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ABSTRACT 

 

Despite continual improvements in the shipping industry related to structural design, 

operational practices, onboard technology and regulations, accidents still occur that result 

in sinking or capsize.  When this happens to passenger ships, the results are often shocking 

and devastating with loss of life, sometimes numbering in the thousands.  For this reason, 

the International Maritime Organization (IMO), which regulates the maritime industry, 

provides guidelines for evacuation analyses for passenger ships [1].  The scope of work 

presented in this dissertation fills gaps in our understanding of human performance during 

the evacuation process on passenger ships, particularly as it relates to passengers’ alarm 

response time, the influence of response time distributions on total assembly time predicted 

by the evacuation model maritimeEXODUS, passenger movement onboard during the 

assembly process, and methods for validation of evacuation models in general. 

 

The research carried-out was experimental in nature and involved a total of 5582 

passengers onboard three large passengers ships – a ferry without cabins, a ferry with 

cabins and a cruise ship.  All passengers had paid for their voyage and, prior to boarding, 

had no knowledge that an experiment was being conducted.  The experiment was carried-

out as a typical assembly exercise, which started with sounding of an alarm and ended 

when all passengers had been assembled.  Passenger response to the alarm was recorded 

using digital video cameras and routes to assembly stations and associated times were 

captured using a novel infrared light detection tracking system.  The dataset collected 

represents the most comprehensive collected to date for passenger response and movement 

during assembly trials at sea. 

 

Analysis of the data has provided important insights into the nature of response time 

distributions for passengers on ferries and cruise ships.  It was found that response time 

distributions generally took a lognormal shape, which is consistent with response time 

distributions measured in the built environment. Response time distributions generated 

from repeat trials on the same ship were statistically similar and could be combined to 

produce a single distribution for each ship - a powerful result suggesting that if the 

response times and demographics of a sufficiently large number of people are characterised 

for a given type of structure, an assembly exercise repeated under similar notification 

conditions should result in a similar distribution.  Another key finding was that response 
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time in cabin areas was not similar to that in public areas on the same ship.  In addition, 

response times for passengers in public areas on ferries was found to be statistically 

similar, while public space results for the cruise ship were different.  This suggests that 

different response time distributions should be used for different ship types. 

 

Passenger movement results have enabled the development of two unique datasets for use 

in validating ship evacuation models – one validation dataset which is relevant for ferries 

without cabins and the other for cruise ships.  The validation method developed enables a 

clear, yet objective means by which ship evacuation models can be assessed using the 

experimental data collected.  It is felt that the suggested validation protocol and acceptance 

criteria developed form a reliable basis for validating ship evacuation simulation tools.  

 

This research has resulted in the submission of two information papers to the IMO 

suggesting credible response time distributions relevant for different ships and different 

areas onboard, as well as a detailed method for conducting validation of ship evacuation 

models.  The recommendations being made from this work are significant since, if 

accepted by the IMO for inclusion in the regulations, will influence the design and 

construction of all new passenger ships worldwide. 
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“Believe me, my young friend, there is nothing — absolutely nothing — half so much worth doing as simply 

messing about in boats. Simply messing... about in boats — or with boats. In or out of 'em, it doesn't matter. 

Nothing seems really to matter, that's the charm of it. Whether you get away, or whether you don't; whether 

you arrive at your destination or whether you reach somewhere else, or whether you never get anywhere at 

all, you're always busy, and you never do anything in particular; and when you've done it there's always 

something else to do, and you can do it if you like, but you'd much better not.”  Kenneth Grahame, The Wind 

in the Willows [2]. 

1 Introduction 

1.1 Background 

 

Humankind has been travelling on the world’s oceans for millennia.  Pre-historic boats 

were simple in construction; while nobody knows for certain, the first boats were possibly 

dugout canoes [3], which enabled indigenous peoples to fish, hunt, transport people and 

goods, and to engage in combat.  The world’s oldest known ship was discovered in 10 m of 

water near Portsmouth, UK in 1997 and has been carbon-dated to 6448 years ago [4].  It 

was of wooden construction and simple in design, yet measured approximately 33 m in 

length. 

 

As technology and building techniques developed, ships became more complex and 

enabled the movement of large numbers of passengers and their vehicles, both for 

commuters, as well as those taking trips further afield.  The first roll-on/roll-off passenger 

(RO-RO / RO-PAX) ferries were developed in the 1830s [5] around rail systems and 

provided an efficient method for transporting people and goods across waterways. 

 

On 29 June 1900, the Hamburg Amerika Line launched the world’s first cruise liner – the 

Prinzessin Victoria Luise – a vessel designed solely for the purpose of ocean cruising 

(Figure 1).  The ship went aground less than six years later in Jamaica on the evening of 16 

December 1906, was safely evacuated the next morning and declared a total loss two days 

later [6].  While safety has always been a concern in the shipping industry, it was not until 

the sinking of the Titanic in 1912 with a loss of 1506 lives that the world took a systematic 

interest in ship safety, particularly that of passenger ships [7].  The loss of the Titanic led 

directly to the International Convention for the Safety of Life at Sea (SOLAS), signed in 
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London, UK on 20 January 1914.  SOLAS is “…generally regarded as the most important 

of all international treaties concerning the safety of merchant ships” [8] and has the main 

objective of specifying minimum standards for ship construction, equipment and operation. 

 

 

Figure 1 The Prinzessin Victoria Luise – the world’s first purpose-built cruise ship 

[6]. 

 

Following the Titanic disaster, in 1922 Cunard Line built the first cruise liner equipped for 

around the world cruising, Laconia, which provided a comfortable means of transatlantic 

transportation between Europe and North America.  However, transoceanic travel peaked 

in 1957 and started declining in 1958 [9] after Pan American Airlines introduced nonstop 

air travel between Europe and New York.  By the 1960s, cruise ships were used primarily 

for recreational purposes – a way to vacation at sea – with Princess Cruises becoming the 

first of today’s modern cruise lines focusing on leisure travel [9].  The cruise sector has 

grown substantially since that time – according to [10], in 1970 some 500,000 people 

worldwide vacationed on cruise ships, as compared with a staggering 22,000,000 in 2014 

[11]. 

 

Despite the introduction of SOLAS and increasing levels of regulation, training and 

onboard technological developments, the incidence of passenger ship accidents requiring 

evacuation is surprisingly common.  In the 20 years from 1978 to 1998, over 5,300 

passengers died in ferry accidents worldwide.  This is an unfortunate statistic that has not 

changed greatly since 1998 and the result is that ferry travel is approximately 10 times 
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more dangerous than travel by commercial airliner [12].  Transportation statistics for the 

United States in 2008, report that fatality rates for transport by ferry are second only to 

those by motor vehicle (Figure 2) and the same trend is seen for the United Kingdom 

between 2004 and 2013 (Figure 3).  Since 2005, a total of 72 passenger ship losses have 

been reported in the Allianz 2015 Shipping Review [13] as depicted in Figure 4.  Further 

reported by [13], there were a total of 1,592 ship losses between 2000 and 2010 (Figure 5), 

where cruise and passenger ships make-up 6.3% of the total.   

 

Figure 2 Fatality rates per billion passenger km travelled in the US, 2008 [14]. 

 

Figure 3 Average annual passenger fatality rates per billion km travelled for UK 

2004-2013 [15]. 
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Figure 4 Passenger ship losses 2005-2014 [13]. 

 

A survey of passenger ship incidents between 1990 and 2002 [16] indicates that the three 

predominant causes for evacuation from passenger ships are fire, collision and grounding.  

The article [16] suggests that while fire was historically considered to be the most relevant 

issue resulting in evacuation from passenger ships, analysis shows that collision and 

grounding are even more critical since these types of accidents generally leave less time for 

evacuation than fires do.  The authors of [16] argue that while the probability of fire 

(2.6x10
-3

 for cruise ships) is higher than grounding or collision (1.1x10
-4

 and 6.9x10
-4

, 

respectively), the potential for loss of life is considerably higher for grounding and 

collision events (1.5x10
-1

 and 1.3x10
-1

 respectively) compared with fire events (1.4x10
-2

).  

 

Design of ships in modern times is based on rules established by classification societies 

(e.g.  Lloyd’s Register (UK), American Bureau of Shipping (USA), Bureau Veritas (FRA), 

Germannischer Lloyd (GER), Det Norske Veritas (NOR)) and international and national 

regulations.  The most important regulatory body for the shipping industry is the 

International Maritime Organization (IMO) - a specialized agency of the United Nations 

responsible for developing regulations and measures that improve the safety, security and 

prevention of pollution for international shipping. 
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Figure 5 Ship losses between 2000 and 2010 by ship type [13]. 

 

Originally named the Inter-Governmental Maritime Consultative Organization (IMCO), 

the IMO was established through a UN convention in Geneva in 1948 and met for the first 

time in 1959.  Currently, the IMO has 170 member states [17].  In 1982, the name was 

changed to what it is currently.  The IMO sets forth a wide range of requirements with the 

ultimate aim of ensuring safety of vessels at sea.  In addition to the development of 

regulations to help prevent accidents in the maritime sector, the IMO also makes 

provisions for emergency response if accidents occur.  Of particular relevance for 

passenger ships, the IMO provides guidance through SOLAS and the Life Saving 

Appliance (LSA) Code [18] on such things as emergency alarms (LSA Code Section 7.2), 

two-way communications, muster lists (SOLAS III/8 and III/37) thermal protective aids for 

passengers (SOLAS III/7 and III/22), lifeboats (SOLAS III/21), provision of rescue boats 

(SOLAS III/21), lifebuoys (SOLAS III/7.1 and III/22) and lifejackets (SOLAS III/7, III/22 

and III/26) [19]. 

 

Table 1 gives a summary of the IMO’s most recent maritime risk statistics for 2006-2010 

for ships worldwide that are subject to its conventions and instruments [20].  It presents the 

number of lives “at risk” (i.e. travelling or working at sea) in comparison to the number of 

lives lost at sea each year.  The data presented in this table can be a little misleading, as it 
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appears to show that the total ratio of lives lost at sea to those travelling at sea is decreasing 

over the period.  However, when one considers the potential impact that a single passenger 

ship disaster might have on these numbers, it becomes clear that the risk (in the classical 

quantitative sense) is high for this mode of transportation.  Consider Equation (1): 

 

 Risk = Probability x Consequence (1) 

Where: 

Probability = likelihood of an accident 

Consequence = severity of an event 

 

To illustrate the point, if we assume that the probability of a passenger ship accident 

happening does not change much from year to year for any given region, then the 

consequence (injury and/or death of passengers) will increase as the vessel capacity 

increases.  Thus, if more and larger vessels are constructed, it is reasonable to expect that 

risk (according to Equation (1)) in the industry, as a whole will increase. 

 

Table 1 Ratio of lives lost (seafarers and passengers) to total lives at risk for ships 

subject to IMO Conventions and other instruments [20]. 

 2006 2007 2008 2009 2010 

Lives Lost – All Ships 1,825 525 1,160 699 250 

Estimated Seafarers 1.232x10
6
 1.277x10

6
 1.246x10

6
 1.266x10

6
 1.371x10

6
 

Estimated Passengers 1.647x10
9
 1.700x10

9
 1.914x10

9
 2.155x10

9
 2.077x10

9
 

Total Passengers & 

Seafarers 

1.648x10
9
 1.701x10

9
 1.915x10

9
 2.156x10

9
 2.078x10

9
 

Ratio (Best Estimate) 1.11x10
-6

 3.09x10
-7

 6.06x10
-7

 3.24x10
-7

 1.20x10
-7

 

 

The risk associated with post accident emergency response is mitigated in various ways, 

such as using the results of evacuation analysis findings to improve vessel design, 

conducting drills with both passengers and crew, improving training requirements and 

technologies (e.g. through use of simulation), equipment and machinery onboard and 

systems to locate and count individuals as they assemble.  We will not know if these 

efforts are effective unless the rate of accidents starts to decrease, thereby counterbalancing 

the increased severity imposed by increasing the capacity for passengers. 
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While all sinking events with loss of life are significant, the data presented in Table 1 

includes two severe events in 2006 – the loss of the passenger ships MV Senopati 

Nusantara (500 fatalities) and MS al-Salam Boccaccio (1,026 fatalities) which together 

make-up more than 80% of the total lives lost in shipping accidents that year.  Similarly, 

the data for 2008 comes largely from one event – the loss of the passenger ship MV 

Princess of the Stars (800 fatalities) which alone accounts for almost 70% of the total 

losses in that year.  The data presented in Table 1 ends in 2010 and does not include such 

events as the loss of the MV Spice Islander I (in 2011 with 2,976 fatalities), the MV Sewol 

(in 2014 with 304 fatalities) and the CS Costa Concordia (in 2012 with 32 fatalities but 

with the potential for a much higher number).  Again, all of these vessels were subject to 

the conventions and instruments of the IMO.   

 

1.2 Summary of Research Area and Objectives 

 

SOLAS III/21.1.3 [19] specifies the maximum time it should take to prepare, board and 

launch survival craft from a passenger ship: 

 

All survival craft required to provide for abandonment by the total number of 

persons on board shall be capable of being launched with their full 

complement of persons and equipment within a period of 30 min from the time 

the abandon ship signal is given after all persons have been assembled, with 

lifejackets donned. 

 

But how long should the process of assembling all passengers and lifejacket donning take 

(the step just prior to abandonment)?  These are important considerations in passenger ship 

evacuation and represent the main focus of the work presented in this dissertation; that is, 

passenger response to alarms and passenger movement to assembly stations.  The research 

presented here does not consider donning of lifejackets.  SOLAS II-2/13.7.4 [19] requires 

that: 

 

Escape routes shall be evaluated by an evacuation analysis early in the design 

process.  The analysis shall be used to identify and eliminate, as far as 
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practicable, congestion which may develop during an abandonment, due to 

normal movement of passengers and crew along escape routes, including the 

possibility that crew may need to move along these routes in a direction 

opposite to the movement of passengers.  In addition, the analysis shall be 

used to demonstrate that escape arrangements are sufficiently flexible to 

provide for the possibility that certain escape routes, assembly stations, 

embarkation stations or survival craft may not be available as a result of a 

casualty. 

 

This Regulation further refers to the IMO Circular: “Guidelines for evacuation analysis for 

new and existing passenger ships” (IMO MSC.1/Circ.1238) [21].  A more detailed 

overview of this document is presented in Chapter 2 but, in summary, the circular provides 

guidelines for the approved process and requirements for performing an evacuation 

analysis of a given ship design.  Two methods are offered - one using simplified 

calculation procedures (the so-called hand-calculation method) and the other using 

advanced calculation procedures (typically through specially designed software).  The 

research presented in this dissertation provides supporting data to fill knowledge gaps in 

the advanced calculation procedures, namely: (1) the nature of passenger response to 

alarms and (2) how to validate ship evacuation modelling software with experimentally 

obtained data.  The term response time has different meanings, depending on the field of 

application.  For instance, response time in search and rescue (SAR) refers to the time 

between notification of an incident and time of departure from the SAR base [22].  

Response time in the context of emergency evacuation is often referred to as a person’s 

pre-movement or pre-evacuation time in the built environment.  Since the IMO uses the 

term response time for maritime applications, it is the term used throughout this 

dissertation. 

 

It is worth noting that since this research began in April of 2009, there have been at least 

fourteen passenger ship accidents (outlined in detail in Chapter 2) that have resulted in 

over 4,000 fatalities.  These accidents have all involved vessels that were subject to the 

conventions and instruments of the IMO.  The timing of these accidents and the research 

presented in this dissertation also bracket the 100-year anniversary of the sinking of the 

Titanic in the North Atlantic and the subsequent loss of 1,503 passengers and crew.  Much 

has been done to improve passenger ship safety since the Titanic but, clearly, much more 



 

 9 

work remains.  The uniqueness and comprehensive nature of the research presented in this 

dissertation has resulted in an improved understanding of human behaviour and 

performance during simulated emergencies on passenger ships.  It is intended that these 

efforts will further result in improvements to international regulations at the IMO and 

ultimately save lives through improved ship design. 

 

There are inherent risks in all areas of the transportation sector.  As shown in Figure 2 and 

Figure 3, fatalities in the maritime passenger transportation sector rank second only to 

those in the motor vehicle category.  Despite a focus on preventative measures, we can 

reasonably expect that accidents will continue to happen in the passenger ship sector.  

Thus, until such time as accident prevention is 100% effective, it is important for naval 

architects to understand and plan for the efficient evacuation of passengers and crew at sea.  

Being able to realistically model the evacuation process for a given ship design is an 

important part of the design process in order to identify areas for improvement to ensure 

efficient evacuation, if required.  Having confidence in the accuracy of evacuation 

simulation results is difficult unless the mathematical model has been validated, which 

requires not only an understanding of the vessel parameters but also the behaviour and 

performance of humans that are contained within. 

 

Quantifying human behaviour and performance in any situation is a challenging task, 

which makes modelling even more challenging.  The Oxford English Dictionary online 

[23] defines behaviour as the “manner of conducting oneself in the external relations of 

life; demeanour, deportment, bearing, manners”.  Skinner [24] suggests that behaviour is a 

primary characteristic of living things and that as a subject matter, does not become 

accessible only with the invention of a tool such as a microscope.  He further elaborates 

that, from the perspective of independent scientific investigation, our familiarity with 

behaviour (“we all know thousands of facts about behaviour”) puts us at a disadvantage 

because we are inherently biased about certain aspects of behaviour that may not be 

supported by proper scientific rigour. 

 

Skinner explains succinctly that: 

 

Behaviour is a difficult subject matter, not because it is inaccessible, but 

because it is extremely complex.  Since it is a process, rather than a thing, it 
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cannot easily be held still for observation.  It is changing, fluid, and 

evanescent, and for this reason it makes great technical demands upon the 

ingenuity and energy of the scientist.  But there is nothing essentially 

insoluble about the problems which arise from this fact. 

 

The behaviour of humans is naturally complex but, as Skinner suggests, this does not mean 

that the problem of understanding behaviour cannot be solved through a process of careful 

and systematic investigation.  Human performance can be characterised in any number of 

ways, including: physiological (physical function), psychological (mental and emotional 

function), sociological (cultural and social function).  While these are all important areas 

for scholarly activity, this dissertation does not attempt to delve into what may be 

happening between the ears, but rather how people tend to behave outwardly in the 

scenarios presented.  This dissertation puts particular focus on the novel research methods 

employed in order to collect human performance data (Chapter 3) required to answer the 

different research questions posed, which relate mainly to how people behave in ship 

emergencies. 

 

In general terms, the ship evacuation process can be divided into two steps – the initial 

process of assembly, in which passengers gather in pre-identified safe locations onboard 

where they can be counted and receive further instructions; and the secondary process of 

abandonment in which passengers move from the assembly areas to life-saving appliances 

(such as slides, chutes, lifeboats and liferafts) to get away from the ship.  The abandonment 

process tends to take place only for cases where it is clear that the ship is in peril and will 

not safely remain afloat.  This dissertation will only deal with the initial step of assembly in 

the ship evacuation process. 

 

In many ways, the evacuation process onboard ships is similar to that in buildings where 

occupants must first respond to the evacuation cues (visual, olfactory or auditory, including 

alarms) and then move to a place of safety before exiting the building.  As with ships, the 

geometry and occupants’ familiarity with the layout of a building play a role in the 

effectiveness of the evacuation in terms of time to evacuate, congestion levels that arise 

and the flow rates of people through exits. 
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The evacuation process for buildings has been studied in detail since the 1960s and 70s 

when Fruin and others [25][26][27] began characterising walking speeds of people in the 

built environment.  Since then, safe building evacuation time has been written as a 

performance-based Equation (2): 

 

           (2) 

 

Where RSET is defined as the required safe evacuation time and ASET is the available 

safe evacuation time.  Thus, a design is considered safe when the time available for 

evacuation exceeds the time required [28][29][30].  In the context of ship evacuation, we 

can define two sets of RSET/ASET values, one set associated with the assembly onboard 

the ship and one set associated with the abandonment from the ship.  For the assembly 

process, ASET is arbitrarily set as the given pass/fail criterion in the IMO guidelines and 

RSET is the time required for the passengers to assemble, which is determined by the 

evacuation simulation software.  In reality ASET would be determined by a combination of 

fire and stability software which would be used to determine the point at which it was no 

longer possible for passengers to safely assemble. 

 

For the abandonment process, ASET is the time at which it is no longer possible to launch 

the lifeboats.  This would be determined by ship stability software that would be used to 

determine the point at which the vessel took on a 20° heel.  The RSET would be the 

boarding, abandonment and sail away time (i.e. the time to get the passengers from the 

assembly stations into the lifeboats and to launch the boats and safely sail away a safe 

distance from the ship). 

 

More recently, Galea et al. [31] developed a framework (illustrated in Figure 6) to describe 

human behaviour during evacuation, in which the overall evacuation time is divided into 

two main phases – the Response Phase and the Evacuation Movement Phase.  While [31] 

presents this framework in the context of evacuation from buildings, it can also be applied 

to passenger ship scenarios.  The focus of this dissertation is on the response phase 

(specifically the collection of individual passenger response times on different ships) and 

the evacuation movement phase up to the end of the assembly process (specifically the 

collection of individual assembly times to provide a basis for evacuation model validation).  
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Strictly speaking, for passenger ships, the evacuation movement phase would also include 

abandonment from the ship, however, this is not considered here. 

 

From Figure 6, the response phase is divided into three distinct stages: notification, 

cognition and activity [31].  In a real situation, the notification stage begins when 

passengers identify the first cues that an evacuation may be required – this could be an 

event observed visually, an unusual sound (or alarm), an unexpected vessel movement, or 

an unusual smell (such as smoke).  In the context of the research presented in this 

dissertation, the notification stage always began with the sounding of the ship’s alarm. 

 

At the end of the notification stage, the passenger starts to disengage from whatever his/her 

activity was at the sounding of the alarm.  This new stage is referred to as the cognition 

stage.  During this stage, the passenger becomes focused on the evolving situation related 

to the alarm.  The cognition stage typically ends when the passenger begins performing 

different tasks that may have been considered during the alert stage in order to get ready to 

move away from the area – the activity stage.   

 

 

Figure 6 Depiction of the required safe evacuation time (RSET), showing the 

different subcategories of emergency response behaviour [31]. 



 

 13 

The tasks undertaken in the activity stage fall into one or both of the following categories:  

 

 Action tasks: physical activities involving movement within the area (e.g. 

packing a bag, putting on a coat, finishing a drink/meal). 

 Information tasks: activities involving the acquisition or conveyance of 

information (e.g. asking someone what is going on, telling 

someone to do something). 

 

The activity stage ends when all of these tasks have been completed.  This point is also the 

end of the response phase and the beginning of the evacuation movement phase – when 

passengers move toward the assembly station.  The response time then is the cumulative 

time taken to complete the notification, cognition and activity stages.   

 

While it would be useful to be able to precisely identify the start and end of each stage of 

response behaviour, in practice it is generally not possible.  It would be very difficult, for 

example, to determine precisely when someone has detected the first cues that may require 

an evacuation (with the exception of the sounding of an alarm).  It is also generally not 

possible in practice to determine the transition time between the cognition and activity 

stages.  For example, identifying when someone has stopped talking about their current 

activity and has started talking about how to respond to the cues they are receiving, unless 

it were possible to audibly follow the conversation during analysis.  This is not a practical 

consideration, given the number of passengers involved in the analysis, background noise 

and the variety of different languages being spoken.  While it is generally possible to 

determine when passengers begin the activity stage, it is not possible to identify when the 

cognition stage ends, as it could continue throughout the activity stage. 

 

While a naval architect designing a vessel has little control over what the passengers will 

do in the event of an emergency, it is generally understood that ship design for evacuation 

can be carried-out in such a way as to improve the flow of large numbers of passengers 

from their initial locations throughout the ship to the assembly stations in order to be ready 

for evacuation if required.   
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Thus, the main objectives for the research presented in this dissertation were to: 

 

1. Address knowledge gaps in our understanding of passenger response time on large 

passenger ships; 

2. Collect validation data for passenger ship evacuation models;  

3. Use the data collected to develop a dataset for validating ship evacuation models; 

and 

4. Suggest improvements to international regulations that govern passenger ship 

evacuation analysis, which are based primarily on the findings of Objectives 1 - 3. 

 

1.3 Overview of Key Research Questions 

 

Loss of life on passenger ships can occur through a wide range of events, including 

onboard violence, illness, suicide and accidental man overboard.  It is not the intent of this 

dissertation to investigate all manner of events onboard ships that result in loss of life.  The 

focus here is to examine more closely what happens during large-scale, low probability - 

high consequence events such as fire, capsize or sinking that require the movement of large 

numbers of passengers in response to a call to assemble (i.e. the first step in the process of 

preparing to abandon ship).  Clearly, the most effective means for ensuring the safety of 

those onboard is to prevent such incidents from happening at all.  The naval architectural 

engineering profession and associated scientific community has been quite successful at 

improving ship design to resist capsize and sinking following different types of structural 

and system failures, however, these advancements are unlikely to ever result in complete 

prevention of incidents that may require assembly and abandonment at sea.  Thus, it is 

important to make evacuation design decisions, particularly those relating to the vessel’s 

general arrangement, in such a way as to allow for efficient movement of passengers to 

assembly stations.   

 

Successful ship abandonment can be divided into distinct phases, which are defined by 

different human behaviours.  As noted in the previous section, the individual’s initial 

reaction to evacuation cues (including alarms) up to the point that he/she starts purposeful 

movement away from their initial location towards the assembly station is generally 

referred to as the pre-evacuation phase and the time it takes as the individual’s response 
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time.  The response time of passengers plays a significant role in how efficiently the 

assembly process is completed [32].  For example, if all passengers respond to cues/alarms 

at exactly the same (highly unlikely in practice), one might expect greater levels of 

congestion to develop (assuming sufficient numbers of passengers are onboard), which 

would lead to delays in completing the assembly.  Computer-based evacuation simulation 

models exist so that a ship’s general arrangement can be assessed for evacuation scenarios.  

However, it is important that such models be based on realistic actions that passengers may 

undertake and the associated times representative.  This is a difficult dataset to collect in a 

way that gives confidence in the usefulness of the results. 

 

It follows from the preceding discussion that some important questions remain concerning 

the evacuation of passenger ships and it is the response to these questions that forms the 

basis for this dissertation.  The work presented herein is experimental in nature and the 

data collected and associated analysis provides answers to each of the four main research 

questions that follow: 

 

1. How do we collect realistic passenger ship evacuation data while ensuring the safety 

of passengers and balancing the responsibility and requirements of the Captain and 

crew, research team, ship owner and regulatory authority? 

 

Being able to collect realistic ship evacuation data is important to enable continued 

development of safety regulations and evacuation models used for ship design.  It is 

important that such datasets be collected in-situ onboard ships with actual, paying 

passengers and in sufficient numbers to provide datasets with statistical significance.  

While it is important that the needs of the research team be met, this work can only be 

carried-out through careful discussion and planning with the ship’s Captain and crew, the 

ship owner and under the requirements of relevant research ethics and regulatory 

authorities.  The research team must have a solid understanding of the data requirements 

and determine the best means for collecting it.  It will be shown that, with the proper level 

of understanding and planning, this can be done safely at sea in a reliable and realistic 

manner.  Related sub-questions that must be considered when answering question #1 are: 

 

1a) What are the regulatory requirements for conducting an evacuation assessment 

of a passenger ship and what knowledge gaps exist in these requirements? 
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1b) What are the key components of people’s evacuation behaviour and how can we 

measure it on passenger ships? 

1c) Can an experiment be designed and executed that will allow us to fill the 

knowledge gaps noted in (a) and measure behaviour identified in (b)? 

1d) Are the data collection methods noted in (c) reliable, feasible and safe to use 

with large numbers of passengers? 

1e) Are there any significant ethical concerns for conducting such full-scale 

experiments and, if so, how are they addressed? 

 

2. Can we collect representative and detailed response time data for passengers 

responding to alarms on passenger ships? 

 

Collecting response time data for passengers enables a better understanding of the main 

factors that determine passenger performance when responding to alarms.  It will be shown 

that a large number of passenger response times can be successfully and safely collected 

onboard different passenger ships and that response behaviour varies, depending on where 

individuals are located onboard the ship at the time of the alarm and the type of ship they 

are on.  Some related sub-questions that must be considered when answering question #2 

are: 

 

2a) Given the arduous task of assessing passenger behaviour from video methods, 

how do we ensure reliability of the data capture methods? 

2b) What mathematical form do passenger response times take when developed as 

statistical distributions and how well does this form match the data sets 

collected? 

2c) Is response behaviour different on different ships or in different regions of the 

same ship? 

2d) Do population demographics significantly influence passenger response 

behaviour (e.g. males vs. females, age, presence of travelling companions or 

family members)? 

2e) Can we expect response behaviour on a given ship to be the same with a 

different population of passengers? 

2f) Do different response time distributions produce significantly different results 

when used to model evacuation behaviour? 
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3. How do we objectively determine the degree of agreement between ship evacuation 

model predictions and experimental data? 

 

Objectively determining how well ship evacuation model predictions compare with 

experimentally produced data sets is of key importance when attempting to validate such 

models.  The term objective is deliberately used here as it is not reasonable to be subjective 

when comparing models results to experimental, as is suggested in harmless statements 

such as “…model results compare well with those obtained from experiments…” which 

are often written without much thought about their meaning.  This is particularly important 

for the work discussed in this dissertation because models that predict the nature of 

evacuation from passenger ships can influence how a ship is designed and whether or not it 

is considered to meet regulatory requirements.  This has implications for both vessel cost 

and the safety of those onboard.  In answering research question #3, we must also 

determine answers to the following: 

 

3a) What quantities or variables provide the best indication of how well model 

predictions compare with experimentally obtained data? 

3b) Do numerical methods exist to quantify how well the overall shape of two 

curves compare with each other? 

3c) Do numerical methods exist that enable us to quantify how proximate two 

curves are to each other, in a global sense? 

 

 

4. Can we collect a dataset for use in validating ship evacuation models? 

 

To date, it has not been possible to fully validate ship evacuation models that determine if 

a given ship design meets the requirements set forth by the IMO.   This represents a 

significant gap in the knowledge for passenger ship evacuation modelling, as well as a 

potential problem for ships assessed using such tools.  If we cannot systematically, 

formally validate the predictions made by ship evacuation models, then are we not just 

watching dots move about the computer screen and hoping that the predictions are 

realistic?  As noted above, the implications of this issue are potentially quite serious and 

wide-reaching since they have a direct impact on the design of passenger ship general 
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arrangements all over the world.  With some of the largest passenger ships carrying more 

than 6,000 passengers and 2,000 crew the risk is considerable.  It is obvious why this 

knowledge gap exists – validating evacuation models requires a reliable dataset defining 

the behaviour and performance of large numbers of people in a variety of situations and 

environments.  It is clearly a challenging task.  Research question #4 represents the 

culmination of all the research efforts in this thesis and answering it is carried-out through 

a series of smaller but important sub-questions: 

 

4a) What datasets are required for model validation? 

4b) What ship types should be tested so that the validation data sets are most 

representative? 

4c) What level of accuracy is required in the dataset? 

4d) What pass/fail criteria should be suggested in the method? 

4e) Are the dataset and validation method relatively easy for software manufacturers 

to understand and use for validating their software and will models have 

difficulty meeting the required performance? 

4f) Will it be possible for software developers to “fudge” validation results? 

 

The remainder of this chapter will present the thesis scope, discuss the novel nature of the 

work performed and provide an outline of the chapters that follow. 

 

1.4 Thesis Scope 

 

The work presented in this dissertation is based on research carried-out as part of the 

SAFEGUARD project.  SAFEGUARD was funded through the Sustainable Surface 

Transport funding scheme of the European Union Seventh Framework Programme, as well 

as by the Research and Development Corporation of Newfoundland and Labrador and 

Transport Canada through its Marine Safety Department.  The project represents a 

significant research effort with a project consortium comprised of nine partners located in 

Europe and Canada: BMT Group Ltd. (UK), Fire Safety Engineering Group of the 

University of Greenwich (UK), Offshore Safety & Survival Centre of the Marine Institute 

(Canada), Bureau Veritas (France), Principia Marine (France), Safety @ Sea Ltd. (UK), 
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Color Line Marine AS (Norway), Royal Caribbean Cruise Lines (Finland) and Minoan 

Lines Shipping AS (Greece). 

 

Given the complexity of the project, it is important to understand that all partners 

contributed significantly to the work that was carried-out.  It is also important to 

understand that the work presented in this dissertation was carried-out solely by me as part 

of my PhD studies or work that I was significantly involved in.  In particular, this includes: 

 

- A review of literature (Chapter 2). 

- Determining methods for data acquisition, including a variety of tests performed to 

characterise the best system for tracking passengers on ships at sea (Chapter 3). 

- Planning and conduct of sea trials on the three different ships (Chapter 4). 

- Development of standardised scripts for the Captain and crew, information leaflets 

provided to passengers and the development of questionnaires provided to 

passengers (Chapter 4). 

- Initial analysis of video collected (Chapter 5), associated inter-rater reliability tests, 

subsequent detailed analysis of passenger response time and development of 

response time distributions (Chapter 6). 

- Analysis of passenger movement data and total assembly time for passengers on 

each vessel (Chapter 7). 

- Development of a method for validating ship evacuation model results using the 

collected response time and route data (Chapter 7). 

- Comparative evacuation modelling for a hypothetical ship design developed by the 

University of Greenwich (UoG) to demonstrate the impact of the newly collected 

response time datasets on the modelling results (Chapter 8). 

- Providing recommendations for improvements to international regulations 

governing passenger ship evacuation analysis protocols (Chapter 6 and Chapter 7). 

 

Additional efforts by the project team that did not involve me are not presented here.  This 

includes development and testing of new benchmark scenarios for ship evacuation 

analysis, modelling efforts involving the other ship evacuation models EVi 

[33][34][35][36] and ODIGO [37][38], fire modelling and analysis of questionnaire data.  

In addition, given the scope of work laid out for my studies and the depth and breadth of 

data collected, there are additional aspects of the datasets that it was not feasible to delve 



 

 20 

into as part of this dissertation but should be examined at a later date to provide further 

insight in the field. 

 

1.5 Novelty of Research Undertaken as Part of this Thesis 

 

The research presented in this dissertation is novel in a number of ways: 

 

1. It is the first time that human alarm response time has been characterised with 

actual, paying passengers onboard different types of passenger ships at sea that is of 

quality sufficient for statistical significance. 

2. It presents a means by which individual passenger routes can be accurately 

collected onboard ships and, indeed, in other environments during the assembly 

process. 

3. It provides a method for validating passenger ship evacuation analysis models 

through the use of full-scale sea trials data collected during experiments onboard 

different types of large passenger ships. 

 

1.6 Thesis Outline 

 

This dissertation is organised into eight chapters that outline the main areas of work 

undertaken.  A brief summary of each chapter is given here. 

 

Provide an overview of the ship evacuation process, the relevant regulatory framework, 

previous relevant evacuation studies, methods for data acquisition and existing ship 

evacuation models.  Chapter 2 will present a detailed review of the relevant literature 

regarding what typically happens during a ship evacuation.  Given that every ship 

evacuation is different, this is a challenging task and what is provided is meant to give a 

general understanding of the important processes that passengers may be required to 

undertake in order to evacuate from a ship in distress.  The chapter then gives a detailed 

review of previous studies to define human evacuation behaviour which are considered 

most relevant to the work in this dissertation.  This review includes previous ship 

evacuation studies but also studies that have been undertaken in the context of the built 

environment that may be considered relevant to passenger ships.  A review of the 
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complicated regulatory environment as stipulated by the IMO is then provided in detail.  

This is a vital piece of the ship evacuation puzzle as it is the main driver for determining 

design requirements and ultimately whether a vessel is considered safe from an evacuation 

point of view.  Given its importance to an experimental study such as this, the chapter then 

provides a review of the different technologies and methods reported in the literature that 

relate to the measurement of human evacuation behaviour at full scale.  Finally, an 

overview of different evacuation models is presented, starting with building evacuation 

models and then examining the different ship evacuation models available. 

 

Determine the requirements for data acquisition and outline the associated 

developmental testing undertaken. Chapter 3 first examines the data required in order to 

meet the project objectives.  This chapter then focuses on the main data acquisition 

methods, namely video recording, automatic path tracking and questionnaires.  The 

synchronisation methods and positioning of video cameras is presented, along with 

associated testing to confirm reliability of the video record for capturing passenger 

response time and also for confirming that the chosen automatic path logging technology 

was accurate.  The chapter also provides a detailed outline of the different path logging 

equipment tested, the tests undertaken and results for each in the context of preparing for 

system procurement for the trials.  Finally, this chapter presents additional testing that was 

undertaken with the tracking system to demonstrate its capability for future investigations 

into movement of people in the built environment. 

 

Plan and conduct large-scale experiments on three different types of passenger ships.  

Chapter 4 outlines the details of the planning and logistics required to successfully carry-

out the trials onboard 3 large passenger ships – a ferry without cabins (Color Line 

SuperSpeed 1 in the North Sea), a ferry with cabins (Minoan Lines Olympia Palace in the 

Adriatic Sea) and a cruise ship (Royal Caribbean Cruise Lines’ Jewel of the Seas in the 

North Sea).  Logistical considerations for conducting experiments on this scale are very 

important and without detailed planning, unexpected issues can arise that could result in 

collection of irrelevant or poor quality data, loss of data or failure of the project.  Given 

that there are real health and safety risks associated with assembling passengers at sea, as 

well as potential financial risks to the ship’s operation on the chosen routes, the ship 

owners, Captains and crew would be unwilling to facilitate the experiments without a 

detailed level of planning and consultation. This chapter provides a detailed explanation of 
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the experimental methods and trial plans that were developed for each of the three ships in 

order to successfully answer the research questions posed while ensuring the safety of all 

involved.  This chapter provides information about the ethics approval received and 

outlines elements of the project that were common to planning the trials on all three 

vessels.  Sections are then provided that outline the planning details relevant for each ship 

tested. 

 

Assemble and provide an overview of the data collected.  Following each set of trials on 

the ships, all collected data sets were backed-up to a redundant online data storage server at 

the UoG to ensure security of the data collected and to enable analysis to commence as 

early as possible.  Video analysis was undertaken by three members of the UoG project 

team (including the author) to determine general population demographics and the 

response time for as many passengers as possible.  This was a meticulous process that took 

many months to complete and required considerable initial testing and development to 

ensure consistency between the analysts.  Chapter 5 outlines the details of the video 

analysis methodology, along with the methodology used to analyse the IR data collected.  

An overview is also provided of the quantity of data collected and the general nature of it 

in terms of quality and any problems encountered when compiling the data for analysis. 

 

Conduct a detailed analysis of the response time data in conjunction with demographic 

and ship-specific information.  Chapter 6 outlines the analysis undertaken of passenger 

response time data distilled from video analysis for the three ships.  The analysis shows 

how passenger response time is statistically different depending on the ship type, as well as 

the region of the ship in which passengers are responding.  Analysis also suggests if it can 

be expected that different passengers will respond to an alarm in a similar manner within 

the same structure and under the same conditions.  Finally, this chapter provides detailed 

definitions of passenger response time as a function of age, gender, location on the ship 

and whether or not they may have been part of a group of travelling companions.  A 

comparison is also provided with existing response time distributions provided in the 

literature and sums-up with recommendations for updating IMO regulations using the new 

response time distributions collected. 

 

Provide an overview of the individual passenger path data collected and develop a ship 

evacuation modelling validation dataset.  Chapter 7 provides an overview of the 
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passenger movement data collected using the automatic tracking system during trials on all 

three ships.  While the dataset is rich in position data throughout the assembly process, the 

summaries provided in this chapter will give, for each ship, the first known location for 

each passenger after the alarm and final assembled time and location.   An overview is then 

provided that describes the modelling carried-out with the maritimeEXODUS 

[39][40][41][42][43] software in which, the general starting location for passengers, ship 

geometry and measured response times were used.  A particular focus is placed on the 

mathematical method of functional analysis chosen for objectively comparing the 

experimentally obtained assembly curves to those from modelling.  This chapter concludes 

with an assessment of the method chosen and suggests the acceptance criteria that should 

be considered for objectively validating ship evacuation models.   Recommendations are 

then provided for updating the IMO regulations using the validation datasets developed. 

 

Assess the impact of the new response time distributions using a hypothetical ship model 

in maritimeEXODUS software.  Chapter 8 outlines the results of comparative modelling 

carried-out with a hypothetical passenger ship design in maritimeEXODUS.  Modelling 

uses the IMO evacuation analysis guideline requirements to provide baseline results, as 

well as the different newly developed response time distributions presented in Chapter 6.  

Results demonstrate the impact that the different response time distributions (RTDs) have 

on predicted total assembly time.   

 

1.7 Chapter Summary 

A background of passenger ships and the development of the cruise ship industry have 

been provided in this chapter.  From this we have seen two important trends – the number 

of people travelling and vacationing at sea is increasing every year; and accidents that 

result in loss of life happen with surprising regularity.  Given that passenger ships, 

particularly cruise ships, are also increasing in passenger capacity, these trends are 

concerning.  An introduction to the International Maritime Organization (IMO) has been 

provided and the important role that regulation plays in establishing safety of passenger 

ships outlined.  Of particular importance is the IMO document MSC.1/Circ.1238 [21] - 

evacuation analysis guidelines for new and existing passenger ships, which forms the basis 

for much of the research presented in the remainder of this thesis. 
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The main concepts associated with human behaviour in evacuation situations have also 

been introduced.  Particular focus is placed on a framework developed by Galea et al. [31], 

which divides the main phases of evacuation behaviour into the response phase and the 

evacuation movement phase.  It is the characterisation of these two phases of evacuation 

behaviour that this thesis is primarily concerned with quantifying. 

 

The objectives and key research questions have been identified in this chapter and the 

novelty of the research performed has been identified as; (1) the first time that human 

alarm response time has been characterised with paying passengers onboard different types 

of passenger ships at sea; (2) the first time a method for accurately collecting individual 

passenger routes during the assembly process has been provided; and (3) a method for 

validating passenger ship evacuation analysis models has been proposed.  These are 

important aspects of the work carried-out which, it is hoped, will have a direct impact on 

future passenger ship designs through recommended improvements to the governing 

regulations at the IMO. 

 

Human behaviour during emergency evacuation from buildings has been studied and 

modelled for many decades, however the same cannot be said for passenger ships.  Chapter 

2 will present the relevant literature as it relates to human behaviour during evacuation 

from both buildings and passenger ships, as well as the associated methods used to collect 

human behaviour data.  The regulations that govern passenger ship design for evacuation 

analysis are also discussed in detail as well as models that have been developed for 

predicting evacuation behaviour.  
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2 Literature Review 

 

As discussed in the preceding chapter, a goal of this dissertation was to improve upon our 

understanding of human behaviour during emergency assembly on passenger ships in order 

to improve and validate evacuation models.  Understanding and quantifying human 

behaviour during the assembly process on ships requires knowledge of ships and typical 

emergency response activities of passengers and crew, as well as the regulatory 

environment that governs ship design.  This chapter outlines the relevant literature that 

defines the emergency response process on passenger ships, the regulations governing ship 

design for improved evacuation, as well as previous ship evacuation studies.  The chapter 

also presents previous efforts to define human performance and behaviour in the context of 

ship evacuation, including measurement techniques for determining evacuation behaviour 

in general.  The chapter concludes with a discussion of the well established field of 

building evacuation modelling, followed by a review of ship evacuation models, with a 

particular focus on the ship evacuation model used in this work – maritimeEXODUS, 

developed at University of Greenwich. 

 

2.1 Emergencies on Passenger Ships 

Response to emergencies on passenger ships varies widely, depending on the complexity 

and severity of the incident that requires a response.  While a variety of means (e.g. 

lifeboats and liferafts) are normally provided to enable swift and efficient abandonment 

from a ship if required, it is generally accepted that the ship itself is its own best lifeboat in 

an emergency, as long as it is not at risk of capsize or sinking [44][45][46].  Ship 

abandonment is a very uncertain process at the best of times but the evacuation of several 

thousand inexperienced, untrained passengers in inclement weather represents an 

enormous challenge.  The “what then” that follows a successful abandonment is equally 

worrisome.  Thus, regulations and classification society rules that are followed by naval 

architects prescribe specific requirements around ship structure, subdivision and stability 

(SOLAS II-1), and fire protection (SOLAS II-2) [19] to ensure a vessel remains afloat even 

after an accident which results in flooding. 
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In December 2006, SOLAS adopted a new passenger ship regulation establishing design 

criteria for a passenger ship to be capable of safely returning to port under its own 

propulsion following a fire or flooding damage - SOLAS II-2/21 (Casualty threshold, safe 

return to port and safe areas) [7].  For a vessel to be deemed capable of returning to port, it 

must be designed so that the essential systems remain operational after an incident and a 

designated safe area is available to ensure the health and safety of passengers and crew 

[44].  While the concept of safe return to port offers significant reduction in risk to 

passengers and crew for reasonably foreseeable events that might otherwise result in an 

evacuation being called, the possibility will always exist that evacuation may be required at 

sea. 

 

Vanem and Skjong (2004) [47] suggest that controlling risk in passenger ship emergency 

evacuation is mainly related to controlling and minimising the total evacuation time, which 

is comprised of awareness time, travel time, embarkation time and abandonment time, as 

depicted in Figure 7.  Interpreting the figure, we see similarities with what was presented 

by Galea et al. [31] in Figure 6 in which passengers must interpret the notification cues and 

become aware of the need to evacuate, move towards a safe location onboard, board life 

saving appliances and then abandon.  From the figure below, we also see that each stage 

can begin before the preceding one ends (i.e. passengers can begin to embark LSAs before 

all have completed the assembly.  The paragraphs that follow provide an overview of 

passenger ship incidents where the importance of time required/available for evacuation 

was an important factor in many cases. 

 

Figure 7 Vanem and Skjong’s [47] representation of the stages of the evacuation 

process. 
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The sinking of the Titanic in 1912 is one of the best-known passenger ship disasters with a 

significant loss of life at 1,506 souls [48].  However, the worst recorded maritime disaster 

took place on 30 January 1945 onboard the MV Wilhelm Gustloff.  The ship was carrying 

approximately 9,343 refugees and wounded (including an estimated 5,000 children) when 

it was struck by torpedoes and sunk.  Only 904 survivors were rescued, resulting in the loss 

of a staggering 8,439 lives [49].  Although these two disasters took place many decades 

ago, accidents involving passenger ships still happen with startling frequency.  It is worth 

noting again that since the research presented in this dissertation began in April of 2009, 

there have been at least fourteen passenger ship accidents that have resulted in over 4,000 

fatalities [50].  These accidents have all involved vessels that were subject to the 

conventions and instruments of the IMO.  A summary of some relevant passenger ship 

disasters since 1987 is provided below in Table 2.  In addition to the disasters listed in 

Table 2, there continue to be frequent reports of ferry and cruise ship incidents, such as the 

following examples taken over the last three years: 

 

- 10 February 2013 in Gulf of Mexico, the cruise ship Carnival Triumph experienced an 

engine room fire, which left the vessel adrift and without power or sanitation with 

approximately 4,000 passengers onboard [55]. 

- 9 March 2013 in the Gulf of Mexico, cruise ship Carnival Elation (capacity 2,052 

passengers) had to be towed back to port by tugboat after losing steering gear power 

[55]. 

- 14 March 2013 in the Caribbean, cruise ship Carnival Dream lost power with over 

4,000 passengers onboard [72]. 

- 22 July 2015 in Jamaica, Royal Caribbean Cruise Lines cruise ship Freedom of the 

Seas (capacity 3,634passengers) experienced a machinery room space fire, which 

injured one crew member [55].   

- 15 August 2015 in Ormoc City (Philippines) the ferry MV Wonderful Stars caught fire 

while docked and all 550 passengers safely disembarked.  One month earlier in the 

same port, the MV Nirvana-B capsized shortly after leaving port, killing 60 [52]. 

- 9 September 2015 in the Caribbean, the cruise ship Carnival Liberty experienced an 

engine room fire while in port, with over 3,300 passengers onboard.  No injuries were 

reported [55]. 
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- 22 October 2015 in the Greek Islands, the cruise ship Splendour or the Seas (capacity 

2,076 passengers) experienced a fire with 21 passengers and crew suffering smoke 

inhalation [54]. 

- 25 October 2015 in Hong Kong a ferry carrying 174 people collided with an unknown 

object, lost power and took on water at about 1900h, no casualties were reported.  

Hong Kong’s worst maritime disaster in decades happened in 2012 when a ferry 

collided with another vessel, killing 39 passengers [51]. 

- 20 December 2015 in Indonesia, a ferry carrying 188 passengers capsized and sank.  

37 were saved, 3 bodies were recovered and 78 remain missing [53]. 

 

While many of these incidents did not result in loss of life or significant number of 

injuries, all could be considered high risk, given the number of persons onboard. 

 

As explained by Galea et al. (2002) [73] the term evacuation (on ships) generally refers to 

two separate processes – assembly (or the more traditional muster) and abandonment.  The 

former (assembly) refers to the process of moving everybody onboard to a safe location 

near lifesaving appliances and to ensure an accurate count of passengers and crew can be 

conducted.  The latter (abandonment) refers to the process of getting people off the ship in 

order to move clear of the immediate hazard.  For passenger ships, emergency response 

activities onboard will vary from ship to ship and depending on the event.  Crew members 

will be assigned particular responsibilities that depend on their training, experience and 

rank onboard.  Passengers are not generally assigned a formal role in the emergency 

response organisation onboard.  Rather, these individuals are normally provided with a 

safety briefing and, depending on the voyage type and duration, may be required to 

complete an assembly exercise in order to become familiar with emergency procedures 

onboard, where to go, what to do when there and sometimes where to find and how to don 

a lifejacket.   
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Table 2 Summary of significant passenger ship incidents since 1987. 

Year Country Ship Name Type Cause Lost Saved Ref 

1987 Philippines Doña Paz Ferry Collision 

resulting in fire 

and sinking 

4,341 37 [56] 

1987 UK Herald of Free 

Enterprise 

Ferry Capsize and 

sinking 

193 346 [57] 

1990 Denmark Scandinavian Star Ferry Fire 158 N/R [58] 

1994 Estonia Estonia Ferry Capsize and 

sinking 

852 137 [59] 

2000 Greece Express Samina Ferry Striking 80 453 [60] 

2002 Senegal Le Joola Ferry Capsize 1,864 N/R [61] 

2006 Caribbean Star princess Cruise Fire 1 3812 [62] 

2006 Canada 

west coast 

Queen of the 

north 

Ferry Striking and 

founder 

2 99 [63] 

2006 Egypt Al-Salam 

Boccaccio 98 

Ferry Cargo fire 

causing sinking 

1161 350 [64] 

2008 Philippines MV princess of 

the stars 

Ferry Capsize ~800 ~40 [65] 

2011 Tanzania MV Spice 

Islander 

Ferry Capsize 2,976 610 [66] 

2012 Italy Costa Concordia Cruise Capsize and 

sinking 

32 4,197 [67] 

2013 Philippines MV Thomas 

Aquinas 

Ferry Sinking ~120 N/R [68] 

2014 Italy Norman Atlantic Ferry Fire 30 N/R [69] 

2014 Korea Sewol Ferry Capsize and 

sinking 

304 172 [70] 

2015 China Dong Fang Zhi 

Xing 

River 

Cruise 

Capsize in 

storm 

442 12 [71] 
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Prior to the sinking of the Costa Concordia, SOLAS III/19 required that passenger ships 

embarking on a voyage of more than 24 hours duration should undertake an assembly 

exercise with all passengers within 24 hours of their embarkation.  Clearly this is not 

adequate for passengers if an emergency occurs before the assembly exercise happened, as 

was evidenced by the sinking of the Costa Concordia.  The IMO, in a post Costa Concordia 

review, recommended interim measures to improve cruise ship safety: “…member states 

should recommend that passenger ship companies conduct a review of operational safety 

measures to enhance the safety of passenger ships.”   

 

Subsequently, the IMO adopted amendments to SOLAS III/19 at the 92
nd

 Maritime Safety 

Committee (MSC) in June 2013, requiring that for voyages of 24 hours or more, assembly 

drills should be completed for embarking passengers before leaving port from every port of 

embarkation and should include instruction for passengers on: 

 

- description of emergency signals and appropriate responses, 

- lifejacket locations and when/how to don them, 

- where to assemble when the emergency signal is sounded,  

- method of accounting for passengers during the assembly, 

- how information will be provided during an emergency, 

- what to expect if an evacuation is ordered, 

- instructions on whether passengers should return to cabins before assembling (with 

specifics on medications, clothing, lifejackets, etc.), 

- description of key safety systems and features, 

- emergency routing systems and recognizing emergency exits, and 

- who to seek out for additional information. 

 

The amendments also require that passenger vessels: 

 

- record the nationality of all passengers, 

- limit bridge access to only those with specific operational responsibility, 

- establish bridge team procedures for agreeing upon and implementing ship passage 

planning, and 

- provide additional lifejackets at or near the assembly stations. 
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Of course, the details will vary depending on geographic region, crew experience and 

sociocultural response to such procedures.  From the response to the Costa Concordia 

disaster, is clear that serious accidents in the maritime industry can have an impact on the 

governing regulations  [74].   

 

While an analysis of the incidents listed in Table 2 is not provided here, it is useful to 

consider some details that are relevant: 

 

- Dona Paz sank 2 hours after collision and crew did not give any orders or attempt 

to organise the passengers [56]. 

- From survivor accounts [64], Al-Salam Boccaccio began taking on water and after 

2 hours, passengers had still not been assembled and were told not to put on 

lifejackets because it might cause other passengers to become afraid. 

- Costa Concordia Captain did not call an assembly or give direction to his crew to 

organise passengers [67].   

- Sewol Captain did not call passengers to assemble, but rather suggested they remain 

in cabins. 

 

We see a very different outcome if comparing the result from these disasters (for which 

there was significant loss of life) to other serious passenger ship incidents in which the 

Captain and crew quickly assembled passengers in case there was a need to abandon: 

 

- The cruise ship Le Boreal experienced a serious engine room fire in the remote area 

of the Falkland Islands on 18 November 2015.  The Captain quickly ordered the 

abandonment of all 347 passengers and crew, and all were safely evacuated [75]. 

- The cruise ship MV Explorer capsized and sank in Antarctic waters on 11 

November 2007.  The Captain ordered the abandonment of all 154 passengers and 

crew onboard and no serious injuries were experienced [76]. 

- The cruise ship MS Calypso experienced a serious engine room fire on 6 May 2006.  

The Captain ordered all 708 passengers were assembled and crew had them board 

the lifeboats to be ready for evacuation if required.  The vessel was towed to port in 

Southampton and all safely disembarked, not needing to abandon in the lifeboats, 

however they were ready to respond immediately, if ordered by the Captain [77]. 
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From these examples, it is clear that assembling passengers as early as possible in an 

emergency offers the best chance at survival if abandonment is required.   

 

The IMO convention on Standards of Training, Certification and Watchkeeping (STCW) 

Section A-V/3 Paragraph 5 discusses methods and training for control of situations 

involving passengers.  This is an important component of crew training for passenger 

ships, however, a crew member’s effectiveness in a real emergency remains largely 

unknown. 

 

Shetiwy  [78] discuses the impact crew has on the process of assembling and evacuating 

passengers, particularly where crew manning levels, training and experience are 

concerned.  He notes that crew assertiveness on commercial airliners is of key importance 

to ensuring passengers evacuate as quickly as possible in an emergency but does the same 

hold true for passenger ships?  His paper provides an overview of the regulatory guidance 

and legislative requirements for crew training and manning levels along with three case 

studies of passenger ship losses.  However, a detailed assessment is not given that would 

suggest definitive ways to improve on the current situation. 

 

Pyman and Lyon [79] note from their research that ships which sink within a few minutes 

of an incident (for all types of merchant ships, not just passenger ships), 86% of those 

onboard died.  The authors further note that from a study of the incident reports for 

passenger ship accidents, crew performance plays a large role in the success of the 

evacuation.  The crew onboard the Prinsendam (1973) was described as being effective 

and well-trained and was able to evacuate 600 passengers safely using lifeboats, including 

many elderly.  However, by contrast the Lakonia (1963) under similar conditions and 

approximately the same number of passengers onboard had a much worse outcome, [79] 

with reports that the crew was ineffective.  It is recognised that while there are many more 

factors that determine the outcome of an incident, the crew’s influence can be important. 

 

It is interesting to note the loss of the Costa Concordia cruise ship - while the loss of life in 

this incident was lower than many other incidents noted above, this event [67] should 

perhaps be considered as a “what not to-do” from the point of view of the individuals 

onboard with responsibility for managing such an incident.  The accident happened at 

21:45:07 local time – the night of 13 January, 2012, with a total of 4,229 persons onboard 
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(3,206 passengers and 1,023 crew) in favourable weather and oceanic conditions.  Under 

command from the vessel’s Master, the ship passed at a planned yet unsafe known distance 

from the shore at high speed (15.5 kts) when it collided with “Scole Rocks” at the Giglio 

Island enroute to Savona, Italy.  The vessel immediately lost propulsion and consequently 

experienced a full blackout.  The ship turned to starboard due to the prevailing wind and 

current conditions and grounded at Giglio Island a little over an hour later at approximately 

23:00, seriously heeled at 15° to starboard.  Analysis by the accident investigation team 

showed that the Master reported the seriousness of the situation after 16 minutes and in-

flooding water had reached the bulkhead deck in the aft region of the ship after about 40 

minutes (at 22:27).  In all, an unprecedented 5 watertight compartments were flooded due 

to piercing of the hull on the port side of the ship.  These compartments contained 

machinery and equipment vital for propulsion and steering of the ship, as well as ballast 

and bilge pumps.  The breach was measured to be 53m long – 18.3% of the vessel’s length 

[67].  As the situation unfolded, the search and rescue (SAR) authorities were alerted from 

shore at about 22:00 rather than by the vessel Master, and SAR activities began mobilizing 

at 22:16 – 25 patrol boats, 14 vessels, 4 tug boats and 8 helicopters.  The Master alerted the 

authorities of the breach at 22:26 and made a full distress call at 22:38 at the insistence of 

the local SAR authority.  Of particular relevance to the work presented in this dissertation 

is that the order to abandon ship was made at 22:54:10, but it was not preceded by an 

effective general emergency alarm and several passengers testified that they did not hear 

the signal-voice abandon ship announcements made.  The first lifeboats were lowered at 

22:55 and the crew (with Master) abandoned the bridge at 23:20, leaving a single officer 

onboard to coordinate the abandonment effort.  The vessel’s heel significantly increased at 

24:00 to 40° and reached a maximum of 80°.  The Master notified SAR authorities at 00:34 

on 14 January that he was onboard a lifeboat with other officers of the vessel, despite the 

fact that a significant number of passengers were still onboard at that time.  Initial rescue 

operations, saving 4,194 passengers and crew, were completed by 06:17 and three 

additional individuals were saved on 15 January.  In all, 32 persons were lost in this 

disaster – 27 passengers and 5 crew. 

 

The accident investigation report [67] concluded that after the incident had occurred, the 

fact that the general emergency alarm was not activated immediately led to a delay in the 

management of the phases of the emergency that followed, particularly ship abandonment.  

Furthermore, the lack of a direct order from the Bridge to the crew, who had responsibility 
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for assembly and abandonment, hindered their ability to manage the abandonment phase 

and contributed to passengers onboard taking initiative to act appropriately.  The report 

further notes that deck crew were disoriented and did not perform a significant role in 

management of the emergency or the abandonment and that the Cruise Director arbitrarily 

sent passengers away from the assembly stations, requesting they return to lounges.  Some 

crew told passengers to return to their cabins and that the event was only a blackout and 

would be resolved soon.  Some passengers testified that it was completely dark in their 

cabins and they could only locate lifejackets using light from their mobile phones.  From 

the information presented in the accident report [67], it becomes clear that after the 

incident had occurred there was considerable confusion onboard among those responsible 

for managing the emergency, which was particularly driven by the fact that the Master 

provided no direction.  Not calling a full assembly of the vessel early in the timeline when 

it would have been easier to account for passengers and board/launch lifeboats with the 

vessel at low angles of heel meant that a large portion of those onboard had to use 

embarkation ladders to move to the water level in order to board rescue craft.  This also 

helps illustrate the importance of time in the evacuation equation, and it is generally 

accepted that loss of life in this disaster would have been significantly higher had the 

vessel been in deeper water and had it not been so close to shore, making it easier for SAR 

to perform its duties. 

 

It is also worth noting at this point an accident report presented by the Marine Accident 

Investigation Branch (MAIB) [80] that is relevant for the research presented in this 

dissertation, as it informs the development of protocols and due consideration of the safety 

of research participants.  In this accident, shore-side personnel from P&O Ferries were 

brought onboard the vessel to perform an evacuation drill during the annual servicing and 

deployment of its vertical evacuation chute system.  During the exercise, a member of the 

shore side staff became stuck inside the chute while wearing a lifejacket, resulting in 

strangulation for a significant period of time such that she died before rescue could be 

completed.  It is important to understand that, while we are all faced with a level of risk 

throughout our daily lives, performing evacuation exercises onboard ships can significantly 

increase one’s risk exposure and as researchers, we must keep this risk uppermost in mind 

at all times.  It was with this information in mind that the protocols and methods presented 

were developed. 

 



 

 35 

2.2 Behaviour of People in Emergency Situations 

 

2.2.1 Overview 

Section 1.2 explained that the evacuation process can divided into two phases – response 

and evacuation movement.  A framework developed by Galea et al. [31] was presented in 

Figure 6 which further divided the initial response phase into notification, cognition and 

activity stages which fully define the response time.  This framework can be applied to 

evacuation behaviour in buildings as well as maritime settings and has been used in the 

analysis of response phase behaviours for university libraries [81][82][83], the world trade 

centre disaster [81] and retail settings [81]. 

 

Not all individuals will respond to alarms in the same way, and it is unlikely that the same 

individual will respond the same way twice, since the process tends to be stochastic in 

nature due to the complexities of the different response stage behaviours outlined: 

notification, cognition and activity.  According to Sime [84], the time taken by people in 

responding to information concerning fires is as important as actions taken after this 

response.  This may be because delaying one’s response to an incident may preclude future 

evacuation options since individuals may become incapacitated due to toxic gases and 

evacuation routes may not be available. 

 

When a serious incident occurs, the first indication that a response is required may come 

from the incident itself or could simply be an alarm; this has already been defined as the 

notification stage.  On ships, whether emergency communication (such as a call to muster 

or abandon ship) is a bell, whistle, siren, or word of mouth, it is imperative that it be 

understandable by the people receiving it.  In addition to people being aware of the signals, 

it is also important that people know what action is required of them [45].  An individual’s 

response to an incident or alarm will vary depending on the person’s experience with the 

environment and any number of stimuli and relevant experiences the person may have had 

in the past.  The notification stage ends when people respond to the cues by mentally 

and/or physically disengaging from what they were doing previously and recognise that 

something unusual may be happening in their environment.  At this point, individuals may 

be alerted that something is happening but have not yet begun physical movement.  If this 

is the case, it marks the start of the cognition stage of response behaviour. 
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During the cognition stage, people begin interpreting the information available from the 

notification cues and possibly other sources such as related cues, announcement details or 

staff intervention as they decide how to respond.  This, according to Galea’s framework 

[31], occurs by three broad types of behaviour: 

 

1. If the initial notification cues are insufficient to convey that there is a need to 

evacuate, people may continue with their previous activity until further information 

has been received, at which time one of the next two types of behaviour occur. 

2. If individuals clearly understand the evacuation cues, they may immediately begin 

evacuation movement without undertaking other activities.  For this case, the end of 

the cognition stage also marks the end of the response phase and the start of 

evacuation movement. 

3. If individuals acknowledge the notification cues but begin a series of action and/or 

information tasks, this marks the start of the activity stage.  In this stage, cognition 

about the event may also be occurring at the same time as the activities.  Thus, for 

this type of behaviour, the cognition stage would run parallel to the activity stage.  

The end of the cognition stage is not well defined and so is taken to end at the end 

of the activity stage. 

 

The activity stage begins when individuals perform information and or action tasks that 

were thought of in the cognition stage, such as: 

 

1. Action task: person physically carries out an activity (e.g. in the same location, in 

the immediate vicinity or at another location) 

2. Information task: person seeks, gives or exchanges information about the incident, 

required course of action in the same location, in the immediate vicinity or at 

another location.  This may include social interaction with others and what 

distinguishes an information task (involving movement) from action is the goal of 

the movement – to obtain or provide information. 

 

Therefore, response time should be considered dependent on a range of separate but 

distinct behaviours that require an individual to disengage from pre-alarm activities 

(notification time) time to consider the cues (cognition time) and time to complete all 

action and information tasks (activity time) before starting decisive movement to an exit or 
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place of safety.  The duration of the response phase for each individual in a given 

population is distributed across a range of possible times and in evacuation modelling, as 

with a real situation, the progress of an evacuation is affected by the interaction between 

people, their environment, the time at which they start responding to cues and how quickly 

they move. 

 

These paragraphs have outlined the general aspects of evacuation behaviour relevant for 

both ship and land-based emergencies.  While human behaviour during ship evacuation is a 

relatively new field of study, behaviour during building evacuation has been studied 

extensively since about the 1960s and provides a useful basis for understanding ship 

evacuation behaviour.  The two sub-sections that follow provide a detailed review of the 

relevant literature first for buildings and then for ships.  

 

2.2.2 Human Behaviour in Land-Based Evacuation Situations 

Studies on pre-evacuation behaviour of people have been conducted in four ways [90]: 

evacuation drills (announced and unannounced), post-fire surveys, laboratory investigation 

and computer simulation.  They suggest that, while drills may provide an opportunity to 

observe how people react to given controlled scenarios, behaviour in an actual emergency 

may be very different due to the associated mental stress.  This is supported by the work of 

Ozel in 2001 [91].  In their study, face-to-face interviews were conducted with 650 

survivors of a high-rise office building fire.  Of these, 595 were considered valid and used 

to characterise the behaviours.  From the results, the estimated pre-evacuation time showed 

a strong lognormal form for both male and female interviewees and that females tended to 

respond more quickly than males.  They found that people who had received emergency 

training were more likely to respond sooner than those who did not and the education level 

of the people interviewed had no effect on their pre-evacuation time.  Also relying on 

survivors’ recall of real events in buildings, Brennan [92] provides details from post-fire 

investigations for an office building and an apartment building.  It was found that for the 

apartment building, age played a significant role in response to the incident since many of 

the occupants were over 75 years of age and took a long time to prepare to evacuate.  

About 30% of the occupants were asleep and did not wake for the alarm and it was 

reported that some who were woken fought to go back to sleep, despite the alarm. 
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Proulx and Fahy (1997) [85] reviewed five evacuation case studies in midrise and highrise 

buildings.  The case studies examined data that was collected from occupants during 

evacuation drills in both apartment and office buildings.  Data from two fires was also 

reviewed – one in an apartment building and the other in an office building.  The authors 

found a large variation in delays to start the evacuation process for the different buildings.  

While one may expect a person’s response to an actual fire would be faster (due to cues 

such as smoke or feeling threatened), interestingly, it was reported that the delay before 

starting to evacuate was often longer in the actual fires because of the ambiguity of the 

cues perceived during the notification stage.  Furthermore, it was found that during 

evacuation drills, the response time in the office building was faster than in the apartment 

buildings and that one of the apartment buildings perceived as having a good alarm system 

tended to have shorter response times.  This is an interesting and important result from 

Proulx and Fahy’s research as it points to the importance of clarity of the notification cues 

provided.  For all cases, it was found that the distribution of response times took a 

lognormal shape.   Some factors in Proulx and Fahy’s study that may have played a role in 

making the office building response times faster include that occupants could adequately 

hear the alarm, they had good visual access compared with those in the apartment 

buildings, they had been trained how to respond to alarms, and a fire warden had been 

assigned to assist.  The authors of [85] felt that important differences between office and 

apartment buildings rests in the fact that for the former, all occupants are generally capable 

adults who are awake and fully dressed, whereas in apartment buildings, some individuals 

may have to awaken, get dressed, find children and look for neighbours before being able 

to begin evacuating.  This research provides some insight for response times on passenger 

ships which consist of not just one single homogeneous type of space but a combination of 

many types of spaces in which some passengers may be asleep while others are dressed 

and moving about the ship. 

 

Response time was defined by Kuligowski (2003) [86] as “…the average time interval to 

respond to the corresponding cue…” but does not provide a meaningful explanation of 

what “respond” actually means.  The author goes on to specify that for certain evacuation 

models for hotels (analogous to cabins on passenger ships), a mean response time of 6 

seconds was used for people who were awake and 10 seconds for people who were asleep 

but does not give an indication of the shape of the response time distribution and what 

defines the end of the response behaviour.  It does seem very optimistic that individuals 



 

 39 

sleeping in hotels would be moving toward an assembly point within a period of 10 

seconds so the definition of “response”, in this instance is uncertain and needs to be 

clarified.  While there may be differences between response time on passenger ships when 

compared to buildings, the same factors may influence how quickly passengers respond, or 

how quickly there are able to respond to the cues received. 

 

Spearpoint (2004) [87] discusses the impact that pre-evacuation (response) time 

distributions have on overall evacuation time in buildings.  His analysis was used to 

investigate how congestion might occur at a constriction when all occupants begin to move 

at the same time (uniformly distributed response time), compared with when there is a 

simple triangular-shaped distribution of response times (symmetric and skewed).  

Simulations were performed using the Simulex model [88][156]-[168] with a simple room, 

as well as with a hypothetical building consisting of 3 floors.  Results showed that the 

response time distribution used can have a significant impact on total evacuation time 

modelled.  Large response time distributions resulted in evacuation times that were 

independent of occupant density, whereas occupant density was found to be more 

important when the response time distribution was small.  Thus, the range over which the 

response times are taken must be carefully considered, as well as the shape of the curve 

used.  Spearpoint also found that results for the simple room were similar to those 

computed for the more complex structure. 

 

Nilsson and Johansson (2009) [89] conducted unannounced evacuation experiments in a 

theatre, with analysis focussed on determining whether people are influenced by others 

during the initial stages of an evacuation.  They identified three separate behaviour types 

during the notification and pre-evacuation phase and found that people were influenced 

more by their neighbours than others in the theatre who were more distant.  This research 

is relevant, particularly for cruise ships which tend to have large theatre spaces onboard. 

 

Hostikka et al. [93][94][95] measured response time of occupants in a public library and 

office buildings (one large and one medium sized) in Finland.  They used video cameras to 

capture response time and noted that positioning of the cameras was the most challenging 

issue to ensure a suitable view of occupants could be captured.  The public library was part 

of the Helsinki University of Technology and consisted of two floors with 6 exits, response 

times for 42 people were collected with an average of 36 s and a lognormal distribution 
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provided the best fit to the dataset. A total of 189 occupants were involved in the study, 

including about 33 staff members.  While the population demographics are not provided, it 

is assumed that the group was primarily university students, which may not represent 

behaviour of the broader population in other structures. 

 

The second evacuation trial discussed by Hostikka et al. [93][94][95] was of a large office 

building with 7 floors with 4 street-level exits.  Artificial smoke was used to “direct” 

occupants away from certain areas and video cameras were used only in stairwells to 

capture flow rates.  An RFID system was used to estimate response time when occupants 

entered a stairwell, thus the actual response times for each person would be less than those 

recorded.  A mean response time is not provided but the minimum and maximum values 

were 30 s and 4 min, respectively.  A total of 281 workers were involved in the evacuation 

exercise. 

 

The third evacuation trial discussed by Hostikka et al. [93][94][95] was of a medium-sized 

office building with 4 floors and 5 exits.  Artificial smoke was, again, used to direct 

occupants away from certain areas and video cameras used to monitor doorways and 

stairwells for capturing flow rates.  A total of 139 people were involved in the trial and 

using RFID to estimate response time was not found to be effective since a very low 

number of occupants were registered by the system.  While the RFID-based estimates of 

response time for these experiments provides some measure of response time, it cannot be 

considered accurate and gives no insight as to what occupants were actually doing 

immediately after the alarm.  In addition, Hostikka et al. [93][94][95] identified a low 

RFID read-rate for many of the tests, suggesting that if RFID is used for estimating 

response time, it can only be expected to capture a small portion of the population 

involved. 

 

Kobes et al. (2010) [28] carried-out a broad-based literature review of building safety and 

human behaviour in fire and found that pre-movement time is a more important aspect of 

required escape time than that required to move to a safe place.  More importantly and not 

surprisingly, research has shown [28] that there is a connection between delayed 

evacuation and death or injury in the event, particularly for residential buildings and hotels.  

It is not certain if the same applies to passenger ships but as noted in Section 2.1, this 

appears to be the case. 
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Purser and Bensilum (2001) [96] conducted a series of monitored evacuation studies in a 

range of different buildings and recommended strategies for applying behavioural data to 

design standards.  Of particular relevance in Purser and Bensilum’s studies was the 

presentation of pre-evacuation response time.  They defined pre-movement as beginning at 

the alarm or cue and ending when travel to an exit begins.  In all cases described (retail 

store with a food hall, theatre and an apartment building), the response time distributions 

were skewed to the left and took a lognormal form.  The authors indicate that data 

summarised for a variety of building types show excellent lognormal model fit to the pre-

movement dataset with long distribution tails observed particularly in cases where warning 

systems and fire safety management implementation were poor.  They found that in a 

mixed dataset (i.e. not a particular building type), the mean pre-movement time was 53.4 s 

and the 95
th

 percentile was 256.8 s.  When the data is broken into alarms that provide vocal 

instructions and just sounds, the mean response time is 0.51min (95
th

 % 2.43) and 2.15min 

(95
th

 % 7.11min) respectively.  Clearly the type of notification has an impact on how 

people respond.  The authors reached some important conclusions from this work but 

perhaps one of considerable importance is this: 

 

“Although the detailed behaviour and emergency evacuation times of individual 

building occupants may be somewhat unpredictable, the behaviour and evacuation 

times of occupant groups and building populations are amenable to prediction and 

quantitative description suitable for engineering design purposes”. 

 

This is an important conclusion as it supports many of the conclusions drawn in this 

dissertation about the application of such human behaviour datasets. 

 

There are clear differences between the nature of building evacuation and ship evacuation.  

One would expect ship motions to play a role in the evacuation movement process simply 

because of the kinematics of the processes involved.  The environment onboard ships may 

also produce disorientation of passengers who do not have familiarity with the ship they 

are on, or indeed ships in general.  In evacuation situations, this disorientation may be 

made worse by the fact that items such as furniture may have moved, creating obstructions, 

or passengers may have to move in an upward direction to assemble, rather than downward 

as would be the case in most building evacuations.  Despite these differences, it is still 
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reasonable to expect that in the early stages of an emergency, the nature of people’s 

response to notification cues would be similar.  Thus, it is reasonable to expect that the 

distribution of response time on ships should also take a lognormal form as observed in the 

built environment.  This is demonstrated in Chapter 6. 

 

2.2.3 Human Behaviour in Ship-Based Evacuation Situations 

Considering that the IMO guideline for passenger ship evacuation analysis (IMO 

MSC/Circ.909) was released only in 1999 because “The Committee, noting that 

computerized simulation systems are still under development, decided that a simplified 

evacuation analysis method was needed…”, it is not surprising that there have been just a 

few dedicated studies to better understand and quantify the human element in ship 

evacuation. 

 

Useful information regarding the factors that affect ship evacuation time can sometimes be 

gleaned from accident and investigation reports, as well as video captured by passengers 

onboard and by the media onshore.  However, it is generally more reliable to carry-out 

focussed, well-planned studies to provide answers to questions of human behaviour and 

performance during the ship evacuation process, since the details of “opportunistic” data 

are generally unknown and may be misleading in the global sense of an incident (where 

and how was it collected, when did the first notification become available and what 

happened before the data was collected).  As discussed in Section 1.2, evacuation from 

ships can generally be broken into two main phases – assembly and abandonment.  

Because much of the research is used to inform the development of evacuation models, the 

research has tended to focus on the assembly and boarding process, rather than 

abandonment.  This section will outline the key research studies carried-out to characterise 

human behaviour in ship evacuation, with a particular focus on the assembly process. 

 

While the focus of this section is on the assembly phase of the evacuation process on 

passenger ships, however, it is worth noting research led by the author [97] as part of the 

FIRE EXIT [43][101][102][103] project which investigated the range of human behaviours 

and performance specifically for the abandonment phase of an ship evacuation by 

quantifying the movement for over 250 research participants through a 6m vertical 

evacuation chute, a 12m inflatable evacuation slide, a davit-launched liferaft and a davit 

launched lifeboat.  This research was the first of its kind to quantify hesitation at the 
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beginning of the abandonment process, steady-state movement on slides and chutes, the 

boarding process for liferafts and lifeboats and the time required to reach a seated position 

inside rescue craft.  The research quantified task performance according to stationary 

activities, as well as translation activities considering the distances travelled (e.g. sliding 

down a slide or scrambling down a vertical chute).  Part of this work included 

quantification of the lifejacket donning process.  Results showed that trained people using 

vertical evacuation chute systems were more than twice as fast as those who had no 

training and that for abandonment by slide and chutes, males tend to be faster than females.  

Lifejacket donning time was found to have a lognormal distribution with a mean of 38.5 

+/- 11.8s. 

 

A manual produced by Poole and Springett (1998) [98][99] provides practical information 

based on real tragedies rather than strictly on theory.  It is intended as a way to provide 

active seafarers with some knowledge about general passenger behaviour, crowd behaviour 

and behavioural response to emergencies at sea.  Very practical and thoughtful discussion 

is provided, including that crew behaviour should differ from that of passengers.  This 

manual may be useful for highly trained seafarers who have experience and a good 

understanding of their ship, its LSAs and take an active role in an evacuation.  However, 

crew members who do not fit this description, such as the onboard hotel staff, restaurant 

staff and entertainers, may not benefit greatly from it.  This is an unfortunate aspect of the 

maritime industry as these individuals are often the ones left to deal with passengers one-

on-one because the highly trained seafarers are required to carry-out tasks with technical 

equipment such as fire-fighting, preparation and launch of life-saving appliances and 

control systems operation. 

 

Poole and Springett (1998) [98][99] give eight so-called fallacies in emergency evacuation 

that, while not fully based in detailed investigation, are worth stating here as the concepts 

help frame some of the research in this dissertation: 

 

1. Individuals start to move as soon as they hear an alarm.  Passenger response time in an 

important aspect of evacuation behaviour that must be better understood; 

2. Motivation to escape underpins any movements or actions a person may carry out.  

Passengers will often continue with their pre-alarm activity and not attempt to “help 

themselves”.  This was witnessed numerous times during the sea trials undertaken in 
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this research and often times passengers were reluctant to do anything unless told to do 

so by a crew member; 

3. Time to evacuate depends only on the time it takes to move to and through an exit.  

Closely related to assumption #1 above, this is discussed in some detail Chapter 7; 

4. People are likely to move toward the exit to which they are nearest.  Often passengers 

will take a known route to get where they need to go rather than the shortest.  This was 

observed numerous times throughout the trials carried-out in which passengers 

sometimes moved from one assembly station to a more distant one; 

5. People move as individuals without considering others.  The presence of a crowd 

impacts a person’s movement and passengers will often attempt to help other 

passengers.  Furthermore, in dense crowds, people are often forced to move with the 

crowd rather than chose their own path.  Family units tend to move as family units 

rather than alone; 

6. Signage helps ensure people find a route to safety, however, anxiety and narrowed 

attention often means peripheral cues go unnoticed.  One example that was observed 

during the research carried for this dissertation saw passengers wait significant periods 

of time in congested areas trying to reach an assembly station, rather than simply 

following the signs to a different assembly area, which was completely uncongested; 

7. All people involved are equally able to physically move to an exit.  Elderly people 

observed often required assistance on stairs, people in wheel chairs had to use 

elevators.  Effects of alcohol will impair an individual’s motor skills and individuals 

with less experience on ships will tend to be less stable moving about; and 

8. People will not necessarily be safe because they will panic.  While a powerful concept, 

the term panic is often used inaccurately in the context of evacuation where people do 

not necessarily enter a sudden state of uncontrollable anxiety or irrational behaviour. 

 

Further to point 8 above, Ockerby [100] carried out research to prove the assumption that 

“panic is a natural occurrence in passenger ship emergencies” is generally the result of 

media reporting of such incidents rather than what happens in reality. 

 

The two sub-sections that follow will focus on studies particularly relevant to the work 

presented in this dissertation – response phase behaviour and evacuation movement 

behaviour onboard ships. 
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2.2.3.1 Response Phase Behaviour 

Until about 2007 when the revised IMO evacuation analysis guidelines were released, the 

representation of how people on passenger ships respond to notification cues was largely 

informed by evidence from the built environment on shore.   

For ships, Section 7.2 of the LSA code [18] sets the requirements of alarm signals - a man 

overboard alarm consists of 3 long blasts, for example.  While these alarms are generally 

understood by and intended for the crew, certain alarms are also relevant for passengers 

onboard – a general alarm consists of 7 short blasts and 1 long; a fire alarm consists of 

continuous ringing of the ship’s bell.  Do passengers know what to do when hearing these 

alarms?  There is no requirement for the alarm to be accompanied by an announcement, 

except in the case of abandon ship, which can only be given as an announcement by the 

person in control – normally the Captain.  Research presented in Section 2.2.2 suggests 

that the clarity of the alarm signal influences the response behaviour of people in buildings 

(i.e. alarm systems that provide clear information tend to result in faster response time).  

Thus, it stands to reason that the same should also be true for passengers on ships. 

 

One of the first ship-specific research project that quantified response phase behaviour was 

FIRE EXIT [43][101][102][103] - a research project funded through EU Framework 

Programme 5 from 2003-2005.  The research project involved a total of nine partners from 

Europe and Canada with the objective to characterise human performance for ship 

evacuation scenarios.  Data was collected with the aim of improving simulation for the 

assembly and abandonment processes on ships and represented a significant step forward 

in the field.  The final data collection exercise in the project was intended to gather 

passenger response time and relevant assembly data that could be used for ship evacuation 

model validation purposes.  Two exercises were conducted onboard the MS Eurostar Roma 

– a ship owned at that time by Grimaldi Ferries AS (Italy).  The first trial was conducted 

on 18 April 2005, outbound from Civitavecchia (port for Rome) and the second on 22 

April 2005 returning from Barcelona. The vessel was a RO-PAX ferry with a capacity for 

1,400 passengers, 100 crew and 120 cars.  Data collection was undertaken using 12 digital 

video cameras positioned throughout the ship in locations where passengers were expected 

to be located at the alarm and at entrances to assembly points.  Two additional roving 

cameras were used to capture different views and passenger behaviour throughout the ship.  

Research team members were also positioned at the assembly stations to record (using a 

stopwatch) the arrival time for different passengers at the assembly stations. 
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Galea et al. (2007) [103] note that during the trial, passengers were given a large number of 

warnings that a drill was to happen.  It is expected that this had an impact on the measured 

response times and the authors concluded that these response time distributions produced 

should only be considered appropriate in cases where passengers would be expected to 

receive significant forewarning that an evacuation will be required. This forewarning also 

resulted in some passengers proceeding to the assembly stations with lifejackets donned 

before the alarm was sounded, making the assembly station arrival time dataset collected 

unreliable.  Analysis of passenger response time produced a dataset of 67 response times in 

public areas of the ship and 127 response times in cabin areas.  It was found that the 

distributions produced from both areas of the ship were lognormal in shape – a significant 

departure from the uniform random distribution used in the first IMO evacuation analysis 

guidelines (described in Section 2.3 below).  Despite the weaknesses in the FIRE EXIT 

response time dataset (small numbers of response times collected, fully announced and 

data collected on only one ship), results were used to improve upon the IMO evacuation 

analysis circular used at that time (MSC/Circ.1033 was updated to MSC.1/Circ.1238, 

described below in Sections 2.2.3 and 2.2.4 respectively) through the adoption of new 

passenger response time distributions for the both the day and night cases [103].  The day 

case distribution was developed using passenger response to the alarm in public areas, 

while the night case distribution was developed from passenger response to the alarm in 

cabin areas.  Comparisons are made between FIRE EXIT response time data and the 

research from this dissertation in Chapter 6. 

 

Subsequently, Deere et al. [32] carried-out evacuation modelling with the 

maritimeEXODUS model to demonstrate the difference in total evacuation time using the 

FIRE EXIT response time distributions compared with the IMO response time distribution 

used at that time (uniform random).  It was found that using new the lognormal response 

time distributions produced a more realistic prediction of evacuation performance than the 

uniform random distribution, particularly for build-up of congestion. 

 

Research by Vanem and Skjong (2004) [16] also suggests that the response time will be 

influenced mainly by the signaling and alarm systems.  While cues such as signaling and 

alarm systems will play a role in the nature of passenger response time, to date research 

has not identified this as the primary influencing factor.  Indeed, one of the aims for the 
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work presented in this dissertation is to determine if the factors influencing passenger 

response time can be measured reliably and whether they are repeatable on different ships 

of the same general type. 

 

Given that the literature provides little guidance on the response time characteristics of 

passengers during ship evacuation, research question 2 (Section 1.3) is a relevant and 

important question to ask – Can we collect representative and detailed response time data 

for passengers responding to alarms on passenger ships?  Providing answers to this 

question will result in reliable response time datasets that can be used to more accurately 

model response behaviour onboard passenger ships and to improve our understanding of 

the impact of response time for different areas of different ship types. 

 

2.2.3.2 Evacuation Movement Phase Behaviour  

Analysing human behaviour in emergency scenarios is difficult to do through experiments, 

as suggested by Lee et al. (2003) [104], due to the complexities of human factors such as 

cultural differences, gender, age and behaviour under stress.  Lee et al. [104] consider that 

the effect of vessel motions (obviously not an issue in the built environment on shore) is a 

dominant factor in ships since motions directly affect people’s performance, particularly 

the elderly and those with physical disabilities.  In early iterations of ship evacuation 

modelling and in the absence of better, more relevant data, a reasonable first-order 

approximation for passenger behaviour and movement was to assume land-based 

evacuation settings were appropriate but with the vessel’s geometry.  However, making 

design changes of a passenger ship layout based on results from such a first order 

approximation of evacuation behaviour and performance may be dangerous, considering 

that passengers may not understand or perform as well in the maritime setting as onshore. 

 

Walking speeds were measured by Hwang et al. (1991) and Fukuchi et al. (1998) 

[105][106] to characterise the speed of Asians on flat floors – 0.98 to 1.39 m/s, Katuhara et 

al. (1997 and 1998) [107][108] of the National Maritime Research Institute of Japan on an 

anchored ship from 1994-1997 measured the movement of participants along a pre-defined 

evacuation route with video cameras and showed movement speeds to be 1.4m/s in 

passageways and 0.7m/s on stairs, where maximum group density was 3.0 persons/m
2
.  

Neither of these studies involved people walking in motions and Katuhara’s work, while 
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using up to 120 individuals, only involved students with an average age of 20 years so 

results may not be representative of the broader population. 

 

Murayama et al. (2000) [109] of the Research Institute of Marine Engineering of Japan 

conducted walking tests in a moving corridor.  Participants were subjected to static list 

angles between +/- 20° as well as dynamic motions to 10° with a cycle time of 5 and 10 s.  

Murayama’s experiments in motion showed that walking speeds were about 70% lower 

than for the stationary case, however these tests involved only 6 participants so may not be 

representative of how motion affects walking speed for the broader population. 

 

The effects of motion and structural changes may cause disorientation of individuals in an 

emergency evacuation.  This is particularly the case for passengers on ships which 

experience rolling motions (about the ship’s longitudinal axis), pitching motions (about the 

ship’s transverse axis), heave (up and down) and combinations of these.  In addition, 

unlike the built environment, which generally requires people to move in a downward 

direction to evacuate, evacuation from passenger ships may require people to move in a 

downward or upward direction to reach lifeboats, depending on their location onboard.  

This could be further complicated by onboard equipment which may have shifted due to 

the incident or, if the ship is in a damaged condition and laying on its side or at a 

significant angle, a complete change in vessel geometry from the point of view of the 

passenger, making planned or known evacuation routes unavailable. 

 

Koss et al. [110] performed an experiment in 1997 to determine walking speeds on a ship 

in corridors and on ladders at the Australian Maritime Engineering Cooperative Research 

Centre.  Koss et al. found that walking speed tended to increase as the trim (static angle 

about the ship’s transverse axis) in a downward direction increased, but for trim in an 

upward direction, he found walking speeds were similar to those in the even keel 

condition.  This study involved 67 male and female participants between the ages of 8 and 

25 years and so, again may not be representative of the broader population.  In addition, 

details for the ship tested are not known but the width of the corridor was reported as 1.2m 

so it should be noted that these results do not necessarily hold true for more open spaces on 

ships. 
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The work of Bles et al. (2001) [111] conducted at the TNO Human Factors facility in the 

Netherlands examined the effects of simulated ship motions in corridors using a 4m x 2.4m 

x 2.3m cabin mounted on a hydraulic system.  The experiments involved a large number of 

participants – 150 in total ranging in age from 18-83 years.  Contrary to the results 

published by Koss et al. (1997) [110], Bles et al. (2001) [111] found that for trim angles in 

the upward direction, one could expect a 35% decrease in walking speed, on average.  Bles 

et al. also found that for cases with dynamic motion, increasing the angle and cycle time 

resulted in a decrease of walking speed up to 15%.  While this research presents useful 

insight into how motion and angles of trim affect walking speeds of people on ships, the 

tests were carried-out in a simulated environment with a limited range of motions and over 

relatively small distances (4 m maximum). 

 

In 2004, Lee et al. [112] provided a discussion of the St. Malo passenger ferry evacuation 

(described in detail by Lockey et al. [114]) which took 77 minutes to fully evacuate the 

308 passengers onboard – more than nine times the total evacuation time of 8 minutes that 

had been recorded during a drill with the vessel in a stationary condition.  This incident 

provides a good example of the potential impact of performing an evacuation analysis that 

does not account for vessel motions or passenger psychological state. 

 

Lee et al. (2004) [112] further presented the results of their experiment in which a 10m x 

1.2m x 1.9m corridor mock-up was used on the deck of a ship to provide measures of 

walking speed and flow rates with different angles of trim  (+/- 20deg) and heel (0-20deg).  

Two experiments were conducted using this rig – one with motion and the other without.  

Walking speed for unidirectional and contra flows were measured and flow rates through a 

doorway were measured.  Participants were students from the Korea Maritime University 

and included 18 males and 3 females, all of whom wore lifejackets throughout the tests.  

Results showed a different trend for downward trim walking speeds, which were slower 

instead of faster as presented by Koss et al. (1997) [110].  In addition, Lee et al. report that 

for upward trim, the speed did not decrease as much as reported by Bles et al. (2001) [111].  

One reason suggested is that the floor surface materials were different in Lee’s experiment, 

(i.e. carpeted and thus less slippery than for the others).  Lee et al. do not discuss the 

potential impact of the population used, nor does he discuss the impact of the participants’ 

ages and the fact that they were predominantly male.  The population differences between 

the work of Lee and Bles are significant and likely have a major impact, considering the 
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much wider age range in the experiment by Bles.  Contraflow situations in Lee’s 

experiment reduced walking speeds by up to 60%.  Lee et al. recognise some of the 

challenges faced in planning his experiment and recommended that additional research be 

carried-out to quantify the effects of ship list angles on greater numbers of female 

participants, different ages and persons with mobility issues.  He also recommended further 

studying the effects of motion using a motion simulator. 

 

The FIRE EXIT [43][101][102][103] project (2003-2005) also produced a large database 

of walking speeds for passenger ship scenarios using a specialized test rig called SHEBA – 

the Ship Human Evacuation Behaviour Assessment facility [101].  The SHEBA rig 

measured 10m x 2m with a short stair run at one end.  The facility was mounted on 

hydraulic rams capable of tilting it to angles up to 25° - static as well as dynamic motions.  

The interior of SHEBA was set-up to look like a ship’s passageway, complete with 

handrails.  Testing was carried-out in SHEBA to measure walking speeds for males and 

females across a range of ages and for different angles of static heel, as well as for dynamic 

roll motions simulating a ship in the damaged condition, rolling about a longitudinal hinge 

[113].  SHEBA testing also included measurement of individual passenger walking speed 

in conditions of simulated (theatrical) smoke of differing optical densities and in different 

lighting conditions, as well as group performance and contra-flow conditions and 

movement up and down stairs.  Although the SHEBA datasets were used to update existing 

data regarding pedestrian dynamics on ships, it must be recognised that the test conditions 

were still somewhat artificial and only rolling motion was possible.   

 

It is worth also considering the effect of having multinational passengers and crew in large 

numbers onboard a passenger Ship.  As a North American who has spent time in the UK, 

this researcher has experienced first hand the effect that unexpected interactions have on 

pedestrian flow when forgetting to walk on the correct side of the pavement – is this a 

factor that noticeably affects the evacuation time for groups of multinational passengers in 

emergencies at sea?  According to Jewkes and Aloisi (2012) [115], the Costa Concordia, at 

the time of the disaster, had 38 different crew nationalities onboard, and two thirds were 

there to entertain and take care of passengers, heavily outnumbering the number of 

qualified seafarers onboard.  Oldenburg et al. (2009) [116] indicates that 80% of the 

world’s shipping fleet is manned with multinational crews and reports show that casualties 
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occur more frequently on ships with mixed crews than not.  Given the international nature 

of passenger ships, this is an additional question that may require further investigation. 

 

2.3 Regulatory Environment 

 

Ships sailing international waters are bound by the regulations provided by the 

International Maritime Organization (IMO).  These regulations are then adopted by IMO’s 

member countries and enforced accordingly under each administration.  The IMO has no 

responsibility for enforcing or policing the regulations set out in its various treaties.  

Furthermore, ships sailing in domestic or inland waterways are not bound by IMO 

regulations; but rather those set forth and enforced by the country in question.  The various 

conventions and instruments of the IMO are continually being updated in response to ship 

accidents and resulting investigation reports, but also as new technologies and datasets 

become available.  Thus, the IMO also plays a role in driving the international research 

agenda in merchant shipping. 

 

2.3.1 SOLAS 

As previously noted, SOLAS is generally regarded as the most important international 

treaty concerned with the safety of merchant ships [8].  The convention in force today 

(held in 1974) has been updated and amended regularly and is generally referred to as 

“SOLAS 1974, as amended”.  SOLAS has the main objective of specifying minimum 

standards for ship equipment, construction and operation [8].  The Convention prescribes 

several certificates as proof that this has been done and control provisions allow 

contracting governments to inspect ships of other contracting states if there are grounds for 

believing a vessel does not comply substantially with the Convention requirements (known 

as port state control).  SOLAS is divided into 14 Chapters, however, not all are relevant to 

the research presented here; a short summary of relevant chapters and regulations is 

provided below.  Chapter I outlines general provisions and definitions, including SOLAS 

I/1, which states “Unless expressly provided otherwise, the present regulations apply only 

to ships engaged on international voyages”.  Of particular relevance here is SOLAS I/2, 

which defines the terms passenger and passenger ship as follows [19]: 

 

(a) A passenger is every person other than: 
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(i) The master and the members of the crew or other persons 

employed or engaged in any capacity on board a ship on the 

business of that ship; and 

(ii) A child under one year of age. 

(b) A passenger ship is a ship which carries more than twelve 

passengers. 

 

Given this somewhat simplistic definition, it is clear that regulations governing passenger 

ship safety need to be broad in scope in order to cover all manner of vessels carrying 

passengers - from river ferries and dinner cruise ships all the way to cruise ships like MS 

Oasis of the Seas with capacity for over 6,000 passengers.  With this in mind, SOLAS I/3 

provides some exceptions to the specifications in Regulations 1 and 2 that are relevant for 

the topic of passenger ships as discussed in this thesis [17][19]: 

 

(a) The present regulations, unless expressly provided otherwise, do 

not apply to: 

(i) Ships of war and troopships. 

(ii)  Ships not propelled by mechanical means. 

(iii)  Wooden ships of primitive build. 

(iv)  Pleasure yachts not engaged in trade. 

 

The IMO provides a wide array of regulatory documents relevant for passenger ship safety, 

including; medical and sanitation (MSC/Circ.1129), ships with cabin balconies 

(MSC/Circ.1187), systems and services to remain operational for safe return to port and 

orderly evacuation and abandonment after a casualty (MSC/Circ.1214), recommendations 

for decision support system for Masters on PAX ships (A.796(19)), stability in damaged 

condition (SLS.14/Circ.356), guidelines for evaluation of fire risk of external areas on 

passenger ships (MSC.1/Circ.1274) and guidelines for evacuation analysis for new and 

existing passenger ships (MSC.1/Circ.1238) – a document which guides much of the 

research found herein.  Its development is outlined in the following paragraphs and 

important details contained within, throughout the remainder of this section. 
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2.3.2 MSC/Circ.909 – Interim Guidelines for a Simplified Evacuation 

Analysis of RO-RO Passenger Ships 

At the 71
st
 session of the IMO’s Maritime Safety Committee (MSC) in May 1999, it was 

noted that SOLAS II-2/28-1.3 requires RO-RO passenger ships built after 1 July 1999 to 

undergo an evacuation analysis as part of the design process.  MSC noted that since 

computer-based evacuation simulation was still under development, a simplified 

evacuation analysis method was required and thus approved IMO MSC/Circ.909 – Interim 

Guidelines for a Simplified Evacuation Analysis of RO-RO Passenger Ships.  The stated 

purpose of the IMO MSC/Circ.909 guidelines was to provide information on how to 

execute a simplified evacuation analysis for a ship at the design stage and use analysis 

results to: 

 

1. Identify and eliminate as far as practicable the congestion that may develop during 

a ship abandonment due to the normal movement of passengers and crew along 

escape routes, accounting for the possibility that crew may need to move along the 

same routes in the opposite direction as passengers; and 

2. Demonstrate that planned escape routes are sufficiently flexible to provide for the 

chance that certain routes, assembly and embarkation stations, or life saving 

appliances (LSAs) might not be available due to the causal incident. 

 

This simplified analysis method is based on a macro model adapted from methods 

developed for simulating building evacuations [40].  The simplified method uses passenger 

awareness time in responding to an incident, travel time to reach assembly and LSA 

embarkation stations and the LSA boarding and launching time in order to compute the 

overall evacuation time.  To meet the requirement, the total evacuation time for RO-RO 

passenger vessels must be not more than 60 minutes if the vessel has up to 3 main vertical 

fire zones and 80 minutes if it has more than 3. 

 

2.3.3 MSC/Circ.1033 – Interim Guidelines for Evacuation Analyses for New 

and Existing Passenger Ships 

At its 75
th

 session held 15-24 May 2002, MSC offered the possibility of performing an 

evacuation analysis by two distinct methods – either a simplified or an advanced method.  

For the first time, computer-based evacuation analysis of passenger ships was permitted, 

through MSC/Circ.1033 [117].  The advanced method for performing an evacuation 
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analysis of a ship requires that the assembly stations and escape routes be identified in the 

general arrangement drawings used and that the evacuation time estimate be based on four 

idealised benchmark scenarios: 

 

- Case 1: Night case 

- Case 2: Day case 

- Case 3: Night case with reduced evacuation route availability 

- Case 4: Day case with reduced evacuation route availability 

 

Additional scenarios thought to be relevant may be considered as appropriate but are not 

required by the Circular. 

 

The process of evacuation from passenger ships is naturally very complex, as identified in 

the previous section.  Thus, performing an evacuation analysis of a given vessel design is 

not meant to encompass all manner of evacuation scenarios that a ship may encounter in an 

emergency.  The Circular outlines some important assumptions that must be made about 

the vessel, the passenger population and the benchmark scenarios [117]: 

 

- passengers and crew should be represented as individuals, each with specified 

abilities and response times 

- unless otherwise stated, planned escape routes (per SOLAS II-2/13) should be fully 

available and passengers and crew should make use of these routes when 

evacuating 

- passenger load and initial distribution should be based on the IMO Fire Safety 

Systems (FSS Code), Chapter 13 [118] 

- a safety factor of 1.25 should be used in the calculation to account for assumptions 

made, model omissions and the limited nature of the benchmark scenarios, 

specifically: 

o crew will immediately be at their evacuation duty stations to assist 

o passengers will follow the directions of crew and signage (i.e. route 

selection is not predicted by the model) 

o smoke, heat and toxic fire products present do not affect the performance of 

passengers or crew 
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o the model does not consider the effect of vessel motions, heel or trim on 

passengers, nor does it consider family group behaviour 

 

Two main performance standards are presented in the Circular.  The first relates to overall 

evacuation time, which is presented graphically in Figure 8 and by Equations (3) and (4): 

 

           ⁄ (   )    (3) 

 and 

 (   )         (4) 

 

Where: 

T = travel time (as defined in the Circular Annex) which is a random quantity due to 

the probabilistic nature of the evacuation process 

E = embarkation time (life saving appliance boarding) time 

L = life saving appliance launching time 

n = maximum allowable evacuation time; for RO-RO passenger vessels, equivalent to 

60min and for passenger vessel other than RO-RO, equivalent to 60min for ships 

with no more than three main vertical fire zones and 80min for ships with more 

than three main vertical fire zones. 

 

 

Figure 8 Depiction of the time-related performance standard set-out in IMO 

MSC/Circ.909, MSC/Circ.1033 andMSC.1/Circ.1238. 
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It should be noted that Equation (3) deals with the process of LSA embarkation and 

launching, which is not the focus of this dissertation.  However it is still important to 

consider this when understanding the entire ship evacuation process.  The Circular 

indicates that the quantity (E + L) should be based on either the results of full-scale trials 

on similar types of ships and evacuation systems; from data provided by manufacturers 

(including a safety factor); or (if neither of these two options is available, 30 minutes 

should be used).  These requirements are in compliance with SOLAS III/21.1.4. 

 

In the overall performance standard presented in Equation 1 and depicted in Figure 8, it is 

understood that the process of embarkation into life saving appliances may begin before all 

passengers have been assembled, hence the reason why only 2/3 of the total (E + L) is 

factored into the overall evacuation time.  While it is likely that the proportion 2/3 was 

arbitrarily chosen, in the absence of published data, it at least accounts for realistic 

expectation of what is likely procedure in an emergency – boarding and launching LSAs 

when ready rather than starting the process only after all onboard have been assembled.   

 

SOLAS III/21.1.3 states “All survival craft required to provide for abandonment by the 

total number of persons on board shall be capable of being launched with their full 

complement of persons and equipment within a period of 30 minutes from the time the 

abandon ship signal is given after all persons have been assembled, with lifejackets 

donned”.  Further, the IMO Life-Saving Appliance (LSA) Code 4.4.3.1 states that “Every 

passenger ship lifeboat shall be so arranged that it can be boarded by its full complement of 

persons in not more than 10 minutes from the time the instruction to board is given.”  If we 

think about what this means for a moment, it is somewhat alarming and obvious that this 

standard was created when lifeboats were smaller in size and rated capacity.  With most 

large cruise ships now carrying lifeboats that are at least 150 person capacity, this provides 

4 seconds on average for each person to board and become seated inside; the same goal 

must be met for all lifeboat designs.  The LSA Code specifies that no lifeboat shall be 

approved to accommodate more than 150 persons, however exemptions can be made - the 

lifeboats on the world’s largest cruise ship, Oasis of the Seas, are rated to carry 370 

persons each [119] which means, on average, each passenger has 1.6 seconds to board and 

become seated if the requirement is to be met.  Clearly, the lifeboat design must allow 

passengers to board through more than one entrance and in multiple queues.  While this 

requirement may seem impossible to meet, it is important to also understand that these 
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craft must undergo a wide range of certification tests, which are witnessed by a recognised 

certifying authority and, thus, must meet the prescribed regulation before being approve for 

use.  How quickly the lifeboats can be boarded in practice during a real emergency under 

varying conditions is not currently known.  It is also worth considering the potential impact 

of research published by the author [120], the rated capacity of a vessel does not always 

mean the craft will have enough space to fit them all.  How this likelihood would affect the 

overall evacuation process is unknown. 

 

Given what the regulations allow regarding evacuation time, we should also consider 

whether passengers should be more thoroughly trained onboard so they know what to 

expect if required to perform an emergency evacuation.  It is suggested by the Royal 

Institution of Naval Architects [121] that “a little training could go a long way and the fact 

that cruise passengers have little in the way of lifeboat training is a shocking revelation in a 

world where other modes of transportation, most notably the airline industry, take a far 

more proactive role in reinforcing safety procedures for passengers.”  Given what is at 

stake, perhaps legislative and international regulatory requirements should be considered 

“a floor and not a ceiling”, however, from personal discussions with crew members on a 

variety of ships, there appears to be skepticism that this will happen any time soon as there 

is potentially a significant cost difference between the two. 

 

The second performance standard in MSC/Circ.1033 [117] relates to overall congestion on 

the vessel during the assembly process.  It specifies that congestion levels of 4 persons/m
2
 

or greater may be significant to the overall assembly process on a passenger ship.  It is 

further identified that if congestion at this level or greater is found to persist for longer than 

10% of the simulated overall assembly time, then it should be considered significant. 

 

For vessels that do not meet the required performance standards, the Circular offers 

corrective actions, depending on whether the vessel exists or is still at the design stage: 

 

- Vessels at the design stage: modify arrangements that affect the evacuation system 

in order to meet the required performance and re-test. 

- Existing vessels: review onboard procedures and take appropriate action to reduce 

congestion in key problem areas identified in the analysis. 
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Given that the software for performing advanced evacuation analysis is not prescribed, 

Annex 3 of MSC/Circ.1033 [117] also provided guidance on the different validation and 

verification tests that software should demonstrate a capability to perform.  Four forms of 

model verification are provided for which evacuation models should undergo (a procedure 

that is also highlighted in ISO document ISO/TR 13387-8:199 – Part 8: Life Safety - 

Occupant Behaviour, Location and Condition).  These are: Component Verification (Table 

3) to demonstrate that the software components perform as intended (seven different tests); 

Functional Verification (Table 4) to demonstrate the software has the different capabilities 

and functions required to perform a ship evacuation analysis; Qualitative Verification 

(Table 5) to demonstrate qualitatively that behaviour capabilities built-in to the software 

are capable of producing realistic results (five different tests); and Quantitative 

Verification (Table 6) to show that software predictions compare well with data from 

evacuation demonstrations.  No formal means of software validation is provided. 
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Table 3 Evacuation model verification guidance for category 1 - component testing, 

as provided by IMO MSC.1/Circ.1238. 

1. Component Verification 

Determine that software components perform as intended for different elementary test 

scenarios and to ensure the major sub-components function properly, through 7 tests: 

R
eq

u
ir

ed
 T

es
ts

 

a. Maintain set walking 

speed in a corridor 

One person in a corridor 2m wide and 40m long walking 

at 1m/s should cover the distance in 40s 

b. Maintain set walking 

speed up a staircase 

One person on a stair 2m wide with a 10m length 

measured on the incline walking at 1m/s should cover the 

distance in 10s 

c.  Maintain set walking 

speed down a staircase 

As in (b) but with the person moving downward 

d. Exit flow rate 100 persons exiting a room 8m x 5m with a 1m exit at the 

midpoint of the 5m wall should not exceed a flow rate of 

1.33 persons per second over the entire period 

e. Response time 10 persons in a room as described in (d) with response 

times uniformly distributed over the range 10s to 100s all 

start moving at the appropriate time 

f. Rounding corners For a 2m wide L-shaped corridor 10m x 10m, 20 persons 

approaching the corner will successfully navigate the 

corner without penetrating the boundaries 

g. Population 

demographics 

parameters 

Generate a group of 50 males 30-50 years old with 

walking speeds as specified in the circular and 

demonstrate that the distributed walking speeds are 

consistent with those in the circular. 

 

Table 4 Evacuation model verification guidance for category 2 – functional 

verification, as provided by IMO MSC.1/Circ.1238. 

2. Functional Verification 

Determine that software can exhibit different capabilities required to perform intended 

simulations.  Developers comprehensively set-out the range of model capabilities and 

assumptions and provide a guide for their correct use.  This is task specific and must 

accompany the software in the form of technical documentation. 
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Table 5 Evacuation model verification guidance for category 3 – qualitative 

verification, as provided by IMO MSC.1/Circ.1238. 

3. Qualitative Verification 

Determine qualitatively that behavioural capabilities built into the model can produce 

realistic behaviours.  Five different tests are outlined for the verification process. 

R
eq

u
ir

ed
 T

es
ts

 

a. Counter-

flow – two 

rooms 

connected 

via a 

corridor 

Create two rooms 10m x 10m joined by a corridor.  Generate a 

population of 100 occupants having instant response times.  Step 1: 

randomly locate all occupants in one room at the maximum density 

possible and run the simulation so that all occupants move from one 

room to the other, recording the time that the last person enters.  Step 

2: repeat with an additional 10, 50 and 100 persons in the opposite 

room with identical characteristics.  Run the simulation so that when 

people move, a counter-flow situation is created.  The resulting 

recorded time for the last person entering should increase as the 

number of persons in the counter-flow increases. 

b. Exit 

Flow – 

crowd 

dissipation 

from a 

large public 

room 

Create a room 20m x 30m with two doors on each 30m wall.  

Randomly distribute 1,000 males with instant response time and 

distributed walking speeds.  Step 1: run the simulation with all 4 

doors open and record the time when the last person leaves the room.  

Step 2: close two doors (on the same wall) and re-run the simulation, 

recording the time when the last person leaves the room.  The time to 

empty the room from Step 1 to Step 2 should approximately double. 

c. Exit 

route 

allocation 

Create a section of a ship measuring 18m x 10.9m containing a 

central corridor adjoined by 12 cabins.  The cabin area should be 

populated with 23 males with instant response times.  Persons in 

cabins 1, 2, 3, 4, 7, 8, 9 and 10 should be allocated the main exit and 

the remainder to the secondary.  The expected result is that the 

passengers move through their allocated exits. 

d. Staircase Create a room 8m x 5m with a 12m long corridor 2m wide connected 

to the centre of the 8m wall.  The corridor has stairs in the upward 

direction at the opposite end.  Populate the room with 150 males with 

instant response times.  The result should be congestion at the exit 

with steady corridor flow and congestion at the base of the stairs. 
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Table 6 Evacuation model verification guidance for category 4 – quantitative 

verification, as provided by IMO MSC.1/Circ.1238. 

4. Quantitative Verification 

Determining if model predictions compare well numerically with reliable data 

generated from evacuation demonstrations. 

 

 

2.3.4 MSC.1/Circ.1238 – Guidelines for Evacuation Analysis for New and 

Existing Passenger Ships 

The MSC, at its 83
rd

 session on 3012 October, 2007 adopted updates to MSC/Circ.1033 

mainly to include more realistic response time distributions for the day and the night cases 

within the advanced simulation method.  The distributions take a lognormal form, rather 

than the uniform random distribution used in MSC/Circ.1033, and were based on research 

results from the FIRE EXIT [103] project led by UoG and involving the author, prior to the 

present research.  The updated Circular became MSC.1/Circ.1238 and while it and its 

predecessors are only provided as guidelines within the regulations, it is the responsibility 

of individual IMO member governments to decide whether to incorporate all or part of the 

guidelines into their national legislation or merely leave them as guidelines.  Current 

activity at the IMO is recommending that these move from being guidelines to 

requirements. 

 

While MSC.1/Circ.1238 goes a long way to enabling an understanding of the evacuation 

performance of passenger ships, there are still significant gaps that must be addressed.  For 

this reason, Paragraph 9.1 of the circular requests that member governments provide 

“…information and data resulting from research and development activities, full-scale tests 

and findings on human behaviour, which may be relevant for the necessary future 

upgrading of the present Guidelines”.  In lieu of such data, the circular makes some 

assumptions which, it is hoped, are covered by the safety factor = 1.25 described above: 

 

- crew and passengers do what they are supposed to do in an emergency; 

- passengers are not intoxicated; 

- passengers are ambulatory; 

- passenger mobility is not adversely affected by vessel motions;  

- all LSAs are fully available and functioning properly; 
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- passenger response to alarms is well-represented by the lognormal distributions 

provided for day and night cases and for all ship types; and  

- evacuation models predict results that are realistic and reliable (i.e. are validated). 

 

It is not known if 1.25 is an adequate safety factor to account for the gaps identified, since 

research has not been carried-out to adequately address any of the above points.  However, 

the research in this dissertation attempts to provide answers for the final two points in the 

above list by providing answers to research questions 2, 3 and 4 from Section 1.3: 

 

2. Can we collect representative and detailed response time data for passengers 

responding to alarms on passenger ships? 

3. How do we objectively determine the degree of agreement between ship evacuation 

model predictions and experimental data? 

4. Can we collect a dataset for use in validating ship evacuation models? 

 

The circular also provides the following important clarification in Paragraph 18 of Annex 3 

which identifies the gap regarding quantitative verification/validation of evacuation 

models: 

 

At this stage of development there is insufficient reliable experimental data 

to allow a thorough quantitative verification of egress models.  Until such 

data becomes available the first three components of the verification 

process are considered sufficient. 

 

This is an important statement which has guided much of the work presented in this 

dissertation. 

 

2.4 Measuring Human Performance During Evacuation 

 

Characterising human performance in evacuation studies is a complex task that requires a 

range of data collection methodologies, depending on the activity being assessed and the 

purpose of the assessment – basic research, simulation development or simulation 

validation.  Kuligowski and Milke (2005) [122] note that no standardised dataset has been 
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specified for use in evacuation models – it is the model developer’s choice as to which 

dataset to use or which to blend together as a single reference on human behaviour and 

performance.  For the work carried-out in this thesis, it was necessary to measure 

passenger response time, assembly routes and associated times in the many different 

locations throughout the ships where passengers would be normally located.  Research has 

been carried-out in the built environment to characterise human performance for more than 

four decades so a review of data collection methods from this sector are given first. 

 

2.4.1 Measuring Evacuation Performance in the Land-Based Environment 

Bandini et al. (2007) [123] provide a qualitative evaluation of technologies and techniques 

that can be used for data collection involving crowds of people and indicates that data 

collection and assessment represents a critical issue for pedestrian dynamics.  They offer 

five different means for acquisition of crowd data: 

 

1. Direct Observation/Investigation – by the observer being physically present or 

through analysis of video after-the-fact.  This method relies on the observer’s 

experience and can be used to determine numbers of people, flow dynamics and 

data that technology cannot detect such as emotional state.  Analysis of video after-

the-fact would be useful for the research planned in this dissertation, since direct 

observation during the trial would be too unreliable and lack repeatability. 

2. Scene Analysis – used when people cannot be tracked individually and includes use 

of video or photos, as well as image processing techniques.  In low densities, these 

methods can be automated and often enable estimation of the number of people, 

densities, flow rates and evacuation times.   

3. Proximity Sensing – technologies that use sensors to detect passage of people at 

known locations (usually restricted, small spaces).  Typically these techniques 

cannot be used to determine individual or crowd speeds or crowd densities but are 

good at counting people in controlled situations.  For the research planned, these 

methods would not be possible, since sensors would have an impact on the 

behaviour of passengers and potentially restrict or slow their movement. 

4. Continuous localization Systems – provide continuous positioning information 

indoors and outdoors (e.g. GPS).  These methods can be used to track individuals 

and crowds precisely, including speed and density of crowds, and flow rates.  



 

 64 

However, for testing within metallic structures like ships, these types of systems 

would not provide reliable measures, even if they worked at all. 

5. Sensor Networks – often hybrid solutions of multiple systems, sensor networks can 

provide continuous localization information.  These are suitable for indoor and 

outdoor situations and have potential for use in pedestrian dynamics applications 

but had not been used at the time of the publication.  Bandini et al. [123] also 

indicate that this could include integration of RFID and wireless networks, which 

may be useful for the research planned in this dissertation. 

 

Sharma and Gifford (2005) [124] installed RFID antennae in the ceiling above two exits 

from a classroom at the University of Michigan and monitored 5 participants as they exited 

the room, comparing the actual exit time with the RFID measured exit time.  RFID tags 

were mounted to 0.25” foam backing and attached to participants’ shirts.  For the four tests 

conducted, participants’ exit time was recorded and compared with the actual.  The authors 

measured an 80% read rate for the first two trials and 100% for the last two.  They did not 

provide a comparison between the actual and RFID-measured exit times, however, it was 

concluded that RFID could be an effective tool for monitoring individuals exiting a room 

during an evacuation trial, since they were able to determine which exit was used and who 

exited.  In their paper, they outline some of the issues described by other authors 

attempting to use RFID for human tracking, in particular that the human body (because of 

its high water content) tends to absorb the system’s radio signals in an unpredictable way, 

thus reducing the reliability of the overall system in counting and locating tagged 

individuals.  They did recommend that future testing should be done with larger groups of 

participants and over a larger area, however, following an extensive search of the literature, 

reference to this work could not be found.  While the results of this study suggest that 

RFID may be useful in measuring movement of people in planned evacuation trials, the 

population size used does not give confidence in the reliability of the results.  Furthermore, 

the authors instrumented only two exits, which does not provide enough information to 

assess whether an RFID system could be effective in a more complex structure for tracking 

people. 

 

Hostikka et al. (2007) [93][94][95] performed three evacuation studies in Finland – in a 

public library, office building and a large shopping centre while monitoring people with 

surveillance cameras and RFID technology.  The RFID system used passive tags attached 
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to plastic badges and it was found that at least a 50% tag read rate could be expected if 

proper alignment and measurement of power for tag readers was carried out before the 

trials.  For the trials in the library, they found that the RFID system performed poorly, 

capturing fewer than 50% of evacuees as they exited (when compared with video 

surveillance).  For the office building, the successful read rate was much better, ranging 

from 81.3% to 95.0% over four tests that the tags delivered to participants were read at 

least once.  The overall read rate, however, considering all read points was closer to 60% 

and only 17% of the tags were read successfully at all points.  Hostikka et al. concluded 

that “Video cameras are the primary measurement technique in evacuation tests.”  In 

addition to flow rates through doorways, video cameras were used to successfully capture 

occupant response time in some of these experiments. 

 

Hostikka et al. [93][94][95] further discuss the feasibility of using pre-existing closed 

circuit television (CCTV) camera systems for evacuation experiments.  They identified that 

while CCTV video is typically lower quality than dedicated digital video cameras used in 

their experiment, it is generally of sufficient quality to determine evacuation behaviour in 

buildings.  The authors also noted that CCTV systems operate typically at a lower frame 

capture rate than digital video, which means that the accuracy can be lower, however in 

crowded evacuation situations with typically lower walking speeds, this is not a problem.  

It is worth considering the use of CCTV systems for the research presented in this 

dissertation, if pre-installed on the ships tested and if the pre-determined set of views is 

acceptable for the requirements of the research. 

 

2.4.2 Measuring Evacuation Performance in the Maritime Environment 

It is reasonable to expect that measurement of the evacuation behaviour of people in ship 

evacuation situations can generally be accomplished using techniques that are useful in 

buildings.  However, the use of specific technologies can be impacted by the fact that 

modern ships are metallic structures that may interfere with certain measurement systems.  

In addition, from a logistics point of view, planning and executing ship human behaviour 

studies on ships can be more complicated than for buildings by the fact that ships move but 

buildings do not.   

 

The work of Bandini et al. (2007) [123] presents a useful categorization of data collection 

methods for pedestrian dynamics.  However, since the time of publication, different 
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systems have been developed to utilise sensor networks onboard ships for tracking 

peoples’ locations and movement (e.g. to find a family member) and also for muster 

checking during emergencies [125].  These technologies have not been used for pedestrian 

evacuation dynamics studies and permanently installed systems were not available for the 

research presented in this dissertation.  More recently, the Monalisa Project [126] 

presented a pilot application of an indoor positioning system for people.  The system was 

implemented and installed on cruise ship Ruby Princess (3084 passenger and 1200 crew 

capacity) and uses RFID readers installed permanently throughout the ship, with 

passengers expected to carry a smart card tag.  The project experienced some calibration 

problems in the early stages but these were adjusted and the proponents indicate it has been 

a success.  While not explicitly stated in [126], it should be understood that these systems 

do not provide any data if passengers do not actually carry a smart card tag.  

 

Vanem and Ellis (2010) [127] carried-out a thorough analysis of the cost-effectiveness for 

using an RFID-based monitoring system to improving evacuation from passenger ships.  

Their work was part of the MarNIS project funded by the EU through its 6
th

 Framework 

Programme and considered the main functions that a monitoring system should have (in 

order of importance): 

 

- Automated counting of passengers at the assembly stations; 

- Automated counting of passengers at embarkation of lifeboats and LSAs; 

- Identifying passengers with special needs in an emergency evacuation; 

- Assisting with the crew procedure of “sweeping” the ship to ensure no passengers 

are left behind; 

- Enabling decision support during an event by recommending routes that avoid 

congestion; and 

- Ensuring that all crew are in place to assist with the evacuation process. 

 

While the authors concluded that such a system could help ensure an effective emergency 

evacuation, at the time of publishing, it was not found to be cost-effective.  Vanem and 

Ellis, however, suggest that perhaps a system with reduced functionality, positioned only at 

assembly stations would prove cost-effective.  In addition, if the system were also capable 

of providing other benefits such as improving boarding procedures, for making payments 
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in onboard bars and shops or for tracking luggage and inventory, a vessel-wide tracking 

system may meet cost effectiveness criteria and also reduce risk to life at sea. 

 

More recently, different technologies have been developed that employ a range of sensors 

to track equipment and different assets, which are thought to also have the capability to 

track people on ships.  In particular, Ubisense [128], Ekahau [129] were noted by Sharma 

and Gifford (2005), however these systems are not considered appropriate for temporary 

data collection trials in the shipboard environment as they tend to offer enterprise level 

solutions for large-scale industry and would likely be cost prohibitive and logistically 

challenging to install and operate for a research application.  There is also the Cricket 

system [130][131], which uses devices positioned at known locations within a structure 

that emit periodic ultrasonic “chirps” that are heard by listening devices attached to a 

person or asset of interest.  The cricket system can measure the position of the listener to 

within 10cm of its actual location, however, this accuracy is adversely affected by the 

presence of obstacles and the authors suggest that system scalability and ease of 

deployment would make this technology impractical in a complex environment such as a 

passenger ship where the number and density of users may be high. 

 

The MEPdesign project made use of RFID technology for determining when passengers 

arrived at assembly stations during a large-scale sea exercise on the MF Kronprins 

Frederik sailing on the Baltic Sea.  A total of 592 passengers participated in an assembly 

exercise which was monitored using RFID technology [132].  The exercise was undertaken 

in an effort to determine if group behaviour information could be accurately modelled 

using the EVAC building simulation model.  While the RFID system performed well (585 

reads out of the total 592 involved), the authors felt that the full-scale exercise was too 

artificial to be considered a useful validation of the modelling.  It did, however, 

demonstrate that RFID technology may provide a viable method for tracking passenger 

movement during an assembly onboard a passenger ship. 

 

2.4.3 The Suggested Way Forward 

Based on what is provided in the literature, video cameras should offer the best option for 

determining passenger response time on ships, since they are relatively inexpensive, 

reliable, enable a wide range of mounting options, are easy to operate and provide a record 

that can be reviewed many times if required. 
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In addition, the literature suggests that RFID technology offers the best solution for 

automatically tracking the movement of passengers in order to develop a validation 

dataset.  Despite some known challenges in reliability of read rates for RFID, the literature 

indicates that a read rate of at least 50% can be expected. 

 

2.5 Validation Data for Ship Evacuation Models 

 

Multiple attempts have been made by researchers since the late 1990s to collect data 

suitable for validation of ship evacuation models, however a validation method has not yet 

been put forward that has been accepted by the evacuation modelling and regulatory 

communities.  The research that has been carried-out is described in this section with a 

discussion of any weaknesses observed for each. 

 

Yoshida et al. (2001) [133] carried-out a full-scale ferry evacuation trial in the port of 

Onahama, Japan in 1997, involving 356 students and teachers from a local high school, 

each of whom was given a unique identification number.  To collect data, they used a total 

of 26 video cameras for identifying the different participant ID codes, along with a bar 

code reader at the assembly stations where each student scanned their code on arrival.  The 

trial consisted of participant movement from the time of the alarm through to abandonment 

from the ship using liferafts and slides.  Simulations were performed numerically and 

results for arrival time at assembly stations compared reasonably well with the 

experimental findings.  Yoshida et al. did not provide a numerical means by which results 

could be compared and it can be seen from inspection that the numerical results tend to 

predict a greater number of passengers arriving in the early stages of the evacuation than 

was the case for the experiments conducted.  No guidance was provided for future methods 

of evacuation model validation.  In addition, while the experiment involved a relatively 

large number of participants, the value of the validation data is questioned due to the large 

number of young school-aged children in relation to adults. 

 

The MEPdesign project [132][134][135] took place in Europe between 1998 and 2001 and 

investigated the mustering and evacuation of passengers.  The project examined the total 

performance requirement for evacuation as stated in SOLAS  (Annex 5, Resolution 4) that 
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maximum evacuation time for RO-RO passenger ships with up to 3 main vertical zones 

should not exceed 60 minutes.  This included the abandonment phase in which evacuation 

slides and chutes are used or lifeboats launched, but also the assembly phase that precedes 

it and for which human performance is an important part of the process.  The authors 

suggest some very useful aspects of the human performance as being: 

 

 Reaction to alarms; 

 Walking speed under different conditions of ship rolling and list; 

 Way-finding; 

 Group binding; 

 Noncompliance with instructions from crew; and possibly 

 Panic. 

 

Over 1200 passengers were interviewed or provided questionnaires on selected routes 

operating in the Baltic Sea over a 3 day period, which provided the project team with basic 

information on passengers’ attitudes toward safety and emergencies, as well as group 

habits and behaviours onboard.   

 

Full-scale evacuation trials were carried-out by Gwynne et al. in 2003 [43] onboard a 31m 

x 8m tour boat operating on the Thames River in London to collect validation data for the 

maritimeEXODUS ship evacuation model.  A total of 111 participants were located 

throughout the two decks of the vessel and five different evacuation exercises were 

performed, using different exits for each trial.  Using maritimeEXODUS, the authors 

simulated the trial conditions and compared the model results to the trial results.  It was 

found that the model results differed by the trial results by only 6.6% on average, with 

numerous qualitative similarities between the two.  The authors then modelled the vessel’s 

planned evacuation procedure and found that it had potential to produce long evacuation 

times due to poor placement of lifejackets that passengers needed to collect and don.  

Using the model, they suggested modifications to the mustering procedures relating to 

lifejacket storage location that could significantly improve the expected evacuation time.  

This research demonstrates that evacuation models can be used to test the efficacy of 

evacuation procedures onboard passenger vessels.  While the collected data was used to 

provide a measure of evacuation prediction performance for the maritimeEXODUS model, 
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a detailed quantitative assessment was not made between the shape and magnitude of the 

measured and predicted assembly time curves.  It must also be recognised that the research 

was carried-out on a relatively small boat in calm conditions so it is not known if the 

results are representative of larger ships in open waters. 

 

Hostikka et al. (2007) [93] suggest that for performance based design to be considered 

reliable, simulation tools used must be validated for the given type of application.  They 

further indicate that for evacuation models, experimentally obtained information on human 

behaviour during evacuation situations is needed; not just flow rates of the various 

evacuation routes, but details of the decision making processes of the evacuees.  This is 

important for the research presented in this dissertation, since one of the stated goals is to 

develop a validation dataset for ship evacuation models. 

 

2.6 Evacuation Models 

 

2.6.1 Overview 

An evacuation model is defined by Galea (2008) [136] as a computer-based software tool 

used to study the movement of people from a structure under emergency conditions.  Lee 

et al. [104] state that an evacuation model is: “…a system or methodology that simulates 

and evaluates the effect of evacuation factors” and because the evacuation process depends 

largely on evacuee behaviour, various evacuation factors can have a significant effect on 

the outcome of each simulation.  Evacuation models allow researchers, fire safety 

engineers and architects to determine the evacuation efficiency of a structure and, 

therefore, help assess its safety for evacuation situations. 

 

The alternatives to evacuation modelling are either adherence to traditional building codes 

or full-scale evacuation test [136].  The former tends to be restrictive, incapable of 

producing an optimal evacuation design solution and provides no rational means for novel 

designs; while the latter can be expensive and logistically challenging to organise, 

represents a risk to the population used and only produces a single point on the distribution 

of likely evacuation times. 
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Evacuation models can be broadly divided into two groups – those that are available for 

people to use (either for free or by purchasing a user license); and those that are used by 

developers through consultancy in which modelling results are provided to the end user.  In 

their 1999 review of evacuation models, Gwynne et al. [137] suggested four categories 

under which evacuation factors for simulation and modelling are defined: 

 

1. Enclosure configuration: essentially geography of the structure, including exits 

(arrangements and geometry). 

2. Procedures implemented in the structure: includes configuration knowledge of the 

occupants, staff/crew training and activities and familiarity of individuals with exit 

locations. 

3. Environment in the structure: heat, humidity, toxins, smoke and any other 

environmental factors that may impact an occupant’s ability to navigate and make 

decisions. 

4. Behaviour of occupants: all influences, incorporating group, social affiliation, 

adoption of specific roles, response to the emergency, travel speeds, ability of an 

individual to carry-out required actions. 

 

More recently Kuligowski et al. [138], in their 2010 review paper, discussed evacuation 

modelling generally within the context of the four categories and identified that modelling 

methods fall into one of three categories: 

 

1. Movement models: these models move agents in a building without accounting for 

human behaviour.  These types of models are useful for showing congestion or 

bottlenecks with the building being simulated. 

2. Behavioural models: these models incorporate agents that perform actions, as well 

as movement toward a specified exit.  Typically these models also incorporate 

decision-making by the agent and/or actions performed because of conditions in the 

building. 

3. Partial behavioural models: these models calculate agent movements begin to 

simulate their behaviour such as response time, overtaking, smoke or smoke effects.  

The difference with this type of model and type 2 lies in the fact that decision-

making is not explicitly modelled.  
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A structure being examined is treated either as a discretised region or a continuous 

network.  For discretised regions, the floor plan is divided into either a grid pattern on 

which only one person can occupy one node at any point in time and people move from 

node to node at each point in time, or a series of rooms and corridors in which people 

move from space to space.  For continuous regions, occupants are not tied to a series of 

discrete regions (cells or spaces) but rather move from one point to another according to 

rules limiting the distance between people, and walking speeds [137][138].  Evacuation 

models tend to provide either a global view of occupants (the model tracks group densities 

and mean group walking speeds at given times and locations) or an individual view (the 

model tracks all individual occupants as they move throughout the structure).  The 

individual view of occupants clearly provides much more detail for the user.  Occupants’ 

knowledge of the structure can be modelled in a similar way, in which individuals have 

either a global knowledge of the structure (people know the best and fastest route to the 

exits from any location in the structure) or individual knowledge (people decide which 

route to choose depending on the environmental conditions and choices presented to them).  

Both forms of individual perspective presented here provide greater levels of detail for the 

user but are more computationally intensive [137][138]. 

 

The behaviour of occupants in evacuation models can be categorised in one of five ways 

according to [137][138]; no behaviour (only movement is simulated); implicit behaviour 

(behaviour is simulated implicitly by giving individuals characteristics that affect their 

movement throughout the simulation, such as response time); conditional behaviour 

(actions are assigned to individuals or groups based on local conditions as if-then rules); 

artificial intelligence (attempting to simulate human intelligence); and probabilistic (for 

conditional models, this method assigns probabilities to the rules so that variability in 

predictions can produced in repeat simulations). 

 

The environment in the structure (fire, heat, toxins, smoke, motion) is represented in 

evacuation models in different ways.  Some models include sub-models that simulate the 

required environment, while others enable the import of environment data from other 

sources so that it can be used in identified locations within the structure at required times in 

the simulation.  The way in which the environment affects occupants within the model 

depends on the behaviour model used.  It is worth noting that a wide range of behaviours 

can be modelled, such as responding to alarms, resolving conflicts, drive to evacuate, 
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change speed or direction of movement, overtaking, exit selection and, if toxic agents are 

considered, crawling, staggering, incapacitation and death. 

 

2.6.2 Building Evacuation Models 

Researchers first began quantifying pedestrian dynamics and developing associated 

mathematical models for buildings in the 1960s.  The work of Fruin [25], Predtetschenski 

and Milinski [26], and Peschl [27] identified pedestrian walking speed and crowd flow 

rates (including through doorways) as a function of density for level spaces and on stairs, 

which led to the development of early pedestrian movement models such as PEDROUTE 

[139][140].  Evacuation research in buildings is a relatively young field of study with one 

of the first papers in the field being published in 1982 by Stahl [141], which dealt with 

modelling the emergency egress of people from buildings during fire.  At the time of 

Gwynne’s model review paper in 1999 [137], a total of 22 building evacuation models 

were described – 16 that were available and 6 that were under development.  Kuligowski’s 

review paper in 2010 [138] discussed a total of 26 different building evacuation models  - 

17 currently available publicly, 6 available through consultancy and 3 under development, 

categorizing the different models according to their features. 

 

Some examples of building evacuation models identified by [138][137] are: 

 

- buildingEXODUS [137][142][143][144] 

- STEPS [145][146][147][148][149][150][151][152][153][154][155] 

- Simulex [156][157][158][159][160][161][162][163][164][165][166][167][168] 

- FDS+Evac [93][169][170][171][172][173][174][175][176][177] 

- Pathfinder 2009 [178][179] 

- PedGo [180][181][182][183][184][185][186][187][188][189][190][191][192] 

- Legion [193][194][195] 

- MassMotion [196][197] 

 

The website “Evacmod.net” [198] provides a regularly updated information and discussion 

forum for the evacuation modelling community, purporting itself as a website that is 

“…made by the evacuation modelling community for the evacuation modelling 

community”.  The site lists a total of 64 different evacuation models and 3 lift/elevator 
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models.  Some of the models listed are no longer available and some are relevant for the 

transportation sector, namely maritime, air and rail. 

 

Kuligowsi et al. (2010) also notes which building evacuation models have been validated 

and the method of comparison: codes, drills/experiments, literature or past experiments, 

other models or third party.  In all, Kuligowski states that 24 out of 26 models have 

undergone at least some form of validation and in most cases (17 out of 24), models have 

been validated by two or more of the methods listed above.   

 

2.6.3 Ship Evacuation Models 

While evacuation models have existed for the built environment for about three decades, 

models that simulate evacuation from passenger ships are relatively new and seem to have 

grown, largely, in response to the evacuation simulation requirements at the IMO.  Models 

are based on a range of governing principles that are generally the same as for the building 

evacuation models (e.g. discretised grids representing the decks with agents following 

cellular automata rules or continuous movement towards a target with the deck represented 

as topological graph) with algorithms run within a Monte Carlo framework to allow for 

representation of the stochastic nature of the evacuation process.  At the time of publishing 

in 2003, Lee [104] indicated that although evacuation modelling was widely used for 

design of buildings, ship evacuation modelling was only just beginning to be studied 

extensively because of difficulties in collecting appropriate data for shipboard 

environments.  Lee’s paper provides an excellent overview of the state-of-the-art in ship 

evacuation modelling at the time of publishing and which states that effective ship 

evacuation analysis needs to account for; (1) the geometric model of the ship, (2) the 

evacuation algorithm, (3), the effects of the ship’s motion and listing and (4) the behaviour 

of the passengers.  These are, in essence, the same four categories presented by Gwynne et 

al. [137] and are common among evacuation models for the built environment, with the 

obvious exception being point (3).  Gwynne et al.’s factor (environment in the structure) 

does not cover motion effects in buildings but in terms of the impact modelling outcomes, 

the description “…environmental factors that may impact an occupant’s ability to navigate 

and make decisions” still fits.  The sections that follow provide an overview of current ship 

evacuation models, identifying any shortcomings and making comparisons where relevant. 

 



 

 75 

2.6.3.1 IMEX (Intelligent Model for EXtrication simulation) 

IMEX [199] was designed to simulate evacuation from large structures, including 

passenger ships.  It models an individual’s attributes, evaluates evacuation time and 

procedures and includes a dynamic ship motion model.  Although the authors present this 

model as being the most accurate ship evacuation model at the time, it does not appear to 

have undergone a meaningful validation process to confirm this claim and they caution that 

their technology is not yet mature.  It is interesting to note that in their publication, Kim et 

al. (2004) [199] predict passenger movement based on a model they term “pynamics” – a 

combination of physics and dynamics, which calculates interactions between the physical 

environment, as well as walking speeds.  Thus, a force-based pedestrian dynamics model 

and an intelligent human behaviour model use Newtonian equations to describe the 

physical and psychological factors of passenger movement.  According to Wang et al. 

(2014) [200] this method suffers from known drawbacks (which are not explained) and it is 

not clear that how route choice behaviour is calculated in the simulation.  One of the 

benefits of this model is that the impact of vessel motions is included in the movement 

model so that motion effects are calculated automatically. 

 

2.6.3.2 SIMPEV 

SIMPEV was recently developed for simulation of evacuation from passenger ships. Park 

et al. (2015) [201] provide an overview of their model, which uses a velocity-based 

algorithm with walking direction grid and flocking, as well as leader-follow and 

counterflow-avoidance algorithms for modelling group behaviour.  The paper by Park et al. 

[201] presents detailed results from a validation of the SIMPEV model using the validation 

datasets explained in Chapter 7 of this dissertation and as outlined in [202][203][204].  The 

SIMPEV model satisfied the validation requirements with all error ranges within those of 

other models that have undergone validation with these datasets. 

 

2.6.3.3 CityFlow-M 

This model, described by Wang et al. (2014) [200] is based on the pedestrian traffic 

simulation model “CityFlow” (with “-M” referring to the maritime evacuation version).  It 

is produced by the City University of Hong Kong and is an agent-based microscopic 

pedestrian simulation model.  In this model, the geometry is divided into zones, which are 

connected to one another to create a network structure for simulation.  The model is 

implemented in two levels of behaviour – strategic and tactical at the macroscopic level 
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and operational at the microscopic level.  The macroscopic level deals mostly with long-

term route selection and the microscopic level determines local movement of agents at 

each time step.  As with the SIMPEV model, Wang et al. [200] present detailed results 

from validation of the CityFlow-M model using the validation datasets explained in 

Chapter 7 of this dissertation and as outlined in [202][203][204].  Wang indicates that 

CityFlow-M was in reasonable agreement with the validation dataset tested, however a full 

account of the validation results was not provided.  The authors [200] indicate that the 

model is still under development and work will continue by optimising the approach to 

evacuation route assignment, as well as the addition of new parameters to account for 

human behaviour in response to vessel motions. 

 

2.6.3.4 EVACUSHIP 

Brumley presented this model in 2002 [205] as part of his Doctoral thesis.  He indicated 

that, while onshore building evacuation theory had been adopted by the maritime sector for 

evacuation analysis of ships, there were many deficiencies in this approach.  Brumley felt 

these deficiencies were due to fundamental differences between the psychological and 

physical state of individuals involved, as well as the means of logistical management of the 

shipboard and onshore cases. Brumley investigated the effect of safety knowledge on 

evacuation wayfinding behaviour and the influence of vessel motions (dynamic and quasi-

static) on evacuee motor performance.  Brumley’s research culminated with the 

development of the early ship evacuation model “EVACUSHIP”, which incorporated 

algorithms to model passenger wayfinding on ships and attempted to account for the effect 

of vessel motions.  It is not known if this model was fully developed or if it is currently in 

use, however, it seems unlikely because there have been no published works regarding its 

development or use since 2003.  For the same reason, it is unlikely that this model has been 

validated by any method. 

 

2.6.3.5 Yuan et al. and Neighbourhood Particle Swarm Optimization 

Method 

A new ship evacuation simulation model based on the neighbourhood particle swarm 

optimization method is described in [206], in which each passenger (agent) is represented 

as a particle and their behaviours updated by individual, neighbourhood and social 

attributes, along with environmental information such as the vessel layout and motions.  

The authors do not discuss whether other features (such as fire modelling) are available 
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within their model.  In the paper, the method was demonstrated using a room with a single 

door. Increasing the size of the door significantly reduced the total evacuation time for 

door sizes up to 4 m, but beyond this, door size had no effect on evacuation time.  In 

addition, it was found that evacuation time was not impacted by small to medium angles of 

ship heel and trim (to about 15°), after which the heel angle had a significant impact on 

evacuation time.  Yuan et al. (2014) [206] did not present results for simulations in 

complex structures typical of ship layouts but did discuss the results of IMO verification 

test 8 (Section 2.3.3), which gave promising results.  At this time it is not certain whether 

the model has been advanced beyond this current state and it seems unlikely that validation 

has taken place.   

 

2.6.3.6 VELOS (Virtual Environment for Life on Ships) 

The VELOS model [207] is a recently developed software system based on agent 

modelling of ship evacuation that incorporates the use of virtual reality (VR) techniques to 

enable multiple users to become immersed in the evacuation process as avatars.  It was 

suggested by Ginnis et al. (2010) [207] that this could include ship designers who are 

assessing a particular vessel arrangement and who may wish to view its evacuation 

performance “first-hand”, or trainers who may wish to test different evacuation methods 

without having to undertake full trials.  The VELOS model is capable of importing data 

from external computation packages for environmental parameters such as sea-keeping and 

fire and the model is said to predict the behaviour of agents and agent groups (such as 

families).  However, the authors do not specify exactly how this is done or what the 

behaviour model is based on.  

 

The model is reported to be capable of performing the IMO passenger ship evacuation 

analysis requirements [21] for both the simple method and the advanced method, and three 

of the four required verification methods have been carried-out successfully [207] – 

component (presented in Table 3); functional (presented in Table 4); and qualitative 

(presented in Table 5).  However, the fourth test – quantitative verification (presented in 

Table 6) could not be completed because at the time of publication for [207], the authors 

state that there was insufficient reliable experimental data to permit a thorough quantitative 

verification analysis of ship evacuation models. 
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2.6.3.7 EVi 

EVi (EVacuation index) is an evacuation modelling software tool developed by Safety at 

Sea Ltd. (a member of the SAFEGUARD project team) in the UK which uses a continuous 

space modelling approach and consists of two main models – macroscopic and 

microscopic [33][34][35][36].  The macroscopic model predicts high-level activities such 

as getting from one location to another and the microscopic model makes predictions at the 

agent level and ensures agents avoid boundaries and each other according to pre-defined 

rules (containment, collision avoidance, lane formation and conflict resolution).  

According to [206], the focus for this model was to incorporate fire dynamics simulation 

results into evacuation modeling, however human behaviours were not sufficiently 

explored in the local movement model.  EVi claims to be able to predict pedestrian 

movement in any environment and has been used model circulation and evacuation on 

ships, offshore installations and buildings [208].   

 

The geometric model of the ship’s layout is developed in a pre-builder called “EVE” and is 

developed from existing representations of the vessel such as CAD drawings and general 

arrangements.  Agent distributions and evacuation plans are added to this model, and 

semantics, which relate to additional information agents receive from the environment such 

as signage can also be added.  Environmental modelling details are provided by the user 

through a database and a graph topology is formed from shape definition linked with doors 

so that routes are formed through these spaces.  These routes, when reviewed in the real 

world, are the path plans that the agents follow to get from the initial location to assembly 

stations. 

 

Pennycott and Hifi present EVi model extensions in [209] that enable the simulation of 

flooding on passenger ships and its effect on evacuation, including passenger motion 

induced interruptions, handrail dependence, obstacles, debris and speed reduction factors 

based on heel angle.  Their research demonstrates that flooding and the consequent events 

affect overall evacuation behaviour of passengers. 

 

While not used by the author, EVi was part of the blind modelling test using the validation 

datasets explained in Chapter 7 of this dissertation and as outlined in [202][203][204] and 

was found to meet the validation requirements set forth.  
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2.6.3.8 ODIGO 

ODIGO (which stands for "I guide" in ancient Greek), developed by the French company 

Principia, is a software tool that simulates crowd movement onboard ships [37][38].  It is 

an integrated tool, which includes a pre-processor, a simulation engine, and a post-

processor. The model can represent public and cabin spaces on ships, as well as open decks 

and staircases.  The ODIGO simulation engine uses a multi-agent method with cognitive/ 

reactive characteristics that can move anywhere in geometry, provided that they respect 

margin distances between each other and walls.  The user defines features of agents and the 

starting positions for each are made using random allocation, as with the other models 

reviewed here.  The agents act according to predefined objectives (e.g. go to assembly 

station, cabin, or lifeboat) and several objectives may be joined together.  Although 

ODIGO is used mainly for evacuation simulation, it can also be used to simulate crowd 

movement in other non-emergency situations onboard, such as; embarkation 

/disembarkation, movement from theatres after a show onboard and queues in restaurants. 

 

The ship geometry is generated using the ODIGO pre-processor with .dxf files that outline 

the vessel’s general arrangement.  As agents move, they must avoid the walls of the 

environment in a process called containment.  As other agents are introduced, collision 

avoidance must be used to prevent people from running into each other and as the number 

of agents increases, lane formation is modelled.  Individual agents can also be programmed 

with specific objectives, which allow the definition of crew procedures and specific 

passenger movements to be defined.  According to Pradillon (2003 and 2004) [37][38], the 

effects of smoke, heel and trim can also be introduced into the environment, with agents 

responding accordingly. 

 

While not used by the author, ODIGO was part of the blind modelling test using the 

validation datasets explained in Chapter 7 of this dissertation and as outlined in 

[202][203][204] and was found to meet the validation requirements set forth. 

 

2.6.3.9 AENEAS 

The AENEAS model [200][210][211][212] is an agent and grid based model which 

represents the ship’s deck as uniformly distributed rectangular grids on which passengers 

can only move from one grid to another step-by-step according to a set of local cellular 

automata modeling rules.  The user defines routes taken by agents and the model is 
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reported by its developers Meyer-König et al. (2002) [210], Peterson et al. (2003) [211], 

and Meyer-König et al. (2005) [212] to be capable of simulating the effect of vessel 

motions on passengers as they move through the discretised structure.  This is 

accomplished by applying a slope-based speed reduction factor to passenger walking 

speeds.  As with other grid-based models (e.g. ODIGO and maritimeEXODUS), this 

method of modelling is very efficient in terms of computational effort, but how it 

represents reality is somewhat limited because of the rectangular discretization. 

 

AENEAS is not capable of modelling the presence of smoke or fire and their influence on 

passenger evacuation behaviour.  Meyer-König et al. (2002) [210] indicated that the model 

would be validated as part of the German-funded BYPASS project through a practical 

evacuation trial on a cruise ship.  However, no published record of this activity could be 

found and it is assumed not to have happened. 

 

2.6.3.10 maritimeEXODUS Model Overview 

EXODUS [137][142][143][144] is a suite of software-based tools for simulating the 

movement of large numbers of people within complex built structures.  EXODUS consists 

of three distinct models that are designed to enable demonstration of compliance of a 

design with codes and requirements relating to evacuation, training of staff members and 

aspects of accident investigation: 

 

- airEXODUS: designed for applications in the aviation industry 

- buildingEXODUS: designed for applications in the built environment, such as 

supermarkets, hospitals, cinemas, rail stations, airport terminals, high rise buildings 

and schools. 

- maritimeEXODUS (mEX): designed for the maritime environment for vessels such 

as large cruise ships, roll on-roll off (RO-RO) ferries and fast catamaran ferries, 

mEX can also can be applied to the offshore oil and gas environment. mEX has a 

few distinguishing features compared with the other models in the EXODUS suite, 

namely the inclusion of heel and trim angles and their effect on people’s 

movement, the need for adding life-saving appliances such as lifeboats, liferafts, 

slides and chutes, and the added step in the evacuation process of retrieving and 

donning lifejackets. 
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As the model used in the work presented in this thesis, a more detailed overview is 

provided of maritimeEXODUS, its components and some relevant features.  This model 

takes into account the people-people, people-fire and people-structure interactions.  The 

model computes the trajectory of individual passengers as they move through the 

discretised ship’s structure to reach the assembly stations and then disembark, using either 

slides or chutes into liferafts, or directly into davit launched liferafts or lifeboats. 

 

maritimeEXODUS (mEX) simulates behaviour and movement of individuals according to 

a set of heuristics that are categorized into five interacting sub-models (Figure 9) operating 

within a particular geometry.  Enclosure geometry is defined either from a geometry 

library, constructed using the tools provided in the software, or by importing a computer 

aided drafting (CAD) drawing in the drawing interchange format (DXF).  The geometry is 

covered by a mesh of individual nodes that are assigned a range of attributes to represent 

the environment being simulated, including free spaces, seats, stairs, and life saving 

appliances.  Each node represents a region of space that can be occupied by a single person 

and nodes are connected to each other by a system of arcs that define how a passenger is 

able to move between nodes. 

 

 

Figure 9 Interactions between the different maritimeEXODUS sub-models recreated 

from [213]. 

 

The movement sub-model controls physical movement of people in the simulation from 

their current position to the most suitable neighbouring position, or waiting if no suitable 
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location exists.  Movement may include behavioural aspects such as overtaking, 

sidestepping, or other evasive actions. 

 

The behaviour sub-model controls a person’s response to the current situation, depending 

on his/her personal attributes (from the passenger sub-model) and passes the decision to 

the movement sub-model.  The behaviour sub-model operates on two levels: global and 

local.  Global behaviour determines the individual’s overall strategy while local behaviour 

determines response to a local situation. 

 

The passenger sub-model describes the individual as a collection of fixed attributes (e.g. 

gender, age) and variables (e.g. walking speed, response time and agility) that may change 

throughout the simulation, depending on inputs from other sub-models. 

 

The hazard sub-model controls the atmospheric and physical environment by distributing 

pre-determined fire hazards (e.g. heat, smoke, toxic products) and the opening/closing of 

exits and availability to life saving appliances (LSAs). 

 

The toxicity sub-model determines how toxic products (controlled by the hazard sub-

model) affect exposed individuals and communicates this to the behaviour sub-model, 

which in turn communicates to the movement sub-model controlling the individual’s 

movement. 

 

Unlike several of the other ship evacuation models presented in this section which claim to 

predict the impact of a vessel’s dynamic motions on walking speeds of passengers, 

maritimeEXODUS is capable of simulating only the effect of a vessel’s static heel and trim 

on passenger walking speeds, as it is felt that there is insufficient reliable data on which to 

base behavioural models. 

 

mEX was part of the modelling test using the validation datasets explained in Chapter 7 of 

this dissertation and as outlined in [202][203][204] and was found to meet the validation 

requirements set forth. 
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2.7 Chapter Summary 

Emergencies involving passenger ships are surprisingly common.  The nature of the 

evacuation process on passenger ships is discussed and some recent relevant incidents have 

been presented at the beginning of this chapter to emphasise the importance of this 

research area.  Evacuation modelling is a broad research area that must, by its nature, 

consider a wide range of parameters, such as the structure in which people are found 

(generally buildings and mass transport), the environment within that structure (e.g. 

motions, fire, smoke and toxins), as well as the movement and behaviour of the people 

within.  Early evacuation models dealt with egress from buildings but, more recently, this 

has been extended to passenger ships and other modes of mass transport.  Thus much of 

the research and experience gained from the building sector has provided a strong 

foundation from which to build ship evacuation models.  In this chapter, where relevant, a 

discussion has been provided outlining what the literature offers regarding behaviour and 

modelling in the building environment before moving on to what has been studied that 

specifically relates to passenger ships. 

 

Evacuation in the context of passenger ships refers to the processes of assembly and 

abandonment.  This dissertation and the literature review presented was focussed on the 

assembly process alone, which consists of the response phase and the evacuation 

movement phase. 

 

From the review presented, we see that many of the same concepts developed and studied 

in the built environment can be applied to passenger ships.  In particular, the work of 

Purser and Bensilum was useful as it demonstrated that the distribution of response time 

for people in buildings took a lognormal shape for all cases examined, as did the work of 

Hostikka et al. in Finland.  Kobes et al. produced an important result that is particularly 

relevant for his research - that response behaviour is a more important aspect of required 

safe evacuation time than the evacuation movement phase and that there is a direct 

relationship between a delayed evacuation response time and the likelihood of death or 

injury. 

 

A description of the FIRE EXIT project has been provided and it was shown that this 

research produced the first response time datasets for passenger ships.  It was also 

demonstrated that, despite shortcomings in the dataset, the response times collected were 
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lognormally distributed and used to form updates to the IMO evacuation analysis 

guidelines.  Attempts at collecting a validation dataset during FIRE EXIT were less than 

successful and this review has shown that validation data for ship evacuation models is still 

not available in the literature. 

 

Research to collect data regarding passenger movement on ships has been discussed with 

results from numerous researchers provided, in varying degrees of reliability.  Much of this 

research has been carried-out in mock-ups onshore and trials carried-out on ships have 

often used populations that are not representative of the general travelling public.  More 

research is needed in this area, particularly to define movement of people in the expected 

range of motions that can be experienced on a ship at sea.  This, however, is not a goal of 

the research presented in this dissertation. 

 

The IMO regulations governing passenger ship safety and evacuation analysis are 

discussed in this chapter, including SOLAS and how it defines the term passenger ship, but 

a particular focus is placed on the development of the IMO evacuation analysis guidelines, 

starting from MSC/Circ.909 to the current MSC.1/Circ.1238 and outlining the performance 

standards required.  It is explained that, while the latter circular represents an improvement 

over previous versions of the circular (particularly with respect to response time 

distributions), further data is required.  This is because it is not known if the response time 

distributions used provide an adequate representation of behaviour on different ship types, 

if the representation of nighttime behaviour is accurate or if the distributions are 

representative for all ships of the same type.  In addition, the circular identifies that ship 

evacuation models still require a suitable validation dataset.  These gaps in the regulations 

form the basis for much of the work presented in this thesis and conducting research that 

helps fill these gaps will provide answers to the research questions posed in Section 1.3. 

 

The literature provides some guidance on how to measure human performance during 

egress from buildings.  This is discussed in this chapter and it is shown that many of the 

techniques developed for the built environment should also work onboard ships.  The 

research by Hostikka et al. in Finland was particularly useful in demonstrating the benefits 

but also the shortcomings of RFID technology for tracking people in egress studies.  It was 

concluded that this technology may offer a useful method of data acquisition in the 

research described in this dissertation.  Hostikka’s work also suggested the benefits and 
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identified possible drawbacks of using pre-existing CCTV cameras for measuring human 

evacuation behaviour.  In addition, the MEPdesign project carried-out in the early 2000s 

presented details for one of the first assembly exercises monitored using RFID technology 

and showed that the technology could be used successfully onboard ships to monitor 

assembly exercises. 

 

Finally, this chapter examined general evacuation model characteristics and provided a 

brief overview of building evacuation models, followed by a more detailed discussion of 

ship evacuation models.  We have seen that most ship evacuation models have been 

developed using building evacuation model techniques and concepts and that one of the 

main drivers of ship evacuation models has been the development of the IMO evacuation 

analysis guidelines.  All ship evacuation models are designed to be able to undertake the 

required IMO analysis, however, the models differ in features provided (e.g. some models 

include vessel motions, some models include fire and smoke). 

 

This review of literature has provided the rationale for work presented later in this thesis as 

it has identified the main gaps in the literature and regulations that require further 

investigation, namely improved response time data and validation data for ship evacuation 

models.  While most building evacuation models noted in this chapter have undergone at 

least some form of validation, the same cannot be said for ship evacuation models.  Until 

the research presented in this dissertation was completed, a validation method was not 

available due to lack of data.  Since the development of the validation method described in 

Chapter 7, a total of five models have been validated – three as part of the project and two 

independently. 

 

The chapters that follow will present, in detail, the development and testing for data 

acquisition methods to collect passenger response time and passenger movement data 

(Chapter 3); the preparation and methodology for sea trials on three different ships 

(Chapter 4); the methods for data analysis and an overview of the dataset collected 

(Chapter 5); detailed analysis of data to present new passenger response time distributions 

(Chapter 6); detailed analysis of passenger movement data and development of ship 

evacuation model validation datasets (Chapter 7); and results of comparative evacuation 

modelling using the maritimeEXODUS model, in order to show the impact of response 

time distribution on evacuation model results (Chapter 8).  
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3 Data Acquisition 

3.1 Data Requirements 

 

In order to provide answers to the research questions posed in Section 1.3, it was necessary 

to collect two specific datasets for each ship – passenger response time to the ships’ alarm 

and passenger assembly routes and associated assembly times.  Furthermore, an important 

consideration in this work was the repeatability of the data collected.  It was planned from 

the outset to perform repeat trials on all ships in order to: improve the reliability of the data 

collected, to provide redundancy in the event of data loss on any given set of trials, and 

most importantly, to provide answers regarding the nature of passenger behaviour onboard 

ships during simulated emergencies.  Specifically, the research was to determine whether 

passenger behaviour for the ships tested could be considered representative or typical of 

passengers on other ships of the same type and under the same types of conditions.  This 

chapter outlines the data acquisition methods considered and investigated, along with 

detailed assessments of the methods chosen. 

 

3.2 Response Time Data Collection Methodology 

 

Response time has been defined in Section 1.2 as the time elapsed between the first cue 

indicating a need to evacuate and the point at which an individual begins purposeful 

movement away from their original location.  For the research presented herein, the 

sounding of the ship’s alarm was the first cue that there was a need to evacuate.  As 

outlined in Section 1.2, response time is best characterised by observing an individual’s 

behaviour a little before the alarm, during the alarm and until they make purposeful 

movement away from their starting location.  It is important to understand that large 

passenger ships are very complex environments involving many different types of 

functional spaces designed for passengers to inhabit, such as restaurants, cafes, discos, 

bars, cabins, lounge and recreational areas such as swimming pools, games rooms and 

theatres.  Thus, it is important for the research to examine passenger behaviour in as many 

of the different areas as possible in order to gain insight into the different factors 

influencing the response phase of the process. 
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Given the complexities of human behaviour and the need to collect response behaviour for 

as many people as possible, direct observation of passengers is impractical and unreliable.  

Furthermore, the presence of the researcher would certainly influence the behaviour of the 

passengers and result in a spurious dataset.   From previous research experience [97], [214] 

and as discussed [4], [215], the use of video cameras is considered an appropriate method 

for capturing response time data.  There are several important factors that must be 

considered when choosing and setting-up cameras for collection of passenger response.  

These are outlined in the sections that follow, with a discussion of the methods chosen for 

this research. 

 

3.2.1 Camera Field of View 

Field of view (FOV) defines the range of observable area that is recorded by a camera.  In 

the context of the research presented in this dissertation, FOV determines the proportion of 

a given area of the ship in which a camera records the activity of passengers and the 

number of passengers whose response time can be measured.  Figure 10 presents examples 

of closed circuit television (CCTV) cameras found onboard the cruise ship tested in this 

study and the associated field of view.  For cases where cameras built-in to the ship were 

used, the team had no control over the FOV.  In cases where ship-mounted cameras did not 

provide the FOV required, additional cameras were brought onboard by the research team 

to meet the research needs (Figure 11).  For some cases where a wider FOV may be 

required, clip-on wide-angle lenses were purchased that could be attached to the cameras 

when mounted. 

 

3.2.2 Camera Resolution 

Camera resolution provides a measure of the amount of detail that can be seen in an image. 

As the image resolution increases, so does the amount of detail that can be observed in the 

image.  However, as the resolution increases, the size of associated video files also 

increases.  The correct balance between resolution and storage must be determined when 

choosing a video system – high-resolution systems require considerably greater storage 

space and tend to use more battery power (described in Section 3.2.5 below) and may not 

provide any discernable benefit for the data collected. 
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(a) 

 

(b) 

Figure 10 Examples of camera type and location (left) and field of view (right) for 

CCTV cameras found onboard a cruise ship - (a) micro fisheye and (b) 

dome style  

 

    

Figure 11 Example mounting location (left) and field of view (right) for a team-

mounted camera in the bar area of the RO-PAX ferry without cabins. 
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Resolution must be high enough to allow the analyst to determine basic information about 

passengers (gender, approximate age, etc.) and what passengers are doing just before and 

throughout the response phase.  This includes passengers in the foreground as well as in 

the background areas of the FOV.  Greater resolution will enable the analyst to collect 

more information about passengers and their actions, particularly those in the background 

areas.  This is an important consideration, given the size and complexity of the different 

public spaces onboard passenger ships, possible limited supply of cameras for capturing 

response phase activity and logistics associated with mounting (i.e. more cameras requires 

greater setup time). 

 

3.2.3 Frame Rate 

A video camera’s frame rate is the number of frames (images) recorded per second (FPS).  

Modern video frame rates vary depending on the region and industry; for example the 

European broadcast standard is typically 25FPS while the North American standard is 

typically 30FPS.  Sometimes frame rate can be set, depending on the video capture system 

being used and its application - security systems, for example, are generally not meant for 

broadcast and have a greater storage volume requirement so often use lower frame rates in 

order to optimise storage space.  Thus, it is important to consider frame rate in research 

applications where the quantifiable data comes from the video record timeline.  As frame 

rate is reduced (i.e. fewer images are captured per unit of time), more time elapses between 

images captured than for higher frame rate cameras and the error associated with timing for 

certain events will tend to increase.  This is because the time of the actual event can only 

be determined after the event has taken place at the time of the next image in the sequence.  

Figure 12 illustrates how choice of video frame rate can influence measurement error.  

Three events are illustrated in Figure 12 (red lines with arrows) with the actual time of the 

events provided as Tact.  Considering the example frame rates presented (25 FPS and 7 

FPS), an analysis was carried-out to demonstrate the maximum measurement error 

resulting for each frame rate.  The maximum absolute error will occur when a desired 

event occurs immediately after an image has been captured.  Thus, for random events that 

are uniformly distributed between each frame captured, the mean difference for 25 FPS 

cameras is 0.02 s ± 0.0115 s and the maximum difference approaches 1/25 s or 0.04 s, 

while for 7 FPS cameras, the mean difference is 0.0714 s ± 0.0413 s and the maximum 

difference approaches 1/7 s or 0.1429 s.  While these levels of absolute error are not 

expected to be significant in comparison to other sources of error, it is useful to understand 
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how camera frame rate can influence measurement errors, particularly when presented with 

different measurement options (e.g. portable cameras purchased specifically for the 

research or cameras already installed onboard the ships, which are typically set at lower 

frame rates). 

 

 

Figure 12 Illustration of measurement error for events in video, based on the camera 

frame rate. 

 

3.2.4 Camera Mounting Position and Method 

It is important to consider the camera mounting method for any video capture system, 

particularly one that must be mounted quickly and for a relatively short durations, as was 

the case for the research presented in this dissertation.  Aside from concerns over possible 

theft in public locations (a twofold problem due to the expense of having to replace 

equipment but, more importantly, the loss of data), it is important to ensure that the 

mounting system will enable secure mounting of the cameras to prevent them from falling 

and causing damage or injuring an unsuspecting passenger.  Versatility of the mount is also 

important for shipboard applications to ensure that cameras can be mounted without 

requiring modifications to the vessel and can be oriented easily in order to view the 

required area without a great deal of effort or time.  This is important for logistical reasons 

to make it easier when setting up for the trial but it is also important that the research team 

members can install, adjust and operate (i.e. start recording) the cameras in a way that does 
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not capture the attention of nearby passengers and affect their response and evacuation 

behaviour during the trial.  The range of camera mounting methods chosen for this 

research are shown in Figure 13 and consist of two main types – magnetic and friction 

clamp (illustrated in Figure 14).  The magnetic mounts enable fast and stable attachment to 

iron-based surfaces.  The magnetic mounts included a simple ball joint system for enabling 

flexibility for camera orientation, with a strong magnet at the base for mounting to ferrous 

surfaces.  In situations where magnetic clamps could not be used, or if greater flexibility in 

camera orientation was required for a given location, clamp-based (friction) systems were 

used along with articulated arms.  These mounting methods were less compact than 

magnetic mount systems but enabled a greater range of mounting and orientation options if 

required. 

 

 

Figure 13 Digital video camera and different mounting methods used. 

 

  

Figure 14 Digital video cameras and mounting options - magnetic (left) and friction 

clamp (right). 
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3.2.5 Camera Storage Capacity and Battery Life 

The video system storage capacity and battery life must be chosen to ensure that the 

camera can be started as early as required before the trial and remain recording until the 

trial has been completed.  If storage capacity or battery life limits are reached before the 

trial is complete, there will be loss of data, which is an unacceptable situation.  The 

cameras chosen for this research were all fitted with extended life batteries that enabled up 

to 8 hours of recording.  All cameras chosen had build-in hard disc drives for recording 

video for at least 8 hours.  Thus, video files could be directly transferred to computers for 

backup following each test.  It should be recognised that camera and video recording 

technology are continually improving. When this research was undertaken, the video 

cameras used were state-of-the-art in consumer-grade technology.  In the last 5 years (since 

the trials were completed), solid-state storage has become the norm and camera options 

(e.g. resolution and frame rate, low light quality, camera size) have improved substantially, 

except for battery life. 

 

3.2.6 Synchronisation 

Ensuring that all data sources are synchronised to a known common source is of critical 

importance for determining response phase behaviour across the entire range of the ships 

tested.  There are a number of different ways in which this could be accomplished: 

 

1. Visual – use of video annotation from a common, known source such as GPS, or 

display of a common action that can be seen by all cameras. This could be an 

individual performing a specific, well-defined action that all cameras record (e.g. 

using a “clapper board” or a clear body movement such as raising a hand or bringing 

hands together), however, this only works if all cameras are in the same location and if 

the cue is of a duration long enough to be recorded (i.e. a short burst flash of light 

would not be reliable since its duration is so short that it would be unlikely to be seen 

by all cameras).  For this reason, visual-based synchronisation was not appropriate for 

the research described here, since the size of the passenger ships meant that cameras 

would be separated by large distances and/or physical obstructions.  One method 

considered was to display a working stopwatch to all cameras one-at-a-time after all 

cameras had been set to record but before the test began.  This method requires 

significant time to complete, particularly when the individual with the stopwatch is 
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required to move across multiple decks for large ships in the range of 300m length.  It 

would also be difficult to ensure that all cameras had clearly recorded the stopwatch 

time being displayed.  Finally, synchronising in this way would draw the attention of 

passengers to the presence of the cameras and could influence their behaviour during 

the test. 

 

2. Auditory – use of an identifiable sound that is recorded by all cameras at the same 

time.  Given that a ship’s alarm system activates at the same time in all parts of a ship, 

cameras that record audio can be synchronised during analysis after the trial has been 

completed using the start of the alarm signal as the common reference point.  All 

cameras installed by the project team were capable of reliably recording audio and this 

method was tested successfully and confirmed as being reliable. 

 

In the event that a blended video synchronisation method is required (e.g. when using 

closed-circuit television (CCTV) security-type cameras that do not record audio, along 

with systems that do record audio), all non-audio cameras must use a common annotation 

time and the research team must how that time relates to the audio synchronisation 

reference.  This is usually possible since CCTV camera video is generally fed to a central 

monitoring location and recorded using a single digital video recorder.  Without paying 

careful attention to camera synchronisation, the resulting data collected would be of little 

or no value for determining passenger response time since the behaviour could not be 

reliably related to the alarm time. 

 

3.2.7 General Planning to Collect Response Time Data 

The initial stage of planning for collection of passenger response time on each ship 

included determining locations where passenger behaviour should be recorded.  This began 

with a detailed review of the general arrangement (plan view layout) drawings for 

passenger spaces on each ship.  Representatives for each of the ship owners provided these 

drawings and were consulted to ensure that passenger activities and access to the different 

spaces was clearly understood, along with the research team’s approval to record video in 

the desired locations (e.g. recording video inside passenger cabins and in casino areas was 

prohibited).  It was then assessed whether any existing ship-mounted cameras could be 

used and how many team-owned cameras should be used. 
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Prior to testing on each ship, a draft trials plan was developed to outline camera locations.  

Several visits were made to each ship in the months leading-up to the trials to confirm and 

finalise: 

 

1. Where passengers were likely to be located when the alarm was sounded (in order 

to record the largest number of representative passenger response times as 

possible); 

2. The best possible FOV (considering the space and possible lighting issues) and 

whether or not wide angle lenses were required; 

3. The availability of appropriate mounting fixtures on the ship and the type of 

mounting system to use; and 

4. How noticeable the research team member mounting the camera was likely to be to 

the passengers (so as not to affect passenger behaviour by making them aware they 

were being recorded). 

 

Approaching the trial planning in this way reduced uncertainties relating to data quality 

and enabled faster setup on the test day.  

 

In total, up to 40 team-owned cameras and 94 ship-mounted cameras were used to record 

passenger response time behaviour on each of the three ships.  Detailed discussion is 

provided of the planning and set-up process for each ship in Chapter 4 - 30 team-owned 

cameras on the first ship - a RO-PAX ferry without cabins (outlined in Section 4.8); 106 

cameras were used (94 ship’s own CCTV cameras and 12 team-owned video cameras) on 

the second ship - cruise liner (outlined in Section 4.9); and 40 project team-owned cameras 

were used on the third ship – a RO-PAX ferry with cabins (outlined in Section 4.10). 

 

3.3 Validation Data Collection Methodology 

 

3.3.1 Overview 

A comprehensive data set of passenger route and assembly times was required in order to 

develop a validation protocol for ship evacuation modelling.  This data set required 

knowledge of individual passenger routes, including starting locations at the time of the 

alarm, assembly station used and individual assembled time.  There are a number of 
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possible means by which this data could be acquired.  Choosing a data acquisition method 

required consideration of a variety of factors, such as: 

 

 complex nature of the shipboard environment; 

 logistics of transporting equipment to the ship; 

 ease of being able to deploy the system components and operate; 

 cost of the system; and 

 system accuracy and reliability for counting all passengers at the correct time for 

each location onboard. 

 

A great deal of effort was put into investigating the different technologies available, testing 

the most promising options and developing capabilities where required and possible.  

Details of this process are outlined in this section. 

 

3.3.2 Technologies for Tracking People 

Various commercially available technologies for counting and tracking people exist.  

These systems range from expensive, highly-complex video capture with software analysis 

such those offered by Vitracom [216], Axis Communications [217], Infodev [218] and 

Acorel [219] to simple, inexpensive mechanical devices such as turnstiles and light beams 

that register an individual as having passed a given location when the beam detection has 

been interrupted.  While these technologies are capable of providing accurate data for 

certain applications (e.g. generally low density crowds, single file movement of people or 

for permanent installations), their usefulness in evacuation studies onboard large ships for 

short-term installations is limited.  This is due to considerations such as cost, ease of setup, 

number of measurement points and ability to recreate individual routes though the structure 

from start to end location. 

 

Previous efforts at collecting comprehensive full-scale human movement data (as required 

for this research) within complex structures have been limited largely due to the associated 

data analysis.  This is particularly true for large passenger ship evacuation situations, in 

which attempts were made using video footage to manually track individuals through a 

vessel [32][103].  In such cases, depending on the complexity of the structure, the analyst 

may be required to track each individual through multiple video camera locations.  
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Attempting to track a handful of individuals this way can be extremely tedious and prone 

to error; thus tracking thousands of passengers individually, across numerous large ship 

decks would be unthinkable.  Automated video tracking systems can provide an accurate 

measure of the number of people crossing a given point of interest but, as yet, such 

methods lack the ability to identify specific individuals across a range of cameras.  In 

addition, these systems require a birds-eye-view of the targeted individuals.  For this 

reason, installation of video equipment can be difficult due to the low headroom that is 

typically available on ships [220]. 

 

Different technologies other than video can be used to automatically determine the route of 

individuals in a variety of environments.  These include radio frequency identification 

(RFID), infrared (IR), global positioning system (GPS) and wireless sensor networks.  Past 

research
 
[123], [221] compared the use of two systems - video and IR for determining the 

trajectories of individuals walking.  The IR system detected changes in temperature in the 

relevant field of view in order to track people’s trajectory but it was found to be difficult to 

track the same individual from one field of view to the next.  It was recommended [221] 

that a blended approach of video and IR could be used to determine the trajectories for 

people walking. 

 

Due to the limitations of some of these technologies inside the shipboard environment, 

logistical considerations (e.g. cameras - very labour intensive and prone to error, 

particularly when tracking large numbers of people throughout a large and complex 

structure) and budget, given the large number people to be tracked, it was decided early in 

the project that two main technologies would be investigated – RFID and IR.  Publications 

arising from this dissertation [202][203][204][222][223][224][225][226][227][228][229] 

outline the results of testing that compared the use of RFID and IR tracking systems.  Both 

systems rely on similar underlying concepts - devices are mounted throughout a structure 

that generate uniquely identified fields (RF or IR) and passengers wear a device (referred 

to here as a tag) that allows for their unique identification as they move throughout the 

structure and pass through each field.  If a sufficient number of unique fields are generated, 

then as a person moves around the structure, their tag enables logging of the different field 

IDs and the time they were passed.  The systems tested were chosen based on careful 

consideration of their operability (likelihood of reliable, accurate measurement of 
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individuals), logistical considerations (size, transportability, ease of setup, regulatory 

requirements) and cost.   

 

One important consideration for the systems chosen is that for the technologies to work, 

the population must agree to participate and wear a device for the purposes of the trial.  

Since the trial may take place at any time, the participant population must be prepared to 

wear the device for an extended period of time (possibly all day/night) and so it must be 

comfortable, not interfere with normal activities and if possible must blend in with their 

normal attire.  For example, attaching tags to a hat or cap, while ideal for detection, may 

not be acceptable for the participants and they may choose not to participate.  

 

Figure 15 provides a simplistic depiction of how the chosen automatic path tracking 

systems operate – individuals begin in the starting area on the right-hand side of the figure 

and move to the assembly area on the left.  Three separate fields are generated within the 

structure and people can take one of two possible routes to reach the assembly area – the 

upper corridor or the lower one.  People first move through field 1 (red) and the time they 

do so is logged.  After walking through field 1, some people choose to walk route 1 (upper 

corridor) to reach the assembly area so that they have to pass through field 2 (blue).  The 

rest of the people choose the lower corridor and have to pass through field 3 (green) to 

reach the assembly area.  The devices worn by all individuals enable measurement of the 

field passed and the associated time. 

 

After a test, data (.csv text files) can be easily assembled determine key components of the 

process for individuals moving from the starting area to the assembly area, such as the 

route chosen by each individual, the time each individual leaves the starting area, the time 

each individual arrives at the assembly area, average walking speed and total distance 

travelled for each individual (if the distance between each field is known).  If one were to 

scale-up the size and complexity of the environment shown in Figure 15, it becomes clear 

that as long as the structure is sufficiently well defined by unique fields and all people wear 

devices for tracking, the performance and basic behavioural characteristics of individuals 

and groups moving through the structure can be documented relatively easily. 
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Figure 15 Example of automatic path tracking concept, following individuals from a 

starting area to an assembly area by one of two possible routes. 

 

Sections 3.3.3 - 3.3.6 provide details of the proof-of-concept testing carried-out with the 

RFID and IR tracking systems in building corridors and on the ships, in order to determine 

which should be purchased to meet project needs.  Section 3.3.5 then identifies the system 

chosen and the reason for choosing.  

 

 

3.3.3 Initial Proposal - Using RFID to Track High Density Flows of People 

 

3.3.3.1 RFID System Overview 

Radio frequency (RF) energy is defined by Industry Canada [230] as “…a form of 

electromagnetic energy on the electromagnetic spectrum that covers microwaves, X-rays 

and visible light”.  RF energy is generated when a source current is supplied to an antenna, 

which then excites the electrons inside the antenna and cause the energy to move outward 

as electromagnetic waves [230].  RF energy typically transmits in the frequency range 3 

kHz to 300 GHz.  The idea of using RF energy for identification and tracking of goods and 

people has been around since at least 1948 when Stockman [231] concluded that 

“…considerable research and development work has to be done before the remaining basic 

problems in reflected-power communications are solved, and before the field of useful 

applications is explored.”  In the 1960s, the first commercial applications of RFID were 
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seen with the implementation of tag devices attached to merchandise in stores [232] and in 

the 1970s, RFID expanded to animal and vehicle tracking and automation of certain 

processes in factories [232].  In the 1980s and 90s, RFID technology entered the 

mainstream as it was deployed on toll roads in the U.S. and in various parts of Europe for 

easier collection of tolls from regular users. Since the 2000s, RFID has become a part of 

everyday life for most in the developed world, with applications (and potential 

applications) expanding constantly. 

 

In basic terms, the way RFID works is simple.  A tag (a microchip with an antenna) is 

attached to something (vehicle, tool, product in a warehouse or a person) and a reader (a 

device with one or more antennae) reads the data on the microchip using RF energy [127].  

RFID systems fall into one of two categories: passive and active and are generally used for 

communication over short distances.  While active system tags have a built-in powered 

transmitter, passive systems use tags that rely solely on the RF energy detected from the 

reader in order to transmit information contained on the tag’s chip back to the reader.  

Thus, with RFID-based tracking of people, all data that is received from tags is stored on a 

computer network attached to the readers.  Active tags are capable of transmitting their 

information over greater distances compared with passive tags.  Active tags tend to be 

larger and more expensive than passive tags but are also typically more robust. 

 

While RFID technology has been predominantly used to track the movement of goods and 

equipment in warehouses, retail stores and construction sites, it has recently been deployed 

for tracking people both in practice (e.g. for monitoring the progress of the passenger ship 

assembly process in an emergency [127][233] using RFID systems installed onboard 

during construction and thus carefully positioned and tested) and in evacuation research 

generally [94][95][124]. The IMO (MSC.1/Circ.1238 [21]), along with [95][124][220] 

have all identified the importance of validating evacuation models that simulate movement 

of people and the difficulties associated with doing so.  Sharma and Gifford [124] discuss 

the difficulties with using video capture and analysis methods for collecting validation data 

and note the potential for use of RFID technology to automatically collect individual 

behaviour and performance.  Part of their discussion includes a summary of the drawbacks 

associated with RFID tracking of people – namely the difficulty of reading tags when in 

close proximity to materials that absorb RF energy, such as water (which makes-up as 

much as 75% (by weight) of a human body [234]).  This RFID characteristic alone makes 
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use of this technology somewhat unpredictable for reliably tracking the movement of 

individuals within large crowds, since it is possible that a portion of the tags will not be 

read, thus, creating inaccuracies in the validation dataset. 

 

Orientation of RFID reader antennae with respect to tags is also of key importance to 

improving tag read rates and [94][95] suggest that when using RFID in evacuation studies 

for crowded scenarios, read rates of higher than 50% can be expected as long as the proper 

antennae alignment and power required are found through experiments.  Sharma and 

Gifford [124] found that mounting the antennae overhead or at chest-height produced the 

best results if they were also parallel to typical tag orientation rather than perpendicular, 

which would expose a much smaller proportion of the tag’s surface area to the antennae 

field and thus result in lower read rates than would be the case for better-aligned reader 

orientations.  However, for the study outlined in this dissertation, the options for mounting 

and orienting readers is much more limited than for building applications.  While results 

from Sharma and Gifford’s experiments [124] indicated that the RFID system did not 

always count all individuals (possibly due to a faulty tag), they concluded that RFID is an 

effective tool for tracking movement of individuals at given points for the proof-of-concept 

tests undertaken. They felt that future work should include instrumenting a larger, more 

complex structure and to perform experiments with larger numbers of participants. 

 

For the research presented in this dissertation, a variety of RFID systems and options were 

investigated prior to purchasing a system for testing.  The three most important 

considerations for choosing a test system were cost, ease of setup and size.  Size was 

important for the planned application due to concerns from ship owners about how the 

system would look when installed on the ship; since tests were to take place during regular 

voyages with passengers who had paid for their passage, ship owners wanted to ensure the 

passengers’ enjoyment of the experience onboard. 

 

Ultimately, a passive RFID system, manufactured by Alien Technology Corporation, was 

purchased for testing.  It consisted of an Alien model ALR-8800 reader and a pair of Alien 

model ALR-8610 circular polarised multi-static antennae (Figure 16), meaning the 

antennae were capable of both generating an RF field and receiving tag transmission data 

for logging.  This system was designed to operate in the European ultra-high frequency 

(UHF) band in the 865.7 - 867.5 MHz range with power levels of 2W effective radiated 



 

 101 

power and is compliant with European radio regulations.  The system was designed to read 

electronic product code (EPC) Class 1 Generation 2 UHF tags. In addition to the RFID 

system, various types of EPC Class1, Generation 2 UHF tags were purchased in different 

form factors, specifically; peel and stick labels (Figure 17) plastic wrist/ankle hospital-style 

bands (Figure 18) and silicone wristbands (Figure 19). 

 

 

 

Figure 16 RFID system tested, showing transmit/receive (Tx/Rx) antennae and reader. 

 

 

 

Figure 17 Example of a passive “peel and stick” RFID tag considered. 

 



 

 102 

 

Figure 18 Hospital-style RFID wrist/ankle band [235]. 

 

 

Figure 19 Silicone-style RFID wrist band [236]. 

 

 

Using the RFID system purchased, a series of tests was undertaken first in a corridor at the 

UoG and then on-board the SuperSpeed 2 ferry during a voyage round-trip from Larvik, 

Norway to Hirtshals, Denmark.  

 

3.3.3.2 RFID Corridor Tests at UoG 

The UoG corridor tests were conducted on 2 July, 2009 in a 1.89m wide corridor.  The 

RFID antennae were placed on the floor, opposite to each other resting at a slight angle off 

vertical against the corridor walls (Figure 20).  The antennae were powered by the reader, 

which was connected to a laptop computer for data logging.  All cables were routed along 

the edges of the corridor and overhead so that the group could walk through the RF field 

without tripping hazards.  A total of 12 participants wore RFID tags on their wrist and 

were assembled at one end of the corridor before each test run.  When ready, they were 

asked to walk together as a group past the antennae while keeping their speed, position and 

group density consistent from test to test (Figure 21).  When the group reached the 
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opposite end of the corridor, they awaited instructions before, again, walking past the 

antennae to return to the original starting point. 

 

Analysis of test results showed that the maximum read rate was 75% for tests where 

participants were permitted to walk normally (i.e. with arms swinging by their side).  One 

test case was conducted in which participants were asked to fold their arms, thereby 

partially shielding the tags.  For this test, it was found that the read rate decreased 

significantly to just 17%. 

 

 

Figure 20 RFID corridor test setup at UoG. 

 

 

Figure 21 RFID corridor test at UoG, showing antennae at the floor and tags on 

individuals’ wrists. 
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3.3.3.3 RFID Tests at Sea on SuperSpeed 2 

Three at-sea tests were carried-out in a 2.4m wide passageway (Figure 22) onboard the 

SuperSpeed 2 ferry on 16 July, 2009.  For these tests, nine participants volunteered to wear 

passive RFID tags.  The mean read rate for all three trials was 85.7%, which demonstrated 

that the RFID system could work within metallic environment of a passenger ship.  

However, there was concern that none of the cases tested produced a 100% successful tag 

read rate; this would represent a problem for developing a validation dataset from full scale 

trials at sea.  For this reason, it was decided that further investigation was required to 

ensure the most accurate method of tracking passengers during the sea trials planned in the 

project. 

 

 

Figure 22 RFID system test on SuperSpeed 2 showing antennae (circled) and cabling 

(yellow) to connect both antennae. 

 

3.3.4 Final Proposal - Using Infrared to Track High Density Flows of People 

 

In sourcing RFID equipment, a member of the UoG project team made contact with a UK-

based company called RFID Centre Ltd. and, in explaining the project requirements, it was 

recommended that a more reliable technology for this type of application might be 

infrared.  The following sections outline how infrared technology works and the variety of 

tests undertaken to determine reliability of the system. 
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3.3.4.1 Infrared System Overview 

Infrared (IR) light transmission has been used for decades as a means for wirelessly 

carrying information and signals.  IR light is found on the invisible portion of the 

electromagnetic spectrum, just below the visible light band and is used regularly by people 

as a form of wireless communication to remotely control devices such as televisions, 

garage door openers and children’s toys [237]. 

 

Past research by Bandini et al. and Kerridge et al. [123][221] compared the use of two 

systems - video combined with IR for determining the trajectories of individuals walking.  

The IR system detected changes in temperature in the relevant field of view in order to 

track people’s trajectory but it was found to be difficult to track the same individual from 

one field of view to the next.  The IR technology use as presented here has not previously 

been employed for tracking individuals in evacuation research. 

 

The IR system utilised in this research (TagMobile) consists of two main components – an 

IR light field generator (beacon) and an IR light field detector (tag) (Figure 23).   

 

 

Figure 23 IR beacon (left) and tag (middle) showing CD (right) for scale. 

 

 

The beacon, shown with the translucent lid removed in Figure 24, uses a microprocessor 

and light emitting diodes (LEDs) to emit pulses of IR light in specific patterns that 

represent specific binary codes for identifying the beacon.  The ID code is set using dual 

in-line package (DIP) switches configured in a specific order.  Typically, a single packet of 
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information emitted includes a “start” command, the code sequence for the command, a 

device address and an “end” command.  In order to be detected, the IR signal requires line-

of-sight (i.e. it will not transmit through opaque objects or around corners), however 

reflection is possible off mirror-like surfaces and it will transmit through clear objects such 

as glass.  Interference is sometimes a problem with IR because of the everyday IR light 

sources such as sunlight and fluorescent bulbs.  In order to reduce the effects of 

interference, IR-based electronics tend to respond to a particular frequency range of IR 

light and receivers have filters that block out unwanted frequencies.   

 

 

Figure 24 Interior components of IR light generating beacon. 

 

The size of the field generated depends on the input power and number of LEDs used. The 

TagMobile system beacons rely on battery power – 6 x AA batteries (i.e. 9V) with the 

circuit board mounted directly to the battery holder and all housed in a small plastic case 

(Figure 25).  Thus, beacons are relatively inexpensive to purchase, autonomous (not 

required to be near an AC power source or computer network) and relatively light for 

mounting/positioning.  Unlike RFID systems, the IR system tested does not need to be 

connected to a computer in order to enable position logging.   
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Figure 25 Interior components of IR light generating beacon removed from case. 

 

The tags, which are powered by single 3V watch-style batteries, (shown in Figure 26 with 

the translucent cover removed) are attached to lanyards and worn around an individual’s 

neck outside a person’s clothing.  Tags contain IR light detectors mounted on a circuit 

board that sample for IR light every second (i.e. at a frequency of 1Hz).  Signals detected 

are processed by microprocessors in the tag that store the beacon ID information in non-

volatile memory.  The microprocessor in each tag contains a simple clock system that 

measures the number of 1 second “ticks” since start-up and reverse calibrates to actual time 

of day based on the clock settings of the computer used to download data after testing has 

been completed.  The tag logs time of entry into a field and time of exit. 

 

 

Figure 26 Interior components of IR detecting tag. 
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3.3.4.2 Infrared Early Stage Testing 

Initial pilot testing with the as-delivered test version of the TagMobile IR tracking system 

were carried-out in a corridor at UoG.  The system consisted of 10 tags, each with a single 

IR light detector and six beacons with a fixed output power.  Tests in the corridor at UoG 

with this system suggested that the read rate was higher and more reliable than that 

observed for RFID in a dense group of 10 people. 

 

Based on the corridor testing, two at-sea IR system trials were then conducted onboard the 

SuperSpeed 2 ferry on 16 July 2009 (the same date as the RFID trials described in Section 

3.3.3.3).  Ten crew members wore IR tags and an 11
th

 person from the UoG project team 

lead the group along the desired path.  Prior to the commencement of the test trial the crew 

were instructed to wear the tags, and to follow the lead in as dense a group as possible.  

The path taken for both trials is shown in Figure 27.  Start and end points are highlighted in 

the figure at the same location and arrows indicate the direction of travel for test 1 which 

loops around decks 7 and 8 in a counter clockwise direction past beacon IDs 19, 15, 33, 34, 

42, 55 and 19.  The path for test 2 took the opposite direction as test 1 and had participants 

move in a clockwise direction along points 19, 55, 42, 34, 33, 15 and 19.  Figure 28 shows 

a screen capture from a video camera placed on the ship to monitor the trials.  The camera 

was mounted on deck 8 near IR beacon 19 (see Figure 27). 

 

 

Figure 27 The path followed during the initial shipboard IR system test trial. 
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Figure 28 The participants of the trials are identified by green arrows while the group 

lead is identified by a red arrow. 

 

The IR data was downloaded from the tags following the test trials and stored in electronic 

form for further processing and analysis.  Table 7 presents a data summary for the IR 

beacon IDs that were read by each participant’s tag.  Non-shaded cells indicate a 

successfully read IR beacon while shaded cells indicate a non-read. 

 

Table 7 Results of the two test trials. Non-shaded cells indicate a successfully 

registered IR beacon while shaded cells indicate a non-read. 

Pers. # Test Trial 1 path Test Trial 2 path 

1 19 15 33 34 42 55 19 19 55 42 34 33 15 19 

2 19 15 33 34 42 55 19 19 55 42 34 33 15 19 

3 19 15 33 34 42 55 19 19 55 42 34 33 15 19 

4 19 15 33 34 42 55 19 19 55 42 34 33 15 19 

5 19 15 33 34 42 55 19 19 55 42 34 33 15 19 

6 19 15 33 34 42 55 19 19 55 42 34 33 15 19 

7 19 15 33 34 42 55 19 19 55 42 34 33 15 19 

8 19 15 33 34 42 55 19 19 55 42 34 33 15 19 

9 19 15 33 34 42 55 19 19 55 42 34 33 15 19 

10 19 15 33 34 42 55 19 19 55 42 34 33 15 19 
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It can be seen from the table that the early model IR system (with just one IR detector per 

tag) was capable of measuring at a read rate of 96% for test 1 and 91% for test 2 (94% 

successful overall).  Though still not 100% successful, the result was better than for RFID 

and demonstrated that the system could work in a shipboard environment.  On consultation 

with the manufacturer, the team was informed that it would be possible to modify the IR 

system design in order to better meet the research needs identified and improve the read 

rate for passengers wearing tags. 

 

3.3.4.3 Infrared Corridor Tests with Modified System 

The UoG team, including the author, worked with the manufacturer to identify required 

system modifications that would make it more suitable for use in evacuation studies.  Tag 

redesign included the addition of a second IR detector (one facing upward and one facing 

outward as shown in Figure 26) and an indicator light to provide a bright flash upon tag 

entry to or exit from an IR field.  The sampling rate for tags was discussed with the 

manufacturer who indicated it could be increased in order to improve on accuracy of the 

readings.  The obvious trade-off was, however, that increasing sampling rate would reduce 

battery life (doubling the frequency to 0.5Hz sampling would cut battery life by a factor of 

about 2), so it was decided to keep the sample rate at 1Hz.  Redesign of the beacon resulted 

in an increase in the number of possible unique beacon IDs to a maximum of 239 and 

enabling variable power settings so that field size could be set to one of four ranges, 

depending on the application.  Two versions of the modified beacons were provided for 

testing – one with 8 LEDs and one with 12. 

 

Tests were then carried-out with the modified system to define the static field size for both 

beacon options (8 LED and 12 LED).  The tests were performed in a 1.89m wide corridor 

at UoG with the beacon mounted at a height of 2.1m above the floor for two orientations – 

facing the walker (depicted in Figure 29) at the end of the corridor with the tag moving 

directly towards the beacon and side mounted (as depicted in Figure 30) with the tag 

moving towards and past the beacon. 
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Figure 29 Illustration of IR field geometry (med low power) when walking directly 

toward a beacon mounted at the end of a corridor. 

 

Results from these tests are provided in Table 8.  For side and overhead mounting options 

in which a walker approaches and moves past a beacon, the IR field is approximately 

symmetric in its actual geometry, the apparent field geometry as detected by an IR tag 

worn by a person walking through it is not symmetric, since it appears to be smaller after 

passing and walking away from the beacon.  This asymmetry is the result of tag shadowing 

caused by the wearer’s body as he/she moves away from the beacon.  This shadowing 

effect causes the IR field to appear larger on the side being approached, as illustrated in 

Figure 30.  The fact that tags can be shadowed at times tends not to be serious issue for tag 

detection with a moving group because even with high-density groups, tags tend not to be 

completely shadowed the entire time an individual is walking through the field.  Also, an 

important tag setting requires that a field must go undetected for 3 seconds before it is 

registered as having left the field.  In addition, when individuals are walking, their tag 

tends to bounce around on the lanyard, which improves the detection performance as the 

tag is essentially “looking” in multiple directions as it passes through the field. 
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Figure 30 Illustration of apparent IR field asymmetry (med low power) caused by tag 

shadowing. 

 

 

Considering the field sizes measured and the planned application, it was decided that the 8 

LED beacon would be most appropriate for tracking people, since slightly smaller field 

sizes would enable more accurate location of people wearing tags (while not being so small 

as to not count people passing through the field).  Also, fewer LEDs would use less battery 

power. 
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Table 8 IR system static field sizes for 8 and12 LED beacons, variable power. 

Power 

Setting 

Facing 

Beacon (m) 

Side Mounted Beacon 

Approach from East Approach from West 

Enter (m) Leave (m) Enter (m) Leave (m) 

8 

LED 

12 

LED 

8 

LED 

12 

LED 

8 

LED 

12 

LED 

8 

LED 

12 

LED 

8 

LED 

12 

LED 

Low 6.30 10.10 2.59 5.08 0.40 0.30 3.54 4.99 0.40 0.30 

Med Low 7.30 14.36 5.53 6.10 0.70 1.10 5.82 6.08 0.50 1.00 

Med High 13.60 22.92 9.00 9.86 3.60 3.80 8.91 10.47 3.70 3.83 

High 18.40 27.44 11.58 12.38 3.80 4.20 10.53 12.05 3.80 4.10 

 

The modified system was then used for a series of group tests in the same corridor at UoG 

to determine the success rate for counting tags in a dense crowd.  A beacon was set to 

medium-low power and mounted on one side of the corridor at a height of 2.1 m above the 

floor, facing the opposite wall.  A total of ten tags were distributed among a group of 23 

volunteers who were instructed to walk past the beacon as a group while keeping speed, 

position and group density consistent from test to test (Figure 31).  Participants were asked 

to raise a hand when their tag flashed brightly to indicate entry into the field.  All tests 

were video recorded for later analysis.  It was found that the number of people within the 

IR field did not affect field size (i.e. IR field size was constant) and tags were detected 

100% of the time.  

 

Following these early-stage tests with the Tagmobile IR system, it was decided that IR 

showed more promise than RFID as a technology for reliably tracking movement of people 

in high density crowds during the research trials being planned.  A detailed discussion of 

the decision-making process is provided in Section 3.3.5.  
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(a)     (b) 

Figure 31 IR corridor test (a) tagged people (down arrows), IR beacon out of view (up 

arrow) and IR tag (circled) (b) tagged people raising hands when tag is 

detected with IR beacon out of view (circled). 

 

3.3.5 Choosing a System to Automatically Track People’s Movement on 

Ships 

Results presented in the preceding sections demonstrate which system – IR or RFID – had 

better performance characteristics for counting tags that passed through a measurement 

field and the time at which this happened.  While there were pros and cons associated with 

each system, it was found that the IR system performed the required data collection better 

than RFID; even in very large, dense crowds the IR system always counted 100% of 

people wearing tags.  However, a drawback of the IR system is that the data for each 

individual is stored in the tag; this is different than the RFID system for which data is 

stored in an attached computer.  This means that for the IR system, data is not collected 

unless tags are retrieved. To choose a system for procurement, it was also important to 

consider logistical issues.  These are outlined under the headings that follow. 

 

Powering requirements for the RFID system could be problematic, since these devices 

required AC power, for which an electrical outlet may not be available in the locations 

where antennae and readers were required.  By comparison, the IR system operated solely 

on battery power and, thus, beacons could be positioned in virtually any location to create 

a measurement field. 

 

Cabling for power and signal transmission were not required for the IR system, however 

the RFID system required cables to be connected to all components (except tags) for 

powering and transmission/recording of signals from the tag antennae and readers.  While 
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this may not be a significant concern for permanent installations of RFID equipment, 

temporary installations (such as planned for this research) would require significant time to 

set-up safely so that passengers did not trip on cables and to ensure that all components 

were working.  In addition, the ship owners were concerned that the research equipment 

used might lessen the passengers’ enjoyment of their experience onboard. 

 

Physical size of the equipment was important to consider, since it would affect the 

shipping options for getting equipment to the different ships and ability to store it.  Without 

doubt, the RFID system would require a great deal more space for storage and shipping in 

comparison to the IR system.  While the RFID tags tend to be considerably smaller than IR 

tags and lanyards, the RFID system space requirements for cabling, antennae and readers 

would be considerably greater than that required for an equivalent IR system. 

 

Ease of operation for the system was also an important consideration.  For the IR system, 

operation was quite simple and was easy for all team members to understand.  The RFID 

system operation was found to be much more complicated from the point of view of both 

start-up but also for data parsing.  Further, it was only capable of reading when a tag 

entered a field, whereas the IR system provided time of entry into and departure from each 

field. 

 

Ease of setup was quite important to consider when choosing a path logging system, since 

the amount of time and personnel available to setup the equipment was quite limited due to 

vessel access.  The RFID system was found to be quite time consuming to setup due to the 

size of the antennae and readers and the need to mount the antennae in a specific manner.  

Also, installing cabling was quite time consuming for RFID and increased the chance of 

accidental trips, as well as possibly making passengers more aware of the equipment being 

used, thereby influencing passenger behaviour onboard during the trials.  By comparison, 

IR system setup was exceptionally easy as beacons could be installed using Velcro strips. 

 

Cost was considered in two ways – the cost of a complete system to meet the needs of the 

project, including tags; and the incremental cost should it be necessary to expand the 

number of fields required, or the number of people tagged.  It was found that a complete 

system capable of measuring at 30 locations for up to 3,000 passengers was about the same 

cost for both IR and RFID.  Increasing the number of tags and measurement points beyond 
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this amount was where gains were seen with the IR system.  Although IR tags are 

considerably more expensive than passive RFID tags (approximately by a factor of 15), IR 

beacons are much less expensive (by a factor of approximately 60) than RFID 

antennae/reader equipment needed to generate a single measurement field.  This suggests 

that, if needed, additional IR beacons could be purchased at a relatively low cost and 

placed throughout the structure, thus allowing for more granular definition of occupant 

routes.  Scalability of the RFID system in this way would be much more expensive.  

Further, since RFID tags are quite fragile they are generally used only once, whereas IR 

tags are quite rugged and can be used many times and do not require replacement often. 

 

Regulatory issues for operation of equipment in different geographic regions was also 

important to consider, since it may be necessary to travel abroad to board a vessel for trials. 

IR light generation is not regulated according to geographic region, which makes it quite 

flexible for operation around the world.  However, since generation and transmission of RF 

is highly regulated according to region, the RFID system could be quite limiting since a 

system purchased for use in Europe cannot be used in North America or Asia.  While it 

was not the intent of this research to conduct trials outside Europe, it was important to 

consider future uses for the system. 

 

Component durability was considered important since the system was to be shipped 

significant distances and deployed on different ships with tags distributed among 

thousands of passengers over which the research team had little control.  RFID tags tend to 

be much more fragile than IR tags which can be reused many times.  RFID power and 

signal cables tend to become damaged after significant use as well.  

 

Customer support was the final factor considered.  A company located in Derbyshire, UK 

manufactured the IR system.  The research team had regular contact with technical 

personnel throughout the equipment vetting process.  This proved to be quite important 

because the manufacturer allowed the team to make significant modifications to the IR 

system (as noted) to ensure it provided optimal performance.  While there are many 

options available for RFID equipment, most of this equipment is manufactured overseas 

and it was not possible to request modifications to the technology.  In addition, it was often 

difficult to reach suppliers for equipment samples to test. 
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Taking all different factors into account, a weighted decision matrix was developed (Table 

9). The factors were weighted between 1 and 5 according to their importance for the 

research, with more important factors given a higher weighting.  The factors considered 

most important were performance (since data quality was crucial), ease of setup (trial 

execution logistics was quite important) and system cost (procurement of a basic working 

system was of key importance).  Lesser important system factors included component 

durability and size (since the system was not likely to be handled roughly during setup and 

transport to ships would be accomplished using reinforced protective cases.  Also, larger 

systems would result in marginally increased shipping costs). The IR and RFID system 

factors were then scored and a weighted score calculated by factor for each system.   

 

Table 9 Decision matrix for IR tracking system vs. RFID. 

Factor Weight 

IR RFID 

Score 

(max 5) 
Weighted 

Score 

(max 5) 
Weighted 

Performance 5 5 25 3 15 

Powering 2 4 8 2 4 

Cabling 2 5 10 2 4 

Size 1 4 4 2 2 

Ease of Operation 3 4 12 2 6 

Ease of Setup 4 5 20 2 8 

System Cost 4 3 12 3 12 

Unit Cost 2 3 6 2 4 

Regulations 2 5 10 2 4 

Component Durability 1 4 4 3 3 

Customer Support 2 5 10 2 4 

Totals   121   66 

 

Taking the sum of the weighted scores for each system suggested strongly that the IR 

system was the best choice for the intended research.  As noted above, the main 

disadvantage with the IR system was that occupant route data is not collected unless tags 

are returned following a test.  To mitigate this risk, a focus was placed on procedures the 

team could follow to improve the likelihood of IR tag retrieval during the tests. 

 

3.3.6 Detailed Validation of IR Tracking System - Corridor 

After all sea trials were completed, it was decided that additional testing of the IR system 

would be undertaken to determine the reliability of its measurements.  Furthermore, from 
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experience gained when using the system during sea trials, it was hypothesised that it 

might also be capable of providing other useful measures of crowd movement such as 

instantaneous crowd density for unidirectional and contraflow situations.  This section 

presents the methods, execution and results of an experiment carried-out to provide a 

validation of the IR tracking system. 

 

3.3.6.1 Experimental Design, Setup and Conduct 

The experiment was organised and undertaken by the author at the Marine Institute (MI) in 

St. John’s, Newfoundland, Canada using a single IR beacon in a corridor (Figure 32).  

Ethics approval was received from the Interdisciplinary Committee on Ethics in Human 

Research (ICEHR) at Memorial University.  Testing was carried-out in an east-west 

oriented corridor at MI with a total of 24 adult participants.  Population demographics were 

not collected explicitly, however, all participants were above the age of 18 and consisted of 

13 males and 11 females, all able-bodied. 

 

 

Figure 32 Corridor layout for Marine Institute tests. 

 

The experiment was designed to give a measure of the IR system error for participant entry 

into and exit from the field for different walking speeds and group configurations.  Since 

the IR tag sample rate was set to 1 Hz, it was hypothesised that the IR system would 

produce less accurate results for faster walking people than for slower walking people.  In 
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addition, given that the IR system reports the time of entry into and exit from the IR field, 

it was further hypothesised that the system could also be used to automatically provide a 

measure of crowd density at any point in time during a test if field size is known, as 

illustrated in Figure 33.  

 

 

Figure 33 Illustration of how IR system data can be used to easily compute crowd 

density. 

 

If the floor area of the IR field zone is known, then the density of the crowd (Di) within the 

field at any time Ti can be calculated using Equation (5): 

 

    
(                )

         
 (5) 

 

Where:  

Di = Crowd density at time Ti (people/m
2
) 

 Ni enter = Number of people that have entered the field by time Ti 

 Ni exit = Number of people that have exited the field by time Ti 

 AIR field = Floor area covered by the IR field (m
2
) 

 

 

A matrix of six different tests was developed (Table 10), which were carried-out in random 

order with a repeat of each.  Test variables were group type (single file, unidirectional 
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group and contraflow group) and walking speed (normal and very slow).  To determine if 

there were differences depending on the direction of approach to the beacon, each test 

condition was carried-out in two separate parts whereby the group walked from one end of 

the corridor to the other, took a short break, reformed and then walked back to the starting 

point. 

 

Table 10 MI walking tests - order and description. 

Test 

No. 
Group Type Speed Repeat 

1 Single File Normal 1 

2 Group – Unidirectional Slow 1 

3 Group – Unidirectional Normal 1 

4 Single File Normal 2 

5 Single File Slow 1 

6 Group – Unidirectional Slow 2 

7 Group - Contraflow Normal 1 

8 Group - Contraflow Normal 2 

9 Group - Contraflow Slow 1 

10 Single File Slow 2 

11 Group - Contraflow Slow 2 

12 Group – Unidirectional Normal 2 

 

A beacon set to medium-low power was mounted in the centre of the corridor ceiling (2.43 

m height).  As discussed in Section 3.3.4.3 and presented in Figure 30, while the actual 

field geometry is approximately symmetric, the apparent field geometry is asymmetric and 

depends on the direction of approach.  Thus, the field geometry was measured for both 

directions of approach to the beacon (eastward and westward) and marked on the floor 

with duct tape.  The test geometry is presented in Figure 34.  In addition to field extents, 

the beacon position was also marked on the floor with duct tape. 

 

Two additional lines were marked at a distance of 15m to each side of the beacon position.  

These lines were used as the start/end points for each test and enabled calculation of 

participants’ average walking speed.  Digital video cameras were mounted to the ceiling 
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above each duct-tape line so that the actual times of interest could be recorded for each 

test.  Cameras were synchronised to a known time-of-day reference by using an air horn 

that was audible in each video feed. 

 

Following the briefing and informed consent process, participants each donned an IR tag 

and were brought to the starting point in preparation for the first test.  All cameras were 

started and the synchronization completed using the air horn.  

 

The author walked with the group at all times in order to maintain consistency in walking 

speed and to ensure density did change significantly from test to test.  On completion of 

the experiment, data was downloaded from all tags and backed-up to a secure network-

based server along with video from all cameras.  Video was analysed using commercially 

available software Adobe Premiere Pro and the IR tag data was assembled in an MS Excel 

spreadsheet for each test condition. 
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 (a) (b) 

Figure 34 Corridor layout for IR system trials at Marine Institute: (a) Approaching 

beacon from east; (b) Approaching beacon from west. 
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3.3.6.2 Results and Discussion 

As discussed, the test data was used to validate the IR system accuracy for: counting 

participants walking past the beacon and time of entry into and exit from the field.  Results 

were also used to determine if crowd density could be accurately measured at any point in 

time using the IR system.  Walking speed, direction of approach to the beacon and group 

configuration (single-file, unidirectional or contraflow) were all assessed for each test to 

determine if there were any correlations with IR system function. 

 

It was found that the tag detection rate for all tests was 100%. It was further observed that 

direction of approach to the beacon (i.e. east-west compared with west-east) did not have 

an effect on the measured system performance.  Results for time of entry/exit are given in 

Table 11 and indicate that for slow walking speeds, the IR system lags the actual entry into 

the field by 3.5 s on average for single file tests and 3.9 s for unidirectional group tests.  A 

similar trend was observed for measurement of exit from the field, which for slow walking 

speeds the IR system tended to lag the actual exit from the field for both single file and 

unidirectional group tests by less than 1 s on average.  However, for normal walking 

speeds, the IR system often registered field entry/exit before it actually happened in the 

synchronised video.  It is unclear why this is the case, as it is contrary to what would be 

expected – with a constant sampling rate of 1 Hz, one might expect that the IR system lag 

would be greater for faster walking speeds.  It is hypothesised that this anomaly relates to 

the orientation of the tag as the wearer is walking – for very slow walking speeds, the tag 

remains facing forward in a relatively consistent position, whereas at normal walking 

speeds, the tag tends to move around a great deal more and perhaps is more likely to detect 

unexpected IR light reflections from the beacon.  This hypothesis requires further 

investigation.  

 

Contraflow test results (Table 11) showed similar mean values for IR system measurement 

time on entry to the field (3.3 s for slow and -0.1 s for normal walking speeds) but with 

higher variability than seen for the single-file and unidirectional group results.  This is 

likely due to the fact that most participants had to turn their body to the side to manoeuvre 

around each other and sometimes people bumped into each other (Figure 35).  Both these 

factors would result in the tag orientation changing more than for slow, straight-ahead 

movement of the tag through the field. 
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Table 11 Marine Institute test results – time difference between actual and IR 

measures. 

Comparison of Actual Time 

to IR-Measured Time 

(sec., +ve = IR lagging): 

Single File 

(seconds) 

Unidirectional 

Group (seconds) 

Contraflow 

Group (seconds) 

Slow Normal Slow Normal Slow Normal 

Field Enter 

(TIR_Enter – TAct_Enter) 

Mean 3.5 -0.4 3.9 -0.3 3.3 -0.1 

SD 1.6 1.1 2.2 1.4 3.0 1.8 

Field Exit 

(TIR_Exit– TAct_Exit) 

Mean 0.3 -0.03 0.9 0.3 0.7 0.3 

SD 1.5 1.0 1.1 1.2 1.5 1.2 

 

 

Results for all tests were then used to determine the IR system’s capability for measuring 

crowd density.  For each test, the number of people that had entered the field and the 

number that had exited were used with the method presented in Figure 33 to determine the 

number of people within the field (Ni enter – Ni exit) at 1 s intervals for both the IR system 

and actual.  Results for single file (slow and fast), and unidirectional (fast only) are 

summarised in Table 12.  Results for slow group tests (unidirectional and contraflow) are 

not available, since the group size was not large enough to fill the IR field area so that 

people were entering the field at one side and leaving at the other side at the same time. 

 

It can be seen from the table that, while it is possible to count the number of people within 

the IR field at any point in time, error rates for the tests conducted suggest that the IR 

system does not provide a reliable means for doing so.  Furthermore, because of the 

apparent asymmetry of an IR field caused by direction of approach to the beacon, 

measurement of congestion for contraflow situations will not be accurate.   
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Figure 35 Corridor tests at Marine Institute (top: unidirectional; bottom: contra-flow). 

 

 

Table 12 Results summary for crowd measurement tests (number of people in field). 

 
Single File, Slow Single File, Fast 

Uni-directional 

Group, Fast 

Video IR Diff. Video IR Diff. Video IR Diff. 

Mean 6.8 4.7 2.1 4.0 4.4 -0.4 19.2 14.0 5.2 

St. Dev. 0.65 1.02 1.21 0.84 1.69 1.60 1.92 1.00 2.59 

N 109 74 5 

% Error 31.1% 10.5% 27.1% 

 

It is hypothesised that it may be possible to use two beacons set to the same ID and 

mounted on a jig at an angle to each other so that the entry point for one beacon is at the 

same location as the exit for the other beacon (and vice versa).  By mounting the beacons 

in this way, it may be possible to generate an IR field that is symmetric regardless of the 
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direction of approach.  This concept is illustrated in Figure 36 but requires testing to 

determine its viability. 

 

 

Figure 36 Illustration of density measurement concept using a jig and two beacons set 

to the same ID. 

 

3.3.7 Detailed Validation of IR Tracking System - at Sea 

The planning and conduct of the sea trials will be discussed in detail in the chapters that 

follow, however, it is worth presenting here the results of validation testing carried-out 

with the IR system in-situ during trials on the cruise ship Jewel of the Seas.  To test the 

accuracy of the arrival times derived from the IR system, video cameras were installed at 

two entrances to Assembly Station B (AS B).  This enabled a comparison of the arrival 

time derived from the IR system with the arrival times manually determined from the video 

cameras.  In addition, this analysis allowed for a comparison of the total number of 

passengers passing through the entrance to the assembly station as counted by the IR 

system with the actual number that could be seen in the video.  Both chosen locations were 

on the ship’s starboard side on Deck 5 – one location at the forward end of the assembly 

station and one near midships, as depicted in Figure 37.  The forward location (at beacon 

location 53, camera UoG12 - Figure 38a) was a doorway with a vestibule leading to the 

assembly station.  The location near midships (at beacon 50, camera UoG10 - Figure 38b) 

was a doorway that opened directly into the same external assembly station.  These two 

locations were selected as they represented examples of locations in which the beacons 
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were expected to perform well (i.e. beacon location 50) and those that would pose a 

challenge for the beacons (i.e. beacon location 53). 

 

The difference in performance is expected because of the position and orientation of the 

beacons with respect to the flow of passengers.  Beacon 50 was located on the outer deck 

of the vessel, generating an IR field parallel to the assembly station doorway and 

perpendicular to the line of travel of passengers passing through the doorway.  Because of 

the orientation and mounting position for Beacon 50, there is virtually no shadowing effect 

from the passenger’s body on the tag (Figure 39a).  However, at Beacon 53, the mounting 

position was over the doorway inside a vestibule, pointing out to sea (i.e. in the same 

direction as the flow of passengers into the assembly station).  As a result, there is potential 

for shadowing of the beacon by passengers’ head and upper torso as they walk under the 

beacon, particularly because the presence of a vestibule around the doorway limits the 

height at which the beacon can be mounted (Figure 39b). 

 

 

Figure 37 Comparison of the IR and video systems took place on data collected from 

camera UoG10 and IR beacon 50 plus camera UoG12 and IR Beacon 53. 

 

When analysing the video for both locations (Figure 39), the time at which a passenger’s 

head first passed through the plane of the doorway was taken as their entry time.  The 

passenger’s head was chosen because as congestion on deck increased, often the head was 

the only part of the passenger that could be clearly seen.  Because a comparison was being 

made to the IR data, times were recorded only for passengers that could be clearly seen 

wearing or holding an IR tag.  In addition, because of the way the IR tag data was 

analysed, the entry times were recorded only for passengers who entered the assembly 

station and remained there.  In some cases, it was necessary to make a subjective 

judgement of whether a passenger had actually assembled in the relevant assembly station 

e.g. when a passenger entered into the assembly station and walked out of the view of the 

camera. 
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 (a) (b) 

Figure 38 Depiction of IR fields at (a) Beacon 50 where beacon is expected to perform 

well; and (b) Beacon 53 where beacon is not expected to perform as well. 

 

 

  

 (a) (b) 

Figure 39 Sample video views (a) Beacon 50 when the 6
th

 passenger arrives; and (b) 

Beacon 53 when the 21
st
 pax arrives. 
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From an examination of other entry points to assembly stations on this ship, it is 

anticipated that these two locations encompass the expected range of beacon/tag 

performance in terms of passenger count and time lag between the IR system arrival time 

and the actual arrival time from synchronised video.   

 

Results of the comparisons are provided below in Figure 40 and Figure 41 and Table 13.  It 

can be clearly seen that the IR data collection system matched quite closely with what was 

measured using the video system for both locations.  For the doorway near midships 

(Beacon 50, Camera UoG10 - Figure 39a, Figure 40) the IR system agreed with the video 

system and counted 20 tagged passengers that passed through the door.  In addition, the IR 

system produced passenger arrival times that consistently lagged the video results by 2.95 s 

± 0.53 s (maximum difference was 3.88 s and minimum difference was 1.72 s). 

 

 

Figure 40 Comparison of passenger arrival time at Beacon 50 and camera UoG10. 

 

For the forward location (Beacon 53, Camera UoG12 - Figure 39b, Figure 41), the IR 

system also agreed with the video and counted 138 tagged passengers that passed through 

the door.  The IR system produced passenger arrival times that consistently lagged the 

video results by 5.04 s ± 1.11 s (maximum difference was 9.92 s and minimum difference 

was 2.00 s).  It is noted that the IR system accurately counted the number of passengers 

even in the high density situation encountered at this location.  
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Figure 41  Comparison of passenger arrival time at Beacon 53 and camera UoG12 

 

Thus the IR measured times are expected to be, on average, between 2.95 s and 5.04 s 

(with a maximum range of 1.72 s to 9.92 s) lagging the actual measured time as derived 

from the video data.  As a percentage error, this varies from 0.3% to 7.2%.  Although this 

in-situ test was carried-out after the system had been chosen and utilized in the sea trials, it 

supports the decision to use IR technology rather than RFID.  Furthermore, the results 

suggest that the IR system provides an accurate measure of the arrival time for passengers 

when compared with a synchronised video system, despite a small lag between the actual 

arrival time and what the IR data collection system actually measures.  In addition, the IR 

system accurately counts the number of people that arrive at the measuring location, even 

in high-density situations. 

 

Table 13 Results summary for IR system comparison to video on Jewel of the Seas. 

Location No. 

People 

Mean 

Difference 

(seconds) 

Standard 

Deviation 

(seconds) 

Minimum 

Difference 

(seconds) 

Maximum 

Difference 

(seconds) 

Beacon50/UoG10 20 2.95 (lag) 0.53 1.72 3.88 

Beacon 73/UoG12 138 5.04 (lag) 1.11 2.00 9.92 
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Using the IR system, one can reliably determine arrival times at each assembly station. 

While using a video camera system to determine passenger arrival times tends to provide a 

more precise measure (sub-second) of when a passenger actually arrives through a 

doorway, unless the passenger then stays in that assembly station and within the field of 

view of the camera, it is impossible to determine whether he/she has actually stayed in the 

assembly station or moved to another location outside that assembly station and, thus, can 

give erroneous results for arrival time.  This issue can be avoided when using the IR 

system as it can continuously record the passenger's location determining whether he/she 

has left the assembly station or not.  Furthermore, as previously noted, the video analysis 

process would be much more time consuming and error prone and the passenger route, 

particularly individual starting locations, would not be known. 

 

3.4 Chapter Summary 

Improvements in technology have enabled researchers to collect human evacuation 

behaviour data in increasingly unique and realistic environments.  While aspects of 

behaviour must be observed and assessed manually, other methods allow for automatic 

determination of behaviour.  This chapter has provided an overview of the data required to 

provide answers to the research questions identified in Chapter 1 and has proposed 

methods for doing so. 

 

Response behaviour, particularly response time is best assessed using video cameras 

positioned in multiple areas of the ships.  The cameras used must have adequate resolution 

and field of view in order to determine what passengers are doing.  The frame rate should 

be sufficient to accurately characterise the associated time and cameras should have 

sufficient storage capacity to capture the entire process.  The camera mounting system 

should enable cameras to be quickly mounted in the wide variety of locations and 

orientations required that does not draw the attention of passengers and influence their 

behaviour.  The importance of synchronising different types of video cameras to each other 

as well as other data sources was identified and methods for doing so outlined. 

 

Collecting data for the validation of evacuation models considered two main technologies 

that can be used to automatically track passenger movement throughout the trials.  These 

were radio frequency identification (RFID) and infrared (IR) and the basic operation of 
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each has been outlined.  The chapter provided a detailed discussion of the methods used to 

assess each technology through trials onshore in corridors, as well as on ships at sea.  

Following the different tests, a decision matrix was developed to provide an objective 

means to choosing the best technology for the requirements.  Ultimately, IR technology 

was chosen since it provided a reliable means by which passenger movement could be 

measured during the exercises, it was less costly in the long term and logistically less 

challenging to setup and operate for the trials planned.  Results from testing of the IR 

system demonstrated that it could accurately count people 100% of the time and that was 

accurate to within about 5 s of actual times (lagging). 

 

The planning process for conducting assembly trials on passenger ships at sea requires 

careful consideration of how to provide necessary information about the trials to 

passengers while ensuring their safety but not affecting their behaviour; ensuring the data 

requirements are met; determining logistics for transport, setup and retrieval of all 

equipment; and planning the team roles and responsibilities so that the trial is executed 

safely and successfully.  These issues are discussed in detail in Chapter 4, along with a 

detailed review of the ships tested, their routes and the preparations for boarding. 
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4 Sea Trials: Preparation and Methodology 

 

4.1 General Overview 

 

The research presented in this dissertation is based on data collected during assembly trials 

carried-out onboard three different large passenger ships, involving crewmembers and with 

passengers who had paid for their voyage.  A total of five exercises were conducted – two 

on a ferry without cabins, one on a cruise ship and two on a ferry with cabins (Table 14).  

Planning and preparations for the sea trials was a lengthy process that took several months 

for each ship and required numerous visits to the vessels (sometimes including voyages 

onboard) to discuss trial logistics with officers and crew and understand the layout of each 

and where data acquisition equipment would be positioned for the trials, as well as to test 

the equipment to confirm system effectiveness and best mounting positions. 

 

Table 14 Summary of key trial information. 

Trial # 1 2 3 4 5 

Vessel Name SuperSpeed 1 
Jewel of the 

Seas 
Olympia Palace 

Vessel Type 
RO-PAX Ferry without 

Cabins 
Cruise Ship 

RO-PAX Ferry with 

Cabins 

Ship Owner Color Line AS 

Royal 

Caribbean 

Cruise Lines 

Minoan Lines 

Trial Date 04/09/2009 05/09/2009 31/07/2010 12/03/2011 14/03/2011 

Trial Time of Day 0820h 0819h 0901h 0040h 1912h 

PAX Onboard 1,431 1,349 2,292 240 270 

Research Team Size 26 25 22 

 

From an experimental point of view, it would be preferable to conduct assembly drills in 

an unannounced manner (i.e. no prior information given to passengers before the alarm 

was sounded), since this would provide the most realistic passenger behaviour in response 
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to and following the alarm.  However, risk associated with performing the trials in this way 

would have been too great.  For ethical reasons, the passengers were informed that, at some 

time during their voyage, an assembly drill would take place.  Thus the trials were planned 

as semi-unannounced assembly exercises with minimal information provided to passengers 

about the exercise.  This method was unique for monitored assembly trials at sea and 

required special consideration to ensure that all information provided to passengers was 

consistent from trial to trial to prevent an unanticipated bias in passenger behaviour and to 

ensure the safety of those involved.  It is also worth emphasising that these assembly trials 

were conducted while the vessels were at sea during a regularly scheduled voyage.  This is 

unusual as almost all ship assembly drills (whether monitored or not) tend to be conducted 

while the vessel is berthed in port.  It was important to undertake the drills while at sea, 

since this added to the realism of the exercise and helped ensure that passenger behaviour 

was more realistic.  By the time the vessels had left port, passengers had time to become at 

least a little familiar with the layout, observe any video-based safety briefings, find their 

cabin or a place to sit and begin any normal activities such as reading, eating, watching a 

movie or playing a game.  

 

Many months of planning and careful examination of the ships was carried-out in order to 

determine best procedures and optimum equipment placement, however, unexpected 

logistical challenges arose from time-to-time, which will be discussed in this chapter.  

Despite these challenges, the sea trials were carried-out safely and successfully, with no 

injuries or concerns reported.  The collected datasets provide a large corpus of human 

performance data relating to the assembly process onboard large passengers ships, which is 

rich in detail and quality.  The trials planning and logistics details are presented here to 

give the reader an understanding of the ships tested, the nature of the test protocol 

including similarities and differences for each vessel and any significant obstacles 

encountered.  Sections 4.2 to 4.7 provide an overview of general aspects of the planning 

process that were common to the data collection for all three ships.  The final three 

sections (Section 4.8 to 4.10) present ship-specific details for the trials plan and how it was 

executed. 
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4.2 Ethics Approval 

 

Central to any research involving human participants is the need to consider ethical issues 

very early in the planning process.  Doing so helps to ensure the physical and mental well-

being of participants, ensuring that the potential benefits of the research outweigh any risks 

and that participants understand the consent process, what constitutes consent to participate 

and that they can withdraw from the research at any point without negative consequence.  

Finally, considering the research ethics also ensures that the team has procedures in place 

to protect the identity of participants and any personal data collected in the project. 

 

To this end the project team, with significant contributions from the author, developed an 

ethics application under the leadership of a senior research fellow in the UoG, Fire Safety 

Engineering Group (FSEG).  It was submitted to the University Research Ethics 

Committee (UREC) at University of Greenwich on 30 June 2009 and consisted of four 

main sections to outline details of: the applicants, the project, plan for recruitment of 

participants, consent, insurance and financial interests.  The application also included 

several annexes documenting the following: 

 

- Informed Consent: Informed consent generally implies that the participants review 

information about the experiments in which they are being asked to participate and 

then sign a form giving their consent to participate and for the project team to 

collect information about their participation in the research.  It was determined that 

the consent process itself could negatively impact the planned semi-unannounced 

nature of the trials and potentially introduce a significant bias in the dataset, which 

would make the collected data less realistic.  It was determined that passengers 

could consent to participate in the research by wearing an IR tag and completing a 

questionnaire at the end of the trial. The ethics application for this research, 

therefore, indicated that informed consent was not required for the stated reasons 

and also because the data to be collected was not of a sensitive personal nature.  

Furthermore, passengers were informed that they could not be identified in any 

video collected, since faces would be blurred in any public use of the video. 

- Participants under 18 years of age: Unaccompanied children under 18 years of age 

were not allowed to participate in the research.  Also, data would not be collected 
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from the video record regarding response time for children who appeared to be 11 

years of age or younger. 

- Risk assessment: Conducting a risk assessment is important with any research 

ethics application as it identifies the main hazards to participants; their likelihood 

and severity, along with the associated mitigation strategies to ensure participants 

remain safe throughout the experiments.  The main risks were identified in the 

application to the satisfaction of the ethics committee. 

 

The application was reviewed at the 14 July 2009 UREC meeting date and ethical approval 

was received for the study in writing on 23 July 2009 (approval letter is shown in 

Appendix A). 

 

4.3 Information for Passengers 

 

On each ship, information was provided to passengers about the trials.  Information was 

required to help ensure the safety of passengers and that they understood what was going 

to happen during their voyage, since informed consent was not required as a condition of 

the ethics approval.  The information served two purposes – it gave passengers enough 

information to ensure their safety, it explained in simple terms how to wear the IR tag and 

what to do with it after the trial and it let passengers know that their participation in the 

research was voluntary and how they could go about finding further information after the 

trial, if desired.  Trials information was provided to passengers in two main ways – printed 

information sheets and verbal information (provided at check-in and onboard the ship from 

the Captain).  Information sheet wording and layout was developed initially by the author 

and circulated to the rest of the trial team for comments.  The development of verbal 

information for each vessel was developed through trial team discussions, which included 

the author.  Final versions were then produced for each ship and translated by other 

members of the project team or colleagues within the UoG community. 

 

It was important also to ensure consistency in the information provided from test to test so 

that all participating passengers received the same briefings from ship to ship.  In addition, 

carefully planning the way in which information was provided to passengers helped ensure 

that the trials were truly semi-unannounced in nature.  This was a very important aspect of 
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the research, since it would be unsafe to carry-out a fully unannounced trial but yet 

unrealistic and unethical to carry-out a fully announced trial in which the data would be of 

little value but still exposing passengers to risks associated with the assembly process. 

 

The printed pamphlets provided the following basic information about the experiments: 

 

- An assembly exercise will happen during your voyage; 

- You can volunteer to participate; 

- You can withdraw at any time; 

- What will happen and what you should do; 

- How data is being collected and why; 

- How and when to wear the IR tag; 

- How the research team will protect your identity and data; 

- What to do when the exercise is complete (complete a questionnaire and return the 

IR tag); 

- How you can be part of the prize draw; and 

- Who are the project partners and where can you find additional information. 

 

In order to ensure consistency of information provided to passengers, the printed 

information pamphlets remained the same from ship to ship with the exception of the 

languages in which the text was provided and any minor details relevant for the ship.  The 

information pamphlets were printed on two sides of A4 paper and, depending on the 

number of languages required, folded either in half (two languages) or in thirds (for three 

languages) (Figure 42).  The ship owner’s representative provided recommendations on 

which languages should be used. 
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 (a) (b) (c) 

Figure 42 Layout for the different information leaflets provided to passengers; (a) ship 

1: SuperSpeed 1; (b) ship 2: Jewel of the Seas; (c) ship 3: Olympia Palace. 

 

Scripts developed for check-in personnel and the Captain were also translated into the 

same languages as the pamphlet.  Due to the nature of the different ships and particular 

details relating to the trials, there were small differences in scripts from ship to ship.  In 

general terms, the check-in staff scripts provided the first opportunity to give passengers 

very basic information about why they were receiving the pamphlet and IR tag.  Staff also 

encouraged passengers to wear the IR tag right away.  Announcements made by the 

Captain were also developed in a similar way; the first announcement welcomed 

passengers onto the ship and reminded them that an assembly exercise would happen at 

some point during their voyage and that they should wear the IR tag.  In cases where the 

exercise took place more than one hour after departure, the Captain made an additional 

announcement a little before the alarm to remind passengers they should wear the IR tag.  

The next announcement by the Captain took place after the assembly exercise and 

announced that the exercise was complete and encouraged passengers to return their IR 

device and complete a questionnaire.  A final announcement from the Captain was made to 

indicate the ticket number of the prize draw winners and how they could collect their prize. 

 

The scripts used on the different ships, as well as any relevant details about the information 

provided during trials is given in the sections that follow for each ship. 
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4.4 Questionnaires 

 

Questionnaires were developed so that passengers could provide detailed information 

about their experience relevant for the trial.  Depending on the vessel being tested, the 

questionnaires posed between 21 and 24 questions in the same languages as used for the 

information pamphlets and scripts.  Passengers were asked to provide a range of 

information about themselves, their experience travelling at sea, what they thought was 

happening when the alarm sounded and what they did.  A summary of the questions asked 

is provided in Table 15.  The research team also decided that the questionnaire could be 

used to link passenger’s route and total assembly time by providing a space on the 

questionnaire in which passengers could record their unique IR tag number.  This provided 

a unique opportunity to examine passenger behaviour in a more detailed manner not 

previously conducted in evacuation studies. 

 

A detailed analysis of the questionnaire results was considered to be outside the scope of 

this dissertation (since it does not relate to passenger response time and it was not used to 

develop the ship evacuation validation dataset).  However, it is important for details about 

questionnaires to be provided here since the author had significant involvement in 

developing the scope of the questions.  It is planned that this dataset will be analysed at a 

later stage by the author.  Details of the questionnaires provided on each ship are given in 

the sections that follow. 
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Table 15 Summary of the questionnaire content asked. 

Question Options 

Age group 0-19 / 20-39 / 40-59 / 60+ 

Gender M / F 

Mobility Impairment? Visual, Hearing, Physical, Other, None 

Travelling with a group? How many, including yourself? 

How often do you travel by ship per year?  

No. times travelled on this ship before?  

No. times travelled on a cruise ship before?  

Involved in assembly exercise on a ship before? Y / N 

What did you think when the alarm sounded? Exercise / real emergency / other 

How did you feel when the alarm sounded? 
Unconcerned / concerned but safe / worried I might 

be injured / worried I might be seriously injured 

What deck were you on and where when the 

alarm sounded 

Deck no. & restaurant / cabin / theatre / shopping 

area / exterior lounge / pool / casino / general seating 

/ bar / disco 

What were you doing before the alarm 
Eating / drinking / sleeping / socializing / shopping / 

individual activity (e.g. reading) / other 

How long before you to started moving to the 

assembly station? 
0-5, 5-10, 10-15, 15 + min 

After you were aware of the alarm, did you 

Go directly to the assembly area / continue activity / 

wait for instructions / discuss what to do / search for 

your group / return to cabin (if relevant) 

No. group members moved with you to the 

assembly area? 
 

Was it difficult to find the assembly area? Y / N 

Did crew assist you in finding the assembly area Y / N 

What did you use to find the assembly area? 
Signage / crew instructions / following other 

passengers / prior knowledge 

How useful was signage? 1-5 (not at all – very) 

Did you have to stop due to congestion? How many times? 

Did anything hinder your progress to the 

assembly area? 

Congestion / lack of instructions / lack of signage / 

insufficient crew / ship motion / confusing 

announcements / confusing instructions / confusing 

signage / poor knowledge of the ship layout 

How long did it take to reach the assembly area? 0-2; 2-5; 5-10; 10-15; over 15 min 

Did you find the assembly exercise stressful? 1-5 (not at all – very) 
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4.5 Shipping of Trial Equipment 

 

A large amount of trials equipment was shipped to the vessels for each trial.  Due to 

requirements of insurance, handling and local customs and excise, it was necessary to 

accurately document all the items being transported.  All camera equipment, required 

accessories and supplies were packed into protective cases (measuring 600mm x 460mm x 

210mm), along with two-way radios and stopwatches for manually timing the exercises if 

required (an example of equipment being prepared for shipping is shown in Appendix B - 

“exploded” view and a case “as packed”).  Typically, each camera case contained six 

digital cameras with required equipment, two two-way radios and two stopwatches.  A 

laminated A4 sheet containing an itemised list of the contents was placed inside each case 

being shipped.  The author was involved at all stages in the packing, weighing and 

shipping of equipment for all trials. 

 

The IR tracking system was packed into separate cases with each containing 400 tags and 

lanyards or a combination of beacons and tags with lanyards (Appendix B).  Additional 

materials such as pencils, questionnaires, high visibility vests and caps, and tag storage 

bags were shipped in separate cases with the rest of the equipment. 

 

For trials on the first ship, SuperSpeed 1, a total of 11 cases with a combined mass of 

222.6kg were shipped to Denmark and delivered onboard the vessel before it returned to 

Norway where it could be accessed by the trials team for trial preparation.  For the second 

ship, Jewel of the Seas, the UoG team rented a people carrier van that could fit all the UoG 

team members and equipment and drove directly to the port.  For this trial, a total of 13 

cases with a combined mass of 273.55kg were shipped.  For trials on the final ship, 

Olympia Palace, a total of 7 cases with a combined mass of 166.6kg were shipped to the 

Minoan Lines main office in Athens and personnel from Minoan Lines transported the 

equipment by road to the vessel in Patras. 

 

4.6 Trial Team Requirements 

 

This section outlines the research team requirements for the sea trials and the associated 

skills and responsibilities for each team member onboard each ship.  A general description 
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is provided here and specific requirements for each ship are given in the relevant sections 

that follow.  

 

Two skill-sets of primary importance for all exercises were the ship liaison and the 

controller: 

 

- Ship liaison was an employee of the shipping company responsible for ensuring 

onboard activities complied with company requirements. This individual also acted 

as a liaison between the research team, the ship owners and the Captain of the ship. 

- Controller was the scientific lead for the project (Professor Galea from UoG) and 

was responsible for overall control of the trial and the various teams identified.  

This individual made sure that trial activities were set and run as planned. The 

controller was responsible for ensuring the trials ran smoothly and for coordinating 

the activities of the various teams. 

 

A total of six teams are described below.  These were made-up of different individuals 

assigned to the project from within UoG, as well as partners on the SAFEGUARD project.  

The author was onboard the three ships for all trials carried-out.  In most cases, in order to 

keep the size of the team to a minimum the team members of one group were "recycled" 

when appropriate by being made part of a different group with different roles once their 

duties in a particular group have been completed, for example, the entry team became the 

exit team, with the addition of one person from the setup team.  The various teams 

communicated with each other and the controller by using 2-way radios (i.e. walkie-

talkies).  Details regarding team make-up and any particulars for the ship being tested are 

provided in the relevant sections that follow, with a summary for each as follows: 

 

- Technical team was responsible for the technical equipment and planning aspects 

of the trials, and included the author. 

- Setup team was responsible for installing and verifying the proper operation of the 

data acquisition equipment (video cameras and IR beacons) according to the trials 

plan developed for each ship, and included the author.  The setup team was 

scheduled to begin work in the early morning hours before each trial. Depending on 

the setup requirements, this team was split into sub-groups of two people who 
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could work together to deploy equipment in different regions of the ship or on 

different decks. 

- Entry team was responsible for checking that each passenger had donned an IR tag 

as they were boarding and that they had received the information leaflet. The size 

of this group was determined by the number of entry points from car decks (if 

applicable) as well as for walk-on passengers.  The author was not part of this team. 

- Assembly team issued questionnaires to the participating passengers in the 

assembly stations at the end of each trial.  The assembly team was also responsible 

for collecting the IR tags from passengers, along with the completed questionnaires.  

The assembly team was trained how to interact with passengers in an appropriate 

manner and how to use a stopwatch to time the last person arriving in the assembly 

stations.  The total number of people required for the assembly team for each ship 

was determined by the number of assembly stations and the number of available 

entry points to each.  Members of the assembly team wore a brightly-coloured vest 

and hat, and carried a brightly-coloured satchel for holding pencils, questionnaires 

and IR tags (Figure 43).  Prior to the start of the trial, the assembly team members 

moved to their assigned assembly station and reported to the Controller that they 

were in position and ready for the trial.  Once the alarm had sounded, the assembly 

team members donned the high visibility jackets and baseball caps and started 

collecting IR tags and distributing questionnaires from passengers who had entered 

the assembly station.  As the team distributed questionnaires and pencils, they 

reminded passengers to write their tag number on the top and to keep the prize draw 

ticket by tearing off the perforated end of the questionnaire.  Crew assigned to the 

assembly stations generally assisted the assembly team members with the 

distribution of questionnaires and collection of IR tags and completed 

questionnaires.  At the end of the trial the assembly team placed collection baskets 

in key public areas onboard and roamed around the ship to collect any completed 

questionnaires and IR tags that had been missed in the assembly areas.  The author 

was not part of this team. 

- Equipment collection team was comprised of members of the setup team 

(including the author) and was responsible for removing all cameras and IR 

beacons, and placing them in a safe area at the end of each trial.  Removal of the 

equipment began when the controller notified the team that the assembly process 

was complete.  It was important to remove all equipment as quickly as possible in 
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order to reduce the possibility of theft or damage, particularly in the case of 

cameras since all response time data was contained on the camera hard drives and 

loss or damage would result in data loss. 

- Data transfer team was comprised of members of the setup team (including the 

author) and was responsible for transferring all data from the video sources and IR 

tags to laptop computers brought by the team. 

- Exit team was comprised of the entry team plus members of other teams not 

allocated a role after each trial.  This team was tasked with traversing the ship to 

ensure that all passengers returned their IR tags and questionnaires before 

disembarking.  The author was not part of this team. 

 

 

Figure 43 Typical assembly team member in trials uniform. 

 

4.7 Passenger Incentives 

 

For voyages less than 24 hours duration, it is not a statutory requirement that the crew 

conduct an assembly trial.  Thus, for trials on the two ferries, passengers' participation was 

entirely voluntary.  For the cruise ship, passengers were required to participate in the 

assembly exercise, however for all cases the passengers were not required to wear an IR 

tag or complete a questionnaire.  To encourage passengers to wear a tag and complete a 

questionnaire, it was decided that incentives would be offered onboard all three ships in the 

form of a raffle for prizes.  To qualify, passengers had to record their IR tag number in a 
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space provided on the questionnaires distributed and answer all questions fully.  The prizes 

offered will be described in the sections below for each ship.  It is important to note that 

the value of the prizes was not so great as to encourage unsafe behaviour or to coerce 

passengers into doing something they would not normally do.  Passengers were told to 

remove and keep the perforated portion of their questionnaire and give the completed 

questionnaire to a member of the research team.  The portion removed had a number 

matching the number on the questionnaire and, thus, amounted to a unique ticket that the 

passenger could check following an announcement made by the Captain during the 

voyage.  On completion of the exercise, the Controller and a member of the Assembly 

team brought all questionnaires to a private location onboard and kept only the 

questionnaires that met the requirement of being fully completed.  The remaining 

questionnaires were then brought to a meeting area where the Captain randomly chose the 

winning questionnaires and announced the winning numbers on the ship’s public address 

system.   

 

4.8 Detailed Planning for the First Ship - M/S SuperSpeed 1 

 

This section outlines the detailed planning and procedures developed leading-up to trials 

on the first ship.  Since this was the first vessel tested, it also meant the first operational 

testing with the IR tracking system, which required a significant planning effort and 

equipment shakedown process to ensure successful operation. 

 

 

4.8.1 Vessel Details and Route 

The first vessel tested was SuperSpeed 1 (SS1) – a RO-PAX ferry operated by Color Line 

AS in Norway (Figure 44).  Vessel particulars are provided in Table 16 and the route taken 

by the vessel during the trials is shown in Figure 45 - from Kristiansand in Norway to 

Hirtshals in Denmark, a voyage of 3 hours and 15 minutes each direction.   
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Figure 44 Color Line SuperSpeed 1 RO-PAX ferry  

 

The ship contains a mixture of public passenger spaces across three of the vessel’s eleven 

decks including; business and traveller class seating areas (airline style seating), large retail 

and restaurant/catering areas, bar areas, indoor and outdoor general seating areas and 

general circulation spaces.  While SS1 does have a small number of cabins onboard (54 in 

total – 2.8% of the total passenger capacity), during the trials these were used only by truck 

drivers who are required to log hours of rest as part of the terms of their employment. 

 

Table 16 SuperSpeed 1 Particulars. 

Length Overall (m) 213 

Beam (m) 26 

Draught (m) 6.7 

Gross Tonnage (t) 34,231 

Maximum Speed (kn) 31 

Total Decks 11 

Passenger Decks 3 

Passenger Capacity 1,928 

Crew Capacity 71 

Car Capacity 764 

 

 



 

 147 

 

Figure 45 SuperSpeed 1 route between Kristiansand (Norway) and Hirtshals 

(Denmark). 

 

 

In early September, SuperSpeed 1 sails round trip two times daily from Kristiansand, 

Norway to Hirtshals, Denmark every day of the week, except Monday when it completes 

only one round trip sailing (leaving in the afternoon from Kristiansand).  On Monday 

mornings the vessel’s crew undertake fire and lifeboat drills without passengers onboard 

and complete any routine maintenance required on the vessel.  The vessel departs 

Kristiansand at 0800 and on a typical day, each leg of the crossing takes 3h and 15 min 

with an additional 1 hour turnaround time in Hirtshals before returning to Kristiansand.  

The schedule is repeated again in the afternoon with the vessel returning to port in 

Kristiansand by approximately midnight.  Business, tourist and casual travellers, as well as 

truck drivers delivering goods between Norway and Denmark travel the route, a distance of 

approximately 70 nautical miles. 

 

Two assembly exercises were conducted on SS1.  The first took place on 4 September 

2009 at 08:20 and the second on 5 September 2009 at 08:19 - approximately 20 minutes 

after the vessel departed from Kristiansand enroute to Hirtshals.  It is important to note that 

the trials took place on the same leg of the ship’s regular route and that different 
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passengers were onboard each day.  A total of 1,431 and 1,349 passengers were onboard 

for the first and second trials, respectively. 

 

4.8.2 Pre-Trial Planning 

As part of the planning process, the research team made numerous visits to the vessel 

(initially, visits were made to SuperSpeed 2 and later to SuperSpeed 1 when it was decided 

to change vessels).  Members of the team (including the author) travelled round trip 

between Larvik in southern Norway to Hirtshals in northern Denmark a total of six times.  

During these voyages, the team was able to observe the distribution of passengers 

throughout the ship during typical voyages, test camera mounting equipment and 

determine if camera field-of-view at each location of interest would enable collection of 

the passenger response times.  The team spent considerable time testing the performance 

and logistical challenges associated with setup and operation of automatic path logging 

equipment (both RFID and IR, until the decision was made to use IR tracking for the 

project).  Ship visits also provided an opportunity to hold detailed discussions with the 

Captain and crew regarding the trials plan and to observe crew and passenger activities 

during typical voyages to determine any potential logistical challenges that might arise.  As 

part of the site visits, the team reviewed passenger check-in areas for the two different 

boarding procedures available – those walking onboard and those driving onboard the 

vessel.  Understanding boarding procedures was important to ensure proper distribution of 

information leaflets and IR tags to passengers. 

 

The research team made the first pre-trial visit to the Color Line vessel SuperSpeed 2 on 25 

June 2009.  During this visit, the team met with the Color Line shore-side liaison, Captain, 

Chief Officer and Safety Training Co-ordinator.  The team discussed the trials plan at 

length and received feedback on proposed procedures.  The research team also travelled 

round trip from Larvik to Hirtshals.  As part of this pre-trial visit, the research team 

familiarised themselves with the layout of the vessel and discussed with the Captain and 

senior officers appropriate times during the voyage to conduct the trial.  The research team 

also undertook a more detailed inspection of the vessel in an attempt to identify possible 

camera locations and possible RFID/IR antenna/beacon locations.  It was estimated 

initially that 60 cameras would be required to provide sufficient coverage of the vessel to 

collect the majority of participant response times.  In addition to the number of cameras, it 

was important to identify precise camera positions and the best method for mounting so 
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that the team would be able to act quickly during setup on the trial dates so that only minor 

modifications in the camera setup plan would be required on the trial days.  This would 

ensure: consistency between tests, efficiency in setup time and reduce the likelihood that 

logistical problems would arise at the last minute.  

 

Also during this visit, in-situ testing of an RFID system was carried-out to determine its 

suitability for use onboard ships.  As outlined in Section 3.3, the test suggested that the 

RFID system may be appropriate in this environment.  The IR system that was eventually 

chosen was not tested during this ship visit.  

 

During this visit to the ship, possible passenger escape routes leading to the assembly 

stations were identified and noted on the ship’s plans.  From discussions with the Captain 

and the ship owners it was established that the trial questionnaires should be written in 

three languages; Norwegian, German and English, since the passengers most frequently 

travelling this route would be expected to be able to read at least one of these languages.  

 

Following the first pre-trial visit, the research team discussed camera positions and 

determined that the 60 positions initially identified could be significantly reduced to 30 

without a major loss of data quality.  It was determined that at least one additional pre-trial 

visit would be required in order to finalise the camera locations, further test RFID and IR 

equipment and finalise positions for RFID antennae or IR beacons, depending on which 

system was chosen for the trials.  

 

The research team undertook a second pre-trial visit to SuperSpeed 2 on 15 and 16 July 

2009.  During this visit the team travelled onboard the vessel for a total of 4 return trips 

between Larvik and Hirtshals.  Additional in-situ tests were performed with both the IR 

and RFID equipment and the team conducted further inspections of the ship to finalise the 

mounting locations and methods for all data acquisition equipment.  The proposed timing 

of the trial was discussed in detail between the UoG team and the Color Line personnel.  

The time of the trial was chosen to reduce the likelihood of disruption to the passengers 

and the normal operation of the vessel.  Based on the vessel’s sailing schedule and an 

expectation of what passengers would be typically doing at different points throughout the 

voyage, the project team decided to hold the drill within 30 minutes of departure. 
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Although all plans were developed for trials onboard SuperSpeed 2, as the trial dates 

approached the team was notified that the number of passengers booked for the voyages on 

SuperSpeed 2 were approximately 10% of usual booking numbers.  However, for the same 

dates the voyage on sister ship SuperSpeed 1 had the desired level of passengers booked.  

Thus, the ship owners suggested to the research team that it would be acceptable if the 

trials took place onboard SuperSpeed 1 instead.  Although the vessel was said to be 

identical in most aspects to the SuperSpeed 2, it was decided that the author and two 

members of the research team from UoG would travel to the port of Kristiansand two days 

earlier than originally planned in order to assess the magnitude of difference between the 

vessels.  In addition, it was necessary to have discussions with the vessel’s Captain and his 

officers, since they were not familiar with the trials plan.  While some minor differences 

were found between the vessels, the team easily made adjustments to the trials plan and the 

trials proceeded on the dates planned.  This required some changes to trial logistics, 

particularly around transport of the team to join the ship.  In the end, the two trials were 

successfully undertaken on the dates planned. 

 

4.8.3 Data Acquisition Equipment Preparations and Positioning 

Following from the numerous vessel surveys described in the previous section, it was 

determined that a total of 30 battery-powered digital video cameras owned by UoG would 

be required in order to cover all areas of the ship where passengers would likely be found 

at the sounding of the alarm.  This included the main restaurant, shops, bar (on two decks), 

airline style seats, business class and general bench-style seating.  The positions of the 

video cameras are shown in Figure 46.  

 

In addition to video cameras, it was determined that a total of 30 IR beacons would be 

required in order to capture approximate passenger start times and locations during the 

exercises, as well as the assembly station used and arrival time.  The position of IR 

beacons is shown in Figure 47.  A trials plans was developed that also identified the view 

from each camera location, details of the camera orientation and mounting method chosen. 
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Figure 46 Camera locations (circles) and direction of view (arrows).  Note that camera 

6 shown on deck 9 views the open deck area on deck 7 at the aft end of the 

vessel.  Shaded areas without thick boarders were not accessible by 

passengers. 
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Figure 47 IR beacon locations (circles) on SuperSpeed 1 (circles within assembly 

stations identify end locations). 

 



 

 153 

In the final stages of preparation for the trials on SS1, equipment was packed in hard-shell 

cases as outlined in Section 4.5 and shipped by road to the port of Hirtshals in Denmark, 

where it was offloaded to SS1 and travelled on the next voyage to Kristiansand.  In 

Kristiansand, the team moved the cases to a private work area of the shore-side terminal 

provided by Color Line and began unpacking IR beacons and tags to prepare them for 

distribution to the Color Line passenger check-in areas.  The team was informed that 

approximately 1,300 passengers had booked passage for the first trial day, so a total of 

1,500 IR tags were unpacked.  The IR tags had been set to a “sleep” mode for transport and 

storage, in which the sample frequency for detecting IR signals was once per minute (as 

opposed to once per second for “awake” tags).  The tag “sleep” mode was the preferred 

mode for storage since it meant the tags would not record IR beacon IDs within range (the 

only IR beacon signal capable of being detected in this mode was the “on” signal set by the 

beacon internal DIP switches, thus tag memory would not be filled with unnecessary 

information).  In addition, tag sleep mode significantly lengthened battery life of the tags.  

The tags being used in the SS1 trials were laid-out on several tables with an IR beacon set 

to emit an “on” signal positioned nearby (Figure 48).  After being exposed to the “on” 

signal for a few minutes, the tags were taken to a different table where they could be 

checked to ensure all were in “awake” mode, counted and lanyards wrapped around the 

outside for tidier storage at check-in areas and, thus, faster distribution to passengers 

checking-in.  The counted and checked tags were packaged in cardboard boxes in known 

quantities (Figure 49) along with equal numbers of information pamphlets and on the day 

before the trial, transported to the different check-in desks in the terminal for walk-on 

passengers and drive-through kiosks for passengers travelling by car. 

 

At approximately 02:00 on the first trial day, the team boarded the ship and began setting-

up IR beacons and cameras in the locations illustrated in Figure 46 and Figure 47.  During 

setup, all beacons were set to the “on” position, since beacon battery life was not a concern 

if operational for a few days.  However, video camera battery life and recording capacity 

were both more limited in duration so once setup, cameras were left in the off mode until 

closer in time to the trial.  When directed by the trial controller, the setup team walked 

around the vessel and set the cameras to the “on, recording” position.  This was done 

discretely so as not to draw attention to the equipment and potentially bias the passengers’ 

behaviour during the trial. 
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 (a) (b) 

Figure 48 Shore-side preparation of tags (a) activate tags (activation beacon circled in 

green) and confirm tags are awake (b) counting and preparing for 

distribution. 

 

 
Figure 49 Preparation of tags for distribution to passenger check-in areas. 

 

 

 

Figure 50 Setup team installing equipment on SS1. 
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For additional details of the trial planning and execution process, the reader is referred to 

Appendix B, Section B2. 

 

4.8.4 Trial Challenges and Outcome 

Both trials on SuperSpeed 1 were completed successfully and in a safe manner without 

injuries, however, the team did experience a few challenges, which resulted in loss of a 

portion of the dataset.  For trial 1, at approximately 04:00, a crew member began executing 

one of his normal duties - washing the external deck areas of the ship with a high pressure, 

high volume hose.  Unbeknownst to the project team, a beacon (Figure 49, ID #20 - 

positioned to give assembly time at the aft entrance to assembly station C on the vessel’s 

port side) was damaged by ingress of water and did not provide an IR signal strong enough 

for tags to detect.  This issue was only discovered after the trial was completed when 

performing a quick review of the data collected.  This meant, ultimately, that the assembly 

data collected during trial 1 was of no use, since the record of passengers assembling was 

not reliable, particularly at this location. 

 

However, all video data captured during this trial was useful since its purpose was to 

characterise passenger response time at the beginning of the assembly process.  As a 

preventative measure, when preparing for trial 2, a request was made to the ship liaison 

that the vessel wash-down not take place on that day.  A detailed inspection of beacon ID 

#20 found that it could not be fixed in time for trial 2.  Examination of the beacon setup 

plan showed that beacon ID #12 could be removed from its location and setup at the 

beacon ID #20 location, since the original position of ID #12 was non-critical.  Trial 2 on 

SS1 was completed without incident and a complete dataset was collected as planned. 

 

4.9 Detailed Planning for Second Ship – C/S Jewel of the Seas 

 

Given the range of vessels and routes in the Royal Caribbean Cruise Lines International 

(RCCL) fleet, a senior member of the project team travelled to Miami, Florida, USA 12-16 

March, 2010 to meet with RCCL personnel and board several ships to determine the most 

suitable for the research.  Three ships were visited – Independence of the Seas (Freedom 

Class - 5,730 person capacity, 339m LOA), Majesty of the Seas (Sovereign Class, 3,577 

person capacity, 268m LOA) and Jewel of the Seas (Radiance Class, 3,360 person 
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capacity, 293m LOA).  The team member boarded each ship with the RCCL safety 

superintendent, photographed the different key areas onboard each, obtained general 

arrangement drawings for the vessels, held discussions regarding vessel routing and 

schedule details, and relevant information about onboard procedures that should be 

considered.  The research team member also viewed the conduct of an assembly trial on 

each ship.  Following detailed discussions among the project team at UoG, the Radiance 

Class vessel - Jewel of the Seas (JoS) was chosen as the trials cruise ship, primarily due to 

route, scheduling, vessel size and capacity.  While this was the smallest of the three vessels 

examined, it was felt that using this vessel would still provide a significantly rich dataset, 

while being manageable for planning and logistics.   

 

Experience gained from the first two trials on SS1 provided valuable experience for the 

protocol development on JoS.  The test protocol and documents developed for SS1 served 

as a useful starting point for planning on Jos.  It is worth noting here that the original plan 

was to carry-out two assembly trials on JoS, however, the vessel owner was unable to meet 

this request so just one trial took place.  It was determined that this would be acceptable, 

given the large number of passengers and the range of passenger spaces onboard, which 

allowed for a comparison of results from one area of the ship with another.   

 

4.9.1 Vessel Details and Route 

Jewel of the Seas (JoS), is one of four Radiance Class cruise ships operated by Royal 

Caribbean Cruise Lines International (Figure 51).  At the time the trials were conducted, 

JoS had a capacity of 2,501 passengers and 859 crew.  Vessel particulars are provided in 

Table 17.  The route (Figure 52) taken by the vessel during the trial was from Harwich 

(UK) to St Petersburg (Russia) via Copenhagen (Denmark), a total voyage of about 7 days.   

 

 

Figure 51 Jewel of the Seas cruise ship [238]. 



 

 157 

 

The trial was conducted on the leg of the voyage between Harwich and Copenhagen.  The 

ship contains a wide variety of passenger spaces spread over 12 decks including; 

staterooms (cabins), restaurants, bars, large retail spaces, theatres, cinemas, gymnasium 

and sports facilities, a casino, indoor and outdoor general seating areas and general 

circulation spaces.  The drill was conducted on 31 July 2010 at 09:01 on the morning 

(about 16 hours) after departure from the UK.  A total of 2,292 passengers were on board. 

 

Table 17 Jewel of the Seas particulars. 

Length Overall (m) 293 

Beam (m) 32 

Draught (m) 8.1 

Gross Tonnage (t) 90,090 

Maximum Speed (kn) 25 

Total Decks 13 

Passenger Decks 12 

Passenger Capacity 2,501 

Crew Capacity 859 

MVZ 7 

Assembly stations 26 

 

 

 

Figure 52 Route for first leg of JoS voyage (approximately 2 days), with trial 3 

undertaken on the North Sea, approx. 16 hours after departure at 1700. 
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4.9.2 Pre-Trial Planning 

Despite being the smaller of the three RCCL vessels considered, JoS was a significant 

challenge to plan for due to the number of passengers involved, the amount of 

measurement equipment required and the sheer size of the vessel – movement between 12 

decks, with each almost 300m long required a well thought-out plan.  It became clear from 

the first planning visit made to the ship that UoG had insufficient video equipment to cover 

all regions where passengers were likely to be located prior to the trial.  Furthermore, the 

complexity of the assembly station locations and the paths to the assembly stations 

required a larger number of IR beacons in order to acquire the necessary data. 

 

RCCL personnel suggested ways to address some of these issues – since the vessel had a 

large number of security video cameras (closed circuit television – CCTV), it was noted 

that many cameras were positioned along all the passenger cabin corridors, stairs and 

public spaces, which meant that the research team could make use of the CCTV cameras to 

record response time data.  However, a number of issues had to be resolved, in particular: 

 

 A simple procedure to convert video footage from the ship’s video system (.nvf) to 

a standard format (that could be used by the video analysis software, e.g. .avi or 

.wmv). 

 The ship's video system was programmed to record video only when movement 

was detected.  To measure and determine response times and response time 

behaviours it was necessary to record continuous video from just before the alarm 

was sounded to the point when everyone had left the area. 

 Determine whether or not it was possible to record video footage from multiple 

video cameras when recording in continuous mode. 

 Determine whether or not the system could record directly to an external memory 

device or if recorded video could be exported to an external device. 

 Determine whether the exact locations of the ships' CCTV cameras provided the 

coverage required for SAFEGUARD. 

 Determine whether the converted video footage provided appropriate quality for the 

research needs. 
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 Determine if the CCTV system recorded audio synchronised with the video and, if 

not, how to synchronise the CCTV video data to the UoG camera data and the IR 

system data. 

 

Since the initial visit to the vessel while in Miami was only for a few hours, there was not 

enough time to assess precise camera or beacon locations.  The precise positioning of the 

recording equipment as well as the type of mounts needed for the cameras (i.e. magnetic or 

clamp) was carried-out during follow up visits. 

 

The second visit took place on 19 May 2010.  The author and a member of the UoG 

research team visited JoS at Harwich International Port in the UK.  During this visit the 

team made first contact with the crew, in particular the security officer who explained the 

functionality and features of the CCTV system. The team also obtained ship plans 

indicating the CCTV camera locations and familiarised themselves with the layout of the 

vessel in order to plan the IR beacon deployment and possibly any UoG cameras in 

locations that were not covered by the CCTV system.  

 

The third visit took place on 31 May 2010. The author and a member of the UoG research 

team visited JoS again at Harwich International Port.  During this visit the team obtained 

video samples from a small number of the CCTV cameras. The team also physically 

located all CCTV cameras that had been previously identified for the trial.  The team also 

identified the areas where UoG cameras would be installed.  

 

The fourth and final pre-trial visit took place on 18 July 2010. The author and three 

members of the project team visited JoS at Harwich International Port.  During this visit, 

the team met with the Captain and the senior officers to discuss the finalised trial plan.  

The research team tested 2-way radios to determine if they would function as expected on 

board the ship (considering the vastness of the vessel).  During this visit, a team member 

also verified the procedure of copying a large amount of video footage from the CCTV 

system to an external hard disk to ensure that after the trial it would be possible to obtain 

all relevant video footage. 
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4.9.3 Data Acquisition Equipment Preparations and Positioning 

As noted above, response times on JoS were captured using a combination of digital video 

cameras installed by the research team and the ship’s onboard CCTV security camera 

system.  A total of 106 video camera positions (presented in Figure 53 to Figure 56) were 

used to capture passenger response time for the trial - 12 battery-powered digital video 

cameras setup by the project team and 94 shipboard CCTV cameras.  Although JoS is 

much larger and spatially more complex than SS1, using the CCTV camera system 

simplified the vessel survey and camera planning process considerably. 

 

The JoS CCTV system was comprised of three different types of cameras - colour and 

black-and-white micro fish-eye cameras, ceiling mounted dome style digital cameras and 

analogue cameras.  All camera feeds were monitored and stored in the Security Officer’s 

office using the commercially available system NiceVision Control Centre software [239]. 

 

On 29 July 2010, one day before boarding JoS, the research team met at the town of 

Weeley (near the port of Harwich) to prepare equipment for the trial.  The preparations 

were carried-out at the research team’s hotel (hotel staff provided a private space where the 

team could work).  Nine members of the research team transferred all equipment to the 

hotel workroom and prepared all information sheets and IR tags for deployment onboard 

the ship (Figure 64), ensuring tags were activated from sleep mode and counted before 

being placed in envelopes with specific cabin numbers.  Based on information received 

from RCCL, a total of 2,400 envelopes were printed with the cabin (stateroom) number 

and the number of people occupying the cabin (excluding children under 11).  The 

envelopes were placed in the passengers' cabins by the JoS crew before sailing (Figure 58). 

 

The location of all IR beacons is shown in Figure 59 and Figure 62.  These positions were 

decided upon during the various pre-trial visits made to the ship and considering the need 

to measure passenger start and end locations during the trial in the most granular way 

possible given the number of beacons available.  In the early stages of planning for JoS, it 

was determined that considerably more beacons would be required than was the case for 

SS1.  For this trial, an additional 40 beacons were purchased. 
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Figure 53 Camera locations on Jewel of the Seas (Decks 11-13). 
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Figure 54 Camera locations on Jewel of the Seas (Decks 8-10). 
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Figure 55 Camera locations on Jewel of the Seas (Decks 5-7). 



 

 164 

 

Figure 56 Camera locations on Jewel of the Seas (Decks 2-4). 
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Figure 57 Preparations for the JoS trial – placing tags and information sheets in 

envelopes for distribution to JoS staterooms by crew. 

 

 

 

Figure 58     Example of the envelopes containing the information sheets and IR tags, as 

well as distribution by crew. 
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Figure 59 Location of IR beacons for JoS trial (Decks 11-13). 
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Figure 60 Location of IR beacons for JoS trial (Decks 8-10). 
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Figure 61 Location of IR beacons for JoS trial (Decks 5-7). 
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Figure 62 Location of IR beacons for JoS trial (Decks 2-4). 
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Capturing entry into the assembly stations was of particular importance and, as with SS1, 

required testing to ensure that no tagged passengers could enter the assembly areas without 

being counted.  It was also important to ensure that passengers could not move from their 

starting deck to another deck without being counted.  On the morning of the trial, members 

of the setup team began deploying equipment (Figure 63), starting at 04:00 so as to 

minimise the chance of passengers observing the setup activity, which could potentially 

affect their behaviour during the exercise. 

 

 

Figure 63 Installation of IR beacons and camera equipment on JoS. 

 

For additional details of the trial planning and execution process, the reader is referred to 

Appendix B, Section B3. 

 

4.9.4 Trial Challenges and Outcome 

The trial conducted on JoS was carried-out successfully and without injuries, and the 

resulting dataset was of high quality.  Challenges associated with this trial related primarily 

to the pre-trial planning phase.  In the early stages of the project, it was agreed that RCCL 

would permit the conduct of two trials on one of their ships, however, in the early stages of 

planning RCCL decided to withdraw from the project.  The SAFEGUARD project 

manager and scientific lead held meetings with RCCL personnel and ultimately it was 

agreed that they would participate, however, RCCL indicated that only one trial would be 

permitted.  The team determined that, while not an optimal situation, it would still meet the 

project objectives. 
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In addition, the team (including the author) made many attempts to visit JoS when in port 

between 31 May and 18 July, 2010, however, due to a recurring incidence of norovirus 

onboard the ship, each time it arrived in port and discharged passengers, a thorough 

cleaning was undertaken and no individuals from onshore were permitted to board.  

Although it was hoped that the final ship visit (which took place 18 July) would occur at an 

earlier date, the team was still able to complete the final checks and the trial was 

successfully carried-out on the date planned (31 July, 2010).   

 

4.10 Detailed Planning for Third Ship – M/S Olympia Palace 

 

Planning for trials on the third ship – Olympia Palace (a ferry with cabins) required a 

similar level of effort as with the first two vessels.  It was anticipated that passengers 

would use this ship in a manner similar to passengers on SS1 and JoS.  One of the aims of 

the trails on this vessel was to capture the response of the passengers from their cabins. 

 

 

4.10.1 Vessel Details and Route 

The Olympia Palace (OP) is a RO-PAX ferry operated by Minoan Lines in Greece (Figure 

64).  Vessel particulars are provided in Table 18 and Figure 65 shows the route taken by 

the vessel during the data collection trials - from Patras (Greece) to Venice (Italy), via the 

port of Kerkira on the Island of Corfu, a voyage of 21 hours in each direction.  

 

 
Figure 64 Minoan Lines’ M/F Olympia Palace RO-PAX ferry with cabins. 
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The ship contains a mixture of public passenger spaces spread over four of the vessel’s 

nine decks including; cabin areas, airline style seating, large retail and restaurant/catering 

areas, bars, indoor and outdoor general seating and general circulation spaces.  Cabin areas 

on this vessel make-up the whole of deck 7 and a small section of deck 8. 

 

Table 18 Olympia Palace particulars. 

Length Overall (m) 214 

Beam (m) 26 

Draught (m) 7.1 

Gross Tonnage (t) 36,825 

Maximum Speed (kn) 31.5 

Total Decks 9 

Passenger Decks 4 

Passenger Capacity 1,922 

Car Capacity 821 

 

 

 

Figure 65 Route for Olympia Palace trials, starting at Patras. 
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4.10.2 Pre-Trial Planning 

A total of four visits were made to the Europa Palace and Olympia Palace in Greece.  The 

first two visits (one to each ship) took place between 06 and 08 September 2010 in Patras 

by a senior member of the UoG research team.  It was determined that the ships were 

nearly identical, so the information gathered from one ship could be applied to the other.  

The aim of these visits was for the team member to become familiar with the layout of the 

vessels, take photographs of the interior space, discuss the trials with the Captain and other 

Minoan officials, to conduct a preliminary investigation of where cameras and IR beacons 

could be positioned and to determine how information sheets and IR tags could be 

distributed to passengers.  

 

The third visit took place on 19 November 2010.  One member of the UoG team and the 

Minoan Lines liaison visited the Olympia Palace at the port of Piraeus, Greece.  During 

this visit, the team confirmed and finalised the locations of cameras and IR beacons, 

supporting with photographs of each location and the camera’ field of view.  The team also 

discussed some trial details with the Captain and his officers.  

 

The fourth and final visit was made on 26 January 2011, this time onboard the Europa 

Palace in Patras, Greece.  The main purpose of this visit was to confirm IR beacon power 

levels for all locations. 

 

In order to prepare a full test plan, it was determined that the trials would be carried-out on 

the Europa Palace on 07 and 14 March 2011.  The plan allowed for a 1-week period 

between the first and second trials, due to the ship’s schedule and the intent to carry-out the 

second trial at approximately the same time as the first – just after the vessel had left port 

in Venice.  This plan had the project team board the vessel from the port of Kerkira in 

Corfu just before 07 March, sail with the vessel to Venice, conduct the first trial after the 

vessel had left Venice, disembark in Kerkira and carry-out preliminary data analysis while 

the vessel sailed onwards to Patras.  The team planned to board the vessel again when it 

returned to Kerkira on its way to Venice just before 14 March 2011 and conduct the repeat 

trial after the vessel had left port in Venice.   
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4.10.3 Data Acquisition Equipment Preparations and Positioning 

It was determined from the various pre-trials visits that 40 battery-powered digital video 

cameras would be required for each trial onboard the Olympia Palace.  The cameras 

locations viewed all anticipated passenger starting areas, including the outside upper deck, 

cabin passageways, airline style seating and general seating areas (Figure 66).  A total of 

51 IR beacon locations were chosen to quantify passenger routes (Figure 67).  Most 

beacons were positioned to capture passenger starting and intermediate locations.  Of the 

51 beacons mounted, 9 captured passenger arrival at the assembly stations on deck 6. 

 

All data acquisition equipment was shipped by ground transport to the research team’s 

hotel in Patras on the day before boarding so that camera batteries could be charged.  Early 

on the boarding day, all equipment was transported by truck to the vessel (Figure 68) and 

delivered to the research team’s workspace onboard the ship (a small theatre on deck 6).  

All equipment was unpacked and, as in previous trials, tags were set to “awake” mode, 

counted and paired with passenger information leaflets and packed into cardboard boxes 

for distribution to passengers.  Four locations onboard the vessel were identified as the 

places where both walk-on and driving passengers would enter the ship, thus there was no 

need to distribute tags to the shore-side terminal.  Members of the setup team began 

preparing cameras and mounts for the different locations, according to the trial plan and 

under direction of the controller, commenced with installation of the cameras and IR 

beacons.  As in previous trials, all beacons were set to “on” mode at the time of 

installation, however cameras were left off until just before the trial in order to conserve 

battery life and storage space.  All equipment had been installed well in advance of 

passenger boarding time.  Embarkation started 3 hours prior to departure so the entry team 

arrived at the identified locations just before passengers began boarding.  The entry team 

distributed IR tags and information sheets to the passengers as they boarded the vessel.  

Most passengers boarded using the walk-on entrance but three other entry areas were 

manned by the entry team - one amidships on deck 6, one on car deck 4 and one on car 

deck 3 (not shown in the figure). 
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Figure 66 Camera locations (red dots) on Olympia Palace (red arrows show view 

direction).  Grey areas were not accessible by passengers. 
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Figure 67 IR beacon locations on Olympia Palace (green circles identify starting and 

intermediate locations; red circles identify end locations).  Greyed areas are 

not accessible by passengers. 
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Figure 68 Transport, checking and preparation of trials equipment for Olympia Palace 

(top left: arriving on the ship; top right: preparations in hotel; bottom: setup 

in ship’s theatre). 

 

For additional details of the trial planning and execution process, the reader is referred to 

Appendix B, Section B4. 

 

4.10.4 Trial Challenges and Outcome 

As described for the other two ships, the trials conducted on OP were carried-out 

successfully and without injuries, however, some challenges were experienced in the 

planning and preparation for this vessel, which had an impact on the quality of the datasets 

produced. 

  

Initial planning was undertaken for the Minoan Lines ship Ikarus Palace in autumn 2010 

between the port cities of Patras (Greece) and Venice (Italy), a voyage of approximately 

21h.  Considerable planning took place, which involved the author and required a member 

of the UoG research team to visit the ship in Greece.  A trial plan was prepared, including 

the identification of camera and IR beacon locations, IR tag distribution procedures, as 

well as discussions with the Captain and company representative.  However in July 2010 

the project team was informed that the Ikarus Palace had been removed from the planned 
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route and that the two vessels (sister ships) - Olympia Palace and Europa Palace - would 

be used on this route instead.  As a result, much of the original plan had to be discarded 

because the layout for the new vessels was completely different than Ikarus Palace.  

Ultimately, this resulted in a project schedule delay from autumn 2010 to spring 2011. 

 

However, due to the civil war crisis that unfolded in Libya in the weeks before the planned 

dates of 07 and 14 March, the Europa Palace was commissioned to undertake a 

humanitarian mission to move civilians out of Libya, thus removing the Europa Palace 

from the Patras-Venice route.  Eventually the Olympia Palace was commissioned to 

perform the Patras-Venice route but several delays with the vessel meant that the 

scheduled trial date was changed yet again and changed would be required to the way in 

which the repeat trial was conducted.  The first trial took place on 12 March 2011at 00:40, 

40 minutes after the vessel had left the port of Patras en route to Venice.  Due to the 

exceptional circumstances, it was necessary for the team to undertake the second trial on 

14 March at 19:12; 72 minutes after the vessel had left port in Venice en route to Patras.  

While not the preferred trial plan, the situation was clearly outside the control of the 

project team and required a very fast revision of the procedures in order to ensure that no 

unexpected logistical challenges would arise.  It is important to note that most project 

objectives were still met: for the second trial, the population of passengers was different 

than the first trial, both trials took place at approximately the same time after leaving port, 

and both trials took place in the evening hours.  Due to the unexpected vessel schedule 

change, a much smaller number of passengers were onboard for the trip than originally 

expected. 

 

4.11 Chapter Summary 

A detailed discussion of the sea trials methodology and preparations for each ship has been 

provided in this chapter.  This process represented a significant effort by the team, 

including the author, at all stages.  Multiple ship visits were required in the months leading 

up to the planned trial dates in order to discuss the research plans with the Captain, officers 

and crew for each vessel.  During each ship visit, the location of all equipment was tested 

and decided upon, the team was provided an opportunity to become familiar with the 

layout of each vessel and to determine the main circulation routes and entrances to monitor 

for assembly stations.  Visits to each ship also gave the team a change to understand the 
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boarding process for passengers and how information and tracking tags could best be 

distributed. 

 

In all, five monitored assembly exercises were carried-out successfully and without any 

injuries onboard three passenger ships – a ferry with cabins, a ferry without cabins and a 

cruise ship.  A total of 5,582 passengers were onboard during the exercises, which 

represents the largest monitored assembly trials undertaken to date.  Challenges 

experienced during each trial have been presented, along with the outcome for each. 

 

The next chapter will present the methods developed for analysing the video dataset so that 

passenger response times could be reliably collected.  This includes the response behaviour 

definitions developed and the process of inter-rater reliability carried-out to ensure 

reliability of the response time dataset produced, given that multiple video analysists were 

required.  The structure of the IR tag dataset is explained, along with the way in which the 

assembly time data was prepared.  The next chapter will then summarise the entire dataset 

collected, presenting the number of passengers onboard and amount of equipment used, as 

well as the number of passengers who participated for each ship.  The quantity of response 

time data collected from the video analysis and the number of passengers tracked using IR 

is given for each ship and a summary of passenger demographics is provided which 

includes gender, age group, location on the ship, activity at the time of the alarm and group 

type.  Finally, potential sources of measurement error are described. 
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5 Data Analysis 

 

This chapter provides an overview of the data collected and the methodology for analysing 

in order to generate a dataset for detailed analysis of response time (Chapter 6) and IR path 

data to generate a validation data set (Chapter 7).  This chapter outlines the detailed video 

analysis methodology, including the definition of response phase activities and behaviour 

definitions and the way in which reliability of video analysis was ensured.  A discussion of 

IR data synthesis and analysis methods is provided and then an overview of the data 

collected onboard each of the three ships in terms of the data quantity, passenger 

demographics and potential sources of error. 

 

5.1 Response Time Data Analysis Methodology 

 

5.1.1 Overview 

As discussed in Section 3.2, video cameras were utilised to collect passenger behaviour 

data so that passenger response times could be quantified throughout the different areas 

onboard the ships being tested.  Camera mounting locations were discussed for each ship 

in the subsections of Chapter 4.  By performing a detailed analysis of the video footage 

captured, it was possible to estimate passenger demographics and develop distributions of 

passenger response time for the different areas of each ship tested.  Robust and meaningful 

analysis methods were required to define the alarm response performance of passengers. 

 

The first step in the video analysis was to determine the nature of response phase 

behaviours, including what passengers were doing just before the alarm.  Typical pre-alarm 

behaviours were listed after reviewing samples of video and new behaviours were added as 

observed during the analysis.  To develop probability distributions of passenger response 

time, it was necessary to spend many hours watching (and often re-watching) the video 

frame-by-frame for each passenger who appeared to respond to the alarm.  The subsections 

that follow provide a detailed overview of how reliability was assured in the process of 

capturing basic demographic and response data from the videos; and an in-depth discussion 

of the video analysis methods developed. 
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5.1.2 Response Phase Behaviours 

The passenger response phase behaviour in ship evacuation can be divided into three 

distinct stages – notification, cognition and activity [31], as explained in Section 1.2.  

When analysing the video collected during this research, the notification stage always 

began with the sounding of the ship’s alarm.  Passengers then moved through the cognition 

and activity stages and at some point began purposeful movement from their alarm 

location towards an assembly station.  The end of the activity stage typically marked the 

end of the response phase, for which the total elapsed time was recorded as the response 

time. 

 

Response phase behaviours for each individual were determined by analysing video 

footage for the different characteristics and times that could be captured.  Thus, it was 

essential to understand the nature of the response phase and define the points of interest. 

 

5.1.3 Response Phase Data and Definitions 

Video data collected during the sea trials was analysed primarily to determine passenger 

response time following the sounding of the ship’s alarm.  Of particular interest for this 

work was the characterisation of two points on the timeline – alarm activation time (AAT) 

and end of the response phase (ERP).  These two points of interest are described below, 

along with different characteristics sought for each passenger that could be assessed as 

having responded to the alarm. 

 

1. AAT - Alarm Activation Time: Defined as the time at which the ship’s alarm was 

sounded.  For each individual who could be seen responding to the alarm, the following 

additional characteristics were captured, as outlined in Table 19: 

 

a. ID: A unique identifier was given to each analysed individual for each camera view 

(as depicted in Figure 69).  This allowed for checking of results for any passenger if 

required.  Passenger IDs ranged from 1 to the maximum number of passengers 

whose response time could be recorded for each video.  Each individual analysed 

was identified in a passenger identity key (Figure 69) created using a still image 

from the video at each location. 
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Table 19 Demographics and pre-alarm activities captured during video analysis 

Variable Options 

Gender Male; Female; Unidentifiable 

Age Group 

Adolescent (up to 19 years) 

Young Adult (20-39 years) 

Older Adult (40-59 years) 

Elderly (60 and older years) 

Unidentifiable 

Pre-Alarm Activity 

Standing 

Sitting 

Walking 

Sleeping 

In Queue 

At Cashier 

Shopping 

Eating/Drinking 

Other Social Engagement 

Self service machine or self service point 

Emerge from cabin 

Return to cabin (and then emerge) 

Playing (e.g. arcade) 

Swimming 

At reception desk 

Return to corridor and then leave 

Unidentifiable 

Group Status 

Alone and isolated 

Alone but within a group of strangers 

With a group of travelling companions 

With a mixed family group 

With a mixed group 

Unidentifiable 

 

b. Gender: The gender for each passenger was recorded as either male or female for 

cases where it could be clearly estimated from the passenger’s characteristics.  For 
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cases in which there was uncertainty about a passenger’s gender, it was recorded as 

unidentifiable.   

c. Age Group: The passenger’s age group was estimated according to the broad 

categories: adolescent, young adult, middle-aged adult and elderly adult.  

Associated age ranges are presented in Table 19. 

d. Activity: This characteristic captured the passenger’s activity immediately before 

and up to the sounding of the alarm.  A range of observed activities are identified in 

Table 19.  

e. Group Status:  This characteristic identified whether a passenger appeared to be 

travelling alone or as part of a group.  The different options were: 

o Travelling alone and isolated: passenger did not appear to be associated 

with any other individuals and had no passengers in his/her immediate 

vicinity. 

o Travelling alone but near other passengers: passenger did not appear to be 

associated with any other individuals but was near other passengers. 

o Within a group of travelling companions: passenger appeared to be 

travelling with group of companions and was with that group at the alarm. 

o Part of a family group: a family was defined as a group containing at least 

one adult and one child (of any age up to adulthood).  It was not possible to 

ascertain the actual relationship between a group of individuals, so this was 

estimated based on the behaviours observed leading up to the alarm.  It was 

expected that an adult's behaviour during assembly would be very similar, 

regardless of whether an adult was the parent of a child for which he/she 

was responsible while onboard.  In addition, two adults that appeared to be 

travelling together and acted as though they were partners were considered 

travelling companions rather than a family for the purposes of this analysis. 

 

2. ERP - End of Response Phase: Defined as the time when a passenger was seen to 

start purposeful movement away from their current location on the ship.  This was 

recorded when the analyst could clearly see the passenger start walking away and not 

return during the exercise.  The measurement point was when the passenger: 

 

a. Took the first step to move away from the current location. 

b. For a seated passenger, when that passenger started walking away after standing 
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c. In cases where a passenger was partially hidden from view, ERP was recorded as 

the time when the upper body could be seen moving in the general direction of the 

assembly station. 

d. Was ready to move but prevented from doing so by congestion either in a free 

space area or within seat rows [Note the exception in point (e) below]. 

e. If passenger was seen to be waiting for a minor or other group member, then ERP 

was recorded when the passenger moved on 

f. If a passenger had responded but shortly afterwards (i.e. within the same video 

view) was seen to stop and wait for a group member, was not obstructed by 

congestion and then when the group member arrived the passenger walked again 

towards the assembly station, then response time was measured from the second 

time the passenger moved on. 

 

The measurement points described above applies to passengers who are in public 

spaces as well as cabin areas at the time of the alarm.  Some passengers were seen 

turning around either from a seated or standing position while staying in the same 

location, in order to get ready prior to moving away.  These instances were not 

considered part of the passenger’s response.  In addition, for passengers seated in 

airline-style seats, ERP was measured when the passenger fully stood and started 

moving away from the area. 
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SuperSpeed1 

 

Jewel of the Seas 

Figure 69 Example passenger identity key developed during video analysis for 

SuperSpeed 1 (upper) and Jewel of the Seas (lower). 
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5.1.4 Video Analysis 

 

5.1.4.1 Overview 

Having determined the nature of passenger response time and the main points of interest to 

be recorded from video analysis, a methodology was developed to complete the analysis of 

all videos.  It was deemed not practical for one person to analyse the large volume video 

recorded (Table 20).  In all, three video analysts (including the author) were trained in the 

use of the commercially-available video editing software - Adobe Premiere Pro.  Since 

three video analysts were required to complete the analysis in a timely manner, it was 

important to ensure the reliability of their analysis methods and results throughout the 

process.  This is described in the section that follows – inter-rater reliability. 

 

Table 20 Summary of video data collected in experimental trials. 

Vessel Trial 

Hours 

of 

footage 

Storage 

space 

(GB) 

No. Response 

times 

Captured 

SuperSpeed 1 
1 49 115 533 

2 45 106 470 

Jewel of the 

Seas 

1 
76 328 

1,241 

Olympia 

Palace 

1 9 20 54 

2 7 15 81 

 

 

5.1.4.2 Inter-Rater Reliability 

Given the immense volume of video data collected, it was necessary to use multiple 

analysts on the project team in order to complete the initial phase of video analysis in a 

timely manner.  Even with well-defined analysis protocols and trained, experienced 

analysts, there is a risk that the different analysts could unintentionally introduce a bias to 

the dataset being collected.  It was essential, therefore, to ensure reliability of the data 

analysis at an early stage in the process by establishing and performing objective reliability 

tests to determine and minimise the variability between the different video analysts or 

raters to give a measure of the inter-rater reliability. 
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It is also possible that some variability could exist within a single analyst (intra-rater).  

While an assessment of intra-rater reliability was not formally carried-out, it is important to 

recognise that the inter-rater spot checks conducted (in which the different raters randomly 

analysed a sample of each others’ video for specific passengers) demonstrated reliability at 

the inter-rater level and, more importantly, did not result in modification of the 

methodology at any point.  From this, it can be inferred that any variability between raters’ 

results would not be expected to occur in the same way.  Thus, the consistency seen 

between the raters provided assurance that the raters themselves were remaining consistent 

throughout the analysis.  This is further strengthened by the fact that while the collection of 

demographics and passenger response times is quite a tedious and time consuming activity, 

it is not a particularly complex process that requires levels of analysis and interpretation 

after the terms had been properly defined, discussed, revised and finalised. 

 

Inter-rater reliability has a wide range of application across different fields of research.  In 

simple terms, inter-rater reliability analysis provides a means by which the variability 

between raters can be assessed.  If raters independently perform an analysis of the same 

dataset, a comparison of results will show if differences exist [240].  If inter-rater 

reliability is high (i.e. variability between results is low), then raters can be used 

interchangeably without concern of a rater bias existing in the data collected.  If reliability 

is less than desirable, it will be necessary to determine the reason for the variability, retrain 

and retest the raters with a new subset of the data until agreement can be reached. 

 

Since three video raters (including the author) were chosen to perform the video analysis, 

an inter-rater reliability analysis method was developed in order to ensure agreement 

among the team. The raters (A, B & C) were assessed in pairs and three inter-rater 

reliability measures were determined – A to B; A to C; and B to C.  Prior to 

commencement of video analysis for the first ship – SS1, a simple database was developed 

to define the different measures required from the video.  This was described in Section 

5.1.3 above and consisted of AAT (seconds), ERP (seconds), gender (male, female or 

unidentifiable), age category (youth, young, middle-aged, elderly), part of a group (Table 

19) and activity at the alarm (Table 19).  It was decided that an acceptable tolerance for 

response time would be 1.0 s or less and the level of agreement for all measures for each 

inter-rater pair should be 90% or greater.  
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The inter-rater reliability assessment process was iterative in nature.  After training, each 

rater independently analysed the same 10 passengers selected from different areas of the 

vessel and compared their results with those of the other raters.  If the raters’ analysis did 

not achieve the required level of agreement, all three raters met to determine reasons for 

the discrepancy.  Corrective measures were put in place and, if necessary, updates made to 

the definitions in Table 19.  This process was then repeated with a new set of 10 

passengers until a level of agreement of at least 90% was achieved.  For the work 

presented, a total of four iterations were required for the first ship to achieve the necessary 

level of accuracy among the raters.  Results are presented in Table 21.  Throughout the 

video analysis (a process which took approximately 12-14 person months of effort to 

complete), the analysts (raters) carried-out regular spot checks to ensure ongoing reliability 

of the analysis. 

 

Table 21 Inter-rater reliability testing results 

IRR Trial Passengers 

Analysed 

ERP 

Agreement 

Mean Overall 

Agreement 

1 10 80% 62% 

2 10 76% 55% 

3 10 83% 77% 

4 10 93% 92% 

 

 

5.1.4.3 Analysis Methodology 

Upon completion of the inter-rater reliability testing, the three trained analysts moved onto 

the full video analysis.  The first step in the process of full video analysis was to determine, 

for each video location, which passengers responded to the alarm and create a passenger 

identity key (see example in Figure 69) so that each responding passenger had a unique 

identifier and could be re-examined if the need arose.  The passengers were identified 

according to ship, test day, video location and ID number. 
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Video analysis was carried-out using commercially available software Adobe Premiere Pro 

(APP), as noted above and depicted in Figure 70.  From the figure, we can see that the APP 

interface is divided into two main areas – the video window (top right) where the video 

plays and the video timeline window (bottom right) which can be used to identify points of 

interest by simply placing markers on the timeline.  The data contained in all markers 

placed on the timeline (marker name and associated text, as well as the marker’s reference 

time) can be easily extracted.  A separate APP project file was created for each analysable 

passenger identified during the analysis process. A member of the UoG project team 

created a simple executable program using the Perl programming language to extract the 

marker data from APP project file for each passenger and store as a text file.  On 

completion of the analysis, the text files were imported into commercially available 

software MS Excel and Matlab for further analysis, which is presented in Chapter 6 and 

Chapter 7. 

 

 

Figure 70 Example of the Adobe Premiere Pro work environment, showing the 

individual being analysed (red circle) and timeline markers highlighted in 

green for the times of interest. 

 

  

AAT 

1, F, 2, 8, 3 ERP 

  
 

Video Window – Restaurant 

Area, SuperSpeed 1 

Individual being Analysed 

Timeline Markers (added by analyst) 

Video Timeline 

AAT Code definitions: 

1 – PAX # in this view 

F – Female 

2 – Young adult (20-39) 

8 – Eating at alarm 

3 – With group of companions 
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5.2 Analysis of IR Tag data 

 

Data was downloaded from IR tags to a laptop computer immediately after tags were 

collected for each trial.  Each tag read was saved to the computer’s hard drive as an 

individual “.csv” text file.  A sample tag data file downloaded after trial 2 on SS1 is shown 

in Figure 71, with a breakdown of the different components of the file.  For this particular 

example – tag ID #2230 - the information provided in the first few lines of data indicate 

when the most recent battery change took place, as well as the time between the 

awake/asleep cycles.  In the second portion of the data file, we see the passenger’s pre-

alarm activities – in this case, the first beacon was detected at 06:27:51UTC (beacon #22, 

located on deck 7 (Figure 47)) in a general seating area near assembly station B.  The 

person wearing this tag beacon remained in the vicinity of beacon 22 and beacon 23 up to 

and after the sounding of the alarm, walking into and out of the field around beacon 22 

several times.   

 

 
Figure 71 Typical raw data file as downloaded from IR tag #2230. 
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We know that the passenger first walked into the external assembly station on the starboard 

side of deck 7 (past beacon 24) at 07:20:09UTC and remained in the area between beacon 

24 and 25 until the exercise was over.  Given that the alarm time was 07:19:00UTC, and 

the passenger left his/her initial area 07:19:53UTC, we record this person’s assembly time 

as 53 s. 

 

The data from all passengers was analysed in this way to build a database of passenger 

locations at the alarm (defined as zones bounded by beacons at known locations), ending 

locations (defined by beacons at entrances to the different assembly stations) and the time 

of arrival at the assembly station. 

 

Path data for each individual passenger was captured using a simple executable file 

developed by a project team member at UoG so that trial results could be stored in a single 

MS Excel spreadsheet for each test for detailed analysis.  Using this data, individual 

assembly times for each tagged passenger were tabulated for assembly station, and an 

overall assembly time curve for each trial was plotted, as shown in Figure 72 for trial 2 on 

SuperSpeed 1.  From this, we see that the total assembly time was 595 s or 9.75 min.  The 

number of passengers assembled at each assembly station is outlined in Table 22, including 

the number of passengers already in the assembly station at the alarm who were wearing 

tags. 

 

Figure 72 Passenger assembly time curves for trial 2 on SuperSpeed 1 (with 

passengers already in assembly station removed). 
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Table 22 Numbers of passengers assembling, by assembly station for trial 2 on 

SuperSpeed 1. 

 AS A AS B AS C AS D Total 

Number already in AS 80 37 28 139 284 

Number moving to AS 77 142 74 187 480 

Total 157 179 102 326 764 

 

It was observed during the first trial onboard SS1 that some passengers who decided they 

did not wish to participate gave their IR tag to a member of the ship’s crew.  Several crew 

members were seen carrying multiple tags at a time to a place where the tags could be 

returned to the research team.  This often meant that the crew member had to walk past at 

least one beacon to reach the research team tag storage location, thus registering multiple 

beacon reads at the same time and suggesting that an equivalent number of passengers had 

passed that location.  Had this activity not been observed, the IR data results may have 

been confusing to understand, or incorrectly interpreted.  As a result, crew members during 

the remaining four trials were instructed to tell passengers to leave tags on a seat or table 

nearby if they did not wish to participate.  For the remaining trials, no instances of this 

activity were observed either during the actual trial or subsequently during video analysis.  

A detailed analysis of IR tag data is provided in Chapter 7, including how the data was 

used to develop two ship evacuation validation datasets. 

 

5.3 Summary of Trials Results 

 

5.3.1 Overview 

A large corpus of data was collected during trials on the three ships.  This section presents 

an overview of the data collected, starting with a summary in Table 23.  This table presents 

an overview of the passenger participation level for each trial, in relation to the total 

number of passengers onboard, the total assembly time, amount of equipment used and an 

indication of where some passengers were located at the alarm.  In total, 5,582 people were 

involved in the trails.  A large proportion of those onboard agreed to participate in the trials 

(3,680 in all), with most of these individuals agreeing to complete a questionnaire and wear 
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an IR tag.  In addition to IR data collected, it was also possible to capture response time for 

2,379 passengers across all trials. 

 

Table 23 General overview of all data collected during the five sea trials. 

Trial # 1 2 3 4 5 

Vessel SS1 SS1 JoS OP OP 

Ship Owner Color Line AS 

Royal 

Caribbean 

Cruise Lines 

Minoan Lines 

Trial Date 04/09/2009 05/09/2009 31/07/2010 12/03/2011 14/03/2011 

# Cameras 30  30  106 40  40  

# IR Beacons 30 30 70 51 51 

# IR Tags Issued 1,170 1,192 2,299 199 174 

# IR Tags Lost 

(% of total issued) 
13 (0.55%) 282 (12%) 43 (12%) 

# PAX on Board 1,431 1,349 2,292 240 270 

# Questionnaires 

Printed / Completed 
1150 / 767 1150 / 767 2300 / 1862 400 / 110 400 

# in AS at Alarm 

(% of participating) 
- 

1
 284 (37%) 36 (2%) 67 (58%) 75 (63%) 

# PAX Assembled 

(% of participating) 
- 

1
 480 (63%) 1,743 (98%) 49 (42%) 44 (37%) 

# PAX Participating 

(% of those onboard) 

902 

(63%) 

764 

(57%) 

1,779  

(78%) 

116 

(48%) 

119 

(44%) 

Assembly Time  N/A 9.75 min 27.28 min
 

11.92 min 5.08 min 

# Response Times 533 470 1,241 54 81 

1
 As discussed in Section 4.8, IR data for trial 1 is not included here due to a technical 

problem with one IR beacon at an assembly station. 

 

It is interesting to compare the overall assembly times for each vessel in relation to the 

number of passengers involved in the trials.  The overall assembly time for JoS was 2.9 
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times greater than SS1 but the passenger population involved in the trials was only 2.3 

times greater.  Although the trials on OP involved many fewer passengers, the overall 

assembly time was closer to that of SS1.  However, it is important to consider that although 

both trials on OP involved a similar number of passengers, the total assembly time for the 

second trial was less than half that of the first.  This suggests there may be problems with 

this dataset, or that it simply had too few passengers involved to make it reliable. 

 

A question remains – what are the reasons for the longer total assembly time on JoS?  All 

vessels were similar in length, the JoS and SS1 trials took place at roughly the same time 

of day and passenger demographics were similar.  However, JoS had 12 passenger decks – 

4 times that of SS1, JoS had cabins for each passenger and the range of public space areas 

on JoS was significantly greater than onboard SS1.  In addition, approximately half of the 

passengers on JoS who could be seen responding to the alarm were in cabins when the 

alarm sounded.  This is supported by the IR data analysis, which shows that the start 

location for 760 passengers was in cabin areas. 

 

It should be noted that passengers were permitted to move freely around the vessels during 

these trials.  This meant that for each exercise, a proportion of passengers would naturally 

be located in assembly stations when the alarm was sounded.  This is not cause for concern 

over the quality of the dataset, since the passengers were not told precisely when the trial 

would take place, only that it would occur at some point during their voyage.  It is 

reasonable, therefore, to assume that they did not go to the assembly station to “wait-out” 

the start of the planned drill, as was the case during the FIRE EXIT trials [103].  It should 

be considered normal that passengers would be located in assembly stations at any point 

during their voyage on a ship, particularly since some were comfortable, internal spaces 

where passengers could eat, play games, socialise and, in some cases, be entertained.  The 

starting region of all tagged passengers was determined by examining the last two beacon 

IDs passed prior to the start of the alarm, which would give an indication of the direction 

of movement.  Passengers wearing IR tags who were located in an assembly station at the 

alarm were counted in this way.  In addition, it was determined whether or not these 

passengers remained in the same assembly station until the end of the exercise or if any left 

and moved to another assembly station, or if they returned to their starting location.   Table 

23 shows that on SS1, 23% of participating passengers were in an assembly station at the 

alarm, while only 2% were in an assembly station at the alarm on JoS.  More than half the 
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participating passengers were in an assembly station on OP at the alarm – 58% and 63% 

for trials 1 and 2 respectively.   

 

5.3.2 Ship 1 – Color Line SuperSpeed 1 

The post-trial process of video data backup and IR tag data transfer onboard SS1 are 

shown in Figure 73.  Approximately 14 GB of video data (representing 6 hours of video 

footage) was collected during the first trial and 11.7 GB of video data (representing 5 hours 

of video footage) was collected during the second trial.  A high proportion of passengers 

onboard participated in the research by wearing an IR tag (Figure 74). 

 

 

Figure 73 Project team uploading IR tag data and backing-up video immediately 

following the first trial onboard the SuperSpeed ferry. 

 

Population demographics and response times were collected from analysis of trials video 

onboard SuperSpeed 1.  Passenger location and general demographics captured from video 

data is shown in Table 24 to Table 28.  A total of 1,003 passenger response times were 

collected from video analysis – 533 on day 1 and 470 on day 2.  Table 24 presents the 

overall population demographics for gender of the passengers involved, with roughly an 

even split for day 1 (53% males to 46% females, 1% unidentifiable), but a much larger 

proportion of males on day 2 (64% males to 34% females and 2% unidentifiable). 
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Figure 74 Sample video still image captured on SuperSpeed 1 showing passengers 

wearing IR tags and moving toward assembly stations. 

 

Table 24 SuperSpeed 1 trial demographics by gender. 

 Males Females N/A Total 

Day 1 281 246 6 533 

Day 2 303 158 9 470 

Total 584 404 15 1003 

 

 

Table 25 shows that most passengers on both days were in the two age groups 20-39 year-

olds and 40-59 year-olds.  We see from Table 26 that the distribution of passengers 

throughout the ship was approximately the same for both days, with the highest proportion 

of passengers in the restaurant and bar areas (57% on day 1 and 54% on day 2). 

 

 

Table 25 SuperSpeed 1 demographics by age group. 

 ≤19 20-39  40-59 60+  N/A Total 

Day 1 42 237 234 4 16 533 

Day 2 27 236 176 4 27 470 

Total 69 473 410 8 43 1003 

 

 



 

 197 

Table 26 SuperSpeed 1 demographics by region of ship. 

 Bar 
Airline 

Seats 
Shops Restaurant General Total 

Day 1 140 111 30 166 86 533 

Day 2 105 71 45 149 100 470 

Total 245 182 75 315 186 1003 

 

In Table 27, we see that for both days, most passengers whose response time was collected 

were sitting at the time of the alarm (70% and 67% for day 1 and day 2 respectively).  

Group demographics shown in Table 28 suggest that most passengers (71% on day 1 and 

68% on day 2) appeared to be travelling with other travelling companions, while only a 

small proportion (11% and 14% for day 1 and day 2 respectively) appeared to be travelling 

alone. 

 

Table 27 SuperSpeed 1 demographics by activity at alarm. 

 Eating Shopping Sitting Standing Walking Other N/A Total 

Day 1 67 24 372 30 9 22 9 533 

Day 2 42 39 314 37 11 11 16 470 

Total  109 63 686 67 20 33 25 1003 

 

 

Table 28 SuperSpeed 1 demographics by group type. 

 

With 

Travelling 

Companions 

With 

Family 

Alone 

but near 

Strangers 

Other N/A Total 

Day 1 376 77 57 3 20 533 

Day 2 318 70 65 0 17 470 

Total 694 147 122 3 37 1003 

 

As presented in Table 23, the total number of passengers wearing IR tags on SuperSpeed 1 

was 1,666 – 902 (63% of those onboard) for trial 1 and 764 (57%) for trial 2.  As noted 

earlier, a technical problem with an IR beacon located at an assembly station was damaged 

and, thus, the assembly data are not considered reliable for trial 1.  However, it was 
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reported by the Captain that the total assembly time for trial 1 was approximately 12 

minutes.  For trial 2, the Captain reported the exercise complete at approximately 10 

minutes, which is supported by the IR system, which measured the last person entering the 

assembly station at 9.75 minutes.  Of the 2,362 tags distributed to passengers on SS1 over 

both trials, only 13 tags were lost or stolen (0.55%) of the total.  This means that very little 

data collected was actually lost. 

 

A detailed analysis of passenger response times was performed and is presented as Chapter 

6.  Similarly, an analysis of IR data is provided in Chapter 7, along with how it was used 

with response time data to generate a validation data set for SuperSpeed 1. 

 

5.3.3 Ship 2 – Jewel of the Seas 

A total of 37 GB of video data (representing approximately 53 hours of video footage) was 

collected during the trial onboard JoS. Of this, approximately 33 GB (representing 

approximately 47 hours of video footage) came from the 94 CCTV system cameras and 4 

GB (representing approximately 6 hours of video footage) came from the UoG cameras.  

From this, a total of 1,228 response times were collected.  Figure 75 provides sample 

photographs of the assembled passengers in external and internal assembly stations.  

Figure 76 depicts the movement of passengers on the main stairway at the midships area of 

the vessel.  These images give an indication of the scale of the exercise and the large 

numbers of passengers involved. 

 

Table 29 presents the overall population demographics broken down by gender of the 

passengers who responded to the alarm – approximately an even number of response times 

were collected for males (47%) and females (49%), with 4% of being unidentifiable. 

 

Table 29 MS Jewel of the Seas demographics by gender. 

Males Females N/A Total 

576 605 47 1228 
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(a) (b) 

  

 (c) 

Figure 75 Passengers assembled in assembly stations on Jewel of the Seas (a) port 

side, external (looking forward); (b) starboard side, external (looking aft); 

(c) main theatre in bow area, internal. 

 

 

Figure 76 Sample video still image showing passengers wearing IR tags and moving 

down main staircase toward assembly stations on Jewel of the Seas. 
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Table 30 presents the passenger age group demographics, which indicates that as with SS1, 

people between the ages of 20-39 and 40-59 formed the largest portion of the population 

onboard at 75% of the total population.  The distribution of passengers in different regions 

of the ship is presented in Table 31, which suggests that most passengers were either in 

cabins (49%) or in restaurant areas (39%). 

 

Table 30 MS Jewel of the Seas demographics by age group. 

≤19 yrs 
20-39 

yrs 

40-59 

yrs 

60+ 

yrs 
N/A Total 

78 418 507 87 138 1228 

 

 

Table 31 MS Jewel of the Seas demographics by region of ship. 

Restaurants Cabins* Shops Reception Bars Pool Other Total 

479 595 31 41 60 18 4 1228 

* Passengers that can be seen emerging from their cabin into adjacent corridor. 

 

Table 32 shows that at the alarm, the activity of most passengers could not be directly 

observed as they were in cabin areas (47%), whereas the passenger activities that could be 

observed were mostly of those eating (23%) or sitting (15%).  While it may appear that 

there is a discrepancy between some of the values presented in Table 31 and Table 32, the 

reader should understand that some passengers who were observed as being located in a 

cabin area may have been, for example eating when observed.  Similarly, passengers who 

were observed as being physically located in a restaurant area may not have been actually 

eating at the time of the alarm.  Group demographics are presented in Table 33, which 

clearly shows most passengers onboard (89%) appeared to be travelling as part of a group. 

 

Table 32 MS Jewel of the Seas demographics by activity at alarm. 

Eating In Cabin Sitting Standing Walking Shopping Sports N/A Total 

283 582 184 43 27 41 15 53 1228 
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Table 33 MS Jewel of the Seas demographics by group type. 

With 

Travelling 

Companions 

With 

Family 

Alone 

but near 

Strangers 

Alone 

and 

Isolated 

N/A Total 

974 122 72 31 29 1228 

 

 

5.3.4 Ship 3 – Olympia Palace 

Approximately 20 GB of video data (representing 9 hours of video footage) was collected 

during the first trial and 16 GB of video data (representing 7 hours of video footage) was 

collected on the second trial.  It was found that passengers were less receptive to wearing 

IR tags during trials on this ship, however a large proportion of participating passengers 

agreed to complete a questionnaire (Figure 77).  From analysis of video data, a total of 135 

passenger response times were collected – 54 on day 1 and 81 on day 2.  By comparison to 

trials on the preceding two ships, this is a much smaller dataset the can be used for 

analysis. 

 

  

Figure 77 Passengers in the assembly station on Olympia Palace completing 

questionnaires after completion of the trial. 

 

 

As can be seen from Table 34, the distribution of male to female passengers was 

approximately even on both days and most passengers onboard were under 19 years of age 

on day 1 (74%) while on day 2, only 26% of those onboard were under 19 (Table 35). 
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Table 34 MS Olympia Palace demographics by gender. 

 Males Females N/A Total 

Day 1 30 24 0 54 

Day 2 37 39 5 81 

Total (Both Days) 67 63 5 135 

 

Table 35 MS Olympia Palace demographics by age group. 

 
≤19 yrs 

20-39 

yrs 

40-59 

yrs 

60+ 

yrs 
N/A Total 

Day 1 40 7 7 0 0 54 

Day 2 21 23 19 6 12 81 

Total (Both Days) 61 30 26 6 12 135 

 

Most of the passengers onboard were located in cabin areas (83% on day 1 and 62% on 

day 2), with 32% of those on day 2 being found in the bar area of the ship (Table 36).  

Analysis suggests that passenger activity at the alarm could not be directly observed, as 

74% of passengers on day 1 and 62% on day 2 emerged from their cabin when the alarm 

sounded (Table 37).  Table 38 shows, again that most passengers onboard appeared to be 

travelling with companions – 82% on day and 69% on day 2. 

 

Table 36 MS Olympia Palace demographics by region of ship. 

 Bar 
Airline 

Seats 
Cabins 

Outdoor 

Lounge Area 
Total 

Day 1 4 0 45 5 54 

Day 2 26 4 50 1 81 

Total (Both Days) 30 4 95 6 135 

 

Table 37 MS Olympia Palace demographics by activity at alarm. 

 Eating In Cabin Sitting Standing Walking N/A Total 

Day 1 0 40 7 0 7 0 54 

Day 2 1 50 10 17 2 1 81 

Total (Both 

Days) 
1 90 17 17 9 1 135 
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Table 38 MS Olympia Palace demographics by group type. 

 

With 

Travelling 

Companions 

With 

Family 

Alone 

but near 

Strangers 

Alone 

and 

Isolated 

N/A Total 

Day 1 44 0 4 6 0 54 

Day 2 53 3 3 1 21 81 

Total (Both Days) 97 3 7 7 21 135 

 

5.4 Potential Sources of Measurement Error 

 

As noted in previous sections, considerable effort was made to understand and mitigate 

potential measurement errors in the data acquisition and analysis methods.  In particular, 

the inter-rater reliability testing, analyst training and regular checks helped to ensure a 

consistent approach to the video analysis process.  However, quantifying human behaviour 

is a complex task and it is important to recognise other potential sources of error in the 

analysis process.  For example, given vessel complexity and size, it would be virtually 

impossible to track the movement of all passengers from their starting location to the 

assembly stations using video cameras.  As such, when passengers move beyond the field 

of view of the cameras used for response time analysis, it was necessary to assume that 

they had responded to the alarm.  However, it is possible that some passengers whose 

response time was recorded using a camera in one location may have gone to another 

location on the ship where a different camera was monitoring passenger response time.  

Thus, it is possible that a single passenger may have had more than one response time 

recorded.  Similarly, a passenger’s response time may have been recorded but he/she may 

not have actually gone to an assembly station (particularly for the case of SS1 and OP for 

which passengers were not required to participate in the assembly process).  Given the 

complexity inherent in human behaviour and limitations of the technology available for 

measuring response time, it is not possible to determine if these errors occurred.  It is, 

however, worth stating that none of the video analysts reported having detected such 

duplicates. 
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It is also possible for errors to have been made in the estimates of passenger characteristics 

during video analysis.  While it is reasonable to assume a high level of accuracy in the 

video analysts’ estimate of a passenger’s gender, it is likely that there are errors in 

estimates of passenger age, since this a somewhat subjective assessment.  For cases in 

which it was not possible to assess a passenger’s characteristic, it was flagged as 

“unidentifiable”.  It is worth noting that the estimate of passenger age category was one of 

the terms assessed in the inter-rater reliability testing.  Thus, since the raters passed the test 

after 4 attempts and no issues were detected during spot checks, it is reasonable to assume 

that the analysts’ perception of age was well aligned. 

 

Another potential source of error relates to the way passengers behaved during the trials, 

since they were told an exercise was planned for that day.  While it is possible that some 

passengers may have behaved differently than they would in an actual emergency, it is 

encouraging that the results of this study show response time distributions, which have a 

lognormal shape and thus are in-line with what has been measured in other published 

research such as the FIRE EXIT project [103]. 

 

It is also noted that not all passengers chose to participate in the research by wearing a tag, 

however, it is known that a proportion of these individuals did choose to participate in the 

assembly process.  As a result, errors are produced when attempting to accurately model 

the assembly process, since the passengers who chose not to wear a tag have an effect on 

the overall assembly process.  This error is described in greater detail in Chapter 7. 

 

Finally, it is worth noting that the camera and IR system synchronisation for the JoS trial 

was confirmed because the author, whose IR tag number was known, could be seen 

arriving at two external assembly areas, which were viewed by cameras at the same time 

and within a few seconds of the IR system time for each location.  This provides us with 

confidence in the reliability of the methods used. 

 

5.5 Chapter Summary 

 

The data analysis methodology has been presented in this chapter for determining the 

response time from the video data, as well as the analysis methods for IR data collected.  
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Video analysis was undertaken using Adobe Premiere Pro software and the process of 

inter-rater reliability testing demonstrated that the three video analysts (including the 

author) required four rounds of testing before the level of results agreement met the 90% 

minimum threshold.  

 

The IR dataset analysis method was also outlined and sample results used to demonstrate 

that the IR system provided high quality passenger assembly data, both in terms of the 

number of data points collected but also total assembly time of individual passengers for 

each assembly station.  Detailed results also provide the starting locations onboard, 

including those who were located in each assembly station at the time of the alarm. 

 

Demographic details for each trial are summarised in this chapter and show that the dataset 

collected is comprehensive and rich in detail.  In all, 5,582 passengers were onboard during 

the trials and 3,680 chose to participate by wearing an IR tag (a 66% participation rate).  

The complete video dataset was 584GB in size and consisted of 186 hours of video.  From 

this, 2,379 response times were collected, along with associated demographics information 

for each passenger.  Questionnaires were completed (3,506 in total) by most passengers 

who participated, providing information about their location onboard, perception of the 

trial and level of familiarity with the vessel, however, the questionnaire dataset is not 

analysed in this dissertation. 

 

A summary of the potential sources of measurement error has also been provided, for 

which the most significant issues identified relate to passenger behaviours, both in terms of 

whether their behaviour during the trials was realistic and whether the passengers assessed 

as having responded to the alarm actually went-on to the assembly stations.  While these 

potential issues are difficult to quantify, it was noted that large numbers of passengers 

actually did assemble, and thus must have responded to the alarm.  It was also noted that 

passenger response time distributions took a lognormal form which has been measured in 

other projects and is well documented in the literature. 

 

Chapter 6 will provide a detailed analysis of passenger response times for the different 

demographics observed and locations onboard each ship and for each trial.  Particular 

focus is put on comparing response time behaviour for the cabin and public areas on the 

different ships in order to determine if differences exist in response behaviour for similar 
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spaces on different ship types.  Repeatability of the response time behaviour is also 

examined for different trials on the same ship.  Finally, response time distributions are 

proposed for updating the IMO passenger ship evacuation analysis guidelines, specifically 

as they relate to RO-PAX ferries and cruise ships.  
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6 Response Time Results and Analysis 

6.1 General Overview 

This chapter provides a detailed discussion of the response time data produced during the 

analysis of video discussed in Chapter 5.  The analysis is provided in three main 

subsections – one for each ship tested and examines relationships that exist between 

passenger response time and passenger demographics, as well as location on the vessel.  

Where possible, the similarity of repeat trials is considered.  The response time 

distributions developed in this chapter take a lognormal form according to Equation (6): 

 

   
 

√      
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Where: 

μ = mean value parameter 

σ = standard deviation parameter 

x = independent variable (time (s) for the response time distributions presented) 

y = probability density 

 

A comparison is made of passenger response time distributions for analogous cases on the 

different ships tested, as well as data from trials on other vessels, in particular the FIRE 

EXIT project, which produced response time datasets used in IMO MSC.1/Circ.1238 [21].  

The chapter concludes with recommendations for passenger response time datasets it is felt 

should be implemented in the updated version of IMO MSC.1/Circ.1238. 

 

The work discussed in this chapter was presented by the author at the 5
th

 International 

Human Behaviour in Fire Conference [224] and at the Royal Institution of Naval 

Architects (RINA) SAFEGUARD Passenger Evacuation Seminar [226].  It was also 

published in the peer reviewed International Journal of Maritime Engineering, which is 

produced by RINA [225], This publication received RINA’s prestigious Medal of 

Distinction for 2013.  An information (INF) paper was also prepared based on this chapter 

and submitted by the Canadian delegation to the IMO in 2013 [227]. 

 



 

 208 

6.2 Response Time Analysis for SuperSpeed 1 

 

As presented in Chapter 5, passenger response time data from trials onboard the 

SuperSpeed 1 (SS1) was captured from analysis of video.  The data was plotted as 

probability density functions - response time distributions (RTDs) - according to the 

different characteristics of the trials in order to determine what correlations exist in the data 

with respect to passenger response time.  In particular, this included gender, age, pre-alarm 

activity, whether the passenger was part of a group, location on the ship and trial date. 

Commercially-available software package, Matlab (with the statistics toolbox) was used to 

generate all RTDs and to perform all statistical analyses presented in this chapter. 

 

6.2.1 Trial 1 and Trial 2 Comparison 

A summary of the response time data for trial 1 and trial 2 is provided in Table 39 and 

RTDs generated for each trial on SS1 are given in Figure 78.  The data displays the typical 

lognormal distribution and so a lognormal curve was fitted to each of the datasets and the 

curves from both trials compared in Figure 79.   It is observed that the curves from both 

trials are remarkably similar.  A Mann-Whitney non-parametric U-Test [241][242]
 
was 

performed at the 5% significance level with the null hypothesis that trial 1 and trial 2 

results were independent samples from identical continuous distributions with equal 

medians.  The Mann-Whitney z-value and p-value test statistics are examined to determine 

if the null hypothesis is retained or rejected.  If the absolute value of z is less than the 

critical value of 1.96 the null hypothesis is retained, otherwise it is rejected. The p-value 

gives the probability that a decision to reject the null hypothesis is the result of random 

sampling error.  Results show that, for the two distributions compared, the null hypothesis 

is not rejected, with a z-value = 1.7534 (i.e. less than 1.96) and a p-value = 0.0795. 

 

Throughout the remainder of this chapter, comparisons are made between different 

distributions using the Mann-Whitney non-parametric U-Test at the 5% significance level.  

For all cases, the test is referred to simply as a Mann-Whitney test. 
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Table 39 Summary of response time data for SS1, by trial number.  

Trial No. Min (s) Max (s) Mean (s) SD (s) Median (s) Mode (s) n 

1 0.6 469.2 47.2 60.0 30.2 14.1 533 

2 2.1 402.4 58.5 68.0 33.7 9.4 470 

Overall 0.6 469.2 52.5 64.1 32.0 9.4 1003 

 

 

 

Figure 78 Response time distributions for SS1, (upper) Trial 1 and (lower) Trial 2. 

 

This is an important finding, since it suggests that if the trial were to be repeated again 

within the same environment with a different group of similar people, we would expect to 
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generate an RTD that is statistically similar.  Furthermore, this suggests that if the response 

times and demographics of a sufficient number of people are characterised for a given type 

of structure, then if the assembly exercise is repeated under similar notification conditions, 

a similar RTD would be generated.  In other words, under these conditions the RTD is 

invariant.   

 

Figure 79 Comparison of response time distributions for trial 1 (solid) and trial 2 

(dashed) on SS1 

 

While the RTD for the same ship is likely to be invariant, it is not clear if the same type of 

RTD is likely to be generated for other similar types of passenger ship i.e. different ships 

of the same type.  As there were also no significant differences between the distributions 

for male and female response times on both days, the results from both trials were 

combined to form a single dataset that can be considered representative of passenger 

response time behaviour on RO-PAX ferries that do not have cabins (Figure 80).  The 

equation of the resulting lognormal distribution takes the form (Equation (7)): 
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Figure 80 Overall response time distribution for SS1. 

 

 

The minimum and maximum response times for the overall SS1 dataset are 0.6 s and 469 s, 

while the mean (μ) and standard deviation (σ) of the fitted distribution are 3.516 s and 

0.901 s, respectively.  Comparing the arithmetic mean and standard deviation of the fitted 

distribution to the dataset, using Equations (8) and (9): 

 

                   (   
   ) (8) 
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   (9) 

 

we see that the fitted distribution represents that dataset well with a 4% difference between 

the mean values and a 12% difference between the standard deviations, as presented in 

Table 40. 

 

Table 40 Comparison of SS1 overall response time distribution arithmetic mean and 

standard deviation to that of the fitted distribution. 

Arithmetic Value Mean St. Dev. 

Fitted Distribution 50.5 56.5 

Dataset 52.5 64.1 
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Further analysis of the dataset shows that 50%, 75% and 90% of the passengers had 

responded after 32 s, 56 s and 119 s respectively.  By comparison, the assembly times 

collected (which will be outlined in detail in Chapter 7), it was found that 50%, 75% and 

90% of the participating passengers had reached the assembly station after 23 s, 104 s, and 

178 s respectively. 

 

6.2.2 Male and Female Response Times 

A summary of the response time data for male and female passengers is given in Table 41 

and RTDs generated for male and female passengers are shown in Figure 81.  The data 

displays a lognormal form, so a lognormal curve was fit to each.  Plotting both curves on 

the same axes (Figure 82) suggested that the curves were very similar.  A Mann-Whitney 

test [241][242]
 
was performed with the null hypothesis that response times for male and 

female passengers were samples from the same distribution.  Results from the test show 

that the null hypothesis is not rejected with a z-value = 1.2011 and p-value = 0.2297.  This 

suggests that for the trials on SS1, males and females responded to the alarm in the same 

way and that it is reasonable to combine the two datasets to form a single response time 

distribution. 

 

 

Table 41 Summary of response time data for SS1, by gender.  

Gender Min (s) Max (s) Mean (s) SD (s) Median (s) Mode (s) n 

Male 0.6 469.2 56.8 68.2 32.6 9.4 584 

Female 2.1 459.9 45.8 56.7 31.1 25.7 404 
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Figure 81 Response time distributions from SS1 trials (upper) males; (lower) females. 

 

Figure 82 Comparison of fitted response time distributions for male and female 

passengers on SS1. 
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6.2.3 Age and Group Effects on Response Time 

Mean response times were calculated for the different age groups observed.  Results are 

shown in Table 42, which suggest that there are differences in how people of different ages 

responded to the alarm.  Elderly people were slowest to respond to the alarm, while people 

in the youngest age group were fastest to respond, by a difference of 27.2 s on average.  It 

is worth noting that both age groups also had the smallest proportion of the overall 

population examined, which may be the reason for the difference.  Mean times for each 

age group were consistent between the two trials, suggesting that the data presented in 

Table 42 is reliable. 

 

 

Table 42 Summary of response time data for SS1, by age category.  

Age 

Group 

Min (s) Max (s) Mean (s) SD (s) Median (s) Mode (s) n 

Up to 19 2.1 246.0 36.6 55.0 19.1 14.3 69 

20-39 0.6 469.2 57.8 71.3 33.8 21.8 473 

40-59 2.8 402.4 47.5 54.3 31.1 9.4 410 

Over 60 9.0 207.0 63.8 71.8 30.4 9.0 8 

 

 

Similarly, mean response times were calculated for passengers based on whether or not 

they were part of a group.  The results (presented in Table 43 and Figure 83) suggest that 

passengers who are travelling as part of a group tended to take 16 s longer, on average, to 

respond to the alarm than those who appeared to be travelling alone.  The reasons for this 

observed difference may be related to the way in which people who know each other 

behave in such situations.  For example, it was regularly observed that passengers 

travelling together would talk for a period of time before responding to the alarm.  In 

addition, family groups often needed to collect belongings and provide instructions to 

younger members of the group. 
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Table 43 Summary of response time data for SS1, by group / no group. 

 Min (s) Max (s) Mean (s) SD (s) Median (s) Mode (s) n 

Group 0.6 469.2 54.3 64.3 33.1 9.4 843 

No Group 2.1 413.6 38.3 60.6 22.4 15.8 123 

 

 

Figure 83 Comparison of SS1 passenger response time distribution for passengers 

who are and are not part of a group. 

 

6.2.4 Comparing RTDs in Public Spaces for SS1 with Eurostar Roma 

The RTDs shown in Figure 78 are for two different assembly trials on the same vessel.  As 

discussed, these were found to be statistically similar, however it would be desirable to 

demonstrate that assembly trials on different vessels of the same type would produce a 

statistically similar RTD.  The only other detailed RTD collected on a large passenger ship 

at sea during a semi-unannounced trial was generated as part of the European Union 

Framework Program 5 project FIRE EXIT [103], described in Section 2.2.3.   The ship 

used in this trial was a RO-PAX ferry named Eurostar Roma (ER).  The ship had 11 decks, 

of which three could be utilised by passengers.  The total passenger capacity of the ER was 

1,400, with 208 passengers located in aircraft style seating, 626 accommodated in cabins 

and 566 deck passengers.  The vessel had two restaurants, two bars and a casino area, as 

well as a reception area, shop and outdoor pool.  The vessel is of a similar type to the SS1 

but with cabins.  As part of the FIRE EXIT project, response time data was collected for 

passengers in public spaces and in cabins.  If we consider only data from the public spaces, 
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in order to compare with that generated for SS1, a total of 67 response times are available.  

These data points were used to generate the day time RTD [21] used in the formulation of 

IMO MSC.1/Circ.1238.  A lognormal distribution fitted to the ER dataset is presented on 

the same axes as the fitted distribution for the SS1 dataset in Figure 84.  As can be seen 

from the Figure, the two distributions appear to be almost identical.  A Mann-Whitney test 

[241][242] was performed with the null hypothesis that SS1 and ER results were samples 

from the same distribution.  Results show that the null hypothesis is not rejected, with a z-

value = -0.466 and p-value = 0.641.  Using this result, it is argued that the RTD derived for 

SS1 can be considered representative of this vessel type – a RO-PAX ferry without cabins.  

Furthermore, the fact that the RTD derived from 1,003 individual response times during 

the SS1 trials is similar to that derived from 67 individual response times during the ER 

trials suggests that the fitted RTD is robust.  Further recommendations regarding this RTD 

are provided below in Section 6.5. 

 

 

Figure 84 Comparison of RTDs for SS1 (solid) and ER (dashed) 
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6.3 Response Time Analysis for Jewel of the Seas 

 

As presented in Chapter 5, passenger response times from the trial onboard the Jewel of the 

Seas (JoS) were captured from analysis of video. The data was plotted as probability 

density functions – response time distributions (RTDs) - according to the different 

characteristics of the trials in order to determine what correlations exist in the data with 

respect to passenger response time.  In particular, this included gender, age, pre-alarm 

activity, whether the passenger was part of a group and location on the ship. 

 

6.3.1 Male and Female Response Times 

A summary of response time data for male and female passengers is given in Table 44 and 

RTDs generated are shown in Figure 85.  The data displays a lognormal form, so a 

lognormal curve was fit to each.  Plotting both curves on the same axes (Figure 86) 

suggested that the curves were very similar, as was seen onboard SS1.  A Mann-Whitney 

test [241][242]
 
was performed with the null hypothesis that response times for male and 

female passengers were samples from the same distribution.  Results from the test show 

that the null hypothesis is not rejected, with a z-value = 1.3061 and p-value = 0.1915.  This 

suggests that for the trials on JoS, males and females responded to the alarm in the same 

way and it is reasonable to combine the two datasets to form a single response time 

distribution. 

 

 

Table 44 Summary of response time data for JoS, by gender.  

Gender Min (s) Max (s) Mean (s) SD (s) Median (s) Mode (s) n 

Male 9.2 1269.0 232.5 228.4 154.7 31.0 576 

Female 8.3 1378.7 222.6 228.5 138.0 53.9 605 
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Figure 85 Response time distributions from JoS trial (upper) males; (lower) females. 

 

Figure 86 Comparison of response time distributions for male and female passengers 

on JoS. 
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6.3.2 Age and Group Effects on Response Time 

Mean response times were calculated for the different age groups observed.  Results are 

shown in Table 45, which suggest that, as with SS1, there are differences in how people of 

different ages responded to the alarm.  Young adults (20-39 years old) were slowest to 

respond to the alarm, while people in the youngest age group (up to 19 years old) were 

fastest to respond, by a difference of 57.9 s on average. 

 

Table 45 Summary of response time data by age category on JoS.  

Age 

Group 
Min (s) Max (s) Mean (s) SD (s) Median (s) Mode (s) n 

Up to 19 14.9 712.8 186.2 149.6 136.4 23.8 78 

20-39 8.3 1378.7 244.1 253.5 146.5 78.0 418 

40-59 9.5 1260.2 229.5 230.7 146.6 293.2 507 

Over 60 15.0 706.2 209.0 169.8 170.3 63.0 87 

 

 

Similarly, mean response times were calculated for passengers based on whether or not 

they were part of a group and where they were located (cabins or not).  These results are 

presented in Table 46 (part of a group) and Table 47 (not part of a group).  For the overall 

case of whether passengers were in a group or not, the distributions are compared in Figure 

83 which suggests that passengers who are travelling as part of a group tended to be 89.5 s 

faster, on average, to respond to the alarm than those who appear to be travelling alone.   

 

Table 46 Summary of response time data for passengers who were part of a group 

and in cabins / not in cabins. 

Response 

Time 

Part of a Group 

Min (s) Max (s) Mean (s) SD (s) Median (s) Mode (s) n 

In Cabin 26.7 1378.7 330.3 263.8 233.4 66.0 505 

Not in 

Cabin 
8.3 448.8 122.0 83.4 89.0 78.0 592 

Overall 8.3 1378.7 217.9 215.7 143.3 78.0 1097 
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Table 47 Summary of response time data for passengers who were not part of a group 

and in cabins / not in cabins. 

Response 

Time 

Not Part of a Group 

Min (s) Max (s) Mean (s) SD (s) Median (s) Mode (s) n 

In Cabin 24.0 1269.0 365.3 329.0 272.0 24.0 81 

Not in 

Cabin 
11.8 239.0 94.0 72.8 65.5 11.8 22 

Overall 11.8 1269.0 307.4 313.8 189.2 98.4 103 

 

 

 

Figure 87 Comparison of JoS passenger response time distribution for passengers who 

are and are not part of a group. 

 

This is the opposite of what was observed for passengers on SS1 so the dataset was further 

divided to determine if there were differences depending on where the passengers were 

located at the alarm – cabin areas or not.  This data is also provided in Table 46 and shows 

that there is a large difference between passenger behaviour in groups, depending on where 

they are at the alarm.  It can be seen that passengers not in cabin areas take much less time 

to respond than those in cabins.  Interestingly, the observation on SS1 that passengers who 

appear to be alone respond more quickly to the alarm is also true for passengers on JoS in 
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public spaces.  In these cases, the passengers who appear to be part of a group at the alarm 

take 28 s longer, on average, to respond to the alarm.  However, for passengers in cabin 

areas, those who do not appear to be part of a group tend to respond more slowly to the 

alarm by 35 s on average.   

 

6.3.3 Overall RTD for JoS 

A summary of the overall response time dataset for JoS is provided in Table 48 and the 

overall RTD is presented in Figure 88.  

 

Table 48 Summary of the overall response time dataset for JoS.  

Min (s) Max (s) Mean (s) SD (s) Median (s) Mode (s) n 

8.3 1378.7 223.3 225.4 142.4 78.0 1228 

 

 

Figure 88 Overall response time distribution for JoS. 

 

The data displays the typical lognormal distribution shape, so a lognormal curve was fitted 

as shown.   The equation for the lognormal fit takes the form (Equation (10)): 
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The minimum and maximum response times were found to be 8.3 s and 1,379 s, while the 

mean of the logarithm of response times is 5.012 s and the standard deviation of the 

logarithm of response times is 0.89 s.  Comparing the arithmetic mean and standard 

deviation of the fitted distribution to the dataset, using Equations (8) and (9), we see that 

the fitted distribution represents the dataset well with a 0.1% difference between the mean 

values and a 9% difference between the standard deviations, as presented in Table 49. 

 

Table 49 Comparison of JoS overall response time distribution arithmetic mean and 

standard deviation to that of the fitted distribution. 

Arithmetic Value Mean St. Dev. 

Fitted Distribution 223.1 245.3 

Dataset 223.3 225.4 

 

 

6.3.4 Comparison of Cabin and Public Space RTDs 

Since the assembly trial started at approximately 09:00 on the second day of the cruise, it 

was found that a significant number of passengers were still located in their cabins when 

the alarm sounded.  It is considered valuable that passenger response times collected 

during this trial can be broadly divided into two main groups as noted above – passengers 

who were in cabins (595 passengers) and those who were in the public areas (633 

passengers) of the ship.  A summary of the response time data for passengers in cabins and 

public spaces is given as Table 50 and the RTDs generated are shown in Figure 89.  For 

obvious reasons, the video record does not reveal passenger behaviour within cabins, thus 

the response time for passengers located in cabins was recorded as the point in time when 

the passenger had exited the cabin and started purposeful movement towards the assembly 

station. 

 

Table 50 Summary of response time data for JoS, by cabin and public areas.  

Region Min (s) Max (s) Mean (s) SD (s) Median (s) Mode (s) n 

Cabin 24 1378.7 333.1 272.4 233.4 66.0 595 

Public 8.3 448.8 120.1 82.6 88.4 78.0 633 
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The equations for the resulting RTDs for public spaces (Equation (11)) and cabins 

(Equation (12)) on JoS take the form: 
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Figure 89 Response time distributions for JoS in (upper) cabins and (lower) public 

spaces. 
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Combining the two RTD on the same axes, we see that the response time distributions are 

quite different for passengers in cabins compared with passengers in public spaces on this 

ship (Figure 90).  A Mann-Whitney test [241][242]
 
was performed with the null hypothesis 

that results for passengers responding from cabins and results for passengers responding 

from public areas were samples from the same distribution.  Results show that the null 

hypothesis is rejected, with a z-value = 18.230 and p-value = 0.000.  Thus, passenger 

response times in each area are from statistically different distributions.  This suggests that 

different RTDs should be used to represent passengers in cabins and public spaces on 

cruise ships.  This observation is consistent with findings from the FIRE EXIT project 

onboard the Eurostar Roma [103]. 

 

 

Figure 90 Comparison of RTDs for JoS in cabins (solid) and in public spaces (dashed) 

 

It can be seen from Figure 90 that passengers in cabins tend to take considerably more time 

to respond to alarms than passengers in public areas.  The arithmetic mean response time 

for passengers in cabins is 333 s while for passengers in public spaces it is considerably 

shorter at 120 s.  A comparison of the arithmetic mean and standard deviation of the 

distributions fitted to the dataset, using Equations (8) and (9) is provided in Table 51.  
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From this, we see that for the cabin areas on JoS, the fitted distribution represents the 

dataset well with a 1.5% difference between the mean values and a 20.9% difference in the 

standard deviations.  For the public areas on JoS, the fitted distribution also well represents 

the dataset, with a 2% difference between the mean values and an 18.2% difference 

between the standard deviations. 

 

Table 51 Comparison of JoS response time distribution arithmetic mean and standard 

deviation to that of the fitted distribution, for cabin and public areas. 

Arithmetic Value 
Cabin Areas Public Areas 

Mean (s) St. Dev. (s) Mean (s) St. Dev. (s) 

Fitted Distribution 338.2 329.3 122.5 97.9 

Dataset 333.1 272.4 120.1 82.6 

 

Furthermore, for the cabins areas on JoS, 50%, 75% and 90% of passenger responded to 

the alarm after 233 s, 470 s and 704 s respectively, while in public spaces, the 

corresponding times are 88 s, 165 s and 242 s respectively.  The longer response times for 

passengers in cabins compared to passengers in public spaces could be due to longer 

notification times (as depicted in Figure 6) and a different range of action and information 

tasks undertaken during the response phase [31].  For example, passengers in cabins may 

have been asleep, taking a shower or in the process of dressing, which would lead to longer 

notification times and a different range of action and information tasks compared to 

passengers in public spaces.  This, in turn, could result in the different RTDs observed for 

each space. 

 

6.3.5 Comparison of Public Spaces for JoS and SS1 

As the JoS is a different vessel type than SS1, it is important to determine if the RTD 

generated for the SS1 (comprised of only public spaces) is similar to that for just the public 

spaces on JoS.  Figure 91 presents the RTDs for passengers in public spaces for SS1, JoS 

and for the ER.  It can be clearly seen that there is a difference between the RO-PAX ferry 

curves and JoS.  A Mann-Whitney test [241][242]
 
was performed with the null hypothesis 

that results for JoS passengers in public spaces and results for SS1 were samples from the 

same distribution.  Results show that the null hypothesis is rejected, with a z-value = 

22.456 and p-value = 0.000.  Thus we can conclude that the distributions are statistically 
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different.  This is a significant result as it suggests that RTDs for public spaces generated 

for one vessel type cannot necessarily be applied to another vessel type.   

 

 

Figure 91 Comparison of RTD for public spaces on SS1 (thick solid), JoS (thin solid) 

and ER (dashed). 

 

The difference in response behaviour between passengers on the RO-PAX ferries and 

cruise ships may be due to the differences in the nature of the voyage and the impact this 

may have on passenger perceptions of their connection to the vessel.  RO-PAX ferries are 

normally used by people as a means of transport from one location to another, whereas 

voyages on cruise ships are considered an integral part of the vacation experience.  

Voyages on RO-PAX ferries are typically short, passengers generally have their 

belongings with them and they are anticipating making a speedy departure as soon as the 

vessel arrives in port.  In effect, the passengers are primed to leave. In contrast, since 

passengers on cruise ships tend to stay on the ship for several days, they effectively make 

the ship their home and have a greater expectation of permanency.  This is hypothesised to 

be the reason for the differences in passenger response times presented here, with 

passengers taking longer to react in public spaces on the JoS compared to SS1 and ER. 

 



 

 227 

If we compare the RTD for SS1 (and by implication the public spaces on ER) with that 

derived for the JoS for passengers in public spaces, we find significant differences in the 

manner in which people are responding to the alarm.  For passengers in public spaces on 

SS1 and JoS, the arithmetic mean response time is 52.5 s and 120 s respectively – a 

difference of 78%.  Comparing public spaces for SS1/JoS we find that 50%, 75% and 90% 

of the population responded after 32 s/88 s (a 93% difference), 56 s/165 s (a 99% 

difference) and 119 s/242 s (a 68% difference) respectively.  It is clear from this that 

passengers in public spaces on JoS tend to take considerably longer to respond to the alarm 

than passengers in public spaces on SS1.  Furthermore, it is worth noting that these trials 

took place at approximately the same time of day, so this is not considered to be a 

contributory factor in the differences observed.   

 

6.3.6 Comparison of Cabin Spaces for JoS and ER 

A comparison was also made between the response time data for cabin spaces on JoS and 

ER as described in [103] for the FIRE EXIT project (Figure 92).  A total of 126 response 

times were collected from passengers located in cabins onboard ER.  These response times 

were used to generate the night time RTD presented in IMO MSC.1/Circ.1238 [21].  By 

comparison, a total of 595 response times (4.7 times more) were collected from the cabin 

area on JoS.  From Figure 92, it appears that the RTDs generated for cabin spaces on JoS 

and ER are significantly different.  A Mann-Whitney test [241][242] was performed with 

the null hypothesis that cabin area results for ER and JoS were samples from the same 

distribution.  Results show that the null hypothesis is rejected, with a z-value = -12.5655 

and p-value = 0.000. 

 

While it seems reasonable for the passenger RTD in cabin areas on a cruise ship to be 

similar to that on a RO-PAX ferry, there are several reasons that may account for the 

differences observed here.  The cabin spaces on the two types of vessel are significantly 

different and as has been already suggested above for public spaces, the nature of the 

voyage is different which could lead to differences in how the cabin spaces are used and 

perceived by the passengers.  The voyage on ER was a means of transport from one 

location to another, whereas the voyage on JoS was an important part of the passengers’ 

vacation experience.  As such, the cabins on JoS were generally more luxurious and a more 

desirable place to stay than on ER.  The cabin spaces on JoS were, in essence, temporary 

residences and passengers had “moved-in”, unpacking their belongings and personal 
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effects.  In contrast, cabins on the ER were very small, simple spaces deigned to allow 

passengers to sleep for a few hours during the voyage and so passengers were less likely to 

‘move-in” on ER.  It is hypothesised that this may have impacted the passengers’ response 

to the alarm, with passengers taking longer to get ready to leave the cabin areas on JoS 

compared with ER. 

 

 

Figure 92 Comparison of RTDs for cabin areas on ER (dashed) and JoS (solid). 

 

This, together with a similar observation concerning the public space RTD for JoS are 

significant results as they suggest that RTDs generated for one vessel type cannot 

necessarily be applied to another vessel type.  Considering the RTDs presented, it is clear 

that passengers in both public spaces and cabins on JoS took considerably longer to 

respond to the alarm than passengers on the two RO-PAX vessels examined (SS1 and ER).   

The implications of this finding are that the RTDs currently used in IMO MSC.1/Circ.1238 

[21], which were derived from assembly trials undertaken in the FIRE EXIT project 

onboard the ER [103] are not appropriate for all ship types.  Thus, it is worth considering 

that different RTDs should be used for cruise ships and RO-PAX ferries when undertaking 

an evacuation analysis.  This recommendation will be further discussed in Section 6.5. 
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6.4 Response Time Analysis for Olympia Palace 

 

As presented in Chapter 5, passenger response time data from trials onboard the Olympia 

Palace (OP) were captured from analysis of video. The data was plotted as probability 

density functions – response time distributions (RTDs) - according to the different 

characteristics of the trials in order to determine what correlations exist in the data with 

respect to passenger response time.  In particular, this included gender, age, pre-alarm 

activity, whether the passenger was part of a group, location on the ship and trial date. 

 

6.4.1 Trial 1 and Trial 2 Comparison 

A summary of the response time data for each trial on OP is provided in Table 52 and the 

RTDs generated are given in Figure 93.  The distribution produced for trial 2 displays the 

typical lognormal shape, while the distribution for trial 1 does not appear to have a strong 

lognormal shape.  Given that the datasets were quite small and with the understanding that 

response times are typically distributed in a lognormal fashion [103], a lognormal curve 

was fitted to each of the datasets and the curves from both trials compared on the same 

axes in Figure 94.  The fitted curves from both trials are, again, very similar.  A Mann-

Whitney test [241][242]
 
was performed with the null hypothesis that trial 1 and trial 2 

results were samples from the same distribution.  Results show that the null hypothesis is 

not rejected, with a z-value = 1.0824 and p-value = 0.2791.  This suggests that both 

distributions can be combined to form a single, larger dataset for OP (a RO-PAX ferry with 

cabins) (see Figure 95).  The equation of the resulting lognormal distribution takes the 

form (Equation (13)): 
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Table 52 Summary of response time data for OP, by trial number.  

Trial No. Min (s) Max (s) Mean (s) SD (s) Median (s) Mode (s) n 

1 2.5 531.3 185.1 194.5 89.0 14.0 54 

2 1.6 548.0 111.7 114.8 67.6 28.8 81 

Overall 1.6 548.0 141.1 155.4 76.3 14.0 135 
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As with both trials on the SS1, this is an important finding that suggests if the trial were to 

be repeated again in the same environment with a different group of people with similar 

demographics, we would expect to generate an RTD that is statistically similar.  As with 

the trials on SS1, this is a powerful result and suggests that if the response times and 

demographics of a sufficiently large number of people are characterised for a given type of 

structure, an assembly exercise repeated under similar notification conditions should result 

in a similar RTD.  In other words, under these conditions the RTD is invariant, however, it 

is not clear that a similar RTD would be generated for passengers on different ships of the 

same type.   

 

 

Figure 93 RTDs for OP, (upper) trial 1 and (lower) trial 2. 
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The minimum and maximum response times for the combined dataset are 1.6 s and 548 s, 

while the mean of the logarithm of response times is 4.259 s and the standard deviation of 

the logarithm of response times is 1.308 s.  Analysis of the dataset shows that 50%, 75% 

and 90% of the passengers had responded after 76 s, 192 s and 432 s, respectively.  

Comparing the arithmetic mean and standard deviation of the fitted distribution to the 

dataset, using Equations (8) and (9), we see that the fitted distribution does not represent 

the dataset as well as for the other vessels, with a 17.9% difference in the mean values and 

a 127.9% difference in the standard deviations, as presented in Table 53.  This provides 

further support that this RTD is not well represented by a lognormal model and caution 

should be exercised when using the dataset. 

 

 

Figure 94 Comparison of RTDs for trials 1 (dashed) and 2 (solid) on OP. 

 

 

Table 53 Comparison of OP overall response time distribution arithmetic mean and 

standard deviation to that of the fitted distribution. 

Arithmetic Value Mean (s) St. Dev. (s) 

Fitted Distribution 166.3 354.1 

Dataset 141.1 155.4 
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Figure 95 Overall RTD for OP (combining trials 1 and 2). 

 

6.4.2 Male and Female Response Times 

A summary of the response time data for male and female passengers is given in Table 54 

and the RTDs generated are shown in Figure 96.  The data displays an approximate 

lognormal form, so a lognormal curve was fit to each.  Plotting both curves on the same 

axes (Figure 97) suggested that the curves were very similar.  A Mann-Whitney test 

[241][242]
 
was performed with the null hypothesis that response times for male and female 

passengers were samples from the same distribution.  Results from the test show that the 

null hypothesis is rejected, with a z-value = 2.5715 and p-value = 0.0101.  This suggests 

that for the trials on OP, males and females responded to the alarm differently – a different 

result than found for SS1 and JoS.  While this may be an accurate finding, it is worth 

noting that the male and female datasets are both very small (67 and 63 passengers, 

respectively) and the lognormal form does not appear to be very strong. 

 

Table 54 Summary of response time data for OP, by gender.  

Gender Min (s) Max (s) Mean (s) SD (s) Median (s) Mode (s) n 

Male 2.5 548.0 178.0 171.4 123.2 2.5 67 

Female 1.6 527.5 105.8 132.4 60.6 22.4 63 
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Figure 96 Response time distributions from OP trials (upper) males; (lower) females. 

 

Figure 97 Comparison of fitted response time distributions for male and female 

passengers on OP. 
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6.4.3 Age and Group Effects on Response Time 

Mean response times were calculated for the different age groups observed.  Results are 

shown in Table 55, which suggest again that there are differences in how people of 

different ages responded to the alarm on OP.  Elderly people were fastest to respond to the 

alarm, while people in the middle-aged group were slowest to respond, by a difference of 

72.2 s on average.  It is worth noting that because the overall sample size for these trials 

was quite small, these results may not be reliable. 

 

Table 55 Mean response time by age category on OP.  

Age 

Group 
Min (s) Max (s) Mean (s) SD (s) Median (s) Mode (s) n 

Up to 19 1.6 531.3 138.4 160.3 70.0 14.0 61 

20-39 7.8 527.5 126.5 121.3 80.2 7.8 30 

40-59 3.5 548.0 194.5 197.5 92.6 3.5 26 

Over 60 25.5 298.2 122.3 136.6 41.5 25.5 6 

 

Similarly, mean response times were calculated for passengers based on whether or not 

they were part of a group.  These results are presented in Table 56, which also includes 

results for whether or not passengers were in cabins at the alarm.  For the overall case of 

whether passengers were in a group or not, results suggest that passengers who are 

travelling as part of a group tended to be 102.3 s faster, on average, to respond to the alarm 

than those who appear to be travelling alone.  This is the opposite to what was observed for 

passengers on SS1 but similar to that observed on JoS (which also had cabins).  Thus, the 

OP dataset was further divided to determine if there were differences depending on where 

the passengers (in a group or not) were located at the alarm – cabin areas or not.  This data 

is also provided in Table 56 (part of a group) and Table 57 (not part of a group) and shows 

that there is a large difference between passenger behaviour in groups, depending on where 

they were at the alarm.  It can be seen that passengers not in cabin areas take much less 

time to respond than those in cabins.  Interestingly, the observation on SS1 and JoS that 

passengers in public spaces who appear to be alone respond more quickly to the alarm is 

not true for passengers alone on OP in public spaces.  In these cases, the passengers who 

appear to be alone at the alarm take 3.5 s longer, on average, to respond to the alarm.  

However, for passengers in cabin areas, those who do not appear to be part of a group tend 
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to respond more slowly (as was found on JoS) to the alarm by 134.6 s on average.  Again, 

these findings should be used with caution, given the datasets are very small and may not 

be reliable. 

 

It is important to note that this dataset is quite small, due to low numbers of passengers 

travelling on the ship at the time of the trials.  A total of 54 response times were captured 

from the first trial and 81 response times from the second trial.  In addition, the small 

number of data points is split between two types of spaces - public and cabin.  Thus there 

is considerably less confidence in the datasets generated from these trials compared to the 

trials for the other two ships tested.  The data is further complicated by the population 

demographics, which was found to be considerably different than the other trials.   

 

Table 56 Mean response time for passengers who were part of a group and in cabins / 

not in cabins. 

Response 

Time 

Part of a Group 

Min (s) Max (s) Mean (s) SD (s) Median (s) Mode (s) n 

In Cabin 2.5 531.3 159.8 165.7 96.4 2.52 66 

Not in 

Cabin 
1.6 331.1 64.6 85.9 27.1 1.6 34 

Overall 1.6 531.3 127.5 150.1 67.3 14.0 100 

 

 

Table 57 Mean response time for passengers who were not part of a group and in 

cabins / not in cabins. 

Response 

Time 

Not Part of a Group 

Min (s) Max (s) Mean (s) SD (s) Median (s) Mode (s) n 

In Cabin 76.2 527.5 294.4 177.9 331.9 76.2 10 

Not in 

Cabin 
3.5 209.5 68.1 95.3 29.6 3.5 4 

Overall 3.5 527.5 229.8 187.8 171.0 3.5 14 
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6.4.4 Comparison of Cabin and Public Space RTDs 

The combined dataset was then separated into public spaces (40 data points) and cabins (95 

data points).  A summary of this response time data is provided as Table 58 and the RTDs 

generated are shown in Figure 98 (public spaces) and Figure 99 (cabins) generally follow a 

lognormal form and so lognormal curves were fitted to the two distributions using 

Equations (14) and (15) respectively: 
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It is, however, noted that the public spaces distribution is a small dataset (approximately 

40% fewer response times than the dataset derived from trials on ER) and so there is 

considerably less confidence in the OP public space dataset compared to the other two 

trials on SS1.   

 

Table 58 Summary of response time data for OP, by cabin and public areas.  

Region Min (s) Max (s) Mean (s) SD (s) Median (s) Mode (s) n 

Cabin 2.5 548.0 173.8 166.9 99.0 2.5 95 

Public 1.6 331.1 63.3 83.7 28.6 1.6 40 

 

Figure 98 Response time distribution for public spaces on OP 
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Figure 99 Response time distribution for cabin areas on OP. 

 

Comparing the RTDs developed for cabins and public spaces on OP (Figure 100), it is 

clear that they are not statistically similar.  A Mann-Whitney test [241][242]
 
was 

performed with the null hypothesis that cabin and public area results were samples from 

the same distribution.  Results show that the null hypothesis is rejected, with a z-value = -

4.5874 and p-value = 0.000.  Thus, for OP, the RTDs for cabins areas and public spaces are 

different. 

 

Figure 100 Comparison of response time distributions for cabin areas (solid) and public 

spaces (dashed) on OP (both trials combined). 
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A comparison of the arithmetic mean and standard deviation for the distribution fitted to 

the dataset, using Equations (8) and (9) is presented in Table 59.  From this, we see that the 

fitted distribution in cabin areas does not represent the cabin area dataset very well, with a 

19.3% difference between mean values and a 131.6% difference between the standard 

deviations.  However, comparing the values for public areas on the vessel, we see that the 

mean values differ by only 3.5%, while there is a 36.0% difference between the standard 

deviations for this area. 

 

 

Table 59 Comparison of OP response time distribution arithmetic mean and standard 

deviation to that of the fitted distribution, for cabin and public areas. 

Arithmetic Value 
Cabin Areas Public Areas 

Mean (s) St. Dev. (s) Mean (s) St. Dev. (s) 

Fitted Distribution 207.3 386.5 65.5 113.8 

Dataset 173.8 166.9 63.3 83.7 

 

 

6.4.5 Comparison of Public Space RTDs for OP and SS1 

A comparison was made between the response time data for SS1 (public spaces - Equation 

(7)) and OP public spaces (Equation (14)).  Both distributions are shown in Figure 101 on 

the same axes and appear to be very similar.  A Mann-Whitney test [241][242]
 
was 

performed with the null hypothesis that the SS1 data and the OP public space data were 

samples from the same distribution.  Results show that the null hypothesis is not rejected, 

with a z-value = -0.2369 and p-value = 0.8128.  This suggests that both datasets are 

statistically similar.  While this is a promising result and consistent with findings presented 

above (see Section 6.2.4), it is not recommended that the two datasets be combined.  The 

concern here relates to the significant differences in the population demographics on each 

ship during the trials (see Table 60).  From the table, it can be seen that 47.5% of the 

population on OP was under 19 years of age compared with just 6.9% on SS1.  

Furthermore, 41.7% of the population on SS1 was over 40 years of age compared to 0% on 

OP.  It is expected that these differences in population demographics had a significant 

impact on the RTD and so until further data has been collected, we should be cautious 

about combining the results.   
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Figure 101 Comparison of RTDs for SS1 (solid) and public spaces on OP (dashed) 

 

Table 60 Population demographics on SS1 compared OP public spaces 

Age Group 
SS1 OP – Public Spaces 

No. % of total No. % of total 

11-19 69 6.9 19 47.5 

20-39 473 47.2 20 50 

40-64 410 40.9 0 0 

65+ 8 0.8 0 0 

Unknown 43 4.3 1 2.5 

Totals 1003 100 40 100 

 

 

6.4.6 Comparison of Cabin Spaces for OP and JoS 

A comparison was made between the RTD for cabin spaces on JoS (Equation (12)) and OP 

(Equation (15)) (see Figure 102).  It is clear from the figure that the RTD for each vessel is 

different.  To confirm the difference, a Mann-Whitney test [241][242]
 
was performed with 

the null hypothesis that cabin RTDs for JoS and OP were samples from the same 

distribution.  Results show that the null hypothesis is rejected, with a z-value = -6.8096 and 
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p-value = 0.000.  This result is significant and supports the earlier result discussed in 

Section 6.3.5 that different types of vessel may require different RTDs.  It should be noted, 

however, that differences in population demographics onboard the vessels for the trials 

may also have contributed to the observed differences in RTDs.  As with the public spaces, 

there were significant differences in the population demographics in cabins on each ship 

(Table 61).  From the table, we see that 44.2% of the population in cabins on OP was less 

than 19 years of age compared to 7.7% on JoS.  Furthermore, 48.7% of the population in 

cabins on JoS was over 40 years of age compared to 33.7% on OP.  The differences in 

vessel type along with the significant differences in passenger demographics may explain 

the typically longer response times in the cabins areas on JoS compared with OP, however, 

further testing would be required to confirm this. 

 

 

Figure 102 Comparison of RTDs for cabin areas on JoS (solid) and OP (dashed) 
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Table 61 Population demographics in cabins on JoS compared cabins on OP 

Age Group 
JoS - Cabins OP – Cabins 

No. % of total No. % of total 

11-19 46 7.7 42 44.2 

20-39 216 36.3 10 10.5 

40-64 240 40.3 26 27.4 

65+ 50 8.4 6 6.3 

Unknown 43 7.2 11 11.6 

Totals 595 100 95 100 

 

 

6.4.7 Comparison of Cabin Spaces for OP and ER 

A comparison was made between the response time data for cabin spaces on ER and OP 

(Figure 103).  Once again, it is clear from the figure that the RTD for each vessel is 

different.  To confirm the difference, a Mann-Whitney test [241][242]
 
was performed with 

the null hypothesis that cabin space results for ER and OP were samples from the same 

distribution.  Results show that the null hypothesis is rejected, with a z-value = 3.7360 and 

p-value = 0.000, thus supporting the observation that the two distributions are statistically 

different.   

 

It is reasonable expect that the RTDs produced in cabin areas on OP and ER to be similar, 

given that both vessels RO-PAX ferries with cabins, the cabin spaces are similar and the 

nature and duration of the voyages was similar.  The difference between the two RTDs is 

believed to be the result of the differences in population demographics already noted - the 

population in cabins on OP was predominately young (see Table 61) with almost half 

(44.2%) of the population being under 19 years of age.  While the detailed population 

demographics for ER are not available, the information that is available suggests that 

passenger demographics in the cabin areas for this vessel may have been comprised 

primarily of adults.  This is based on details published in [103] which indicated that of the 

two trials, 508 passengers were involved in the first for which “the majority of which were 

unaccompanied teenage school children”.  For the second trial, 236 passengers were 

involved, which consisted of a “mixture of adults and unaccompanied school aged 

children”.  According to [103], a total of 124 questionnaires (25% of those onboard) were 
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completed by passengers during the first trial on ER and 80 (34% of those on board) were 

completed during the second trial.  From the questionnaires returned, 42% from the first 

trial indicated that they were under 21 years of age, while from the second trial 21% were 

under the age of 21.  Thus, fewer of those in the second trial were young compared to the 

first trial.  In addition, the combined RTD for the cabin spaces derived from ER consisted 

of 22 data points from the first trial and 105 data points from the second trial.  Thus the 

vast majority of data in the cabin RTD generated from the ER trials comes from the second 

trial.  It follows from this that the majority of passengers in cabins were likely adults and, 

while we cannot be certain, it is likely that there was a greater proportion of adults in cabin 

spaces during the ER trials than for the OP trials.  This difference in demographics may 

explain the difference in the RTD for the two RO-PAX vessels and would support the 

premise that passenger demographics influenced the RTD generated. 

   

 

Figure 103 Comparison of RTDs for cabin areas on ER (solid) and OP (dashed). 

 

6.5 Recommendations to the IMO Regarding Response Time 

 

Currently, the RTDs found in the IMO guidelines for passenger ship evacuation analysis – 

IMO MSC.1/Circ.1238 [21] are used for all types of passenger ships (i.e. all RO-PAX 
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ferries and cruise ships).  The current regulations provide two RTDs – one for day case 

simulations and one for the night case.  As described in the preceding sections, these RTDs 

were based on two assembly trials conducted the RO-PAX ferry with cabins - Eurostar 

Roma (ER).  A total of 194 unique response time data points were collected during the two 

trials on ER from which two RTDs were generated, with the day case distribution being 

derived from public areas of the ship, and the night case being derived from cabin areas. 

 

Following the analysis of passenger response times presented in this chapter, it is clear that 

RTDs for RO-PAX ferries are different than RTDs for cruise ships.  The University of 

Greenwich team for the SAFEGUARD project, which included significant contributions 

from the author, prepared an information paper to the IMO regarding the nature of 

passenger response time.  The distributions were prepared in a manner similar to those 

currently in the regulations; i.e. shifted to the right by 400s for the night case, truncated to 

a maximum value and scaled to ensure the area under the probability density function was 

equal to one (to account for the truncated amount). 

 

The recommendations presented here suggest that day and night case RTDs for cruise 

ships should be added to the regulations to differentiate these vessels from RO-PAX 

ferries. 

 

6.5.1 Proposed RTDs for RO-PAX Ferries 

Given that the public space RTDs derived from trials on SS1 and ER were found to be 

statistically similar (see Section 6.2.4), they can be combined to produce a single RTD for 

the day case on RO-PAX ferries.  The combined curve consists of 1,070 response time data 

points - 1,003 collected from the two SAFEGUARD trials and 67 that comprise the RTD 

currently used within the IMO evacuation analysis guidelines.  Thus, the combined RTD 

recommended here is based on significantly more data (15 times more) than is currently 

used and is based on data from four trials on two different vessels, significantly improving 

the confidence in its reliability.  The combined curve is truncated at 300 s, removing the 

tail of the distribution, as is currently done for the IMO day case RTD.  Truncating the 

distribution in this manner represents 99.2% of the overall distribution, thus a small scale 

factor must be applied so that the area under the curve equals 1.0. 
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The new recommended day case RTD is presented in Figure 104 and is described using 

Equation (16).  Given the similarity of this RTD to that currently used in the IMO 

guidelines, the new curve will not significantly impact evacuation analysis for RO-PAX 

ferries but is considered to be a more representative, robust and reliable representation of 

passenger response behaviour for this case. 

 

 

Figure 104 Recommended new IMO Day Case RTD for RO-PAX ferries 
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Due to significant differences in population demographics, the public space response time 

data generated from trials on OP is not included in the suggested day case RTD for RO-

PAX vessels (refer to Section 6.4.5).  Furthermore, the cabin space response time data 

generated from trials on OP is not considered suitable for the same reasons (see Sections 

6.4.6 and 6.4.7) and so is not recommended for defining the night case RTD.  For this 

reason, it is recommended that the night case RTD currently used within the IMO 

evacuation guidelines remain the unaltered until a more reliable dataset has been collected.  
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6.5.2 Proposed RTDs for Cruise Ships 

Given that there is currently no distinction between cruise ships and ferries in the IMO 

evacuation analysis guidelines, it is recommended that the RTD derived from trials on JoS 

for public spaces (Figure 89) should be used to represent the new day case RTD for cruise 

ships.  To keep a similar form as used currently by the IMO, the RTD is truncated at 300 s, 

removing the tail of the distribution, as is currently done for the IMO day case RTD.  Since 

truncating the distribution represents 94.8% of the overall distribution, a scale factor must 

be applied so that the area under the curve equals 1.0.  The new day case RTD for cruise 

ships is presented in Figure 105 and is described using Equation (17).  This distribution is 

statistically different compared to the existing RTD in the IMO evacuation analysis 

guidelines.  This newly recommended day case RTD is based on 633 data points, 

considerably more than the 67 data points used in the existing IMO day case, but should be 

used only for cruise ship evacuation analysis. 

 

 

Figure 105 Recommended new IMO Day Case RTD for Cruise Ships. 
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Considering the analysis of passenger response time in cabin areas of JoS, it is suggested 

that the RTD derived (Figure 89) should be used as a basis for representing the night case 

RTD for cruise ships.  Truncating this RTD at 300 s as is done in the current IMO 

evacuation guidelines, results in only 60.3% of the dataset being included, thus requiring a 

large scale factor to adjust the area under the curve to be equivalent to 1.0.  Since a 

significant proportion of the data is represented in the tail of this distribution, it is felt that 

truncating the RTD at 300 s would not adequately characterise the broader range of 

response times observed in the cabin areas (i.e. night case) on cruise ships.  It is suggested 

that the truncation point should be extended to 700 s, which would result in a greater 

proportion (90.3%) of the original dataset being included and require the use of a smaller 

scaling factor to ensure the area under the curve equals 1.0.  Furthermore, in keeping with 

the approach IMO uses to represent the night case RTD, this curve should also be shifted 

to the right by 400 s to account for the fact that passengers may likely be sleeping (which 

was typically not the case for the trials conducted).  While somewhat arbitrary in nature, 

using this approach to represent response time behaviour for the night case on cruise ships 

is in keeping with the current approach at the IMO for evacuation analysis guidelines.  This 

truncated, shifted and scaled curve is presented in Figure 106 and described using Equation 

(18).  This distribution is statistically different when compared to the existing RTD in the 

IMO evacuation analysis guidelines.  The new night case RTD is based on 598 data points, 

considerably more than the 127 data points used in the existing IMO evacuation analysis 

guidelines, but should be used only for cruise ship evacuation analysis. 

 

The chapter that follows provides a detailed discussion of the assembly time data collected 

using the IR system and presents a method for validating evacuation models using results 

from the data collected.  Chapter 8 then provides details on evacuation modelling carried-

out using a hypothetical ship model to demonstrate the impact of the new RTDs on the 

overall assembly time predicted. 
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Figure 106 Suggested new IMO Night Case RTD for Cruise Ships. 

 

   
      

√        (     )
   [ 

(  (     )      ) 

        
] (18) 

 

6.6 Chapter Summary 

 

This chapter has presented the results of a detailed analysis of passenger response times for 

the three vessels tested.  The analysis presented helps to address the shortage of response 

time data for large passenger ships, in particular for cruise ships and RO-PAX ferries.  As 

described in the preceding chapters, this data was generated from analysis of video 

recordings made during semi-unannounced assembly trials using real, paying passengers 

on three different large passenger ships at sea.  This dataset of passenger response time is 

relevant, credible, realistic, and represents a significant improvement in the state of 

knowledge in this field.  The key findings from this analysis include: 

 

- Passenger RTDs generated for RO-PAX ferries and cruise ships were generally 

found to fit a lognormal model, which is consistent with response time data 

generated for the built environment [103] and suggests that passenger behaviour 
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when responding to evacuation alarms on large passenger ships is similar to that in 

the built environment; 

- If assembly trials are repeated with a sufficient number of different people in the 

same physical environment who are exposed to the same notification conditions, 

the RTD generated is likely to be statistically similar.   

- The response of passengers both in public spaces and cabin spaces is dependent on 

the type of vessel: 

o RTDs for cruise ships generally have longer and more significant 

distribution tails compared to RTDs for RO-PAX ferries. 

o When conducting an evacuation analysis, it is not appropriate to use the 

same RTD for cruise ships and RO-PAX ferries.   

- Passenger demographics may have a significant impact on the response time 

distribution, however, further research is required before this can be stated 

definitively. 

 

Although the response time data presented here represents a comprehensive improvement 

in our understanding of passenger behaviour onboard ships during the assembly process, 

additional data is required to: 

 

- Quantify the RTD for passengers in cabins on RO-PAX ferries. 

- Better quantify the response of passengers during different times of the day, 

particularly night time when passengers may be sleeping.  A more reliable data set 

based on actual experimental data is required, rather than current assumptions in 

the international regulations that suggest simply shifting the daytime response 

curve to the right by 400s.  

- Explore the dependence of the RTD on population demographics.  Passenger 

vessels may have very different populations onboard, depending on the nature of 

the voyage.  This may vary from significant numbers of young people to significant 

numbers of elderly people.  The impact that this will have on passenger response 

times should be characterised. 

- Explore the impact of vessel motions, sea sickness and intoxication on passenger 

response time. 

- Determine if passengers with experience onboard ships, or those who are familiar 

with the particular ship in question has an impact on response time.  
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- Quantify the effect of crew assertiveness and general crew intervention on 

passengers response time.  This could also include exploring the impact of crew 

training effectiveness. 

- Finally, for improving the mathematical modelling of passengers’ response phase 

behaviour on ships, it would be of crucial importance to understand the influence of 

visual, auditory and olfactory cues on the notification stage of passenger response 

behaviour. 

 

The results presented in this chapter characterise passenger response time - the first phase 

of evacuation behaviour as outlined the framework shown in Chapter 1, Figure 6.  Chapter 

7 will provide a detailed analysis of passenger evacuation movement – the second phase of 

evacuation behaviour.  Data is provided for the first two ships tested; SS1 and JoS as two 

ship evacuation model validation datasets.  The validation datasets provide details for each 

of the two ship geometries, the initial population distribution, response times and the 

assembly time for each passenger.  The maritimeEXODUS evacuation model was used to 

predict the assembly process onboard both ships, based on the data from the trials and 

requirements of the IMO guidelines and then a validation metric is presented that can be 

used to compare the modelling results to the experimental results.  Chapter 7 ends with 

recommendations to the IMO regarding validation data. 
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7 Validation Data – Results and Analysis 

7.1 Overview 

 

As with mathematical modelling of any complex process, it is important that models 

predicting ship evacuation behaviour undergo a validation process to ensure model 

predictions are realistic and reliable.  Given the impact that evacuation modelling may 

have on ship design construction costs and the life-safety of passengers, validation of ship 

evacuation models should be considered particularly important.  It was stated in Chapter 1 

that a goal of this research was to develop a method for validating ship evacuation models.  

It is important to understand that a validation method need not demonstrate that the model 

can replicate a real emergency case, unless such data of a sufficient quality were available.  

To be validated, the model must be able to demonstrate that, for a given set of input 

conditions and ship geometry, it is capable of predicting the outcome of passenger 

movement for a given scenario with a reasonable degree of accuracy.  To meet this goal, it 

is necessary for the dataset of passenger movement onboard the vessel to include, at a 

minimum: 

 

Passenger response times to be able to accurately represent when passengers started 

moving after the alarm.  Using representative response times enables a more realistic 

development of passenger congestion throughout the assembly process.  This data was 

collected from video recordings are discussed in earlier chapters. 

 

Number of passengers onboard that participated in the assembly exercise.  It was possible 

to determine this quantity from the IR system dataset as the number of passengers who had 

assembled, since those who did not assemble did not complete the process. 

 

Passenger location at the alarm and when assembled to set-up the simulations with 

representative starting conditions.  It was possible to use IR system data from the trials to 

determine the zones where passengers were located at the alarm and which assembly 

station was used. 
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Passenger assembly time to identify when individuals arrived at the different assembly 

stations onboard.  This was determined using the IR system, knowing the beacon IDs at the 

assembly station entry points. 

 

In addition, it is necessary to have detailed, up-to-date CAD drawings for the vessel being 

tested.  Finally, a metric must be used to objectively quantify how well the experimentally 

produced curves compare with those resulting from the model.  The metric chosen should 

be capable of determining how well the shape and magnitude of the curves compare. 

 

With validation data in-hand, the modeller should be able to set-up and run simulations in 

an analogous way so that modelling results may be compared with data obtained 

experimentally.  For such a task, the experimental data need not be represented exactly for 

all individuals observed on the ship, since the process of ship evacuation tends to be 

stochastic in nature and thus should not be exactly the same each time.  The results of 

modelling should, however, be capable of representing the process well as a whole, 

particularly in terms of the overall assembly time of the passengers. 

 

As described in Section 5.2, detailed, high quality datasets were generated using the IR 

tracking system for large numbers of passengers during this project.  Given the technical 

challenges with one important IR beacon in trial 1 on SS1 (as described in Section 4.8.3) 

and the small number of passengers involved in trials 4 and 5 on OP, only the data from 

trials 2 and 3 (ferry without cabins and cruise ship respectively) were useable for validation 

purposes.  Thus, two validation data sets are presented in this chapter, which are unique for 

a number of reasons.  Unlike most evacuation model validation data sets, these datasets 

incorporate regional information relating to the approximate starting locations of the 

population at the alarm, as well as the end locations chosen by each passenger.  Thus, it is 

also possible to utilise the data set to evaluate the capabilities of route planning and way 

finding algorithms in evacuation models.  In addition, the actual response time 

distributions for the population were available for the specific locations on the ship where 

the passengers were located.  Most evacuation validation data sets lack these essential 

details that allow modellers to fine-tune their algorithms in order to obtain the best fit to 

experimental results [202][203][204].  Furthermore, the trials were conducted on real 

ships, at sea, involving real, paying passengers and the notification alarms were semi-

unannounced making the results relevant, credible and realistic. 
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Data from trial 2 (from SuperSpeed 1, trial 2) forms what is referred to here as validation 

data set #1, while data from trial 3 (from Jewel of the Seas) forms validation data set #2.  

Aspects of the work presented in this Chapter was carried-out by other team members of 

the SAFEGUARD project at UoG (namely the evacuation modelling for both ships and 

summary of the passenger route data derived from the IR tags).  The author contributed 

significantly in all areas of this work and any efforts of other team members will be 

identified and referenced where appropriate. 

 

The work described in this chapter was presented by Prof. Galea at the 6
th

 International 

Conference on Pedestrian and Evacuation Dynamics [204], 11
th

 Symposium on Fire Safety 

Science [203], the SAFEGUARD Passenger Evacuation Seminar [229] and in the peer 

review Journal of Ship Research published in the United States by the Society of Naval 

Architects and Marine Engineers (SNAME) [202]. In addition, an information (INF) paper 

was also prepared based on this chapter and submitted by the Canadian delegation to the 

IMO in 2013 [228]. 

 

7.2 Validation Dataset #1 

 

This section describes the details of validation dataset #1, which was developed from trial 

2 onboard SuperSpeed 1.  The ship geometry is presented, along with the initial population 

distribution, response times, passenger routes and assembled locations.  The modelling 

procedure is then explained and the method for comparing model results to experimental. 

 

7.2.1 Ship Geometry 

While the details of SS1 have been provided in the preceding chapters, a summary of the 

ship is provided here which is relevant for the validation dataset development.  The ship 

contains a mixture of spaces spread over three decks, which are accessible to passengers, 

as depicted in Figure 107.  The uppermost deck (deck 9) contains airline-style seating at 

the aft end of the vessel, as well as cabins that were accessible only to crew and truck 

drivers during the trial.  Deck 8 contains a large restaurant at the forward end of the ship, 

general and cafeteria-style seating near midships, which also served as assembly station D 

(accessible by two routes at the aft and forward ends of the area), general seating areas, 

business-class airline-style seating and the upper level of a bar in the aft end of the vessel.  
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The lowest passenger deck (deck 7) contains three assembly stations – one internal at 

midships (assembly station A, accessible by two routes on deck 7 and one stairway from 

the deck above) and two external in the aft region of the port and starboard sides (assembly 

station C and D respectively), each of which have two entrances.  The external assembly 

stations also serve as the lifeboat embarkation areas during abandonment (not a part of 

these trials).  Deck 7 also contains a general external seating area at the aft end of the 

vessel, the lower deck of the bar area at the aft end of the ship, general seating, lockers and 

small gambling area.  A small shopping area is located on the starboard side at midships 

(adjacent to assembly station A) and a large retail shopping area in the forward end of the 

ship.  The shaded areas of Figure 107 were not accessible by passengers during this trial. 

 

The vessel has four sets of primary stairs for passenger use, as shown in Figure 107.  Stair 

#1 is the furthest aft in the vessel and measures 1m wide.  It is located in the bar and 

extends from deck 7 to deck 8.  Stair #2 is located just outside the bar on deck 7 and 

extends to deck 9.  The stair consists of two lanes (each measuring 1.35m wide) separated 

by a banister with landings located between each deck.  Stair #3 is located just aft of 

midships and also extends between decks 7 and 9.  From deck 7 to deck 8 the stair consists 

of two lanes (each measuring 1.35m wide) separated by a banister with a landing between 

the decks.  From deck 8 to deck 9, there is a single stair lane (measuring 1.35m wide) with 

a landing located between the decks.  Stair #4 is the forward-most stair, located just 

forward of assembly stations A and D and extends from deck 7 to deck 8.  The stair 

consists of two lanes (each measuring 1.35m wide) separated by a banister with a landing 

located between the decks. 
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Figure 107 Layout of SuperSpeed 1, showing assembly stations, stairways and 

passenger areas. 
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7.2.2 Initial Population Distribution 

For SuperSpeed 1, the starting locations for 764 tagged passengers were determined from 

the IR dataset (described in Section 3.3.4).  As shown in Figure 108, it was determined that 

77 tagged passengers started on deck 9, 413 tagged passengers started on deck 8 and 274 

tagged passengers started on deck 7.  The breakdown of passenger starting locations on 

each deck is shown in Figure 108 with the type of space defined by the labels provided in 

Table 62.  

 

The number of passengers shown in the figure required some interpretation of the dataset, 

since a significant proportion of passengers wearing tags (320 out of 764 participating, or 

42%) were located in one of the four assembly stations at the time of the alarm.  The two 

internal assembly stations (A and D) held about 244 (76%) of these passengers, while the 

two external assembly stations (B and C) held the remaining 76 (24%).  Some of these 

passengers remained in the same assembly station throughout the exercise, while some 

moved to another assembly station and remained there until the exercise was complete. 

 

Table 62 Key for labels and initial distribution shown in Figure 108. 

ID Definition 
Deck 

Total 
7 8 9 

A Airline-style seating - 4 77 81 

B Bar 41 39 - 80 

G General seating 226 35 - 261 

R Restaurant - 335 - 335 

S Shopping 7 - - 7 

Total 274 413 77 764 

 

These passengers must be accounted for, as well as the potential impact that passengers 

who participated in the assembly but chose not to wear an IR tag.  While we have no data 

for these passengers, it is important to include an estimate of the number involved, since 

they may have an impact on the assembly process by increasing congestion in different 

locations.  This will be described further in the sections that follow. 
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Figure 108 Initial distribution of tagged passengers on SuperSpeed 1. 
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7.2.3 Response Times 

Five different response time distributions were used for validation dataset #1, chosen to 

represent the main areas on the ship where passengers were located at the alarm.  The 

RTDs presented here were not developed in the preceding chapter, since they were taken 

from trial 2 onboard SS1 in order to match the IR path data used.  The five areas chosen as 

the primary starting locations were: airline-style seating, bar, restaurant, shopping and 

general.  A summary of the trial 2 response time data for these different areas onboard is 

provided in Table 63.  The response time distributions for each area are provided below, 

along with the equation of the lognormal distribution fit to each. 

 

Table 63 Summary of response time data for trial 2, different areas of SS1. 

Location Min (s) Max (s) Mean (s) SD (s) Median (s) Mode (s) n 

Airline-style 

Seating 
9.4 145.6 37.1 28.3 28.9 17.8 71 

Bar 7.6 402.4 52.0 71.5 26.0 9.4 105 

General 6.7 311.0 92.0 93.4 48.3 34.6 100 

Restaurant 3.9 259.6 63.2 56.7 41.2 25.4 149 

Shopping 2.1 104.8 17.5 18.0 12.5 2.1 45 

 

 

Area “A”: Airline-style seating contained 71 passengers for whom response times were 

collected up to a maximum of 145.6 s.  The response time distribution resulting from this 

region is shown in Figure 109 and the resulting equation of the distribution is given as 

Equation (19), with mean, μ = 3.413 and standard deviation, σ = 0.608. 
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Figure 109 RTD for SS1, trial 2, airline-style seating area. 

 

Area “B”: Bar contained 105 passengers for whom response times were collected up to a 

maximum of 402.4 s.  The response time distribution resulting from this region is shown in 

Figure 116 and the resulting equation of the distribution is given as Equation (20), with 

mean, μ = 3.432 and standard deviation, σ = 0.924. 
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Figure 110 RTD for SS1, trial 2, bar area. 
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Area “G”: General consisted of cafeteria-style seating, children’s play areas and outer 

deck areas and contained 100 passengers for whom response times were collected up to a 

maximum of 311.0 s.  The response time distribution resulting from this region is shown in 

Figure 111 and the resulting equation of the distribution is given as Equation (21), with 

mean, μ = 4.019 and standard deviation, σ = 1.032. 
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Figure 111 RTD for SS1, trial 2, general areas. 

 

Area “R”: Restaurant contained 149 passengers for whom response times were collected 

up to a maximum of 259.6 s.  The response time distribution resulting from this region is 

shown in Figure 112 and the resulting equation of the distribution is given as Equation 

(22), with mean, μ = 3.796 and standard deviation, σ = 0.847. 
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Figure 112 RTD for SS1, trial 2, restaurant area. 

 

Area “S”: Shopping contained 45 passengers for whom response times were collected up 

to a maximum of 104.8 s.  The response time distribution resulting from this region is 

shown in Figure 113 and the resulting equation of the distribution is given as Equation 

(23), with mean, μ = 2.479 and standard deviation, σ = 0.890. 
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Figure 113 RTD for SS1, trial 2, shopping area. 
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7.2.4 Passenger Routes and Assembly Time 

Detailed routes for passengers are not presented here since these are not prescribed by the 

validation analysis.  Assembly time curves are presented for each assembly station, as well 

as the overall vessel.  In addition, given that we know passenger starting locations, this 

section also presents the assembly station to which passengers went during the trial.  Of the 

1,349 passengers on board SS1 for trial 2, a total of 764 passengers wore tags and were 

tracked throughout the trial.  In addition to identifying the starting location of the tagged 

passengers, the IR tracking system enabled the determination of the route taken by each 

tagged passenger and to which assembly station they went.  On completion of the exercise, 

the distribution of passengers was as follows (Figure 114): 

 

AS A: 157 passengers, with 80 of these having been in the assembly station since 

the start of the exercise and 77 moving from other areas of the ship. 

AS B: 179 passengers, with 37 of these having been in the assembly station since 

the start of the exercise and 142 moving from other areas of the ship.  

AS C: 102 passengers, with 28 of these having been in the assembly station since 

the start of the exercise and 74 moving from other areas of the ship. 

AS D: 326 passengers, with 139 of these having been in the assembly station since 

the start of the exercise and 187 moving from other areas of the ship. 

 

 

Figure 114 Number of passengers assembled in each assembly station. 

 

Figure 115 presents the assembly time curves for each of the four assembly stations on the 

ship (one on deck 8 and three on deck 7).  Figure 116 presents additional detail derived 
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from the IR data, indicating the assembly station to which passengers from different 

locations on the ship assembled.  It can be seen that, as one might expect, the majority of 

passengers moved to the assembly station nearest where they were located at the alarm, 

except for the general area on deck 8.  For this area, the majority of passengers moved to 

assembly station B on the deck below rather than directly into the adjacent assembly 

station D on deck 8.  It is difficult say with certainty the reason for this difference; 

however, it may be related to the fact that the nearest assembly station (D) was also the 

most crowded.  Thus, passengers may have chosen to avoid congestion and move to a less 

crowded area. 

 

 

 AS A AS B 

 

 AS C AS D 

Figure 115 Assembly time curves for the four assembly stations onboard SS1, with 

passengers in the assembly station removed. 
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Figure 116 also outlines movement between assembly stations, including the number of 

passengers who remained in each assembly for the entire exercise.  It can be seen that only 

a small number of passengers moved from one assembly station to another – 4.7% of the 

total population participating, compared with 37.2% who stayed in the same assembly 

station throughout the exercise. 

 

The Captain used the public address system to officially end the assembly exercise 10 

minutes after its start.  The IR tracking system recorded the time that each tagged 

passenger entered an assembly station, thus providing a good indication of the overall 

assembly time.  

 

The IR data suggests that the last tagged passenger arrived in AS A after 585 s (9 min 45 

s).  In addition to the assembly curves presented in Figure 115, the overall arrival curve is 

shown in Figure 117.  As such, this validation dataset provides a means of not only 

determining how well an evacuation model can predict the overall assembly time, but more 

importantly, how well the evacuation model can predict the overall assembly process and 

hence the overall assembly time. 
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Figure 116 Starting and assembled locations for passengers in different areas of 

SuperSpeed 1 (boxes with numbers and cross hatch pattern indicates 

number from this region that go to the AS with the same hatch pattern). 
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Figure 117 Overall measured assembly curve for the SS1 trial (removing all passengers 

who remained in an assembly station throughout the process and thus had 

an assembly time of zero). 

 

7.3 Validation Dataset #2 

 

This section describes the details of validation dataset #2, which was developed from the 

trial onboard Jewel of the Seas.  The ship geometry is presented, along with the initial 

population distribution, response times, passenger routes and assembled locations.  The 

modelling procedure is then explained and the method for comparing model results to 

experimental. 

 

7.3.1 Ship Geometry 

As with SuperSpeed 1, details of JoS have been provided in the preceding chapters, 

however, a summary of the ship geometry is provided here that has relevance for the 

validation dataset development.  The vessel has 12 decks (of 14 total) that are accessible to 

passengers (see Figure 118).  Seven decks consist primarily of passenger cabins – decks 7-

10 are all passenger cabins while decks 2-4 are mostly passenger cabins.  The other five 

decks consist of general circulation and entertainment spaces such as; restaurants (decks 4, 

5, 6, and 11), bars (decks 6, 12 and 13), disco (deck 13), swimming pools (deck 11), casino 

(deck 6), theatre (decks 4-6), cinema (deck 5), spa/health centre (decks 11 and 12), 
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business centre (decks 7 and 12), leisure pursuits (such as gymnasium, climbing wall, 

crazy golf, cards room – decks 12 and 13) and retail areas (deck 5).  In all, the vessel has 

18 uniquely identified assembly stations, however, many of these were located adjacent to 

each other on the port and starboard exterior lifeboat embarkation areas on Deck 5.  To 

help simplify the analysis, it was decided that these external assembly stations would be 

grouped together as single assembly “zones” on each side of the vessel (AS B and AS C), 

thus making a total of four distinct assembly zones onboard – two inside the vessel (AS A 

and AS D) and two outside (AS B and AS C).   

 

Assembly station B, on the starboard side of the vessel, has three entrances – the aft-most 

being located near the atrium at midships, one located forward of this area near the 

shopping space and the third located just outside the theatre at the forward end of the 

vessel.  Assembly station C on the port side of the vessel has two entrances – the aft-most 

located near the atrium amidships and the other located just outside the theatre in the 

forward end of the vessel.   

 

For the two internal assembly stations, AS A (the main theatre in the forward end of the 

ship which spans decks 4-6) has four entrances – two on each of deck 5 and deck 6 located 

at the entrance to the theatre.  Assembly station D has two entrances – one located at the 

forward end of the assembly station in the atrium (amidships) and the other at the aft end 

of the assembly station from the bar area located in the aft end of the vessel. 

 

The vessel has seven main vertical fire zones however only three main vertical passenger 

staircases were made available in the trial. The first staircase is located within the 

restaurant in the aft section of the vessel, and spans deck 4 and deck 5. This stair is curved 

with a landing.  The second staircase is located amidships in the ship’s atrium and extends 

from deck 2 to deck 13 with a varying geometry.  The other main staircase is located in the 

forward part of the vessel, just aft of the theatre, and extends from deck 3 to deck 12. All of 

the stair runs for this staircase are 1.2 m wide and 1.9 m long, with two double lane runs 

leading to a landing that measures 5.2 m by 1.5 m.  From the landing there are two more 

double lane stair runs leading up to the next deck.  Finally, several staircases of varying 

geometries run between decks 11/12 and decks 12/13 to connect the multi-use spaces in 

that area.  These staircases were all measured during ship visits in order to accurately 

represent the geometry of each in maritimeEXODUS. 
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Figure 118 Layout of Jewel of the Seas, Deck 11-13, showing stairways (circled) and 

non-passenger areas (shaded, no outline). 
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Figure 119 Layout of Jewel of the Seas, Deck 8-10, showing stairways (circled). 
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Figure 120 Layout of Jewel of the Seas, Deck 5-7, showing assembly stations (shaded 

with thick outline), stairways (circled) and non-passenger areas (shaded, no 

outline). 
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Figure 121 Layout of Jewel of the Seas, Deck 2-4, showing assembly stations (shaded 

with thick outline), stairways (circled) and non-passenger areas (shaded, no 

outline). 
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7.3.2 Initial Population Distribution 

For Jewel of the Seas, the starting locations for 1,779 tagged passengers were determined 

from the IR dataset (described in Section 3.3.4).  As shown in Figure 122, it was found that 

most passengers were either in cabins (760) or restaurants (620).  Almost one third of 

passengers (545) were located on deck 11 at the time of the alarm, with very few 

passengers located on deck 2 (19) and deck 13 (8).  The breakdown of passenger starting 

locations is shown in Figure 122 and the type of space defined by the labels as shown in 

Table 64. 

 

Unlike SuperSpeed 1, very few passengers wearing tags (52 out of 1,779 participating, or 

2.9%) were located in one of the four assembly stations at the time of the alarm.  More 

than half of these passengers (27) were located in AS D.  Some of these passengers 

remained in the same assembly station throughout the exercise (14), while the remainder 

moved to the other three assembly stations and stayed there until the exercise was 

complete.  All 5 passengers in AS A at the alarm remained there until the exercise was 

complete, as did 14 out of 15 in AS B and 3 out of 5 in AS C. 

 

Table 64 Key for labels and initial passenger distribution shown in Figure 122. 

ID Area 
Deck 

Tot. 
2 3 4 5 6 7 8 9 10 11 12 13 

B Bar - - - - 27 - - - - - - 8 35 

C Cabins 19 133 86 - - 139 126 153 104 - - - 760 

G General - - - 122 25 - - - - - - - 147 

L 
Leisure 

Activities 
- - - - - - - - - 122 56 - 178 

R Restaurant - - 197 - - - - - - 423 - - 620 

T Theatre - - - 5 - - - - - - - - 5 

Y 
Youth 

Activities 
- - - - - - - - - - 34 - 34 

Total 19 133 283 127 52 139 126 153 104 545 90 8 1,779 
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Figure 122 Initial distribution of tagged passengers on Jewel of the Seas (see Table 64 

for a reference key explaining each region). 
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7.3.3 Response Times 

Since it was not possible to collect response times for all passengers in all the various 

regions of the ship (due to its size and large number of decks), the overall RTD was used 

for modelling response time on Jewel of the Seas.  This response time distribution was 

given in Figure 88 and is, again, provided here as Figure 123 for convenience.  It is based 

on response times collected from 1,228 passengers and fitted with a log normal curve, with 

the following key parameters; the minimum and maximum response times are 0 s and 1379 

s, respectively, while the mean, μ =5.012 and the log of the standard deviation, σ = 0.89.   

  

Figure 123 Overall response time distribution for Jewel of the Seas. 

 

7.3.4 Passenger Routes and Assembly Time 

Detailed routes for passengers are not presented here since these are not prescribed by the 

validation analysis.  Assembly time curves are presented for each assembly station, as well 

as the overall vessel.  In addition, given that we know passenger starting locations, this 

section also presents the assembly station to which passengers went during the trial.  Of the 

2,292 passengers on board JoS for trial 2, a total of 1,779 passengers (78%) wore tags and 

were tracked throughout the trial.  In addition to identifying the starting location of the 

tagged passengers, the IR tracking system enabled the determination of the route taken by 

each tagged passenger and to which assembly station they went.  On completion of the 

exercise, the distribution of passengers was as follows (Figure 124): 

 

AS A: 402 passengers, with 5 of these having been in the assembly station since the 

start of the exercise and 397 moving from other areas of the ship. 
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AS B: 575 passengers, with 14 of these having been in the assembly station since 

the start of the exercise and 561 moving from other areas of the ship.  

AS C: 437 passengers, with 3 of these having been in the assembly station since the 

start of the exercise and 434 moving from other areas of the ship. 

AS D: 365 passengers, with 14 of these having been in the assembly station since 

the start of the exercise and 351 moving from other areas of the ship. 

 

Figure 125 shows the assembly time curves for each of the four assembly stations on the 

ship.  Figure 126 presents additional detail derived from the IR data collected on Jewel of 

the Seas, indicating the assembly station to which passengers from different locations on 

the ship assembled.  Since all passengers onboard were assigned to specific assembly 

stations, there are no obvious trends in this dataset regarding whether passengers moved to 

the closest assembly station or not – passengers appeared to have moved to the assembly 

station indicated on their key card.  There was little movement between assembly stations, 

again, for the same reason and the number of passengers located in assembly stations at the 

alarm was minimal. 

 

 

Figure 124 Number of passengers assembled in each assembly station. 
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 AS A AS B 

 

 AS C AS D 

Figure 125 Assembly time curves for the four assembly stations onboard JoS, with 

passengers already in the assembly station removed. 

 

The Captain officially ended the assembly exercise 29 minutes after its start.  The IR 

system recorded the time that the last tagged passenger arrived in AS A as 1637 s (27 min 

17 s), thus providing a good indication of the overall assembly time.  In addition to the 

assembly curves presented in Figure 125, the overall arrival curve is presented in Figure 

130.  As with the SS1 dataset, this validation dataset provides a means of not only 

determining how well an evacuation model can predict the overall assembly time, but more 

importantly, how well the evacuation model can predict the overall assembly process and 

hence the overall assembly time. 
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Figure 126 Starting and assembled locations for passengers in different areas of Jewel 

of the Seas, Deck 11-13 (boxes with numbers and cross hatch pattern 

indicates number from this region that go to the AS with the same hatch 

pattern, shown in the key). 
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Figure 127 Starting and assembled locations for passengers in different areas of Jewel 

of the Seas, Deck 8-10 (boxes with numbers and cross hatch pattern 

indicates number from this region that go to the AS with the same hatch 

pattern, shown in the key). 
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Figure 128 Starting and assembled locations for passengers in different areas of Jewel 

of the Seas, Deck 5-7 (boxes with numbers and cross hatch pattern indicates 

number from this region that go to the AS with the same hatch pattern, 

shown in the key). 
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Figure 129 Starting and assembled locations for passengers in different areas of Jewel 

of the Seas, Deck 2-4 (boxes with numbers and cross hatch pattern indicates 

number from this region that go to the AS with the same hatch pattern, 

shown in the key). 
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Figure 130 Overall measured assembly curve for the JoS trial (removing all passengers 

who remained in an assembly station throughout the process and thus had 

an assembly time of zero). 

 

7.4 Modelling Procedure 

 

7.4.1 Overview 

This section outlines the methods used to model SS1 and JoS using maritimeEXODUS 

software.  The IMO evacuation analysis guidelines MSC.1/Circ.1238 [21] provide specific 

parameters that must be used when performing an evacuation analysis for regulatory 

approval.  These parameters are grouped into four categories and are outlined below: 

 

- Geometrical: 

o Layout of escape routes – passengers and crew are expected to proceed 

along primary escape routes and know how to reach the assembly stations 

o Initial passenger and crew distribution – based on Chapter 13 of the FSS 

Code [118] 
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- Population: 

o Demographics – should be based on the details provided in Table 65 

o Response time – should be truncated lognormal distributions, according to 

(where x is response time in seconds and y is probability density at time x): 

 

For Night Cases (400 < x < 700): 
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For Day Cases (0 < x < 300): 
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o Unhindered travel speed in corridors – are based on the formulations 

presented in Table 66 and should be modelled as uniform random 

distributions with minimum and maximum values as presented in Table 65 

for corridors, according to the age and gender of each agent. 

o Unhindered travel speed on stairs – should be modelled as uniform random 

distributions with minimum and maximum values as presented in Table 65 

for stairs, according to the age and gender of each agent and whether 

moving in an up stairs or down stairs direction. 

o Door exit flow rates – should not exceed more than 1.33 persons per unit 

time (seconds) per unit width (m) of the exit. 

- Environmental: 

o Static and dynamic condition of the ship – these conditions would affect the 

movement speeds of people onboard but currently no reliable data is 

available so this is not accounted for. 

- Procedural: 

o Special crew procedures – modelling of special crew procedures is not 

required. 
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Table 65 Population composition for passengers (age and gender) with associated 

walking speed ranges for corridors and stairs [21].  Note that “Mobility 1” 

refers to individuals with the first type of mobility impairment. 

 

Age range 
% of 

PAX 

Walking Speed (m/s) 

Corridor Stairs (Down) Stairs (Up) 

Min Max Min Max Min Max 

F
em

al
es

 

< 30 yrs 7 0.93 1.55 0.56 0.94 0.47 0.79 

30-50 yrs 7 0.71 1.19 0.49 0.81 0.44 0.74 

> 50 yrs 16 0.56 0.94 0.45 0.75 0.37 0.61 

>50, Mobility 1 10 0.43 0.71 0.34 0.56 0.28 0.46 

>50, Mobility 2 10 0.37 0.61 0.29 0.49 0.23 0.39 

M
al

es
 

< 30 yrs 7 1.11 1.85 0.76 1.26 0.50 0.84 

30-50 yrs 7 0.97 1.62 0.64 1.07 0.47 0.79 

> 50 yrs 16 0.84 1.4 0.50 0.84 0.38 0.64 

>50, Mobility 1 10 0.64 1.06 0.38 0.64 0.29 0.49 

>50, Mobility 2 10 0.55 0.91 0.33 0.55 0.25 0.41 

 

Table 66 Formulation of mean travel speeds by age group and gender [21]. 

Gender Age (yrs) Speed Equation (m/s) 

Female 

2 – 8.3 0.06 x Age + 0.5 

8.3 – 13.3 0.04 x Age + 0.67 

13.3 – 22.25 0.02 x Age + 0.94 

22.25 – 37.5 -0.018 x Age + 1.78 

37.5 - 70 -0.01 x Age + 1.45 

Male 

2 – 5 0.16 x Age + 0.3 

5 – 12.5 0.06 x Age + 0.8 

12.5 – 18.8 0.008 x Age + 1.45 

18.8 – 39.2 -0.01 x Age + 1.78 

39.2 – 70 -0.009 x Age + 1.75 

 

All parameters used for the simulations performed were compliant with those specified 

above (IMO MSC.1/Circ.1238 [21]) with the exception of the response time distribution 

and the starting and ending location of passengers, which were based on trial data.  The 
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validation simulations presented here do not examine the route finding or way finding 

capabilities of the model, since the agent goes to a target assembly station defined by the 

trial results.  However, the route taken by each model agent to reach the assigned assembly 

station was not prescribed.  It should also be explicitly stated that population demographics 

used are those specified in IMO MSC.1/Circ.1238 [21] and not for passengers involved in 

the experiment.   

 

The results presented in this chapter were generated from blind simulations using the 

maritimeEXODUS V4.1 software ([39][40][41][42][43] and as described in Section 

2.6.3.10).  While the simulations presented here were carried-out by a member of the UoG 

project team rather than the author, the results are presented here to show the method for 

performing a validation assessment of the model used.  This is work that the author was 

intimately involved in, particularly the use of the metrics to compare simulation results to 

experimental data.  

 

7.4.2 SuperSpeed 1 – Trial 2 

For the simulations presented here, the regional response time data was used (Section 

7.2.3) and the first known (i.e. regional starting) locations of the passengers, as defined in 

Section 7.2.2, were used.  There were several issues with the data set collected onboard 

SuperSpeed 1 that reduce its quality.  These are outlined in the paragraphs that follow. 

 

Firstly, of the 1,349 passengers on board, 780 wore the IR tags and participated in the 

assembly trial.  Of these, 16 people (2.1% of people with tags) appeared in the AS after the 

trial ended, so were not included in the analysis, which gives a total of 764 tagged 

passengers.  The majority of the 569 passengers who did not wear the tags indicated that 

they did not want to participate in the assembly exercise – which was not compulsory for 

passengers, given the duration of the voyage.  A small number indicated that they did not 

want to wear a tag.  However, of the 569 passengers who chose not to wear a tag, a 

significant number did eventually decide to participate in the exercise.  This was 

determined during analysis of video footage, reviewing completed questionnaires and 

observations made by project team members who were positioned in the assembly stations 

to collect tags from the participants after the exercise was complete.  The presence of 

untagged passengers mixed with tagged passengers during evacuation process would 

naturally be expected to impact on the overall evacuation time and process, especially in 
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highly congested areas.  However, the assembly time for these passengers was not 

recorded by the IR system.   

 

Secondly, while the IR system logged the first beacon passed after the alarm, this did not 

represent the exact starting location of the tagged participants. Examination of the ship’s 

general arrangement drawings showed that passenger starting areas ranged in size from 24-

48m in length; thus not knowing the precise starting location of an individual may 

increase/decrease their arrival time by 25-50 seconds, assuming a mean walking speed of 

0.96 m/s. 

 

Finally, the response times used are not associated with individual passengers but to the 

regions in which they were located.  Thus the precise response time of each unique 

individual modelled is not known.  All of these factors must be taken into consideration 

when determining how well the evacuation model predicts the assembly exercise. 

 

As already noted, of the 569 passengers that did not wear IR tags, an unknown number 

actually participated in the trial and so had an effect on the movement of those passengers 

wearing the IR tags during the assembly exercise.  In order to take this into account, it was 

assumed that 250 of these passengers, approximately half, did actually participate in the 

assembly exercise.  These passengers were included in the evacuation simulation as 

moving passengers, but were not included in the analysis of the assembly station arrival 

curves and total assembly times.  These 250 agents were distributed throughout the vessel 

in the same proportion as the population distribution of the known 764 passengers.  As 

required by IMO MSC.1/Circ.1238 [21] a total of 50 repeat simulations were carried-out in 

which the starting locations of the passengers within the different regions were randomised 

and the total assembly time was derived from the 95
th

 percentile time selected to represent 

the prediction of the assembly process.  The procedure outlined in [21] assumes that 

evacuation models will under-predict the total assembly time so requires that a safety 

factor of 1.25 be applied to the predicted total assembly time. 

 

7.4.3 Jewel of the Seas 

As described in the previous section for SS1, several complications with the validation 

dataset for JoS introduced a degree of uncertainty in the trial results.  Firstly, of the 2,292 

passengers on board, 1,950 wore the IR tags and participated in the assembly trial.  Of 



 

 285 

these, 171 tagged participants were excluded from the data-set for various reasons e.g. a 

number of participants arrived at the AS after the trial was declared over, several 

participants had response times considerably longer than that measured using the video 

camera data, another participant took a unusually circuitous route to the AS, such as going 

up stairs for several decks when he/she should have been moving towards the AS.  The 342 

passengers that did not have tags were: (1) children under the age of 12 who were not 

permitted to take part in the study, (2) passengers who chose not take part in the trial and 

(3) a number of passengers who decided not to wear the IR tag or forgot to do so but still 

participated in the trial.  The number in the latter category is believed to be small (from  

analysis of video footage from the entrance to several assembly stations) and estimated to 

be less than 10% of the number participating who wore tags.  Unlike in the case of the SS1 

trial, the impact of these passengers on the overall results is expected to be small and is 

ignored.  

 

Secondly, as with SS1, the exact starting location of the tagged participants was not 

known, but the region in which they were located was known.  Spatial regions were 

calculated by another member of the UoG project team to be between 50m and 95m long; 

thus not knowing the precise starting location of an individual may increase/decrease their 

arrival time by 48-91 seconds.  

 

Thirdly, the response time distribution used is not associated with a unique individual but 

represents the overall response time distribution for the entire vessel.  Thus, unlike the 

analysis undertaken for SS1, the zonal response time distributions on JoS are not known to 

sufficient resolution to be meaningful.  The impact that this could have on an evacuation 

analysis is difficult to estimate as each time the simulation is run, a different random 

allocation of response times is made for all agents. Thus an agent may be allocated a very 

long response time in one simulation and in the next simulation may be allocated a very 

short response time.  The error associated with the random allocation of the global 

response time may be minimised if the mean predicted assembly time distribution is 

considered.  However, IMO MSC.1/Circ.1238 [21] requires that the 95
th

 percentile case be 

used to represent the vessel assembly performance.  All of these factors must be taken into 

consideration when determining how well the evacuation model predicts the assembly 

exercise.   
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7.5 Comparison of Model Results to Trial Results 

 

7.5.1 Validation dataset #1 

A comparison of maritimeEXODUS 95
th

 percentile case simulation results to trial results 

for each assembly station – A through D is presented in Figure 131.  The overall assembly 

time curve is presented in Figure 132.   

 

 

Figure 131 Graphical comparison of model predictions with experimental results by 

assembly station on SS1; showing difference between model and actual 

total assembly times (dashed lines: maritimeEXODUS results; solid lines: 

experimental results). 
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Figure 132 Comparison of model predictions to experimental results for the overall 

assembly process on SS1; showing difference between model and actual 

total assembly times (dashed lines: maritimeEXODUS results; solid lines: 

experimental results). 

 

Section 7.4.2 provides a detailed explanation for differences observed between modelled 

and experimental results shown in Figure 131 and Figure 132.  In summary: a proportion 

of passengers not wearing tags participated in the assembly exercise which impacted the 

assembly times measured and predicted; there may be a delay of up to 50 s before 

passengers in the experiment were logged by the IR system since it was not precisely 

known where passengers were located within each zone at the time of the alarm; and 

individual response time for tagged passengers is not known, which may affect the model 

results. 

 

As noted above, the total assembly time (TAT) – the time at which the final passenger 

reached the assembly station – is the primary measure of interest for regulatory authorities 

when interpreting evacuation analysis of a ship design.  It can be seen from Figure 131 and 

Figure 132 that the model under-predicts the TAT for each assembly station and the overall 

assembly process.  The simulations under-predict the TAT for each AS by: 18.0%, 26.3%, 

26.7% and 26.1% for assembly stations A, B, C and D respectively and the overall TAT is 

under-predicted by 18.3%.  It can also be seen from Figure 131 and Figure 132 that the 
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number of passengers involved in this difference (i.e. the portion that is under-predicted) is 

relatively small and possibly caused by a few late-comers to the AS (A: 5 PAX or 3.2% of 

the population at this AS; B: 9 PAX or 5.0% of the population at this AS; C: 3 PAX or 

2.9% of the population at this AS; D: 2 PAX or 0.6% of the population at this AS and 

overall: 11 PAX or 1.4% of the total population assembling). 

 

In addition, as noted earlier, there are several uncertainties associated with representing the 

experimental conditions in the modelling activity.  The uncertainty in the exact starting 

location of the passengers can introduce an error of about 25 s to 50 s in the prediction of 

assembly times.  This uncertainty alone introduces a possible error of as much as 10.5% in 

the overall TAT and an error of 10.5%, 11.6%, 12.5% and 16.0% in the prediction of the 

TAT for the individual assembly stations A, B, C and D respectively.  The error associated 

with the assembly of the non-tagged passengers is difficult to estimate.  While the analysis 

has attempted to take this into account by introducing approximately half the population of 

untagged passengers into the simulation, it is not clear if this is sufficient.  Taking this 

uncertainty into consideration, the errors in the predicted assembly times appear 

reasonable.   

 

It is also noted that the simulations in maritimeEXODUS correctly identified that the last 

AS to be assembled was AS A.  This is an important result, as IMO MSC.1/Circ.1238 [21] 

requires that the simulations identify which is the last AS to assemble and makes use of 

this information to formulate additional scenarios to be investigated. 

 

7.5.2 Validation Dataset #2 

A comparison of maritimeEXODUS 95
th

 percentile case simulation results for JoS to trial 

results for each assembly station – A through D and results is presented in Figure 133 and 

the overall arrival curve is presented in Figure 134. 

 

It can been seen from Figure 134 that the maritimeEXODUS simulations for JoS over-

predict the TAT for the overall assembly process and either under-predict (negative values) 

or over-predict (positive values) the assembly time for each AS.  The error for TAT 

between simulation and experimental results for each AS 8.1%, -10.1%, 10.1% and -5.0% 

for assembly stations A, B, C and D respectively and the overall TAT, which is over-

predicted by 8.1%.  
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When compared with model predictions for SuperSpeed 1, we see that the Jewel of the 

Seas simulation results are significantly closer to the experimental data.  It can be seen 

from the figures that the number of passengers involved in this difference (i.e. the portion 

that is under/over-predicted) is quite small and possibly caused by a few late-comers to the 

assembly station, in either the trial or the simulation (A: 1 PAX or 0.2% of the population 

at this AS; B: 2 PAX or 0.3% of the population at this AS; C: 1 PAX or 0.2% of the 

population at this AS; D: 6 PAX or 1.6% of the population at this AS and overall: 1 PAX 

or 0.06% of the total population assembling). 

 

Figure 133 Graphical comparison of model predictions with experimental results by 

assembly station on JoS; showing difference between model and actual total 

assembly times (dashed lines: maritimeEXODUS results; solid lines: 

experimental results). 
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As noted for the SS1 dataset, there are several uncertainties introduced into the 

experimental data which should be considered when assessing the level of agreement 

between model predictions and experimental data. The uncertainty in the exact starting 

location of the passengers can introduce an error of 48s to 91s in the prediction of 

assembly time.  This uncertainty alone introduces a possible error of up to 5.4% in the 

overall TAT and an error of up to 7% in the prediction of the TAT for each AS.  The error 

associated with using the global response time distribution rather than the actual response 

time for an agent is difficult to estimate but may be appreciable.   

 

Figure 134 Comparison of model predictions to experimental results for the overall 

assembly process on JoS; showing difference between model and actual 

total assembly times (dashed lines: maritimeEXODUS results; solid lines: 

experimental results). 

 

Finally, the error associated with the untagged passengers is expected to be small, and the 

approximate 5 s measurement error in the arrival times associated with using the IR system 

(explained in Section 3.3.7) is considered insignificant for this trial (0.3% for the overall 

TAT).  Taking these uncertainties into consideration, the errors in the predicted assembly 

times appear reasonable.  
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It is also noted that, as with the SS1 dataset, the numerical simulations for the 95
th

 

percentile case (those presented) correctly identify that the last AS to assemble is AS A.  

By visual inspection, the shape of the predicted and measured assembly curves is in very 

good agreement for the overall assembly (Figure 134), as are the curves for each individual 

AS (Figure 133).  This suggests that the evacuation model is doing a good job of predicting 

the overall assembly process.  Furthermore, the level of agreement for the JoS dataset 

appears to be significantly better than that of the SS1 dataset. 

7.6 Validation Metric 

 

7.6.1 Overview 

While the prediction of TAT is a useful measure of simulation performance, it is not 

sufficient alone for determining whether or not the simulation provides an accurate 

representation of the assembly process.  It may be possible for a reasonable prediction of 

TAT but with the evacuation dynamics misrepresented by the simulation model.  Thus, to 

determine if the evacuation simulation is a good representation of the evacuation dynamics 

it is important to determine how well the predicted assembly time curves match the 

experimental curves. 

 

By visual inspection, the predicted and measured assembly curves presented for the overall 

assembly appear to be in reasonable agreement (Figure 132 and Figure 134 for SS1 and 

JoS respectively).  Similarly, this is the case for the individual assembly stations (presented 

in Figure 131 and Figure 133 for SS1 and JoS respectively), with the exception of AS D on 

SS1.  This suggests that the evacuation model does a reasonable job of predicting the 

overall assembly process.  However, it is desirable to have an objective measure of the 

level of agreement between the predicted and experimental results, rather than relying on 

subjective assessments.  This is particularly important if the validation analysis is to be 

used by regulatory authorities to determine the suitability of evacuation modelling tools.  

Thus it is necessary to quantify the level of agreement between predicted and measured 

performance; in particular shape and magnitude differences between the curves. 

 

Peacock et al. [243] provided several metrics for quantifying the level of agreement 

between predicted and measured values.  However, the mathematical formulations 

presented in [243] were found to have a number of typographical errors, which meant that 
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the formulations as provided could not be used.  After some testing of what was thought to 

be the correct formulations and communication [244] with the lead author of [243], the 

correct versions were confirmed and these are presented here as Equations (26) to (29).   

 

The equations are based on functional analysis – a generalisation of linear algebra, analysis 

and geometry [243] – to geometrically represent the central features of the problem.  As 

explained by Peacock et al. [243], functional analysis makes use of vector notation to 

describe the mathematical problems.  Operations on these vectors allows for quantitative 

analysis of the underlying system properties.  For the work presented here, the vector 

operations of interest are the norm (a measure of a vector’s length) and the inner product (a 

measure of the angle between two vectors).  It is recognised that while there are other 

methods available for comparing two curves, the metrics provided in [243] allow for 

comparison of several qualities that are important for comparison of model predictions 

with experimentally obtained data. 

 

Before presenting the formulation of the metrics it is necessary to introduce some 

terminology explained in [243].  The series of measured experimental data is represented 

by the n-dimensional vector E = (E1, E2, …, En), where each element, Ei represents the 

measured assembly time for the i
th

 passenger.  Similarly, the series of predicted model data 

is represented by the n-dimensional vector m = (m1, m2, …, mn), where each element, mi 

represents the predicted assembly time for the i
th

 model agent.  The metric used to quantify 

the level of agreement between predicted and measured values consists of three measures.  

The first measure is the Euclidean Relative Difference (ERD), defined by Equation (26).  

This metric is used to assess the distance between the experimental data, E and the model 

data, m.  The calculation of ERD approaches a value of zero as the magnitude difference 

between the two curves is reduced.  Smaller values for the ERD mean better overall 

agreement than larger values.  An ERD=0.2 suggests that the average difference between 

the model and experimental results, taken over all the data points is 20%.   
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The second measure is the Euclidean Projection Coefficient (EPC), defined by Equation 

(27).  This metric provides a factor which, when multiplied by each modelled data point 

(mi), reduces the distance between the model (m) and experimental (E) vectors to its 

minimum.  Thus, the EPC provides a measure of the best possible level of agreement 

between the model (m) and experimental (E) curves.  An EPC=1.0 suggests that the 

difference between the model (m) and experimental (E) vectors is as small as possible.  
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The third measure is the Secant Cosine (SC) defined by Equation (28).  Unlike the other 

two measures, SC provides a measure of how well the shape of the model (m) curve 

matches that of the experimental (E) curve.  It uses a numerical calculation of the first 

derivative of both curves at each element in the series.  An SC=1.0 suggests that the shape 

of the model (m) curve is identical to that of the experimental (E) curve.   
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The term, t in Equation (28) is a measure of the spacing of the data.  For the assembly data 

presented in Figure 131 and Figure 132, the spacing of the data is always 1 (i.e. there is a 

data point for each passenger/agent that enters an AS).  Thus, the difference in t 

consecutive values in Equation (28) is always 1, which simplifies the equation to 
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The term, s in Equation (29) is a factor that represents the period of noise in the data, or 

variations in the experimental data resulting from microscopic behaviour that cannot be 

reproduced in the model.  Selecting a value of s greater than the period of noise in the data 

provides a means to smooth the effect of the noise.  However, care must be taken in 
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selecting the value of s; if the chosen value of s is too large, the natural variation in the data 

may be lost, while if s is too small, the variation in the data created by noise may dominate 

the analysis.  Selecting an appropriate value of s is dependent on the number of data points 

in the data set, given by the number of elements, n.  Thus it is desirable to keep the ratio 

s/n as low as practical. 

 

To illustrate how these metrics can provide a quantitative comparison of two curves, a set 

of hypothetical curves was generated that have varying degrees of similarity to the 

experimental data.  These are shown in Figure 135, where the experimental data is 

compared to the following curves: maritimeEXODUS modelled data, a stepped curve, a 

low stepped curve and a simple XY curve (y=x).  Comparison of the different curves to the 

experimental curve using the metrics defined in Equations (26) to (29) produce the results 

shown in Table 67.  By inspection, we see that the maritimeEXODUS modelled data 

produces the best fit to the experimental curve and this is supported by the results in the 

table for which EPC is closest to 1.0, ERD is closest to 0.0 and SC is closest to 1.0.  Figure 

135 also shows the range size for s/n=0.05 so that the reader can better understand the 

impact of choosing a value for s that is too large. 

 

 

Table 67 Results of hypothetical curve comparison to the experimental data. 

Curve 
EPC 

(ideal 1.0) 

ERD 

(ideal 0.0) 

SC (ideal 1.0) 

s=5 s=10 s=15 s=20 

mEX 1.05 0.30 0.76 0.88 0.92 0.93 

Stepped 0.33 1.82 0.02 0.03 0.04 0.05 

XY 0.43 1.26 0.44 0.47 0.49 0.50 

Low Step 2.57 0.90 0.12 0.18 0.20 0.18 

 

 

To further illustrate the influence of s on the resulting calculation of SC, Figure 136 shows 

SC as a function of s between 1 and 480 (the size of the data set).  In this instance, s=24 

represents s/n=0.05 (i.e. smoothing over 5% of the dataset).  From this, we see that for the 

case presented, there is generally a point after which choosing a larger value for s would be 

smoothing too large a portion of the data set and causing unpredictable calculations of SC. 
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For instance, the fact that all curves end with the same values means that choosing s=479 

gives SC=1 for all curves, which is clearly a misleading result.  As such, it is difficult to 

recommend what value of s (or s/n) should be used in the calculation of SC (Equation 

(29)), since the noise and natural variability in the datasets should be considered when 

making this choice.  It is recommended that s (or s/n) should be as small as possible so that 

the natural variability in a given dataset is not smoothed-over. 

 

 

Figure 135 Example curves created to demonstrate influence of S-Value on calculation 

of Secant Cosine in Equation (29), with experimental curve shown as 

dashed. 

 

A few additional considerations are presented here to help understand the meaning of the 

terms ERD, EPC and SC.  For data sets in which an experimental and model data points 

are available for each element, if ERD = 0.0 then it would not be necessary to consider 

other measures, since the two data sets would be identical.  In all other cases it is necessary 

to consider the three measures together in order to quantify how well the two data sets 
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match each other.  Since it is possible for a model data curve to cross an experimental data 

curve one or more times, EPC can return a value close to 1.0 while there is a difference 

between the two curves.  Similarly, SC can return a value of 1.0 even though the model and 

experimental data curves are offset by a constant value.  In general, for the model and 

experimental curves to be considered a perfect match, it is necessary to have all three 

measures at their optimal values i.e. ERD = 0.0, EPC = 1.0 and SC =1.0.   

 

 

Figure 136 Secant Cosine as a function of s (Equation (29)) for curves shown in Figure 

135 compared with experimental data (s=24 is equivalent to s/n=0.05). 

 

 

7.6.2 Applying the Metric to Validation Dataset #1 

Applying the metrics to the assembly time data shown for SS1 in Figure 131 and Figure 

132 produces the values shown in Table 68.  If we consider first the data relating to the 

overall assembly curve (Figure 132), the values for SC suggest that the shape of the overall 

curve closely resembles that of the experimental data, even with s/n as low as 0.01.  This is 

consistent with the conclusion drawn from a visual inspection of this figure.  Note that for 

this case, an s/n=0.01 represents smoothing over 1% of the data set and implies s=5 in 
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Equation (29) and the gradients used in the evaluation of the equation are spread over 5 

data points, which is considered reasonable.  Furthermore, the ERD result for the overall 

assembly is low (0.3) and EPC is close to 1.0, suggesting that the overall predicted 

assembly curve is quite close to the measured curve. 

 

If we then consider the individual assembly stations, we find that for s/n=0.05, SC values 

for all assembly stations are close to 1.0 suggesting that the shapes of the predicted curves 

are in good agreement with the measured curves.  This s/n value, which represents 

smoothing over 5% of the data set, is larger than that discussed above for the overall 

assembly curve, but is still considered to be small.  For the smallest of the assembly station 

data sets (AS C), this represents an s=4, while for the largest of the assembly station data 

sets (AS D), this represents an s=9. 

 

With the exception of AS D, ERD values are reasonably low, and EPC values are 

reasonably close to 1.0 with the exception of that for AS A and AS D.  These values 

suggest that, with the exception of AS D, the predicted values are reasonably close to the 

measured values, which again is consistent with a visual inspection of Figure 131.     

 

 

Table 68 Metric values for maritimeEXODUS prediction of validation set 1. 

 SC 
n ERD EPC 

% diff 

TAT s/n  0.01 0.03 0.05 0.07 0.09 

AS A 0.4 0.7 0.7 0.7 0.8 77 0.4 1.4 -18.0 

AS B 0.6 0.7 0.7 0.8 0.9 142 0.4 1.2 -26.3 

AS C 0.3 0.4 0.6 0.7 0.9 74 0.2 1.1 -26.7 

AS D 0.7 0.8 0.8 0.9 0.9 187 0.6 0.7 -26.1 

Overall 0.8 0.9 0.9 1.0 1.0 480 0.3 1.1 -18.3 

 

Based on this analysis, a set of acceptance criteria can be suggested for this validation data 

set that considers the uncertainties in experimental data and that model predictions are a 

reasonable match, based upon a visual inspection of the data.  A general two-step 

validation method was developed and published by members of the UoG project team, 

including the author [202][203][204].  The method is based in part on the philosophy of 
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IMO MSC.1/Circ.1238 [21], which focuses on the overall assembly process (i.e. for all 

passengers across the entire ship), but also requires that the user demonstrate reliable 

model predictions for the individual assembly stations. 

 

For the first step of the validation protocol, the acceptance criteria are applied to the model 

predictions of the overall assembly of all passengers on the ship.  To be deemed to be 

acceptable, the model predictions must satisfy all elements of the acceptance criteria and 

only if this is the case does the user move to the second step.  For the second step, the 

acceptance criteria are applied to each individual assembly station.  Applying the three 

metrics SC, ERD and EPC to the four assembly stations, gives a total of 12 values to 

consider (i.e. SC, ERD and EPC values for each of the four assembly stations  3 metrics 

x 4 AS = 12).  To provide an objective means for assessing the curves, the following set of 

acceptance criteria is suggested: 

 

(i) Predicted TAT for the overall assembly to be within 45% of the measured value 

(this criterion is only applied to step 1 of the acceptance process) 

(ii) ERD ≤ 0.45 

(iii) 0.6  ≤ EPC ≤ 1.4 

(iv) SC ≥ 0.6 with s/n ≤ 0.05 

 

These values are suggested based on what seems reasonable and acceptable for the 

maritimeEXODUS modelling conducted and from visual inspection of the curves being 

compared.  The cut-off values were chosen so as to be not too restrictive as to make it 

impossible for other models to pass the validation test.  In addition, the quality of this 

dataset was considered and the fact that there were some issues with dataset quality. 

Therefore, it is further suggested that 2 fails out of 12 would be acceptable, as long as these 

do not occur in any one assembly station.  While the cut-off values are somewhat 

arbitrarily chosen, they represent the first step in establishing a validation method for ship 

evacuation models and provide a basis for discussion and debate on how best to tackle the 

problem of model validation.  

 

Applying the suggested protocol to the maritimeEXODUS data presented in Table 68, we 

note that for step 1, the model predictions of TAT are always within 45% difference, hence 

step 2 of the validation protocol is considered.  In the second step, AS D fails to meet 
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criteria (ii) (ERD=0.6  thus ERD>0.45) but all other criteria are satisfied.  As the model 

predictions have satisfied all four criteria in step 1 and 11 of the 12 criteria in step 2, the 

model is considered to have satisfied the acceptance criteria.  

 

 

7.6.3 Applying the Metric to Validation Dataset #2 

Applying the metrics to the data shown in Figure 133 and Figure 134 produces the values 

shown in Table 69.  If we first consider the data for the overall assembly curve (Figure 

134), the values for SC suggest that the shape of the overall assembly curve very closely 

(SC ≥ 0.9) resembles that of the experimental data, even with s/n as low as 0.01.  This is 

consistent with the conclusion drawn from a visual inspection to compare the curves.  Note 

that for this case, s/n=0.01 represents smoothing over 1% of the dataset and implies s=17 

in Equation (29) and the gradients used in the evaluation of the equation are spread over 17 

data points, which is considered reasonable.  In addition, the ERD result for the overall 

assembly is very low (ERD=0.1) and EPC=1.0, suggesting that the overall predicted 

assembly curve is very close to the measured curve, again consistent with a visual 

inspection of Figure 134.  It is also noted that the overall TAT is within 8.1% of the 

experimental value. 

 

Table 69 Metric values for maritimeEXODUS prediction of validation set 2. 

 SC 
n ERD EPC 

% diff 

TAT s/n  0.01 0.02 0.03 0.04 0.05 

AS A 0.5 0.7 0.8 0.8 0.9 397 0.2 1.2 8.1 

AS B 0.9 0.9 0.9 0.9 0.9 561 0.2 0.9 -10.1 

AS C 0.8 0.8 0.9 0.9 1.0 434 0.1 1.0 10.1 

AS D 0.7 0.8 0.9 0.9 0.9 351 0.2 1.0 -5.0 

Overall 0.9 0.9 0.9 1.0 1.0 1743 0.1 1.0 8.1 

 

If we then consider the individual assembly stations, we find very good agreement between 

the modeled and experimental data.  For an s/n=0.02, the SC values for each assembly 

station range from 0.7 to 1.0.  This suggests that the shape of the predicted assembly 

curves is in good agreement with the measured curves, again supporting the conclusions of 

visual inspection of the curves.  This s/n value, representing 2% of the dataset, is larger 

than that considered above for the overall assembly curve, but is still considered small.  



 

 300 

For the smallest of the assembly station datasets (AS D), this represents s=7, while for the 

largest of the AS data-sets (AS B), this represents s=11.  The ERD values for each 

assembly station were also found to be quite low (≤ 0.20).   Finally, each of the three cases 

produce good values of EPC, with all values being close to 1.0.  

 

Based on this analysis, a set of acceptance criteria can be defined for this validation data 

set that considers the uncertainties in experimental data and that model predictions are a 

reasonable match for the experimental data based on a visual inspection of the data.  As for 

the validation dataset for SS1, a general two-step validation method was developed by 

members of the UoG project team, including the author [202][203][204].  The method is 

based in part on the philosophy of IMO MSC.1/Circ.1238 [21, which focuses on the 

overall assembly process (i.e. for all passengers across the entire ship), but also requires 

that the user demonstrate reliable model predictions for the individual assembly stations. 

 

For the first step of the validation protocol, the acceptance criteria are applied to the model 

predictions of the overall assembly.  To be deemed to be acceptable, the model predictions 

must satisfy all elements of the acceptance criteria and only if this is the case does the user 

move to the second step.  For the second step, the acceptance criteria are applied to each 

individual assembly station.  Applying the three metrics SC, ERD and EPC to the four 

assembly stations, gives a total of 12 values to consider.  To provide an objective means 

for assessing the curves, the following set of acceptance criteria was developed, which is 

stricter than the criteria developed for SS1 due to the lower uncertainty in the measured 

values: 

 

(i) Predicted TAT for the overall assembly to be within 15% of the measured value 

(this criterion is only applied to step 1 of the acceptance process) 

(ii) ERD ≤ 0.25 

(iii) 0.8 ≤ EPC ≤ 1.2 

(iv) SC ≥ 0.8 with s/n = 0.02 

 

As with validation dataset #1, these values are suggested based on what seems reasonable 

and acceptable for the maritimeEXODUS modelling conducted and from visual inspection 

of the curves being compared.  In addition, the fact that the data was of higher quality than 

validation dataset #1, the cut-off values were chosen to be more restrictive. It is again 
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suggested that 2 fails out of 12 would be acceptable, as long as these do not occur in any 

one assembly station.  While the cut-off values are somewhat arbitrarily chosen, they 

represent the first step in establishing a validation method for ship evacuation models and 

provide a basis for discussion and debate on how best to tackle the problem of model 

validation. 

 

Applying the suggested validation protocol to the maritimeEXODUS data presented in 

Table 69, we note that for step 1, the model predictions of TAT are always below 15% 

difference, hence step 2 of the validation protocol is considered.  In the second step, AS A 

fails to meet criteria (iv) (SC (s/n=0.02) = 0.7  thus SC (s/n=0.02) < 0.8) but all other 

criteria are satisfied.  As the model predictions have satisfied all four criteria in step 1 and 

11 of the 12 criteria in step 2, the model is considered to have satisfied the acceptance 

criteria.  

 

7.7 Recommendations to the IMO Regarding Validation Data 

 

Two validation data sets are recommended for inclusion into the IMO evacuation analysis 

guidelines to meet the requirement identified in IMO MSC.1/Circ.1238, Annex 3, 

Paragraph 18 – Quantitative Verification which states: “At this stage of development there 

is insufficient reliable experimental data to allow a thorough quantitative verification of 

egress models” [21].  Given the validation results presented in this chapter, particularly 

those for the cruise ship Jewel of the Seas, it is felt that sufficient and reliable data are now 

available to meet the needs of quantitative validation and to enable validation testing of 

ship evacuation simulation software. 

 

It is recommended that before an evacuation simulation tool is considered appropriate for 

use in ship evacuation certification analysis, it should demonstrate that it satisfies the 

requirements of the proposed validation protocol. 

 

As part of the validation protocol developed by the UoG team, including the author, all 

information required to setup the evacuation analysis is made freely available from the 

UoG website.  This includes: CAD layout of vessel (.DXF file format), starting location of 

passengers, end location of passengers, passenger response time distribution, assembly 
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curves for each individual assembly station and the overall assembly curve.  All other 

parameters required to perform the simulations should be extracted from IMO 

MSC.1/Circ.1238 [21]. Based on the analysis presented in this chapter, the suggested 

validation protocol is as follows:  

 

 Perform 50 simulations of the validation scenario. 

 Rank each simulation according to the total assembly time (TAT) determined for 

the total assembly. 

 Select the simulation producing the 95
th

 percentile TAT, which will be the basis of 

the validation comparison. 

 For the selected simulation case go through the two phase assessment process 

which consists of the following phases:   

o Phase 1: For the predicted total assembly curve, determine the percentage 

difference between the predicted and measured TAT.  Determine if the 

predicted parameters satisfy the acceptance criteria (Table 70) for all 

assembly stations and the overall assembly data.  If so, the user should 

move on to Phase 2.  If not, the software has failed the assessment. 

o Phase 2: For the predicted assembly curve for each of the four assembly 

stations, determine ERD, EPC and SC (Equations (26), (27) and (28), 

respectively).  Determine which of the 12 predicted parameters (three 

values for four assembly station) satisfy the acceptance criteria (Table 70).  

At least 9 out of 12 criteria must be met for validation data set #1 and 10 out 

of 12 criteria must be met for validation data set #2 to satisfy the criteria. It 

is further recommended that it would not be acceptable to have two or more 

failed criteria in any one assembly station. 

 The process should be carried-out for both validation data sets. 

 

Table 70 Summary of the acceptance criteria for validation data sets #1 and #2. 

Validation Dataset #1 Validation Dataset #2 

Phase 1: % TAT < 45% Phase 1: % TAT < 15% 

Phase 2 (minimum 9 of 12): 

 ERD ≤ 0.45 

 0.6 ≤ EPC ≤ 1.4 

 SC ≥ 0.6 with s/n = 0.05 

Phase 2 (minimum 10 of 12): 

 ERD ≤ 0.25 

 0.8 ≤ EPC ≤ 1.2 

 SC ≥ 0.8 with s/n = 0.02 
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7.8 Chapter Summary 

 

Data from two of the five semi-unannounced assembly trials performed – trial #2 on the 

SuperSpeed 1 ferry and the trial on the cruise ship Jewel of the Seas were used to define 

two unique datasets for validating ship evacuation models.  The datasets are unique for a 

number of reasons, primarily because unlike most validation datasets, they contain details 

on passenger response times, starting locations, end locations and final arrival times.  

Furthermore, the trials were conducted on real ships, at sea and were semi-unannounced 

making the results relevant, credible and realistic.  

 

The validation protocol and acceptance criteria proposed here enable an objective but clear 

means by which evacuation modelling tools can be assessed alongside the experimental 

data collected during this research.  The three measures used - Euclidean Relative 

Difference (ERD), Euclidean Projection Coefficient (EPC) and Secant Cosine (SC) 

compute the magnitude of the distance between the predicted and experimental data and 

the similarity of the shapes of the predicted and experimental arrival time curves.  The 

proposed acceptance criteria take into consideration uncertainties associated with the 

measured data in each of the datasets. 

 

It is proposed that the suggested validation protocol and the acceptance criteria should be 

used by IMO as part of a validation suite to determine acceptability of maritime evacuation 

models in a future enhancement to its ship evacuation assessment regulations.  To this end, 

the validation datasets are both made freely available from the UoG website for the Fire 

Safety Engineering Group, as provided through [245]. 

 

The validation datasets produced were used independently by members of the 

SAFEGUARD project (University of Greenwich, University of Strathclyde and Principia 

Engineering) to perform a validation analysis for three leading ship evacuation models 

developed within their respective organisations, namely maritimeEXODUS, EVI and 

ODIGO.  It was found that, while all three models performed better in different areas, all 

were capable of meeting the validation criteria set forth in this chapter.  It is worth noting 

here also, that since public release of the validation datasets produced as part of this 

research, two ship evacuation simulation models, SIMPEV and CityFlow-M are known to 
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have been successfully validated independently using the two validation datasets 

[200][201]. 

 

With a comprehensive set of response time distributions now produced (Chapter 6), a 

means for validating evacuation models established and used to validate five different 

commercially available models (Chapter 7), it would be useful to understand the 

implications on total assembly time of using the different response time distributions 

developed.  This is done in the next chapter (Chapter 8) using a hypothetical passenger 

ship model and maritimeEXODUS which has passed the validation tests presented here.  

Day and night case scenarios are modelled using the IMO MSC.1/Circ.1238 [21] 

parameters to provide baseline measures for comparison with repeat modelling using the 

different relevant response time distributions presented in Chapter 6. 
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8 Comparative Modelling with New Response Time Data 

 

8.1 Overview 

 

Changing the response time distributions used within the IMO guidelines 

(MSC.1/Circ.1238 [21]), as suggested in Section 6.5, may have a significant impact on the 

outcome of evacuation analysis for new and existing passenger ships.  This was described 

in [32] and [103] which showed that using a lognormal response time distribution rather 

than a uniform random distribution tends to generate greater levels of congestion, but can 

actually shorten the total assembly time predicted.  Representative response time 

distributions are also more likely to give more reliable insight into the strengths and 

weaknesses of a given ship design [32][103]. 

 

This chapter explores the impact that suggested changes to response time have on total 

assembly time.   This is accomplished by using the different response time distributions 

developed in Chapter 6 and applying them to a hypothetical ship layout to simulate the 

assembly process using the maritimeEXODUS software (described in Section 

2.6.3.10).  The predicted assembly times are compared with times derived using the current 

response time distributions specified within the IMO evacuation analysis guideline 

MSC.1/Circ.1238 [21].  Only a single ship layout is used in the analysis, however, the 

layout contains a variety of public spaces, as well as a large number of cabins and thus is 

considered relevant for both cruise ships and ferries.  As suggested in Chapter 6, and 

through the INF paper [227] submitted to the IMO, this is the first time it has been 

suggested that two different ship types should be considered (RO-PAX ferries and cruise 

ships) for evacuation analysis protocols. 

 

8.2 Hypothetical Ship Model 

 

A set of general arrangement drawings for a hypothetical ship was produced at UoG and is 

described in [246].  This model was provided for the author to use in performing the 

simulations outlined in this chapter.  Thus, while it was necessary for the author to make 



 

 306 

adjustments to the ship model, it was not necessary to develop a .DXF file from a CAD 

drawing and then prepare the geometry for simulation within maritimeEXODUS. 

 

The hypothetical ship (shown in Figure 137) is a large RO-PAX ferry with a length overall 

of 150m, breadth of 28m and 10 decks, 5 of which are accessible by passengers (Decks 6 – 

10).   

 

Figure 137 Five decks of the hypothetical ship model, as depicted in 

maritimeEXODUS software. 
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The decks are connected by stairways and the vessel is subdivided into 3 main vertical fire 

zones.  The vessel has a total of 8 assembly stations, all located on deck 8 – four on each of 

the port and starboard sides of the vessel.  For each side, there is one at the midships 

location where the lifesaving appliances (lifeboats) are located, plus one adjacent at the 

forward and aft ends of this location.  In addition, a large, internal assembly station is 

located at the aft end of the vessel.  All stairways on the vessel are similar in construction – 

narrow and capable of having only a single lane of passengers use the stairs.  One 

exception is a dual lane staircase, which is located in the midships area and runs from deck 

6 to deck 9. 

 

8.3 Passenger Population 

 

As described in detail in Section 7.4.1, the IMO evacuation analysis guidelines 

MSC.1/Circ.1238 [21] provide specific parameters that must be used when performing an 

evacuation analysis for regulatory approval.  These parameters are grouped into four 

categories; geometrical, environmental, procedural and population, which were outlined in 

Section 7.4.1.  The population parameters are defined in this section. 

 

A population of 650 passengers was randomly generated according to the proportions 

required by MSC.1/Circ.1238 [21] and as shown in Table 65 (Chapter 7) for gender and 

age ranges.  Mean walking speed for passengers was derived from the formulations 

presented in Table 66 (Chapter 7) and the walking speed for each gender and age group 

was modelled as a uniform random distribution with the minimum and maximum values 

specified in Table 65.  Flow rate through exits (given as the number of persons past a point 

in the escape route per unit time per unit width for the route) did not exceed 1.33 

persons/(m s).  

 

Ten different populations were randomly generated and positioned randomly in either 

cabin areas or public areas, depending on whether the scenario being modelling was a 

night or day case.  Each of the 10 populations was used for 5 simulation runs, with the 

individual agent positions randomised for each run.  Thus, for each test case, 50 

simulations were run.  To allow for a more consistent comparison between the results for 

each test case, when the populations had been generated and positioned, only the response 



 

 308 

time distribution was changed for each test scenario.  Thus, the population characteristics 

and starting locations for the daytime base case were the same as those used for each of the 

other comparison cases and the same was true for the night case. 

 

8.4 Scenarios Examined 

 

MSC.1/Circ.1238 [21] requires completion of four simulation cases.  The first two cases 

are the primary night and day cases in which all evacuation routes are available.  The last 

two cases are secondary night and day cases in which the main vertical zone producing the 

longest assembly time is further examined to determine the impact of two alternatives: 

 

1. The largest capacity staircase in the zone being unavailable, and 

2. 50% of the passengers in one of the main vertical zones (the one with the largest 

population) adjacent to the zone identified are required to move into the zone to 

proceed to the relevant assembly station. 

 

For the analysis provided here, only the primary day and night cases were simulated as the 

goal was to determine the impact of using different response time distributions on the total 

assembly time predicted. 

 

A total of ten scenarios were simulated using maritimeEXODUS – four night cases and six 

day cases: 

 

a. Scenario 1: Baseline case using IMO night RTD 

b. Scenario 2: Night case using RTD derived from cabin areas on JoS 

c. Scenario 3: Night case using RTD derived from cabin areas on OP 

d. Scenario 4: Night case using new recommended cruise ship RTD derived from cabin 

areas on JoS (truncated, scaled and shifted) 

 

e. Scenario 5: Baseline case using IMO day RTD 

f. Scenario 6: Day case using RTD derived from public areas on JoS 

g. Scenario 7: Day case using RTD derived from public areas on OP 

h. Scenario 8: Day case using RTD derived from public area on SS1 
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i. Scenario 9: Day case using new recommended RO-PAX day RTD derived from public 

areas on SS1 and ER (truncated & scaled) 

j. Scenario: 10: Day case using new recommended cruise ship day RTD derived from 

public areas on JoS (truncated & scaled) 

 

For the night case simulations, all passengers were positioned in cabin areas, while for the 

day case they were positioned in public areas of the ship (up to 75% of maximum 

capacity).  The scenarios are described above are presented in the section that follows. 

 

8.5 Total Assembly Time - Night Case 

 

8.5.1 Scenario 1: Baseline Case using IMO Night RTD 

The response time distribution provided in the IMO MSC.1/Circ.1238 [21] night case was 

used as the baseline night case and a total of 50 simulations run.  The resulting assembly 

curves (shown in Figure 138) were sorted by total assembly time (TAT) and the 95
th

 

percentile case chosen to represent the assembly process.  Results from the night case 

simulations are presented in Table 71.  We can see that for the representative base case it 

took 16 minutes and 49 seconds for all 650 passengers to assemble.  The difference 

between the slowest and fastest assemblies was 3 minutes and 16 seconds (20.2% 

difference).  These results compare well with those presented by Galea et al. 2003 [246] 

using the same hypothetical ship model with the IMO night case distribution which 

predicts the 95
th

 percentile TAT as 15 min 57 sec (a 5% difference). 
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Figure 138 Baseline results for all 50 simulations for the night case, with 95
th

 percentile 

shown as the thick red curve. 

 

8.5.2 Scenario 2: Night Case using RTD Derived from Cabin Areas on Jewel 

of the Seas 

The cabin area response time distribution for the Jewel of the Seas was used for 

comparison to the baseline case and a total of 50 simulations run.  The RTD was utilised in 

the same form as presented in Section 6.3, Equation (12) – not truncated and not shifted to 

account for passengers who may be sleeping.  The resulting predicted assembly curves 

(shown in Figure 139) were sorted by total assembly time (TAT) and the 95
th

 percentile 

case chosen to represent the assembly process.  It can be seen from the figure that this RTD 

produces a greater spread in the range of predicted assembly curves when compared with 

the baseline case.  Thus, this RTD produces greater variability in the resulting assembly 

times.  Results from the JoS cabin area RTD simulations are presented in Table 71 and we 

can see that for this RTD it took just over 13 minutes for all 650 passengers to assemble.  

The difference between the slowest and fastest assemblies was 2 minutes and 48 seconds 

(23.7% difference).  Using this RTD predicts a TAT that is 4 minutes and 12 seconds less 

than that predicted for the baseline case (-25.5% difference). 
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Figure 139 Results for all 50 simulations using the cabin area RTD for Jewel of the 

Seas, with 95
th

 percentile shown as the thick red curve. 

 

8.5.3 Scenario 3: Night Case using RTD Derived from Cabin Areas on 

Olympia Palace 

The response time distribution measured in cabin areas of Olympia Palace was used for 

comparison to the baseline case and a total of 50 simulations run.  The RTD was utilised in 

the same form as presented in Section 6.4, Equation (15) – not truncated and not shifted to 

account for passengers who may be sleeping.  The resulting assembly curves (shown in 

Figure 140) were sorted by total assembly time (TAT) and the 95
th

 percentile case chosen 

to represent the assembly process.  It can be seen from the figure that this RTD also 

produces a greater spread in the range of assembly curves when compared with the 

baseline case.  Thus, this RTD produces greater variability in the resulting assembly times.  

It is interesting to note that the 95
th

 percentile curve for this simulation case tends to 

predict shorter assembly times throughout the assembly process but the last few passengers 

arrive at the assembly station late.  This helps illustrate why one should be cautious when 

describing a given assembly process using only TAT, since it may not be very 

representative of the overall process.  Results from the OP cabin area RTD simulations are 

presented in Table 71 and we can see that for this RTD it took just over 12 minutes for all 
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650 passengers to assemble.  The difference between the slowest and fastest assemblies 

was 3 minutes and 6 seconds (25.6% difference).  Using this RTD predicts a TAT that is 5 

minutes and 17 seconds less than that predicted for the baseline case (-32.6% difference). 

 

Figure 140 Results for all 50 simulations using the cabin area RTD for Olympia Palace, 

with 95
th

 percentile shown as the thick red curve. 

 

8.5.4 Scenario 4: Night Case using New Recommended Cruise Ship RTD 

Derived from Cabin Areas on JoS (Truncated, Scaled and Shifted)  

The night case response time distribution recommended in Section 6.4 to update the IMO 

regulations was measured in cabin areas of Jewel of the Seas but shifted to the right by 400 

seconds and truncated at 1,100 seconds.  This RTD was used for comparison to the 

baseline case and a total of 50 simulations run.  The resulting assembly curves (shown in 

Figure 141) were sorted by total assembly time (TAT) and the 95
th

 percentile case chosen 

to represent the assembly process.  As with the other RTD comparison cases, it can be seen 

from the figure that this RTD also produces a greater spread in the range of predicted 

assembly curves when compared with the baseline case.  Thus, this RTD produces greater 

variability in the resulting assembly times.  Results from these simulations are presented in 

Table 71 and we can see that for this RTD that it took about 21.5 minutes for all 650 



 

 313 

passengers to assemble.  The difference between the slowest and fastest assemblies was 4 

minutes and 38 seconds (21.6% difference).  Using this RTD predicts a TAT that is 4 

minutes and 46 seconds more than that predicted for the baseline case (+24.8% difference). 

 

Figure 141 Results for all 50 simulations using the recommended cruise ship night case 

RTD, with 95
th

 percentile shown as the thick red curve. 

 

8.6 Total Assembly Time - Day Case 

 

8.6.1 Scenario 5: Baseline Case using IMO Day RTD 

The response time distribution for the day case identified by IMO MSC.1/Circ.1238 [21] 

was used for the baseline case and a total of 50 simulations run.  The resulting predicted 

assembly curves (shown in Figure 142) were sorted by total assembly time (TAT) and the 

95
th

 percentile case chosen to represent the assembly process.  Results from the day case 

simulations are presented in Table 72.  We can see that for the base case it took 7 minutes 

and 16 seconds for all 650 passengers to assemble.  The difference between the slowest 

and fastest assemblies was 2 minutes and 35 seconds (40.2% difference).  Despite this 

difference in TAT, it can be seen from the figure that the individual assembly curves tend 

to be grouped tightly together when compared with the night case baseline results.  It is 
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interesting to note that for all cases, most passengers had completed the assembly process 

by approximately 275 s, despite the fact that the overall TAT is significantly longer.  

Again, this difference is mainly due to the difference between RTD used for each case – 

the night case distributions tend to be spread across a broader time range than those 

measured for the day case.  In addition, for the day case simulations, passengers tend to be 

located more often in open areas when compared with cabin areas which tend to have 

passageways that are more narrow and restricted. 

 

Figure 142 Baseline results for all 50 simulations for the day case, with 95
th

 percentile 

shown as the thick red curve. 

 

8.6.2 Scenario 6: Day Case using RTD Derived from Public Areas on Jewel 

of the Seas 

The response time distribution for the Jewel of the Seas, measured in public areas of the 

ship was used for comparison to the baseline case and a total of 50 simulations run.  The 

RTD was utilised in the same form as presented in Section 6.3, Equation (11) – not 

truncated.  The resulting predicted assembly curves (shown in Figure 143) were sorted by 

total assembly time (TAT) and the 95
th

 percentile case chosen to represent the assembly 

process.  It can be seen from the figure that this RTD also produces a very tightly grouped 

set of assembly curves, as observed for the baseline case.  For this case, it is interesting to 
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note that most passengers had assembled by about 500 s.  Results from the JoS public area 

RTD simulations are presented in Table 72 and we can see that for this RTD it took just 

over 20 minutes for all 650 passengers to assemble.  The difference between the slowest 

and fastest assemblies was 10 minutes and 6 seconds (65.7% difference).  Using this RTD 

predicts a TAT that is 12 minutes and 39 seconds greater than that predicted for the 

baseline case (+93.8% difference).  This significantly longer TAT and greater spread on 

TAT for the 50 cases run can be attributed to the fact that this RTD, in the non-truncated 

form, would be expected to have a few individuals that are very late responding to the 

alarm and thus extend the TAT. 

 

Figure 143 Results for all 50 simulations using the public area RTD for Jewel of the 

Seas, with 95
th

 percentile shown as the thick red curve. 

 

8.6.3 Scenario 7: Day case using RTD Derived from Public Areas on 

Olympia Palace 

The response time distribution measured in public areas of Olympia Palace was used for 

comparison to the baseline case and a total of 50 simulations run.  The RTD was utilised in 

the same form as presented in Section 6.4, Equation (14) – not truncated.  The resulting 

predicted assembly curves (shown in Figure 144) were sorted by total assembly time 
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(TAT) and the 95
th

 percentile case chosen to represent the assembly process.  It can be seen 

from the figure that this RTD also produces a tightly grouped set of assembly curves for 

which most passengers have assembled by about 300 s.  Results from the OP public area 

RTD simulations are presented in Table 72 and we can see that for this RTD it took just 

under 8 minutes for all 650 passengers to assemble.  The difference between the slowest 

and fastest assemblies was 2 minutes and 5 seconds (28.7% difference).  Using this RTD 

predicts a TAT that is just 28 seconds greater than that predicted for the baseline case 

(+6.3% difference). 

 

 

Figure 144 Results for all 50 simulations using the public area RTD for Olympia 

Palace, with 95
th

 percentile shown as the thick red curve. 

 

8.6.4 Scenario 8: Day Case using RTD Derived from Public Areas on 

SuperSpeed 1 

The response time distribution for SuperSpeed 1, measured in public areas of the ship was 

used for comparison to the baseline case and a total of 50 simulations run.  The RTD was 

utilised in the same form as presented in Section 6.2, Equation (7) – not truncated.  The 
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resulting assembly curves (shown in Figure 145) were sorted by total assembly time (TAT) 

and the 95
th

 percentile case chosen to represent the assembly process.  It can be seen from 

the figure that this RTD also produces a very tightly grouped set of predicted assembly 

curves, as observed for the baseline case.  For this case, it is interesting to note that most 

passengers had assembled by about 300 s.  Results from the SS1 public area RTD 

simulations are presented in Table 72 and we can see that for this RTD it took just over 9 

minutes for all 650 passengers to assemble.  The difference between the slowest and fastest 

assemblies was 3 minutes and 25 seconds (39.3% difference).  Using this RTD predicts a 

TAT that is 1 minute and 53 seconds greater than that predicted for the baseline case 

(+22.9% difference).   

 

Figure 145 Results for all 50 simulations using the public area RTD for SuperSpeed 1, 

with 95
th

 percentile shown as the thick red curve. 

 

8.6.5 Scenario 9: Day Case using New Recommended RO-PAX RTD Derived 

from Public Areas on SuperSpeed 1 and Eurostar Roma (Truncated 

and Scaled) 

The RO-PAX ferry day case response time distribution recommended in Section 6.5, 

Equation (16) to update the IMO regulations measured in public areas of SuperSpeed 1 and 
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the Eurostar Roma, combined and truncated at 300 seconds was used for comparison to the 

baseline case and a total of 50 simulations run.  The resulting assembly curves (shown in 

Figure 146) were sorted by total assembly time (TAT) and the 95
th

 percentile case chosen 

to represent the assembly process.  As with the other day case RTD comparison cases, it 

can be seen from the figure that this RTD also produces a tightly grouped set of predicted 

assembly curves for which most passengers had assembled by about 275 seconds. Results 

from these simulations are presented in Table 72 and we can see that for this RTD it took 

about 7.5 minutes for all 650 passengers to assemble.  The difference between the slowest 

and fastest assemblies was 2 minutes and 22 seconds (37.2% difference).  Using this RTD 

predicts a TAT that is just 2 seconds more than that predicted for the baseline case (+0.4% 

difference).  This result is to be expected, since the RTD used is essentially the same 

provided in the IMO guidelines and is truncated at the same value. 

 

Figure 146 Results for all 50 simulations using the recommended RO-PAX ferry day 

case RTD, with 95
th

 percentile shown as the thick red curve. 
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8.6.6 Scenario 10: Day Case using New Recommended Cruise Ship RTD 

Derived from Public Areas on Jewel of the Seas (Truncated and 

Scaled) 

The cruise ship day case response time distribution recommended in Section 6.5, Equation 

(17) to update the IMO regulations measured in public areas of Jewel of the Seas and 

truncated at 300 seconds was used for comparison to the baseline case and a total of 50 

simulations run.  The resulting predicted assembly curves (shown in Figure 146) were 

sorted by total assembly time (TAT) and the 95
th

 percentile case chosen to represent the 

assembly process.  As with the other day case RTD comparison cases, it can be seen from 

the figure that this RTD also produces a tightly grouped set of assembly curves for which 

most passengers had assembled by about 350 seconds.  Results from these simulations are 

presented in Table 72 and we can see that for this RTD, as with the recommended RO-

PAX curve, it took about 7.5 minutes for all 650 passengers to assemble.  The difference 

between the slowest and fastest assemblies was 1 minutes and 54 seconds (27.5% 

difference).  Using this RTD predicts a TAT that is just 21 seconds greater than that 

predicted for the baseline case (+4.7% difference).   

 

Figure 147 Results for all 50 simulations using the recommended cruise ship day case 

RTD, with 95
th

 percentile shown as the thick red curve. 
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8.7 Discussion of Modelling Results 

 

We can see from the preceding that the response time distribution used in passenger ship 

evacuation modelling can have a significant impact on the total assembly time predicted.  

In addition, the nature of the assembly time curve, particularly when we consider the 

variability in the range, is also impacted by the RTD used.  This section provides a 

discussion of modelling results in terms of the variability within each scenario and also the 

differences observed between the 95
th

 percentile curve for each scenario, broken down by 

night and day case. 

 

8.7.1 Night Case Results 

Table 71 shows that a similar level of variability is produced for all RTDs between the 

minimum and maximum TAT values calculated for 50 simulations (ranging from 20.2% to 

25.6%).  The RTD that produced the greatest absolute TAT range difference was the newly 

recommended night case distribution.  It is also interesting to note that this RTD predicts a 

TAT that is 24.8% greater than that predicted when using the current IMO baseline case. 

 

Table 71 Results for night case simulations with hypothetical ship. 

RTD used 

95
th

 

Percentile 

TAT 

Difference between 

min and max (50 

runs) 

% Difference from 

Baseline IMO Night 

Case 

Baseline IMO Night 16min 49sec 3min 16sec (20.2%) -- 

JoS (cabin spaces), not 

shifted 
13min 1sec 2min 48sec (23.7%) - 4min 12sec (-25.5%) 

OP (cabin spaces), not 

shifted 
12min 6sec 3min 6sec (25.6%) - 5min 17sec (-32.6%) 

New recommended 

cruise 
21min 35sec 4min 38sec (21.6%) + 4min 46sec (+24.8%) 

 

The 95
th

 percentile results for each night case RTD scenario used are shown in Figure 148.  

From this figure we see that the RTDs that are shifted by 400 s (current IMO base case and 

new recommended cruise case) also produce the longest assembly times.  This is an 
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intuitive result, since these passengers do not bgin responding to the alarm until 400 s has 

passed, thus passengers responding between 0-400 s would be expected to complete the 

assembly process first. 

 

The assembly time curves for the JoS cabin area RTD (not shifted) and the new 

recommended cruise RTD (shifted) take a similar shape and the difference in TAT 

between these curves is 515 s.  This is an interesting result because the new recommended 

cruise ship RTD is a version of the JoS cabin area RTD (but shifted right by 400 s, 

truncated and scaled to account for the area truncated in the distribution tail).  Thus, the 

adjustments made to create the new recommended cruise ship RTD result in a TAT that is 

115 s more than the 400 s shift between the RTDs (a difference of 25.1%) which is close to 

the range specified in Table 71 for JoS cabin areas. 

 

The OP cabin area RTD produced an assembly curve most similar in shape to the IMO 

baseline, though the TAT was 282.9 s less than the baseline result.  It is interesting to note 

the similarity in shape for these two curves, since both were derived from trials onboard 

RO-PAX ferries with cabins.  This supports the recommendation made to the IMO 

(Section 6.5) that cruise ships should be added as a new category in the guidelines for 

passenger ship evacuation analysis.  However, it is important to remember that the 

response time dataset collected onboard OP may have issues of reliability and further data 

is required before a new RO-PAX ferry RTD can be recommended. 

 

Comparing the assembly curves produced using the current IMO baseline RTD and the 

new recommended cruise ship RTD, we see that the assembly curve shapes are noticeably 

different.  The cruise ship RTD produces an assembly curve that is approximately linear to 

the end of the process, after the assembly of the first 50 or so passengers, with the TAT not 

being measurably affected by latecomers to the assembly station, as is the case for the OP 

night curve and, to a lesser degree, the IMO baseline curve.  This is an important result 

since it suggests that the RTD used can have an impact on the shape of the predicted 

assembly curve.  The recommended cruise ship RTD is more widely distributed over a 

greater time range than the RO-PAX RTD and this affects the way in which crowd 

congestion develops in spaces with reduced area onboard.  Thus, it demonstrates that 

differences in the response behaviour have an effect on the nature of the assembly process 

predicted by the model. 
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Figure 148 95
th

 percentile assembly time curves for the night case RTD scenarios 

(scenario 1 to 4). 

 

These differences are important to consider in the context of real-world application to 

design of cruise ships since the RTD is based on data collected from actual passengers on a 

cruise ship at sea.  Therefore evacuation modelling results for cruise ships should be 

considered more reliable than would be the case if using an RTD which was derived from a 

RO-PAX ship at sea, as is currently the case in the IMO guidelines.  Using an RTD for 

cruise ship evacuation modelling which represents passenger behaviour onboard a RO-

PAX ferry may result in vessel design modifications that are not relevant for cruise ships, 

given that RO-PAX passengers tend to respond more quickly, on average, than cruise ship 

passengers.   

 

Finally, it should be noted that despite the increased TAT associated with using the new 

recommended cruise ship RTD, this design still meets the IMO requirement for all 

passengers to be assembled with 30 minutes of the alarm.  However, for ships with a TAT 

that is closer to the accepted performance requirement threshold, using a cruise ship night 

case RTD that increases the predicted TAT by 24.8% may make it more challenging for a 

given design to be certified.  Given that the IMO guidelines currently require the addition 

of a safety factor (to account for uncertainty in the evacuation modelling process), it may 
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be worth considering a reduction in the factor since the new recommended RTD is more 

realistic than what is currently being used. 

 

8.7.2 Day Case Results 

We see from Table 72 for the day case simulations that the range of variability between the 

minimum and maximum predicted TAT is more significant than for the night case (ranging 

from 27.5% to 65.7%).  The RTD that produces the greatest range in 50 simulations was 

from the JoS dataset for public spaces.  It is should be noted that this RTD also predicts a 

TAT that is 93.8% greater than that predicted when using the current IMO baseline case.  

As discussed above, the reason for this large difference is the result of a few passengers 

who were slow responding to the alarm (due to the significantly greater spread in the JoS 

RTD compared with the other distributions) and therefore late arriving at the assembly 

station.  When this RTD is truncated and scaled (i.e. the new recommended cruise ship day 

case RTD), the difference in TAT with the baseline case dramatically reduces from 93.8% 

to 4.7%. 

 

Table 72 Results for day case simulations with hypothetical ship. 

RTD used 

95
th

 

Percentile 

TAT 

Difference between 

min and max (50 

runs) 

% Difference from 

Baseline IMO Day 

Case 

Baseline IMO Day 7min 16sec 2min 35sec (40.2%) -- 

JoS (public spaces) 20min 5sec 10min 6sec (65.7%) + 12min 39sec (93.8%) 

OP (public spaces) 7min 44sec 2min 5sec (28.7%) + 28sec (6.3%) 

SS1 (public spaces) 9min 8sec 3min 25sec (39.3%) + 1min 53sec (22.9%) 

New truncated ROPAX 7min 18sec 2min 22sec (37.2%) + 2sec (0.4%) 

New truncated Cruise 7min 37sec 1min 54sec (27.5%) + 21sec (4.7%) 

 

The 95
th

 percentile results for each day case RTD scenario examined are shown in Figure 

149.  From this figure we see that the shape of all assembly curves is similar but that 

results using the RTDs based on JoS public areas result in assembly curves that are 

typically 50 s slower than for RO-PAX RTDs.  This value is approximately equivalent to 

the difference between mean response time for SS1 and JoS, as presented in Section 6.3.5.  

We also see that the assembly curves produced using the IMO baseline, SS1, OP and new 
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recommended RO-PAX RTDs are virtually the same.  This is an expected result, given that 

the RTDs are all very similar.  The greatest difference is seen for the SS1 RTD derived 

from public spaces which, while similar in shape, produces a TAT that is almost 23% 

longer than that predicted using the IMO baseline RTD.  This is largely due to a few 

latecomers to the assembly station and is likely the result of the fact that this RTD has not 

been truncated or scaled.  Unlike the night case assembly curves, we do not see a 

significant difference in the nature of the assembly curves for the cruise ship RTDs as 

compared with the RO-PAX results, aside from the shift noted. 

 

It is obvious from what has been presented for RO-PAX ships that the new recommended 

RO-PAX RTD does not have a significant negative impact on the vessel’s ability to meet 

the required evacuation performance when compared with results for the current IMO 

baseline RTD.   This is not a surprising result, given that the recommended RTD is very 

similar to the current baseline RTD.  As noted in Section 6.5.1, it is recommended that the 

new RTD be used because it is based on a significantly larger dataset of passenger 

response time behaviour. 

 

Figure 149 95
th

 percentile assembly time curves for the day case RTD scenarios 

(scenario 5 to 10). 

 

Results for cruise ships suggest that that increases in total assembly time can be expected 

when using the new recommended cruise RTD as compared with using the current IMO 
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baseline case RTD.  For the ship tested here, the increase in TAT is small in comparison to 

the overall assembly time, however given that the resulting assembly curve for the new 

recommended cruise RTD is offset to the right of the curve produced using the current 

baseline RTD, it may be reasonable to expect differences in TAT would be greater if a few 

agents are late arriving at the assembly station.  Even still, assuming that the 95
th

 percentile 

model results presented are representative of the evacuation process, it seems likely that 

the new cruise RTD would not produce unreasonably pessimistic results.   

 

8.8 Chapter Summary 

 

For ship evacuation modelling, the choice of response time distribution has a direct impact 

in on the prediction of the assembly process.  The effect has been demonstrated in this 

chapter using maritimeEXODUS and a hypothetical ship model comprised of 5 passenger 

decks with a mixture of public and cabin areas throughout.  A population of 650 

passengers was positioned in either cabin areas or public areas, depending on whether a 

night or day case simulation was being undertaken.  The population demographics and 

randomised locations were identical between all different day and night scenarios tested.  

As required by the IMO evacuation analysis guidelines, 50 simulations were performed for 

each scenario and the 95
th

 percentile case was chosen as the representative assembly curve. 

 

A total of ten different scenarios were examined for which a different RTD was used in 

each – four night cases and six day cases.  The current IMO day and night response time 

distributions were used to generate baselines for comparison.  From the results presented, it 

is obvious that choice of RTD can have a significant impact on the predicted total 

assembly time, particularly for RTDs with greater spread and long tails.  It was noted that 

the variability between results for the 50 simulations performed in each scenario was 

similar among night cases and among day cases. 

 

For the night cases examined, the new recommended cruise ship RTD (based on the JoS 

trial results for cabins areas, truncated, scaled and shifted by 400 s) produced a TAT that 

was 24.8% longer than when using the current IMO night case RTD with the same vessel 

design.  Although this increase in TAT is significant, the vessel would still meet the 

required performance criteria for certification, however, this may not be the case for all 
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vessel designs being certified.  It is important to remember that the baseline RTD was 

derived from a RO-PAX ship and may not be broadly representative of passenger response 

behaviour on cruise ships, thus it is recommended that the cruise ship RTD be used as 

presented.  Since the RO-PAX cabin RTD (night case) data collected through this research 

was not considered reliable, an analysis of its impact on RO-PAX assembly time was not 

presented here and changes are not recommended for this case and ship type. 

 

Results for the day cases examined show that the baseline day RTD and new recommended 

RO-PAX RTD produce assembly curves that are almost identical.  This is an expected 

result from the modelling, since the baseline and new RTD are almost identical.  Thus, 

using the new recommended RTD does not pose an additional certification challenge, 

however, the new RTD is based on a much more reliable dataset and should be used in the 

regulations.  Results using the new recommended cruise ship RTD produced a slight 

increase in TAT over the baseline case but should not pose a significant additional 

certification challenge, except in marginal designs.  Given this result and that the RTD was 

derived from public areas on JoS (truncated and scaled), it represents a more reliable, 

representative dataset and should be used in the regulations. 

 

The results presented in this chapter provide an indication of the impact that using more 

representative response time behaviour data is expected to have on results of evacuation 

simulation used in certification of passenger ships.  These are important findings which, if 

adopted, will have a direct and positive effect on the design of passenger ships and the 

safety of the travelling public.  Chapter 9 will summarise the work presented in this 

dissertation, referencing the research questions posed in Chapter 1 and identifying the main 

findings and results. 
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9 Conclusions 

 

The research described in this dissertation focusses on the emergency assembly of 

passengers on large cruise ships and ferries; in particular, the response phase and the 

evacuation movement phase.  As identified in Chapters 1 and 2, there are gaps both in our 

understanding of behaviour during the passenger assembly process on cruise ships and 

ferries, as well as the international regulations that govern passenger ship evacuation 

analysis.  Thus, the main objective of this dissertation has been to collect realistic 

passenger response and assembly time data through large-scale experiments on different 

passenger ships and to disseminate results so that ship evacuation modellers and the 

International Maritime Organization can improve upon the current state of passenger ship 

evacuation analysis.  In particular, the current IMO passenger ship evacuation analysis 

guidelines (MSC.1/Circ.1238) lack a proper definition of passenger response time, and the 

circular identifies in its third Annex, Paragraph 18 the need for proper quantitative 

validation of models used to simulate the assembly process on passenger ships.  

Furthermore, as discussed in Section 2.3.4, in the publication of MSC.1/Circ.1238, the 

IMO specifically requested its member governments to provide “…information and data 

resulting from research and development activities, full-scale tests and findings on human 

behaviour, which may be relevant for the necessary future upgrading of the present 

Guidelines”.  This dissertation has provided such data for the regulator to use in updating 

the guidelines. 

 

To this end, the novel aspects of the work described in this dissertation have been 

identified as; (1) the first time that human alarm response time has been characterised with 

significant numbers of paying passengers onboard different types of passenger ships at sea; 

(2) the first time a method for accurately collecting individual passenger routes during the 

assembly process has been provided and demonstrated; and (3) the first time a detailed 

method for validating passenger ship evacuation analysis models has been proposed which 

includes two detailed datasets as well as a metric that allows for objective assessment of 

model performance.  These are important aspects of the work carried-out which, it is 

hoped, will have a direct impact on future passenger ship designs through recommended 

improvements to the governing regulations at the IMO. 
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Methods for data acquisition have been described in detail in Chapter 3, including the use 

of video cameras for collection of response time data but with a particular focus on tests 

undertaken with RFID and IR technologies to determine the best method for collecting 

passenger movement data.  The IR system employed was a novel approach to the 

collection of passenger movement data and produced a high-quality, reliable dataset for 

individual passengers involved in the trials. 

 

Experimental methods were described in detail in Chapter 4 for each of the three ships 

tested – a RO-PAX ferry without cabins, a cruise ship and a RO-PAX ferry with cabins.  

This included the development of a detailed test protocol for each vessel to ensure the 

safety of passengers involved and to prevent unforeseen problems from arising, where 

possible.  This was a complex and logistically challenging process which took several 

months to complete for each vessel.  In the end, a total of five trials were completed safely, 

involving 5,582 passengers in total and producing the largest datasets collected to date for 

passenger response time and movement on cruise ships and ferries during assembly trials 

at sea. 

 

The arduous process of data analysis is described in Chapter 5, including video analysis 

(584 GB of video collected) methods for generating the response time dataset (2,379 

response times in all), inter-rater reliability testing to ensure consistency between analysts 

in producing the response time dataset, and passenger movement data collected from the 

IR tracking system, which provided details of the start and end locations for each 

individual participating in the trials (3,680 passengers in all) and the associated assembly 

time. 

 

Using the response time dataset collected, Chapter 6 provided a detailed analysis of the 

statistical distribution of passenger response times for each of the three ships tested.  The 

dataset of passenger response time is relevant, credible, realistic, and represents a 

significant improvement in the state of knowledge in this field.  From the analysis presented 

in this chapter, recommendations were made to the IMO through an information paper, 

with details of new response time distributions that should be used for evacuation analysis 

of passenger ships. 
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Despite technical failure of part of the IR system during the first trial and low numbers of 

passengers on the last two trials, results from the two remaining trials were used to produce 

two different ship evacuation model validation datasets.  This work is described in Chapter 

7 and is unique for a number of reasons, primarily because unlike most validation datasets, 

these contain details on passenger response times, starting locations, end locations and 

final arrival times.  Furthermore, the trials were conducted on real ships, at sea and were 

semi-unannounced making the results relevant, credible and realistic.   Using the response 

time data, recommendations were made to the IMO through a second information paper, 

with details of the two validation datasets that were recommended for inclusion in updated 

regulations in an effort ensure that models used for evacuation analysis meet the validation 

performance tests. 

 

Sime [84] stated that the time taken by people in responding to information concerning 

fires is as important as actions taken after this response.  The impact of response time 

distribution used in evacuation modelling was demonstrated in Chapter 8, using a 

hypothetical ship model, it was shown that the new recommended cruise ship RTDs (day 

and night) produced longer total evacuation times than when using the existing IMO RTDs 

(day and night). For the new recommended RO-PAX day case RTD, results were almost 

identical to those for the current IMO day case RTD, which is an expected result, given 

that the new recommended RO-PAX day case RTD was almost identical to the currently 

used day case RTD.  The results provide an indication of the impact that using more 

representative response time behaviour data is expected to have on results of evacuation 

simulation used in certification of passenger ships.  These are important findings which, if 

adopted by the IMO, will have a direct and positive effect on the design of passenger ships 

and the safety of the travelling public. 

 

Considering the four main research questions introduced in Chapter 1, the paragraphs that 

follow provide detailed evidence of what was achieved in this dissertation. 
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1. How do we collect realistic passenger ship evacuation data while ensuring the safety 

of passengers and balancing the responsibility and requirements of the Captain and 

crew, research team, ship owner and regulatory authority? 

 

1a) What are the regulatory requirements for conducting an evacuation assessment of a 

passenger ship and what knowledge gaps exist in these requirements? 

IMO MSC.1/Circ.1238 outlines the regulatory requirements for conducting an 

evacuation assessment of a passenger ship.  A detailed discussion of this circular was 

provided in Section 2.3, which outlined that there are gaps in how the regulations 

represent passenger response time and that, to date, sufficient data for validation of 

evacuation analysis models does not exist.  It is these two gaps in the governing 

regulations that have guided much of the research in this dissertation. 

 

1b) What are the key components of people’s evacuation behaviour and how can we 

measure it on passenger ships? 

The key components of people’s evacuation behaviour were identified and discussed 

in Section 1.2 and Section 2.2.  It was shown that evacuation behaviour of people can 

be divided into two main phases – response and evacuation movement, each of 

which were further subdivided within the text.  This definition of evacuation 

behaviour is well-aligned with the gaps identified in the regulations. 

 

Data collection methods used by other researchers in the built and maritime 

environments were reviewed and discussed in Sections 2.4.1 and 2.4.2.  This 

information was assessed to determine the best way forward for measuring response 

time data (video cameras, further detailed in Section 3.2) and passenger movement 

data (RFID).  Further investigation of RFID was provided in Section 3.3, in which 

RFID technology was tested alongside IR technology.  It was found that the IR 

system performed significantly better than RFID and was less challenging to use 

from a logistical point of view.  Ultimately, IR technology was chosen for the trials 

and the project team worked with the system manufacturer to tailor the features to 

the needs of the project.  Additional detailed testing with the IR system was 

discussed in Sections 3.3.6 and 3.3.7 which gave a measure of system’s accuracy and 

demonstrated that the technology may be capable to automatic measurement of 

crowd density. 
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1c) Can an experiment be designed and executed that will allow us to fill the knowledge 

gaps noted in (a) and measure behaviour identified in (b)? 

A detailed trial protocol and methodology were developed and are presented in 

Chapter 4 which helped ensure the success of the data collection activities and the 

safety of those involved.  This included obtaining ethics approval for the study 

(Section 4.2), the information passengers required and how it was provided (Section 

4.3), and trials team make-up and tasks (Section 4.6).  Pre-trial planning activities 

(outlined for each ship in Sections 4.8.2, 4.9.2 and 4.10.2) were carried-out involving 

the ship owner, Captain and crew for each vessel in order to ensure all requirements 

were met.  Part of the pre-trial planning activities included developing a data 

acquisition equipment setup plan for each ship.  This is provided for each ship in 

Sections 4.8.3, 4.9.3 and 4.10.3.  While there were a few unexpected challenges with 

the execution of each trial (discussed for each ship in Sections 4.8.4, 4.9.4 and 

4.10.4), the experimental design and plan were successful in enabling the collection 

of a large corpus of passenger response time data and detailed passenger movement 

data for all three ships. 

 

1d) Are the data collection methods noted in (c) reliable, feasible and safe to use with 

large numbers of passengers? 

It was shown in Section 5.3 that the use of video cameras provides a very reliable 

method for collection of passenger response on ships.  This is evidenced by the fact 

that large numbers of portable digital video cameras were successfully used, as well 

as pre-existing shipboard CCTV cameras to capture passenger response behaviour 

throughout the different ships tested.  At no time was there a problem with camera 

use or operation and video was recorded in all areas planned. 

 

Similarly, the IR tracking system produced a detailed passenger movement dataset 

with accuracy demonstrated in Section 3.3.7 for shipboard environments, using video 

as a comparison.  As discussed in Section 4.8.4, one IR system beacon was 

unknowingly damaged by a member of the ship’s crew before the start of the trial.  

This issue was corrected and no further problems were experienced in the use of this 

system. 
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Finally, all trials were undertaken in a safe manner with no injuries reported by 

passengers, crew or members of the research team.  From the level effort given to the 

detailed planning process, it was no accident that this is the case and it shows that it 

should be possible to carry-out future trials in the same manner. 

 

1e) Are there any significant ethical concerns for conducting such full-scale experiments 

and, if so, how are they addressed? 

Conducting research with human participants always requires due consideration of 

ethics.  It must be determined if the benefits of the research outweigh the risks to 

participants and it must be understood that risks to participants does not only mean 

risk of harm or injury but includes the security of personal information.  For the trials 

conducted, approval was received from the Research Ethics Board at the University 

of Greenwich and no major concerns were identified.  Details of the ethics approval 

process have been provided in Section 4.2. 

 

 

 

2. Can we collect representative and detailed response time data for passengers 

responding to alarms on passenger ships? 

 

2a) Given the arduous task of assessing passenger behaviour from video methods, how 

do we ensure reliability of the data capture methods? 

A total of three video data analysts were used to collect response time data from the 

video collected on each ship.  Section 5.1.4 provides a detail discussion of the 

analysis procedure developed, along with the method and results from inter-rater 

reliability testing that ensured reliability of the dataset produced.  Following four 

stages of in-rater testing, the analysists had reached a level of 92% agreement on the 

measures taken.  Video analysis produced a large database of response times, as 

presented in Table 20, which is reproduced below for convenience: 
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Vessel Trial 
Hours of 

footage 

Storage 

space (GB) 

No. Response 

times Captured 

SuperSpeed 1 
1 49 115 533 

2 45 106 470 

Jewel of the Seas 1 76 328 1,241 

Olympia Palace 
1 9 20 54 

2 7 15 81 

 

 

2b) What mathematical form do passenger response times take when developed as 

statistical distributions and how well does this form match the data sets collected? 

As discussed at length throughout Chapter 6, the response time distributions were 

generally found to fit a lognormal form, which is in agreement with what has been 

presented in Section 2.2 from previous research in both the building an maritime 

environments.  One exception was found for the trials on Olympia Palace (Section 

6.4) in which the lognormal fit was not seen to be as strong as observed for trials on 

the other ships.  It was hypothesised that the reason for this poor fit was related to the 

population size, which was small, and the demographics of passengers onboard 

(comprised mostly of teen-aged children).  As a result, these datasets were not 

recommended as part of the response time dataset and further research is required in 

order to fill this gap for ferries with cabins. 

 

2c) Is response behaviour different on different ships or in different regions of the same 

ship? 

It was demonstrated in Chapter 6 that the response behaviour for passengers on 

SuperSpeed 1 was remarkably similar to what was published from the FIRE EXIT 

project for the Eurostar Roma – also RO-PAX ferry (Figure 84).  However, it was 

also demonstrated that passengers’ response behaviour on the RO-PAX vessels was 

different than that for passengers in similar areas of the cruise ship Jewel of the Seas 

(Figure 91).  In addition, it was demonstrated that response behaviour in different 

areas of the same ship was different.  These two findings are significant as they 

suggest that the same response time distribution should not be used for all ship types 

and that different response time distributions may be required for different areas of 
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the same ship (i.e. cabin areas and public areas).  It was hypothesised that the reason 

for the observed differences may be related to the passengers’ mindset onboard each 

vessel, since ferry passengers are generally using the ship as part of their voyage, 

while cruise passengers “move-in” and are on vacation.  This hypothesis has not 

been proven and should be further investigated. 

 

2d) Do population demographics significantly influence passenger response behaviour 

(e.g. males vs. females, age, presence of travelling companions or family members)? 

It was observed that response behaviour for males and females was the same onboard 

SuperSpeed 1 (Section 6.2.2, Figure 82) and on Jewel of the Seas (Section 6.3.1, 

Figure 86), however for the trials on Olympia Palace, there were differences in the 

male and female response times produced (Section 6.4.2, Figure 97).  It was 

hypothesised that the reason for the differences observed on Olympia Palace were 

related to the small sample size and the fact that the overall population demographics 

were different than for the other two ships.  It was also noted in Section 6.4 that, 

despite SuperSpeed 1 and Olympia Palace being similar ship types (both RO-PAX), 

the response time distributions produced for public areas on both ships were not the 

same, as might be expected.  Differences were also observed between response time 

in cabin areas on Olympia Palace and cabin areas on Jewel of the Seas, as well as 

between response time in cabin areas on Olympia Palace and cabin areas on Eurostar 

Roma.  It is hypothesized that these differences might be related to the significant 

differences in passenger demographics between the different trials compared, 

however, additional research is required to prove the hypothesis. 

 

2e) Can we expect response behaviour on a given ship to be the same with a different 

population of passengers? 

Two trials were conducted on SuperSpeed 1, as well as on Olympia Palace, as 

described in Sections 6.2.1 and 6.4.1 respectively.  It was observed that repeat trials 

for both ships were statistically similar.  This is a powerful result which suggests that 

if the response times and demographics of a sufficiently large number of people are 

characterised for a given type of structure, an assembly exercise repeated under 

similar notification conditions should result in a similar RTD.  Because only one trial 

was carried-out onboard Jewel of the Seas, it is not known if this result applies to 

cruise ships, thus further research is required. 
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2f) Do different response time distributions produce significantly different results when 

used to model evacuation behaviour? 

As discussed in Chapter 8, a hypothetical ship model was used to carry-out 

evacuation modelling with the maritimeEXODUS software for 4 night case scenarios 

and 6 day cases.  Response time distribution was the only factor varied from scenario 

to scenario.  It was observed that the new recommended night case RTD for cruise 

ships produced a total assembly time that was almost 25% longer than when using 

the current IMO RTD.  While this is a significant increase in TAT, it was found that 

this result would still meet the IMO performance requirement for certification, 

however, this may not be the case for all vessel designs tested.  The new 

recommended day case RTD for RO-PAX ships produced almost exactly the same 

TAT as when using the current IMO day case RTD.  This was not a surprising result, 

given that the RTDs are almost identical.  Furthermore, a marginal increase in TAT 

was observed for simulations using the new recommended cruise ship day case RTD 

when compared with results for the current IMO day case RTD. 

 

 

3. How do we objectively determine the degree of agreement between ship evacuation 

model predictions and experimental data? 

 

3a) What quantities or variables provide the best indication of how well model 

predictions compare with experimentally obtained data? 

It has been established that ship evacuation modelling (and indeed ship evacuation) 

is a complex process involving the interaction of many variables.  Given the 

stochastic nature of the evacuation process, it is not reasonable to expect models to 

predict individual passenger paths during evacuation. Therefore, more broad methods 

for comparison were required.  One method (presented in Section 7.5) to compare 

model results to experiments would be to determine the difference between total 

assembly time for each case.  This measure, however, only provides a single point of 

comparison between modelling and experimental results and is not considered 

robust.  To provide a better estimate of model performance, the nature of the 

evacuation process was considered, which involved comparing both the shape of the 
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curves and the magnitude difference between them.   A detailed discussion of the 

measures is provided in Section 7.6. 

 

3b) Do numerical methods exist to quantify how well the overall shape of two curves 

compare with each other? 

A numerical method, from Peacock et al. [243] and discussed in Section 7.6 was 

used to quantify how well the overall shape of the two assembly arrival time curves 

compared for each dataset.  The method was based on functional analysis and a 

quantity known as the secant cosine which is defined by Equation (28) in Section 

7.6.1.  The secant cosine uses a numerical calculation of the first derivative of both 

curves at each element in the series.  A value of 1.0 suggests that the shape of the 

model curve is identical to that of the experimental curve.  This metric is discussed in 

detail in Section 7.6.1 and its use presented in Sections 7.6.2 and 7.6.3. 

 

3c) Do numerical methods exist that enable us to quantify how proximate two curves are 

to each other, in a global sense? 

Using the method from Peacock et al. [243] and discussed in Section 7.6 it was 

possible to quantify how proximate the experimental and modelled assembly curves 

were to each other.  The method is also based on functional analysis and provides 

two measures - the Euclidean Relative Difference, defined by Equation (26) in 

Section 7.6.1 and the Euclidean Projection Coefficient, defined by Equation (27), 

also in Section 7.6.1.  The Euclidean relative difference was used to assess the 

distance between the experimental data and the model data and returns a value of 

zero if the two curves are identical in magnitude.  Smaller values for the Euclidean 

relative difference mean better overall agreement between the two curves than larger 

values.  The Euclidean projection coefficient provides a factor which, when 

multiplied by each modelled data point, reduces the distance between the model and 

experimental vectors to its minimum amount.  Thus, the Euclidean projection 

coefficient provides a measure of the best possible level of agreement between the 

model and experimental curves where a value of 1.0 would suggest that the 

difference between the curves is as small as possible.  These metrics are discussed in 

detail in Section 7.6.1 and their use presented in Sections 7.6.2 and 7.6.3. 
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4. Can we collect a dataset for use in validating ship evacuation models? 

 

4a) What datasets are required for model validation? 

Validating a ship evacuation model requires that the starting conditions in the 

simulation are set as closely as possible to the start time in the experiment.  It was 

shown in Chapter 7 that if the ship geometry is known, the total number of 

passengers involved in the experiment and initial passenger distribution are known 

(from IR tracking), the distribution of response times is known for the experiment 

(from video analysis), and the assembly time and location for each passenger in the 

experiment is known (from IR tracking), then using the population demographics 

specified in IMO MSC.1/Circ.1238, it should be possible to simulate the experiment 

in the model and compare results to what was measured in the experiment.  Using 

this approach, two model validation datasets were developed and presented in 

Sections 7.2 and 7.3 for SuperSpeed 1 and Jewel of the Seas, respectively. Given 

uncertainties with the validation dataset developed for SuperSpeed 1 (as discussed in 

Section 7.2), it may be necessary to exclude this dataset, particularly since validation 

dataset #2 developed for Jewel of the Seas (as discussed in Section 7.3) is considered 

to be reliable and should be included in an updated version of MSC.1/Circ.1238. 

 

4b) What ship types should be tested so that the validation data sets are most 

representative? 

The IMO defines a passenger ship as any vessel that carries 12 passengers or more 

(Section 2.3.1).  While there is bound to be a difference in the nature of the 

evacuation process on large ships compared with smaller ships, it was decided that 

this dissertation would focus on large ships.  The reason for this is that large 

passenger ships carry a greater risk of death or injury in an emergency and the 

evacuation process on large ships is expected to be more complex and more difficult 

to characterise than smaller passenger ships.  Thus, the assumption was that if we 

could develop a validation method for large ships, it should also be relevant for small 

ships.  With this in mind, three different ship types were tested in this research – a 

RO-PAX ferry without cabins (described in Section 4.8.1), a cruise ship (described in 

Section 4.9.1) and a RO-PAX ferry with cabins (described in Section 4.10.1).  It was 

felt that these ships represent a wide cross section of passenger ship types in use 

today. 
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4c) What level of accuracy is required in the dataset? 

The validation dataset should be of sufficient accuracy to characterise the 

experimental conditions.  This means the number of people involved in the 

experiment should be accurately known, otherwise it will be difficult to compare 

with the model predictions.  This issue arose with the second trial on SuperSpeed 1 

(discussed in Section 7.2 and Section 7.4.2) and is the reason we have less 

confidence in this validation dataset.  The starting locations of people must also be 

known to a reasonable degree of accuracy.  The IR system provided a measure of the 

individuals located within different zones at the time of the alarm.  An estimate 

(described in Sections 7.4.2 and 7.4.3) was made for each ship of the error associated 

with where passenger may have been located with each zone.  This was assessed as 

being about 40 s on average for SuperSpeed 1 and 60 s on average for Jewel of the 

Seas, both of which were considered acceptable for the validation datasets produced.  

The assembled locations must be known with certainty and the assembly times 

within a reasonable degree of accuracy.  The IR system was validated onboard the 

Jewel of the Seas and found to lag the actual assembly time by an average of about 4 

s (up to a maximum of 10 s), as discussed in Section 3.3.7.  This level of accuracy 

was deemed acceptable.  From the inter-rater reliability process, response time data 

was found to be accurate to within a maximum of 1 s between raters, an accuracy 

deemed acceptable for validation purposes. 

 

4d) What pass/fail criteria should be suggested in the method? 

Two levels acceptance criteria were proposed (described in Section 7.7) for 

evacuation model validation.  These criteria for both validation datasets were 

presented in Table 70, which is reproduced below for convenience: 

 

Validation Dataset #1 Validation Dataset #2 

Phase 1: % TAT < 45% Phase 1: % TAT < 15% 

Phase 2 (minimum 9 of 12): 

 ERD ≤ 0.45 

 0.6 ≤ EPC ≤ 1.4 

 SC ≥ 0.6 with s/n = 0.05 

Phase 2 (minimum 10 of 12): 

 ERD ≤ 0.25 

 0.8 ≤ EPC ≤ 1.2 

 SC ≥ 0.8 with s/n = 0.02 

 



 

 339 

For phase 1 of the acceptance criteria, the percentage difference between the 

modelled and experimental total assembly time for the entire ship must be less than 

45% for dataset #1 and 15% for dataset #2.  The difference between the acceptable 

difference in TAT relates to the overall quality of the validation datasets produced.  

If the criteria is satisfied, the user moves to phase 2.  For this phase of the acceptance 

criteria, the Euclidian relative difference (ERD), Euclidian projection coefficient 

(EPC) and secant cosine (SC) (provided in Section 7.6.1) are computed for the 

assembly curve at each assembly station on the ship and results checked to ensure 

they meet the criteria ranges identified in the table.  A total of 12 measures were 

produced for each dataset and it was determined that for validation dataset #1, three 

fails would be permitted, while for validation dataset #2, 2 fails would be permitted.  

For each of these cases, it was decided that the only one fail should be permitted per 

assembly station.  These criteria have been established somewhat arbitrarily while 

still providing a rational means by which ship evacuation model validation can be 

accomplished. 

 

4e) Are the dataset and validation method relatively easy for software manufacturers to 

understand and use for validating their software and will models have difficulty 

meeting the required performance? 

It is impossible to state with certainty whether or not any model developers will have 

difficulty understanding how to use the validation datasets proposed, or if models 

will be able to meet the required performance for these validation datasets.  

However, it has been shown through this research (Sections 7.6.2 and 7.6.3) that the 

maritimeEXODUS, EVi and ODIGO models have successfully met the validation 

requirements.  In addition, as discussed in Section 7.8, the validation datasets (made 

freely available on the University of Greenwich website) have been downloaded and 

used independently to validate two additional ship evacuation models, with results 

published in peer-reviewed journals by the model developers. This suggests that the 

validation datasets produced are not unnecessarily restrictive in their requirements 

but still provide a real, quantitative validation method for assessing ship evacuation 

models. 
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4f) Will it be possible for software developers to “fudge” validation results? 

It is unlikely that the ill-intentions of unscrupulous individuals can always be 

prevented.  However, given the level of detail provided in the validation datasets 

recommended in Section 7.7 and the effort required to produce the simulation results, 

it would be a challenging task for software developers to falsify results.  It is hoped 

that developers of ship evacuation software would use poor validation results as an 

incentive to improve upon their models so that predictions can be made better and 

safety onboard passenger ships improved. 

 

In conclusion, the work presented in this dissertation has produced a large corpus of data 

relating to human response behaviour and movement on passenger ships during assembly 

exercises at sea.  The data has been disseminated widely in the form of peer-reviewed 

journal and conference papers, as well as through presentations to relevant stakeholders.  

The datasets have been submitted to the IMO in the form of two INF papers but, as yet, 

have not been incorporated in an updated version of the evacuation analysis guidelines. 

 

Currently, there is no accepted method for validation of ship evacuation models.  The 

implications of this fact are significant for the passenger ship industry since it means that at 

the present time, any ship evacuation model can be used for the certification of passenger 

ships, including those models that are unfit for this specific purpose.  Prior to the research 

described in this dissertation, the modelling and regulatory community had no choice but 

to use models that were not validated as the dataset simply did not exist.  However, as part 

of this research, a total of five ship evacuation models have been validated successfully 

using the recommended protocols.  While the data produced and recommended is by no 

means complete in characterising human behaviour during evacuation on passenger ships, 

it is greatly superior to what is currently used in the governing regulations and should be 

included in a revised version of IMO MSC.1/Circ.1238 to help ensure the safety of those 

who work, travel and vacation at sea. 
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10 Future Work 

 

The research presented in this dissertation has added substantially to our understanding of 

passenger response time and the nature of the assembly process on different types of 

passenger ships.  However, additional research must be carried-out if we are to characterise 

and more accurately model the broad range of scenarios and evacuation performance for 

passengers on ships at sea.  Many factors may impact the ability of passengers to assemble 

during an emergency and future research must first identify what the most important 

factors are and then characterise their impact on the assembly process.  This chapter 

identifies some important areas for future research, so that we may have a better 

understanding of the assembly process onboard passenger ships and be able to improve 

upon current levels of passenger ship safety. 

 

Response to alarms at different times of the day, particularly for nighttime, must be better 

understood and quantified if we are to move beyond the current model of night response 

time distributions which are based on data collected during the day but shifted arbitrarily to 

account for the process of passengers awaking, becoming aware of the alarm, 

understanding its meaning and starting to assemble.  Such data will be very difficult to 

collect since ship owners will likely be reluctant to permit such an inconvenience to paying 

passengers.  Furthermore, it may be unethical to plan and execute such experiments due to 

the risk to passenger safety.  Despite this it is important that we gain a better understanding 

of the nighttime response behaviour so that regulations governing vessel design can be 

made more realistic and reliable.  The research presented in this dissertation has provided a 

response time distribution for cruise ships, which was based on passenger response in 

cabin areas on the ship tested.  In keeping with the current IMO RTD for night cases, the 

RTD collected here was shifted by 400 s to account for the fact that most passengers would 

be sleeping in the night.  However, it is not known if this approach accurately represents 

passenger response behaviour when asleep.  Furthermore, given the challenges outlined in 

Section 6.4, the night case RTD presented for RO-PAX ferries is not considered to be 

reliable.  Thus, future research should also characterise the night case RTD for this vessel 

type. 
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Additional validation data should be collected for RO-PAX ferries in order to improve 

upon the validation dataset presented in Section 7.5.1, which was made less reliable by a 

relatively significant proportion of the passengers who chose not to wear am IR tag but 

decided to participate in the exercise.  In addition to developing a more reliable validation 

dataset for RO-PAX ships, it would be useful to have additional data from repeat trials in 

order to give greater confidence in the validation datasets produced. 

 

The dependence of response time on population demographics should be further explored 

in order to determine if demographic factors significantly affect response behaviour.  

Based on our experience in the trails described in this dissertation, it was hypothesised that 

demographics can have an impact on response behaviour.  This is an important factor to 

consider, given the wide variety of demographics possible on passenger ships.  Findings 

could benefit the evacuation modelling community and potentially ship operations on any 

given voyage in which the Captain and crew could be provided a better expectation of 

evacuation performance for the passengers, in the event of an emergency.  

 

The impact of sea state and vessel motions on passenger behaviour during emergencies is 

not well understood and requires additional research in order to characterise.   Vessel 

motion is known to cause seasickness for a certain proportion of the travelling public but 

yet, we do not have an understanding of how seasickness affects a passenger’s ability to 

evacuate.  Furthermore, significant vessel motions in different sea states will have an effect 

on passengers’ walking speeds in passageways but also on stairs.  Future research should 

quantify the impact of a broad range of vessel motions on all aspects of passengers’ 

evacuation performance. 

 

Repeat data should be collected on different ships, in different conditions and in a variety 

of regions with different passengers in order to more provide greater confidence in the 

results presented here.  What has been presented is promising in its reliability but until we 

have collected similar datasets on a wide range of different ships, we will not know for 

certain if it representative for most ships and ship types. 

 

Effectiveness of training for evacuation scenarios on passengers ships should be further 

investigated, both as it pertains to passengers and crew.  Passengers should know how to 

recognise the cues that an evacuation may be required and what to do when cues have been 
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recognised.  Training for passengers is generally provided in the form of drills, short 

briefings or videos once onboard but there is some suggestion within the survival training 

community that passengers who travel regular routes should be provided with more in-

depth knowledge so they can be better prepared in the event of an emergency.  Better 

understanding the impact of passenger training on the evacuation process should be studied 

further so that evacuation modelling can be accurate and the best option can be provided 

for passengers.   Research should also attempt to better understand the impact of crew 

training on managing the evacuation process onboard passenger ships.  Currently, crew 

training is mandated by the IMO through the Convention on Standards of Training, 

Certification and Watchkeeping (STCW).  Whether or not crew training is effective for 

such rare situations as emergency evacuation remains largely unknown, however, it is 

hypothesised that well-trained crews would be better equipped to manage emergency 

evacuation than those who are not.  

 

The impact of the lifejacket donning process should be characterised onboard different 

passenger ships to give a better understanding of the time for this activity, space 

requirements onboard and whether or not wearing a lifejacket adversely affects a 

passenger’s ability to move freely throughout the vessel (particularly if donned in advance 

of arriving at the assembly station).  Furthermore, the impact of different onboard 

procedures regarding lifejacket donning should be better characterised so that the most 

effective procedures can be recommended.  For example, on some ships, the lifejackets are 

stored in cabins and must be retrieved and donned prior to arriving at the assembly 

stations, while on other ships the passengers are provided lifejackets at the assembly 

stations when they arrive.  What is the impact for passengers who are familiar with 

procedures on one ship if they are faced with different procedures in an emergency on 

another ship? 

 

Consumption of intoxicating agents (such as alcohol) is common onboard passenger 

ships.  While alcohol impairment and effectiveness of alarms has been considered for 

evacuation situations in buildings [247][248], the same has not been done for passenger 

ships.  Currently, the effectiveness of intoxicated passengers during emergency situations 

and their impact on the assembly process for passenger ships should be characterised.   
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A detailed analysis of questionnaire responses collected in SAFEGUARD has not yet 

been carried-out.  This dataset represents a unique opportunity to further develop 

correlations between passenger characteristics provided in the questionnaires and the 

routes and assembly time performance for the associated IR tag data.  This dataset is very 

unique because it connects assembly performance to personal data and should be analysed 

in detail to determine what correlations exist.  The results from such investigation should 

be made publicly available to regulators, designers and modellers. 

 

It is hoped that the result of additional research in the areas identified would be enhanced 

evacuation models, updated regulations, improved procedures and better training for 

passengers and crew.  
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Appendix B: 

Trial Details – Equipment Shipping, Information for Passengers, 

Passenger Incentives and Questionnaires 
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B1.0 Shipping of Trials Equipment 

 

An overview of the equipment shipping requirements for the project were described in 

Section 4.5.  Figures B1 and B2 show the camera equipment prior to being packed and 

packed, respectively.  Figure B3 shows the IR equipment cases packed and ready for 

shipping. 

 

 

Figure B1 “Exploded” view of contents for a typical case of video camera equipment 

for six cameras, stopwatches, two-way radios and all necessary camera 

accessories. 
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Figure B2 Camera equipment packed and ready for shipping. 
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Figure B3 IR equipment cases packed and ready for shipping. 

 

B2.0 Detailed Planning for SuperSpeed 1 Trials 

 

B2.1 Trial Team 

The team size was determined following careful consideration of the team skill 

requirements identified above in Section 4.6, along with detailed discussions within the 

project team and with the vessel’s Captain and officers.  It was determined that a team of 

26 people would be required in order to ensure smooth running of the trials.  Most team 

members had prior experience in assisting with large-scale egress trials, though not 
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necessarily at sea.  The team of 26 was subdivided into smaller groups with clear, 

predefined roles summarised in Table B1. 

 

In total, there are 4 assembly stations on board SS1, namely A with 3 entry points, B with 

3 entry points (two were close together and regarded as one), C with 3 entry points (again, 

two were close together and regarded as one) and D with 3 entry points. During the trials, 

each entry point into the internal assembly stations (A and D) had 1 person with a 

stopwatch timing when the last person entered that assembly station (thus, 6 people in 

total). In addition, 3 people were located within each internal assembly station collecting 

tags and distributing questionnaires (6 people in total). For the external assembly stations, 

1 team member was positioned next to each exit (2 in total) and 1 team member was placed 

within each assembly station. Therefore the total number of people required for the 

assembly stations during the trial was 18. 

 

Table B1 Trials team sub-groups 

Team # Group 
Number 

of people 
Team recycling 

1 Setup team 6  

2 Entry team 10  

3 Controller + Ship liaison 2  

4 Assembly team 18 Team 2 plus 8 others 

5 Equipment collection team 6 Team 1 

6 Data transfer team 6 Team 5 

7 Exit team 11 
Team 2 plus 1 from 

Team 1 

 

 

B2.2 Information for Passengers 

As noted in Section 4.3 above, detailed wording about the trial was prepared for the 

different information sources.  A printed information leaflet is shown in Figure B4, which 

provides details about the trials as described in Section 4.3. 

 



 

 B6 

 

 

Figure B4 Printed pamphlet conveying trials information (in Norwegian, English and 

German) to passengers onboard SS1. 
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Color Line personnel and the Captain of the vessel approved the scripts before they were 

translated into three languages recommended (based on typical passenger demographics) – 

English, Norwegian and German.  The various scripts are shown below. 

 

Captain Announcement 1A (read shortly after leaving port and only once): 

 “Ladies and Gentlemen, as explained in the information sheet you were given at 

check-in, at some time during this crossing we will be holding an assembly exercise. 

As part of this exercise it is essential that you all wear the small red device given to 

you during check-in. So, I ask you to please make sure that you are all wearing this 

device now. 

 

The assembly exercise will start with the sounding of an alarm. When you hear the 

alarm please proceed to your nearest assembly station. Your participation in the 

exercise is completely voluntary but would be greatly appreciated, as it will help 

improve international regulations governing passenger safety on ships. If you do not 

wish to participate in the exercise, please do not discard the red device, as this will be 

collected from you later. 

 

At the end of the exercise, you will be given a questionnaire, which we would like you 

to complete and return along with the red device.  Please remember to keep the prize 

ticket located at the end of your questionnaire, as a prize draw will be held before we 

arrive in Hirtshals.  As a mark of our appreciation for your participation, three prize 

winners will be announced.  Please now make sure that you are all wearing the small 

device and continue doing what you normally had planned to do at this time. Thank-

you" 

 

Captain Announcement 2 (thanking passengers after the trial is complete): 

"Ladies and Gentlemen, the assembly exercise is now completed.  Thank-you very 

much for your time and cooperation.  We would ask that you now please hand-in your 

red device to the research staff wearing the green vests and take a few moments to 

complete the questionnaire being handed-out.  Remember, when you return your 

questionnaire, remove and keep the prize ticket located at the end of the questionnaire 

in order to be eligible for one of the three prizes that will be announced before we 

arrive in Hirtshals." 
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Captain Announcement 3 (announcing the winners of the prize draw): 

"Ladies and Gentlemen, once again, thank-you for your participation in the assembly 

exercise today. You should be proud to know that by participating you will help 

improve passenger ship safety. You may be interested to know that the assembly time 

was [TIME] minutes, [well within the time required by international regulations]. 

 

We have held the prize draw and the following ticket holders should come to 

[LOCATION] to collect their prizes:  Ticket number [X] has won the first prize of 

[PRIZE 1], Ticket number [Y] has won the second prize of [PRIZE 2] and Ticket 

number [Z] has won the third prize of [PRIZE 3].  Please remember to bring your 

ticket with you when you come to claim your prize.  

 

If you have not already done so, please remember to return your red devices to the 

research staff wearing the green vests.  Thank-you and enjoy the rest of your voyage." 

 

Color Line Tag Distribution Personnel Script (providing the tag and information leaflet 

at check-in): 

“Please note that on your voyage today, we will be holding an assembly exercise. As 

part of the exercise we are providing you with a small device that we would like 

everyone over the age of 11 to wear around their neck. Once the exercise is over you 

will be asked to return this device.  Also, here is an information leaflet about the 

exercise, which you should read through.  Please don’t forget to wear your test device 

as there will be three prize draws onboard the ship for all participants!” 

 

 

B2.3 Passenger Incentives 

Three prizes (Figure B5) were given away during the raffle onboard SuperSpeed 1:  

1. A free ticket for a return trip with vehicle onboard a Color Line vessel 

2. A tax free shop voucher that could be used onboard Color Line vessel  

3. An “iPod Shuffle” MP3 player  
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Figure B5 The three prizes awarded to the Color Line passengers 

 

The winners were invited to the ship’s bridge where the Captain gave them the raffle prizes 

while in the presence of several project members.  The rate of passenger participation in 

questionnaires for both trials was high so it was felt that the incentives offered were 

particularly useful. 

 

 

B2.4 Questionnaire 

Questionnaire used onboard SuperSpeed 1 was printed in the same three languages as the 

information leaflet – Norwegian, English and German (Figure B6 and Figure B7).  The 

questions were printed on both sides of a single A4 sheet of paper with the bottom portion 

perforated to act as a raffle ticket.  A total of 2,300 questionnaires were printed for the first 

two trials – 1,150 for each.    Questionnaire data, while not presented in this dissertation, 

provides an interesting dataset in this research, particularly since the passenger’s personal 

information can be associated with his/her location on the ship at the alarm, route chosen 

and total assembly time. 
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Figure B6 Questionnaire issued to passengers after the SS1 trials (page 1). 
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Figure B7 Questionnaire issued to passengers after the SS1 trials (page 2). 
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B3.0 Detailed Planning for Jewel of the Seas Trials 

 

B3.1 Trial Team 

The JoS team size was determined after careful consideration of the skill requirements 

identified above in Section 4.6, along with detailed discussions within the project team and 

with the vessel’s Captain and officers. 

 

To ensure the smooth running of the trial on JoS, it was determined that a team of 25 

people was required.  The research team was subdivided into smaller groups with clear, 

predefined roles required for the JoS (summarised in Table B2). 

 

There were slight differences between the team make-up for SS1 and JoS trials.  This 

included the removal of the “entry team”, since it was not necessary to encourage 

passengers to wear the IR tag as they boarded the ship (instead, tags were delivered 

directly to the passengers’ cabins).  The JoS also used three teams not used on SS1 – 

technical team, collection team and tag team.  These roles were developed in response to 

the expected additional complication of the trial due to the size of the vessel and number of 

passengers onboard.  The tag team was responsible for bringing tags, leaflets and 

questionnaires on-board the ship.  The tag team arrived at the Harwich International Port 

Terminal early on the departure day and delivered tags and questionnaires sealed in boxes 

to RCCL personnel on-shore.  The tag team then boarded the vessel and assisted RCCL 

crew to ensure the tags and information leaflets were distributed to cabins throughout the 

ship.  The tag team joined the assembly team during the trial.  After the trial, the collection 

team and tag team were required to sweep the vessel for a significant period in order to 

ensure as many tags and questionnaires were returned as possible.  In addition, for this 

trial, since the team was using the ship’s own CCTV camera footage, two members of the 

setup team synchronised watches to each other and the CCTV system clock and recorded 

the precise time of the alarm.  This time was also compared to the clock on the computer 

that was used to download the IR data after the trial.  Thus, the setup team ensured an 

accurate and redundant synchronisation point for all data sources. 

 

 

 



 

 B13 

 

Table B2 Trials team sub-groups 

Team # Group 
Number 

of People 
Team Recycling 

1 Technical team 5  

2 Setup team 5 Team 1 

3 Controller + Ship liaison 2  

4 Assembly team 18  

5 Equipment collection team 5 Team 2 

6 Data transfer team 5 Team 5 

7 Collection team 4 Team 4 

8 Tag team 4 Team 4 

 

For this ship, the trial controller was invited to present to passengers in the main theatre 

after the trial and before the evening’s entertainment began.  Thus, it was necessary for the 

data transfer team to also collate some video footage and information about assembly times 

for each assembly station, along with some examples of passenger response time.  Two 

members of the data transfer team copied IR tag data onto a computer and one data transfer 

team member worked with the ship's security officer to ensure all required video data from 

the ship's CCTV camera system was copied to the external hard drive. 

 

B3.2 Information for Passengers 

As outlined in Section 4.3 above and described for the SS1 trials, information was 

provided to the passengers on JoS in two main ways – information sheets (Figure B8) and 

through various announcements onboard the ship.  Scripts were prepared with the detailed 

wording for these announcements and provided to RCCL personnel for approval in 

consultation and the Captain of the vessel.  The Captain made five announcements at 

various stages in the voyage, which are outlined as scripts below.  While the scripts for the 

JoS trial impart the same basic information about the research as was done on SS1, 

additional announcements were required on JoS because the trial happened on the day after 

departure and it was likely that many passengers would not remember to wear the IR tag.  

It is not expected that these slight differences have a significant impact on the passenger 

behaviour during the trial. 
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Figure B8 Printed pamphlet, conveying trials information (in English and Spanish) to 

passengers onboard JoS, showing: English side 1 (top right) and English 

side 2 (bottom) left. 
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On recommendation of RCCL personnel, these scripts were translated into English and 

Spanish, as were the questionnaires and information sheets.  The various scripts are shown 

below. 

 

Captain Announcement #1 (made only once, shortly after setting sail): 

“Ladies and Gentlemen, at some time during the next 24 hours, we will have an 

assembly exercise. This exercise is conducted every time the Jewel of the Sea begins a 

new cruise and is required by international regulations.  On this occasion, you will 

also be participating in an international research project funded by the European 

Union.  As part of this research project you are requested to wear a small red device 

that will be delivered to your stateroom this evening.   Please ensure that you are 

wearing this device first thing tomorrow morning before you leave your stateroom. 

 

The assembly exercise will start with the sounding of an alarm. When you hear the 

alarm, please proceed to your assigned assembly station and follow the instructions of 

the crew. Your decision to wear the small red device is completely voluntary but would 

be greatly appreciated, as it will help improve international regulations governing 

passenger safety on ships. If you do not wish to contribute to this important research, 

simply do not wear the small red device, but please do not discard the device, as it will 

be collected from you later. 

 

At the end of the exercise, you will be given a questionnaire, which we would like you 

to complete and return along with the red device.  Please remember to keep the prize 

ticket located at the bottom of your questionnaire, as a prize draw with 7 prizes will be 

held before we arrive in Copenhagen.  As a mark of our appreciation for your 

participation in the research project, seven prize winners will be announced, thank-

you." 

 

Captain Announcement #2 (made once, reminding passengers to wear their IR tag): 

"Ladies and Gentlemen, please remember we will be holding an assembly exercise at 

some point today. Please make sure that you are all now wearing the small red device 

that was delivered to your stateroom last night and please continue doing what you 

had planned to do at this time, thank-you." 
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Captain Announcement #3 (short announcement required by the Captain about the 

impending trial immediately before the sound of alarm): 

"Ladies and Gentlemen, the assembly exercise will start immediately following this 

announcement.  Please remember this is a drill, thank you." 

 

Captain Announcement #4 (thanking passengers just after the exercise had finished): 

"Ladies and Gentlemen, the assembly exercise is now completed.  Thank you very much 

for your time and cooperation. We would ask that you now please hand-in your red 

device to the research staff wearing the green vests and take a few moments to complete 

the questionnaire being handed-out.  Remember, when you return your questionnaire, 

remove and keep the prize ticket located at the bottom in order to be eligible for one of 

the seven prizes that will be awarded before we arrive in Copenhagen." 

 

Captain Announcement #5 (announcing the winners of the prize draw): 

"Ladies and Gentlemen, once again, thank-you for your participation in the assembly 

exercise today. You should be proud to know that by participating you will help improve 

passenger ship safety. You may be interested to know that the assembly time was [TIME] 

minutes, [well within the time required by international regulations]. 

 

We have held the prize draw and the following ticket holders should come to the Theatre 

on Deck 5 to collect their prizes:  Ticket number [X1], Ticket number [X2], Ticket number 

[X3], Ticket number [X4], Ticket number [X5], Ticket number [X6] & Ticket number [X7].  

Please remember to bring your ticket with you when you come to claim your prize. 

 

Immediately following the presentation of prizes, we invite anyone interested to join us in 

the theatre for a short presentation about this morning's assembly exercise, which will be 

given by Professor Ed Galea from the University of Greenwich.  Professor Galea will 

discuss the SAFEGUARD research project and show you some of the results from the 

exercise this morning. 

 

If you have not already done so, please remember to return your small red device to the 

research staff wearing the green vests. 

 

Thank-you and enjoy the rest of your voyage." 
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B3.3 Passenger Incentives 

A total of seven prizes were given away during the raffle onboard JoS:  

 

1. Upgrade to highest category cabin for the cruise (depending on availability after 

sailing) 

2. Dinner for four with the ship’s Captain and Hotel Director 

3. Tour of the ship’s bridge and engine room with the Captain and Chief Engineer for 

up to four people 

4. Dinner for two in the onboard “Chops” restaurant 

5. Dinner for two in the onboard “Portofino” restaurant 

6. Late departure for up to four people upon return to Harwich 

7. An iPod Shuffle  

 

As with the SS1 trials, at the end of the JoS trial all completed questionnaires were taken 

by the project team to a meeting room on the vessel and placed in a bin.  The project team 

members then randomly chose seven questionnaires as the raffle winners. The ticket 

numbers of the selected questionnaires were then delivered to the Captain so that he could 

announce the winners over the ship’s public address system and thereafter distribute the 

prizes to the winning passengers at a suitable location onboard. 

 

 

B3.4 Questionnaire 

The questionnaire provided to passengers on JoS (Figure B9) was based on the SS1 

questionnaire, with minor modifications to suit the needs of the ship type (cruise ship as 

opposed to a RO-PAX ferry).  The questionnaire was printed in on both sides of a single 

A4 sheet with the bottom portion perforated to act as a raffle ticket.  A total of 2,400 

questionnaires were printed in English and Spanish. 
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Figure B9 Questionnaire issued to passengers after the assembly trial on JoS (top: page 

1; bottom: page 2). 
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B4.0 Detailed Planning for Olympia Palace Trials 

 

B4.1 Trial Team 

To ensure the smooth running of the trials it was determined that a team of 22 people 

would be required for trials on Olympia Palace.  Most of the people selected had prior 

experience in assisting during large-scale egress trials.  For the purposes of the trials, the 

research team was subdivided into smaller groups with clear, predefined roles for the 

different tasks during the trials.  In most cases and to keep the size of the team to a 

minimum, the team members of one group were "recycled" by becoming part of a different 

team with different roles once their duties in a particular team had been completed.  The 

division of the research team into sub-groups is summarised in Table B3.  Detailed 

descriptions of these different subgroups and their roles are provided in Section 4.6. 

 

Table B3 Trials team sub-groups for trials on the Olympia Palace. 

Team 

# 
Group 

Number 

of People 
Team Recycling 

1 Technical team 5  

2 Setup team 5 Team 1 

3 Controller + Ship liaison 2  

4 Entry team 9  

5 Assembly team 16 Team 4 + 7 others 

6 Equipment collection team 5 Team 2 

7 Data transfer team 5 Team 2 

 

 

B4.2 Information for Passengers 

As in the previous trials, information was provided to passengers in a leaflet (Figure B10), 

printed in Greek and English, verbally by members of the entry team at boarding time, as 

well as through announcements over the ship’s public address system.  The information 

leaflet was based on the designs used during the previous trials, with modifications to 

reflect the trial time range. 

 

Several announcements were made to passengers to explain what was expected of them 

and what they should do.  Based on the previous trials, detailed wording was prepared for 
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these announcements, which was then approved by Minoan Lines personnel.  The 

announcements were made by the Captain and were provided in the Greek and English 

languages.   

 

 

 

Figure B10 Information leaflet for OP trials. 



 

 B21 

Minoan personnel indicated that crew could also relay information provided in the scripts 

in Italian and German if deemed necessary.  The scripts used are provided below. 

 

Captain Announcement #1 (read once, just after leaving port): 

“Ladies and Gentlemen, as explained in the information sheet you were given during 

embarkation, at some time during this voyage we will be holding an assembly 

exercise. As part of this exercise it is essential that you all wear the small red device 

given to you during embarkation. So, I ask you to please make sure that you are all 

wearing this device now. 

 

The assembly exercise will start with the sounding of an alarm. When you hear the 

alarm please proceed to your nearest assembly station. Your participation in the 

exercise is voluntary but would be greatly appreciated as it will help improve 

international regulations governing passenger safety on ships. If you do not wish to 

participate in the exercise, please do not discard the red device but return it to 

reception.  

 

At the end of the exercise, you will be given a questionnaire which we would like you 

to complete and return along with the red device. Please remember to keep the prize 

ticket located at the end of your questionnaire as a prize draw will be held before we 

arrive in Kerkira.  As a mark of our appreciation for your participation, three prize 

winners will be announced.  

 

Please now make sure that you are all wearing the small device and continue doing 

what you normally had planned to do at this time. Thank-you" 

 

Captain Announcement #2 (brief announcement 20 minutes before the alarm):  

"Ladies and Gentlemen, please remember that we will be holding an assembly 

exercise at some point today and you should now be wearing your red device. Thank-

you" 

 

Captain Announcement #3 (thanking passengers just after the exercise had finished):  

"Ladies and Gentlemen, the assembly exercise is now completed. Thank you very 

much for your time and cooperation. We would ask that you now please hand-in your 
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red device to the research staff wearing the green vests and take a few moments to 

complete the questionnaire being handed-out. Remember, when you return your 

questionnaire, remove and keep the prize ticket located at the end of the questionnaire 

in order to be eligible for one of the three prizes that will be announced before we 

arrive at Kerkira." 

 

Captain Announcement #4 (announcing the winners of the prize draw): 

"Ladies and Gentlemen, once again, thank-you for your participation in today’s 

assembly exercise. You should be proud to know that by participating you will help 

improve passenger ship safety. You may be interested to know that the assembly time 

was [X] minutes, well within the time required by international regulations. 

 

We have held the prize draw and the following ticket holders should come to 

[LOCATION] to collect their prizes: Ticket number [X] has won the first prize of 

[ITEM 1], Ticket number [Y] has won the second prize of [ITEM 2], and Ticket 

number [Z] has won the third prize of [ITEM 3]. Please remember to bring your ticket 

with you when you come to claim your prize. If you have not already done so, please 

remember to return you red devices to the research staff wearing the green vests. 

 

Thank you and enjoy the rest of your voyage." 

 

Entry Team Script (used as passengers boarded the ship): 

“Please note that on your voyage today, we will be holding an assembly exercise. As 

part of the exercise we are providing you with a small device that we would like 

everyone over the age of 11 to wear around their neck. Once the exercise is over you 

will be asked to return this device.  Also, here is an information leaflet about the 

exercise, which you should read through. Please wear the device now and keep it on 

until after the trial.  It is worn like this. For all of those who participate in the trial 

there will be a draw for three prizes for three lucky participants!” 
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B4.3 Passenger Incentives 

A total of three prizes were given away during the raffle onboard Olympia Palace:  

 

 Voucher for free ticket with shared cabin on the route Patras to Venice 

 Voucher for free meal en route from Venice to Patras 

 An iPod MP3 player 

 

At the end of the trials, all completed questionnaires were taken to the project workroom 

and placed in a container.  The project team then randomly chose three questionnaires as 

the raffle winners.  The ticket numbers were then delivered to the Captain to announce the 

winners over the ship’s public address system and thereafter distribute the prizes to the 

winning passengers at a suitable location onboard. 

 

 

B4.4 Questionnaires 

The questionnaire provided to passengers on Olympia Palace (Figure B11) was based on 

the SS1 and JoS questionnaires, with minor modifications to suit the needs of the ship.  

The questionnaire was printed on both sides of a single A4 sheet with the bottom portion 

perforated to act as a raffle ticket.  Questionnaires were printed in four languages – Greek, 

German, Italian and English, based on information provided by Minoan Lines about typical 

passenger demographics for this route.  A total of 800 questionnaires were printed for trials 

on OP – 400 for each. 

 



 

 B24 

 
Figure B11 Questionnaire issued to passengers after the trials on Olympia Palace. 

 

 


