

5.4.2 Optimal Model Considering People’s Perception 

Table 5-5 highlights the estimated coefficients for model 2 wherein aspects related to people’s 

beliefs and their perception is also integrated into the calculation of the probability. The results 

led to an interesting fact showing that these newly added parameters are more important compared 

to the parameters that can be observed and presented in model 1. Therefore, the fact that lifts 

cannot be used for evacuation, personal feeling that lift area is overcrowded, following staff 

advice to take evacuation lifts as well as safety of stairs were statistically significant parameters. 

Also, high value for R2 results in a highly reliable model for the prediction of people route choice 

for tall buildings. Considering this, we can understand that people were pretty consistent in their 

decisions. 
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Table 5-5 Optimal model estimation for model 2 

Variable Coeff. Std.Err. t-ratio P-value 

ASC -1.90849 0.61832 3.0866 0.00202 ** 

KnowingThatLiftsCannotBeUsed 3.71482 0.97597 3.8063 0.00014 *** 

EscapingOvercrowdedLiftArea 4.81652   1.19287 4.0378 5.40e-05 *** 

FollowingStaffAdvice -2.46091  1.18109 -2.0836 0.03720 * 

SaferByStair 5.03120 0.94726 5.3113 1.09e-07 *** 

 

Log-likelihood: -32.242         McFadden R2: 0.78987         Likelihood ratio test : chisq = 242.39 

Significance codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

In Error! Not a valid bookmark self-reference., percentage and number of people selecting 

a particular reason associated to each alternative were presented. 

Table 5-6 Percentage and number of people selecting a particular reason for choosing stairs or evacuation 

lifts for evacuation from tall buildings 

Reasons for choosing stairs Number of people in front of lifts 

 50 100 150 

Safer way 27.0 (20) 36.5 (27) 40.5 (30) 

Quicker way 1.4 (1) 4.1 (3) 5.4 (4) 

Escaping crowd in front of lifts 14.9 (11) 21.6 (16) 25.7 (19) 

Knowing that lifts cannot be used for evacuation 18.9 (14) 17.6 (13) 17.6 (13) 

Allow others to use lifts 2.7 (2) 2.7 (2) 2.7 (2) 

Following crowd taking stairs 2.7 (2) 2.7 (2) 2.7 (2) 

Greater Level of control using stairs 10.8 (8) 12.2 (9) 16.2 (12)  

Reasons for choosing lifts  

Safer way 2.7 (2) 2.7 (2) 2.7 (2) 

Quicker way 22.3 (17) 16.2 (12) 14.9 (11) 

Following staff advising to use evacuation lifts 33.8 (25) 33.8 (25) 33.8 (25) 

Following crowd taking lifts 10.8 (8) 10.8 (8) 8.1 (6) 

Escaping crowd from stairs 2.7 (2) 2.7 (2) 2.7 (2) 

5.4.3 Sensitivity Analysis 

Table 5-7 shows a sensitivity analysis for model 1 considering residents as group of people 

with the most responders where different number of people in front of lifts, gender and age were 

altered. The results indicate that with the increase in the number of people, people tend to choose 

stairs more often. The gender indicates that females, labelled as 1 in the table, are more willing to 

choose evacuation lifts compared to males. On the other hand, with the increase in age, the choice 

of people gravitated towards stairs. However, it should be kept in mind that this can be different 

if more elderly participated in the experiment, which can result in a negative sign for the parameter 

referring to the age of people. 
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Table 5-7 Impact of number of people in front of lifts, gender, and age on a resident’s choice - model 1 

Plifts (%) Pstairs (%) Number of People in 

Front of Lifts 

Gender Age 

49.53 50.47 50 0 20 

38.26 61.74 100 0 20 

28.13 71.87 150 0 20 

72.00 28.00 50 1 20 

61.90 38.10 100 1 20 

50.64 49.36 150 1 20 

33.65 66.35 50 0 30 

24.26 75.74 100 0 30 

16.83 83.17 150 0 30 

57.06 42.94 50 1 30 

45.63 54.37 100 1 30 

34.65 65.35 150 1 30 

Table 5-8 shows the sensitivity analysis for model 2 which takes into account all four estimated 

parameters. The results indicate that if people have a concern regarding overcrowding of refuge 

floors, the safety of lifts and the fact that lifts should be used for evacuation, they would select 

stairs. In all other cases, people would choose evacuation lifts. 

Table 5-8 Impact of several parameters on a person’s choice - model 2 

Plifts (%) Pstairs (%) Knowing that lifts 

cannot be used for 

evacuation 

Escaping 

overcrowded lift 

area 

Following staff 

advice 

Safer by stairs 

87.08 12.92 0 0 0 0 

14.11 85.89 1 0 0 0 

5.18 94.82 0 1 0 0 

0.13 99.87 1 1 0 0 

98.75 1.25 0 0 1 0 

65.80 34.20 1 0 1 0 

39.00 61.00 0 1 1 0 

1.53 98.47 1 1 1 0 

4.22 95.78 0 0 0 1 

0.11 99.89 1 0 0 1 

0.04 99.96 0 1 0 1 

0.00 100.0 1 1 0 1 

34.03 65.97 0 0 1 1 

1.24 98.76 1 0 1 1 

0.42 99.58 0 1 1 1 

0.01 99.99 1 1 1 1 

5.4.4 Other Results 

Apart from the parameters resulted as statistically important in the models, several other 

parameters were also collected during the experiment. Thus, parameters such as decision time and 

perceived number of people waiting for lifts by participants are worth mentioning.  

The decision time of people to choose between evacuation lifts and stairs can be separated into 

a group that decided immediately, which was 47 % of participants, and a group which needed 
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some time, which was on the average 25 seconds. Regarding the perceived number of people 

waiting for lifts, people constantly underestimated the actual number for 33 people on the average. 

In spite of perceiving a fewer number of people waiting for lifts, many of the participants stated 

that the number of people waiting was huge, which is an interesting observation.  

5.5 Comparison with Questionnaires 

After estimating the models, a comparison between the results coming from the VR 

experiment and questionnaires should be undertaken. For the comparison, model 5 from the 

questionnaire 2 (refer to Section 4.4.2.4) and model 1 from the VR experiment (refer to Section 

5.4.1) were used. In both models, people that live in residential buildings were considered. Since 

in the VR experiment, an average density of 1.82 persons/m2 was achieved, the same value was 

used in the questionnaire’s model. When it comes to the parameter referring to gender for the VR 

model, 0.5 value was selected as a neutral value between genders. Regarding the parameter 

representing age, an average value was used from the VR experiment. Table 5-9 shows the 

parameters used in the models to compare the VR experiment and the questionnaire. 

Table 5-9 Values of parameters used for comparison between the VR experiment and second questionnaire 

Variable Questionnaire – model 5 VR experiment – model 1 

PeopleLift 50, 100, 150 50,100, 150 

DensityStairs 1.82 / 

RefugeFloor 35 / 

Residents 1 1 

Gender / 0.5 

Age / 25.6 

Figure 5-7 shows the impact of number of people waiting for lifts on the choice of people to 

select evacuation lifts for evacuation. The results suggest that considering the questionnaire’s 

model, people would use evacuation lifts more than in the VR experiment. The difference is more 

evident in the situations when fewer people are waiting for evacuation lifts, whereas the response 

is similar in the situations with more people waiting for lifts. On the average, the percentage 

difference was 8 %. 
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Figure 5-7 Impact of number of people in front of lifts on the choice of people to select evacuation lifts for 

evacuation using VR and questionnaire models 

5.6 Discussion 

The research investigated route choice of people between stairs and evacuation lifts for 

evacuation of tall buildings using virtual reality. The evaluated evacuation procedure considered 

using stairs to a refuge floor located on floor 35 where people needed to decide to either use 

evacuation lifts or switch between stairs to continue going down. Logistic regression was adopted 

to model probabilistically people’s choice. 74 people successfully completed the VR experiment. 

Presented models have shown the importance of considering several parameters. In model 1, 

the impact of parameters that can be observed was estimated, whereas in model 2, the parameters 

assessing people’s perception were also included. In general, these two models were totally 

different, having a situation where none of the parameters that have been estimated as statistically 

important in model 1 were present afterwards in model 2. Thus, model 2 was able to predict 

people’s decisions with less uncertainty, showing that parameters referring to the safety of stairs, 

the fact that lifts should be used for evacuation, staff suggesting using evacuation lifts and the 

aspect related to overcrowding of lifts’ lobby were important. 

To compare the results collected through the questionnaires and the VR experiment, a 

percentage of lift users is calculated by altering a number of people waiting for evacuation lifts. 

The results indicated that the percentage difference is 8 %. Some of the potential reasons for this 

difference have been explained in Section 2.4.2, which highlights pros and cons of stated and revealed 

preferences of people. Thus, a potential reason could be an immersive experience that people experienced using 

VR technology, resulting in more tensed situation due to the constant presence of crowd and alarm sound, which 

could lead towards more people choosing stairs as usually a safer option for evacuation. Moreover, this is evident 
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by analysing In Error! Not a valid bookmark self-reference., percentage and number of people 

selecting a particular reason associated to each alternative were presented. 

Table 5-6 in which case participants stated that lifts are not as safe as indicated in Table 4-9 

representing the questionnaires. At the same time, as explained in the limitation section people 

have not had insight in the fact that they would get tired by using stairs, which would potentially 

result in more people choosing evacuation lifts and reducing the identified difference between the 

studies. Although the VR experiment has higher ecological validity compared to the 

questionnaires, further investigation between stated and revealed preferences of people is 

required.  

5.7 Chapter Summary 

This chapter investigates the use of VR technology for evacuation of tall buildings. Thus, a 

VR experiment was conducted involving 74 participants. 

The chapter is composed of four sections covering experiment design, estimation of optimal 

models, comparison with the questionnaires and discussion section. The experiment design 

section covers modelling of 3D indoor environment and crowd dynamics associated with different 

egress components. Then, optimal behavioural models were identified considering parameters 

that can be observed by the researcher and parameters that were the result of people’s perception. 

Sensitivity analysis is undertaken afterwards to highlight the effect of each parameter present in 

the optimal models on people’s route choice selection. A comparison between VR results and the 

questionnaire is presented showing the differences between models. In the discussion section, the 

final outcomes are presented. 

The results of the questionnaire and virtual reality experiment are included in the model for 

finding optimal evacuation strategy to simulate the route choice of people between stairs and 

evacuation lifts at each refuge floor. 

In the next chapter, other parameters that impact people’s decisions and occupants’ scenario 

modelling in tall buildings are presented. After that, a transition from micro to macro evacuation 

modelling is undertaken enabling to transfer agent-based models to graph-based models in order 

to determine the parameters for the proposed model which would find the optimal evacuation 

strategy for tall buildings.  
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6.1 Introduction 

After understanding people behavioural actions for different route choice scenarios through 

the questionnaires and the virtual reality experiment, they should be included in the calculation 

of total evacuation time along with other parameters that affect it. Thus, in this chapter, the 

selection steps of all parameters for evacuation of tall buildings are explained along with 

preparation of the parameters to be used in the model for finding optimal evacuation strategy for 

tall buildings through micro to macro modelling. 

As an underlying model to calculate the evacuation time and model evacuation process graph-

based model is utilised, where performance of people at each graph segment is approximated from 

an agent-based simulation. Scenario modelling of a building evacuation is explained in detail in 

Section 2.2.2 as a part of the literature review chapter. In the following section, several aspects of 

scenario modelling such as building configuration, population and procedure will be introduced, 

except incident information which is considered out of scope. The input parameters were taken 

from real evacuations, evacuation drills and experimental data in order to simulate realistic 

scenarios and to avoid modellers’ choices known as ‘the user effect’ (Ronchi, 2012). 

The chapter is divided into three main parts. Section 6.2 describes the experimental design. A 

transition from micro to macro evacuation is presented in Section 6.3. In Section 6.4, the research 

conclusions and future directions are highlighted. 

6.2 Experimental Design 

6.2.1 Building Configuration 

A 56-story tall office building was selected for the case study. The building contains two 

stairways and refuge floors, where each refuge floor is supported by three evacuation lifts. Each 

refuge floor is supported by one evacuation lift, where each evacuation lift is operated from a 

refuge floor to the ground floor only without the option to stop at any other floors. The considered 

interval of refuge floors is 19 floors, which is in line with the standards for vertical placement of 

refuge floors in tall buildings (Clawson and O’Connor, 2011). The selected interval for refuge 

floors was also in line with the fact that people would experience fatigue after running 5 minutes 

downstairs which is approximately 18 floors (Egan, 1978). The height of unpopulated floors such 

as ground floor and refuge floors is twice the size of regular populated floors shown in Figure 

6-1, whereas the height of a regular floor in tall office buildings is approximately 3.9 m  (CTBUH, 

2015).  
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Figure 6-1 3D representation of the building 

Stairs considered represent 1120 mm standardised stairs whose characteristics are in line with 

NFPA 101 code (NFPA, 2012). The stair configuration is the same as in the questionnaires and 

the virtual reality experiment. The configuration of evacuation lifts is also the same whose 

parameters are presented in Table 4-13. 

It is assumed that the available space for people at each refuge floor is 1000 m2 which is similar 

to the space of 1024 m2 (32 m x 32 m) modelled by Chen et al. (2017).  

6.2.2 Evacuation Procedure 

The evacuation procedure of the building involves using stairs, refuge floors and evacuation 

lifts. Refuge floors are directly connected to the ground floor via an evacuation lift. The 

evacuation procedure for people above the refuge floors involves going down the stairs to the 

closest refuge floor where they can choose between stairs and evacuation lifts, whereas people 

below the refuge floors can only take the stairs as an exit option. It is worth mentioning that 

although people may be directed to take the stairs at the upper refuge floor, they can subsequently 

be directed to use the evacuation lift on the lower refuge floor. At the same time, in the model, it 

is considered that some people will disobey the suggested evacuation instructions to represent the 

evacuation procedure as realistically as possible to a real evacuation situation. 

6.2.3 Population Configuration 

Once the building configuration is determined, it needs to be populated before testing various 

scenarios. Thus, the required information covers aspects of total number of people and their 

distribution throughout the building, people’s characteristics, movement data, pre-movement time 

and specified behaviour and associated delays (Kuligowski, 2016a). 
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6.2.3.1 People’s Characteristics 

The assumed average occupant load was 100 people per floor, thus, considering the populated 

floors in total 5400 people were in the building. The assumed values for speed distribution was 1 

m/s ± 1.29 m/s with a range between 0.29 m/s and 2.29 m/s (Boyce et al., 1999). People were 

randomly distributed in the building at the beginning of the evacuation procedure, having different 

number of people on each floor. Their initial random position is recalculated for each run. People 

with disabilities were not modelled since they can use evacuation lifts on their floors which 

operate directly to the ground floor instead of using stairs to a refuge floor from where they would 

use evacuation lifts. 

Based on the building code regulation for refuge floors, a space of 5 m2 is required to be 

provided for each accommodated person on it (Press, 2014). Therefore, a constraint considered 

for the maximum number of people at a refuge floor was 200. 

6.2.3.2 Pre-movement Time 

There are different reasons causing a long pre-movement time (i.e., delay) of people, which 

should be integrated into the calculation of total evacuation time (Kuligowski and Hoskins, 2011). 

The pre-movement time is often the most extensive and critical phase, requiring  detailed attention 

while dealing with it (Gwynne et al., 2016b). The main reason of pre-movement time existence 

is the fact that people do not start evacuating immediately after hearing the alarm. Hence, the 

concept of releasing people is introduced in the model considering the number of people that 

should have commenced their evacuation between two time slots. 

 The current literature identifies pre-movement times in many high-rise office buildings during 

evacuation drills (Peacock et al., 2012) and real evacuations (Averill et al., 2005). However, 

currently, there is no model that quantifies pre-movement time considering evacuation from 

buildings with different structures and populations, making it difficult to utilise pre-movement 

time for evacuation of other buildings (Kuligowski, 2016b). Based on the available data shown 

in Table 6-1, models for modelling mean 𝑚 and standard deviation 𝑣 as main components of the 

pre-movement time were identified (see Table 6-2). The selection of the models was based on R-

squared values considering first-degree models with positively skewed distributions. The mean 

value takes a logarithmic trend, while standard deviation has a power trend, which achieved the 

highest R-squared values compared to other known statistical models (see Figure 6-2). The main 

reason why pre-movement time can be a function of number of people is that simulationous 

evacuation of all people in a tall building is not feasible since the number of stairs and capacities 

do not allow for it. Thus, many people in tall buildings should wait for some time to enter stairs. 

Also, it should be kept in mind that pre-movement time is recorded in practice until the moment 



 

 

114 

 

when people enter stairs. In the thesis, a range of ±3 standard deviations for both parameters was 

considered.  

Table 6-1 Pre-movement time in fire drills and real evacuations in office buildings 

Building People [No] Pre-movement time [s] 

11-Storya 127 89±54 

13-Storya 226 106±50 

6-Storya 273 142±60 

31-Storya 525 149±88 

24-Storya 593 137±86 

10-Storya 793 171±124 

18-Storya 1148 224±146 

91-Storyb 7545 336.6±500.4 

110-Storyb 8600 362.4±486 

a Drills (Peacock et al., 2012) 

b Real evacuations (Averill et al., 2005) 

Table 6-2 Models for mean and standard deviation of pre-movement time 

Model 1 & 2 Coefficient Standard Error T value Significance 

Intercept -247.622 33.587 -7.373 0.000153*** 

Log(x) 65.506 4.915 13.328 3.13e-06*** 

     

a 14.43071 1.75623 8.217 7.68e-05*** 

b 0.45207 0.01433 31.545 8.31e-09*** 

     

R2 model 1: 0.96; R2 model 2: 0.98 

Significance codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 

 

Figure 6-2 Mean and standard deviation of pre-movement time for office buildings 

A proper representation of pre-movement time is through the use of log-normal distribution 

(Purser and Bensilum, 2001). The main examples are 9/11 evacuations during which pre-

movement time took a log-normal distribution (Averill et al., 2005). Therefore, log-normal 

distribution was adopted in the experiment. The log-normal distribution is usually represented by 

µ and 𝜎 parameters whose values are obtained  by integrating the values of 𝑚 and 𝑣 into equation 
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(9) and (10). Also, an important aspect is the selection of the maximum pre-movement time of all 

occupants, which is assumed to be 30 minutes.  

𝜇 = 𝑙𝑛

(

 
𝑚

√1 +
𝑣2

𝑚2)

  

(9) 

𝜎 =  √ln (1 +
𝑣2

𝑚2
) (10) 

6.2.3.3 Behavioural Actions of People 

The behavioural aspect of people regarding their decision-making steps is not a 

straightforward process. The current literature identifies two important behavioural aspects 

related to the combination of stairs, evacuation lifts and refuge floors for the evacuation of tall 

buildings: route choice modelling of people between stairs and evacuation lifts (Kinsey et al., 

2010) and a stair selection (Peacock et al., 2012). 

The most important decision-making step for people is whether to use stairs or take evacuation 

lifts. Using lifts in an emergency is still a burning issue which makes the task much more difficult 

for building designers to develop the building egress strategy and design properly. As presented 

in Chapter 4 and Chapter 5, the percentage of lift users depends on the considered scenario. 

Through investigating different evacuation scenarios in the questionnaires, model 5 (refer to 

Section 4.4.2.4) resulted in a model predicting route choice of people with the lowest uncertainty. 

The results of this model were afterwards compared using virtual reality to understand their 

ecological validity. The difference between this questionnaire model and the virtual reality model 

for the same evacuation scenario was on the average 8 %. Therefore, model 5 results were altered 

for the difference to be used in finding optimal evacuation strategy for tall buildings. Based on 

this, the percentage of lift users that would not use lifts although suggested 𝜂𝑟 is identified for 

both refuge floors. In this aspect, the Monte Carlo simulation was used to precompute the 

randomness in people’s route choice for each stairway and refuge floor.  

Uneven use of stairs is a common problem which occurs due to the familiarity or initial 

distance to the stairs during the evacuation procedure, which can have a huge impact on the 

evacuation time and should be modelled for the evacuation of tall buildings (Pelechano and 

Malkawi, 2008). Peacock at al. (2012) presented results of four evacuation drills in high-rise 

buildings showing this effect. For instance, considering the tallest building in this study with 31 

floors, the ratio between the most (704 people) and the least (538 people) used stair was 13:10. 

Thus, an uneven selection of stairs was taken into account for modelling the evacuation process 

more realistically. At the same time, it was attempted to understand whether the model can 
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achieve balance, already having an unbalanced use of stairs, by sending more or fewer people to 

refuge floors. 

6.3 Micro to Macro Evacuation Modelling 

After understanding what kind of scenarios should be modelled and tested, a model for 

assessment of total evacuation time should be identified considering the performance based 

design methodology. In this sense, a graph-based model is utilised due to small computational 

time. However, the main issue of such models is the fact that there is no a validated model that 

can be used for this study. Hence, a transition from agent-based to graph-based model is 

undertaken. 

Micro to macro modelling is a very important step in representing people’s performance at 

different egress components. To conduct such analysis, simulation of people using an egress 

component is undertaken approximating the people’s flow through a function. In this way, a 

transition from 3D model to 2D graph model is made, where the newly established graph model 

preserved the geometry of the building, ratio and topology between exit components. 

At the same time, to calculate the performance of people quickly, the problem is formulated 

as discrete, where the duration of a single time slot should be identified. This process can be very 

complex, dealing with the fact of how accurately the model should capture the actual travel time 

of people using stairs and lifts, the input parameters which should be integer values and 

computational time required if it is considered for real-time evacuations. In this case, the duration 

of a single time slot was assumed to be 45 seconds. 

6.3.1 People’s Performance at Stairs 

The capacity of a standardised stair used in this thesis is approximately 2000 people per hour 

based on the analysis of the WTC evacuations (Bukowski, 2008). Thus, considering the range of 

1 hour and the duration of a time slot, total number of time slots �̅� is 80. The range of 1 hour is 

based on the fact that utilisation of lifts in the evacuation procedure of tall buildings can result in 

total evacuation time in less than one hour (Bukowski and Tubbs, 2016). Thus, the capacity of a 

stair at each time slot 𝑐𝑆 should be 25, dividing the total capacity of stairs with the number of 

time slots. Having two stairs in the building, maximum of 50 people can travel to a refuge floor 

or the ground floor per one time slot. 

After understanding the stair’s capacity, people’s performance should be determined. The 

number of people that could be accommodated by a stair is usually based on flow or discharge 
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rate. The first step in achieving this is through simulations. Since capacity is independent of the 

demand, the capacity of a stair is measured by using 5000 people as a demand without assigning 

pre-movement time. The parameters used for the agents and stair configuration in the simulation 

was the same as in Table 5.1. To simulate this, the Pathfinder simulator is used to perform the 

analysis. 

Figure 6-3 shows number of people served in 1 hour considering time frames of total 

evacuation time, where each time frame was offset for 1 min. The capacity of 2002 people/h was 

achieved, which is in line with the findings coming from WTC evacuations of 2000 people/h. 

 

Figure 6-3 Capacity of a stair per 1 hour 

After understanding that the assigned speed of agents is correct, actual travel time of people 

on a stair 𝑡̅ is calculated. Actual travel time of people on a stair depends on number of people 

using them. In this aspect, a relationship between number of time slots and people (i.e., volume) 

travel a stair was calculated (see Figure 6-4).  

To work with whole numbers and achieve a faster calculation of optimal solution, a simplified 

curve is used, in which case a single coefficient α was introduced, representing 𝑡̅ as a linear 

function of number of people using them. Thus, the coefficient α with a value of 0.04 was 

determined dividing one time slot with the stair’s capacity. In this way, 𝑡̅ was shorter than one 

time slot if used by fewer number of people and 1 time slot in case occupied by 25 people. The 

same approach of approximating actual travel time of people through a function can be applied 

to other types of stairs and egress components.  
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Figure 6-4 Relationship between volume and number of time slots 

Through the literature review, it was identified that optimal speed of people travelling on stairs 

should be 0.48 m/s, where the crush load is achieved at the speed of 0.2 m/s (Peacock et al., 2012). 

Figure 6-5 shows the relationship between number of people using a stair and their speed to 

understand what maximum speed of people on stairs would be considered afterwards in the model. 

The identified speed in case a stair is used by 25 persons is around 0.3 m/s. Considering the data 

collected, a speed of 0.48 m/s would mean that only 10 persons could travel to achieve it which 

is diffidently too low for tall buildings where thousands of people should be evacuated. Hence, 

the identified speed of 0.3 m/s seems more rational choice to be considered for tall buildings. 

However, it should be borne in mind that the result is based on the model implemented in 

Pathfinder simulator and comparison with other available models would be required in that sense.  

 

Figure 6-5 Relationship between speed and volume for stairs 
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6.3.2 People’s Performance for Lifts 

Lift scheduling is a very important aspect of correctly modelling the evacuation procedure in 

tall buildings taking into account the fact that lifts are not available all the time and people should 

wait at the refuge floors for some time before using them.  

The travel time 𝑡𝑣  of a lift depends on travel distance 𝑑, speed 𝑠, acceleration 𝑎 and jerk 𝑘 of 

the lift. Thus, considering the floor-to-floor distance 𝑡𝑣, travel time is determined using equation 

(4), whereas the cycle time 𝑇𝑐  is calculated based on equation (5) (Siikonen and Sorsa, 2010). 

Table 4-13 shows the parameters included in the calculation of 𝑡𝑣  and 𝑇𝑐  which are based on the 

papers of Chen et al. (2017) and Siikonen and Sorsa (2010), respectively.  

With respect to 𝑇𝑐 and duration of one time slot, number of people that can travel in one time 

slot using an evacuation lift is calculated, which is assigned as the final capacity of the lifts per 

one time slot. Therefore, the capacity of the evacuation lift 𝑐𝐿 serving the upper refuge floor was 

the same as the initial one of 20, whereas the capacity of the lift serving the lower refuge floor 

was 24 as a result of the shorter travel time of that lift. However, it should be borne in mind that 

the lifts would require one more time slot to return to a refuge floor. Considering this and the fact 

that three evacuation lifts are connected to each refuge floor enable simultanous evacuation of 36 

and 30 people per one time slot for the lower and upper refuge floor, respectively. It results in the 

fact that at least 60 % of people should travel to a refuge floor to use evacuation lifts constantly 

in one time slot. 

6.3.3 Behavioural Actions of People 

After understanding people’s performance for stairs and lifts, behavioural actions should also 

be transferred from micro to macro level. In this aspect, macro representation of pre-movement 

time, stair selection and route choice of people is required to be performed.  

To represent the uneven use of stairs which is a common situation during evacuations of tall 

buildings, all people are separated in two groups, one for each stair. As mentioned above, the ratio 

between right and left stair was 13:10. Regarding the pre-movement time, it was calculated for 

each occupant individually and afterwards grouped by each time slot.  

When it comes to the route choice modelling which was investigated in Chapter 4 and Chapter 

5, the probability of lift users is calculated using model 5 (refer to Section 4.4.2.4), which is after 

that subtracted by the difference of 8 % between the questionnaire model and the virtual reality 

model. The probability is calculated for each refuge floor individually considering an office 

building in the model. For the density of people on stairs, an assumed value of 2 persons/m2 is 

_Ref524541421


 

 

120 

 

used which is an approximate density if a stair is used by 25 people based on equation 3. Thus, it 

enables to calculate the percentage of lifts users for each refuge floor (see Figure 6-6). However, 

since the percentage is still dependant on number of people at the refuge floor, the function 

representing this relationship is non-linear being very difficult to model mathematically. 

Therefore, an average percentage is identified considering the expected number of people waiting 

for each refuge floor. The expected number of people is assumed to be 15 taking into account the 

fact that lifts can serve at least 60 % of people coming from stairs. In this way, the identified 

percentage of lift users is 54 % and 62 % for the lower and upper refuge floor, respectively. Since 

the route choice of people is stochastic and cannot be determined exactly, ±5 % was included for 

each of the percentage.  

 

Figure 6-6 Percentage of lifts users for each refuge floor 

6.4 Discussion 

In this section, input parameters for modelling total evacuation in tall buildings were 

determined successfully. Thus, information about the building configuration along with 

population characteristics and evacuation procedure were introduced. After the identification of 

all parameters that affect an evacuation process in tall high-rise buildings, micro to macro 

evacuation modelling was performed transferring the parameters from agent-based model to a 

graph-based model. 

As a case study, a tall office building was selected with two stairs and refuge floors, where 

each refuge floor was supported by three evacuation lifts. The scenario under consideration 

represents a total evacuation with 5400 people inside the building. Two equations characterising 

pre-movement time are presented enabling to model this evacuation period for any tall high-rise 
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building. Behavioural actions of people covering stair selection and the route choice selection 

investigated in Chapter 4 and Chapter 5 were also considered. 

 A time step of 45 seconds was selected as an optimal interval, having 80 time slots which 

correspond to 1 hour. Because of that, the identified capacity of a stair was 25 people. Via 

simulation, the performance of people at stairs was determined approximating the data with a 

linear function. The capacity of evacuation lifts and refuge floors was also determined along with 

the parameters representing the behavioural actions of people. 

In the future, the identification of an optimal time slot will be investigated. As mentioned 

above, the interval of one time slot should be maximised to find the optimal solution more quickly 

and small enough to capture travelling time of one network component. Therefore, more attention 

will be played on automatic determination of optimal duration of a time slot. Another aspect 

would be linearisation of the function between percentage of lifts users and number of people 

waiting for evacuation lifts. 

6.5 Chapter Summary 

This chapter investigated the input parameters required for scenario modelling which would 

be used to test different evacuation strategies for people in order to find the optimal one. The 

parameters related to building configuration, population characteristics and evacuation procedure 

were identified.    

Another investigated aspect was a transition from micro to macro evacuation. In this regard, 

simulation of people’s movement on stairs was undertaken using an agent-based simulator to 

collect data of people’s performance. After that, a linear function which establishes a relationship 

between travelling time of people and their number was approximated to be used in the model 

presented in the next chapter. Other parameters referring to evacuation lifts and people 

behavioural actions were also determined. 

In the next chapter, a mathematical model for finding the optimal evacuation strategy for tall 

buildings will be presented considering different egress components and people behaviour. Also, 

a comparison with another algorithm will be conducted to understand the differences between the 

current ways of predicting an optimal evacuation strategy for tall buildings and to assess the 

performance of the proposed model. 
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7.1 Introduction 

A relocation strategy has a key role in the safety design of buildings (Kwan and Lee, 2005; 

Luo and Wong, 2006; Tubbs and Meacham, 2009). During an emergency, prior preparation 

(Kevany, 2003) and multisensor integration (Alamdar et al., 2016) are required to achieve an 

effective emergency response. Factors such as number of floors, time required for people to be 

evacuated and evacuation procedure should be taken into account during the assessment of 

building exits design (Ma et al., 2012a). Therefore, a model optimising evacuation strategy for all 

people should be proposed tackling these and many other common problems to enable timely 

evacuations in tall buildings. 

So far, a modelling approach for finding the optimal evacuation strategy and building 

evacuation design was proposed, where percentage of lift users was altered (Ma et al., 2012). 

Recently, Ding et al. (2017b) proposed a simulation-based model using a genetic algorithm to 

find the optimal solution; integrating different speed of people on stairs and a lift scheduling 

system. However, some crucial aspects such as pre-movement time, maximum number of people 

on the refuge floor and route choice modelling of people (assuming that people will always obey 

evacuation instructions) were not included in determining the optimal solution model. At the same 

time, any validations of people’s performance were not conducted to understand their level of 

realism to real-life evacuation scenarios. 

There are many parameters which impact evacuation process in tall buildings. In this chapter, 

a mathematical model is presented enabling the integration of these parameters and finding the 

optimal evacuation strategy. The mathematical model investigates total evacuation of tall high-

rise buildings integrating people’s performance and behaviour at different egress components 

such as stairs, lifts and refuge floors. At the same time, a comparison with another model through 

agent-based simulations is performed to understand the importance of identified model in several 

aspects as well as to highlight the need of using optimisation models for evacuation of tall 

buildings.  

The chapter is divided into six main parts. Section 7.2 identifies the optimal solution finding 

method. Section 7.3 describes the experimental design. The mathematical formulation of the 

model is presented in Section 7.4. A comparison between optimal solutions considering different 

objective functions is highlighted in Section 7.5, whereas an optimal solution using another model 

is described in Section 7.6. In Section 7.7, the research conclusions and future directions are 

highlighted. 
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7.2 Solution Finding Method 

After identifying the input parameters in the previous chapter, the next step is to 

mathematically formulate an evacuation process of tall high-rise buildings. The research problem 

represents a NP-hard problem (Ding et al., 2017b). Mixed-integer linear programming (MILP) 

provides the ability to solve such problems where some of the variables are constrained to be 

integers (e.g., number of people travelling between floors), while others are allowed to be non-

integers (Chen and Zionts, 1976). At the same time, the problem is capacitive since all exit 

components such as stairs (Bukowski, 2008), lifts (Ronchi and Nilsson, 2013b) and refuge floors 

(Chen et al., 2017) have their own capacities. 

Throughout more than 50 years of existence, the theory and practice have been significantly 

developed regarding MILP (Chen and Zionts, 1976; Alves and Clímaco, 2007) providing a 

mechanism for the optimisation of decisions that take place in complex systems in every aspect 

of human lives like those arising in biology, medicine, transportation, telecommunications, sports 

and national security (Smith and Taskin, 2008). The linear programming solvers such as Gurobi 

and Cplex are highly flexible with handling MILP models and provide fast computational solution 

findings (Vielma, 2015). A Gurobi optimiser was used to solve the problem with mixed linear 

programming based on branch and bound algorithm. More information regarding branch and 

bound algorithm performance and optimal solution finding has been presented in Section 2.2.3.2. 

7.3 Experimental Design 

This chapter extends current knowledge on vertical evacuations by proposing a model for 

finding an optimal evacuation strategy for tall buildings, where a quantitative comparison 

between a single and multi-objective formulations of the problem was presented, evaluating their 

performance in several aspects. In addition, a comparison with another model proposed by Ma et 

al. (2012a) will be performed, where the main reason of selecting this model for the comparison 

is the fact that it represents a current way of testing and comparing evacuation scenarios. Due to 

the complexity and time required to implement the algorithm proposed by Ding et al. (2017b), its 

performance was not tested.  

As presented earlier, there are many components which require precise evaluation. Based on 

Chapter 6, information on the building configuration and other parameters that should be 

integrated into the mathematical model are presented in Table 7-1. To compare the models’ 

performance, the parameters set up were the same for tested models. Although the models 

presented in Chapter 4 and Chapter 5 consider several parameters for the probability calculation 

of route choice of people, a single value is used for each refuge floor with 5 % randomness. The 
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main reason for this is the fact that graph model becomes non-linear (i.e., dependent on several 

parameters), and the route choice model should be linearised which is not a trivial task.  

Table 7-1 Parameters' settings considered for both models 

Models Type Parameter Notation Value 

Proposed and 

comparing model 

Building information Total number of floors 𝐹 56 

 Total number of people 𝑁𝑇 5400 

 Refuge floor Position 𝑅 19 and 38 floor 

  Capacity 𝑐𝑟 200 people 

  Route choice modelling 𝜂𝑟=1 54 ± 5 % 

   𝜂𝑟=2 62 ± 5 % 

 Stair Number 𝑆 2 

 Evacuation lift Number of lifts per refuge 

floor 

𝑖 3 

 Demand Pre-movement time 𝜇, 𝜎 Equation (9) and (10) 

Proposed model 

only 

Stair Link capacity 𝑐𝑆 25 people 

 Coefficient 𝛼 0.04 

 Evacuation lift Full travel time cycle 𝜏 2 time slots  

  Capacity for lift 1 (floor 20) 𝑐𝑖=1
𝐿  24 people 

  Capacity for lift 2 (floor 40) 𝑐𝑖=2
𝐿  20 people 

 Maximum duration Number of time slots �̅� 80 

7.4 Mathematical Formulation 

The problem is formulated as a multi-objective problem, having three objective functions. The 

first objective attempts to minimise total evacuation time (𝑇𝐸) of the building so that people are 

evacuated out of the building as soon as possible, whereas the second objective aims at 

minimising number of people that are ready to start evacuating (𝜔). The third objective function 

enables to minimise total number of people at the refuge floors (𝑤). In this way, more people 

would be transferred to the ground floor and leave the building in less time. In the result section, 

the difference between the optimal solutions considering one, two and three objectives is 

presented to understand their impact on the output and to justify the selection of objectives 

functions. Hence, the problem is formulated as follows:  

1st objective min𝑇𝐸 (11) 

2nd objective 𝑚𝑖𝑛∑∑∑𝜔𝑓𝑗𝑡
𝑡∈𝑇𝑗∈𝑆𝑓𝜖𝐹

 (12) 

3rd objective 𝑚𝑖𝑛∑∑𝑤𝑟𝑡
𝑡∈𝑇𝑟∈𝑅

 (13) 

The graphical representation of the building is shown in Figure 7-1, which visually shows the 

evacuation procedure, considered parameters and constraints. Although people had access to both 

stairs at the beginning of the evacuation process for better visualisation of the model representing 
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the building. Due to the selection of just one stair, the model is separated on right and left side. 

As mentioned before, the ratio of people selecting the right and left stair was 13:10. Considering 

this, the demand of people for each floor and side of the building is calculated identifying the 

number of people that have not been released 𝑁. Due to the modelling of pre-movement time, it 

has been identified that only some of those people will be released at each time slot 𝑁′, where a 

number of people ready to start evacuating is highlighted as 𝜔. After that, the model calculated 

how many of those people should be sent to a stair, which is represented as 𝑦. The number of 

people travel between two floors using a stair is shown as 𝑝 with a capacity 𝑐𝑠. Based on Table 

7-1, the capacity of 25 is considered. After travelling several floors, people arrive at a refuge floor 

𝑟 where they can choose between waiting for evacuation lifts, continue with the stair or transfer 

to the other stair. Considering the number of people arriving at a refuge floor and the route choice 

of people, some people are sent to wait for evacuation lifts 𝑛. The number of people waiting for 

the evacuation lifts and the capacity of the refuge floor are represented as 𝑤 and 𝑐𝑟 respectively. 

The capacity of 200 people for each refuge floor is considered. Apart from having the chance to 

wait for evacuation lifts, some of them are directed to switch between the stairs which is illustrated 

as 𝑧 in the model. The number of people using a lift for each time slot is shown as 𝑙, considering 

the correspondent capacity 𝑐𝐿. 

 

Figure 7-1 Graphical representation of the model considering two stairways, one refuge floor and one 

evacuation lift 

A list of notations used in the model formulation is shown in Table 7-2, which is separated 

into three groups: sets, parameters and variables. To model the evacuation process and to consider 

all the parameters investigated in Chapter 6, a list of constraints included in the model is presented 

in Table 7-3.  
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Table 7-2 List of notations included in the model 

Notation Description 

Sets  

𝐹 Set of floors without the ground floor 

�̅� Set of all floors 

𝑇 Set of all time slots 

�̅� Set of time slots starting from time slot 0 

𝑅 Set of refuge floors 

𝑆 Set of stairs 

L Set of lifts 

𝐴𝑟𝑗𝑡 Set of random percentage representing route choice modelling of people at refuge floor 𝑟, 𝑟 ∈ 𝑅, 

stair 𝑗, 𝑗 ∈ 𝑆 at time slot 𝑡, 𝑡 ∈ 𝑇 

Parameters  

𝑁𝑇 Total number of people required to be evacuated in the building 

𝑁𝑓𝑗  Number of people required to be evacuated at floor 𝑓, 𝑓 ∈ �̅� through stair 𝑗, 𝑗 ∈ 𝑆 

𝑁𝑓𝑗𝑡
′  Number of people ready to be released at floor 𝑓, 𝑓 ∈ �̅�, stair 𝑗, 𝑗 ∈ 𝑆 at time slot 𝑡, 𝑡 ∈ 𝑇  

𝛿𝑖𝑟 Lift location indicator which equals to 1 when lift 𝑖, 𝑖 ∈ 𝐿 is at refuge floor 𝑟, 𝑟 ∈ 𝑅 

𝑐𝑆 Capacity of a stair at each time slot   

𝑐𝑅 Capacity of refuge floor 𝑟, 𝑟 ∈ 𝑅 at each time slot 

𝑐𝑖
𝐿 Capacity of lift 𝑖, 𝑖 ∈ 𝐿 at each time slot 

𝜏𝑖 Time required to use lift 𝑖, 𝑖 ∈ 𝐿 to evacuate 

𝜂𝑟 The percentage of people that would not use the lift at refuge floor 𝑟, 𝑟 ∈ 𝑅, although suggested to 

use it 

α Coefficient that describes the relationship between total time required to finished the travel on stairs 

and total number of people in the trip 

Variables  

𝜔𝑓𝑗𝑡 Number of people released, but need to wait to leave at floor 𝑓, 𝑓 ∈ 𝐹, at stair 𝑗, 𝑗 ∈ 𝑆 at the end of 

time slot 𝑡, 𝑡 ∈ �̅� (𝜔𝑓𝑗0 = 0) 

𝑥𝑡 Number of people reached the floor 0 (ground floor) at the end of time slot 𝑡, 𝑡 ∈ �̅� (𝑥0 = 0)   

𝑦𝑓𝑗𝑡  Number of people leave floor 𝑓, 𝑓 ∈ 𝐹 and use stair 𝑗, 𝑗 ∈ 𝑆 at time slot 𝑡, 𝑡 ∈ 𝑇 

�̅�𝑓𝑗𝑡  Number of people have not been released at floor 𝑓, 𝑓 ∈ 𝐹 from stair 𝑗, 𝑗 ∈ 𝑆 at time slot 𝑡, 𝑡 ∈
�̅� (�̅�𝑓𝐽0 = 𝑁𝑓𝐽)   

𝑝𝑓𝑗𝑡 Number of people travel between 𝑓 and 𝑓 − 1, 𝑓 ∈ 𝐹from stair 𝑗, 𝑗 ∈ 𝑆 at time slot 𝑡, 𝑡 ∈ 𝑇 

�̅�𝑗𝑡 Maximum number of people travel in all floors on stair 𝑗, 𝑗 ∈ 𝑆 at time slot 𝑡, 𝑡 ∈ 𝑇 

𝑡�̅�𝑡 Actual travel time for stair 𝑗, 𝑗 ∈ 𝑆 at time slot 𝑡, 𝑡 ∈ 𝑇 

�̅�𝑟𝑗𝑡 Number of people supposed to use the lift at refuge floor 𝑟, 𝑟 ∈ 𝑅 from stair 𝑗, 𝑗 ∈ 𝑆 at time slot 

𝑡, 𝑡 ∈ 𝑇 

𝑛𝑟𝑗𝑡 Number of people do use the lift at the refuge floor 𝑟, 𝑟 ∈ 𝑅 from stair 𝑗, 𝑗 ∈ 𝑆 at time slot 𝑡, 𝑡 ∈ 𝑇 

𝑧𝑟𝑗𝑗′𝑡  Number of people decided to use stair 𝑗’ from stair 𝑗(𝑗, 𝑗′ ∈ 𝑆, 𝑗 ≠ 𝑗′) at refuge floor 𝑟, 𝑟 ∈ 𝑅 at time 

slot 𝑡, 𝑡 ∈ 𝑇 

𝑤𝑟𝑡 Number of people wait for lift 𝑖, 𝑖 ∈ 𝐿 at refuge floor 𝑟, 𝑟 ∈ 𝑅 at time slot 𝑡, 𝑡 ∈ �̅� (𝑤𝑟0 = 0)  

𝑙𝑟𝑖𝑡 Number of people use lift 𝑖, 𝑖 ∈ 𝐿 at refuge floor 𝑟, 𝑟 ∈ 𝑅 at time slot 𝑡, 𝑡 ∈ 𝑇 

𝑒𝑟𝑖𝑡 Binary variable equals to 1 if the lift that serves refuge floor  𝑟, 𝑟 ∈ 𝑅 is available at time slot 𝑡, 𝑡 ∈
𝑇, otherwise 0 

𝑢𝑟𝑖𝑡 Binary variable equals to 1 if lift 𝑖, 𝑖 ∈ 𝐿 that serves refuge floor 𝑟, 𝑟 ∈ 𝑅 is used at time slot 𝑡, 𝑡 ∈ 𝑇, 

otherwise 0 

𝑇𝑗
𝑠 Total evacuation time required at each stair 𝑗, 𝑗 ∈ 𝑆 

𝑇𝑖
𝐿 Total evacuation time required for each lift 𝑖, 𝑖 ∈ 𝐿 
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Table 7-3 List of constraints included in the model 

Constraints Containment Eq. 

𝑝|𝐹|𝑗𝑡 =  𝑦|𝐹|𝑗𝑡 ∀ 𝑗 ∈ 𝑆, 𝑡 ∈ 𝑇 (14) 

𝑝𝑟𝑗𝑡 = 𝑝𝑟+1𝑗𝑡−1 + ∑ 𝑧𝑟𝑗′𝑗𝑡
𝑗′∈𝑆/{𝑗}

− ∑ 𝑧𝑟𝑗𝑗′𝑡
𝑗′∈𝑆/{𝑗}

− 𝑛𝑟𝑗𝑡 ∀ 𝑟 ∈ 𝑅, 𝑗 ∈ 𝑆, 𝑡 ∈ 𝑇 (15) 

∑ 𝑧𝑟𝑗𝑗′𝑡
𝑗′∈𝑆/{𝑗}

+ �̅�𝑟𝑗𝑡 ≤ 𝑝𝑟+1𝑗𝑡−1 ∀ 𝑟 ∈ 𝑅, 𝑗 ∈ 𝑆, 𝑡 ∈ 𝑇 (16) 

𝑝𝑓𝑗𝑡 = 𝑦𝑓𝑗𝑡 + 𝑝𝑓+1𝑗𝑡−1 ∀ 𝑓 ∈ 𝐹/{|𝐹|, 𝑅} 𝑟 ∈ 𝑅, 𝑗 ∈ 𝑆, 𝑡 ∈ 𝑇 (17) 

𝜔𝑓𝑗𝑡 =  ∑ 𝑁𝑓𝑗𝑡′
′

𝑡

𝑡′=1

− ∑ 𝑦𝑓𝑗𝑡′

𝑡

𝑡′=1

 ∀ 𝑓 ∈ 𝐹, 𝑗 ∈ 𝑆, 𝑡 ∈ 𝑇 (18) 

𝑦𝑓𝑗𝑡 ≤ 𝜔𝑓𝑗𝑡−1 ∀ 𝑓 ∈ 𝐹, 𝑗 ∈ 𝑆, 𝑡 ∈ 𝑇 (19) 

𝑛𝑟𝑗𝑡 = [�̅�𝑟𝑗𝑡(𝑟𝑎𝑛𝑑(1)𝜂𝑟 + 1 − 𝜂𝑟)] ∀ 𝑟 ∈ 𝑅, 𝑗 ∈ 𝑆, 𝑡 ∈ 𝑇 (20) 

𝑛𝑟𝑗𝑡 ≥ �̅�𝑟𝑗𝑡𝐴𝑟𝑗𝑡 − 0.5 ∀ 𝑟 ∈ 𝑅, 𝑗 ∈ 𝑆, 𝑡 ∈ 𝑇 (21) 

𝑛𝑟𝑗𝑡 ≤ �̅�𝑟𝑗𝑡𝐴𝑟𝑗𝑡 + 0.5 ∀ 𝑟 ∈ 𝑅, 𝑗 ∈ 𝑆, 𝑡 ∈ 𝑇 (22) 

𝑥𝑡 =∑∑ 𝑝1𝑗𝑡′

𝑡

𝑡′=1𝑗∈𝑆

+∑∑∑ 𝑙𝑟𝑖𝑡′

𝑡

𝑡′=1𝑖∈𝐿𝑟∈𝑅

 ∀ 𝑡 ∈ 𝑇 (23) 

�̅�𝑗𝑡 ≥ 𝑝𝑓𝑗𝑡 ∀ 𝑓 ∈ 𝐹, 𝑗 ∈ 𝑆, 𝑡 ∈ 𝑇 (24) 

𝑡�̅�𝑡 = 𝛼�̅�𝑗𝑡 ∀ 𝑗 ∈ 𝑆, 𝑡 ∈ 𝑇 (25) 

𝑇𝑗
𝑆 =∑𝑡�̅�𝑡

𝑡∈𝑇

 ∀ 𝑗 ∈ 𝑆 (26) 

𝑝𝑓𝑗𝑡 ≤ 𝑐
𝑆 ∀ 𝑓 ∈ 𝐹, 𝑗 ∈ 𝑆, 𝑡 ∈ 𝑇 (27) 

𝑤𝑟𝑡 ≤ 𝑐
𝑅 ∀ 𝑟 ∈ 𝑅, 𝑡 ∈ 𝑇 (28) 

𝑤𝑟𝑡 = 𝑤𝑟𝑡−1 +∑𝑛𝑟𝑗𝑡
𝑗∈𝑆

−∑𝑙𝑟𝑖𝑡
𝑖∈𝐿

 ∀ 𝑟 ∈ 𝑅, 𝑡 ∈ 𝑇 (29) 

𝑒𝑟𝑖𝑡 ≤ 1 − ∑ 𝑒𝑡′

𝑡−1

𝑡′=𝑡−min (𝑡,𝜏𝑖)

 ∀ 𝑟 ∈ 𝑅, 𝑖 ∈ 𝐿, 𝑡 ∈ 𝑇 (30) 

𝑒𝑟𝑖𝑡 ≤ 𝛿𝑟𝑖 ∀ 𝑟 ∈ 𝑅, 𝑖 ∈ 𝐿, 𝑡 ∈ 𝑇 (31) 

𝑙𝑟𝑖𝑡 ≤ 𝑒𝑟𝑖𝑡𝑐𝑖
𝐿 ∀ 𝑟 ∈ 𝑅, 𝑖 ∈ 𝐿, 𝑡 ∈ 𝑇 (32) 

𝑙𝑟𝑖𝑡 ≤ 𝑢𝑟𝑖𝑡𝑐𝑖
𝐿 ∀ 𝑟 ∈ 𝑅, 𝑖 ∈ 𝐿, 𝑡 ∈ 𝑇 (33) 

𝑇𝑖
𝐿 ≥ 𝑢𝑟𝑖𝑡 ∗ 𝑡 + 𝜏𝑖 ∀ 𝑟 ∈ 𝑅, 𝑖 ∈ 𝐿, 𝑡 ∈ 𝑇 (34) 

𝑁 − 𝑥𝑡 = ∑ ∑𝑝𝑓𝑗𝑡
𝑗∈𝑆𝑓∈𝐹/{1}

+∑∑�̅�𝑓𝑗𝑡
𝑗∈𝑆𝑓∈𝐹

+∑𝑤𝑟𝑡
𝑟∈𝑅

 ∀ 𝑡 ∈ 𝑇 (35) 

�̅�𝑓𝑗𝑡 = 𝑁𝑗𝑓 −∑𝑦𝑓𝑗𝑡

𝑡

𝑡=1

 ∀ 𝑓 ∈ 𝐹, 𝑖 ∈ 𝐿, 𝑡 ∈ 𝑇 (36) 

𝑥|𝑇| = 𝑁 ∀ 𝑡 ∈ 𝑇 (37) 

𝑇𝐸 ≥ 𝑇𝑖
𝐿 ∀ 𝑖 ∈ 𝐿 (38) 

𝑇𝐸 ≥ 𝑇𝑖
𝑆 ∀ 𝑗 ∈ 𝑆 (39) 

In order to model the evacuation procedure, 26 constraints were included in the model and are 

shown in Table 7-3. Constraints (14) and (15) represent the flow balance at the stairs for the top 

floor and refuge floors, respectively. Constraint (16) suggests that the sum of the number of people 

switching between the stairs on a refuge floor and the number of people coming to a refuge floor 

to wait for an evacuation lift cannot be more than people approaching that refuge floor in the 

previous time slot. Constraint (17) enables having the flow balance on a stair for populated floors. 

Constraint (18) calculates the number of people who are ready but need to wait to start the 

evacuation for each populated floor. Constraint (19) indicates that the number of people leaving 
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each floor is not higher than the number of people waiting at each populated floor in the last time 

slot. Constraint (20) rounds the number of people who actually decided to wait for a lift to the 

closest integer number considering the multiplication of the probability [1-𝜂, 1] and the number 

of people who are supposed to use the lift. This constraint is non-linear by nature, thus, constraints 

(21) and (22) are introduced to linearise and replace it in the model. These two constraints 

consider an array of probabilities 𝐴, representing a route choice of people between a stair and an 

evacuation lift, and the number of people that were supposed to use the lift. Constraint (23) counts 

the number of people who have been evacuated. Constraint (24) determines the maximum number 

of people travel on each stair considering constraint (25), which describes the relationship 

between the actual time required to finish the travel and the total number of people travelling on 

each stair. Constraint (26) calculates the total time required for the evacuation of each stairway. 

Constraints (27) and (28) prevent that the number of people travelling between two floors and 

waiting at the refuge floors cannot exceed their capacities. Constraint (29) enables having the 

flow balance at each refuge floor. Constraint (30) ensures that a lift is available only when it has 

finished the last trip. Constraint (31) guarantees that a lift is available only if it is connected to a 

specific refuge floor. Constraints (32) and (33) ensure that a lift can be used when it is available 

as well as the maximum number of people using it on each trip cannot exceed its capacity when 

it is used. Constraint (34) calculates the total evacuation time of each lift. Constraint (35) 

represents the total flow balance at each time slot. Constraint (36) provides the flow balance 

between people that have not started the evacuation and people that have commenced their 

evacuation at each floor. Constraint (37) checks if the evacuation has finished considering the 

initial number of people in the building and the number of people evacuated. Constraints (38) and 

(39) determine the time required for the total evacuation considering all egress components. 

With this set up of the model and parameters, some of the parameters would be fixed, while 

others more flexible. Thus, the number of people being released would change based on the pre-

movement time. The number of people travelling stairs can go between 0 and its constraint of 25. 

The probability representing the route choice of people is calculated for each refuge floor and it 

would vary 5 % around it. Based on this, the model would try to identity number of people that 

should take stairs, people that should be directed towards evacuation lifts or redirected towards 

other stair for each time slot. 

Although not tested in the thesis, the mathematical model allows setting up the probability for 

each time slot, which means that the probability distribution can be adjusted manually based on 

the expected number of people at a refuge floor. In this way, the probability representing the route 

choice of people can match to some extent the models identified in Chapter 4 and Chapter 5. 
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After explaining all the constraints and identifying the input parameters, the performance of 

the model is tested where the results of the model performance are presented in the following 

section.  

7.5 Results 

As mentioned before, a comparison between a single and multi-objective formulation was 

evaluated to understand the nature of the problem in a better way. Thus, the first scenario took 

into account only the objective related to total evacuation time, whereas the second one also 

considered the minimisation of number of people being ready to start evacuating. The third 

scenario also investigated the third objective attempting to minimise number of people waiting at 

refuge floors. A relative comparison between these three scenarios was conducted to test their 

efficiency by considering several aspects to find the optimal solution. A minimum number of 20 

iterations for each scenario was employed, which was also the exact number for both selected 

scenarios using the convergence criteria (Ronchi et al., 2014b).  

Error! Reference source not found. shows the performance for each scenario comparing 

computational time, total evacuation time, maximum number of people waiting to be released at 

some time, total number of transferred people from one stair to the other and maximum number 

of people waiting at refuge floors at some period. The solution gap indicated that the algorithm 

found the optimal solution for scenario one, while the solution gap was 0.05 for the other 

scenarios. The CPU was higher for approximately 1500 seconds considering two and three 

objectives than investigating just one. The 𝑇𝐸 was 3690 seconds for all three scenarios, which is 

slightly above 1 hour. Hence, considering the proposed performance criteria of 1 h (i.e., 80 time 

slots of 45 seconds) from Chapter 3, the building evacuation configuration should be changed to 

enable evacuation in less than one hour.  

The maximum number of people for 𝜔 was significantly lower for the scenario two and three. 

The positive sign for 𝑧 parameter indicates that people were transferred from the right, more 

populated, stairway to the left stairway to reach the balance. The transfer was more evident on the 

upper refuge floor mainly due to lower intensity of stairs use. When it comes to maximum number 

of people waiting at the refuge floors, third scenario achieved the best results with only 21 

persons, which is in line with the assumption presented in the previous chapter that average 

number of people waiting on each refuge floor would be around 15. Thus, the percentage related 

to the route choice of people between stairs and evacuation lifts was accuratly identified for 

scenario 3, where its value was supported be less for scenario 1 and 2. 
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Table 7-4 Comparison between objectives 

Scenario Solution 

gap [%] 

CPU [s] Time slots 

needed [No] 
𝑻𝑬 [s] Max(𝝎) ∑𝒛𝟐𝟎 ∑𝒛𝟒𝟎 𝑴𝒂𝒙(∑𝒘) 

1 objective 0.00 2307.58 82 3690 2240 282 22 320 

2 objectives 0.05 3830.96 82 3690 1137 169 218 388 

3 objectives 0.05 3923.54 82 3690 1141 171 221 21 

 

 Figure 7-2 highlights the differences in terms of number of people waiting on their floors to 

start evacuating for scenario 1 and 3. The difference is quite obvious showing that number of 

people is much higher when only the first objective is selected. However, the results show that 

even if the number is minimised considering the objective 2, number of people would be still 

significant. Thus, egress components cannot support simultaneous evacuation of all people in the 

building, since many people would need to wait for some time to start the evacuation. Therefore, 

the consideration of including a third stairway or wider stairs which would enable evacuation of 

more people should be considered. This problem of using 1100 mm stairs was widely discussed 

through different studies showing that either the integration of 1420 mm stairs or third stair in the 

evacuation design of tall buildings is required (Ronchi and Nilsson, 2013b; Kuligowski et al., 

2015). 

 

Figure 7-2 Propagation of number of people waiting on their floors through time 

The distribution of people on the refuge floor is also investigated to understand their use 

through the evacuation process. Figure 7-3 shows that refuge floors were occupied most of the 

time for the first scenario, while scenario 3 involved minimising their number. Hence, it can be 

inferred that considering all three objectives, the safety of people improved due to the fact that 

lifts operated constantly evacuating the people out of the building. Therefore, the third scenario 

represents the optimal solution since the number of people waiting for evacuation lifts is the least, 

meaning that number of people redirecting towards the stairs would also be minimal. 
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Figure 7-3 Distribution of people on the refuge floors (floor 19 - left; floor 38 - right) 

Figure 7-4 shows the differences in people’s distribution in the building during the evacuation 

procedure for scenario 1 and 3 at the 20th time slot, presenting the cross section of the building. 

Populated floors were separated into two parts and being assigned to each stair, where they are 

presented as detached parts for better visualisation. A number of people waiting at each place 

were presented based on the size of the node representing them, whereas number of people 

travelling at each edge was presented via different colors. The results indicate that more people 

would immediately take the stairs and go to the refuge floors in the situation when three objectives 

were selected. Regarding the refuge floors, they were more used for scenario 1.  

 

Figure 7-4 Visual representation of the evacuation process for the first scenario (left) and the third 

scenario (right) at 20th time slot 
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Figure 7-5 shows the number of people evacuated per each time slot for the third scenario 

only. The results show that both stairways were used almost equally, providing evacuation for 

1684 and 1708 people at the end of the evacuation procedure. It can be concluded that the 

algorithm achieved balanced evacuation between egress components, although more people chose 

the right stairway at the beginning of the evacuation. Regarding the lifts, the lift serving the refuge 

floor on level 19 transported 1015 people, which is similar to the lift connecting the refuge floor 

on level 38 (993 people). However, it should be highlighted that the evacuation of people using 

lifts finished sooner as opposed to the stairs due to the smaller demand for evacuation lifts which 

is caused by the route choice of people. 

 

Figure 7-5 Cumulative number of people for each egress component 

7.6 Comparison with Another Model 

To understand the performance of the proposed model, another model for the same building 

configuration was assessed in several aspects. A model proposed by Ma et al. (2012a) was tested 

to find an optimal solution by performing agent-based simulations where the percentage of lift 

users is altered for 20 % and total evacuation time assessed. Thus, six evacuation scenarios were 

tested considering a range from 0 % to 100 % for lift users. 

Pathfinder simulator was used to simulate the evacuation scenarios. The building configuration 

and people’s characteristics simulated were the same for both approaches which is highlighted in 

Table 7-1. The simulator provides the same options as tested in the previous section. It should be 

mentioned that the simulator does not provide an option to simulate more complex models such 

as ones identified in Chapter 4 and Chapter 5. 

Table 7-5 shows the difference between six evacuation scenarios. The results show that the 

optimal solution is achieved if all people are directed to use evacuation lifts. However, it should 
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be borne in mind that not all people selected the evacuation lifts considering the route choice of 

people. Time difference between the proposed model and this one was 867 seconds, which is 

approximately 14.5 minutes. After selecting the optimal solution, further analyses were conducted 

to compare the algorithms in a few key aspects to understand why this difference has arisen. 

Regarding the CPU time required to find the optimal solution, it was 4 times larger as opposed to 

the solution presented in Table 7-5. 

Table 7-5 Total evacuation time considering different percentage of lift users 

Lift Users [%] 0 20 40 60 80 100 

TET [s] 5679.9 5232.5 4991.4 4884.9 4768.9 4557.1 

CPU [s] 3419.9 3044.7 2785.8 2761.6 2117.1 1965.5 

The first aspect investigated was number of people present at the refuge floors in different time 

periods (see Figure 7-6). It can be understood that more people waited for evacuation lifts in the 

optimal solution achieved through simulations compared to the optimal solution presented in 

Figure 7-3. This analysis suggests that more people were supposed to be re-directed towards the 

stairs prolonging the whole evacuation process.  

 

Figure 7-6 Distribution of people on the refuge floors 

The second analysis examined a cumulative distribution of people for each egress component 

(see Figure 7-7). The results suggest that egress components were used in the same way for both 

models at the beginning of the evacuation process. The difference arose because people were not 

distributed in a way to provide a load-balanced evacuation process. Therefore, the evacuation lifts 

connecting lower refuge floor transferred all assigned people first, then all people using the 

evacuation lifts connecting the second refuge floor were transferred. Subsequently people using 

left stair finished their evacuation and at the end, all people that used the right stair finished their 
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evacuation. This highlights that a balanced evacuation was not achieved and more time was 

required to evacuate the whole building. 

 

Figure 7-7 Cumulative number of people for each egress component 

7.7 Discussion 

The research provides a method for finding an optimal evacuation strategy for tall buildings. 

The evaluated evacuation procedure considered using stairs until people reach refuge floors where 

they could either continue by stairs or wait for evacuation lifts. Branch and bound algorithm was 

adopted to solve the identified problem.  

The main goal of this chapter was to identify a mathematical model which would provide an 

optimal solution for evacuation of tall buildings. Therefore, a mathematical formulation was 

proposed integrating people behaviour and performance using different egress components. The 

first objective function enables finding an optimal solution where total evacuation time would be 

minimised, whereas the second and third objective function attempts to improve the safety of 

people by keeping fewer number of people waiting to start evacuating at the refuge floors. To 

achieve this, 26 constraints were identified modelling the problem successfully and reducing 

number of feasible solutions.  

In the future, attention should be paid on full integration of the models identified in Chapter 4 

and Chapter 5 by linearising them in order to model more accurately the route choice of people 

between stairs and evacuation lifts. Also, the use of heuristic algorithms should be investigated 

integrating those models and shortening the calculation time. Another research aspect could be 

automatic identification of optimal time slot interval capturing the people performance accurately.  
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7.8 Chapter Summary  

The main goal of this chapter was to propose a mathematical model for finding an optimal 

evacuation strategy for tall buildings. In this work, a MILP method was employed discretising the 

evacuation process on equal time intervals to achieve an optimal evacuation strategy for tall 

buildings. All components, which affect the evacuation procedure, were integrated successfully 

in the model. The introduced method took into consideration the stochastic nature of people 

behaviour modelling the randomness in decisions of people and the capacities of egress 

components. 

The relative comparison of results in several aspects showed that the research problem should 

be considered as multi-objective minimising total evacuation time and number of people waiting 

to be released on their floors as well as number of people waiting at the refuge floors. The total 

evacuation time was slightly above 1 hour requiring changing building evacuation configuration 

to enable synchronised evacuation of more people from the building. The potential changed 

should be in terms of stairs by integrating either the third stair or selecting wider stairs. 

The comparison with the second algorithm highlighted that the proposed algorithm using 

branch and bound algorithm achieved 14.5 minutes faster evacuation. The main reason for such 

difference is the fact that a load balanced evacuation was not accomplished and more time was 

required for some people to evacuate. The second difference between both approaches was the 

computational time needed to find the optimal solution. Thus, the CPU was 4 times smaller with 

the proposed algorithm as opposed to the algorithm using agent-based simulations. The third 

difference highlighted that the proposed algorithm provides safer evacuation using continuously 

the refuge floors to their maximum capacities. 

In the next chapter, conclusions and future directions will be provided of this dissertation to 

find out how safer and quicker evacuation process for tall buildings can be provided.  
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Chapter 8  

Conclusions and Recommendations 
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8.1 Introduction 

This chapter responds to the last phase of this research, which covers documentation 

preparation. As outlined in Section 3.5.2, the documentation phase reviews all considered aspects 

in modelling optimal evacuation strategy for tall high-rise buildings. Therefore, the project scope, 

goals and objectives are presented along with critical assumptions and references. The output of 

this research which considers models, simulation analysis, experiments’ design and findings, 

publications and presentations is highlighted. This chapter summarises the results of this study, 

discusses the significance and limitations, presents the key contributions to current knowledge 

and finally suggests areas for future research. 

8.2 Research Aim and Objectives 

As described in Section 1.3, the primary aim of this study is to: 

Develop an evacuation model optimising evacuation strategy within a tall building in order to 

facilitate evacuation process of people by integrating different egress components, people 

behaviour and their abilities. 

The main challenges regarding people behaviour and the use of different egress components 

which should be integrated into the proposed evacuation model throughout finding the optimal 

solution have been explained in Chapter 2. In order to achieve the abovementioned aim and to 

respond to the main strands of the research, an evacuation model has been designed in Section 

7.4. The designed evacuation model considers people behaviour and their abilities using different 

egress components such as stairs, evacuation lifts and refuge floors to effectively handle 

evacuation process in tall buildings and to find optimal evacuation strategy for all people. The 

parameters related to the modelling of route choice of people between evacuation lifts and stairs 

have been assessed and validated in Chapter 4 and Chapter 5, where the input parameters 

validating people’s performance and behaviour actions included in the model are afterwards 

evaluated in Section 6.2. The model performance was assessed through a case study building in 

Section 7.5 and compared to another model in Section 7.6, presenting the benefits of using the 

model. The following text elaborates the role of each component undertaken to create the 

proposed evacuation model in response to the aim of the thesis. 

As outlined in Chapter 2, people behavioural actions represent the most important aspect in 

modelling evacuation process, where route choice between stairs and lifts can impact the most 

the calculation of total evacuation time. Since the percentage of lift users vary through studies, in 

Chapter 4, various evacuation scenarios have been tested through questionnaires in an attempt to 

predict an evacuation strategy that identifies this percentage with the lowest uncertainty to be used 
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in the model and to find single optimal evacuation solution. To test the reliability of the collected 

data which can play a crucial role in the overall performance of the framework, a virtual reality 

experiment has been conducted in Chapter 5. 

After the data collection process and understanding the route choice of people during 

evacuations in tall buildings, other important parameters have been presented for a case study 

building in Section 6.2. To include the identified parameters in the proposed evacuation model, a 

transition from micro to macro evacuation modelling has been undertaken validating the input 

parameters based on other validated models through simulations and building codes in Section 

6.3. Thus, a precise calculation of total evacuation time and integration of behavioural actions of 

people is provided through the model. 

The main aspect to achieve the research aim is the mathematical formulation of the model 

represented in Section 7.4. The model deals with all identified people behavioural steps such as 

pre-movement time and initial stair selection, people’s performance and route choice selection 

using stairs and evacuation lifts. To assess the performance of thus created model, branch and 

bound algorithm is used enabling to find the optimal solution among the set of possible solutions. 

In Section 7.6, the results have also been compared with another model to understand the strength 

and benefits of using the proposed model.  

In the following sections, the objectives of the research and their related outcomes are revised 

and discussed in detail. 

8.2.1 Objective one 

The first objective of this study was considered as: 

To define the research problem reviewing the current literature and establishing the 

theoretical scope to solve the problem. 

In responding to the objective one of this research, a review of evacuation process in tall 

buildings has been established throughout Chapter 1. It was found out that the combination of 

stairs, evacuation lifts and refuge floors provides the safest and quickest way for evacuation of 

tall buildings. However, the main challenges exist in finding optimal evacuation strategy 

integrating these egress components, people behaviour and performance. Therefore, the questions 

are identified along with the methods that would enable solving this research problem.  



 

 

142 

 

8.2.2 Objective two 

The second objective of this research was to: 

Identify the key factors that affect evacuation procedure in tall buildings, comparison of 

available models for evacuation of tall buildings. 

To address the objective two of this thesis, Chapter 2 focuses on the investigation of the 

underlying principle and review of the literature related to evacuation modelling of tall buildings. 

In this way, the first part investigates the available evacuation models highlighting the need for 

the integration of people’s movement and behaviour in optimisation models. The chapter then 

outlined people behavioural steps during evacuations of tall high-rise buildings, specifying the 

existing challenges regarding their utilisation as a source of information for the proposed 

evacuation model. As a result, the route choice of people considering stairs and evacuation lifts 

as available options is further investigated in the chapter along with data collection methods to 

tackle this problem. Hence, the available evacuation models, people behavioural actions and 

behavioural data collection methods were recognised as three main strands of this chapter. 

In terms of the available evacuation models, their capabilities and limitations were discussed 

to understand the main components missing in the current evacuation models. Therefore, it was 

concluded that there is no evacuation model which incorporates people’s movements and 

behaviour in order to optimise evacuation process and evacuate people in less time. Regarding 

the people behaviour, people’s actions related to the use of different exit components and 

associated people behaviour using them for evacuation of tall buildings were examined. This 

information achieved a huge impact on the design of the evacuation model. The third part 

investigated the route choice of people between stairs and evacuation lifts as well as the data 

collection methods appropriate for its modelling. 

8.2.3 Objective three 

The third objective of this research included: 

Data collection through online questionnaires and virtual reality examining different route 

choice scenarios as well as evacuation scenario modelling of a tall building 

To address the objective three of this thesis, behavioural data was collected using online 

questionnaires and virtual reality technology in Chapter 4 and Chapter 5. The main purpose is to 

comprehend people’s decisions for different evacuation scenarios and understand the underlying 

factors behind them. After understanding people behavioural actions, a scenario representing total 

evacuation of a tall building was modelled as a base for testing the proposed model. 
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In Chapter 4, six evacuation scenarios were designed and distributed to people that live, work 

and visit tall high-rise buildings as well as to people who do not have any connection with them. 

Thus, two questionnaires were responded by 909 participants. The scenarios examined were 

created in a way to target when people would consider using stairs and evacuation lifts for 

evacuation. Therefore, scenarios with no information about alternatives, scenarios where 

information only about one alternative was provided and scenarios where information of both 

alternatives was provided were given to the participants. The investigated parameters were 

classified into two categories, one referring to the decision-maker where age, gender, BMI, fitness 

level and affiliation to high-rise buildings were collected, and second representing parameters 

related to the alternatives such as number of people waiting in front of evacuation lifts, density of 

people using stairs, vertical position of refuge floors and so on. Finally, the most reliable 

evacuation scenario predicting the route choice of people with the lowest uncertainty was a 

scenario when people were suggested to use evacuation lifts as a primary option for evacuation. 

After that, the validity of results from this scenario is tested using virtual reality.  

A virtual reality experiment was conducted in order to validate people behavioural actions 

related to the route choice between stairs and evacuation lifts in Chapter 5. The main reason for 

that is the fact that there are various limitations associated with questionnaire-based experiments, 

being unable to capture realistically people response. Hence, two evacuation scenarios similar to 

the ones tested in the questionnaires were undertaken by 74 participants. The results suggested 

that the percentage of lift users was 8 % smaller in the virtual reality experiment, where the main 

reason highlighted by people is safety of stairs as opposed to evacuation lifts which are considered 

as an unsafe option. The results of the questionnaires and virtual reality experiment are afterwards 

used in the model to find an optimal evacuation strategy for all people in a tall building. 

After being able to predict people behavioural actions related to the route choice of people, a 

scenario representing total evacuation of a tall office building was modelled in Section 6.2. The 

input parameters were selected to model realistic evacuation process in tall buildings where all 

key parameters that can affect total evacuation time were assessed.  

The outcome of Objective 3 enables testing different possible evacuation scenarios and creates 

a base for requirements of the model.  

8.2.4 Objective four 

The fourth objective of this research was to: 

Prepare input parameters via micro to macro evacuation modelling, mathematical 

formulation of the evacuation model and performance evaluation 
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To address objective four and to evaluate the trial design of the case study building, a model 

finding optimal evacuation strategy has been proposed in Chapter 7. The input parameters for the 

model were identified via micro to macro evacuation modelling in Section 6.3 providing the 

option to calculate total evacuation time for any building configuration. After that, in Section 7.5 

and 7.6, the performance of the model was assessed through several quantitative analysis and 

comparison with another model showing the capabilities of using the proposed evacuation model 

for evacuation of tall buildings. 

Since graph-based models have a fast-computational time enabling optimisation algorithms to 

compare various evacuation scenarios quickly, the proposed model was selected as a graph-based 

one. As a first step in assessing the total evacuation time correctly, input parameters should be 

selected carefully. However, as presented in the literature review, the main problem is the fact 

that there is no validated graph-based evacuation model. To tackle this problem, a transition from 

micro to macro is performed. Therefore, the input parameters were evaluated based on another 

validated model. 

After identifying the input parameters, the mathematical formulation of the model is presented. 

The presented model considers three objective functions in order to evacuate people safely in the 

least possible time. The first objective function considers minimising total evacuation time for all 

people, while the second objective enables transferring more people from their floors to refuge 

floors considered as safer areas. At the end, the third objective tries to minimise number of people 

on refuge floors by using evacuation lifts constantly to increase the percentage of possible lift 

users. The model successfully integrated various behavioural actions of people and their 

performance at different egress components. Therefore, modelling of pre-movement time, initial 

stair selection, route choice selection and people’s performance using stairs was successfully 

achieved. At the same time, capacities of stairs, evacuation lifts and refuge floors were considered 

in finding optimal solution. 

The final step of the research was to evaluate the proposed model. Several key aspects were 

assessed such as time required to find the optimal solution, total evacuation time achieved, 

number of people evacuated by each egress component, number of people waiting for evacuation 

lifts at each refuge floor and total number transferred from one stair to another. The model was 

afterwards compared with another available model. The optimal evacuation strategy using the 

proposed model achieved evacuation of 5400 people in slightly above one hour, which is around 

15 min faster compared to the other tested model. The computational time was also faster. The 

balance between egress components was also achieved, which is not the case with the second 

model where evacuation lifts finished sooner as opposed to stairs. In this way, the proposed model 

outperformed the other model in all analysed aspects. 
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8.3 Conclusion and Research Problem 

As presented in Section 1.3, the research problem was stated as: 

Currently, there is no evacuation model for finding optimal evacuation strategy for tall 

buildings considering available egress components and people behaviour to provide faster and 

safer evacuation procedure. 

This problem was addressed through the collection and validation of behavioural data, their 

modelling and integration for each egress component along with model development and 

evaluation. Usefulness of the model was presented via a case study building providing clear 

indications of capabilities that can be achieved using it. The model evaluation performance 

showed significant improvement in providing safer and quicker evacuation for all people 

integrating successfully people behavioural actions and movements at different egress 

components for evacuation of tall buildings. As the author is aware, the proposed model 

represents one of the first attempts to link these two areas in the evacuation domain and most 

likely the first one for evacuation of tall buildings. Consequently, the proposed model and other 

behavioural models identified can facilitate in designing building evacuation design for future tall 

buildings as well as to improve evacuation strategy for already constructed buildings.   

8.4 Implications and Contributions 

The successful development and application of an evacuation model which enables finding an 

optimal evacuation strategy considering people behaviour and performance for a particular 

building design represent a first step in providing a safer evacuation process. Saving someone’s 

life is the number one priority for building designers, staff and first responders. The proposed 

model can assist them to understand what the quickest and safest way is to evacuate all people 

from a tall high-rise building. Also, the research conducted in this thesis can be used by 

researchers and other technical people as a starting base to find out people behavioural actions for 

different evacuation scenarios and to predict what the optimal response would be for them. 

This study proposed a novel method which combines people behaviour and performance at 

different egress components to find an optimal solution which would enable faster and safer 

evacuation of people within a tall building. Also, getting to know the nature of people behaviour 

and understanding pros and cons of data collection methods that can justify it, by itself, is an 

important knowledge area and can be considered as one of the foremost contributions of this 

research. The second aspect that needs attention is the validation process of input parameters 

enabling the model to provide accurate calculation of total evacuation time. The findings of the 

evaluation also suggest that the model performed all the requirements associated with people 
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behaviour integration for different egress components. The performance level of the proposed 

model highlighted a noticeable improvement compared to the available models (refer to Section 

2.2.1.5).  

 The proposed model is flexible enough to be utilised for assessment of various evacuation 

scenarios and enables finding optimal evacuation strategy for any tall building in the world. This 

can be seen as a major advantage in using the proposed model on global scale especially in 

countries with high number of constructed tall buildings each year such as China, USA and UAE. 

  Regarding the behavioural data related to the route choice of people between stairs and 

evacuation lifts, they were collected for a specific location which can be considered as location 

dependent. The main drawback of the model would be not considering the impact of an 

emergency on people’s actions, which is regarded as out of the scope for this research. Therefore, 

exploring possible solutions to this issue could form a future research topic. In the next section, 

several research recommendations and future directions will be explored.    

Many aspects can be improved with the help of the proposed behavioural models and the 

optimisation model finding optimal strategy for tall buildings. Regarding training programs, 

potential decisions of people could be understood in specific evacuation scenarios, which can be 

beneficial to staff, chief wardens as well as first responders. In terms of guidance systems, sings 

can show dynamically up-to-data determined directions to evacuate people as quickly as possible. 

8.5 Recommendations for Future Research 

Based on the research conducted, there are numerous lessons and recommendations that can 

be considered as extremely important for researchers and other people interested in evacuations 

of tall buildings. While the first five points are presenting possible extensions to the model, the 

other points are related to validation behavioural data and possible improvements. The researchers 

believe that the research presented in this thesis could lead to a deeper and more robust 

understanding of people behaviour in tall buildings and its integration in providing optimal 

solution for evacuation of people. 

1. Various evacuation scenarios were investigated for different building configurations 

in order to predict people’s response. Nevertheless, there is a need to test a broader 

range of building heights and set-ups. This would include studying different building 

uses especially mixed-use buildings which are getting more popular among building 

designers. There is a need to investigate different locations and characteristics of 

egress components (e.g., stair configurations and number of lifts), number of floors 

and building heights, etc. The integration of sky-bridges in the model would be of 
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value, in which case two or more tall high-rise buildings would be connected and 

evacuation performed simultaneously.  

2. As mentioned in the previous point, finding optimal evacuation strategy for a specific 

building configuration was only investigated. However, in the future, attention should 

be paid to detecting optimal evacuation design examining possible building 

configurations, people behaviour and building evacuation design cost. In this way, 

apart from optimising evacuation strategy for people, the price of constructing 

building evacuation design would also decrease.  

3. The main drawback of this thesis represents not considering the impact of an 

emergency during an evacuation process. In this regard, there are several aspects that 

can be investigated to improve the proposed evacuation model. Thus, the propagation 

of fire or sudden blockage of a stair should also be considered to understand the 

resilience of the model to provide evacuation directions for people in such situations. 

Another aspect is to find out the influence of facing an emergency during evacuation 

on the route choice of people. 

4. In order to use the model in real-time evacuation scenarios the computational time 

should be decreased to appropriate level. Hence, adaptation of heuristic algorithms 

should be investigated finding the optimal evacuation solution in less time. 

5. Predicting the optimal time slot interval is another issue that has been raised in this 

study. This process can be very complex by nature, dealing with the fact of how 

accurately the model should capture the actual travel time of people using different 

egress components, the input parameters which should be integer values and 

computational time required to solve the problem. In this regard, a comparison with 

agent-based models should be performed presenting the error of not capturing the 

actual movements of people via increasing the duration of the time interval. 

6. The data collection resulted in models predicting people behaviour for different 

evacuation scenarios. However, people’s response depends on other parameters 

making the optimisation problem nonlinear. Thus, attention should be paid to 

linearising the constraints in the model and start considering more dynamic conditions. 

In this way, a transition from integrating partial behavioural to behavioural models 

should be investigated. 

7. When it comes to virtual reality, validation of people’s performance and model results 

is required. In order to grasp the knowledge of how the optimal evacuation strategy 

can be implemented in tall buildings, testing its performance using virtual reality 

would be of value for further extension of the model. Other areas that can be 

investigated using virtual reality is modelling fatigue of people during evacuations of 

tall buildings by considering more special technologies such as omnidirectional 
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treadmills and virtual reality suit. With this additional technology, evacuation 

scenarios close to real-life settings would be examined and the model can start 

considering this aspect in the calculation. 

8. Presenting real-time information is another area requiring further research. In the 

thesis, it was concluded that presenting real-time information related to maximum 

waiting time can provoke more people to wait for evacuation lifts, but at the same 

time, the process becomes more stochastic. Thus, although more people become 

encouraged to wait for evacuation lifts, many of them are discouraged. In this regard, 

scenarios where people would not be discouraged to wait for evacuation lifts by 

presenting real-time information should be only investigated. 

9. Geospatial data, methods, tools can be very beneficial to assess more accurately 

different evacuation design and people performance. Usefulness of BIM for 

evacuation was presented in many papers, and its potential should be further 

investigated to enable a proper integration between geospatial data and evacuations. 

Another aspect to consider would be integration of BIM and GIS for evacuation 

purposes, modelling evacuation process of people once they leave the building to 

shelters or safe zones as well as predicting how much time first responders need to 

reach impacted area within a tall building. When it comes to methods, there are various 

methods which are already in use as pathfinding and collision detection. However, 

more attention should be placed on bringing various geospatial analysis and predicting 

performance of people and infrastructure during evacuations. Regarding geospatial 

tools, understanding usefulness of location-based apps for communication with 

evacuees, where they can receive up-to-date information considering their position 

within the building. 
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Appendix 1: Questionnaire 1 
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Appendix 2: Questionnaire 2 

Table Appx-1 The levels of variables considered in the questionnaire 2 as question 1 

Variable Levels 

Refuge floor position [floor] 15 35 55 

Density of people on stairs [persons/m2] 1 2 3 

People in front of evacuation lifts [No] 50 100 150 

Navigation strategy [bool] 0 – responsible person; 1 – dynamic signs  
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Appendix 3: Virtual Reality Questionnaire 

 



 

 

159 

 

1. How did you feel during the experiment? 

• Normal 

• Stressed 

• Panicked 

2. When did you make the decision to either wait for evacuation lifts or choose stairs? 

     specify time approximately: _________ [min] 

3. How much time did you wait for evacuation lifts at the refuge floor? 

specify time approximately: _________[min]. 

4. How many people were at the refuge floor, when you arrived? 

specify the number approximately: _________. 

5. How much time would you need with the stairs to go the ground floor from the refuge 

floor? 

             specify time approximately: _________[min]. 

6. What were the main reasons for choosing stairs? (Please select the most relevant 

answers) 

• Safer way 

• Quicker way 

• Escaping the crowd in front of lifts 

• Knowing that lifts cannot be used for evacuation 

• Allowing others to use lifts 

• Having concerns about waiting time for lifts 

• Having concerns about the programming of lifts 

• Greater level of control using stairs 

Specify other reasons_________________ 

7.  What were the main reasons for choosing evacuation lifts? (Please select the most 

relevant answers) 

• Safer way 

• Quicker way 

• Following given advice 

• Escaping the crowd from stairs 

• Concern about physical fitness 

Specify other reasons_________________  



THIS PAGE INTENTIONALLY LEFT BLANK



References 

  



 

 

162 

 

Adams, A. P. M. and Galea, E. R. (2010) ‘An Experimental Evaluation of Movement Devices 

Used to Assist People with Reduced Mobility in High-Rise Building Evacuations’, Pedestrian 

and Evacuation Dynamics. Boston, MA: Springer US, pp. 130–138. doi: 10.1007/978-1-4419-

9725-8. 

Ahrens, M. (2016) ‘High-Rise Building Fires’, National Fire Protection Association, Quincy, 

MA. 

Alamdar, F., Kalantari, M. and Rajabifard, A. (2016) ‘Towards multi-agency sensor 

information integration for disaster management’, Computers, Environment and Urban Systems. 

Elsevier, 56, pp. 68–85. 

Aleksandrov, M., Rajabifard, A., Kalantari, M. and Tashakkori, H. (2015) ‘Evacuation time 

in tall high-rise buildings’, in Information and Communication Technologies for Disaster 

Management (ICT-DM), 2015 2nd International Conference on. IEEE, pp. 215–220. 

Aloi, S. and Rogers, J. (2001) ‘Evacuation and life safety strategies for super high rise 

buildings’, Building for the 21st century: technology, livability, productivity, pp. 429–436. 

Alves, M. J. and Clímaco, J. (2007) ‘A review of interactive methods for multiobjective integer 

and mixed-integer programming’, European Journal of Operational Research. Elsevier, 180(1), 

pp. 99–115. 

Andrée, K., Daniel, N. and Joakim, E. (2015) ‘Evacuation experiments in a virtual reality high-

rise building: exit choice and waiting time for evacuation elevators’, Fire and Materials. 40(4), 

pp. 554-567. doi: 10.1002/fam. 

Ariff, A. (2003) ‘Review of Evacuation Procedures for Petronas Twin Towers’, in CIB-

CTBUH International Conference on Tall Buildings. CIB Publication no: 290, pp. 35-42. 

Atila, U., Karas, I. R., Turan, M. K. and Rahman, A. A. (2013) ‘Design of an intelligent 

individual evacuation model for high rise building fires based on neural network within the scope 

of 3d GIS’, in ISPRS Annals of Photogrammetry, Remote Sensing and Spatial Information 

Sciences, pp. 13–24. 

Australian Building Codes Board (2013) ‘Lifts Used During Evacuation’, (2013). 

Australian Bureau of Statistics (2009) ‘Disability, Ageing and Carers, Australia: Summary of 

Findings’, Australian Bureau of Statistics, Canberra. Available at: 

http://www.abs.gov.au/ausstats/abs@.nsf/mf/4430.0. 

Averill, J. D., Mileti, D. S., Peacock, R. D., Kuligowski, E. D., Groner, N., Proulx, G., Reneke, 

http://www.abs.gov.au/ausstats/abs@.nsf/mf/4430.0


 

 

163 

 

A. P. and Nelson, H. E. (2005) ‘Final report on the collapse of the World Trade Center towers. 

Federal building and fire safety investigation of the World Trade Center disaster, occupant 

behaviour. Egress and emergency communications’. NIST NCSTAR, 1(7). 

Barber, D. and Johnson, P. (2015) ‘Refuge floors - history, implementation and methods for 

improvement’, in Human Behaviour in Fire Proceedings of the 6th International Symposium, pp. 

245–256. 

Ben-Akiva, M. and Bierlaire, M. (2003) ‘Discrete choice models with applications to departure 

time and route choice’, in Handbook of transportation science. Springer, pp. 7–37. 

Ben-Akiva, M. and Boccara, B. (1995) ‘Discrete choice models with latent choice sets’, 

International Journal of Research in Marketing. Elsevier, 12(1), pp. 9–24. 

Ben-Akiva, M. E. and Lerman, S. R. (1985) Discrete choice analysis: theory and application 

to travel demand. MIT press. 

Bennetts, I. D., Moinuddin, K. A., Goh, C. C. and Thomas, I. R. (2005) ‘Testing and factors 

relevant to the evaluation of the structural adequacy of steel members within fire-resistant elevator 

shafts’, Fire Safety Journal, 40(8), pp. 698–727. doi: 10.1016/j.firesaf.2005.06.005. 

Bhat, C. R. (2003) ‘Simulation estimation of mixed discrete choice models using randomized 

and scrambled Halton sequences’, Transportation Research Part B: Methodological. Elsevier, 

37(9), pp. 837–855. 

Boltes, M. and Seyfried, A. (2013) ‘Collecting pedestrian trajectories’, Neurocomputing. 

Elsevier, 100, pp. 127–133. 

Bordens, K. S. and Abbott, B. B. (2002) ‘Research design and methods: A process approach’. 

McGraw-Hill. 

Boyce, K. E., Shields, T. J., and Silcock, G. W. H. (1999) ‘Toward the characterization of 

building occupancies for fire safety engineering: prevalence, type, and mobility of disabled 

people’, Fire Technology, 35(1), pp. 35–50. 

Boyce, K. E., Purser, D. A. and Shields, T. J. (2012) ‘Experimental studies to investigate 

merging behaviour in a staircase’, Fire and Materials. Wiley Online Library, 36(5–6), pp. 383–

398. 

Bukowski, R. W. (2008) ‘Emergency egress from ultra tall buildings’, in Tall & Green, 

Typology for a Sustainable Urban Future, CTBUH, Dubai UAE, p. 9. 



 

 

164 

 

Bukowski, R. W. (2012) ‘Addressing the needs of people using elevators for emergency 

evacuation’, Fire Technology, 48, pp. 127–136. doi: 10.1007/s10694-010-0180-y. 

Bukowski, R. W. and Tubbs, J. S. (2016) ‘Egress Concepts and Design Approaches - SFPE 

Handbook of Fire Protection Engineering’. New York, NY: Springer, pp. 2012–2046. doi: 

10.1007/978-1-4939-2565-0_56. 

Butry, D. T., Chapman, R. E., Huang, A. L. and Thomas, D. S. (2012) ‘A life-cycle cost 

comparison of exit stairs and occupant evacuation elevators in tall buildings’, Fire Technology, 

48(2), pp. 155–172. doi: 10.1007/s10694-010-0203-8. 

Cai, Y., Deilami, I. and Train, K. (1998) ‘Customer retention in a competitive power market: 

Analysis of a’double-bounded plus follow-ups’ questionnaire’, The Energy Journal, pp. 191–215. 

Chen, D.-S. and Zionts, S. (1976) ‘Comparison of some algorithms for solving the group 

theoretic integer programming problem’, Operations Research, 24(6), pp. 1120–1128. 

Chen, J., Ma, J. and Lo, S. M. (2017) ‘Event-driven modeling of elevator assisted evacuation 

in ultra high-rise buildings’, Simulation Modelling Practice and Theory, 74, pp. 99–116. doi: 

10.1016/j.simpat.2017.03.004. 

Chen, Z. M., Zhang, J. and Li, D. P. (2011) ‘Smoke control - Discussion of switching elevator 

to evacuation elevator in high-rise building’, in Procedia Engineering, 11, pp. 40–44. doi: 

10.1016/j.proeng.2011.04.624. 

Chittaro, L. and Ranon, R. (2009) ‘Serious games for training occupants of a building in 

personal fire safety skills’, in Games and Virtual Worlds for Serious Applications, 2009. VS-

GAMES’09. Conference in. IEEE, pp. 76–83. 

Chiu, Y.-C. (2004) ‘Traffic scheduling simulation and assignment for area-wide evacuation’, 

in Intelligent Transportation Systems, 2004. Proceedings. The 7th International IEEE Conference 

on. IEEE, pp. 537–542. 

Chiu, Y.C., Zheng, H., Villalobos, J. and Gautam, B. (2007) ‘Modeling no-notice mass 

evacuation using a dynamic traffic flow optimization model’, IIE Transactions. Taylor & Francis, 

39(1), pp. 83–94. 

Choi, J., Hwang, H. and Hong, W. (2011) ‘Predicting the probability of evacuation congestion 

occurrence relating to elapsed time and vertical section in a high-rise building’, in Pedestrian and 

Evacuation Dynamics. Springer, pp. 37–46. 

Choi, W., Hamacher, H. W. and Tufekci, S. (1988) ‘Modeling of building evacuation problems 



 

 

165 

 

by network flows with side constraints’, European Journal of Operational Research. Elsevier, 

35(1), pp. 98–110. 

Christensen, K.M., Collins, S.D., Holt, J.M. and Phillips, C.N. (2006) ‘The relationship 

between the design of the built environment and the ability to egress of individuals with 

disabilities’, Review of Disability Studies: An International Journal, 2(3), pp. 24-35. 

Clawson, K. and O’Connor, D. J. (2011) ‘Considerations and Challenges for Refuge Areas in 

Tall Buildings’, in CTBUH 2011 World Conference, pp. 332–338. 

Code, I. P. (2004) ‘International Code Council’, Inc., Washington, DC. 

CTBUH (2015) ‘CTBUH Tall Building Height Calculator’. Available at: 

http://www.ctbuh.org/HighRiseInfo/TallestDatabase/Criteria/HeightCalculator/tabid/1007/langu

age/en-GB/Default.aspx#office. 

CTBUH (2016) ‘CTBUH Year in Review: Tall Trends of 2016’. Available at: 

http://www.skyscrapercenter.com/year-in-review/2016. 

CTBUH (2017) ‘Australia: Rising Up Down Under’, CTBUH Journal, pp. 48–49. Available 

at: 

http://www.ctbuh.org/LinkClick.aspx?fileticket=h0CN%2F72op%2Fs%3D&tabid=1108&langu

age=en-GB. 

Custer, R. L. P. and Meacham, B. J. (1997) ‘Introduction to performance-based fire safety’. 

Society of Fire Protection Engineers. 

Dell’Olio, L., Ibeas, A. and Cecin, P. (2011) ‘The quality of service desired by public transport 

users’, Transport Policy. Elsevier, 18(1), pp. 217–227. 

Denny, M. W. (2008) ‘Limits to running speed in dogs, horses and humans’, Journal of 

Experimental Biology. The Company of Biologists Ltd, 211(24), pp. 3836–3849. 

Desmet, A. and Gelenbe, E. (2013) ‘Graph and analytical models for emergency evacuation’, 

in Pervasive Computing and Communications Workshops (PERCOM Workshops), pp. 523–527. 

Ding, N., Chen, T. and Zhang, H. (2017a) ‘Experimental Study of Elevator Loading and 

Unloading Time During Evacuation in High-Rise Buildings’, Fire Technology. Springer US, 

53(1), pp. 29–42. doi: 10.1007/s10694-016-0597-z. 

Ding, N., Zhang, H. and Chen, T. (2017b) ‘Simulation-based optimization of emergency 

evacuation strategy in ultra-high-rise buildings’, Natural Hazards. Springer, 89(3), pp. 1167–

http://www.ctbuh.org/HighRiseInfo/TallestDatabase/Criteria/HeightCalculator/tabid/1007/language/en-GB/Default.aspx#office
http://www.ctbuh.org/HighRiseInfo/TallestDatabase/Criteria/HeightCalculator/tabid/1007/language/en-GB/Default.aspx#office
http://www.skyscrapercenter.com/year-in-review/2016
http://www.ctbuh.org/LinkClick.aspx?fileticket=h0CN%2F72op%2Fs%3D&tabid=1108&language=en-GB
http://www.ctbuh.org/LinkClick.aspx?fileticket=h0CN%2F72op%2Fs%3D&tabid=1108&language=en-GB


 

 

166 

 

1184. 

Ding, N., Chen, T. and Zhang, H. (2017c) ‘Simulation of high-rise building evacuation 

considering fatigue factor based on cellular automata: A case study in China’, Building 

Simulation, 10(3), pp. 407–418. doi: 10.1007/s12273-016-0337-9. 

Drabek, T. E. (2012) ‘Human system responses to disaster: An inventory of sociological 

findings’. Springer Science & Business Media. 

Duarte, E., Rebelo, F., Teles, J. and Wogalter, M. S. (2014) ‘Behavioral compliance for 

dynamic versus static signs in an immersive virtual environment’, Applied Ergonomics. Elsevier 

Ltd, 45(5), pp. 1367–1375. doi: 10.1016/j.apergo.2013.10.004. 

Duives, D. C. and Mahmassani, H. S. (2012) ‘Exit Choice Decisions During Pedestrian 

Evacuations of Buildings’, Transportation Research Record: Journal of the Transportation 

Research Board, (2316), pp. 84–94. doi: 10.3141/2316-10. 

Egan, M. D. (1978) ‘Concepts in Building Firesafety’. ERIC, p. 269.  

Erickson, W., Lee, C. and vonSchrader, S. (2010) ‘Disability statistics from the 2008 

American community survey (ACS)’. Ithaca, NY: Cornell University Rehabilitation Research 

and Training Center on Disability Demographics and Statistics (StatsRRTC). 

Fahy, R. F. and Proulx, G. (2001) ‘Toward creating a database on delay times to start 

evacuation and walking speeds for use in evacuation modeling’, in 2nd international symposium 

on human behaviour in fire. Boston, MA, USA, pp. 175–183. 

Fang, Z., Song, W., Zhang, J., and Wu, H. (2010) ‘Experiment and modeling of exit-selecting 

behaviors during a building evacuation’, Physica A: Statistical Mechanics and its Applications, 

389(4), pp. 815–824. doi: https://doi.org/10.1016/j.physa.2009.10.019. 

Galea, E. R., Sharp, G., Lawrence, P. J. and Holden, R. (2008) ‘Approximating the evacuation 

of the World Trade Center north tower using computer simulation’, Journal of Fire Protection 

Engineering, 18(2), pp. 85–115. doi: 10.1177/1042391507079343. 

Galea, E. R., Hulse, L., Day, R., Siddiqui, A., Sharp, G., Boyce, K., Summerfield, L., Canter, 

D., Marselle, M. and Greenall, P. V. (2010) ‘The uk wtc9/11 evacuation study: An overview of 

the methodologies employed and some preliminary analysis’, in Pedestrian and Evacuation 

Dynamics 2008. Springer, pp. 3–24. 

Galea, E. R., Hulse, L., Day, R., Siddiqui, A. and Sharp, G. (2012) ‘The UK WTC 9/11 

evacuation study: an overview of findings derived from first‐hand interview data and computer 



 

 

167 

 

modelling’, Fire and Materials. Wiley Online Library, 36(5–6), pp. 501–521. 

Gamberini, L., Cottone, P., Spagnolli, A., Varotto, D. and Mantovani, G. (2003) ‘Responding 

to a fire emergency in a virtual environment: different patterns of action for different situations’, 

Ergonomics, 46(8), pp. 842–858. 

GB50045-95 (2005) ‘Code for fire protection design of tall buildings’. 

Gershon, R. R., Magda, L. A., Riley, H. E. and Sherman, M. F. (2012) ‘The World Trade 

Center evacuation study: Factors associated with initiation and length of time for evacuation’, 

Fire and Materials. Wiley Online Library, 36(5–6), pp. 481–500. 

Grether, D. M., Schwartz, A. and Wilde, L. L. (1985) ‘The irrelevance of information 

overload: An analysis of search and disclosure’, S. Cal. L. Rev. 59, p. 277. 

Groner, N. E. (2004) ‘On Not Putting the Cart before the Horse: Design Enables the Prediction 

of Decisions about Movement in Buildings’, in Workshop on Building Occupant Movement 

During Fire Emergencies. NIST, Washington, DC, pp. 69–98. 

Guo, R. Y. and Huang, H. J. (2010) ‘Logit-based exit choice model of evacuation in rooms 

with internal obstacles and multiple exits’, Chinese Physics B, 19(3). doi: 10.1088/1674-

1056/19/3/030501. 

Gwynne, S., Galea, E. R., Lawrence, P. J. and Filippidis, L. (2001) ‘Modelling occupant 

interaction with fire conditions using the buildingEXODUS evacuation model’, Fire Safety 

Journal, 36(4), pp. 327–357. doi: 10.1016/S0379-7112(00)00060-6. 

Gwynne, S. M. V (2015) ‘Drilling for safety’. 

Gwynne, S. M. V., Boyce, K. E., Kuligowski, E. D., Nilsson, D., Robbins, A. and Lovreglio, 

R. (2016a) ‘Pros and cons of egress drills’, in Interflam 2016, 14th International Conference on 

Fire Science and Engineering. 

Gwynne, S. M. V and Boyce, K. E. (2016b) ‘Engineering Data’, in SFPE Handbook of Fire 

Protection Engineering, pp. 2429–2551. 

Gwynne, S. M. V and Rosenbaum, E. R. (2016) ‘Employing the hydraulic model in assessing 

emergency movement’, in SFPE Handbook of Fire Protection Engineering. Springer, pp. 2115–

2151. 

Haghani, M., Ejtemai, O., Sarvi, M., Sobhani, A., Burd, M. and Aghabayk, K. (2014) ‘Random 

utility models of pedestrian crowd exit selection based on SP-off-RP experiments’, 



 

 

168 

 

Transportation Research Procedia. Elsevier B.V., 2, pp. 524–532. doi: 

10.1016/j.trpro.2014.09.070. 

Haghani, M. and Sarvi, M. (2017a) ‘Crowd behaviour and motion: Empirical methods’, 

Transportation Research Part B: Methodological. Elsevier, 107, pp. 253-294. 

Haghani, M. and Sarvi, M. (2017b) ‘Stated and revealed exit choices of pedestrian crowd 

evacuees’, Transportation Research Part B: Methodological. Elsevier, 95, pp. 238–259. 

Hamacher, H. W. and Tjandra, S. A. (2001) ‘Mathematical modelling of evacuation problems: 

A state of art’. 

Hancock, P. A., Vincenzi, D. A., Wise, J. A. and Mouloua, M. (2008) ‘Human factors in 

simulation and training’. CRC Press. 

Hanemann, M., Loomis, J. and Kanninen, B. (1991) ‘Statistical efficiency of double-bounded 

dichotomous choice contingent valuation’, American journal of agricultural economics. Oxford 

University Press, 73(4), pp. 1255–1263. 

Hedman, G. E. (2010) ‘Travel Along Stairs by Individuals with Disabilities: A Summary of 

Devices Used During Routine Travel and Travel During Emergencies’, in Pedestrian and 

Evacuation Dynamics. Boston, MA: Springer US, pp. 110–119. doi: 10.1007/978-1-4419-9725-

8. 

Heliövaara, S., Kuusinen, J.M., Rinne, T., Korhonen, T. and Ehtamo, H. (2012) ‘Pedestrian 

behavior and exit selection in evacuation of a corridor–An experimental study’, Safety science. 

Elsevier, 50(2), pp. 221–227. 

Hens, H. S. L. (2012) ‘Performance based building design 1: From below grade construction 

to cavity walls’. John Wiley & Sons. 

Heyes, E., and Spearpoint, M. (2009) ‘Human behaviour considerations in the use of lifts for 

evacuation from high rise commercial buildings’. 

Heyes, E. and Spearpoint, M. (2012) ‘Lifts for evacuation—human behaviour considerations’, 

Fire and Materials. Wiley Online Library, 36(4), pp. 297–308. 

Hovland, C. I., Janis, I. L. and Kelley, H. H. (1953) ‘Communication and persuasion; 

psychological studies of opinion change’. Yale University Press. 

Huang, H. J. and Guo, R. Y. (2008) ‘Static floor field and exit choice for pedestrian evacuation 

in rooms with internal obstacles and multiple exits’, Physical Review E - Statistical, Nonlinear, 



 

 

169 

 

and Soft Matter Physics, 78(2), pp. 1–6. doi: 10.1103/PhysRevE.78.021131. 

Huang, L., Chen, T. and Yuan, H. (2014) ‘Simulation Study of Evacuation in High-rise 

Buildings’, Transportation Research Procedia. Elsevier B.V., 2, pp. 518–523. doi: 

10.1016/j.trpro.2014.09.069. 

Hurley, M. J., Gottuk, D. T., Hall Jr, J. R., Harada, K., Kuligowski, E. D., Puchovsky, M., 

Watts Jr, J.M. and Wieczorek, C. J. (Eds.). (2015) ‘SFPE handbook of fire protection engineering. 

Springer’. 

Jönsson, A., Andersson, J. and Nilsson, D. (2012) ‘A risk perception analysis of elevator 

evacuation in high-rise buildings’, in Proceedings of the 5th human behaviour in fire symposium, 

Cambridge (UK). Interscience Communication, London, pp. 398–409. 

Kennedy, R. S., Lane, N. E., Berbaum, K. S. and Lilienthal, M. G. (1993) ‘Simulator sickness 

questionnaire: An enhanced method for quantifying simulator sickness’, The international 

journal of aviation psychology. Taylor & Francis, 3(3), pp. 203–220. 

Kevany, M. J. (2003) ‘GIS in the World Trade Center attack—trial by fire’, Computers, 

Environment and Urban Systems. Elsevier, 27(6), pp. 571–583. 

Kim, S., George, B. and Shekhar, S. (2007) ‘Evacuation route planning: scalable heuristics’, 

in Proceedings of the 15th annual ACM international symposium on Advances in geographic 

information systems. ACM, p. 20. 

Kinateder, M., Pauli, P., Müller, M., Krieger, J., Heimbecher, F., Rönnau, I., Bergerhausen, 

U., Vollmann, G., Vogt, P. and Mühlberger, A. (2013) ‘Human behaviour in severe tunnel 

accidents: Effects of information and behavioural training’, Transportation research part F: 

traffic psychology and behaviour. Elsevier, 17, pp. 20–32. 

Kinateder, M. (2013) ‘Social influence in emergency situations–studies in virtual reality’. 

Kinateder, M., Ronchi, E., Nilsson, D., Kobes, M., Müller, M., Pauli, P. and Mühlberger, A. 

(2014a) ‘Virtual Reality for Fire Evacuation Research’, in Computer Science and Information 

Systems (FedCSIS), 2014 Federated Conference on, pp. 319–327. doi: 10.15439/2014F94. 

Kinateder, M. T., Omori, H. and Kuligowski, E. D. (2014b) ‘The Use of Elevators for 

Evacuation in Fire Emergencies in International Buildings’, pp. 1-29. 

Kinsey, M. J., Galea, E. R. and Lawrence, P. J. (2010) ‘Stairs or lifts? - A study of human 

factors associated with lift / elevator usage during evacuations using an online survey’, in 

Pedestrian and Evacuation Dynamics, pp. 627–636. 



 

 

170 

 

Kinsey, M. J., Galea, E. R. and Lawrence, P. J. (2012) ‘Investigating evacuation lift dispatch 

strategies using computer modelling’, Fire and Materials, 36(5–6), pp. 399–415. doi: 

10.1002/fam.1086. 

Klein, G. A. (2017) ‘Sources of power: How people make decisions’. MIT press. 

Kobes, M., Helsloot, I., de Vries, B. and Post, J. G. (2010) ‘Building safety and human 

behaviour in fire: A literature review’, Fire Safety Journal. Elsevier, 45(1), pp. 1–11. doi: 

10.1016/j.firesaf.2009.08.005. 

Kobes, M., Helsloot, I., de Vries, B. and Post, J. (2010) ‘Exit choice,(pre-) movement time 

and (pre-) evacuation behaviour in hotel fire evacuation—Behavioural analysis and validation of 

the use of serious gaming in experimental research’, Procedia Engineering. Elsevier, 3, pp. 37–

51. 

Kobes, M., Helsloot, I., De Vries, B., Post, J. G., Oberijé, N., and Groenewegen, K. (2010) 

‘Way finding during fire evacuation; an analysis of unannounced fire drills in a hotel at night’, 

Building and Environment. Elsevier, 45(3), pp. 537–548. 

Kocur, G., Adler, T., Hyman, W., and Aunet, B. (1981) ‘Guide to forecasting travel demand 

with direct utility assessment’.  

Koo, J., Kim, Y. S., Kim, B. I., and Christensen, K. M. (2013) ‘A comparative study of 

evacuation strategies for people with disabilities in high-rise building evacuation’, Expert Systems 

with Applications. Elsevier Ltd, 40(2), pp. 408–417. doi: 10.1016/j.eswa.2012.07.017. 

Koo, J., Kim, Y. S. and Kim, B. I. (2012) ‘Estimating the impact of residents with disabilities 

on the evacuation in a high-rise building: A simulation study’, Simulation Modelling Practice and 

Theory. Elsevier B.V., 24, pp. 71–83. doi: 10.1016/j.simpat.2012.02.003. 

Kothari, C. R. (2004) ‘Research methodology: Methods and techniques’. New Age 

International. 

Kuligowski, E. (2013) ‘Predicting human behavior during fires’, Fire Technology. Springer, 

49(1), pp. 101–120. 

Kuligowski, E. D. (2011) ‘Terror defeated: occupant sensemaking, decision-making and 

protective action in the 2001 World Trade Center disaster’. University of Colorado at Boulder. 

Kuligowski, E. D., Peacock, R. D., Reneke, P. A., Wiess, E., Hagwood, C. R., Overholt, K. J., 

Elkin, R.P., Averill, J.D., Ronchi, E., Hoskins, B.L. and Spearpoint, M. (2015) ‘Movement on 

Stairs During Building Evacuations’. NIST Tech. Note. 



 

 

171 

 

Kuligowski, E. D. (2016a) ‘Computer evacuation models for buildings’, in SFPE Handbook 

of Fire Protection Engineering. Springer, pp. 2152–2180. 

Kuligowski, E. D. (2016b) ‘Human behavior in fire’, in SFPE Handbook of Fire Protection 

Engineering. Springer, pp. 2070–2114. 

Kuligowski, E. D. and Gwynne, S. M. (2005) ‘What a User Should Know When Selecting an 

Evacuation Model’, Journal of Fire Protection Engineering. 

Kuligowski, E. D. and Hoskins, B. L. (2011) ‘Elevator Messaging Strategies’. Fire Protection 

Research Foundation. 

Kuligowski, E. D. and Hoskins, B. L. (2012) ‘Recommendations for elevator messaging 

strategies’, Technical Note (NIST TN)-1730. 

Kuligowski, E., Peacock, R. and Hoskins, B. (2010) ‘A Review of Building Evacuation 

Models’, Gaithersburg, MD: US Department of Commerce, National Institute of Standards and 

Technology. 

Kwan, M.-P. and Lee, J. (2005) ‘Emergency response after 9/11: the potential of real-time 3D 

GIS for quick emergency response in micro-spatial environments’, Computers, Environment and 

Urban Systems, 29(2), pp. 93–113. doi: 10.1016/j.compenvurbsys.2003.08.002. 

Land, A. H. and Doig, A. G. (1960) ‘An automatic method of solving discrete programming 

problems’, Econometrica: Journal of the Econometric Society, pp. 497–520. 

Lim, G.J., Baharnemati, M.R., Zangeneh, S. and Parsaei, H.R. (2009) ‘A network flow based 

optimization approach for hurricane evacuation planning’, Proc. ICOVACS. 

Louviere, J. J., Hensher, D. A. and Swait, J. D. (2000) ‘Stated choice methods: analysis and 

applications’. Cambridge university press. 

Lovreglio, R., Borri, D., dell’Olio, L. and Ibeas, A. (2014) ‘A discrete choice model based on 

random utilities for exit choice in emergency evacuations’, Safety Science. Elsevier Ltd, 62, pp. 

418–426. doi: 10.1016/j.ssci.2013.10.004. 

Lovreglio, R. (2016a) ‘Modelling Decision-Making in Fire Evacuation Using the Random 

Utility Theory’. Politecnico of Bari, Milan and Turin. doi: 10.13140/RG.2.1.1695.5281/1. 

Lovreglio, R., Gonzalez, V., Amor, R., Spearpoint, M., Thomas, J., Trotter, M. and Sacks, R. 

(2017) ‘The need for enhancing earthquake evacuee safety by using virtual reality serious games’, 

in Proceedings of the Lean & Computing in Construction Congress, Crete, Greece, pp. 4-12 . doi: 



 

 

172 

 

DOI: 10.24928/JC3-2017/0058. 

Lovreglio, R., Gonzalez, V., Feng, Z., Amor, R., Spearpoint, M., Thomas, J., Trotter, M. and 

Sacks, R. (2018) ‘Prototyping Virtual Reality Serious Games for Building Earthquake 

Preparedness: The Auckland City Hospital Case Study’, arXiv preprint arXiv:1802.09119. 

Lovreglio, R., Fonzone, A. and Dell’Olio, L. (2016b) ‘A Mixed Logit Model for Predicting 

Exit Choice During Building Evacuations, Transportation Research Part A: Policy and Practice, 

92, pp.59-75. 

Lucky O., S. (2013) ‘An assessment of factors affecting quality customer care in the Telkom 

Industry-A survey of Telkom Kenya’. GRIN Publishing Munich, Germany. 

Luo, M. and Wong, K. H. L. (2006) ‘Evacuation Strategy for Super Highrise Buildings’, in 

Proceedings of 5th Annual Seminar on Tall Building Construction and Maintenance. Hong Kong.  

Ma, J., Lo, S. M. and Song, W. G. (2012a) ‘Cellular automaton modeling approach for 

optimum ultra high-rise building evacuation design’, Fire Safety Journal, 54, pp. 57–66. doi: 

10.1016/j.firesaf.2012.07.008. 

Ma, J., Song, W.G., Tian, W., Lo, S.M. and Liao, G.X. (2012b) ‘Experimental study on an 

ultra high-rise building evacuation in China’, Safety Science, 50(8), pp. 1665–1674. doi: 

10.1016/j.ssci.2011.12.018. 

Maister, D. H. (1984) ‘The psychology of waiting lines’. Harvard Business School Boston, 

MA. 

Manski, C. F. (1977) ‘The structure of random utility models’, Theory and decision. Springer, 

8(3), pp. 229–254. 

Mouton, J. (2001) ‘How to succeed in your master’s and doctoral studies: A South African 

guide and resource book’. Van Schaik. 

National Fire Protection Association (2006) ‘SFPE Engineering Guide to Performance-Based 

Fire Protection’. 

Nelson, H. E. and Mowrer, F. W. (2002) ‘Emergency movement’, SFPE handbook of fire 

protection engineering. National Fire Protection Association Quincy, MA, 2, p. 3. 

Neyman, J. and Pearson, E. S. (1992) ‘On the problem of the most efficient tests of statistical 

hypotheses’, in Breakthroughs in statistics. Springer, pp. 73–108. 

NFC (2015) ‘National building code of Canada’. Associate Committee on the National 



 

 

173 

 

Building Code, National Research Council. 

NFPA (2012) ‘NFPA 101 Life Safety Code’. National Fire Protection Association, Quincy 

(USA). 

Nilsson, D. and Jönsson, A. (2011) ‘Design of evacuation systems for elevator evacuation in 

high-rise buildings’, J Disaster Res, 6(6), pp. 600–609. 

Nilsson, D. and Kinateder, M. (2015) ‘Virtual Reality Experiments - The future or a dead end? 

’ In 6th International Symposium Human Behaviour in Fire. Interscience Communications, 

Cambridge, pp. 13-22. 2015. 

Notarianni, K. A. and Parry, G. W. (2016) ‘Uncertainty’, in SFPE Handbook of Fire 

Protection Engineering. Springer, pp. 2992–3047. 

Oculus (2017) ‘Introduction to Best Practices’. 

Okabe, K. and Mikami, S. (1982) ‘A study on the socio-psychological effect of a false warning 

of the Tokai Earthquake in Japan’, in A Paper presented at the Tenth World Congress of 

Sociology, Mexico City, Mexico. 

Olander, J., Ronchi, E., Lovreglio, R. and Nilsson, D. (2017) ‘Dissuasive exit signage for 

building fire evacuation’, Applied ergonomics. Elsevier, 59, pp. 84–93. 

Omer, H. and Alon, N. (1994) ‘The continuity principle: A unified approach to disaster and 

trauma’, American Journal of Community Psychology. Wiley Online Library, 22(2), pp. 273–287. 

Ortuzar, J. de D. and Willumsen, L. G. (2002) ‘Modelling transport’.  

Pathfinder Thunderhead (2018) ‘Technical Reference’. Available at: 

https://www.thunderheadeng.com/wp-content/uploads/dlm_uploads/2011/07/tech_ref-2.pdf. 

Peacock, R. D., Hoskins, B. L. and Kuligowski, E. D. (2012) ‘Overall and local movement 

speeds during fire drill evacuations in buildings up to 31 stories’, Safety Science. Elsevier Ltd, 

50(8), pp. 1655–1664. doi: 10.1016/j.ssci.2012.01.003. 

Peffers, K., Tuunanen, T., Rothenberger, M.A. and Chatterjee, S. (2007) ‘A design science 

research methodology for information systems research’, Journal of management information 

systems. Taylor & Francis, 24(3), pp. 45–77. 

Pelechano, N. and Malkawi, A. (2008) ‘Evacuation simulation models: Challenges in 

modeling high rise building evacuation with cellular automata approaches’, Automation in 

Construction, 17(4), pp. 377–385. doi: 10.1016/j.autcon.2007.06.005. 

https://www.thunderheadeng.com/wp-content/uploads/dlm_uploads/2011/07/tech_ref-2.pdf


 

 

174 

 

Press, B. C. P. (2014) ‘Code for fire protection design of buildings (GB 50016-2014)’. 

Proulx, G. (1995) ‘Evacuation time and movement in apartment buildings’, Fire safety 

journal. Elsevier, 24(3), pp. 229–246. 

Proulx, G. (2002) ‘Movement of people: the evacuation timing’, pp. 3-342. 

Proulx, G. and Fahy, R. (1997) ‘The Time Delay To Start Evacuation: Review Of Five Case 

Studies’, Fire Safety Science, 5, pp. 783–794. doi: 10.3801/IAFSS.FSS.5-783. 

Purser, D. A. (2002) ‘Toxicity assessment of combustion products’, SFPE handbook of fire 

protection engineering. National Fire Protection Association Quincy, MA, 3, pp. 2–6. 

Purser, D. A. (2003) ‘Behaviour and travel interactions in emergency situations and data needs 

for engineering design’, in Proceedings of the 2nd International Conference on Pedestrian and 

Evacuation Dynamics, pp. 355–369. 

Purser, D. a. and Bensilum, M. (2001) ‘Quantification of behaviour for engineering design 

standards and escape time calculations’, Safety Science, 38(2), pp. 157–182. doi: 10.1016/S0925-

7535(00)00066-7. 

Rakip, K. I., Fatmagul, B. and Alias, A. (2012) ‘An evacuation system for extraordinary Indoor 

Air Pollution Disaster Circumstances’, 5(2), pp. 33-40. 

Ribeiro, C., Pereira, J. and Borbinha, J. (2013) ‘Creating awareness of emergency departments 

healthcare values using a serious game’, in European Conference on Technology Enhanced 

Learning. Springer, pp. 502–507. 

Robbins, A. P., Gwynne, S. M. V and Kuligowski, E. D. (2012) ‘Proposed General Approach 

to Fire-Safety Scenarios’. US Department of Commerce, National Institute of Standards and 

Technology. 

Romano, J. (2003) ‘Façade Emergency Exits Concept’, CIB REPORT. CIB, pp. 747–750. 

Ronchi, E. (2012) ‘Evacuation modelling in road tunnel fires’. Politecnico di Bari. 

Ronchi, E., Kuligowski, E.D., Peacock, R.D. and Reneke, P.A. (2014a) ‘A probabilistic 

approach for the analysis of evacuation movement data’, Fire safety journal. Elsevier, 63, pp. 69–

78. 

Ronchi, E., Reneke, P. A. and Peacock, R. D. (2014b) ‘A method for the analysis of 

behavioural uncertainty in evacuation modelling’, Fire Technology. Springer, 50(6), pp. 1545–

1571. 



 

 

175 

 

Ronchi, E., Nilsson, D., Kojić, S., Eriksson, J., Lovreglio, R., Modig, H. and Walter, A.L. 

(2016) ‘A virtual reality experiment on flashing lights at emergency exit portals for road tunnel 

evacuation’, Fire Technology. Springer, 52(3), pp. 623–647. 

Ronchi, E. and Nilsson, D. (2013a) ‘Fire evacuation in high-rise buildings : a review of human 

behaviour and modelling research’, Fire Science Reviews, 2(7), pp. 1–21. 

Ronchi, E. and Nilsson, D. (2013b) ‘Modelling total evacuation strategies for high-rise 

buildings’, Building Simulation, 7(1), pp. 73–87. doi: 10.1007/s12273-013-0132-9. 

Rosenbaum, M. J. H. and E. R. (2015) ‘Performance-Based Design’, in SFPE Handbook of 

fire protection engineering, pp. 1233–1261. 

Rüppel, U. and Abolghasemzadeh, P. (2010) ‘BIM-based immersive evacuation simulations’, 

International Conference on the Application of Computer Science and Mathematics in 

Architecture and Civil Engineering. 

Rüppel, U. and Schatz, K. (2011) ‘Designing a BIM-based serious game for fire safety 

evacuation simulations’, Advanced Engineering Informatics, 25(4), pp. 600–611. doi: 

10.1016/j.aei.2011.08.001. 

Santos, G. and Aguirre, B. E. (2004) ‘A critical review of emergency evacuation simulation 

models’. Disaster Research Center. 

Saunders, W. L. (2001) ‘Decision making model of behaviour in office building fire 

evacuations’. Victoria University of Technology. 

Sekizawa, A., Nakahama, S., Notake, H., Ebihara, M. and Ikehata, Y. (1996) ‘Study on 

Feasibility of Evacuation using Elevators in a High-rise Building’, University of Tokyo, Taisei 

Corporation and Shimizu Corporation. 

Severini, T. A. (2000) ‘Likelihood methods in statistics’. Oxford University Press. 

Shahabi, K. and Wilson, J. P. (2014) ‘CASPER: Intelligent capacity-aware evacuation 

routing’, Computers, Environment and Urban Systems. Elsevier, 46, pp. 12–24. 

Sherman, M.F., Peyrot, M., Magda, L.A. and Gershon, R.R.M. (2011) ‘Modeling pre-

evacuation delay by evacuees in World Trade Center Towers 1 and 2 on September 11, 2001: A 

revisit using regression analysis’, Fire Safety Journal. Elsevier, 46(7), pp. 414–424. 

Shi, L., Xie, Q., Cheng, X., Chen, L., Zhou, Y. and Zhang, R. (2009) ‘Developing a database 

for emergency evacuation model’, Building and Environment. Elsevier Ltd, 44(8), pp. 1724–



 

 

176 

 

1729. doi: 10.1016/j.buildenv.2008.11.008. 

Shields, T. J. and Boyce, K. E. (2000) ‘A study of evacuation from large retail stores’, Fire 

Safety Journal. Elsevier, 35(1), pp. 25–49. 

Siikonen, M. and Sorsa, J. S. (2010) ‘Elevator Evacuation Algorithms’, in Pedestrian and 

Evacuation Dynamics. Boston, MA: Springer US, pp. 637–647. doi: 10.1007/978-1-4419-9725-

8. 

Simon, H. A. (1956) ‘Rational choice and the structure of the environment.’, Psychological 

review. American Psychological Association, 63(2), p. 129. 

Slovic, P., Fischhoff, B. and Lichtenstein, S. (1977) ‘Behavioral decision theory’, Annual 

review of psychology. Annual review of psychology, 28(1), pp.1-39. 

Small, K. A. and Rosen, H. S. (1981) ‘Applied welfare economics with discrete choice 

models’, Econometrica: Journal of the Econometric Society, pp. 105–130. 

Smith, J. C. and Taskin, Z. C. (2008) ‘A tutorial guide to mixed-integer programming models 

and solution techniques’, Optimization in Medicine and Biology. Auerbach Publications, pp. 521–

548. 

Spearpoint, M. and MacLennan, H. A. (2012) ‘The effect of an ageing and less fit population 

on the ability of people to egress buildings’, Safety science. Elsevier, 50(8), pp. 1675–1684. 

Tang, C.-H., Wu, W.-T. and Lin, C.-Y. (2009) ‘Using virtual reality to determine how 

emergency signs facilitate way-finding’, Applied ergonomics. Elsevier, 40(4), pp. 722–730. 

Train, K. (2000) ‘Halton sequences for mixed logit’, Department of Economics, UCB. 

Train, K. (2003) ‘Discrete choice methods with simulation’. Cambridge University press. 

Train, K. and Croissant, Y. (2012) ‘Kenneth Train’s exercises using the mlogit package for 

R’, 25, pp. 1–30. 

Trochim, W. M. K. and Donnelly, J. P. (2001) ‘Research methods knowledge base’, Atomic 

Dog Pub. 

Tubbs, J. and Meacham, B. (2007) ‘Egress design solutions: A guide to evacuation and crowd 

management planning’, John Wiley & Sons. 

Tubbs, J. and Meacham, B. (2009) ‘Selecting appropriate evacuation strategies for super tall 

buildings: Current challenges and needs’, in Proceedings of the 4th International Symposium on 



 

 

177 

 

Human Behaviour in Fire. Robinson College, Cambridge, pp. 41–50. 

Vielma, J. P. (2015) ‘Mixed integer linear programming formulation techniques’, SIAM 

Review, 57(1), pp. 3–57. 

Williamson, B. J. and Demirbilek, N. (2010) ‘Use of lifts and refuge floors for fire evacuation 

in high rise apartment buildings’, in 44th Annual Conference of the Australian and New Zealand 

Architectural Science Association, Unitec Institute of Technology, Auckland. 

Wood, A. (2007) ‘Alternative Forms of Tall Building evacuation’, in Proceedings of: 

AEI/NIST Conference on High-Rise Building Egress. National Institute of Standards and 

Technology conference,‘Symposium on High-Rise Building Egress. 

Wood, A., Chow, W. K. and McGrail, D. (2004) ‘The skybridge as an evacuation option for 

tall buildings for highrise cities in the Far East’, Journal of applied fire science. Baywood 

Publishing, 13(2), pp. 113–124. 

Yang, X., Wu, Z. and Li, Y. (2011) ‘Difference between real-life escape panic and mimic 

exercises in simulated situation with implications to the statistical physics models of emergency 

evacuation: The 2008 Wenchuan earthquake’, Physica A: Statistical Mechanics and its 

Applications. Elsevier, 390(12), pp. 2375–2380. 

Zakay, D. (1993) ‘The impact of time perception processes on decision making under time 

stress’, in Time pressure and stress in human judgment and decision making. Springer, pp. 59–

72. 

Zhang, X. (2017) ‘Study on rapid evacuation in high-rise buildings’, Engineering Science and 

Technology, an International Journal. Elsevier, 20(3), pp.1203-1210. 

Zur, H. Ben and Breznitz, S. J. (1981) ‘The effect of time pressure on risky choice behavior’, 

Acta Psychologica. Elsevier, 47(2), pp. 89–104. 



Minerva Access is the Institutional Repository of The University of Melbourne

Author/s:
Aleksandrov, Mitko

Title:
Optimisation of evacuation process in tall buildings

Date:
2018

Persistent Link:
http://hdl.handle.net/11343/221546

Terms and Conditions:
Terms and Conditions: Copyright in works deposited in Minerva Access is retained by the
copyright owner. The work may not be altered without permission from the copyright owner.
Readers may only download, print and save electronic copies of whole works for their own
personal non-commercial use. Any use that exceeds these limits requires permission from
the copyright owner. Attribution is essential when quoting or paraphrasing from these works.

http://hdl.handle.net/11343/221546

