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FOREWORD

In April of 2006, the Foundation was awarded a Fire Prevention and
Safety Grant by the US Fire Administration to study the effectiveness
of alarms for emergency notification of high risk groups. The study's
aim was to optimize the performance requirements for alarm and
signaling systems to meet the needs of these groups. Elements of
the study included: a risk assessment to estimate the potential impact
in lives saved of changes in notification effectiveness of smoke
alarms for these groups; quantifying the human behavior aspects of
the problem; developing benchmark performance criteria for alarm
and signaling systems; reviewing current and emerging technologies
that address the performance criteria; and assessing the information
developed in the above tasks to develop recommendations on
notification technology for each target group and the overall impact
for the general population. This report is one in a series of four that
report on the on the results of the study.
The Research Foundation expresses gratitude to the report author
Steven Gwynne of Hughes Associates, Inc.; the Project Technical
Panelists listed on the following page; and to the United States Fire
Administration, the project sponsor.
The content, opinions and conclusions contained in this report are
solely those of the author.
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EXECUTIVE SUMMARY

The three key objectives of this project were to identify vulnerabilities; to facilitate research on the
effectiveness of notification technologies for addressing these vulnerabilities; and to provide
recommendations, given the findings produced. In order to achieve these objectives, a number of novel
developments had to be made.
Firstly, in order to identify vulnerabilities, it was felt necessary to develop a vulnerability model
(derived inductively, from the bottom-up) rather than adopt a traditional high-level statistical approach.
This was required given the difficulties found in reliably recording, storing and interrogating fire data.
The development of this model required an exhaustive literary review producing an extensive list of
vulnerabilities. As part of the model a metric was developed that enabled the categorization of the
vulnerabilities found and improved our understanding of key vulnerability attributes. A similar approach
was adopted when examining the notification technologies available.
The current empirical data relating to the effectiveness of notification technologies was examined. This
outlined our current understanding of their capabilities. By examining the recommendations for future
work made by other researchers and through guidance provided by the Technical Panel, the set of
vulnerabilities were further prioritized enabling us to focus on three of them: people with an alcohol
impairment; people who are hard of hearing; and the general population in public spaces. A risk
assessment was performed in order to establish the potential impact of reducing these three
vulnerabilities. However, the assessment was hampered by the analytical (as opposed to statistical)
nature of the model employed.
The three data collection activities were conducted. The work conducted by Bruck, Thomas and Ball
addressed a domestic situation where the participants were asleep and impaired, either through alcohol
or through an existing hearing disability. The work conducted by Gwynne addressed non-domestic
situations where those involved were awake.
Bruck, Thomas and Ball established the importance of adopting a low frequency square wave T-3
(LFSW) signal in spaces where people sleep. During this work, the effectiveness of this signal was
established for the alcohol impaired and those with a hearing disability. This was consistent with
previous research regarding other populations including children and older adults. Other technologies
examined were less effective; e.g. strobes and vibrating devices presented in isolation. Bruck, Thomas
and Ball identified several key areas for future work:
1.
That the technical feasibility of replacing the current high frequency smoke alarm T-3 signal
with a low frequency square wave T-3 (LFSW) signal, for the entire population, be
investigated.
2.
That the T-3 pattern duration (ON/OFF pattern) be further investigated.
3.
That the strobe should not be considered as a viable means of independent notification for
people asleep.
4.
That the combined use of signals be investigated (e.g. auditory T-3 plus one other), in
conjunction with the development of a modular kit where combinations of these signals can be
delivered.
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5.

That there should be further investigation of an appropriate means of measuring the intensity
of bed and pillow shakers and that this inform a new standard.

In public spaces, Gwynne clearly established the importance of both alerting and informing the
population. This importance increased where preparation was not possible and the effectiveness of the
emergency procedure was not guaranteed. Gwynne identified several key areas of future work:
6.
Guidance should be provided on the use of a tone/voice combination in public spaces. This is
generally important, but critical when preparation is not possible. The tone employed (e.g. low
frequency square wave T-3, swooping tone, broadband, etc.) should be examined along with
the content and format of the voice message provided including whether the voice
announcement is live or pre-recorded. Clear guidance should be supplied on the information
provided in such messages, making reference to literature associated with mass notification
systems.
7.
The technical feasibility of utilizing existing means of visual (and tactile) notification should
be explored for public spaces. The potential for the emergency notification system to exploit
existing non-emergency communication (e.g. large screens, televisions, monitors, paging, etc.)
should also be examined.
These findings were derived directly from the three data collection activities. Building on these findings,
and on the rest of the work conducted during this project, a simple framework was developed
recommending the notification systems to be implemented. This was sensitive to the potential for
providing information to a population before and during an incident, rather than just to the type of
occupancy involved.
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1

Introduction

In recent years advances have been made in the development and implementation of notification
systems. The developments have had varied impacts, some of which were dependent upon a number of
issues beyond the notification system itself; these include the connectivity of the systems in place and
issues of maintenance and reliability. In designing and implementing such systems it is critical to first
understand their effectiveness at notifying the population, and then focus their technological
development toward the needs of the occupants or communities served. As with any varied population,
notification systems must address these needs in as broad a scope as possible so as to not favor one
section over the remainder. This is especially important given that vulnerabilities can be dynamic and
can propagate throughout a population.
This project represents an attempt to identify vulnerabilities and then assess which of the available
notification technologies is appropriate to address them. The primary purpose was to identify these
vulnerabilities and suggest areas of research required to support these technologies; a secondary purpose
was to structure our understanding of the effectiveness of such systems in order to make comparisons
between them. From this effort, a number of recommendations are made regarding the application of the
notification technologies examined.
The Fire Protection Research Foundation was awarded a Fire Prevention and Safety Grant by the US
Fire Administration in order to determine the effectiveness of alarms for emergency notification of high
risk groups. The study aims to optimize the performance requirements for alarm and signaling systems
to meet the needs of these groups. In order to do this it needs to first identify groups deemed to be
vulnerable to fire. This has been achieved by performing a number of tasks:
Review current literature of relevant human behavior studies – This established the current
understanding of the response of vulnerable populations.
Review current and emerging technologies that address the performance criteria – This
established the notification methods currently available. For each of these methods, the particular
benefit to high risk groups, as well as the general population, was determined.
Assess the information compiled to develop recommendations on notification technology for
each target group and the overall impact for the general population –this described the current
notification tools available and identified the conditions under which their use is most
advantageous.
Monitoring of a risk assessment exercise in order to estimate the potential impact in lives saved
due to changes in notification effectiveness of notification technologies - This risk assessment
has been undertaken by the National Fire Protection Associations’ Research Division, directed
by Dr. John Hall. Direct recommendations have been provided on the factors expected to
influence the effectiveness of alarms, and the manner in which these factors may interact.
The general aims of this project were therefore to:
Identify vulnerable populations and establish the behavioral issues underlying these
vulnerabilities;
Determine the notification systems (and associated practices) that may reduce these
vulnerabilities;
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Synthesize these findings and develop hypotheses to assess the effectiveness of specific
notification systems;
Develop research strategies to test these hypotheses, which will directly influence the
performance of subsequent data collection projects; and
Enable technical recommendations to be made on the application of notification systems based
on the results of these tests and our review.
A key component of this work was then to identify vulnerabilities, the nature of these vulnerabilities,
and how current (and to a lesser extent future) notification technologies address these vulnerabilities.
The project was conducted in two stages. In Stage I, sections of the population were examined to
establish two criteria: whether they are particularly vulnerable to hazards associated with fires; and
whether these vulnerabilities could be reduced by particular notification systems. Existing notification
technologies were examined to determine whether they were effective in alerting these groups of the
existence of an incident and improving their chances of survival when responding to it. Once the
vulnerabilities and technologies were identified, an overview of the associated empirical evidence was
produced. This, along with guidance provided by the Technical Panel, established where gaps in our
understanding existed. The results of Stage I identified key vulnerabilities that required further research.
These key vulnerabilities were then examined in Stage II of the project. The findings were then drawn
together, and recommendations made.
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2

Approach Adopted to Identify Vulnerabilities

The traditional method employed in order to understand vulnerabilities of a population to fire is to adopt
a top-down approach. This involves the examination of the high-level (e.g. national or international)
statistical trends in order to establish the most significant vulnerabilities [1-12]. Although this approach
has a number of important strengths, it is not adopted here for several reasons.
It was established relatively early on in the work that vulnerabilities are not equally supported by the
data available. It was clear that the groups identified as being vulnerable were not equally likely to be
represented in the incident statistics collected; i.e. that some vulnerabilities were more likely to be
recorded than others. This discrepancy may have been due to difficulties in identifying the presence of a
condition (e.g. partial hearing loss in a fatality), recording practices (e.g. whether all the information was
recorded at the scene) and also establishing whether a factor actually influenced the fatality (e.g.
whether being asleep contributed to the fatality or whether the individual would have died anyway).
Therefore, not only were there difficulties in extracting vulnerabilities during the fire investigation and
through examining the reported material, but it was also difficult to assess the extent of the actual impact
of reported vulnerabilities during an incident.
This became apparent from examining high-level statistics, the methods used to collect and store the
supporting information and from a preliminary examination of human behavior in fire literature [13115]. These issues may have led to certain vulnerabilities being overlooked or under-reported; i.e. that
the differences in the data on vulnerabilities was not just due to the extent of the vulnerabilities
themselves, but was also due to confounding factors. It is felt that this issue may mask potentially
important vulnerabilities that require further examination.
To avoid these potential discrepancies, a novel approach has been developed to more reliably assess the
vulnerabilities present. A vulnerability model was developed that requires vulnerabilities to be derived
from the bottom-up (i.e. by identifying vulnerabilities and establishing their fundamental components),
rather than the traditional approach of deriving trends from high-level statistics. It is certainly not
claimed that the traditional approach is not a useful and important tool; however, it was felt that a
method that was more independent of the data collection process allowed for some of the obscured
vulnerabilities to be identified. The two approaches are considered complementary.
The approach developed to identify and categorize vulnerabilities and notification technologies is shown
in Figure 1. This approach involved a detailed analysis of the available literature, the identification of
vulnerabilities and the categorization of these vulnerabilities according to their underlying nature. This
allowed them to be prioritized according to whether they could be addressed through the use of a
particular notification system.
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Perform literature
Review

Identify Vulnerable
Groups

Categorize Notification
Process

Categorize Notification
Technologies

Establish Effectiveness
of Notification Technology
Figure 1: The method used to develop the vulnerability model.

A review of general evacuation literature was performed [13-115]. This was essential as it enabled us to
place the vulnerabilities (and the notification process) in context with the overall evacuation process.
Once compiled, the notification process itself was broken down into its constituent parts: whether the
message/signal is received; whether it is understood; whether the appropriate response is identified; and
whether this response is conducted. This information was then re-examined in order to categorize the
vulnerabilities according to the phase of the notification process to which it is vulnerable. A metric was
produced to clarify this categorization process. This established the nature and extent of the
vulnerability, and whether this vulnerability was due to the notification process or from some other
concern (e.g. they had mobility issues and were unable to respond).
This iterative process also enabled the identification of vulnerabilities that arose from different sources;
i.e. that could not simply be attributed to the individuals involved. This was important as the nature of
the vulnerability influenced the likelihood of it being recorded. These sources included
Innate vulnerabilities – vulnerabilities that were an attribute of those involved (and are
traditionally easier to identify and record); e.g. the individual was immobile, elderly, etc.
Experiential vulnerabilities – vulnerabilities that related to the level of experience, knowledge
levels, and procedural awareness; e.g. whether or not an individual is sufficiently trained.
Situational vulnerabilities – vulnerabilities that related to the incident scenario; e.g. the
individual was asleep or intoxicated, close to the fire, etc.
Vulnerabilities were defined in this manner to better understand how they may arise, persist, develop
and propagate. For example, vulnerabilities need not be permanent; i.e., someone that may not otherwise
be considered vulnerable may become vulnerable (e.g. intoxication, the presence of background noise).
These situations are particularly susceptible to being overlooked in the reporting process and are also
less likely to have been prepared for by those involved; e.g. someone with a permanent and serious

11

hearing impairment is more likely to have taken some measures to counteract this condition than
someone who is occasionally intoxicated.

Status
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lmpaim1ent?

Outcome

Behavioral Response ?
Impairment

Contributory
Behavior?

?

?

Attempt to
tacRle fire

(a)

(b)

Figure 2: Hypothetical incident with ‘contributing’ factors. [116]

An example will help illustrate this problem. Assume that an incident has occurred where fatalities have
been recorded. The report of this incident records that several events, factors and behaviors were present
during the incident; e.g. the alarm sounded, people were asleep, people were intoxicated, etc. (see Figure
2(a)). However, some factors are missed in the reporting process, given that there was no indication at
the scene and there was no previous record of this factor existing; for instance, a fatality had an
unrecorded hearing impairment. Therefore, it is possible that an incomplete record exists of the factors
that contributed to the number of fatalities. In addition, it is difficult to reliably assess whether the
recorded factors actually contributed to the number of fatalities, whether they would have contributed
but were dominated by the severity of the incident, or whether they were coincidental (see Figure 2(b)).
This is primarily due to the absence of a detailed narrative account describing the incident. Therefore,
the chain of events (e.g. causal factors, outcomes, etc.) is difficult to ascertain.
These issues can lead to certain vulnerabilities being misreported and misunderstood; it is possible that
high-level statistical trends may occasionally misrepresent the importance of a particular factor, and may
miss others entirely. To avoid these discrepancies, the vulnerability model highlighted was developed to
complement the existing statistical approach. It is contended that by representing vulnerabilities
according to their fundamental components that this model is able to identify factors that may fall
through the statistical ‘net’ and may help explain why certain vulnerabilities exist in the first place.
Particular care was taken during the literature review to examine work where the chain of events and the
key influential factors were established (see Section 3).
A review of the notification technologies was then performed. These were examined in order to establish
the capabilities of the current notification technologies and to identify their defining characteristics. The
numerous methods available were grouped according to the notification approach adopted (e.g. visual,
audible, etc.) and the scope of the technology’s impact. The notification technologies currently available
were then re-examined to determine what benefit they might bring, and which aspects of the notification
process they address. In doing so it was possible, in general terms, to establish which notification
systems might benefit which of the vulnerabilities.
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The existing empirical data relating to the performance of notification technologies was examined to
establish the findings, recommendations and omissions in our understanding. The Technical Panel was
consulted throughout to establish their opinions on the vulnerabilities and technologies identified. The
number of vulnerabilities considered for further research was then reduced, enabling three data
collection activities to be outlined. In Stage II of the project, these activities were conducted, along with
a risk assessment that examined the potential benefit of this work. The findings of these activities were
reported and compiled, with general conclusions drawn and recommendations made. The overall process
adopted during this project is outlined in Figure 3.
By adopting this bottom-up approach, vulnerabilities could be identified in a manner less dependent on
the process used to record the data at the scene. This allowed vulnerabilities to be highlighted that might
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otherwise be overlooked. It also allowed the nature of the vulnerabilities to be better understood and
suggested a method of potentially addressing the vulnerability in question. This project was primarily
conducted in order to direct research activities and possible recommendations; i.e. to establish where
there are omissions in our understanding, improve our understanding and generate recommendations. In
Stage I of the project, vulnerabilities were examined and three key vulnerabilities identified that required
further data collection to support our understanding. In Stage II of the project, data was collected on
these three vulnerabilities. Once complete, these findings were compiled and recommendations made.
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3

Stage I: Literature Review

A general literature review was performed in order to support and inform the analysis. It also provided
some background information on the types of behaviors and factors that influence evacuee response.
This review examines:
• the evacuation process,
• the notification process,
• the pre-evacuation phase, and
• data relating specifically to factors that can influence the response to notification systems.
The literature review involved a vast amount of material (see References). A detailed presentation of this
material is beyond the scope of this report. Therefore, where required, examples of the research
considered are briefly described. This will provide insight into important work but also give an
indication of the type of material examined (see previous section). It was critical to this project that a
broad review was performed. Given the vulnerability model adopted, a narrow focus may have excluded
vulnerabilities from consideration early on in the process.
3.1

Evacuation Process

In the last few decades an increasing effort has been spent in investigating and understanding human
behavior in response to fire. Prior to this time, human behavior was disregarded altogether, seen as
unfathomable, or simplified according to a few basic assumptions: during a fire people’s behavior was
likely to be panic-based; it was likely to be selfish and competitive; and it would involve immediate and
direct movement once the incident was discovered. These assumptions had a direct impact on the
manner in which emergencies were viewed and how emergency procedures were designed. Effectively,
these assumptions pointed to the impossibility of predicting evacuee behavior; managing an evacuation;
and providing detailed information to the evacuees for them to better appreciate the situation.
More recently, an improved understanding of human behavior in fire has been developed [97-98,103110]. This has been derived from the examination of actual incidents, the collection of empirical
evidence and the development of related theories [13-115]. All of this has, to a large degree, refuted the
assumptions that had previously dominated. This has allowed engineers, behavioral researchers,
procedure designers and evacuation modelers to attempt to take human behavior into account when
trying to understand the outcome of an incident.
It is now recognized that the evacuation process is not simply initiating the evacuation and then
controlling the ensuing response; instead, it is viewed as a multi-faceted event where people respond in
different ways according to the incident scenario and the information available. The problem of
understanding human behavior in fire is not the relatively simple process previously assumed; instead, it
relies upon a number of factors, which can interact and influence the outcome in different ways.
Although the number and type of factors is extensive, some are worthy of further discussion.
An understanding of human performance is required for any performance-based analysis of an incident.
In such an analysis, the development of the fire is compared directly against the performance of the
population in order to assess whether there is sufficient time for the entire population to evacuate before
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the conditions become untenable: the Required Safe Egress Time is less than the Available Safe Egress
Time (see Figure 4). This type of schematic, which is widely used in current engineering analysis,
acknowledges a fundamental finding from the past few decades: the time spent in responding to the
event (i.e. the time between the notification of the incident and the population making a purposive
movement towards a place of safety) can often be the largest component of the overall evacuation time.
This will not always be the case; however, in the vast majority of cases it is critically important to
understand the impact that the pre-evacuation phase will have upon the success of the evacuation
process. Unfortunately, the effort spent in performance-based analyses is not necessarily spread evenly
between the ASET calculations (related to the fire development) and the RSET calculations (related to
egress calculations): there is often much more time spent on the fire calculation due both to the
familiarity with these calculations in the field and a residual belief that the human variable has limited
influence to the overall situation.

Available Safe Egress Time (ASET)Time available before untenable conditions
are reached

Time to reach safety
Time to commence egress movement
Ti me for al arm to be raised
Ti me for fire to be detected

Required Safe Egress Time (ASET) Overall time needed to reach safety

Figure 4: The ASET/RSET comparison, derived from Purser [94,96].

The schematic shown in Figure 4 simplifies the evacuation process in order to enable direct comparison
to be made. In reality the two behavioral components identified (e.g. the time to commence egress
movement and the time to reach safety) are themselves influenced by a large number factors. These have
been the subject of a number of research activities over the past three decades [39,42,76-80,8589,93,99,112,117]. Figure 5 outlines some of the key influences upon the evacuation process. These are
neither consistent, uniform nor static during an incident and can have an impact over all aspects of the
evacuation process. These factors include the architecture of the structure; the organization(s) housed
within the structure; the nature of the incident; the procedural/technological attempts to ameliorate such
an incident; and finally the people that are present during the incident itself. To better understand these
primary influences and the associated work performed regarding each of these areas, discussion of how
they influence the pre-evacuation and evacuation phases is necessary, as is information to place the
notification process in context.
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Figure 5: Sources of influence upon the evacuation process.

3.1.1
Architecture / Structure [25,28,35,39,66,105,106,110]
The physical limitations imposed by the structure are a critical component of the evacuation process: it
constrains the egress capacity of the structure and provides the arena for the evacuation to take place.
For a significant period of time this was considered the dominant factor in the evacuation process, and in
some situations it certainly is. Undoubtedly, the configuration of the structure has an important impact
over the egress performance. This is embodied in the majority of prescriptive codes, which focus on the
physical limitations imposed by the structure and its configuration [118]. However, the importance of
this factor is highly dependent upon the nature of the scenario. For instance, in large structures with low
density populations, the capacity of the egress routes may be less important than in relatively small
spaces with high density populations.
Numerous researchers have examined the physical impact of the structure’s configuration upon the
evacuation . This has been conducted at the level of the building and at the level of the component
[35,67,119,120]. This data is usually presented in the form of flow rates, velocities and populations
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densities [119].1 These are usually sensitive to a sub-set of the following variables: the nature of the
component (e.g. stair, exit, corridor), the nature of the scenario (e.g. emergency or non-emergency), and
the direction of use.
However, the configuration of the structure can have an impact on the decision-making process as well
as on the physical performance of the evacuating population. The layout of the egress routes may be
more or less susceptible to being blocked according to the nature of the scenario; e.g. by the spread of
smoke. This will directly influence the routes available to the population during an evacuation.
The design of the structure may encourage the population to adopt specific routes during normal
circulation; this may in turn influence the familiarity of the population with the routes available and
affect their choice of egress route during an evacuation [28,39,106,110]. The design may be intuitively
arranged or be complex, inhibiting wayfinding. The availability and visibility of egress components will
also affect occupant choices. This may influence the ability of an unfamiliar population to navigate
around the structure successfully, especially when under time pressure. The level of
compartmentalization of the structure will influence the level of information to which the population has
access. Highly compartmentalized spaces may prevent visual or aural cues reaching isolated populations
[110]. Ironically, this compartmentalization may represent an attempt at passive fire protection; reducing
the spread of smoke and, hence, transmission of information about the fire situation.
The structure has a direct impact on the ability of the evacuees to move freely during the evacuation.
However, it will also have an impact on the individual’s response to the incident, influencing their
access to information (e.g. cues from the incident, notification messages, etc.), and then their affiliation
with particular egress routes (see Table 1).
Table 1: Architectural/Structural Factors the might influence performance.

Factors that might influence egress performance
Building Type and Use
Physical Dimensions
Geometry of enclosure
Number and arrangement of egress routes
Complexity of space
Visual separation
Lighting and (non-emergency) signage
Extent of Passive Fire Protection
3.1.2
Scenario/Environmental Conditions [17,39,94,114,121-123]
The nature of the scenario will influence the type of hazard presented to the population. It may inhibit
the use of certain routes. In this respect the scenario can have a direct impact on the effective physical
configuration of the structure; e.g. smoke blocking routes, damage to the structure, etc. It can also have a
physical impact upon the evacuees. For instance, the evacuees may be physically impaired through
exposure to smoke, elevated temperatures [121,123]; this may reduce their travel speeds, make them
unconscious, or eventually lead to their death. The presence of smoke and irritant gases can also impair
the evacuees’ ability to see, leading to difficulty in wayfinding or moving around the space [121].
1

Although great care is required regarding the units of measurement used.
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The presence of fire effluent can also influence the decision-making process of the population. The
exposure to smoke can act as cue to the existence of a fire; i.e. motivating individuals to respond.
However, should the level of smoke (and other fire effluent) become too severe it may inhibit the
movement of the evacuees around the structure, blocking off routes and forcing them to redirect and/or
using routes that may have otherwise been unfamiliar [114,122]. Ironically the presence can reduce the
time spent in the pre-evacuation phase by prompting the evacuees to respond, but prolong the movement
phase by blocking of routes, reducing travel speeds and directly influencing the well-being of the
evacuee (see Table 2).
Table 2: Scenario/Environmental Factors the might influence performance.

Factors that might influence egress performance
Presence of Fire Effluent
Background Pollution (Noise/Sound)
Lighting levels
Debris
Presence of fatalities
Structural damage
Loss of routes

3.1.3
Organization [25,26,39,45]
A more subtle influence exerted by the structure is the nature of the ‘organization’ that is housed within
it; i.e. the use of the space. This use may range from a domestic residential settings, where the
population is based around a single familial or social group, to a shopping mall, an office or a university,
where looser, less familiar social groupings are present. The use of the space will influence the social
structures present, the relationship between the population and the structure and the various procedural
measures present. In small domestic residencies, the population will be familiar with the structure, the
threats present and the people within it. This can cause them to be committed to the well-being of the
occupants, the contents and the building itself, leading to the performance of specific behaviors (e.g. reentry) [25-26]. In some spaces they may show commitment or engagement dependent upon the activities
in which they are involved and the resources at stake in remaining in the space; e.g. they are attending
an expensive concert or they have already paid for food at a restaurant. In such situations it may be
difficult to attract the attention of the occupants and then motivate them to leave.
Where the population is transient and the space is complex (such as a shopping mall), the population’s
familiarity with the space may vary; they may be in a variety of different social and familial groups and
they may be less familiar with the cues indicating the existence of an incident. In spaces with a formal
management system and sufficient resources, staff may be in place to manage the evacuation process. In
such situations they may be accompanied by relatively advanced notification technologies.
Table 3: Organizational Factors the might influence performance.

Factors that might influence egress performance
Safety Culture
Normal use of structure
Security procedures
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Communication system
Existence of social hierarchy
3.1.4
Procedural Response [13,16,34,39,49,50,54,58,122]
According to the use of the space, an emergency procedure may be implemented in order to manage the
evacuation process. This will be present in nearly all structures and will range from the use of a small
tonal alarm and the development of an ad hoc family evacuation plan, to the development of an
emergency procedure supported by staff and the implementation of advanced notification and
suppression systems (see Table 4).
The procedure may involve a number of components. These can require significant preparation before
the event (e.g. procedural design, training, drills, documentation, hiring practices, technical
implementation, maintenance, etc.) and then actions in response to the event (e.g. activation of
suppression systems, notification systems, staff implementing procedure, provision of information, etc.).
The procedural response represents an attempt to extend the amount of time available to the evacuating
population (by suppressing the fire and limiting its spread) and reduce the time required by them to
reach safety (by proving information on the routes available, the existence and nature of incident, and
ensuring the most efficient response).
The procedural response of the population is sensitive to the information provided to them and their
interpretation of it. Variables that affect the response include the ability to receive information, the
means by which the information is transmitted, the ability of the population to believe and understand
the information provided, and the expectations for response.
Where large numbers of people (or vulnerable populations) are involved, the activities of the staff
becomes critical. They are a means by which to provide current information to the populations,
assuming that they are trained and trusted. The actions of the staff can and should be supported by other
methods of providing information, including notification systems.
Table 4: Procedural Factors the might influence performance.

Factors that might influence egress performance
Active Fire Protection
Emergency Signage
Notification System
Emergency Training
Emergency Literature
Performance of fire drills
False alarms
Staff/fire wardens

3.1.5
Individual [15, 20,39,122,124]
The individual evacuee brings an array of attributes to the event that will directly influence their ability
to perceive the incident, determine a response and then enact that response. These attributes are physical
(e.g., age, gender, physical fitness), psychological (e.g., cognitive abilities, motivation), sociological
(e.g., relationship to those around them, role) and experiential (e.g., training, familiarity, information
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levels). Some of these attributes can be influenced by the procedures employed within the structure;
however, others cannot be changed and will need to be taken into account when determining a strategy
(or technology) to address an incident. Some of the variation in the population can be predicted (and
legislated for), such as the presence of persons with physical challenges; other aspects of it are less
predictable, being transient, unaddressed and/or undeclared (e.g. intoxication, injuries due to the
incident, partial hearing impairment, etc.).
The many attributes identified can influence the individual’s ability to respond (see Table 5). The
attributes combine to form an idealized view of the components of the individual that are of interest to
safety specialists and emergency planners. These attributes (along with the factors highlighted in the
previous sections) will also influence the behavioral response of the individual (see Table 6).
Table 5: Individual attributes the might influence performance.

Factors that might influence egress performance
Cognitive abilities
Culture
Exposure to cues
Location
Fatigue
General health
Sensory impairment
Size
Experience
Information levels
Familiarity
Role
Responsibility

Factors that might influence egress performance
Age
Gender
Activity
Social affiliation
Engagement
Commitment
Physical abilities
Proximity to incident
Motivation
Status

Table 6: Potential actions that can be performed in response to an incident.

Potential Actions
Investigate / search
Wayfind
Evacuate
‘Panic’
Re-enter
Remain / Delay
Fight Fire
Collect items
Secure item
Communicate
Process information
Provide assistance
Non-evacuation behavior
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3.2
Notification and Preparation in Non-Domestic Settings [39,64,65,122,124,125]
The development of an emergency and the response to it can be categorized into three broad phases:
Preparation, Notification / Response, and Procedural Implementation. The concept of the emergency
procedure is based on the assumption that a population is receptive to information (i.e. that they will not
inevitably panic) and that they can act on the information available. These phases pose different
concerns and require different procedural, technological and structural actions in order to address them.

3.2.1
Phase I - Preparation: Implementing an Effective Design
Extensive preparation is not always possible. This may be due to the resources available (e.g. if the
occupancy is a single family dwelling) or the time available in order to prepare (e.g. transient
populations will have limited time to prepare). Local preparations can be made; e.g. where a family
develops a plan based on the resources and information available to them. However this will still involve
them relying on their own actions (rather than the actions of staff) and possibly on a relatively simple
‘stand-alone’ notification systems.
Safety managers and designers employ several techniques to prepare a resident population for an
emergency. These include emergency training, documentation, lectures and exercise drills. All of these
occur prior to the event and will take place over a period of time. The preparation for the evacuation
procedure is a process that requires assessment, design and reinforcement. This requires a sufficiently
static population to allow for long-term preparation, significant resources, and a sufficiently formal
environment allowing safety management to analyze and design an emergency procedure. In some
occupancy types (e.g. residential) the preparation phase is limited and possibly non-existent. The
population is then left to establish their own personalized response to an incident. This process may
benefit from advice provided by experts, government sources, fire departments and neighbors. However,
this is not guaranteed.
Given that there may be a complete absence of procedural preparation, a greater burden is placed upon
the notification technology and its ability to quickly effect an evacuation. The initial shock of a serious
and very real incident developing in someone's residence will not only require the occupants to be
convinced, but to be convinced in sufficient time for them to make decisions, including making
mistakes. In such a case valuable time may be wasted. The notification system then has to alert
evacuees, and guide them where possible, in order to limit the time taken to respond and to instruct the
nature of the response.
Where these procedures are in place (e.g. in high-rise office blocks) these preparatory measures can
often be seen by the resident population as a burden. The training is reluctantly attended and the drills
occasionally avoided; i.e. actions are taken just before the drill is performed in order to avoid it or
minimize the disruption. Where drills are announced, residents often take action to reduce the
inconvenience of the event; e.g. preparing for the drill prior to the announcement being made. When
drills are unannounced, producing more reliable feedback on performance, there is usually an associated
degree of resentment. Unfortunately preparation is not often given the time and attention required as a
result.
To successfully prepare a population and for an emergency procedure to be effective, several key
objectives need to be achieved:
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the procedure needs to produce an efficient evacuation;
the procedure is instilled into the population, such that they have sufficient knowledge and
familiarity to follow it;
the population (which may include occupants that are impaired, intoxicated, fatigued, etc.) is
able to perform the actions required of them;
the population’s familiarity with the procedure needs to be maintained; and
the population needs to have sufficient confidence in the procedure in order to trust and enact it.
These objectives are inextricably linked. A well-designed, simple procedure that is sufficiently
explained on a regular basis is more likely to be understood, and then followed. However, as already
mentioned, there will be situations where the level of preparation is restricted due to the transient nature
of the population and/or the resources available.
3.2.2
Phase II - Notification and Response: Making People Aware of the Incident
Although the emergency procedure should be implemented once notification has taken place, there will
inevitably be a delay in doing so - often a significant delay [32,34,76-81,99]. The delay may be due to a
variety of factors and will be dependent of the incident scenario. For example, it may involve the
population:
Processing notification; e.g. differentiating the message from other emergency and nonemergency announcements.
Confirming the nature of the event; e.g. seeking further information, confirming information
with colleagues and safety personnel.
Performing activities that are not part of the procedure; e.g. collecting bags, finishing meal, etc.
Performing role-based activities as part of the procedures; e.g. shut-down activities.
Confirming what is required of them.
Preparing to perform the actions required of them; e.g. determining their first action.
Initially, notification requires that the population divert their attention away from the activities in which
they are engaged. The success of this is initially associated with the clarity of the reception of the alarm
signal/message. Members of the population who do not clearly receive it may misinterpret or ignore the
signal/message entirely [39,115]. They are then required to comprehend the significance of the
signal/message provided; i.e., that they receive it and then accept that it represents an actual event. To
attract the attention of the population, the signal/message needs to clearly and believably denote the
occurrence of an emergency incident. The population needs to be able to differentiate between the
emergency information and other information from adjacent systems (on other floors, from other
companies, non-emergency systems, security alarms, background pollution, etc.) [117]. Any difficulty in
doing this might significantly hinder their response.
To comprehend the significance of the signal/message, the population must believe that it signifies a real
and imminent threat. The accuracy of this perception is influenced by the frequency with which the
system is tested, the frequency of malfunctions, and the frequency of false alarms [25,39]. If these
events occur too frequently then they may detract from the manner in which occupants respond.
Therefore, notification systems need to be heard, recognized, and believed to the extent that an engaged
group stops what they are doing to attend to the information provided to them and then respond to it.
Ideally, they should also provide information on the nature of the incident and guidance on the required
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response, in support of the training provided [64,65]. The provision of accurate and timely information
to the population is more likely to convince them of an incident than a signal alone and may aid them
during their response. A signal might alert them of an incident, but provide no further information.
It is now widely accepted that ineffective behavior is more likely when the provision of detailed
information is delayed, ambiguous, or avoided altogether, causing a delayed response [64,65]. During
such a delay, conditions might deteriorate further resulting in less time in which to make a decision and
fewer alternatives from which to choose. In contrast, a more informed population is better able to assess
the situation and respond accordingly. The same logic is then applied to the evacuee as to the safety
manager: timely information helps appropriate actions.
The process of managing an evacuation is also aided by the evacuees knowing what they are doing and
why. This response can be compared to attempts at crowd control where a population is coerced into
acting in a specific manner without explanation [46]. Given that it is now considered desirable to inform
the evacuees of the incident, the question then becomes how to do so most effectively.
The longer that the incident has to develop, the greater the risk posed to the resident population [94].
This may involve the loss of potential routes, the worsening of conditions, and the contraction of the
procedural timeline. Therefore it is important for the entire emergency response that the population is
notified of the incident as quickly as possible, that they believe this information and that sufficient
information is provided to them to encourage an appropriate response (i.e. in support of the procedure).
The procedure can then be implemented more quickly. Ironically, this quick response is still important
even for those who are initially expected to remain behind. They may still be required to evacuate at
some stage, and will then be able to do so earlier in the timeline of the fire, when the egress routes have
cleared.
3.2.3
Phase III - Getting People to Follow Instructions
Once the population is aware of the incident and have completed their preparatory actions, they are then
ready to respond to the incident. Ideally this would involve them following behaviors allocated to them
by the procedure (or small-scale plan). This might then involve one of the following:
Moving towards a place of safety (outside or to a refuge).
Remaining in place until further notice.
Performing tasks or duties associated with control of the fire.
There are numerous problems that may arise during this phase of the emergency. It is the most complex
and dynamic phase, given that it involves the movement of different sections of the population. If it
progresses ineffectually, it is difficult to correct. The problems may be technological, procedural,
structural and/or behavioral:
Are the occupants physically able to follow the procedure?
Are the occupants familiar with the procedure?
Do the occupants follow the procedure?
Is there sufficient capacity for the egress movement to take place?
Are the occupants familiar with routes available?
Is the capacity available exploited efficiently?
Does the incident impinge upon this capacity (i.e. the egress routes available)?
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Figure 6: Issues with the notification process. [125]

The research literature indicates that the most effective means of informing an individual of an incident
is through the presence of a well-informed, well-trained, assertive and respected member of staff
instructing occupants of the incident [28,126-128]. If a member of staff is not present, then other means
of influencing the evacuation need to be provided. In their absence it is critical that an information
vacuum be avoided. The worst-case scenario would be that, in this information vacuum, the occupants
respond after an extended period of time and then evacuate in a disorganized manner, adopting incorrect
routes and overloading some egress routes whilst underutilizing others. In contrast, with sufficient
information and management, the evacuation can be managed in order to reduce the likelihood of
conditions deteriorating (see Figure 6).
It may then reasonably be assumed that the effectiveness of a member of staff provides an upper bound
for any other technological solution; i.e. it is unlikely that a technological solution will surpass the
effectiveness of a well-trained, well-informed human solution both in terms of initiating and responding
to the incident (see Figure 7). The flexibility and credibility of committed staff can then act as a
benchmark for the performance of notification technologies.
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Figure 7: The continuum of effectiveness in notification. This ranges from an absence of information or
the provision of inaccurate information to the presence of a well-trained and assertive member of staff.
In between there are a range of different notification technologies available.[ 127]
However, there will be situations where staff is unavailable, or where they need support. In these
situations, notification technology is a critical tool. Even though it may be less effective, it is still very
effective. The evacuation process requires the occupant population to recognize that an incident is
sufficiently hazardous to require a change in their behavior, such that they respond (see Figure 7). It is
critical that accurate information is provided. The worst situation would be where there was no
information available, or where inaccurate information was provided, especially where it came for a
source perceived as credible (e.g. a member of staff).
In essence, the provision of information via notification systems compensates for deficiencies in the
existing information levels in the occupant population. Visual, audible and tactile notification systems
can be employed, as they increase the likelihood of reaching the occupant population given the different
conditions that might arise and the abilities of the occupants themselves. The success of these
approaches is dependent upon the resolution of a number of questions, prior to the occupant
appropriately responding to the incident [64,65]:
Is the information produced by the notification system received?
Is the information perceived by the occupant as representing an emergency?
Does the information lead the occupant to identify an appropriate response?
Is the individual then able and willing to perform this response?
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The information included in Table 7 indicates that the nature of the information provided by a system
can vary significantly. The most basic information indicates the occurrence of an incident; e.g. through
the sounding of a tone, flashing of a light, or vibrating of a buzzer. The proliferation of tones, alarms and
security devices may reduce the association of a particular event with an emergency incident [39].
Particular signals have been developed (e.g. the temporal or T-3 signal) that are more readily associated
with an emergency in an attempt to combat this problem [76,80,93,127, 129,130].
Table 7: Examples of Notification Systems.
System
Siren, Horn, Bell
T-3 Signal

Nature
Audible
Audible

Voice Recording

Audible

Directional Noise

Audible

Live Announcement /
Paging

Audible

Strobe
LED Textual Signs

Visual
Visual

Display Screens

Visual

Vibrating Device

Tactile

Information provided
Indicates that an event has occurred
Indicates that an emergency has occurred, assuming that T3 is suggestive of an emergency [129,130]
Indicates that an incident has occurred and may also
provide response guidance. The nature of the incident and
the response will need to fall within the library of stored
messages.
Indicates that an incident has occurred and provides
guidance on the location of exit locations [131]
Indicates that an incident has occurred and may also
provide real-time response guidance. Assuming that a
procedure exists to determine the response, the method is
flexible enough to provide relevant information.
Indicates that an event has occurred
Indicates that an event has occurred and may allow limited
information to be provided.
Indicates that an event has occurred and may allow
information to be provided on the required response.
Indicates event has occurred

As with audible systems, visual systems range in their ability to initiate the evacuation and then
influence evacuee behavior. Strobes are often present in public spaces and, although intended to provide
primary notification to those with a hearing impairment, have the ability to grab the attention of other
occupants and inform them that an event has occurred. However, even if this information is accepted as
indicating an incident, it provides no further information relating to the nature or seriousness of the
event, nor information on the required response. Other visual devices can be employed to represent this
type of information, including the use of screens, displays, electronic signage, or other such devices. In
these cases, it is critical that they are placed in a position where they are visible such that the full
message is available to as wide an audience as possible. The information provided by such devices will
normally be pre-determined in nature given the difficulty of producing visual instructions in a short
period of time. However, these instructions could be more detailed (e.g. including maps) if a screen was
employed.
There are a number of technological alternatives available for notification systems (as shown in Table
7). These have different strengths and weaknesses that can be broadly categorized according to:
Whether they provide information on the nature of the response or not?
Whether this information is pre-determined or adaptive?
In addition, the two approaches are susceptible to a variety of factors that can influence their
effectiveness. A selection of these can be seen in Table 8.
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Table 8: Examples of factors that can interfere with the two notification technologies [127].
Audible
Is there sufficient coverage?
Does the audible signal/message reach the
required population? Are the sound levels
appropriate for this to occur, whilst not
being prohibitively loud in certain areas?

Visual
Physical Factors
Is the information blocked by physical
obstacles; e.g. the design of the structure,
furniture, etc.?

Tactile
Is the individual exposed to the
‘signal’; e.g. are they in the
designated location, such as a
bed?

Environmental Factors
Are there non-emergency lighting, screens,
advertising hoardings, etc. that detract from
the emergency information?
Does the presence of smoke interfere with
the information provided?
Individual Factors
Are there individuals that are hard of
Are there individuals that are visually
hearing?
impaired?
Are there individuals that are cognitively unable to evaluate the information provided?

Is there background noise inhibiting the
receipt of the sound?

Situational Factors
Is the message perceived to represent a fire emergency?
Is the population expecting a visual
Is the population expected a
message?
tactile signal?
Is the system susceptible to false alarms? Will this then influence the perceived veracity of the notification system?
Do the occupants comprehend the message provided?
Is the population focusing elsewhere (e.g.
engaged in another activity such as using a
PC, watching TV, etc.) and is therefore less
likely to receive the information provided?

3.3
Key Notification Issues
Given the previous discussion, there are some basic requirements regarding the notification technology
irrespective of whether it is visual, audible, tactile or otherwise:
1. It must have the maximum coverage possible. Those that are able to receive the information should
have adequate access to it. It should be recognized that when employing a system there will be a
proportion of the population that will not be able to receive the information provided. Alternative
measures will need to be taken for these individuals (e.g. the intervention of staff, vibrating devices,
mobile devices, etc.).
2. The social context of the information should be understood and managed if possible; e.g. will people
recognize the information as actually representing a real incident. Technical issues that lead to false
alarms, or the misinterpretation of the message as non-emergency, should be addressed.
3. The information levels available (either through the preparation or the notification system) should
indicate the need to respond and the required response. This may be targeted to certain populations
according to location or proximity to the incident.
4. Irrespective of whether the required response is uniform or not, the information provided should be
based on the most current data available and should reflect the emergency procedures in place.
Ideally, a notification system should be formed from technological and human solutions. Not only will
these two sources of information act to reinforce the reality of the incident, their combination will
increase coverage and introduce much needed redundancy into the system.
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Pre-Evacuation Data
3.4
In the following sections a number of example data-sets are presented. These are vital in understanding
the notification process and the impact that it has on the population. These were derived from a number
of areas:
Actual incidents – especially those where an assessment of the pre-evacuation/notification phase
was reported;
Contrived studies – where drills or experiments have been conducted and results presented
relating to the pre-evacuation/notification phase;
Focused Quantitative Analysis – small-scale quantitative analyses that focused on a particular
place or a particular aspect of the pre-evacuation/notification phase process;
Qualitative Analysis – where an analysis of the pre-evacuation/notification phase has been
conducted with access to narrative, anecdotal or detailed reports enabled some explanation as to
why the results occurred.
High-level quantitative analysis (i.e. the use of national or general trends) was also examined as part of
this work; however this has been reported in detail elsewhere [1-12] and is not repeated here. The
findings were used to support the rest of the work conducted, rather than determining the key elements
of the work. The reader is referred to a number of important documents presenting high-level analyses,
both on the national and international scale [1-12].
The provision of a comprehensive digest of these cases is beyond this project. However, it is important
that representative examples are provided to enable the reader to judge the basis for any conclusions
made. In each of the different categories, a list of references is provided reflecting the other sources
examined as part of this review.
3.4.1
Pre-Evacuation: Real Incidents
The impact of notification and the pre-evacuation phase on the results of an evacuation in response to an
actual incident can vary. The manner in which factors interact is sensitive to the scenario and formed
from many of the factors identified in Section 3. To explore this further, several incidents are discussed
in order to assess the various ways in which the pre-evacuation phase can influence the results produced.
The impact of pre-evacuation behavior upon the outcome of a fire is sensitive to the nature of the
incident. In some instances, the population responds quickly but, given the nature of structure, the
population density and the rapid development of the fire, the population is still affected by the
deteriorating conditions [13,25,32,34,39,76-80,111,115, 122,124]. In other cases, the prolonged preevacuation time (through procedural, technological, or behavioral factors) is responsible for the
problems that arise. It is instructive to examine real-life incidents to establish the factors that lead to
these different situations and the impact that the notification technologies that were present had upon the
results produced.
3.4.1.1 Macedonian Association, Gothenburg, Sweden , 1998 [132] – Issues of Detection
On the evening of October 29 1998, a fire developed in the premises of the Macedonian Association in
Gothenburg, Sweden. This was a relatively small, two story structure approved to hold 150 people. On
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the evening of the fire, up to 400 people were in the structure [132]. Witnesses confirm that the dance
hall was very crowded [132].
The fire started in a stairwell adjacent to the main hall. The disco was on the upper floor and was served
by two stairwells at each end of the structure (see Figure 8). There were two internal exits, one located at
each end of the hall, each equipped with a single door that swung outward (see Figure 8). The main
stairway on the northwest end discharged directly to the exterior. The other stairway on the southeast
end discharged into a corridor on the ground floor, which then led to the same external exit.
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Figure 8: Floor plan of Gothenburg Disco building in which the incident took place. Redrawn from [132].

The middle landing of the stairwell located in the south-eastern end of the building was used to store
chairs. The fire originated in this area among the chairs. This fire developed undetected. Shortly before
midnight, some time after the fire started, the door leading to the southeast stairwell was opened,
allowing smoke from the fire to enter the main area of the building. This stairway was impassable and
therefore not available during the evacuation. The only viable means of egress from the disco was
through the north-western exit. This was soon overloaded by the number of people simultaneously
attempting to evacuate. Once the smoke and fire entered the disco, the population responded very
quickly. In this instance the delay in detection directly influenced the outcome, rather than the delay in
the response of the evacuees once they were aware of the incident. Given the limited means of exit, a
few people chose to escape through the windows.
During this incident there were 63 fatalities, of which 43 were found ‘piled’ around the internal exit
leading to the main stairwell (see Figure 8). In addition 180 people were injured. Fire fighters reported
that their access to the hall was blocked by a wall of bodies inside the doorway that reached the top of
the doorjamb [132]. Other victims were found in a side room, off of the main hall, where they had
apparently sought refuge. The NFPA concluded that the level of overcrowding, the lack of a fire
detection and alarm system and the ignition of combustible storage material in the stairwell contributed
to the large loss of life in this incident [132]. In this case, the presence of a detection system that was
able to notify the population was an issue, rather than them delaying their response.
3.4.1.2 Woolworth’s , Manchester, UK, 1979 [115] – Issues of Procedure, Misinterpretation and
Commitment
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The department store consisted of a ground and 5 upper floors. The fire occurred on the second floor, in
a furniture storage area adjacent to a restaurant. Ten people were killed.
The fire started in foam-filled furniture that had been stored on the second floor; as a result the fire
spread rapidly, trapping people on upper floors. Some people in the adjacent restaurant were overcome
by smoke. Sime performed a statistical analysis of the pattern of escape behavior from this fire [115]. He
used witness statements and records of the fire as a data source. The movement and actions of 63
members of the public and 69 staff were analyzed. He found that the staff and customers used different
routes out of the structure according to their familiarity levels. Effectively, the staff and customers
employed different emergency procedures. In addition, it was reported that those in the restaurant
delayed their evacuation, due to their proximity to the kitchen and their commitment to their meal. This
group initially only received environmental information directly from the kitchen; i.e. they smelled
smoke. However, without the provision of information from the alarm system or from the staff, this was
interpreted as being a 'normal' kitchen event and did not motivate them to respond immediately,
especially as they wanted to continue with their meal. This group was in particular danger given their
proximity to the fire. The population would have benefited from clear information relating to the event
and intervention from the staff. This would have reduced their pre-evacuation times and motivated them
to leave their meals and evacuate.
3.4.1.3 Beverly Hills Supper Club, Southgate, KY, USA, 1977 [13] – Issues of the Notification System
and Ad Hoc Procedural Development
On the evening of May 28, 1977, an electrical fire started in a small, unoccupied enclosed space in the
popular nightclub. This allowed the fire to develop for an extended period of time prior to its discovery
[13]. The two-story club covered approximately 65,500 ft2 and was formed from numerous dining
rooms, cabaret rooms, function rooms and lounges. Although it was designed to be occupied by
approximately 1500 patrons (being classified as a place of assembly), at the time of the incident between
2400 and 2800 patrons were on the premises.
The absence of a notification system and the complexity of the enclosure constrained the communication
process and contributed to the high death toll: 164 people. The dispersion of the population and the
relative distance (and visual separation) of a large section of the population from the incident allowed
the fire to develop to a far more advanced stage than might otherwise have been the case. Those people
isolated from the incident had no source of information other than the staff and the fire itself.
The fire was discovered at approximately 8:45 p.m. by staff who attempted to fight the fire prior to
informing the patrons. Some of the patrons who were situated near the fire also became aware at this
stage. The majority of the patrons in the other main rooms were notified by employees at or before
approximately 9:00 p.m., prior to serious environmental deterioration. Those in the main room, some
distance from the fire (the Cabaret room), only became aware of the incident at approximately 9:06 p.m.
The Cabaret Room was completely engulfed in smoke by 9:11 p.m., at which stage no tenable means of
escape were available.
Of the 164 fatalities, 162 were situated in the Cabaret room, where it was estimated that between 1200
and 1300 patrons were originally located. Due to its relative distance and isolation, the patrons in the
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Cabaret room were dependent upon the employees for information concerning the incident, as there was
no notification system within the structure.
Some insight into the event was gained through the performance of a post-incident survey [13]. The
patrons were initially notified by a member of staff: the busboy Walter Bailey. He climbed onto the
stage in the centre of the Cabaret room and informed the crowd of the incident. This information was not
immediately accepted as being pertinent by many of the patrons. Patrons either believed that Bailey’s
actions were part of a drill, that the incident was not particularly serious, or (worst of all) that Walter
Bailey was part of the comedy act that had previously been interrupted. One patron estimated that only
30 to 40% of the patrons perceived the information as being serious enough to evacuate immediately.
However, after further prompting, the patrons eventually began to move off.
The majority of the patrons (80%) within the Cabaret room cited instructions by a staff member as their
reason for leaving. The actions of the busboy enabled many of the patrons to evacuate prior to the
degradation of the environmental conditions. He also informed patrons of previously unfamiliar exits
that by this stage were the only viable routes of exit. Not only did Walter Bailey point out the existence
of the fire exits, but gave instruction as to which sections of the population should use which exit. Even
with the early warning provided by the member of staff, the large evacuee load led to sever congestion,
causing significant delays to the evacuation of the patrons located in the Cabaret room.
Fatalities were eventually found around the two exits previously unfamiliar to the evacuees. Due to the
time constraints, these two fire exits were overloaded. Extensive congestion arose due to the difficulties
presented by the structure’s geometry and the decreasing tenability of the environment.
The lack of early warning and sufficient information was a factor here. However, it is also indicative of
the value of accurate information on the required response. Even under time pressure, the population
was able to receive, process and follow information provided to them.
3.4.1.4 Düsseldorf Airport, Düsseldorf , Germany, 1996 – Issues of Information Provision and
Procedural Difficulties [133]
On Thursday, April 11, 1996, a fire developed in a passenger terminal. This killed 17 people and injured
62. Authorities determined that the fire began when a worker ignited insulation used in the void above
the ceiling on the first level. The fire began in the vicinity of a flower shop on the first floor. Electrical
faults were reported, smoke was seen coming from the vents in the flower shop, and the ceiling began to
glow and drop burning members. Personnel were on the scene soon after.
The fire developed rapidly and effluent spread throughout a large area of the first level of the terminal.
Seven of the victims died in two elevators. Several people were on the roof observing aircraft and
descended when smoke was perceived; the elevators opened into the fire area on the first level. Eight
more victims died in a lounge on the third level; this was a mezzanine overlooking the departure level of
the building. The location of two victims was not established.
The smoke and flames spread throughout the first level then extended to the second level through
unprotected open stairwells and escalator openings. The area where the fire occurred was not equipped
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with automatic sprinkler systems. The building was equipped with an alarm system that used voice
annunciation in German, French, and English. NFPA identified several factors that were deemed to have
contributed significantly to the loss of life. Only those that are relevant to our current analysis are
described here:
The transmission of erroneous information over the voice annunciation system during the first 10
minutes of alarm activation.
The ability to shut down the public address system in the lounges. (This system was also used to
transmit the emergency voice announcements.)
Inadequate means of egress capabilities from the VIP lounge on the mezzanine level
Two occupied elevators that opened directly into the fire area
Lack of adequate communications capabilities between the command staff and fire fighting units
Lack of awareness of the building layout
In this incident, a relatively sophisticated notification system was in place, however, the use of general
guidance rather than information tailored to the evolving incident proved detrimental to the evacuation
process.
3.4.2
Pre-Evacuation: Contrived Studies
In addition to the data collected from real incidents, a number of trials have been conducted to collect
pre-evacuation data [32,42,76-81,93,94,99,112,117]. The data is collected for many reasons (e.g. theory
development, engineering calculations, procedural testing, specifically for data collection, etc.). It is also
employed in a variety of different methods and provides the data to different degrees of detail. Given
this, the data available in the literature should be (and was) treated with care. Irrespective of this, the
existing data was useful regarding:
the organization of trials;
the variation in the results produced;
the data collection methods employed;
the data collected; and
the format in which the data should be presented.
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Customers were asked how frequently they visited the store. This could then be used to indicate the level
of familiarity. Throughout the stores, the majority of customers were weekly or monthly visitors. They
also examined what the customers were doing at the time of the evacuation, their level of commitment to
this activity, the egress route adopted and how they were notified; i.e. the researchers were therefore
interested in establishing what happened and why.

3.4.2.1 Shields and Boyce - A Study of Evacuation from Large Retail Stores [99]
Shields and Boyce conducted four unannounced evacuation from retail stores in the United Kingdom.
Three of these stores were three-story structures, while the fourth structure had a single story (see Table
9). The stores were of different sizes and different levels of complexity. The evacuation was recorded
using existing CCTV cameras and additional video cameras. A post-incident survey was also conducted
to determine the experiences of the evacuating customers. They were able to collect information on the
pre-evacuation times and evacuation times generated. All of the trials were conducted with the
participation of a single company.

Given the variation in background conditions and collection methods employed, it is unsurprising that
the results produced can vary so greatly. Fahy and Proulx compiled a database of a large set of
evacuations, real and contrived (see Figure 9). The range of results produced is evident.
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Table 9: Results produced by Shields and Boyce [99].

Building
1
2
3
4

Pre-Evacuation time (sec)
Number of data points
37 [3-95]
122
31 [4-100]
122
25 [1-55]
95
25 [2-60]
71

Evacuation time (sec)
Number of data points
240
571
210
616
165
477
131
409

3.4.2.2 Proulx – Evacuation Time and Movement in Apartment Buildings [79]
Proulx conducted four evacuation trials involving different mixed occupancy buildings. Each was 6-6
storeys high and contained 80-130 apartments. The trials were recorded on video cameras that were
distributed throughout the structures. The study examined the pre-evacuation time, the evacuation time,
the movement time and the behaviors of the evacuees; particular attention was paid to the performance
of the elderly and the disabled.
In Table 10 a selection of the results collected by Proulx is provided. Interestingly she was able to
establish the average time spent moving (i.e. the time between initially responding to the point of
arrival). She found that people spent between 11% and 35% of their time moving, while spending
between 67% and 88% of their time responding; i.e. in the pre-evacuation phase.
Table 10: Results produced by Proulx [79].

Building
1
2
3
4

Average Pre-Evacuation
time (sec)
150
502
582
188

Average Evacuation
time (sec)
185
576
657
278

Average Movement
time (sec)
65
77
75
67

3.4.2.3 Purser – Quantification of Behavior for Engineering Design Standards and Escape Time
Calculations [96]
Purser conducted a series of evacuation studies and fire investigations, involving several building types
in order to contribute to design standards and egress calculations. He achieved this by monitoring
evacuation trials and then formatting the data to suit the twin objectives.
The trials ranged in size and complexity. The simple, small-scale trials enabled his team to focus on the
key behavioral components and parse the data collected accordingly. He then applied this method to the
other trials examined. Purser categorized the evacuation process into:
recognition time (time from the alarm sounding to the first response);
response time (time from the first response to purposive evacuation movement);
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and travel time (time to reach safety).
Using these categories in one small-scale trial, he monitored the evacuation of a single room using a
hidden camera. The people in the room were unfamiliar with the building and were notified using a
voice alarm system. This consisted of an initial sounder and then a message. The evacuees responded
quickly, taking between 15 and 20 seconds to perform their first act, but then spent additional time
performing other preparatory actions (between 17 and 39 seconds). He was able to provide some
indicative values for the behavioral categories identified (see Table 11).
Table 11: Results produced by Purser [96].

Person
1
2
3
4
5
6
7
8
9
10
11
12
Average

Recognition
Time (sec)
16
15
17
20
16
18
?
16
?
?
?
?
17 [15-20]

Response
Time (sec)
40
17
20
30
30
39
?
30
?
?
?
?
29 [17-39]

Travel
Time (sec)
5
5
2
3
6
5
3
13
?
?
2
4
5 [2-13]

Total
time (sec)
61
37
39
53
52
62
67
59
55
65
71
51
56 [51-71]

Purser then examined a series of other trials in order to populate the categories defined as contributing to
the overall evacuation time.
Table 12: Results produced by Purser [96]. Categorization modified from original text.

Sounder
Voice
Bell

Recognition
Time (sec)
63
0-69
540

Response
Time (sec)
3-40

Total
Pre-Evacuation (sec)
17-94
10-26

Overall Evacuation
Time (sec)
70-365
20-538
900

A relatively large amount of research exists examining pre-evacuation behavior through contrived (i.e.
pre-planned) trials [96]. The value of this work is influenced by several key factors: its original purpose;
the methods used to collect the data; the extent and format of the data presented; and the conditions
present during the data collection event. The examination of this material was useful in that it informed
our understanding of the pre-evacuation process, the data collection process and the development of the
vulnerability model.
3.4.3
Pre-Evacuation: Focused/Quantitative Analysis
In this section several small-scale analyses are described. These are a representative sub-set of the work
examined [3,11,133,134,136-170]. These tend to be detailed and/or focused on one location, a limited
number of vulnerabilities or limited aspects of the notification process. Although the analysis is
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quantitative, the focused approach provides valuable insight and reduces the ‘averaging’ effect that can
occur in broader analyses. There is certainly some overlap between the results in the preceding and
proceeding sections; however, it is felt that the data-sets now presented provided greater access to the
behavioral issues of interest.
Although quantitative in nature, the fact that these examinations were on a relatively small-scale enabled
them to focus in on a particular aspect (or vulnerability) and/or on a particular location. This enabled the
researchers to endeavor toward a more detailed quantitative understanding than might otherwise have
been the case; it also meant that they combined fewer data-sets when presenting the material and
therefore their findings were closer to the original data than might otherwise have been the case.
3.4.3.1 Maryland (1972-1977) and Minnesota (1996-2001) [3,134,135]
The impact of alcohol intoxication was examined in two separate studies of fire incidents in Maryland
and Minnesota, which can be paired due to their similarities. Blood alcohol levels were established by
the coroners' offices and reported. An examination was made of the intoxication levels of fire fatalities.
Although it could not be definitively stated that the alcohol levels caused the fatalities, a correlation was
established. This work focused on a particular vulnerability evident in fires from a single location.
The adult fatal fire victims were examined. It was found that 46 to 51% of these fatalities were alcohol
impaired, based on a 0.1% threshold. This varied according to age (see Figure 10). It is apparent that the
largest proportion of fatalities due to alcohol were aged between 30 and 59 years of age. This will
certainly have been influenced by drinking patterns and other scenario-specific factors (e.g. smoking
habits, location, whether they were alone, etc.), but may also indicate that for these traditionally less
vulnerable age groups are made vulnerable through intoxication. Other age groups may not have the
same drinking patterns, or may have other existing vulnerabilities. A similar study into the fire fatalities
recorded between 1992-1997 in Alabama found 45% of victims aged over 18 had 0.10 or more grams
per deciliter of blood .
80
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Figure 10: Intoxication levels produced in the Minnesota and Maryland studies according to age. [3]
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3.4.3.2 Fire Fatalities in Minnesota 1991 [136]
In an earlier analysis of the fire fatalities in Minnesota, the unintentional fatalities accounted for 31% of
all alcohol-related deaths in the state. Of these 6% stemmed from fires. Of the 255 fire fatalities in
Minnesota from 1993-1996, 74 were found to have positive blood-alcohol concentrations. This
represented 30% of the total fatalities and 40% of the fatalities over 15 years of age. It was found that
90% of alcohol impaired fatalities had a blood alcohol level of 0.1 or greater (see Figure 11).
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Figure 11: Fatalities according to age and the presence of alcohol. [136]

As was evident previously, the age groups with the highest recorded proportion of fatalities with blood
alcohol levels, were those traditionally considered to be less vulnerable; e.g. 15-54 years old.
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Figure 12: Fatalities according to age and the proportion of fatalities due with recorded BAL.[ 136]
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3.4.3.3 Fatal Residential fire accidents in Municipality of Copenhagen, 1991-1996 [137]
Leth et al examined the fire fatalities in Copenhagen (Denmark). They focused on a single location, but
examined a number of different vulnerabilities. They performed a case control study that involved
examining 65 fatal house fires and identified a number of variables that they felt influenced the
likelihood of survival: location at time of ignition; physical impairment; alcoholism; involvement in a
clothing fire; alarm being given by person not at the scene of the fire. They claimed that,
' [The] elderly people may run an increased risk of death because of physical impairment or handicap.
Furthermore, many of the elderly people and chronic alcoholics die in fires associated with cigarette
smoking.' [137]
They produced a model to relate risk indicators and risk factors to the likelihood of death (see Figure
13).
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Figure 13:Risk indicators and risk factors identified by Leth.[ 137]

It is apparent that the outcome of the incident was sensitive to a large number of interrelated factors with
proximity and intoxication being important contributing factors.
3.4.3.4 Risk factors for fatal residential fires [138]
Using a case-control design, Runyan et al compared 151 fatal fires in single-family dwellings in North
Carolina with a sample of nonfatal residential fires over a 13-month period. Runyan focused on a single
area and occupancy type. Case fires were identified through the medical-examiner system, and control
fires that occurred within a few weeks of the case fires were randomly selected. For each fire, fire
officials were interviewed about the dwelling, the fire, the people involved, and the fire-response
system. From their findings fatal fires were more likely to have been caused by smoking (31 % of fatal
fires against 6 % of nonfatal fires). Mobile homes posed a higher risk of death if a fire occurred, as did
the absence of a smoke detector. Smoke detectors were more protective against death in fires involving
young children and when no one present was impaired by alcohol or drugs or had a physical or mental
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disability. The presence of an alcohol-impaired person was the strongest independent risk factor for
death in the case of a fire. The risk of death was therefore greatest in fires in mobile homes; in those
involving alcohol-impaired persons; and in those in houses without smoke detectors.

3.4.4
Pre-Evacuation: Focused/Qualitative Analysis
The research that focused on (or made reference to) individual reports of an incident were termed
qualitative analyses [3,,4,13,15,17,20,31,33,45,46,48,49,58,77,90,94,111,114,115,71-174]. These examined the
accounts provided by survivors that allowed an understanding of the experience from the perspective of
an individual. From this body of material, the researchers usually then performed an additional
quantitative analysis, producing numerical statistics in support of their qualitative findings. Importantly,
it also enabled a better understanding of the chain of events within the incidents examined. This
provided an understanding of the vulnerabilities in the populations examined and how these influenced
the outcome.
The qualitative work provides an insight into the underlying vulnerabilities; this would not be available
from high-level statistical analyses. This is due to the detail of the reports provided and the ability to
establish the link between initial conditions and eventual outcome. Even here this is not always clear cut
or unambiguous; however, it at least established a more detailed picture of the chain of events than
might otherwise have been the case.
3.4.4.1 Fahy and Molis[31]
Fahy and Molis examined the cause of fatalities in home fires where the alarm operated. By doing so
they were targeting the very population in which we are interested: those that died when the alarm was
in operation. Using the National Fire Incident Reporting System (NFIRS) database,, they estimate that
annually there are 770 US fatalities where the smoke alarm was in operation. Using data collected by the
NFPA, they examined 218 fires, from the years 1997 and 1998, where there were 277 civilian casualties
[REF]. Although this only represents a small proportion of the overall number of fatalities, it is a
particularly important piece of work, given the detail in the causes of the fatalities examined and the
material employed in their analysis (e.g. fire department reports).
Detailed analysis of these incidents is provided in their research, with the cause of death and an outline
of the actions performed prior to death presented for several of the cases. This was established by
examining the narrative accounts of the incidents themselves.
Fahy and Molis made several observations regarding vulnerable groups. Children were vulnerable due to
both difficulty in waking them up and an inability to act. They stated that,
‘…questions have been raised as to whether this inability to waken has resulted in children
in this age group accounting for a disproportionate share of the victims of home fires with
operating smoke alarms. An analysis of NFIRS data from 1994 to 1998 did not indicate that
this is the case.’ [31]
Those intimate with the fire would not be saved by notification. Their proximity meant that the issue of
notification was rarely the primary factor in their death.
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Age, the presence of a hearing impairments and intoxication hindered waking effectiveness. These
factors therefore contributed to the fatalities.
The key data is shown presented in their work is shown in Table 13. Several points are apparent from
this table:
17% of victims were intoxicated (see Figure 14). This may be an underestimate due to underreporting. The adult population (e.g. 21 – 60 years of age) appeared to be the most likely to be
intoxicated.
34% of the fatalities were alone. This was apparent in most age groups, with persons over the
age of 60 also being susceptible to this factor.
18% of the fatalities were disabled (see Figure 15). Persons over the age of 60 were susceptible
to this factor.
Table 13: Risk Factors Reported by Fahy and Molis, categorized according to Age Group [31].
Age
Groups
Under 6
(6-10)
(11-15)
(16-20)
(21-30)
(21-40)
(41-50)
(51-60)
(61-70)
(71-80
(81-90)
(91-97)

Deaths
44
18
7
6
20
26
31
25
26
37
27
8

Intoxicated
0
0
0
1
5
9
14
8
5
3
1
0

Alone

0
2
4
11
11
13
15
17
14
4

Unattended
Children
9
6

Disabled
0
0
1
2
1
3
3
4
9
15
10
2

From Table 13 it is apparent that a lower percentage of fire victims over the age of 60 years (9 %) were
intoxicated compared to the population of adults between 20 and 60 years of age (35 %). It is also
suspected that the number of intoxicated victims may be under-reported. Intoxication does not appear to
be as significant for older adults, as some of the other risk factors examined. Other factors may be more
influential for the elderly.
Overall, 34 % of victims age 16 and older were home alone at the time of the fire. Of those victims
younger than 16, 24% were home alone. For adults older than 60, over half (51 %) of the victims
examined were alone at the time of the fire. Given the number of elderly living alone, this may be a
contributing risk factor, particularly for those who have disabilities or difficulty hearing the alarm.
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Figure 14: Overall deaths and intoxication categorized by age group [31]

Those susceptible to being intoxicated included those that may have had additional responsibilities. This
may then have led to a secondary impact, where those in people’s care (e.g. children) may have been
placed in danger through the diminished ability of the care-giver to respond. Elderly suffered from a
higher frequency of disabilities and being alone.
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Figure 15: Overall deaths and disabilities categorized by age group. [31]
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In addition to examining factors influencing the effectiveness of response, they also examined the
behavioral choices made that increased the likelihood of a fire initially occurring. There were also
choices made in response to notification that reduced the chance of survival. Therefore, even when
people were suitably notified they were observed to have selected an inappropriate response that then
led to their demise.
They pointed to the importance of establishing and practicing an emergency plans in conjunction with
the use of notification systems. They stated that,
‘Several of these fatal incidents provided clear evidence of the need for people to establish and practice
escape planes.’[31]
3.4.4.2 Purser and Kuipers [95]
Purser and Kuipers collected detailed incident reports that included fire service documents, interviews
(fire fighters, investigators, those involved in the fire), site visits, and media reports. This enabled them
to produce a database enabling detailed analysis. They examined 98 incidents that occurred in the UK
between 1994-1997 involving the following occupancies: domestic incidents (77), shop facilities(2),
bars(2), hotel(4), residential homes(4), sheltered housing(4), hospitals(2), industrial premises(2) ,
school(1). Of these incidents 91% involved a residential component. They examined 210 interviews,
highlighting a possible limitation with the normal high-level statistics used to represent fire fatalities:
‘[Collected National Statistics] are usually based upon a standard form or questionnaire... They can be
very useful for obtaining basic information on fire incidents and for establishing trends of various kinds,
but the data collected are limited and seldom record aspects of occupant experiences.’[95]
They found that once informed of a fire, evacuees engaged in a variety of different activities. Most
engaged in 4-5 activities before reaching safety; i.e. that they did not immediately move to a place of
safety. It was therefore
‘Not appropriate to assume that people simply leave the building immediately on becoming aware of the
fire.’ [95]
From Table 14 it is apparent that the occupants were alerted to the incident by a number of different
sources. Of those in the room of origin, only 8% (2/26) were alerted by an alarm system; this was
approximately the same percentage as those not originally in the room of origin (7/93). Unsurprisingly,
for those originally in the room of origin, the most common cue was actually seeing the fire itself (19%,
5/23); for those not in the room of origin the most common cue was being told be others (35%, 33/93). It
is apparent that irrespective of the initial location of the respondents that the manner in which they were
informed of the incident was complex, deriving from a number of sources, and not necessarily relying
on the alarm system in place.
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Table 14: How respondent was alerted [95]

Occupant in fire room Frequency Occupant not in fire room Frequency
Saw flame
5
Told by others
33
Heard noise
4
Heard noise
11
Told by others
2
Saw smoke
10
Smelt something
2
Smelt smoke
8
Saw smoke
2
Smelt burning
8
Saw flame/smoke
2
Heard alarm
7
Heard alarm
2
Saw flames
4
Woke up coughing
1
Saw flames/ smoke
2
Smelt smoke
1
Saw sparks
2
Smelt burning
1
Woke up coughing
1
Saw sparks
1
Smelt something
1
Not known
1
Saw fire brigade
1
Heard screaming
1
Rem.chip pan
1
Felt heat
1
TV went off
1
Heard fire brigade
1
Saw flash
1
Total
26
93

From their analysis they found that smoke detectors were present in 62% (61/98) of the incidents
examined. Where they were present, alarm systems were functional in 80% (49/61) of the cases. Where
present, they were activated in 51% (25/49) of the cases. Most importantly, where they were activated,
they were effective at notifying a person 40% (10/25) of the time. Again this supports the previous
assertion that, in the cases examined, the notification system was not necessarily responsible for
initiating evacuation movement.
Table 15: Presence, activity and effectiveness of smoke detector. [95]

Efficacy of smoke detectors in dwelling fires
Frequency
Detector
Functional
Activated
37

Effective

12
24
15
10
Total=98
Given the data collected and following their analysis they concluded that,
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' Occupants engage in a range of behaviour sequences during fire incidents, so that fire safety design
needs to take account of the time required for these behaviours to be carried out.'[95]
and finally that
‘Domestic smoke detector/alarms were remarkably ineffective in providing occupants with warning of
fires, so that measures need to be taken to improve design and use of smoke detectors.’ [95]
3.4.5
Summary
The previous sections represent a brief summary of the literature review conducted. A secondary review
has also been conducted regarding particular vulnerabilities and notification technologies. The findings
are discussed later in this report. The nature and subject areas of this secondary review were, to a large
extent, determined by the findings of the work in the previous sections.
Obviously, much of the emphasis of the review performed in the previous sections was on the preevacuation phase and the factors that might influence it. However, it was also important to place this
into context with the other phases of the evacuation. This enabled the research team to establish where
factors and vulnerabilities could propagate throughout the evacuation and therefore extend their
influence.
The factors highlighted in the previous sections can be combined to produce a simplified model
reflecting the factors that can influence the outcome of an evacuation (see Figure 16). Although this is a
simplification, and is undoubtedly incomplete, it demonstrates the complexity of such an event and
indicates some of the issues that will need to be addressed in understanding and improving the
effectiveness of notification systems.
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Figure 16: Combined description of the factors that might influence egress performance.
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From the existing data-sets and from the examination of the general evacuation material, a simple model
can also be developed regarding the information available to an occupant, what this might contain and
the factors that might influence its receipt (see Figure 17). Obviously, this is a simplification of the real
situation; however, for this project, it was critical to get a basic understanding of the context in which
information arrives and the factors that might contribute to its impact.
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Figure 17: Simple model of the source, content and influence of surrounding information.

The literature review conducted enabled an identification of key factors in the evacuation process and
particularly in the notification process (see Figure 16 and Figure 17); conversely, it also enabled an
identification of weak points in the process (i.e. vulnerabilities). This analysis, along with a compilation
of those vulnerabilities highlighted in the reviewed material, allowed the development of a
comprehensive list of vulnerabilities and how they may manifest themselves during the evacuation.
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4

Stage I: Identification of Vulnerabilities

Vulnerabilities were derived through examining the research literature and from the analysis conducted
and described in the previous sections. A variety of different groups were identified including, but not
limited to, those shown below. Those not described were excluded at an early stage in the research
project development. The groups included were either explicitly identified in the reviewed literature or
were derived. One of the key objectives of the literature review was to identify the vulnerabilities
present. This was important not only to provide a set of vulnerabilities from which research objectives
could be derived, but also to provide a broader understanding of how, when and where vulnerabilities
might arise.
For each of the vulnerabilities identified, a brief comment is provided regarding the nature of the
vulnerability (along with some example references. This is further addressed in subsequent sections,
especially those vulnerabilities identified as being of particular interest.
Individual Differences/Attributes [15,20,31,39,122,124,140,176,232]
• There is variation in the physical and psychological capabilities of any population.
This may relate directly to the individual’s ability to perceive information, process it,
and eventually respond to it. This response may be cognitive (e.g. make a decision) or
physical (e.g. commence movement). The differences may fall within the range
considered to enable unimpaired activities, although still having significant
differences between them. They may also fall outside of this range but be
unrecognized, undiagnosed, untreated and/or not addressed. Finally, the differences
may fall outside of the range and be officially recognized: labeled as an impairment or
a disability.
Children Younger than 5 Years Old [151,152,195,205, 232, 261,262,269-271,279]
• This population may have physical and psychological limitations that prevent a
reliable response to the notification system in place. The population may receive the
signal, but not be able to understand it or respond accordingly. Given this, the
population will likely have adults caring for them. This may make demands of these
care-givers during an incident; i.e. that they need to search, communicate and/or
rescue those in their care. This may place the care-givers in a higher level of danger
than might have been the case if they had moved directly to a position of safety.
These limitations may reduce the benefit of the notification systems, given that the
population may not have the capacity to comprehend the situation or physically
respond to it. As well, it has the secondary affect of modifying the response
characteristics of the care-givers.
Children Older than 5 Years Old [31, 140, 151,152,176,187, 189,191,192,194,195,205,232, 261,262,
268-271,279]

•

As with younger children, this group may have physical and psychological limitations
that reduce the benefit of the notification systems. Again this population will likely
have adults caring for them. This may make demands of these care-givers during an
incident; i.e. that they need to search, communicate and/or rescue those in their care.
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This may place the care-givers in a higher level of danger than might have been the
case if they had moved directly to a position of safety.
Those who are Deaf or Hard of Hearing (identified /unidentified)
[174,175,178,203,204,206,209,210, 221,230,232,243,245,246,248,260,265-267,277,278, 280, 281,283,
285-287,289]

•

These sensory impairments may prevent an audible notification signal/message being
received. This may affect their awareness of an event and also their understanding of
the required response. However, given that the individual is aware of the incident and
the required response, the hearing impairment itself should not directly inhibit their
ability to respond. Depending on the severity of the impairment, it may not be
corrected, recognized or even understood. If it is uncorrected or undeclared then the
surrounding population may not take it into account when evacuating or when an
evacuation procedure is put into effect. This is particularly an issue where the deaf or
the hard of hearing are in an unfamiliar environment, where other cues denoting an
incident may go unrecognized and unheeded.
Visual impairment (identified / unidentified) [63, 66,198,209,220, 238]
• This impairment may directly influence their ability to perceive the existence of an
event and also establish their response. This would be particularly problematic in
unfamiliar surroundings. Depending on the severity of the impairment, it may not be
corrected or recognized. Even if detailed instructions are provided as to the response
required of them, they still may require considerable assistance in navigating around
an unfamiliar space. Unless specifically informed, the visually disabled would have
ambiguous information relating to the nature, location and extent of an incident.
Untrained individuals [144,169,207,208,211,214,217,223,240,241,249,252,263,272]
• The population may not be familiar with the notification signal (extending the time to
respond and possibly leading to investigative activities) and may not be aware of the
response required of them. This may lead them to misinterpret the information
provided to them and/or respond in an unpredictable (and sub-optimal) manner.
During an event, they may seek to compensate for this lack of understanding by
seeking further information, confirming the existence of cues and then determining
the response required of them.
Unprimed individuals [144,169,207,208,211,214,217,223,240,241,249,252,263,272]
• Given that the population is completely unaware of the incident prior to the call to
evacuate, they may have commenced an activity from which they are reluctant to
disengage or may have moved further away from safety within the building. Both of
these situations would increase the time that it takes them to reach a position of safety.
In relation to the performance of contrived trials it is critical that the participants are
unprimed, especially if their behavioral response is being monitored.
Elderly [31,52,140,146,160,173,174,178,185,193,209,212,213,215,219,222,229,232,233,244,251,253,
256,258,273,284,295,346]

•

This population may be subject to a variety of different health issues and impairments.
As with the rest of the population there is a degree of variation in their abilities, such
that some may be healthy and fit, while others have a number of cognitive and
physical issues. However, in general, this group will have a higher proportion of
ailments and other limiting conditions than a younger population. This situation will
generally deteriorate as the person ages. Depending on the individual involved, they
may have physical, sensory and/or cognitive impairments that influence their
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perception, comprehension and response to an incident. As such their vulnerability
represents a combination of several of the other vulnerabilities highlighted here; e.g.
physical impairment, hearing impairment, cognitive impairment, etc. In some
situations, the nature of the problems associated with the elderly are addressed and
well understood (e.g. hospitals, care homes, etc.), while in public spaces they will be
considered as part of the general population (e.g. shopping malls).
Those asleep [176,177,179,180,182-184,187,188,190-192,196,197,199,200,215,216,226,231,235237,239,247,250,255,259,291-295,296]

•

Reduced alertness makes this population particularly susceptible to a delayed
response. They will be less likely to notice the development of the fire, receive cues
(visual, aural, or olfactory) from the fire and less likely to be informed by the
notification system in place. The population will also be less alert when awakened;
i.e. it will take them longer on awakening to recognize the situation and determine a
response. Other vulnerabilities combine to make sleepers particular susceptible; e.g.
the sleep deprived, medicated, intoxicated, young, etc. These groups tend to have
altered sleep patterns.
Sleep deprived[254,255]
• Sleep deprivation may influence sleep patterns, reduce motor functions leading to
clumsiness (possibly leading to behavior that makes a fire more likely) and decisionmaking, potentially leading to a less appropriate response. It may also lead to the
individual taking medication in order to combat the condition.
Drug impairment (medication/illegal narcotics) [47,155,264,290]
• This can produce a variety of different effects, according to the nature of the drug
itself. It may influence sleep patterns, cognitive abilities, motor skills, alertness and/or
the physical response. Depending on the nature of the drug (e.g. medication,
narcotics, etc.) it can therefore influence the receipt of a signal, perception and
understanding of the signal and the ability to respond.
Alcohol impairment [31,136,152,143,155,161,202,225,227,242,288,290,294]
• This may influence sleep patterns, cognitive abilities, motor skills and alertness. It can
influence the receipt of a signal, perception and understanding of the signal and the
ability to respond. It can also be paired with other behaviors (e.g. smoking) that can
influence the probability of the fire starting and the individual’s proximity to the fire.
It can also influence the susceptibility of the individual succumbing to the fire
effluent; i.e. succumbing to the effects of burns and toxic gases. The impact of alcohol
can occur at relatively low blood alcohol levels. This is important as those people that
have had only a modest amount of alcohol (e.g. two units) who may not feel impaired,
but may still be more difficult to notify, especially when they are asleep. This can
have further implications, if the individual has someone in their care.
Chronic Health Problems [52,221]
• The impact will largely depend on the nature of the ailment and its severity. In the
most severe cases, the individual may not be able to respond or may have their
movement severely hindered.
Fire safety not the responsibility of the group [58,224]
• In some situations a group may feel that the response to an incident is the
responsibility of a previously defined group other than themselves. A population that
does not feel responsible for their safety may delay their response and wait for the
actions of others that have been deemed responsible. This places the onus upon the
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responsible parties to act appropriately, reach the population in time, and to be
sufficiently well trained to know what to do when they arrive. Depending on the
nature of the incident, it may take responders a significant amount of time to reach the
people waiting for them.
Fire not considered likely or a threat [61,232,240,241,273,276]
• In some situations fire may not be considered to be a threat, to be addressed by
technological or procedural measures, or to be highly improbable. This may influence
the interpretation of cues received. In such a case, the presence of a cue (e.g. smoke)
or the provision of a notification signal may be ignored. Given this, the behavioral
response of the population may be delayed.
Fire alarms assumed to be false [115,186,218]
• A detection system may not be maintained, installed appropriately, or properly
configured and results in false positives. An environment may continually present
conditions such that the detectors are activated by non-threatening conditions (e.g.,
burnt toast in dorms, high temperatures in mechanical rooms). An environment may
also be subject to malicious false alarms, where occupants intentionally set off the
alarm system. All of these situations may lead to the population not trusting the
information provided and delay their response given that they do not necessarily
associate the notification signal/message with a real incident. This factor can be
reduced through technological advances (i.e. improving the accuracy of the detection
systems) and procedural developments (e.g. reducing the number of inaccurate reports
or malicious actions).
Physically impaired [58,88,145,228,265,282,286]
• The presence of a physical impairment may hinder the ability of an individual to
respond to a signal/message from the notification system. Therefore, even if the
message to respond is received and recognized, the physically impaired population
may not be able to respond effectively. This population may have care-givers present
that are responsible for their safe evacuation.
Mentally impaired [58,88,265,286]
• This may influence the ability to interpret the notification signal/message, assuming
that it is received, and then establish an appropriate response. Again, this population
may have designated care-givers.
Presence of Background Pollution (e.g. noise, lights, distractions, etc.) [250,251]
• The presence of background pollution may interfere with the ability to receive the
emergency signal/message. This may be due to the background pollution masking the
notification signal/message or causing the signal/message to be less distinctive. This
may lead to difficulties in receiving the notification signal/message.
Being Alone/ Being Isolated [31,61,232,257]
• An individual being isolated or alone reduces the possibility of being notified or
rescued by another member of the population. This is particularly problematic in
domestic situations where less sophisticated notification systems are in place, and
staff/wardens may not be present.
Engaged in an activity (i.e. attention focused elsewhere, level of commitment) [115]
• This may extend the pre-evacuation time in two distinct ways. Firstly, the attention of
the population may be focused on a particular event reducing the probability of them
noticing cues that indicate an incident. Secondly, a population committed to a location
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may be less likely to initiate evacuation. For instance, a population that has invested
resources (e.g. time, money, etc.) into being at a location may be reluctant to leave the
space, especially where the nature of the incident is not obvious.
Unfamiliar with signal/message[133]
• The population may not recognize the signal/message provided and/or may not
associate it with an emergency. They may therefore require additional cues in order to
convince them of the nature of the incident.
Unfamiliar with surroundings [13,133]
• The population may not notice the change in the situation (i.e. the development of an
incident). They may not then recognize the cues perceived as indicating a fire or
recognize the significance of a cue. For instance, the smell of smoke in a restaurant.
This may extend the time it takes them to respond to an incident.
Fearful of responding (e.g. institutions) [58]
• In structures that have a strict, formal hierarchy (e.g. care homes, schools, institutions,
etc.), occupants may be reluctant to act in a manner that contravenes rules governing
behavior in a non-emergency; e.g. opening an exit that sets off a security alarm. This
may make them reluctant to respond to an emergency incident.
People in large groups [13,336]
• In large groups, especially where the group is familiar with each other, there may be
some reluctance to be the first to respond or appearing to be the first people to
respond.
People in public spaces [13,133,336]
• People may be unfamiliar with the notification system, the structure, the hazards
present and the population around them. People in public spaces may then be subject
to a number of the vulnerabilities highlighted above. All of these factors may lead the
population to misinterpret cues, misunderstand or mistrust instructions and delay their
response. They may also be unfamiliar with the response required of them leading to
an inefficient response.
Speakers of Non-Native Languages [133]
• Where information is provided in a native language (e.g., English, French, Japanese,
etc.), a sub-population that does not speak that language may not be aware of the
incident and/or may not understand the required response described to them. This may
lead the group to not understanding the nature or existence of an incident, and not
knowing what to do in response.
Those affected by security issues [58,133]
• The prospect of security breaches may lead to restrictive security measures being
adopted; e.g. where a ticket is required to enter a space. Given the nature of these
measures (managed access, barred windows, etc.) they may directly restrict the egress
routes available to evacuees during an incident [132]. Increasing security at
transportation hubs, event arenas and educational facilities is emphasizing these
issues.
To enable these groups to be further examined in a systematic manner a vulnerability model has
been developed. This approach involved the notification process being broken down into its
constituent components. This is discussed in the following section. The nature of vulnerabilities
was then assessed and the notification technologies that could address the vulnerabilities were
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identified. This allowed a clear definition of the vulnerability and, most importantly, whether this
vulnerability could be ameliorated through improvements in notification technologies. This
examination was confined to the delivery of the signal/message and therefore excluded issues of
implementation, maintenance, or connectivity that may be related to the use of a particular
notification system; although important issues, they were beyond the scope of the project (see
Figure 18).
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Figure 18: Focus of this analysis.
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5

Stage I: Categorization of the Notification Process

The vulnerability model adopted during this project required breaking down the notification
process into discrete components. This allows the vulnerabilities to be better understood and
establishes the effectiveness of the existing notification technologies at addressing these
vulnerabilities. Four constituent components were identified. These four constituent components
were derived from the literature review associated with the notification process and were
particularly influenced by the seminal work of Mileti [64,65]. These four components
encapsulate the key phases in the notification process once the signal/message has been provided:
a) Receipt of signal/message by the target population - the ability of the notification system
to attract the attention of the target population; how effective is the notification system in
alerting the target population?
b) Recognition of the signal/message - Given that the target population receives the signal
are they able to determine that the signal denotes an actual fire? Is the target population
able to differentiate between the signal or message and others that they may received,
such as car alarms, security alarms, etc.?
c) Identification of Response - Given that the target population is able to receive the
message/signal they are then able to identify the required response. Is the target
population able to determine the appropriate response to the alarm signal?
d) Evacuee Response – Given that the target population knows what response to perform,
are they are actively able to do so?
This approach was important in order to establish which of the vulnerabilities identified were due
to notification (a-c in the previous list) or due to some other vulnerability that could not be
addressed through the improvement of notification technology. For instance, if someone was not
able to respond to the notification system, the impact of improving it might only be minimal.
This process both clarified our understanding of the vulnerabilities and later assisted in the
prioritization of the vulnerabilities required as part of this project.
The vulnerabilities were re-examined to categorize them according to the phase of the
notification process to which they were vulnerable. A metric was produced to clarify this
categorization process. This enabled the nature and the severity (i.e. whether there was no
vulnerability, a slight vulnerability , or a severe vulnerability) of the vulnerabilities to be better
understood (see Table 16). This process required a simplification of the vulnerabilities in
question; however, this was essential in order to gain a general appreciation of the vulnerabilities
and then make comparisons between them. These reflect the potential extent of the vulnerabilities
in each group. In reality, the extent of the vulnerability would be dependent upon the individual
involved and the manner in which the vulnerability manifested itself in them. This simplification
allowed the vulnerability to be characterized.
This type of categorization describes the behavioral response that is affected in each group; i.e.
how the vulnerability expresses itself in a particular group. For instance, children younger than 5
years old are deemed to be vulnerable in all phases of the notification process (indicated by a
“strong” rating): receiving and understanding the message, knowing how to respond to it, and
then being able to perform this action. Therefore, a component of their vulnerability (i.e. their
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ability to respond to the incident) is beyond the direct reach of notification technology. In
contrast, it was established that the hearing impaired were deemed only to have vulnerabilities
related to receiving and possibly recognizing the notification message, and do not necessarily
have innate vulnerabilities associated with their response. As such, technological improvements
to the notification system may benefit the hearing impaired.
Table 16: Categorization of the different vulnerability groups.

Individual Differences1
Chronic Health Issues
Committed to not leaving /
Engaged in an Activity
Fearful of responding
People in large groups
Children younger than 5
Children older than 5
Hearing impaired
Visual impairment
Untrained/Unprimed individuals
Elderly 1
Those asleep
Sleep deprived
Drug impairment 2
Alcohol impairment 3
Non native speaker
Mentally impaired
Background Pollution
Being Alone
Those subject to false alarms
Physically impaired
Fire Safety Not Responsibility
Fire Not Considered
Likely/Threat
Unfamiliar with signal
Unfamiliar with surroundings
People in Public Spaces
Those affected by security issues

(1) Receipt of
signal/message
slight
STRONG

STRONG
STRONG
STRONG
STRONG
slight
STRONG
slight
STRONG
STRONG
STRONG
slight
STRONG
STRONG
slight

slight

(2) Recognition of
signal/ message
slight
STRONG
slight

STRONG
STRONG
slight
STRONG
STRONG
STRONG
slight
STRONG
STRONG
STRONG
STRONG
STRONG
STRONG
slight
STRONG

STRONG
slight
slight

(3) Identification
of Response
slight
STRONG
slight

slight
STRONG
STRONG

(4) Respond
slight
STRONG
STRONG
STRONG
slight
STRONG
STRONG

STRONG
STRONG
STRONG
slight
slight
STRONG
STRONG
STRONG
STRONG

STRONG
Slight
STRONG

slight

slight

slight
slight

STRONG
STRONG
STRONG

STRONG
STRONG
STRONG

STRONG
STRONG

slight
slight
STRONG

1 Highly dependent upon the individual involved.
2 Dependent on the drug used.
3 Dependent on the amount of alcohol involved.

This vulnerability model was developed to understand the nature of the vulnerabilities and also to
allow us focus on those groups that were deemed most vulnerable, but which could benefit most
from the development of notification technologies; i.e. this was part of the prioritization process.
The detailed review and the separation of these vulnerabilities into their four constituent parts
highlighted how vulnerabilities were not necessarily static, nor independent of each other or the
scenario; instead they were dynamic and could evolve and interact in complex ways. Importantly,
the analysis also highlighted how the vulnerabilities could propagate; i.e. influence an individual
and others involved in the incident. Lee examined this possibility in his detailed review of factors
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that influence the notification process in residential occupancies (see Figure 19(a)) [297] Here it
is apparent that the vulnerabilities of a particular group had an impact upon the success of their
response; this is termed the primary effect. However, this ‘vulnerability’ may also have an impact
on another group of people (see Figure 19(b)); this is termed the secondary effect. In this manner
the vulnerability in question may propagate beyond the immediate group of interest. This type of
effect was considered during the prioritization of the set of vulnerabilities; this was key in
establishing the research priorities for this project.
Fire/Smoke.--.
Detected
.._. Smoke Alarm
Sounds

Fire/Smok,._____
Detected
-.

Smoke Alarm
Sounds, or
Alternative Signal
Additio nal
escape
time may
be needed

Children
Wake

Adults
Wake

Children
Exit

Adults
Exit
Safety

Safety

Figure 19: (a) Primary effect of the vulnerability; (b) Secondary effect of the vulnerability [297]

For each of the vulnerabilities, a set of factors was established highlighting the primary impact of
this vulnerability upon their response (see examples in Table 17). In addition to this, the
secondary impact of the vulnerability was established; i.e. the potential impact on others. In this
manner, the capacity for the vulnerability to propagate to other members of a population was
examined. Not only is it difficult to get a consistent assessment of the vulnerabilities from
examining high-level statistics, but the secondary impact of these vulnerabilities may also be
overlooked; for instance, the presence of alcohol in the blood of one individual might have
contributed to their demise, but may also influence the outcome of someone in their care. This
consideration was therefore important both in terms of understanding the impact of the
vulnerabilities and their prioritization, but also in identifying vulnerabilities that might be
overlooked but have an important secondary impact upon the outcome.
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Table 17: Primary and Secondary impact of vulnerabilities.

Primary Effect
Children younger than 5

Children older than 5

Secondary Effect

Depth of sleep / sleep patterns. Inability to
comprehend seriousness of situation.
Inability to form appropriate response.

Likely to be the responsibility of another. May
require rescue potentially placing the other person
at risk. May respond therefore making a search for
them more difficult.
Depth of sleep / sleep patterns.
Likely to be the responsibility of another. May
Inability to comprehend the serious of the
require rescue potentially placing the other person
situation. Inability to form appropriate response. at risk. May respond therefore making a search for
without training.
them more difficult.

Deaf/Hearing impaired

Difficulty in receiving aural signal. May be
undiagnosed or unaddressed; therefore no
technological aid. Prevalent in the elderly.

May require rescue/assistance from another person.
May prevent person in a position of responsibility
rescuing someone else.

Unfamiliar/
Untrained/Unprimed
individuals
Elderly

Inability to recognize notification message and
then respond appropriately.

Delay may prevent them from rescuing someone
else in their care.

Being asleep
Sleep deprived

Drug impairment
Alcohol impairment
Background Pollution

Being Alone
Unimpaired
Non-native Speaking

More likely to have hearing, visual, cognitive, If living in shared accommodation, may require
physical impairment. More likely to live alone.
notification and/or rescue
These factors (alone or in combination) may
pose difficulties in reacting or responding to
notification.
Difficult to receive message and may also delay May delay/prevent them from rescuing someone
establishing response.
else in their care.
Subject to different sleep patterns. Difficult to
Likely to delay/prevent them from rescuing
receive and process message.
someone else in their care. May otherwise be seen
as able to perform their responsibilities; i.e. the
condition may be short-term and not associated
with the individual who may then be deemed able
to adopt a position of care.
Difficult to arouse. Likely to be cognitive
Likely to delay/prevent them from rescuing
impaired. Potentially mobility impaired. May someone else in their care. May lead to making bad
lead to behaviors that cause fire.
decisions even if reaching person in their care.
Difficult to arouse. Likely to be cognitive
Likely to delay/prevent them from rescuing
impaired. Potentially mobility impaired. May someone else in their care. May lead to making bad
lead to behaviors that cause fire.
decisions even if reaching person in their care.
Reduce effectiveness of notification system.
May delay/prevent them from rescuing someone
May place groups that are not normally
else in their care.
considered vulnerable (and who do not consider
themselves as being vulnerable) into a
vulnerable position.
Will reduce the number of chances of receiving
notification. Especially dangerous where the
individual is vulnerable.
Should enable a typical response.
May be expected to be in a position of
However, may be less effective if subject to
responsibility and therefore assist groups with an
situational/ experiential vulnerabilities
innate vulnerability.
Does not understand the message provided to If caring for someone else, particular if they also do
them.
not speak the native language, it may prolong their
response as well.

56

In addition to their ability to propagate to other members of a population, vulnerabilities may
arise in a number of ways. The nature of the vulnerability will influence the likelihood that
remedial measures had been taken to address it, and also the possibility of the vulnerability
being recorded in high level statistics; i.e. that it was being looked for, that it could be
detected, that the recording mechanism then allowed this information to be stored.

Innate Factors
}
Situational Factors
Experiential Factors

Fire
Notification
. . . developing
Technology
'
.~

r Development
Outcome . . . of scenario
(largely unknown)

'

Recorded in
general statistics
Figure 20: The factors leading to vulnerabilities.

It was possible to categorize the groups according to whether the vulnerabilities were an
attribute of the individual, the situation or the knowledge/experience of the individual (i.e.
that could be addressed through procedural activities). This is useful in determining situations
that place otherwise capable populations at risk and also the likelihood of these being
addressed and/or recorded (see Figure 20). These factors allowed us to further understand the
nature of the vulnerabilities and highlight those that may produce vulnerabilities.
Innate Vulnerabilities – Those that the individual carries and are currently fixed. In some
instances corrective measures may be taken to compensate for these vulnerabilities
e.g. Age; Impairment level, language skills, etc.
Experiential vulnerabilities (e.g. experience and training) – those that the individual
carries but that may be changed by education and training; e.g. exposure to false
alarms, level of training, etc.
Situational Vulnerabilities –Factors that increase the vulnerability of all groups given the
incident scenario; e.g. being in a group/alone, presence of background pollution,
intoxication, being asleep, etc.
Technological Vulnerabilities –Factors that increase the vulnerability of (sections of) the
population given the effectiveness of the notification technology in place; e.g. the
location of the notification devices, the coverage level, whether the signal/message is
discernable, whether it clearly indicates a response, etc.
This analysis established that it was possible for those members of the population that would not
normally be considered not to be vulnerable (e.g. unimpaired adults) to be placed in a vulnerable
situation. This has significant implications to the individuals themselves and those that that may
be in their care. For instance, in many situations normally unimpaired adults may be responsible
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for the well-being of some with innate vulnerabilities (e.g. a small child). If the unimpaired adult
is temporarily impaired, especially through the impact of a situational vulnerability (e.g.
intoxicated), then not only does it increase the risk posed to them, but also to those in their care.
These factors may also interact to increase the risk to an innately impaired individual (e.g. an
intoxicated elderly individual).
5.1
Recommendations Derived from Previous Empirical Research
In addition to deriving recommendations from the existing empirical, statistical, theoretical and
analytical material, it was felt that it would be of value to take into consideration those
recommendations made in the existing empirical literature where the material related to the
effectiveness of notification technologies (see Table 19-Table 21). It is acknowledged that the
recommendations are made in different ways and with different degrees of emphasis. In addition,
these recommendations are provided out of context and in many of the cases the
recommendations directly relate to the work conducted at the time. This has been simplified in
order to reduce the number of categories to a manageable level. Therefore the mention of an area
of further research is recorded, rather than the full context of the recommendation. The digest of
recommendations presented here does at least provide some indication of the topics considered
worthy of further work by those involved in collecting the data.
These recommendations are categorized as follows: those that relate to the vulnerabilities; those
that relate to the data collection procedure; those that relate to the notification technology being
examined; and those that fall beyond the notification issue itself, but were mentioned in the
notification literature. The research referenced here represents an indication of the
recommendations made; they do not represent an exhaustive list of recommendations, and there
are a number of implicit recommendations made in the references cited that are not mentioned
here. However, this description does provide an insight into the areas previously seen as
requiring additional work.
Table 18: Recommended topics of further research related to vulnerabilities

Vulnerability
Children
Hearing impaired
Training
Elderly
Sleep deprived
Mentally Ill
Drug impairment
Alcohol impairment
Being Alone
Awake
Background Noise
Gender Differences
Public Spaces/
Groups

Examples of research where
recommendations were made
[129, 297, 298,279]
[193, 73]
[297]
[177,31]
[193]
[193]
[259]
[298]
[Technical Panel]
[129,193]
[193]
[129]
[Technical Panel]
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Table 19: Recommended topics of further research related to experimental design.

Experimental Design / Measure
Approach to Waking
Measure time to evacuate
/Terminology
Lab. vs. Natural

Examples of research where
recommendations were made
[Technical Panel]
[247]
[259]

Table 20: Recommended topics of further research related to addressing the vulnerability.

Means of addressing Vulnerability
Vibrating device
Alternative Cues
Understanding Message
Multiple Cues/Voice
White Noise
T-3 Mix

Examples of research where
recommendations were made
[183]
[297]
[81,82]
[251]
[Technical Panel]
[Technical Panel]

Table 21: Recommended topics of further research related to issues beyond notification.

Beyond Notification
Interconnected

Examples of research where
recommendations were made
[193]

Detection Capability

[298]

Education (e.g. fire development)

[31]

Escape Plan

[31]

It is apparent that a wide range of factors are suggested for future work. This is particularly the
case in reference to the vulnerabilities themselves. This information in and of itself will not guide
the recommendations made here. However, it provides support when cross-referenced with the
analysis already performed and the other sources examined; e.g. the omissions in current
empirical data presented in the next section.

Mapping Previous Empirical Research
5.2
In an effort to further inform the data collection activities performed in Stage II of this project, an
analysis of a selection of the existing empirical data-sets available according to the particular
vulnerability and the notification technology employed. These are limited to work reported in
English and identified during the project. This includes work conducted by Ball, Bruck, Johnson,
Fiddell, Petzoldt, Nober, DeVoss, Ashley, Busby, Lynch, DuBois, Bowman, Pivik, Ross, Basch ,
Bonnet, Gwynne, Shields, Boyce and Purser amongst many others [14,42,47,73-96,99102,112,129,130,174-177,180-184,187-197,203,204,210,239,246-251,259,336,346,347]. This work specifically
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relates to the effectiveness of notification technologies in effecting a response in the target
population. A schematic of this analysis is shown in Table 22. Importantly, it should be
recognized that the results presented in this research occasionally contradict each other; for
instance the work of Ashley [174,175] and Nober [246-248]on the effectiveness of strobe
signaling.
Table 22: Empirical data on the effectiveness of notification technologies according to the vulnerabilities examined.
Tone

T-3

T-3
(Var)

Voice

Vibr.

Strobe

Olf.

Air
move
ment

Unimpaired/
Adult
Children
Hearing impaired
Visual impairment
Training
Elderly
Sleep deprived
Drug impairment (illegal
and medication) 5
Alcohol impairment 5
People in large groups
Mentally impaired
Presence of Background
Noise
Awake

In the schematic shown a red cell indicates research performed on whether an individual
responded at all; a yellow cell indicates research performed on whether an individual responded
and the time that it took them to respond; and a green cell indicates research that was performed
on whether an individual responded, the time that it took them to respond and their ability to
perform afterwards. The references in the table indicate examples of the research examining
particular issues.
It is immediately apparent that this represents a sparse array of data, with significant omissions in
our empirical understanding. It should not be assumed that simply because there is a gap in this
understanding that we should necessarily conduct research to fill it. Indeed, part of this analysis
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required us to prioritize the omissions. In addition, the fact that data exists does not mean that it
satisfactorily supports our understanding of the phenomena involved. This matrix will be used to
support the analysis performed in order to understand vulnerabilities and the technological
response and the subsequent recommendations made for future work.
5.3

Identifying Key Vulnerabilities

The various modes of analysis described above (the results of the application of the vulnerability
model, the extent of vulnerability propagation, the nature of the vulnerability itself,
recommendations of previous research, and the availability of existing data, etc.) enabled the
selection of vulnerabilities that warranted further analysis in Stage II of this project. In addition,
technical, practical and ethical considerations were examined during the selection of
vulnerabilities for future work. Several vulnerabilities were therefore discarded because
it would not have been feasible to include the population in the data collection process
(e.g. drug impairment);
their impact was deemed to be approximated by another of the vulnerabilities which was
included
they were either seen as being the result of a combination of other vulnerabilities, or
deemed to be equivalent in terms of the impact that they may have.
As with other aspects of this work, the effect of the vulnerabilities (and how they influence
performance) is the focus of this assessment, rather than the underlying causes. This approach
was adopted given the difficulties at establishing the fundamental causes and also because by
adopting this approach allowed us to combine vulnerabilities that affected people in similar ways.
Outlined below are the vulnerabilities excluded from the further analysis, with a brief indication
of the reason:
• Individual differences: will be accounted for in the data collection process rather than
require additional studies; i.e. the natural variation produced can account for this issue,
without necessarily conducting separate trials.
• Chronic Health Issues: would be difficult to test in a trial in a manner that was
representative; may present ethical problems; given the nature of the ailment, notification
systems may only have a limited impact upon the outcome, especially where the
conditions reduces mobility.
• Committed to not leaving or engaged: population may choose to ignore the notification
system. In addition, different levels of commitment/engagement could be present in any
trials conducting involving a cross-section of the public evacuating from public spaces.
These can be rolled into the examination of other groups (e.g. those in public spaces).
• Fear of responding: primarily a procedural issue rather than a notification issue. As such,
the population may be fully aware of the nature of the incident, but reluctant to respond
without actions of the staff. This issue may also be addressed when examining trials
involving public spaces.
• Children: may have physical and psychological limitations that reduce the benefit of the
notification systems. May also be deemed to be the responsibility of a third party; e.g. a
parent, etc. Given the propensity for carers searching/retrieving children may not
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necessarily be an advantage having the children responding at all. This would need to be
coordinated with the evacuation plan.
Visual Impairment: A significant component of their difficulty is beyond the notification
system; i.e. in their ability to respond. Possible solution could involve directional systems
and other devices to locate the exits [132], which might also benefit the non-visually
impaired. Issues relating to the identification of the routes available, the location of the
incident and the activities of those around them. These issues are also influenced by the
level of familiarity that the visually impaired individual has with the space; i.e. the
problem becomes much more severe when the surroundings are not familiar.
Untrained/Unprimed/Unfamiliar/Large Groups/Subject to False Alarms/Public Spaces:
these issues can be examined in conjunction with each other, given that they would likely
co-exist. For instance, in public spaces involving transient populations, it would be likely
that a range of people would be present who would be untrained and would be therefore
be unfamiliar with the notification system in place and the response desired of them.
Mentally Impaired: ethical issues preclude the performance of these trials; they may be
unduly disruptive and traumatic for those involved. Also, a significant vulnerability lies
beyond the scope of notification systems; i.e. that the individual may not be able to
recognize the response required of them.
Being Alone: can be covered in trials examining other factors, such as public spaces.
Also, to some degree, it falls beyond the scope of this project; i.e. the likelihood of an
individual being alone is not remedied by the notification system; it may be remedied by
procedural and/or social issues.
Physically Impaired: the nature of the vulnerability lies beyond the effectiveness of the
notification system.
Fire Safety Not Responsibility/Fire Not Considered a Threat: these factors could be
examined when investigating the effectiveness of notification systems in public spaces.
Security Issues: may be too disruptive to investigate in a natural setting. May be included
in a more general examination of the effectiveness of notification systems in public
spaces.

By excluding these vulnerabilities, it is not suggesting that they are not important, nor that they
are not worthy of further examination. However, as part of this project it was necessary to
identify vulnerabilities amenable to notification technologies, and highlight those worthy of
further research. As part of the prioritization process, it was therefore necessary to narrow the
focus of this examination, excluding the majority of the vulnerabilities identified.
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6

Stage I: Notification Technology

One of the goals of this project was to not only identify and characterize vulnerabilities within
the population, but also to identify potential technical solutions. This requires a broad assessment
of the current state of notification technologies available. A literature review has therefore been
conducted in order to examine the current notification technologies and their potential
applications (see Technology section in Reference List). It also enables us to suggest the
technologies that will most likely assist particular vulnerabilities and determine the feasibility of
the recommendations made.
6.1 State of the Art
In order to combat the problems of notification, a number of technological solutions have been
suggested. These adopt a variety of different approaches in order to notify the target populations.
Some of these technologies are specifically designed to combat particular vulnerabilities (e.g.
hearing impairment). These alternative/assistive technologies aim to improve the effectiveness
of the smoke alarm signal and overall fire safety. Some background information is also provided
on the limitations of the systems described. It should be noted that examples will be provided for
the techniques described. These examples will by no means represent an exhaustive list; instead
they demonstrate that the technology exists and provides a representative example of the
capabilities present. Previous reviews of fire alarm technologies can be found elsewhere
[37,47,60,64,65,72-93,99,131,178-211,218-221,226,232-241,246-251,256,259,260,269,278-280,298-336,346-348];
the reader is directed to these articles for a more detailed review of the systems available. A
number of internet references are provided to existing notification technologies as part of the
reference material at the end of this document.
The potential technical solutions identified have been broadly categorized as those that provide
audible alarm signals, visual signals, tactile signals, and olfactory signals, along with the scope of
the information provided by each system. These findings are presented in the next section.
The technologies can be broadly separated into systems composed of detection and sounder
technology that are stand-alone devices (e.g. those employed in a domestic environment and
referenced in the applicable codes that require them as Single/Multiple Station Detectors or
Smoke Alarms) and those that are employed as part of a larger Fire Alarm Signaling System (e.g.
network of distributed devices that contribute to a large notification system). Whether a
standalone device or a system is employed has a significant impact on the resources available, the
power available, the number of devices that can be employed and, eventually, the flexibility and
sophistication of the technology involved.
6.1.1
Audible Systems - Tone
Since 1996, NFPA 72, National Fire Alarm Code, has required the use of a three-pulse temporal
pattern, or temporal-three, for audible signals in new fire alarm systems. This signal is intended
to indicate that immediate evacuation of the building is required. Identifying an optimal
evacuation signal that will reach occupants and be heard and recognized is difficult because of
variations (e.g., loudness, frequency, pattern, etc.) and background noise among occupancies as
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well as various human factors (e.g. status, presence of impairments, activities, etc.). The
temporal-three standard only specifies the on/off pattern of the signal; it does not specify the
frequencies to be employed.
Although not mandated, residential smoke alarms typically employ an alarm frequency of 3,000
– 4,000 Hz. The alarm signal in a smoke alarm is typically generated with a piezoelectric horn.
These devices are used due to their ability to produce significant sound levels with relatively
little power, which is essential when relying on batteries as a power source. This is necessary
given the nature of the device used in residential/domestic settings: a stand alone
detector/emitter.
The UL standard for single-station smoke alarms, UL 217 [337], also provides requirements for
the smoke alarm signal. These requirements include the use of the temporal-three pattern and
also require that a minimum sound level of 85 dBA be produced at 10 feet from a smoke alarm
operating in a room of a specific configuration.
The high-pitched T-3 signal currently used in smoke alarms is consistent with the belief that
increased signal speed, pitch and repetition are the best parameters for warnings when people are
awake. However, empirical studies have indicated that a lower frequency or mixed frequency
signals might be more effective [129,187-197]. There has been interest in technologies that
provide alternative audible alarm signals to improve the effectiveness of smoke alarms in recent
years, however only a small number of commercial smoke alarms were found that address this
issue.
For instance, the Darrow Company produces a smoke alarm called Loudenlow that provides a
low-frequency (250-300 Hz) alarm signal2. The low-frequency sound is delivered via a six inch
dynamic speaker that is attached to an ionization smoke alarm. However, there are several
important points regarding the practicality and ease-of-use of this type of technology. Producing
low frequency sounds at a high volume requires significantly different hardware than is currently
used for smoke alarms; the equipment required in this case is significantly bulkier than that
normally used. The large size required by the current technology available may affect the
location/placement of the smoke alarm, as well raise concerns with homeowners regarding
aesthetics. Another possible concern with regards to the practicality of this type of technology is
power consumption. For instance, the Loudenlow alarm is battery operated and draws 1 A (9
watts) of power when in alarm mode, substantially more than a typical alarm system. Therefore,
six AA batteries are required to power the Loudenlow, with a battery life of one year. 3
No current smoke alarms were found that provide a mixed frequency alarm signal. Many
combination carbon monoxide and smoke alarms now include a voice recording that identifies
which alarm criteria has been detected; however, the primary purpose of the voice recording here
is to provide additional contextual information to occupants.
One possible contributing factor to the lack of alternative audible alarm signals (e.g. low
frequency and mixed frequency signals) relates to the fact that the piezoelectric horns used in
2
3

http://www.loudenlow.com
The Loudenlow is not listed to UL 217, Standard for Single- and Multiple-Station Alarms.
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current residential smoke alarms cannot produce a low frequency sound or output a voice
message at the required dB level and still satisfy the battery requirements in UL 217, Single and
Multiple Station Smoke Alarms” [337]. Therefore, a significant technology change in terms of
the design and hardware commonly used in smoke alarms is required to make this technology
more prevalent in the marketplace.
Notification systems that are integral to, or support fire alarm systems designed for public spaces
are able to generate a range of different tones and signals (including voice messages, see below).
For instance, the LifeAlarm system offered by Simplex 4 is able to generate the following tones:
slow whoop (rising from 200Hz ro 830 Hz); High/Low (with a high of 750 Hz lasting for 0.1
second and then a 500Hz tone lasting for 0.4 second); a horn (either at 120 or 20 beats per
minute); a chime (600 Hz with a 1.5 second delay time); continuous bell (fundamental frequency
of 350Hz with harmonics at 700Hz and 210Hz); bell (60 beats per minute); and the T-3 (with
half second intervals, using the horn, bell, whoop or chime).
In contrast to traditional tonal systems, a system has been developed that provides broadband,
multi-frequency frequencies in an attempt to guide evacuees to an available exit. This is based on
the technology developed at the University of Leeds, UK [131]. This is able to present a set of
pulses, covering a range of frequencies between 20Hz – 20,000Hz. This is accompanied
(preceded) by an additional tone to alert the population of the alarm. In effect, it implicitly
represents an attempt to provide additional information to the evacuating population. Given the
broadband nature of the signal provided, it is also claimed that it may aid sections of the hearing
impaired population. This device is UL (464) listed.5
6.1.2
Audible Systems - Voice
The capabilities of voice notification systems depend on the type of occupancy involved. In
large-scale public spaces the notification system will generally require a network of components
connected together and powered off the mains. This system would then provide for a range of
capabilities that are not dictated either by power concerns or miniaturization. A number of
notification systems are available (e.g. including those provided by SimplexGrinnell, Siemens,
EST, and Notifier6) that are able to provide voice notification. Many of these systems are capable
of annunciation of different messages/signals over multiple channels, allowing different areas of
a structure to be addressed separately, with different messages simultaneously. This allows
managed procedures to be employed, where sub-sections of the population can be
evacuated/relocated or kept in place accordingly. The messages can be provided in a number of
forms. Firstly, a specific message can be automatically selected from a library of messages
according to the nature of the incident. Secondly, a live announcement can be made overriding
the pre-recorded message. This has a number of advantages: the perception of the message as
being current and authentic; the ability to provide scenario-specific information; the ability to
adapt the procedure according to the nature of the event and the response of the population. In
addition, many of these notification systems have the capacity to splice messages such that
fragments of digitally recorded material can be recombined for a particular scenario. This

4

http://www.simplexgrinnell.com
Although it should be noted that this listing does not relate directly to its effectiveness as a notification device.
6
http://www.est.net/fire.cfm , http://www.sbt.siemens.com/FIS/ , http://www.notifier.com/main.htm
5
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increases the efficiency of the system in general, but also allows a greater range of scenarios to
be addressed if need be.
These messages can be accompanied by a range of tones and sounds, in order to alert the
population of the upcoming voice message. For instance, in the Simplex LifeAlarm system,
mentioned above, the message can be preceded by one of a range of tonal signals including the
T-3 signal; this can be selected from a range of sounds. Therefore, the systems currently
available would be able to address a range of recommendations without needing significant
changes to the hardware.
In contrast to these large-scale voice notification systems, residential/domestic systems are
subject to greater limitations. The use of the piezoelectric horn generally employed precludes the
low frequencies necessary for the voice to be projected. However, there are examples of smallscale voice notification systems. For instance, SignalONE Safety, Inc. produces the KidSmart
Vocal Smoke Alarm (012504). This is a smoke alarm that incorporates a voice recording that
alternates with the typical T-3 smoke alarm signal. The technology used in this alarm allows for
personalized escape instructions to be provided in a familiar voice. In terms of practicality and
ease of use, this technology is similar to a typical smoke alarm. However, in order to use the
voice feature of the Kidsmart alarm7, the voice message needs to be recorded by a user prior to
installation. Recording the vocal warning is a relatively straightforward process. Unlike most
smoke alarms that require a single nine volt battery, four AA batteries are required to power the
KidSmart vocal smoke alarm.8 This model of the KidSmart smoke alarms has recently been ULlisted. 9
6.1.3
Tactile Systems
The sense of touch may also serve as a useful alarm signal, especially for those with a hearing
disability or a situational constraint preventing them from perceiving other signals (e.g.
background noise). Vibratory devices such as bed/pillow shakers are the primary means of
tactile stimulation commonly used; however the use of air movement as a means of alerting has
also been discussed. In addition, systems are being designed that can take advantage of nonemergency technologies (pagers, cell phones, etc.). This may be of particular value when an
individual is in a public space; i.e. not in a pre-determined location where a larger vibrating
device can be implemented
UL 1971 provides requirements for tactile signaling devices [280]. Vibratory devices (that are
not worn) must produce a displacement of one-eighth of an inch at a frequency of 60 – 120 Hz
and have a cross-sectional area of at least 6 in2. Air movement systems are required to produce a
minimum peak air velocity of 270 feet/min at a distance of 5 ft. The air velocity must vary from
zero to the peak velocity 15 to 20 cycles per minute.
Although not yet prevalent as part of smoke alarm systems, vibratory alarms in the form of bed
shakers and portable pagers are readily available to address the needs of the hearing impaired.
7

http://www.kidsmartcorp.com/product_signalone.aspx
While battery only smoke alarms are widely available, the ICC requires that they be wired to the building power
(110vac) with battery backup
9
Although no information could be found on what standard it had been listed.
8
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These products are used to alert the hearing impaired to common occurrences such as the
telephone or door bell ringing, a baby crying, to wake up in the morning (an alarm clock).
Generally, the vibratory device is just a component that attaches to the alarm clock or alerting
system. Since the smoke alarm needs to be placed on or near the ceiling and the vibratory alarm
needs to be in contact with a person being alerted, some means of communication is necessary to
allow the vibratory device to know when a smoke alarm is activated. With the recent
introduction of technologies that allow wireless interconnection of battery-operated smoke
alarms, vibratory stimuli for emergency alerting will likely become more prevalent.
Several manufacturers such as Clarity, ClearSounds, Sonic Alert, and Silent Call10, produce
vibrating pads (bed shakers) that incorporate with their other products such as telephones, alarm
clocks, or alerting systems. The vibrating pads generally are powered by either 12 volts DC or
120 volts AC.
Silent Call provides wireless alerting systems which have a variety of signaling devices. Until
recently, this was the only company that provided a comprehensive alerting system for people
with hearing loss that specifically included transmitters for smoke alarms (as well as for CO
alarms). The strobe lights for the Silent Call receivers are often placed on a table rather than on a
wall. The Silent Call Sidekick Receiver has a built-in strobe with LED indicators to indicate the
type of alert; it can also activate a bed vibrator. Currently these items emit the same the
signal/vibration irrespective of the source of the alert.
The Krown KA300 System 11 is designed to work with smoke alarms and other audio alerts
which have a compatible transmitter attached. It is supervised to a limited degree since it
provides information about weak signals from transmitters, and provides information about
which alert is transmitted. The Krown KA300RX Alarm Monitor Receiver has a strobe light
which will not work in a power outage; there is also an audible alert but there is no information
provided about the audible frequencies used in this alert. If the frequency is too high, there is
essentially no effective alert provided by this system during a power outage when a deaf person
is awake.
The Ameriphone AM6000 AlertMaster Wireless Notification System12 is not only used in
residences but is also used in some hotel chains to provide notification for guests to a doorbell,
telephone, and optionally room sounds [REF ]. The system utilizes a large multi-function
receiver and comes with a bed shaker but no strobe, though it can flash an attached lamp. An
optional sound monitor, the Audio Alarm Monitor or Audio Alarm Transmitter can be placed
next to the smoke alarm. There appears to be no battery back-up or supervision.
The Sonic Alert13 system utilizes the AC wiring of the residence to transmit signals to plugged in
receivers. It provides a bed shaker option, Super Shaker Bed Vibrator and a small strobe light,
10

http://www.clarityproducts.com ; http://www.clearsounds.com ; http://www.sonicalert.com/ ;
http://www.silentcall.com/

11

http://www.krownmfg.com
http://www.contactassist.com/amalam.html
13
http://www.sonicalert.com/
12
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the Sonic Blink. It also has a remote horn, which can be adjusted between 200-2000 Hz and up to
78-85dB for low frequencies up to 113 decibels for high frequencies.
In addition, a number of experimental devices are being developed that provide local/mobile
tactile information[348]; this might be particularly useful when the individual is in a public
space. In these cases, the technology takes advantage of the existing wireless/communication
systems in place. The cell phones or pager being worn by an individual is notified of the event.
Additional information can also be passed on via the MSN/paging systems in place. Using this
system it would not only be possible to alert an impaired person of an incident, but it would also
be possible to provide information on the nature of the incident and the response required. This
may have general value. Some of these take advantage of existing alarm/notification systems. For
instance, the eOmega system uses the Simplex fire alarm system to initiate a paging program.
Once the Simplex system is activated the eOmega is able to page pre-determined information to
individuals distributed about a space via e-mail or onsite paging.14
6.1.4
Olfactory
There is a small body of research that has investigated the use of odors to stimulate the olfactory
system and wake individuals in emergency situations. Although anecdotal evidence suggests that
the olfactory system is able to detect the smell of burning materials quite well when awake, the
literature that is available on sleeping occupants provides consistent evidence that olfactory
stimuli cannot reliably wake individuals [200,201,285]. In addition to a lack of research
supporting the use of olfactory stimuli for fire alarm signaling, no technology has been developed
for this purpose.
6.1.5
Visual
High-intensity light sources, such as strobe lights, are used to provide emergency alarm signaling
to the hearing impaired and are prevalent in public spaces. Strobes are required to be
synchronized in situations where a person would otherwise be exposed to more than two flashes
per second, preventing potential seizures.
The Americans with Disabilities Act (ADA) recommends the use of visual notification (strobes)
for the sleeping areas of people with hearing impairments [338]. Requirements for this
technology are outlined in UL 1971, Signaling Devices for the Hearing Impaired. Compared to
the other technologies examined, smoke alarms capable of providing a visual alarm signal are
relatively common. In fact, most major smoke alarm manufacturers offer smoke alarm models
with strobe lights, including First Alert, Gentex Corporation, and Kidde. Strobe lights may either
be integrated into the smoke alarm or may be an accessory that connects to the alarm. 15
The features available on smoke alarms with strobes are fairly consistent across manufacturers.
These alarms generally feature a 177 candela strobe, in addition to a piezoelectric audible alarm
yielding 85 – 90 dB at 10 feet. Most of the units are AC (hardwired) or AC with battery backup.
Single-station units (i.e. not interconnected) are also available that are powered with an AC

14

http://www.flashpointsoftware.com/eomegamain.html
Smoke alarms that include strobes will have to be wired to 110AC. A 9V battery could not provide the power
required of UL1971.

15
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receptacle via a cord and plug. Alarms powered by battery only are not practical due to the
typical power requirements of the strobes.
More sophisticated visual notification systems may be available in public spaces. Ideally these
would require the use of existing technologies (screens, LED displays [339], etc.) that were
already present within a space and could then be used as part of the notification system. A
variation of this approach is outlined [260] where existing video displays are used to notify
people of an event. More sophisticated integrated systems can be employed to distribute
information to a variety of handheld and desktop devices (including PC and radio) [339,340]
6.2 Effectiveness of Current Notification Technology
The potential impact of these systems will be focused upon during this analysis; i.e. the impact of
the technology rather that the many different technologies employed. The general approaches to
notification currently available will be highlighted and, where possible, current examples of this
technology cited. The technologies are grouped according to which of the senses it is aimed (e.g.
hearing, vision, etc.) and the level of information provided (see Table 23). The levels of
information provided are termed ‘recognition’ (i.e. the system alerts the population of an
incident, denoted by ‘Rc’ in Table 24); and ‘response’ (i.e. the systems both alerts the population
and has the potential for providing information in the response required, denoted by ‘Rp‘ in Table
24). The categorization therefore focuses upon the potential effects of the technology rather than
the underlying technological causes. By adopting this approach we are able to reduce the number
of technological categories enabling us to better understand the impact on the vulnerabilities
identified. Without this, each of the many signals/messages would need to be examined; e.g. for
tonal signals this would include tones, bells, chimes, whoops, T-3, modified T-3. The analysis
produced would be prohibitively complex and would not provide additional insight.
Table 23: Categorization of Notification Technology.
Sense Targeted
Visual
Visual
Audible
Audible
Audible
Tactile
Olfactory
Tactile
Staff

Nature of
information
Recognition
(Rc)
Response
(Rp)
Recognition
(Rc)
Recognition
(Rc/Rp)*
Response
(Rp)
Recognition
(Rc)
Recognition
(Rc)
Response
(Rp)
Response
(Rp)

Examples of approach
strobes, flashing lights
video screens, television monitors, computer screens
tones, bells, chimes, whoops, T-3, modified T-3
Directional Noise
Voice systems
vibrating devices (pillow/bed shaker), moving air, electric shocks, etc
Simulated smoke, pheromones
Pagers, cell phones

*Can aid in the location of an exit, but cannot provide further information.
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When examining these technological devices it is apparent that although some of them may
provide a significant benefit to one component of the notification process, they may provide no
benefit with respect to other components. For instance, the T-3 signal may alert sleeping
individuals more successfully than a continuous tone (component 1 of the notification process),
but it does not provide any guidance on the response of the individual (component 4). An
extensive examination has been conducted of the empirical data associated with each of these
technologies [37,47,60,63,64,65,72-93,99,131,178-211,218-220,226,232-241,246-251,256,259,260,269,278280,298-336,346], allowing more informed judgments to be made. In order to better understand the
potential impact of these different technologies, the notification technologies currently available
are categorized according to which of the four components of the notification process that they
addressed and the extent to which they do so (see Table 24). A simple scale is derived:
black - literature suggests that the technology can address this component of the
notification process.
grey - literature suggests that the technology has the potential to partially address this
component.
empty – the technology is not able to address this component.
This enabled the potential impact of the notification technologies to be better understood and
some comparisons to be made between them. For example, a strobe system may be able to aid in
the receipt of a signal; it may also help in the recognition that a fire incident is developing (see
Table 24). It is not, however, able to help identify the required evacuation response or aid in this
response. This should be compared with a member of staff who has the potential for helping in
all of these four categories.
Table 24: Example of the categorization of various notification approaches. Rc indicates the ability to improve
receipt and recognition; Rc(adv) Rp indicates the ability to improve

Targeted Sense
Audible
Rc Rc/Rp

Visual
Rp

Rc

Rp

Tactile
Rc

Rp

Olfactory

Staff

Rc

Rp

Receipt
Recog.

1

Resp.
Ident.
Resp.
Perf.

2

1 Several of the advanced tactile technologies were employed as part of everyday life and the individual may therefore be attuned to it activating.
It could be argued that the signal would therefore not necessarily indicate an emergency but would attract the individual’s attention.
2 This is based on the assumption that several of the advanced tactile technologies encouraged the individual to look at a device that had the
potential of providing more information.

As mentioned earlier in the report, the presence of highly trained, motivated, assertive, wellinformed and numerous members of staff is considered to be the benchmark for the notification
process. It is included in Table 24 to allow comparisons to be made. It is apparent that there is a

70

difference between those systems simply denoting that an event has occurred, and those that
provide information regarding the incident itself. These latter systems have the potential for
providing information relating to the response required of the population.
By examining Table 23 and Table 24 it is possible to identify those technologies that are able to
influence both the recognition and the response of the population. The ability to provide
information on the nature of the incident and on the desired response has general value; however,
it has particular value where the situation precludes training or familiarization. For instance,
where the population is transient. Where an individual is in a domestic situation, the provision of
such information may be less significant given the relative simplicity of the structure, the
simplicity of the desired response, and the familiarity of the individual with their surrounding.
This analysis can be cross-referenced with the vulnerabilities already identified. By doing so, the
capacity of these notification technologies to address specific vulnerabilities can be ascertained.
This is performed in the next section.
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7

Stage I: Recommendations for Stage II Research Activities

In Section 4 an extensive list of vulnerabilities was identified. This represented the vulnerabilities
identified from our extensive literature review. However, these were not deemed to be equally
significant or amenable to the application of notification technologies. This list was reduced by
• the establishment of the nature of the vulnerabilities indicating whether they could be
reduced through the use of notification technology;
• the examination of the empirical data on the performance of the current notification
technologies to establish the feasibility of their use and their potential impact on specific
vulnerabilities;
• the listing of the previous recommendations on further work.
By understanding the nature of the vulnerabilities, the capacity of existing notification
technologies and the data currently available several objectives could be met. Firstly, the
vulnerabilities could be prioritized. Secondly, the technologies could be assessed and candidate
technologies suggested for further investigation. Finally, research areas could be suggested based
on the previous two objectives and the absence of sufficient existing data.
This has enabled the list to be reduced to a small sub-set of the vulnerabilities identified as
requiring further empirical research (see Table 25). The five vulnerabilities are
• the hearing impaired,
• those asleep,
• the alcohol impaired,
• those in public spaces, large groups, untrained, unprimed and unfamiliar
• those subject to background pollution.
Table 25: Summary of the key vulnerabilities identified.

Hearing impaired
Those asleep
Alcohol impairment / Intoxication
Background Pollution
Public Spaces/Large Group/
Untrained/Unprimed/Unfamiliar
Sleep Deprivation/Medication

(1) Receipt of
signal/message
STRONG
slight
STRONG
STRONG
slight

(2) Recognition of
signal/ message
slight
slight
STRONG
STRONG
STRONG

(3) Identification
of Response

STRONG

STRONG

(4) Respond

slight
STRONG

STRONG

STRONG

slight

STRONG

STRONG

The examination of the vulnerabilities and the notification systems can be integrated in order to
establish which of the notification technologies addresses the vulnerabilities in question. A
simple metric has been established to represent the potential of these approaches at reducing
these vulnerabilities (see Table 26). The potential impact of the notification systems is
represented using a three point scale: black indicating that either a significant benefit may be
attained or that some benefit is likely and that information is currently lacking; grey indicating
that some benefit may be gained; no color indicating that no benefit is likely. This represents a
simplification, but enables some comparison to be made and highlights where the potential for
addressing these vulnerabilities exist. Several technologies were excluded as part of this process:
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Olfactory-based technologies – from the empirical evident these appeared to be
unpromising and faced a number of technical difficulties, including ensuring that the
‘signal’ was received by the target population.
Technologies involving moving air were excluded on similar grounds.
The concept of electric shock notification was dismissed on ethical grounds.
Many of the existing ‘one bit’ [117] signals are not recommended for further research
based on our extensive understanding of their limitations.
Table 26: Assessment of the potential impact of notification technologies upon vulnerabilities.

Rc
Sleep Deprivation/Medication
Hearing impaired
Composite (Public Spaces etc.)
Those asleep
Alcohol impairment
Background Pollution

Audible
Rc/Rp) Rp

1

3

1

2

2

2

Tac.
Rc

Visual
Rc
Rp

2

Sta.
Rp

2

1 Potential for this will be largely dependent upon the severity of the hearing disability
2 This will be dependent upon the nature of the pollution present.
3 Broad band nature of sound may have particular benefit to some of the hearing impaired population.

By adopting this vulnerability model, vulnerabilities have been identified in a manner that is
independent of the process used to record the incident; i.e. that could take into account the body
of learning in the field of human behavior in fire, rather than rely completely on high-level
statistics. This has enabled vulnerabilities to be highlighted that might otherwise have been
overlooked. It also allowed the nature of the vulnerabilities to be better understood and suggested
a means of potentially addressing the vulnerability in question through the application and
development of different notification technologies.
Some basic data collection scenarios were presented to the Technical Panel associated with this
project. The vulnerabilities and technologies were compiled in order to clearly associate those
technologies with the vulnerabilities that might be reduced and the experimental conditions
deemed to be most appropriate. These are listed in Table 27.
As part of the Technical Panel’s analysis of the recommendations, an ad hoc method was
developed to validate the findings and refine the recommendations still further according to the
number of research projects that could be conducted (in this case three research projects were
possible). This involved a scheme being devised where the panel members ranked the
vulnerabilities identified (see Table 16). Each member of the technical panel was asked to
identify those vulnerabilities that they considered should be further examined. The same process
was performed regarding the notification technologies and the experimental scenarios. This was
conducted independently of the analysis outlined during this report; the only common point of
reference was the original set of vulnerabilities highlighted in Table 16 and the notification
technologies identified in Table 23). Reassuringly, the final three vulnerabilities arrived at by the
Technical Panel were a sub-set of those highlighted in Table 25 and the notification technologies
approximated those identified in Table 27. The vulnerabilities identified by the Technical Panel
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were those impaired by alcohol, those with varying degrees of hearing disability, and the general
population in public spaces. It is apparent that these represent an innate vulnerability; a
situational vulnerability; and a combination of vulnerabilities.
Table 27: Data collection scenarios recommended to the Technical Panel.
Scenario

Vulnerabilities

Status

Occupancy

Technologies Tested

1

Intoxication

Asleep

Domestic

2

Sleep Derivation
/Medication

Asleep

Domestic

3

Hearing Impaired

Asleep

Domestic

4

Background
Pollution

Awake

Domestic/Public

T-3 (variants)
Vibrating Devices
Voice
Strobe
T-3 (variants)
Vibrating Devices
Voice
Strobe
T-3 (variants)
Vibrating Devices
Voice
Strobe
T-3 (variants)
Vibrating Devices
Voice
Strobe

5

Composite (Public
Spaces, large
groups etc.)

Awake

Public

T-3 (variants)
Voice
Strobe
Directional Noise

Nature of
Trial
Contrived

Contrived

Contrived

Contrived

Natural Setting

Those subject to sleep deprivation or medication (Scenario 2) were excluded given the variation
evident in these populations, and the ethical and technical difficulties in testing the impact of
medication. It was suggested that the susceptibility to background pollution (Scenario 4) should
not be examined in isolation given that (1) visual and audible pollution can be examined as part
of Scenario 5; and (2) some aspects of it can also be examined as part of Scenario (3), with both
populations potentially having limited abilities to receive audible signals.
It was determined that the first two populations identified required a contrived data collection
process; i.e. that the effectiveness of the notification technologies examined needed to be
isolated. It was also felt that these two populations were particularly vulnerable when asleep. It
was suggested that these two groups were tested in a domestic environment. Again, this
approximates a sub-set of the data collection scenarios identified in Table 27.
It was suggested that the voice notification technology should not be included when examining
the domestic occupancies. This was due to the limited success of the voice technologies exhibited
in previous empirical work [ref] and also represented an attempt to limit the number of factors
involved. This voice notification technology was considered of interest when examining public
spaces.
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A range of notification technologies were deemed to be of interest. These were to be examined
according to their effectiveness at addressing the three vulnerabilities identified.
Table 28: Revised data collection scenarios.
Scenario
A

Vulnerabilities
Intoxication

Status
Asleep

Occupancy
Domestic

B

Hearing Impaired

Asleep

Domestic

C

Composite (Public
Spaces, large
groups etc.)

Awake

Public

Technologies Tested
T-3 (variants)
Vibrating Devices
Strobe
T-3 (variants)
Vibrating Devices
Strobe
Existing System
implemented
T-3
Voice
Strobe
Directional (if feasible)

Nature of Trial
Contrived

Contrived

Natural Setting

The data collection projects have been completed. In the next sections, the results produced by
these three Stage II data collection activities are presented, along with a risk assessment of the
three vulnerabilities examined. It represents, with only minor modifications, the work of the
original authors. It was left in this form in order to reduce the probability of the original authors’
findings being misrepresented.
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8

Stage II Research Activity - Risk Assessment

In an effort to quantify the possible impact of addressing the three vulnerabilities identified, a
risk assessment has been performed. This assessment was conducted in a similar manner to that
conducted for the analysis of the vulnerability elderly population [215]. However, the current
vulnerabilities were identified through an analytical rather than a statistical process; they were
not reliant upon statistical support. There is the possibility that statistical support for this work is
unavailable; i.e. that given some of the discrepancies in the recording and storing of
vulnerabilities, that it is not possible to clearly establishing the outcome of addressing them. This
assessment has therefore been conducted given that some vulnerabilities are less likely than
others to appear in the existing statistics.
This section of work was provided by John Hall of the National Fire Protection Association
[341]. The text presented here represents a slightly reduced version of the original text.
Otherwise, this work was entirely produced by Dr. Hall.
Fire death risk related to alcohol
Fire death risk related to alcohol cannot be isolated with as much confidence as can fire death
risk related to age. There are several reasons for this:
•

Prior to 1999, alcohol impairment was combined with impairment by other (legal or
illegal) drugs in incident reporting, and the combined condition was one of several
choices on the scale of “condition before ignition,” for which only one condition could be
entered. Other choices included physical or mental disability and being asleep. In 19941998, 9% of home fire death victims were reported as impaired by alcohol or other drugs.
In 1999-2002, when alcohol could be coded separately and multiple conditions could be
recorded under “human factor contributing to injury,” impairment by alcohol was
reported for 10% of home fire death victims.

•

Special studies of blood alcohol levels have indicated that alcohol impairment is
substantially under-reported on fire incident reports. Studies from Maryland and
Minnesota show elevated blood alcohol levels for roughly half of all adult home fire
death victims or roughly one-third of total home fire death victims [3]. This is more than
three times the percentage of victims shown as impaired on fire incident reports.

•

There is no good data available to estimate the fraction of people-hours of exposure by
people impaired by alcohol. There are estimates of what fraction of the population ever
exceed a certain defined level of alcohol consumption in a defined period of time, but
impairment can occur at lower levels and there is no way to estimate how often or for
how long the individuals are impaired.

Fire deaths for alcohol-impaired persons by activity when injured
Table 29 shows percents of fire deaths for 1980-1998 fatal victims who were impaired by alcohol
or other drugs, by four major activity when injured groups – sleeping, attempting to escape,
attempting rescue or fire control, and unable to act or acting irrationally. (Occupants who were
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sleeping when injured are also identified under condition before injury, but some sleeping
occupants may be hidden under other condition codes, such as impaired by drugs or alcohol, too
old, too young, or handicapped.)
Other than escaping, the other activities would indefinitely prolong the person’s presence in the
fire area and so would be expected to involve some significant risk of injury.
Table 29: Home Fire Deaths for Victims Impaired by Alcohol or Other Drugs,
by Activity When Injured, 1980-1998
Sleeping
Attempting to escape
Attempting rescue or fire control
Unable to act or acting irrationally

41%
21%
5%
33%

Notes: These are national estimates of fires reported to U.S. municipal fire departments and so exclude
fires reported only to Federal or state agencies or industrial fire brigades. National estimates are
projections. Casualty projections can be heavily influenced by the inclusion or exclusion of one unusually
serious fire. Home structure fires include one- and two-family dwellings, apartments, townhouses, flats,
and manufactured homes, but exclude dormitories, barracks, hotels and motels, boarding or rooming
houses, and assisted living facilities.
Source: NFIRS and NFPA survey.

Effects of improved waking effectiveness on fire risk
Successful waking of sleeping occupants is not enough to assure safe escape. Some of the
wakened occupants would be expected to die. There will be unsuccessful escape attempts, where
the early warning from smoke alarms could not compensate in all cases for either limited time for
escape or insufficient training and knowledge of effective escape routes and procedures. And the
several activities that involve indefinitely extended time in hazardous conditions would be
expected to lead to deaths. And some of the victims listed as sleeping when injured may have
been awakened but returned to sleep. Greater waking effectiveness might make no difference to
these victims either.
On the other hand, changes that lead to successful waking of more occupants could also result in
earlier alerting of occupants who were already awake. Earlier alerting could lead to more success
in chosen activities and fewer deaths.
Also, the changes might not be sufficient to produce 100% waking effectiveness. For example,
the changes might not address the reliability of operation of the home smoke alarm, currently
estimated at 80% (based on a CPSC special study). Smoke alarms that do not activate cannot
wake anyone.
Setting up the analysis
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This analysis will concern itself only with estimating the reduction in fire death rate if changes
are made that are effective in waking all occupants for a given population. Hence, the percentage
of fatal victims who were asleep when fatally injured are the focus of this analysis.
It is assumed that sleeping occupants, if awakened, will select activities in the same proportions
as did occupants who were not asleep when fire began and will experience the same risks
associated with those activities as did the occupants who were not asleep. For example, a newly
wakened occupant is assumed to be just as likely to decide to fight the fire as an occupant who
was never asleep and just as likely to be fatally injured while doing so.
It is further assumed that a person newly awakened at one time of day will select activities and
encounter risks associated with those activities in the same way as a person newly awakened at
another time of day. For example, although an older adult is more likely to be asleep at 3 am
than at 3 pm, once awakened, that person is as likely to choose escape verses firefighting at 3 am
as at 3 pm, and the risk of fatal injury for each activity chosen will be the same at 3 am as at 3
pm.

The basic risk model
Equation (1) is a probabilistic model of the probability of dying in a fire (called ptotal),
distinguishing sleeping verses all other activities. All probabilities are probabilities per year.
Therefore, the best data-based estimate of ptotal is the annual fire death rate (deaths per million
persons, which is a dimensionless value suitable for use as a probability), for a specified
population (e.g., impaired people).
Because we have no good estimate of the total impaired population, we must use the annual fire
death toll instead.
(1)

pasleep pdeath,asleep + pnot pdeath,not = ptotal , where:
pasleep = prob (asleep given impaired) =
[prob (asleep and impaired)]/[prob (impaired)]
pnot = prob (not asleep given age range) =
[prob (not asleep and impaired)]/[prob (impaired)] = 1- pasleep
pdeath,asleep = prob (death given impaired and asleep) =
[prob (death, impaired, and asleep)]/[prob (impaired and asleep)]
pdeath,not = prob (death given impaired and not asleep) =
[prob (death, impaired, and not asleep)]/[prob (impaired and not asleep)]
ptotal = prob (death given impaired) =
[prob (death and impaired)]/[prob (impaired)]

The reader is referred elsewhere for further details of this approach [215].
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In equation (1), as noted, it is possible to use available data directly to estimate the right-side
term (ptotal is estimated as the annual fire death rate). It is not possible to directly estimate any of
the other four terms from available data. Equation (2) introduces two new terms that can be
estimated from available data:
(2)

qasleep + qnot = 1, where:
qasleep = asleep share of impaired deaths
qnot = not-asleep share of impaired deaths

By dividing both sides of equation (1) by ptotal and comparing the result to equation (2), it may be
seen that:
(2A)

qasleep = pasleep pdeath,asleep / ptotal

(2B)

qnot = pnot pdeath,not / ptotal

Solving the model for reduction in risk through waking all impaired persons
Dividing equation (1) through by ptotal and substituting qasleep = pasleep pdeath,asleep / ptotal yields:
(3)

qasleep + (1- pasleep) (pdeath,not / ptotal) = 1

If everyone has been wakened, then every occupant will face a probability of death equal to
pdeath,not. Therefore, the reduction in risk will be equal to 1 - pdeath,not / ptotal. Solve equation (3)
for the ratio:
(4)

pdeath,not/ptotal = [1- qasleep] / [1 - pasleep] = [1- qasleep] / [1 - qasleep (ptotal / pdeath,asleep)]

Equation (4) shows that the ratio of the new death probability (with complete waking
effectiveness) to the old death probability is a function of three terms, two of which can be
estimated from available data. The term that cannot be so estimated is pdeath,asleep. It is easier to
work in terms of the unknown ratio, i.e., ptotal / pdeath,asleep; call that ratio 1/A. The sensitivity of
the estimated risk reduction to A is shown in Table 30.
Table 30: Sensitivity of ratio to A.

If qasleep (sleeping share of fire deaths) = X
Then % risk reduction in
And A =
total fire deaths =
and pdeath,asleep / pdeath,not =
X(A-1)/(A-X)
1
0%
1
2
X/(2-X)
(2-X)/(1-X)
3
2X/(3-X)
(3-X)/(1-X)
5
4X/(5-X)
(5-X)/(1-X)
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10
50

9X/(10-X)
49X/(50-X) or roughly X

(10-X)/(1-X)
(50-X)/(1-X)

The reader is referred elsewhere [215] for the derivation of the relationship between pdeath,asleep /
pdeath,not, A, and the total risk reduction.

Estimating A
It is possible to estimate the critical ratio of A = 1/[ptotal / pdeath,asleep].
Start with this equation: (5) pasleep,h + pnot,h = 1.
The subscript h refers to hour h, one of the 24 hour segments in the day.
Now rearrange terms in equations (2A) and (2B) to derive values for the two terms in equation
(5), then rearrange terms again: (6) qasleep,h (1 / pdeath,asleep ) + qnot,h (1 / pdeath,not ) = 1 / ptotal,h
By the assumptions stated at the beginning, pdeath,asleep and pdeath,not will not change from hour to
hour, but qasleep and ptotal may change, as will qnot.
The derived coefficients should be positive values. When they are estimated as negative, this
means that the higher the estimated death rate is (and the closer the inverse of the death rate is to
zero), the better the estimating equations fit. Fire statistics can be used to calculate, for each hour
segment, values of qasleep,h, qnot,h and ptotal,h. One can use least-squares estimation (same format as
linear regression) to estimate pdeath,asleep and pdeath,not.
In the case of impaired victims, the estimate of 1/pdeath,asleep is negative, which means the estimate
of the probability of death when an impaired victim is asleep is effectively certain, and that
means that waking all sleeping impaired victims is estimated to save all those people. The
sleeping fraction of impaired fatal home fire victims was previously estimated as 41% of the 10%
of home fire victims who are reported to be impaired.
This estimate is highly uncertain. As noted earlier, there is considerable evidence that the
impaired fraction of fire victims is severely under-reported. The baseline of risk might be onethird of victims rather than the 10% reported. Also, our statistics are for the combination of
impairment by alcohol or other drugs. However, the post-1999 statistics suggest that alcohol
strongly dominates this combination and may even be present in many cases where other drugs
are present.
Fire death risk related to hearing impairment
The U.S. fire incident data base does not distinguish specific types of disabilities, and so there are
no available fire statistics specifically on the hearing-impaired. The most reasonable approach is
to work with the available data on the size and characteristics of the hearing-impaired population.
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Gallaudet Research Institute’s website offers a number of useful estimates (see
http://gri.gallaudet.edu/Demographics/deaf-US.php, accessed on February 14, 2007), all based on
self-reporting (see Table 31).
Table 31: Levels of deafness and hearing impairment according to age.

Age group
Under 5
5 to 17
18 to 44
45 to 64
65 or older

Deaf 2002

Deaf 1997-2003

Combined deaf and
hard of hearing
2002

N.A.
0.1%
0.2%
0.3%
1.5%

0.1%
0.1%
0.1%
0.2%
1.0%

N.A.
0.6%
1.2%
4.2%
16.9%

Combined deaf and
any hearing trouble
1997-2003
1.8%
3.8%
7.9%
19.0%
38.9%

These statistics can be combined with statistics on the age distribution of the population or on the
age distribution of fatal victims of home fires (see Table 32).
Table 32: Fatalities according to levels of deafness/hearing impairment and age.

Age group
Under 5
5 to 17
18 to 44
45 to 64
65 or older

Population
2002
6.8%
18.5%
39.2%
23.1%
12.4%

Population 2000
(midpoint of
1997-2003)
6.8%
18.9%
39.9%
22.0%
12.4%

Home fire deaths
2002
11%
11%
27%
25%
26%

Home fire deaths
2000 (midpoint
of 1997-2003)
13%
14%
28%
20%
26%

By combining these statistics, one can first calculate, as GRI does in the source document that
self-reported deaf individuals constitute an estimated 0.2% to 0.4% of the population (with 0.2%
being the calculation based on 2000 population and 0.4% being the calculation based on 2002
population). Individuals who self-report being hard of hearing constitute an estimated 3.7% of
the 2002 population, and individuals who self-report having hearing troubles (from a little to a lot
to full deafness) constitute an estimated 13.0% of the 2000 population.
It may also be calculated that people aged 65 or older constitute a majority of the 2002 deaf
population (52%), the 2000 deaf population (53%), and the 2002 hard-of-hearing population
(57%), as well as more than a third of the 2000 population with hearing troubles (37%).
If hearing-impaired individuals have no higher risk of fire death than their non-hearing-impaired
same-age counterparts, then the hearing-impaired share of home fire deaths would still be larger
than the hearing-impaired share of the population, because so much of the hearing-impaired
population are also older adults, who have a much higher risk of fire death, presumably because
of the whole range of reduced capabilities associated with higher age. This assumption of equal
81

age-adjusted risk of fire death for hearing-impaired individuals would yield estimates that the
deaf population account for 0.4% of the 2000 home fire deaths and 0.5% of the 2002 home fire
deaths, that the hard-of-hearing population account for 5.9% of 2002 home fire deaths (compared
to 3.7% of the 2002 population), and that the population with hearing troubles account for 16.9%
of 2000 home fire deaths (compared to 13.0% of the 2000 population).
If, as one might expect, the deaf population actually has much higher fire death risk than their
same-age counterparts, the deaf share of home fire deaths would still be well below 5% of total
fire deaths.
The older-adult share of hearing-impaired home fire deaths is the same whether hearing-impaired
home fire death risk is the same as their same-age counterparts or is higher, provided that the
magnitude of the difference in risk between hearing-impaired people and non-hearing-impaired
people does not itself change with age. Older adults therefore account for three-fourths of deaf
home fire deaths, in 2002 (72%) and 2000 (73%), and of hard-of-hearing home fire deaths (74%),
as well as 60% of home fire deaths among people with any degree of hearing troubles.
Therefore, it appears clear that most hearing-impaired home fire death victims are also older
adults (age 65 or older), which means they are likely to have additional limitations beyond their
hearing impairments. This should be factored into estimates of the impact of improving the
waking effectiveness of home smoke alarms for the hearing-impaired population.

Fire death risk related to large commercial buildings
The term “commercial buildings” is not used in defining and grouping property uses in the fire
incident coding manuals in the U.S. However, we can work toward the essence of the question
by examining the various categories of buildings that could qualify.
In 1999-2002 the U.S. averaged 20 fire deaths a year in all public assembly, mercantile and
office properties (excluding the unique event of the attacks of 9/11/2001). These can be divided
into five groups of roughly equal size:
•

•

•
•

Eating and drinking establishments. Surveys by the U.S. Energy Information
Administration show that more than two-thirds of buildings devoted to food service are
less than 5,000 square feet in size and less than 10% are more than 10,000 square feet in
size. Hence, very few are what one might call large buildings.
Other public assembly properties, primarily religious facilities and clubs. The EIA survey
shows that nearly two-thirds of religious facilities are less than 10,000 square feet in size
and roughly two-thirds of other public assembly properties (i.e., excluding food service
and religious facilities) are less than 10,000 square feet. Hence, most are not what one
might call large buildings.
Gasoline service stations and other retail outlets that are inherently incapable of holding a
large population.
Other retail outlets. The EIA surveys show that food sales facilities plus other mercantile
facilities excluding malls have a majority of their buildings under 5,000 square feet in
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•

size and more than four-fifths under 10,000 square feet in size. Mall buildings tend to be
much larger, but the individual stores are not and it is not easy to estimate what fraction
of fire deaths in stores occur in malls.
Offices. The EIA surveys show about three-fourths of office buildings are under 10,000
square feet in size.

Put this all together and probably one-fifth of the buildings in these categories are at least 10,000
square feet in size. Of course, these buildings account for a much larger share of total building
floor space and so may account for a larger share of fires and fire deaths. But it is hard to
imagine that more than half of the 20 fire deaths a year in these properties occur in large
buildings, and we do know that nearly all these fire deaths are in fires where exactly one person
dies. Incidents in which multiple fire deaths occur in the same fire are rare, and even fewer are
those in which deaths occur during a flawed or delayed evacuation process.
Accordingly, one cannot make a persuasive case that better detection and alarm in large
commercial buildings will produce significant life savings, because there are so few lives being
lost. If a case is to be made for better alerting effectiveness or better detection and alarm
performance generally, it has to be made on other grounds, which might include the very few but
still important large incidents with large losses of life or might include the value of positive
assurance of safety and/or heightened feelings of safety that might be obtained with better
detection and alarm performance.
As a result of the recommendations produced earlier in this report, three separate research
projects have been conducted. These examined the effectiveness of notification technologies at
addressing vulnerabilities in the alcohol impaired; the hearing disabled; and people in public
spaces. A summary of the results produced from these projects are presented in the next sections.
The reader is referred to the full reports of these projects for further details [117,342,343].
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9

Stage II Research Activity - People who are Alcohol Impaired

This is the executive summary produced by Dr. D. Bruck, Ms. M. Ball and Dr. I. Thomas [342].
This summary represents the work performed by these researchers as part of the project funded
by the Research Foundation. The reader is referred to their original report for a more detailed
assessment of this work [342].
Studies of fire fatalities in the US, UK and Australia across young and middle aged adult groups
(e.g. 18 to 65 year olds) have consistently shown that alcohol impairment is a key factor in over
half of the fire fatalities. One recent study [176], using a small sample of young adults, found
that the ability to awaken to an auditory alarm was significantly reduced by alcohol intoxication.
Furthermore the data suggested that the current high pitched alarm was not as effective at waking
this population under sober or alcohol impaired conditions as the alternative auditory signals
tested. Other studies, using children and older adults (sober) have also found that the high
pitched alarm was not as effective at waking up occupants. In all cases to date an auditory signal
called the “mixed T-3” has been found to be the most effective auditory signal for arousing
sleepers across a range of age groups. This mixed signal is a square wave with a fundamental
frequency of 520 Hz,16 presented in a Temporal 3 (T-3) pattern.
In the light of these findings it became important to investigate responsiveness to a range of
alternative auditory signals, including a 520 Hz square wave, in a larger sample of sleeping
adults who were impaired by alcohol. A further question of interest was whether non-auditory
signals, such as strobe lights and bed shakers, would actually be more effective at awakening
sleepers under the influence of alcohol than auditory signals. This study addresses these issues.
Thirty two young adults aged 18 to 26 were each exposed to a range of signals across two nights
during deep sleep (stage 4). Prior to sleep all had consumed alcohol such that their blood alcohol
concentration (BAC) was measured at .05. Seven signals were tested:
• 400 Hz square wave signal in T-3 pulse
• 520 Hz square wave signal in T-3 pulse
• 500 Hz pure tone in T-3 pulse
• 3100 Hz pure tone in T-3 pulse
• Bed shaker- under mattress – T-3 pulse
• Pillow shaker – T-3 pulse
• Strobe light - T-3 pulse (modified)
Each signal was presented for 30 seconds, followed by a short period without a signal (30 -70
seconds). After this pause the signal was presented at a higher intensity level and this continued
until the maximum intensity was reached, or the participant awoke.
The main conclusions from this study are:

16

Square waves have, in addition to their fundamental frequency, additional peaks at the 3rd, 5th, 7th etc harmonics.
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1. Some auditory signals are an effective means of waking moderately alcohol impaired
(.05 BAC) young adults from deep sleep. Two signals, the 400 Hz and 520 Hz square
wave T-3 sounds, were significantly more effective than the 3100 Hz pure tone T-3
sound.
2. Under the testing conditions a sound level of 75 dBA at the pillow was sufficient to
awaken this population using either of the two square wave sounds. These signals
awoke 93-100% of participants at 75 dBA or less. In contrast, the 3100 Hz signal
awoke only 61.5% of the moderately alcohol impaired participants.
3. The bed shaker and pillow shaker devices tested were not an effective means of waking
moderately alcohol impaired young adults from deep sleep, either at the intensity level
as purchased, or at higher intensity levels. Only 58%-64.5% awoke at the intensity
level as purchased.
4. Strobe lights were not an effective means of waking this population, with only 24%
waking to the lowest strobe light intensity, which was more intense than that required
by the standard [344].
5. The results in this study are likely to be overestimations of the proportion of moderately
alcohol impaired young adults who may awaken to these signals in an unprimed,
unscreened population, especially from deep sleep. Thus extrapolations of absolute
intensities and percentages awoken in the study to the field should be made with
caution.
6. It was found that, where a signal was presented at a level that caused awakening, most
people awoke to the signal within the first 10 seconds of the signal being on. Thus it
seems highly probable that a signal that is alternatively on and off for this period of
time will be more effective than a continuously sounding signal.
Recommendations:
1. That bed shakers, pillow shakers or strobe lights, presented alone, should not be
considered as an alternative emergency alarm for people with normal hearing.
This recommendation is made on the basis that across the population a proportion of people sleep
after having consumed alcohol, and visual and tactile signals will be less likely to awaken them
than auditory signals. Furthermore, it is possible that the findings with alcohol can be generalised
to other types of sedating chemicals (e.g. hypnotic medication).

2. That further research be conducted to determine the nature of the best auditory signal
(both in terms of spectral characteristics and on/off timing) to replace the current high
pitch alarm.
A square wave sound with a fundamental frequency in the lower ranges (i.e. 520 Hz) has now been
consistently documented to be more effective than the current high pitched smoke alarm signal
across a range of populations (children, older adults, sober young adults, alcohol impaired young
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adults and adults who are hard of hearing17). A signal that has an ON-OFF sound pattern of about
10-15 seconds may be more effective than a continuous signal.

17

Readers may find the companion report of interest [343].
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10 Stage II Research Activity: People who are Hard of Hearing
This is the executive summary produced by Dr. D. Bruck and Dr. I. Thomas [343]. This
summary represents the work performed by these researchers as part of the project funded by the
Research Foundation. The reader is referred to their original report for a more detailed
assessment of this work [343].
As it has been shown that smoke alarms save lives (e.g. [2]) and that being asleep is a strong risk
factor for fire fatality (e.g. [15,275]), the ability of different sections of the population to wake to
their smoke alarm is an issue of importance.
Among the people at risk of not waking to an auditory smoke alarm are the more than 34.5
million people in the US who are hard of hearing. In some cases such people purchase
alternative alerting devices which may send a visual signal (e.g. a strobe light) or a tactile signal
which vibrates. Bed shakers and pillow shakers have become available for people with hearing
impairment and may be used with an alarm clock or for emergency notification. Some specialist
alerting devices allow the option of a loud low frequency sound.
Standards exist for the intensity of a strobe light for emergency notification [344], with an
intensity of 177 or 110 candela (cd) specified, depending on placement. However, several
studies of their efficacy in alerting sleepers suggest that only about a third of hard of hearing
people or people with normal hearing will awaken to strobe lights of similar intensities
[183,184,210].
For bed shakers UL 1971 (1991) provides a standard but the specifications relate to a shaker of
different shape to most shakers currently sold. The bed shakers tested in sleep studies report
waking rates of 70-100% when using shakers at “off the shelf” intensities [210,243,280].
The British Standard, BS 5446-3 (2005) relates to a smoke alarm “kit” for people with hearing
impairment which combines the normal UK smoke alarm with a vibration pad (a bed shaker) and
a flashing light. The minimum intensity specified for the flashing light is quite low (15 cd). For
the bed shaker frequency ranges, pulse patterns and displacement specifications are provided,
along with a standardized testing procedure. However, there are no published sleep studies
which test the specified kit or report the intensity of the bed shakers as compared to the BS54463.
This study set out to test the waking effectiveness of several different auditory signals, a bed
shaker, a pillow shaker and a strobe light in a sample of hard of hearing people. A range of
different intensity levels were tested for each signal. Each device was tested separately.
Participants were 38 volunteers aged 18-77 years (16 males, 22 females) with an average hearing
loss of 25-70 dB in both ears (i.e. mild to moderately severe hearing loss). No deaf individuals
participated. Each participant was exposed to a range of signals across two non-consecutive
nights during slow wave sleep (the deeper part of sleep, stages 3 and 4). Six signals were tested:
• 400 Hz square wave signal in T-3 pulse
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•
•
•
•
•

520 Hz square wave signal in T-3 pulse18
3100 Hz pure tone in T-3 pulse (the current smoke alarm)
Bed shaker (under mattress) in T-3 pulse
Pillow shaker in T-3 pulse
Strobe light in T-3 pulse (modified)

The first two signals used in the sleep study (as listed above) were chosen from a larger set of
audible sounds that were used in the awake portion of the study. These first two audible signals
had the lowest average hearing threshold from a set of eight different auditory signals. Each
signal was presented for 30 seconds, followed by a short period without a signal (30 -70
seconds). After this pause the signal was presented at a higher intensity level and this continued
until a range of intensities had been presented, or the participant awoke.
In addition, a questionnaire was administered to all volunteers for the study (n=44). This asked a
variety of questions about their hearing, use of specialized alerting devices and their confidence
in their ability to hear different alerting sounds in their home (e.g. telephone, fire alarm) both
during the day and night.
The main conclusions from this study are:
1.

Under the testing conditions a 520 Hz square wave T-3 sound was the single most
effective signal, awakening 92% of hard of hearing participants when presented at or
below 75 dBA for 30 seconds and awakening 100% at 95 dBA. Both the 520 Hz
square wave and the 400 Hz square wave were significantly more effective than the
3100 Hz pure tone T-3 sound, which awoke 56% at or below 75 dBA. In addition the
520 Hz square wave signal yielded the lowest hearing threshold when awake for this
sample of people who were hard of hearing, from a set of eight alternative sounds with
a range of pitch and patterns. 19

2.

Under the testing conditions the bed shaker and pillow shaker devices, presented alone,
awoke 80-83% of the hard of hearing participants at the intensity level as purchased
(vibrating in intermittent pulses).

3.

Those hard of hearing participants who were aged 60 years or more were less likely to
awaken to the bed shaker than those aged below 60 years. No age group differences
were found for any other signal.

18

This signal is that same as the one referred to in previous studies as the “mixed T-3” [176,177,193,194]. Square
waves have, in addition to their fundamental frequency, additional peaks at the 3rd, 5th, 7th etc harmonics.
19
The efficacy of the 520 Hz square wave signal in arousing sleepers has now been demonstrated in children, sober
young adults, alcohol intoxicated young adults (two studies), older adults and hard of hearing people. Furthermore,
in all these studies the high pitched alarm has been found to be the least effective of the auditory alternatives tested,
for waking people up.
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4.

Strobe lights, presented alone, were not an effective means of waking this population,
with only 27% waking to the lowest strobe light intensity, which was more intense than
that required by the standard [344].20

5.

There was tentative evidence that people may respond differently to different types of
signals, suggesting that a bedroom alarm “kit” that combined two types of sensory
signals (i.e. an auditory signal plus a tactile signal) may be more effective than one
signal.

6.

The results in this study are likely to be overestimations of the proportion of the hard of
hearing population who may awaken to these signals in an unprimed, unscreened
population, especially from deep sleep. Thus extrapolations of absolute intensities and
percentages awoken in the study to the field should be made with caution.

7.

It was found that, when a signal was presented at a level that caused awakening, most
people awoke to the signal within the first 10 seconds of the signal being on. Thus it
seems highly probable that a T-3 signal that is alternatively ON for about 10-15
seconds and OFF for a certain period of time (possibly of the same duration) will be
more effective than a continuous sounding T-3 signal.

8.

Questionnaire responses indicated a high level of misplaced complacency among
people who are hard of hearing in terms of their need for specialist alerting devices. In
view of this, and the fact that many people are not aware of their hearing loss, it is
desirable that any standard audible smoke alarm for the general population emit a signal
that maximises the chances of awakening for hard of hearing people (provided such a
signal presents no increased risk to other sections of the population).

Recommendations:
1.

The technical feasibility of replacing the current high frequency smoke alarm T-3
signal with a low frequency square wave T-3 signal (with a fundamental frequency of
520 Hz or thereabouts21) for the entire population should be investigated as a matter of
priority.

2.

A suitable ON duration of such a T-3 signal appears likely to be in the range of 10-15
seconds, with the OFF duration tentatively suggested to be of similar duration but
further research is required to determine this.

3.

For this population of people with mild to moderately severe hearing loss the single
best emergency alerting device is a low frequency square wave auditory signal and this
is superior to bed shakers, pillow shakers and strobe lights, presented alone. Ideally this
square wave signal should be as loud as possible. There is tentative evidence that

20

This finding is consistent with the other two studies that have controlled for stage of sleep and tested the
effectiveness of strobe lights in hard of hearing or normal hearing samples.
21
We are currently undertaking a study with unimpaired young adults which will compare arousal to a 520 Hz
square wave with other square wave signals with fundamental frequencies between 520 Hz and 2000 Hz.
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combining a low frequency square wave with a tactile device may provide additional
waking effectiveness.
4.

Any recommendations for the use of strobe lights, presented alone, as an emergency
alarm to awaken sleepers who are hard of hearing or of normal hearing should be
withdrawn as soon as possible.22

5.

Further study should be undertaken with people with hearing loss ranging from
moderate to profound (i.e. including deaf people) to determine the best signals, or
combination of signals, that will reliably awaken this population from deep sleep. This
should include bed shakers, pillow shakers, low frequency square waves (beneficial for
those with residual hearing) and could include strobe lights. In such research it would
also be of interest to test bed shakers (vibrating in intermittent pulses) in an under-thepillow placement.

6.

Research on the efficacy of a range of different signals and signal combinations in
different populations (e.g. with and without hearing loss) should also be conducted in a
large number of home environments where the participants were not primed to expect a
signal during the night and unscreened for factors such as medication or prior alcohol
consumption.

7.

There should be further investigation of an appropriate means of standardising the
measurement of the intensity of bed and pillow shakers and this should inform a new
standard.

22

This recommendation should not be misinterpreted to apply to people who are awake or to deaf people. Neither of
these conditions were tested in this study or the companion report on the alcohol impaired ([342].
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11 Stage II: Research Activity - Large Groups in Public Spaces
This is the executive summary extracted from [117], originally authored by Gwynne.
This study was designed to investigate the effectiveness of several notification systems at expediting an appropriate
response to a fire in non-domestic occupancies; e.g. public spaces, commercial spaces, places of work, etc. It is these
spaces that may require the movement of a large number of people that have different levels of familiarity, abilities,
information and motivation. This project focused on large unassociated groups; i.e. groups not just based around
familial or social groups. The effectiveness of these notification systems is established by observing a variety of
different egress trials and a smaller number of contrived situations. A number of case studies are conducted, each
involving the observation of an evacuation. These observations are made in order to assess the time taken for the
population to respond to the notification system in place and their subsequent behavior.
Table 33: Data Collected during this activity.
Primary Trials

Notification System

Nature of the Drill

Pre-Evac.
Data Points
72

1 – Office

Voice / Staff

2 – Library/Admin (UK)

Tone /Staff

Partial (specific area)
/Unann.
Full/Unann.

3 – Office

T-3/Staff

Full/Unann.

348

4 – Library/Admin (UK)

Voice

15

5 – Library/Admin
(UK)
Secondary Trial

T-3
Notification System

Partial (specific area)
/Unann.
Partial (specific area)
/Unann.
Nature of the Drill

153

10
Pre-Evac.
Data Points
73

6-7 – University
Residences
8 Hospital

T-3

Full/Unan.

Tone/Voice

n/a

9 Hotel

Tone

Partial (Staff only)
/Unann.
Partial (Staff only, specific
area)/Unann.
Full/Unann.
Full/Unann.

18

10-14 Distribution
Mixed – Primarily Tone
Depots
15 Library Facilities
Staff
(Brazil)
*Overall evacuation times for five different buildings

17
n/a

Pre-Evac
Times (ec)
141.3
[40-426]
102
[5-290]
101.4
[19-269]
52.2
[20-89]
N/A*

48.9
[9-104]
N/A*
61.3
[20-141]
76.4*
[60-107]
38.7
[8-70]

There are many circumstances in which the occupant population would be reluctant to evacuate without the strongest
indication that the incident was real; e.g. the presence of smoke. Given the potential for disruption, it would have
been difficult to arrange trials to examine this population. Given that the most engaged/committed populations have
therefore not been included in this project, the results produced here exclude some of the most challenging situations
for staff and notification systems to overcome. The data-sets collected during this project form a body of data that
can be interrogated and from which some general conclusions can be drawn. It is not possible to draw definitive
conclusions from any one trial, given the limitations highlighted; indeed it is questionable whether any of the
conclusions drawn are definitive. However, by cross-referencing data from trials and making comparisons between
them, it is possible to increase confidence in the findings and to generalize from specific cases.
The importance of ‘information’ was apparent throughout the trials. In this context, information refers to knowledge
of the existence of an incident, the threat posed by it, and the required response. During the trials this information
was provided in several ways: through training and practice drills, prior to the event; through a notification system
during the event; and/or through members of staff during the event. Irrespective of the method used, a minimum
level of information was required to enable the population to respond and to respond appropriately. Ideally, all of the
described methods would be available. None of the trials examined employed all of these methods to the required
degree.
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Given that there are three basic methods for reaching the required information levels, it is important to understand
where these methods are available; i.e. in which occupancies they can be employed. A simple approach was
developed to clarify where these methods are available. Instead of the general characteristics of the occupancies (e.g.
occupancy levels, use, etc.), occupancies were characterized according to the manner in which information can be
provided.
Occupancies labeled ALL allow all three methods to be employed; for instance, large office environments,
institutions, etc. Here the population is sufficiently static to allow long-term familiarity to be developed, while the
organization is large and formal enough to allow for the development of an emergency procedure, the presence of
active staff and the potential for the inclusion of a voice notification system. In occupancies labeled INC, such as
commercial public spaces, transport terminals, hotels, etc., the transient population would be unable to take part in
drills or other exercises to increase their familiarity with the notification system or procedure in place. However, the
situation is sufficiently formal to allow for an emergency procedure to be implemented, allow for active staff, and
potentially allow for the introduction of a voice notification system. In occupancies labeled PRE-INC, such as
domestic residencies (e.g. based around a single social or familial unit), the situation is relatively informal and smallscale. It therefore does not warrant an emergency procedure (designed by experts), active staff, and would probably
not allow for the introduction of a voice notification system, given the costs involved; i.e. there would be the
potential for pre-incident preparation but not for providing information during the incident.
These three types of occupancy are shown in Table 34. The value of this categorization is that it demonstrates the
potential for providing information for each occupancy type. During this project occupancies labeled ALL and INC
were examined. The occupancies labeled ALL were primarily examined to learn about the limitations of the methods
available. By manipulating the three key variables, we were also able to appreciate the impact of notification systems
in Type A and extrapolate their impact on INC occupancies. This was made possible by the analysis conducted:
breaking down the notification into its constituent parts and ensuring a detailed understanding of the background
conditions.
Table 34: Information provisions available to each type of occupancy. Black indicates that the method is available;
grey indicates a limited version of this method is available.
Type
INC

ALL
Potential Provision of
Information

Prep
Staff
N.S.

Prep
Staff
N.S.

PRE-INC
Prep
Staff
N.S.

This scheme also demonstrated how spaces can be defined according to the potential for providing information,
rather than according to their usage and occupancy levels. This is instructive when attempting to ascertain the
appropriateness of notification systems.
The data collected related both to a quantitative understanding of the performance during each trial, along with
qualitative information providing some explanation of the events. This allowed recommendations to be made
regarding the effectiveness of the notification systems examined when applied to non-domestic spaces, including
public spaces and places of work. The key findings and recommendations are shown below:
A wide range of techniques are employed to conduct and monitor practice egress trials. The seriousness
afforded to these events and their authenticity varies between structures, organizations and staff. The
performance of practice fire drills is an important requirement for the assessment of emergency procedures
and the familiarization of the resident population. If these drills are meant to familiarize the population with
the procedures in place, then they need to be authentic and unannounced. If these drills are really meant to
assess the procedure employed in a structure, then they need to be independently monitored and recorded to
ensure that they are conducted appropriately. Guidance should be provided on how these should be
conducted, monitored, what data should be collected and the data collection methods to be employed. The
independent recording of such events would ensure the quality of the drill performed, and could also lead to
a body of (anonymous) data on the effectiveness of the procedures and notification systems from a variety
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of different occupancies. This would greatly enhance our understanding of such systems and allow for
recommendations to be made with greater confidence.
It is critical that information levels are adequate within the population; otherwise, the evacuation
process will not be amenable to management and the response of the evacuating population will be based
on incomplete or erroneous information. During an evacuation information can be provided before the
event (i.e. training, procedural design, practice drills) or during the event (i.e. notification systems, staff,
etc.). These options are not equivalent, but they do provide opportunities to inform the population of the
response required of them. The potential for these approaches varies according to the nature of the incident
(e.g. the speed at which it develops); the type of occupancy (i.e. whether is Type ALL, INC, or PRE-INC)
and the population (e.g. capabilities, sensory disabilities, activities, etc.).
The use of notification systems that only alert the population of an incident (e.g. a tonal signal)
requires the population to be sufficiently attuned to the signal, understand its meaning and are
familiar with the response required of them. In this situation, a reasonable response is possible assuming
that the population is able to respond independently, or that sufficient staff is on hand to provide the
necessary assistance. However, it is difficult to ensure that the entire population is sufficiently trained and
familiar with the procedures in place. This difficulty increases significantly with transient populations.
However, this problem is also present in occupancies where there is a high turnover of employees.
Measures then need to be taken to compensate for this shortfall.
It would also not be possible to disseminate current information on the incident using a tonal system.
Irrespective of the preparation provided, it would not be able to address the procedural modifications
required in response to the many possible scenarios. This would instead be left to the arrival of informed
members of staff. This may cause delays in the response of the population awaiting the arrival of staff or
lead them to behave inappropriately through a lack of information.
The presence of a well-informed, assertive, authoritative, well-trained and numerous staff is considered the
benchmark notification system. It is able to influence all aspects of the notification process: message
delivery, interpretation, recognition of response and enacting the response.
The benefits of staff have been demonstrated even for an untrained population. However, this
situation places a significant onus on the preparation, presence and commitment of the sufficiently
large number of staff to initiate and manage the evacuation process. It is also susceptible to scenarios
that distract staff from these duties.
This type of staffing effort should be supported by other means of informing the population of the
incident (such as a voice notification system), in order to provide redundancy in the system. This would
then benefit initiating the response, and managing its development.
In many public spaces, it is not possible to prepare a population to respond appropriately to a tonal
signal. In such spaces (e.g. shopping malls, transport terminals, etc.), additional measures should be taken.
In such situations, even a numerous, motivated and well-trained staff may have difficulty initiating and
managing the response of an untrained population.
Given this, there are clear benefits to providing the population with information on the incident, both
to encourage their initial response and to guide there subsequent actions. This will allow an informed
population to be more convinced of the need to evacuate; to better understand the issues facing them; and to
be more receptive to instructions provided to them by staff. The exact manner in which this is achieved is
dependent on a number of factors (e.g. nature of the incident, occupancy type, etc.); however, the capacity
to provide this information is enormously valuable.
The use of a voice alarm system that provides such information will ensure a higher minimum level of
information within the general population; this is pivotal to the encouragement of an appropriate
response. In situations where there is not enough staff, where staff are forced elsewhere, or where staff
injuries have occurred, the untended evacuees would then at least have information on the existence and
nature of the incident.
It is therefore recommended that voice notification systems are employed to ensure that the
population clearly understands the nature of the event and the response required of them. The
presence of such a system should complement and assist staff where they are available. Where preparation
is possible (e.g. occupancies labelled ALL), voice notification provides redundancy in the system; supports
staff activities; can provide current information. Where preparation is not possible (e.g. occupancies
labelled INC), voice notification ensures a high minimum level of information.
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It is foreseeable that these two methods of informing the population (i.e. the presence of staff and a voice
notification system) may be traded off against each other. This should be guarded against and ideally taken
into regulatory consideration.
It is critical that the information is presented in an authoritative and consistent manner; otherwise,
the notification system may hinder the progress of the population rather than provide assistance.
Clear regulatory guidance is required on this: how to provide the information; the format of the
information; what information is included, etc.
It appears that a tone is able to alert a population of an event, assuming that the tone is sufficiently
distinctive or that the population is familiar with it. From previous research it appears that some tones are
more distinctive than others. However, a tone cannot advise of the nature of the event or the required
response. This suggests that in public spaces, where training is not possible, that the use of a tonal alarm
system alone (or one accompanied by other alerting technology such as strobes) would not be sufficient.
In some situations, especially where there are issues of comprehension, intelligibility and/or sensory
disabilities, the presence of a tonal signal will ensure that this sub-section of the population can be alerted.
This would not provide this sub-population (e.g. those with language issues, those who are deaf or hard of
hearing and those in areas where a voice message is unclear) with information on the nature of the incident
or their required response, but would at least alert them. This could be accompanied by alternative
information (e.g. instructions provided in several languages, video screens), although the viability of this
type of approach would need further study.
In public spaces, the benefits of a tonal ‘alert’ should be coupled with information provided by a
voice notification system. A suitably broad frequency, distinctive tone (e.g. a swooping version of the T-3
tone) would help alert the population. This would be followed by a voice instruction. This would then alert
the population and then provide some information on the incident and the required response to it. This could
support the actions of the staff in employing the emergency procedure.
The method of delivery would need to be assessed. There are certainly advantages to live announcements,
although it can place an undue pressure on the person making the announcement.
In existing regulatory systems (e.g. NFPA 72 and Australian codes), a complementary tonal and voice
system can be employed. The potential for this type of announcement along with similar tone/voice systems
needs investigation. However, it should be recognized that this is not a panacea; it will introduce overheads
with training and planning, and place an additional onus on the provision and management of accurate and
timely information [345]
The provision of information should not necessarily be limited to aural information. Where the potential
exists, information should also be provided via graphical displays and video screens. This would also
benefit those who are deaf or hard of hearing, and would further ensure sufficient coverage of the space in
question.
This project required the collection and analysis of data in order to make recommendations regarding the
effectiveness of notification systems in public spaces. The results produced have indicated a set of actions,
recommendations and further work all of which would increase the effectiveness of the notification systems in place
and therefore improve the safety levels for the resident population.
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12 Discussion
The three key objectives of the project were to identify vulnerabilities; to facilitate research on
the effectiveness of notification technologies at addressing these vulnerabilities; and to provide
recommendations, given the findings produced. In order to achieve these objectives, a number of
novel developments had to be made. These included the development of a model to examine
vulnerabilities and notification technology; a categorization of occupancies according to the
potential for providing information; and a means of assessing the empirical data currently
available.
Firstly, in order to identify vulnerabilities, it was necessary to develop a vulnerability model
based on identifying fundamental vulnerability components rather than on adopting the
traditional high-level statistical approach. This was required given the difficulties found in
reliably recording, storing and interrogating fire data. By employing this model, the
vulnerabilities identified could be established from first principles. It is felt that this model will
be of general value, complementing statistical approaches at identifying factors that influence the
evacuation process.
The development of this vulnerability model required an exhaustive literary review. Given the
nature of the model, it was important that this included a range of material enabling the
placement of the vulnerabilities in context with other issues that arise during an evacuation. As
part of the model a metric was developed that enabled the categorization of the vulnerabilities
according to fundamental attributes. A similar approach was adopted when examining
notification technologies, identifying the factors that these technologies might address. The
potential impact of each technology was identified; these were then cross-referenced with the set
of the vulnerabilities to establish which technologies might alleviate which of the vulnerabilities.
The current empirical data relating to the effectiveness of notification technologies was
examined. This provided a picture of our understanding of their capabilities. By examining the
relevant recommendations made by the researchers involved, we also gained insight into issues
previously identified for future work.
By examining these findings, along with detailed discussions with the Technical Panel, three
vulnerabilities were identified that required immediate investigation: people with an alcohol
impairment; people who are hard of hearing; and the general population in public spaces. A risk
assessment was performed in order to establish the potential impact of reducing these three
vulnerabilities. However, the assessment was hampered by the very nature of the selection
process: this type of assessment is reliant upon the existence of detailed statistical evidence; the
vulnerability model adopted was not directly reliant upon this evidence. This meant that
assessment could only provide a limited evaluation of these vulnerabilities. In addition, the
assessment could not take into account the secondary impact of these vulnerabilities. However,
some important insight was provided:
1.

Based on the assumptions made in the analysis, the deaf population account for between 0.4 - 0.5% of the
home fire deaths; that the hard-of-hearing population account for 5.9% of 2002 home fire deaths (and 3.7%
of the 2002 population), and that the population with hearing troubles account for 16.9% of 2000 home fire
deaths (and 13.0% of the 2000 population). Older adults account for approximately 75% of the deaf/ hard
of hearing population that die in fires and 60% of those with hearing troubles. Therefore although
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2.

3.

addressing those with a hearing disability alone may be small, the potential for addressing this vulnerability
and providing assistance to the elderly is much larger. Although some elderly people may have additional
(physical and cognitive) vulnerabilities that hamper other aspects of their response, the potential for
addressing their hearing impairments is still important. These figures also do not reflect the benefit to
people in the care of those with a hearing impairment. By addressing this vulnerability, the potential for it to
propagate to others (e.g. children in their care) may also be reduced.
According to Hall, there is evidence to suggest that approximately 10% of domestic fire fatalities are
alcohol-impaired; however, in more focused studies Hall reported that a third of total home fire deaths
involved elevated blood alcohol levels. Given that 41% of these were asleep at the time, these people may
have benefited directly from earlier and more effective notification. Hall identified that 26% of the alcoholimpaired fatalities succumbed while attempting to escape, rescue others or fight the fire. Although their
impaired state may have influenced their capacity to act (as well as respond), this portion of the population
may also have benefited from responding earlier and having more time to act. The alcohol-impaired state
increases the likelihood of being in close proximity to the fire itself ; for these people additional time would
most likely not have been a significant benefit. Caution should be shown in examining these figures; there
are issues with identifying and reporting alcohol-impairment, both of which would act to underestimate the
numbers involved. In addition, given that situational nature of this vulnerability, people may be temporarily
impaired due to alcohol, but be responsible for the well-being of others. Not only would this vulnerability
be unpredicted, it would not be addressed (in contrast with long standing impairments). When coupled with
sleep, a vulnerability might be apparent at relatively low levels of alcohol; much lower than the public
might expect.
The assessment of public spaces did not make a persuasive statistical case for further assessment; however,
this was not the basis for its selection. Hall identified that although relatively rare, the multiple loss of life
in large incidents in public spaces has an impact on the public’s perception of safety; although
improvements in this area may have a modest statistical impact, it may have an important psychological
impact. In addition, with the current increase in security issues, the importance of notification and
confidence in safety becomes even more important.

The three data collection activities were conducted. The work conducted by Bruck , Thomas and
Ball addressed domestic occupancies where the participants were asleep and impaired, either
through alcohol or through an existing hearing disability. The work conducted by Gwynne
addressed several non-domestic occupancies where those involved were awake. Using the
categorization developed as part of the Gwynne data collection project [117], Bruck, Thomas and
Ball examined PRE-INC occupancies, where detailed information on the desired response could
only be provided before the incident; Gwynne examined ALL and INC occupancies [117], where
information could potentially be provided before and during the incident, or just during the
incident itself.
Bruck, Thomas and Ball made a number of important observations from their experiments
conducted in domestic occupancies:
1.

2.
3.

4.

The T-3 signal presented at low frequencies (400-520Hz) was best able to alert the alcohol-impaired and
those who had mild to moderately severe hearing loss. This signal is referred to as the Low-Frequency
Square Wave (LFSW).
Strobe technology was ineffective in both cases and was not considered a viable independent alternative.
Vibrating technology was less effective than the LFSW signal. For the alcohol impaired 59-63% awoke,
while 80-83% of those with a hearing disability awoke. Bruck and Thomas suggested that this would not be
suitable for use on its own, but that there may be potential for using this in conjunction with the LFSW
signal. They suggest examining the potential for a modular notification approach for the hard of hearing.
This is important as, given current regulations, the vibrating device would only operate in conjunction with
an audible signal.
They found tentative evidence to suggest that people may respond differently to different types of signals.
They suggested that for those with a hearing disability that an alarm “kit” that combined two types of
sensory signals (i.e. an auditory signal plus a tactile signal) may be more effective than one signal.
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5.

Given that most awakening occurred within 10 seconds of the onset of the signal intensity that caused an
awakening, further work was suggested on the periods when the T-3 tone is active and inactive.

Bruck and Thomas focused on domestic occupancies; however, their findings, especially in
relation to the LFSW signal, may also be relevant wherever a tonal signal is employed.
Gwynne made the following observations in his examination of trials conducted in public spaces:
1.

2.

3.

4.

5.

6.

A level of information is required to enable an efficient evacuation. Ideally this should be provided both
before the incident, through preparation, and during the incident, through staff and notification systems.
However, in many public spaces, this is not possible; this places an additional onus on the notification
technology and staff present. Where preparation was possible and effective, the provision of detailed
instructions during the event was less critical, although still important. Where preparation was not possible,
the provision of information was absolutely essential, being provided by the voice communication system
in place and/or by staff.
Where this process completely relied on staff (i.e. no information was provided by the notification system),
the time for them to reach and inform the population was important as people often waited for instruction.
Therefore, even where staff was present, the ability to disseminate information reliably and instantaneously
would still have been of great value. Irrespective of this, the response of the population to the tone and the
staff was greatly influenced by the level of preparation.
Although not ideal, the provision of information during the incident via notification technology could
somewhat compensate for the lack of preparation and the lack of staff; at least some information was
available.
The T-3 signal was able to alert people to an event occurring, but was not able to instruct them of the
required response, especially where people were not prepared; this was accomplished by staff or the
notification system. The use of a signal did, however, allow those with language issues to at least be alerted
of the event.
A combination of tone and information is suggested. The tone (likely a variant of the T-3 signal, e.g.
LFSW) would have the potential of alerting the population; this should be followed by voice instruction
indicating the nature of the incident and the required response (amongst other things). This information
could also be provided by other means (e.g. visually), although this was not explicitly examined as part of
these trials. Ideally the tonal signal could include swooping/broadband signals in order to increase the
probability of those with a hearing impairment being alerted.
The information would be critical where preparation was not possible. Where it was possible, it would be
very useful and act as a reminder (to both staff and occupants) and potentially provide current information
on the incident. Where staff was present, it could support their actions and act as an additional cue,
confirming the nature of the event; in their absence, it could better inform the population.

Gwynne noted that the provision of information via the notification system allowed for a far
greater flexibility (and redundancy) in the emergency procedure adopted. In the current Post-9/11
environment, there may be situations (e.g. high-rise evacuations) where people are reluctant to
follow managed procedures (e.g. being told to remain while others are evacuated). The suggested
approach may be of great value where such a procedure was successfully employed or where the
population acted independently, ignoring the procedure in place. Where the procedure was
successfully employed, providing information will enable the management to provide specific
instructions on how to respond, supports the procedure/staff in place and provides current
information on how the incident is developing. This aids the population in their understanding of
the situation, the actions required of them and on their receptiveness to instruction. Where the
population ignores the procedure in place and evacuate independently, the provision of
information can at least update the population of the evolving situation and the routes
available/lost (either through smoke or congestion) allowing the evacuees to make better
informed decisions. The provision of authoritative, relevant and current information may reduce
the probability of the population choosing to evacuate independently in the first instance, by
97

reducing the ambiguity of the situation; and if the population does evacuate independently it can
at least inform their response.
In public spaces, there are a number of scenarios that can arise; e.g. a fire, a tornado, an act of
terrorism, social disorder, etc. These scenarios may require completely different responses; e.g.
evacuate, defend in place, etc. The ability to provide information on the nature of the incident,
especially in occupancies where preparation is not possible, allows the nature of the incident to
be clearly identified, reducing confusion. This may either dictate the response of the population
directly, or support the other information supplied outlining the required response.
Employing such an informed and managed approach, similar to the Australian model [345],
requires access to accurate information on the current conditions and also significant staff
training; however, it provides additional robustness, and allows greater influence over a wider
range of situations. 23
The implementation of the recommendations provided by Bruck, Thomas, Ball and Gwynne is
dependent upon the technology available; some recommendations can be implemented
immediately while others require technological developments to be made.
Bruck, Thomas and Ball demonstrated that the LFSW signal provides an effective means of
alerting a sleeping population (in domestic occupancies) that is impaired with alcohol or with a
hearing disability. This appears consistent with previous research regarding other populations
including children and older adults [189-195]. Currently, there are technologies available that can
provide a low frequency signal in a domestic setting. However, this is larger in size and requires
more power than the typical domestic alarm system. This has implications both for positioning
and maintenance.24 These technologies are not currently listed. The development of these
systems needs to be explored in order to determine their feasibility. However, notification
systems currently used in public spaces are able to produce this type of signal. The introduction
of this signal into some public spaces would not require significant technological
developments.25
Bruck, Thomas and Ball suggested that the ON/OFF patterns employed as part of the T-3 signal
are investigated. It would appear that this would require the fine tuning of existing capabilities
rather than significant technological developments.

23

NFPA 72 currently allows for a ‘private mode’ approach to be adopted for certain occupancies; e.g. hospitals and
institutions. In these situations, it may not be possible or desirable to evacuate a population and they may instead
shelter in place or be moved to a refuge. The notification systems may initially inform the staff in settings of the
incident, allowing them to prepare and confirm, prior to informing the general population. Therefore systems exist
that allows relatively (information-based) responses to be implemented.
24

In section 7.4.5 of NFPA 72 reference is made to ‘narrow-band’ signaling. This presents a performance-based
alternative to meeting the +15dB criteria stipulated in NFPA 72. Instead, an assessment has to be made on the
performance of the signal in question in relation to the sound frequencies present as part of the ambient noise
conditions. This may represent a method of reducing the power required to generate low frequencies; i.e. potentially
reducing the volume levels required.
25
This may represent a better short-term opportunity for examining the effectiveness of the change of signal.
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Bruck and Thomas suggested further research on a modular approach for the hard of hearing,
allowing multiple signals to be provided; e.g. a LFSW signal and a vibrating bed shaker/pillow
device. This approach may have value beyond the group examined, including those that are
similarly vulnerable; e.g. those subject to background noise. Given that several vibrating systems
are (remotely) triggered by the sound of the alarm system in place, the development of such a
system would then require that (1) the system responded to the appropriately modified trigger
(e.g. LFSW signal); and (2) the general alarm system was able to produce such a signal. Other
tones could be used to trigger the vibrating devices (e.g. standard T-3); however, these have been
shown to be less effective than the LFSW signal [189-195].
Gwynne identified that in public spaces, especially where preparation was not possible (e.g.
shopping malls, terminals, etc.), that it was critical to alert and inform. Technology currently
exists to produce a tone followed by a voice message through the use of a distributed
system/network. As noted in Section 6.1, voice notification systems currently exist that can also
produce a range of tones (at various frequencies), followed by live or recorded voice notification.
These systems are large-scale and distributed in nature and would typically be employed in nondomestic occupancies. The ability to produce voice messages indicates that the emitter/ speaker
system in place is able to produce low frequencies; frequencies that would be required for a
LFSW or swooping T-3 signal, for instance.
The principle of providing information during the evacuation is supported by Gwynne’s work. In
the data collection activities, the support of a voice notification system was shown to compensate
(albeit imperfectly) for an absence of preparation.26 Although not examined directly in this
activity (given limitations in the case studies performed), the principle can be extended to visual
(and tactile) information. The provision of information should not be limited to audible systems;
ideally, visual (and tactile) systems should also be employed were practical.
One of the reasons for introducing strobe systems was to provide ‘equivalent facilitation’
[338,344] with the tonal signal employed. Therefore, the strobe system was deemed to provide an
equivalent alerting signal (to people that were hard of hearing or deaf) to that provided by a tone
signal. If further information is provided by audible systems (e.g. voice message, as suggested
here), then the use of a strobe would not provide equivalent information; at best it would be able
to alert but not inform, although even this assumption may be questioned in some situations. The
provision of additional visual methods may therefore be appropriate. It should also be noted that
the provision of visual information would not only benefit those with hearing disabilities, but
could also benefit the general population, particularly those that do speak the native language
(depending on whether information was text-based or not), or those subject to background noise.
It would act as a means of supporting the staff/procedure; providing additional coverage and
providing additional supporting cues. A discussion between the relevant communities should be
initiated regarding the development of equivalence; e.g. does this concept preclude the immediate
extension of notification systems to alert and inform using audible means without the equivalent
coverage of visual notification systems, or can a compromise position be reached.27

26

Conversely, preparation allowed occupants to appropriately respond once alerted, although would not have been
able to inform the population of changes in the response or the changing environmental conditions.
27
Issue raised by R.Schifiliti.
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The principle of informing as well as alerting has been demonstrated in Gwynne’s work. The
means examined focus on audible systems; however, it is felt that visual systems would aid in
this process. In many occupancies, these systems already are in place in order to provide nonemergency information. This may represent a cost-effective means of including visual
notification; it also has the added advantage of representing a familiar source of information to
the occupant population, given that they already receive non-emergency information from it. 28
Similarly, distributed technology can be exploited as a means of providing information directly to
handheld devices with individual members of the population (e.g. cell phones, pages, etc.). These
devices would have the advantage of being familiar to the population and would, hopefully,
employ a signal that the individual could perceive (tactile, audible, visual, etc.). Technology is
available to accommodate this suggestion. The integration of such systems into the emergency
system, and the impact upon the evacuee response, requires further investigation.
In many public spaces, there are separate notification/information systems to address different
non-emergency and emergency scenarios; e.g. an emergency tone, a PA system, public
information screens, etc. Often these adhere to different code requirements, are disconnected and
compete for the attention of the population. This raises the potential for them providing
contradictory information and/or disrupting the distribution of information. The suggestion made
above is that current non-emergency systems could be employed in the notification of the
population in a fire. This may have implications on the standards to which these systems are held
(e.g. survivability of wiring, etc.). This will be influenced by whether these systems are seen as
additional, redundant systems (i.e. remain separate but can be used to provide information during
an incident), or critical elements of the emergency notification system (i.e. where the system is
entirely integrated). This requires further investigation. The logical extension of the approach is
that these notification elements should form an integrated system. The information provided to
the population could then be better managed, both in non-emergency and emergency scenarios,
with the means available better exploited to ensure broader coverage and consistent information.
Exactly how this is achieved, especially regarding code requirements and implementation, needs
thought to ensure that the findings presented here are addressed in the short-term, and that a
coherent approach can be developed in the long-term.
A general scheme is proposed. This combines the modular approach suggested by Bruck and
Thomas with the notification concept produced by Gwynne. Bruck, Thomas and Ball suggested
that, given that people may respond to different signals, the provision of multiple signals may
improve effectiveness. Their work related specifically to the hard of hearing. Although not
empirically examined as part of their data collection activity, the modular approach is
incorporated into a general scheme as it is suggested (by the current author) that it may have
value beyond the population originally examined.
Gwynne suggests that in public spaces it is critical to alert and inform. In Gwynne’s data
collection activity [117], only audible systems were examined. Where a general population is
present, with a variety of physical and cognitive capabilities, and language skills, other methods
28

Where such systems do not already exist, the same principle can potentially be applied to introduce them; i.e.
employing them in a dual role. For instance, screens could be paid for by commercial vendors; these would provide
commercial information in non-emergency situations, while informing the population of the incident and response
during an emergency.
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should be exploited in addition to the audible systems examined above; i.e. the principle of
alerting and informing should be extended from audible systems (e.g. from tone to voice), to
visual systems (e.g. from strobe to screen/LED display) and tactile systems (e.g. from vibrating
to paging). Although this connection may be empirically weak in this project, it is felt to be
logically sound (see Figure 21).
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Figure 21: The Modular Approach. If the inclusion of a component is dependent on other factors
(such as the level of preparation or availability of technology), then a question mark is included.
If the impact of the component is also dependent on these factors, the font size is reduced.
In Figure 21 the selection of the notification system is initially dependent on the potential to
provide information before and during the incident. The categorization employed was derived
from the Gwynne data collection activity performed in Phase II of this project (see Section 11 )
[117]. If the occupancy is PRE-INC (e.g. a domestic/small-scale residential, where information
can only be provided prior to the event) then, according to Bruck, Thomas and Ball, a LFSW
signal should be employed. In addition, Bruck and Thomas identified that this could be
accompanied by another signal (e.g. a vibrating device) given variations in the response to certain
signals in the population with hearing disabilities examined (e.g. the hard of hearing). It is
acknowledged that the value of extending this principle to other populations requires further
investigation The technology for this approach is available although requires integration and
further development.
If the occupancy type is ALL (e.g. office blocks), where the potential exists for providing
information before and during the event then it would be highly beneficial to alert and inform the
population. This principle should be extended to visual (and tactile) notification systems where it
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is possible/available. This approach would provide updated information, additional cues, and
support to the staff. In some situations, the level of training and motivation provided would allow
the population to respond more independently, as they recognize the tone and understand the
response required of them. This reduces the potential impact of the ability to inform. However,
this also places a great deal of emphasis on the preparation conducted and the performance of the
staff present. Irrespective of this, the ability to inform may still be of great benefit in response to
an unanticipated scenario and in updating the population of the evolving scenario, should its
development influence the response required. Also, in many situations the staff may not be
sufficiently trained or motivated (i.e. although the potential exists for preparation, in reality this
potential may not be realized). Here, the notification process could reaffirm the response required
of them and assure staff of the authenticity of the incident, as much as it would the occupant
population.
If the occupancy type is INC (e.g. shopping malls, transport terminals, etc.), where there is no
possibility of preparing the occupant population then it is absolutely critical to alert and inform
the population. The staff should be supported at least by a tone and voice notification system.
Ideally this should be accompanied by other visual/tactile systems given their availability. As
noted in Section 6.1, there are currently systems available that allow a more integrated approach
to providing information; therefore although the dominant means of communication is through
the staff and audible systems, they could be supported by the use of existing (i.e. non-emergency)
screens, pagers, PC monitors, etc. Assuming that the information provided is consistent between
approaches, this may provide an additional safety net. The ideal situation would involve a
completely integrated approach utilizing the available audible/visual/tactile systems in order to
provide consistent, comprehensive and current information in all scenarios.
As mentioned above, the management of information to a population, especially in public spaces,
occurs in a variety of different scenarios and employs a number of different human and
technological resources. Currently the technological (and often the human) resources are
separate, uncoordinated and potentially incompatible. This can allow inconsistent information to
be provided and systems/opportunities to go unexploited. This may represent a terrible waste
during an emergency. Ideally the process of providing information to a population within a
structure should be seen as a single system that operates under different scenarios. Fire
emergencies represent just one scenario; others include natural disasters, security breaches, and
the normal operation of the structure. By seeing the provision of information in this manner, it
may provide an opportunity to exploit other technologies not normally used (e.g. video screens);
staffing opportunities not exploited (e.g. security staff); and fields of understanding that might
otherwise not appear relevant (e.g. mass notification) in response to a fire. It may provide an
opportunity to learn from adjacent areas not normally examined when designing fire notification
systems and better exploit the existing (and potential) resources available. Fire is but one of the
many emergencies that can arise.
In designing a notification system in response to fire, we should be cognizant of the expertise
available in addressing other types of incident (and learn from it) and be aware of the methods
employed. This project has addressed the needs of the public, the technology available
(especially in relation to the U.S.) and the information needed to facilitate safe evacuation.
Although significant short-term improvements can be made through relatively small changes, the
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future, especially as the number of incident scenarios increases, requires a change in how we
provide information. Instead of employing notification systems for each scenario, a notification
system should be implemented that can address different credible scenarios, be they emergency
or non-emergency. The current fire notification systems may form a critical part of this system,
but should not stand in isolation from it.
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13 Conclusions and Recommendations
The original scope of the project outlined four key tasks. All of these were addressed:
Monitor risk assessment exercise;
Review the current literature of relevant human behavior studies and make
recommendations on appropriate new studies;
Review current and emerging technologies that address the performance criteria;
Assess the information compiled in the above tasks to develop recommendations on
notification.
Each of these four tasks represented a major effort. Importantly each of the tasks was designed
and completed in reference to each other; i.e. in reference to overall issue of understanding
vulnerabilities and evaluating notification technologies.
The notification process does not happen in isolation. When it occurs, it is subject to the same
detrimental factors (e.g. information pollution) that are apparent in non-emergency conditions. It
is therefore imperative to understand the conditions under which the notification technologies
operate and the nature of the target audience before implementing them.
Vulnerabilities can take many forms. These can be associated with the individual themselves or
be due to the scenario in which they find themselves. The manner in which the vulnerability
arises can influence the probability of it being recorded and it being addressed. These factors
needed to be understood before prioritizing the vulnerabilities in the population. By developing
and employing the vulnerability model, vulnerabilities were identified in a manner more
independent of the data collection techniques; they were instead established from first principle.
By doing this, it was possible to identify where vulnerabilities exist, understand their nature and
highlight how reducing one vulnerability may have a direct and indirect benefit; i.e. to the person
directly involved and to others.
By reviewing a range of material, vulnerabilities were identified and an assessment made of the
current technologies available. This, along with further discussion and analysis, allowed
vulnerabilities to be prioritized and trials conducted. These trials addressed domestic situations
and larger public spaces. Although imperfect, they shed light on the vulnerabilities examined and
identified recommendations and future work.
Bruck, Thomas and Ball established the importance of adopting a low frequency square wave T3 (LFSW) signal in spaces where people sleep. During this work, the effectiveness of this signal
was established for alcohol impaired and those with a hearing disability. This was consistent with
previous research regarding other populations including children and older adults. Other
technologies examined were less effective; e.g. strobes and vibrating devices presented in
isolation. Bruck, Thomas and Ball identified several key areas for future work:
1.
That the technical feasibility of replacing the current high frequency smoke alarm T-3
signal with a low frequency square wave T-3 (LFSW) signal, for the entire population,
be investigated.
2.
That the T-3 pattern duration (ON/OFF pattern) be further investigated.
3.
That the strobe should not be considered as an effective viable means of independent
notification for people asleep.
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4.

5.

That the combined use of signals be investigated (e.g. auditory T-3 plus one other), in
conjunction with the development of a modular kit where combinations of these signals
can be delivered.
That there should be further investigation of an appropriate means of measuring the
intensity of bed and pillow shakers and that this inform a new standard.

In public spaces, Gwynne clearly established the importance of both alerting and informing the
population. This importance increased where preparation was not possible and the effectiveness
of the emergency procedure was not guaranteed. Gwynne identified several key areas of future
work:
6.
Guidance should be provided on the use of a tone/voice combination in public spaces.
This is generally important, but critical when preparation is not possible. The tone
employed (e.g. low frequency square wave T-3, swooping tone, broadband etc.) should
be examined along with the content and format of the voice message provided
including whether the voice announcement is live or pre-recorded. Clear guidance
should be supplied on the information provided in such messages, making reference to
literature associated with mass notification systems.
7.
The technical feasibility of utilizing existing means of visual (and tactile) notification
should be explored for public spaces. The potential for the emergency notification
system to exploit existing non-emergency communication (e.g. large screens,
televisions, monitors, paging, etc.) should also be examined.
These findings were derived directly from the three data collection activities. Building on these
findings, and on the rest of the work conducted during this project, a simple framework was
developed recommending the notification systems to be implemented. This is sensitive to the
potential for providing information to a population before and during an incident, rather than just
to the type of occupancy involved.
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15 Notification Technology Links
http://www.activfire.gov.au/
http://www.adipanel.com/
http://www.advancedsafety.com/
http://aes-intellinet.com/
http://www.americanfiretech.com/
http://www.boschsecurity.us/
http://www.brkelectronics.com
http://www.clarityproducts.com
http://www.clarityproducts.com/products/categories/category326.asp
http://www.clearsounds.com
http://www2.dupont.com/Fire_Safety/en_US/
http://systemsensor.com/html/avn.html?UniqueID=157
http://exitpoint.systemsensor.com/
http://www.energyrating.gov.au/library/pubs/sb200405-smokealarms.pdf
http://www.evax.com/
http://www.faradayfirealarms.com/
http://www.fenwalprotection.com/utcfs/Templates/Pages/Template-46/1,8060,pageId=892&siteId=391,00.html
http://www.firecom.com/
http://www.firelite.com/main.html
http://www.firstalert.com/FireFacts.aspx
http://www.firstalert.com/
http://www.flashpointsoftware.com/faq.html
http://www.gamewell.com/main.htm
http://www.gemcom.com/
http://www.gentex.com/fire_plo.html
http://www.harringtonsignal.com/
http://www.hrkirkland.com/
http://www.innovalarm.com/
http://www.jeromi.com/
http://www.kellerfire.com/
http://www.kiddeus.com
http://www.kiddeus.com/utcfs/Templates/Pages/Template-50/0,8061,pageId%3D3909%26siteId%3D384,00.html
http://www.kidsmartcorp.com/product_signalone.aspx
http://www.krownmfg.com
http://www.ledinc.com/
http://www.loudenlow.com
http://www.nadidistribution.com
http://www.notifier.com/main.htm
http://www.shenghua-fire.com/Index-e.htm
http://www.onelinkalarms.com
http://www.roamsecure.net/content.php?contentID=65
http://www.security.honeywell.com/hsce/products/smoke/index.html
http://www.security.honeywell.com/hsce/products/sensor/so/vo/66569.html
http://www.sbt.siemens.com/FIS/
http://www.signalonesafety.com
http://www.silentcall.com/
http://www.silentknight.com/
http://en.wikipedia.org/wiki/SimplexGrinnell
http://www.simplexgrinnell.com/
http://www.sonicalert.com/
http://www.systemsensor.com/
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http://www.universalsecurity.com
http://www.vikingservnet.com/
http://en.wikipedia.org/wiki/Wheelock_Inc.#Products
http://www.wheelockinc.com/
http://www.wheelockinc.com/products/product_catalog.htm
http://www.wasol.co.uk/
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16 Appendix A: Request for Proposals – Large Groups
Optimizing Fire Alarm Notification for High Risk Groups
Request for Proposals for Human Behavior Studies
Request 3 – Notification Effectiveness for Large Groups
BACKGROUND:
The Fire Protection Research Foundation has been awarded a Fire Prevention and Safety Grant by the US Fire
Administration for a new project on the effectiveness of alarms for emergency notification of high risk groups. The
project Panel has identified three groups for study: the hearing impaired, alcohol impaired, and the general
population in large groups in commercial and assembly occupancies. The study aims to determine the optimum
notification system (most effective signal(s)) for these groups in different stages of the notification process.
SCOPE OF WORK:
This is a request for proposals for the conduct of studies to determine the most effective signal to provide emergency
notification to the general population in large groups in a) assembly and b) commercial occupancies. In this context,
“signal” may include an audible, visible or tactile signal or a combination (e.g. mixed T-3/voice). The studies
should address the effectiveness of the signal in two aspects of the notification process: alerting and informing.
Other aspects to be considered in the studies are the influence of signal pollution and the influence of group
interaction. The sample size for the studies should be sufficient to represent the general U.S. population. Subjects
should be unprimed if at all possible. The selected contractor is responsible for any required ethical reviews
associated with the study.
Proposals should include a proposed scope of the study including number of subjects and range of signals to be
evaluated, as well as the technique proposed to evaluate each aspect of notification effectiveness.
IMPLEMENTATION:
The research program will be conducted under the auspices of the Fire Protection Research Foundation and will be
guided by a Project Technical Panel consisting of technical experts in the field. The Panel will select the contractor,
review periodic reports of progress and research results, and review the final project reports.
REPORTING and DELIVERABLES:
The project consultant will provide periodic reporting and communication on all project tasks to the Project
Technical Panel and will prepare the following deliverables: a detailed work plan, and draft and final project reports.
INTELLECTUAL PROPERTY: The Research Foundation will retain rights to the project report.
PROJECT MILESTONES and Approximate SCHEDULE
Proposals Due
August 31
Selection of Contractor
September 8
Detailed Work Plan
September 22
Draft Report*
March 1, 2007
Final Report
April 1, 2007
*Contractors should indicate what, if any, enhancements to the project scope could be accomplished with a six
month additional work period.
HOW TO RESPOND
Letter proposals (not to exceed six pages) shall be submitted electronically to Kathleen Almand, Executive Director
of the Foundation, at kalmand@nfpa.org no later than 5:00 p.m. EDT August 31, 2006. Each proposal shall include
a description of the following which will be weighted equally in evaluation of proposals:
• Prior relevant experience and personnel expertise
• Scope and approach within a fixed fee not to exceed $80,000.
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17 Appendix B: Request for Proposals – Alcohol-Impaired
Optimizing Fire Alarm Notification for High Risk Groups
Request for Proposals for Human Behavior Studies
Request 1 – Waking Effectiveness of Alarms for the Alcohol-Impaired
BACKGROUND:
The Fire Protection Research Foundation has been awarded a Fire Prevention and Safety Grant by the US Fire
Administration for a new project on the effectiveness of alarms for emergency notification of high risk groups. The
project Panel has identified three groups for study: the hearing impaired, alcohol impaired, and the general
population in large groups in commercial and assembly occupancies. The study aims to determine the optimum
notification system (most effective signal(s)) for these groups in different stages of the notification process.

SCOPE OF WORK:
This is a request for proposals for the conduct of a sleep study to determine the most effective signal to alert
(awaken) sleeping adults who are alcohol impaired. In this context, “signal” may include an audible, visible or
tactile signal or a combination (e.g. mixed T-3/strobe). Note that previous studies have indicated that among audible
alerting signals, a mixed T-3 signal has produced the best results in the populations tested. This study is limited to
the alerting aspect of notification and does not extend to the effectiveness of the signal in providing information to
the awakened subject. Subjects with relatively low (i.e in the range of 0.05 BAC) alcohol impairment should be
studied. If possible, subjects should be unprimed; control or measurement of the stage of sleep is preferred but not a
requirement. The selected contractor is responsible for any required ethical reviews associated with the study.
Proposals should include a proposed scope of the study including number of subjects and range of signals to be
evaluated, as well as the technique proposed to evaluate waking effectiveness.
IMPLEMENTATION:
The research program will be conducted under the auspices of the Fire Protection Research Foundation and will be
guided by a Project Technical Panel consisting of technical experts in the field. The Panel will select the contractor,
review periodic reports of progress and research results, and review the final project reports.
REPORTING and DELIVERABLES:
The project consultant will provide periodic reporting and communication on all project tasks to the Project
Technical Panel and will prepare the following deliverables: a detailed work plan, and draft and final project reports.
INTELLECTUAL PROPERTY: The Research Foundation will retain rights to the project report.
PROJECT MILESTONES and Approximate SCHEDULE
Proposals Due
Selection of Contractor
Detailed Work Plan
Draft Report*
Final Report

August 31
September 8
September 22
March 1, 2007
April 1, 2007

*Contractors should indicate what, if any, enhancements to the project scope could be accomplished with a six
month additional work period.
HOW TO RESPOND
Letter proposals (not to exceed six pages) shall be submitted electronically to Kathleen Almand, Executive Director
of the Foundation, at kalmand@nfpa.org no later than 5:00 p.m. EDT August 31, 2006. Each proposal shall include
a description of the following which will be weighted equally in evaluation of proposals:
• Prior relevant experience and personnel expertise
• Scope and approach within a fixed fee not to exceed $100,000.
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18 Appendix C: Request for Proposals – Hearing-Impaired
Optimizing Fire Alarm Notification for High Risk Groups
Request for Proposals for Human Behavior Studies
Request 2 – Effectiveness of Alarms for the Hearing Impaired
BACKGROUND:
The Fire Protection Research Foundation has been awarded a Fire Prevention and Safety Grant by the US Fire
Administration for a new project on the effectiveness of alarms for emergency notification of high risk groups. The
project Panel has identified three groups for study: the hearing impaired, alcohol impaired, and the general
population in large groups in commercial and assembly occupancies. The study aims to determine the optimum
notification system (most effective signal(s)) for these groups in different stages of the notification process.
SCOPE OF WORK:
This is a request for proposals for the conduct of studies to determine: the most effective signal to provide
emergency notification to hearing impaired adults a) in the asleep and b) in the awake condition. In this context,
“signal” may include an audible, visible or tactile signal or a combination (e.g. mixed T-3/strobe). Note that
previous sleep studies have indicated that among audible alerting signals, a mixed T-3 signal has produced the
optimum waking effectiveness in the populations tested. This study includes both the alerting aspect of notification
(in the case of sleeping adults, the awakening aspect) and the effectiveness of the signal in providing information to
the subject. Subjects with hearing impairment ranging from mild to severe (specific levels to be defined in
consultation with the project Panel) should be evaluated, and should be unprimed if at all possible. For the sleep
study, control or measurement of the stage of sleep is desirable but is not a requirement. The selected contractor is
responsible for any required ethical reviews associated with the studies.
Proposals should include a proposed scope of the study including number of subjects and range of signals to be
evaluated, as well as the technique proposed to evaluate waking effectiveness.
IMPLEMENTATION:
The research program will be conducted under the auspices of the Fire Protection Research Foundation and will be
guided by a Project Technical Panel consisting of technical experts in the field. The Panel will select the contractor,
review periodic reports of progress and research results, and review the final project reports.
REPORTING and DELIVERABLES:
The project consultant will provide periodic reporting and communication on all project tasks to the Project
Technical Panel and will prepare the following deliverables: a detailed work plan, and draft and final project reports.
INTELLECTUAL PROPERTY: The Research Foundation will retain rights to the project report.
PROJECT MILESTONES and Approximate SCHEDULE
Proposals Due
Selection of Contractor
Detailed Work Plan
Draft Report*
Final Report

August 31
September 8
September 22
March 1, 2007
April 1, 2007

*Contractors should indicate what, if any, enhancements to the project scope could be accomplished with a six
month additional work period.
HOW TO RESPOND
Letter proposals (not to exceed six pages) shall be submitted electronically to Kathleen Almand, Executive Director
of the Foundation, at kalmand@nfpa.org no later than 5:00 p.m. EDT August 31, 2006. Each proposal shall include
a description of the following which will be weighted equally in evaluation of proposals:
• Prior relevant experience and personnel expertise
• Scope and approach within a fixed fee not to exceed $175,000.
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