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Abstract

A comprehensive report on smoke alarm effectiveness was completed for Fire Protection
Association (FPA) Australia to aid fire protection officialsuard the world in drafting
legislation that more accurately reflects the internatidedhctostandard. Research shows that
photoelectric smoke alarms are more effective than ionization units in most residential fire
situations. The current warning towas shown to be ineffective and should be replaced with a
520 Hz square wave pattern. Analysis of a successful (70% return rate) international survey
indicates current compliance monitoring and enforcement practices are insufficient in many
regions. A dtabase was developed for FPA Australia through compilation of the survey

responses.
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Executive Summary

Smoke alarms have been one of the major contributors to improved home fire safety over
the past 40 yeardNonetheless asidential firegemaina significant problenandcause
approximately 300 deaths per year in the U.S. aloisnoke alarms are desigd to detect fires
before theypbecome dangerowndto provide sufficient warning to occupants so they can
escape Smde alarms are essential to ensilre highest level of ptection in a residence, but
they must be used properly to guarantee maximuetysafAs technology evolves and new
reseach is conducted, smoke alarmsed to be revaluated for effectiveness. The purpose of
this projectwas to investigate international smoke alarm legislation and technology for
residential structures and to progid summary of the findings so that fire protection officials
canbecome knowledgeable abdhe current state of smoke alarm technolagg draft
legislation that is more in line with the internatiodelfactostandard

This report wapreparedas part ba degree requirement for Worcester Polytechnic
Institute (Worcester, MA, USA) in collaboration with Fire Protection Associd&®A)
Australia (Box Hill, VIC, Australid. Over the course of the projetgpes of smokalarms
currently in use (ionizatimversus photoelectric), the effectiveness of smoke alarm warning tones
on certain higkrisk population sugroups, international smoke alarm legislation, and
socioeconomic factors that affect such legislati@ne all investigated The goalvas to review
research on smoke alarms as well as the current state of global smoke alarm legislation, in order
to compile data and identify possible gaps in international fire protection pracTices.
deliverables to FPA Australia include an international smokendiegislation database and a

literature summary of smoke alarm technology and practices.
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Three main methods were used to obthasedata: surveys, interviews, and a literature
review. Dataon internationatmoke alarntegislationwere obtainedhroughsurveysdistributed
to fire protection experts worldwidéRepresentatives of 109 differerduntries, states,
territories, and provinces were surveyeatiuding the United States, Australtae United
Kingdom, CanadaandNew Zealangas well as othrecauntries in Europe, Asia, and Africa.
Unstructured iterviews were conducted with subject matter exd&ft$Es)to provide us with a
starting point for our research and literature review. The literature review was conducted, often
based on information obted through our SMEs, to supplement and support the information
acquired through interviews and personal communications.

There are two main types of smoke alarms currently on the market throughout most of
the world: ionization and photoelectritonizaion detectors utilize a radiation source
(Americium214)and an electrical circuit to detect invisible particles of combustion ranging in
size from 0001pmto 3 pm Smoke enters the chamber and interferes with the measured
current, causinghe detectord trigger the alarm Photoelectric detectors sense light from an
internal sourceising photocellsThey are sensitive to particles ranging in size fronpén3o 10
pm. When smoke is present, lightrefracted andedirected to théght-sensitive photcell,
actuatinghe alarm.lIt is a commonly accepted fact thahization alarmsespond to flaming
fires faster but potoelectric alarmesespond earlier to smoldering fires.

There has been much debate in the fire protection community over which ofitbese
types is more effective in reducing fatalities from residential fires. The controversy has been
ongoing for years, but it has become increasingly politically charged over the past several
months. The dispute stems from the fact that while ionizatiwoke alarms meet sensitivity and

performance requirements, many experts believe that they provide insufficient protection in the



case of a typical residential fire. A group of fire protection authorities across the world
includng Bostonds DlesphFlgminginde NEéhwi €f al andrés Adri a
leading the push towards rggng photoelectric smoke alarms in all dwellings

Studies have shown that photoelectnits are more effective at detectitige types of
fires that are most likely tbe fatal in homes: smoldering fite®ne study reported that
photoelectric smoke alarms respond more rapidly in three out of four likely residential fire
situations: a smoldering fire with the alarm in the room of ignition, a smoldering fire with the
alam outside the room of ignition, and a flaming fire with the alarm outside the room of
ignition. The only case in which the ionization alarm responded first was when the alarm was in
the room of ignition of a flaming fire. Even then, the photoelectamalktill provided the
occupants with enough time to escape safely.

After a smoke alarm has detected a fire and sounded the satarah the occuparntust
respond accordingly for the device to be of. uRecent researdimsshownthat the current
warning tone of standard smoke alarms is often insufficietriggerthe desired response from
certainhigh-risk groups Young children, the elderly, those with hearing impairment and/or high
frequency hearing loss, and those who are alcohol impaired sk at sleeping through the
standard tone.

The standard warning tone used in current smoke alarms is a sin@itraadrequency
between 30061z and 4000 Hz.lt is easily distinguishable from background noise and therefore
is a good notification of dangerous situation for those who are awakewever, studies have
shown that this signal is less than optimally effective for waking sleeping occupants. The most
effective signal is a 520 Hz square wave, because of its additional energy at odd haofrtbeics

fundamental frequency. Unfortunately, size and power constraints prevent this technology from



being utilized in standard smoke alarm units; future research will be necessary to make this
signal useable in such a small device.

There are numerouadtors and variables that influence the specific smoke alarm needs
of a residence, especially the social and economic status of the region in which it is located. The
prevailing lifestyle, heatinfguel, and cooking methods, among other things, must le tigito
consideration when recommending or requiring a specific type of smoke alarm for a residence.
For example, in many developing countries people cook with coal, which is likely to trigger false
alarms if a smoke alarm is present. This presentsldgondbecause nuisance (false) alarms,
which most often occur with ionization units, have been shown to be one of the primary reasons
for homeowners to disable smoke alarms, rendering them useless. In addition, functionality is
often less of a concern thd average buyer than affordability and cost, since most buyers are
unaware of the different technologies available. In most cases, ionization alarms are less
expensive than photoelectric, and are therefore the more popular of the two types.

The economiclimate of a region is especially important when considering legislation
requiring smoke alarms. It does no good to require smoke alarms in a country where nobody can
afford them. The difference in smoke alarm affordability across the globe is enotimakes
approximately a quartdrour of work in the United States or Australia for an average citizen to
be able to afford a smoke alarm, but over 75 hours of work in China. In nations where smoke
alarms are an unobtainable luxury to most citizens aitse methods of protection need to be
considered.

Despite the variations in local circumstandésgre is still a universal need for fire
protection. Manyregionsaround the world have legislation making smoke alarms compulsory in

most or all dwellings.Of the 109 surveys addressing this question that we distributed, 76
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responses were received. Only 29% of responding countries have enacted nationwide smoke
alarm legislation. Of the eight Asian countries that responded, only one, Japan, has legislation
Europe, however, is relatively aggressive with smoke alarralégn, with five out of the ten
surveyed having legislation. Australia, the United States, and Canada do not have any
nationwide legislation, but they have national provisions that cacldgted by individual states,
territories, or provinces. There are very few regions that specify smoke alarm type, as only three
of the 76 returned surveys stated that photoelectric units are required.

The most significant problem identified among regionth smoke alarm legislation is a
lack of enforcement and compliance monitoring. Penalties foccaompliance should be
stronger than they currently are, and inspections should be conducted on a more regular basis
rather than only when an occupancy pieisiissued or a home is sold.

Through our research, we have found that it is difficult, if not impossible, to make
generalizations about the fAideal 06 smoke alarm
developed countriessuchas Aust| i a and the U.S., the dAideal o
hardwired with a battery backup, and interconnected. However, the number of factors and
variables that can affect recommendations for type and proper use of smoke alarms are so great
and varyso much for differing situations, it would be a gross oversimplification to make any
blanket statements on the subject. Lifestyle differences like cooking methods, heating fuel,
climate, housing style, and economic climate are only a few of the varibbtaaust be

considered.
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Chapter 1: Introduction

Since the 1970s, smolkdarmshave played a critical role in improving the state of
residential fire safetyThey provide an easy and relatively inexpensive way to deliver a level of
protection that wagmot previouslyobtainable.Smokealarmswere one of the fastest growing
methods of improving home safgBukowski, B01) As of 1970, very few American homes
had smokealarmsinstalled. In the early 1970s, 17,000 mobile homes were manufactured with
preinstalledsmokealarm unitdo seve as temporary housing aftéurricane Agnes During this
experimental period, the number of filaghese mobile homesmained constant, but the
number of fatalities dropped to near zefidis was the first demonstration thie effediveness
of smokealarms By the 1980s, 75% of homesthe Unied Statetiad smokelarmsinstalled
(Grant et al., 2006)and by 2004, this numbbadincreased to 96%Ahrens, 2008)

Over the last four decaddsg protection officials hee questionedvhether or not
current smokalarmsprovide the highest level of protection possildf@r example, one of the
most controversial topics within the fire protection community has been the debate over the
effectiveness of ionization versus pbelectricdetectors The debate has become heated ove
the last several years and is beconangnternationaissueas the world becomes more
developedand connectedThe effectiveness of currently used smakamwarning tones in
successfully awakeningleepingoccupants has also come into question, especiatigerning
young childrenthe elderly the hearing impaired, and those who are alcohol impaired
addresghese issuesocioeconomic as well as techaliparameters mube taken into
consideration, as affordabilignd lifestyle differences afactors.

Perhaps the most significant stufiy the fire community was conducted by tbeited

StatedNational Institute of Standards and Technology (NIST, &tylNBS, National Bureau of



Standards) in 197{Bukowski, Waterman, & Christian, 1977)his study largely focused on
types of smokalarms(ionization versus lpotoelectric) and was one of the driving forceshind
early smokelarmlegislation. More recent research deals with the effectiveness of warning
tones, and strongly suggests that current smatékensare ineffective in waking young children
(Bruck, 1999) Currently, there is still debate on maofytheseconcerns

Although individual countrieand in some casesagts, provinces, or territoriglsave
their own legislabn, there has notetbeen a centralized, coordinated effort to compile
worldwidefire protection legislation daf@uch as detector type and placementonjunction
with current research in the fiel&Even though different countries haaeariety ofbackgrounds
and needs, it would hesefulto havethesedata available for refereac Thesedata may be
valuableto developing countries looking to improthee quality oftheir fire protection.

This projectwill focus on thetypes of smokalarmscurrently in usdionization versus
photoelectric), the effectiveness of smakarmwarning tones on certaihigh-risk population
subgroups, internationamokealarmlegislation, and socioeconomic factdnsit affect such
legislation The goal of this project is to review research onlemadarmsas well as the current
state of ghbal smokealarmlegislation in orderto compile data andlentify possible gaps in
internationaffire protection practicesFire Protection Assaation (FPA) Australiawill make
thesedata available to fire protection officials worldwide.

FPA Austrdia is locatedin Box Hill, Victoria, Australia It is a nonprofit organization

that specializes in providing information regarding fire safety to experts as well as educating the

general publi¢o prepardor fire emergencies. Overall, as stated on PRAtralidd s websi t e,

AFPA Australia provides a central source of

of life, assetsand the environment in AustrabdFire Protection Associabin Australia, 2009)



FPA Australiaalso looks to work on an international level in order to improve fire safety

standards throughout the world.



Chapter 2: Background

Between the years 1975 and 2000, the nurobegsidential fire fatalities in the US
decreased by approximately 5@Bukowski et al., 2007)Professionals in the field of fire
protection would like this trend to continue. However, there is a grelbidéebate within the
fire safety community as to the best way to accomplish this. New technologies must be assessed
in order to be utilized effectively. Shortcomings in current smoke alarms and their warning tones
must be acknowledged and dealt witk@dingly. Legislation must be reviewed and adapted to

meet the needs of the people affected, and must take socioeconomic factors into consideration.

2.1 SmokeAlarm Technology

It is important to establistne differencédetween detectors and alarn#s smoke alarm
includes botha detectoanda signaling device combined into one ynitese werdirst
introduced in 196%Grant et al., 2006) Detectorsre designed to see smoke produced by a
fire andsenda signalthat will then trigger an alarmThe introduction of battergperated smoke
alarms in 1970 waskey advancemenn fire safety because it meant thaull early-warning
system could be installed easily, esgally in locations where handiring (connecting the
smoke alarm to the mains pow®ras not an optigrfor example, in mobile home§.here are
currently two main types of smoke detection technology: ionization detectors and photoelectric

detectors. Ezh will be discussed briefly in the next section.

2.1.1 lonization Smoke Deteadn Technology
lonization smoke detectooperateby comparing the current through two isolated circuits

(U.S. Environmental Protection Agency, 2Q0Buch circuithasa small gap in the wiring wher



a source, Americiua241, emits radiation that formens These ionsreatea paththat allows

current to flow through the circuifThe detector has two chambers: one open to the surroundings
and another that is clos€@'Connor et al., 2008)each chamber has its own radiation source.

This setup is showin Figurel. When smoke particulates enter the open chamber, they interfere

with the ion path and lower the measured current. When this current drops signifiekatithe

tot hat of the cl

sensitive to smafparticles and ishusprone

osed
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Figure 1: Representation of lonization Smoke Btector (O'Connor et al., 2008)

2.1.2 Photoelectric Smoke Deteicin Technology

Photoelectric smoke detectdtsctionby measuringhe intensity ofight through a

chamber from an internal light sour@'Connor etal., 2008) When there is no smoke, light

does not reach thghotoreceptofwhich is not celinear with the light source)This setup can be

t

he



seen inFigure2. Smoke patrticles refract light so that it is sensed byeabeptorand the
detector activates. Since the detegtorks by refracting light, it is sensitive karger
particulates in the gihowever, it ignsensitive to invisible particles aparticlesthat absorb

light.

Smoke Particles

o

e o
¢ T D e, Y
Light
Source ¥ g

Light
Sensor

Voltage
Change

Figure 2: Representationof Photoelectric Smoke Detecto(O'Connor et al., 2008)

2.1.3 Placement, Installation, and Power Suppliesf Smoke Alarms

The dfectiveness of smokalarm unitss alsodependent upowhere they are placed
within a home. Thigonsiderationalong with the type adetectoy wasinvestigatedn the
Indiana Dunes Study in 19{Bukowski et al., 1977)Problems can arise whémeunitisin a
different room than the fireA fire in one r@m may not activate an alarm that can be heard by
the occupant.This concerncan beresolvedby interconnectinghe unitsso an alarm in one area

of a householdounds the rest of the alariis Comeau InterviewAppendixd). However, this



is not always economically or physically possible, espedialbyder buildings. For this reason,
units with wireless interconnectivity are now available at an added cost.

For a smoke alarno be useful, it musalso be operational. Batteppwered units
became available in 19{Grant et al., 2006) They allowfor easier installation; however,
batteries die and consumers often forget to replace them-wiand is an option, but this
requires extensive installation. Theyi€ar battery was released in 1995, which combined a

long-lasting poweisource with simple installation.

2.1.4Ineffectiveness of Standard Smoke Alarm Warning Tones

A significant problem with smoke alarms that has recently become apparent is the
ineffectiveness othe standard warning ton€$homas & Bruck, 2008)dF War ni n gretheone s 0
audible signa emitted bysmokealarms upon the pasve detection of particulates thsignify
the presece of smokend/or fire. These sounds may not provadequate protection for some
high-risk population subgroupsspeciallyyoung children, the elderlyhe hearing impaired
(specificallythose with higHrequency hearing lossand alcohol impaired personbiost young
children do not have any problems hearing the alarm when awake, but the sound is often
inadequate to wake them when sleeping. Older adults and those who arEHeandng often
have highfrequency hearing loss that may prevent them from hearingjghal even when
awake. Those who are under the influencdadtel often have difficulty awakenirig the
standard smoke alarm sound as well.

This is a serious problem that must be resolved. Many studies have recently been
conducted that examine thfectiveness of different types of warning tones in order to find out

which is the moseffective. In particulaDorothy Bruckof Victoria University in Werribee,



Victoria, Australiahas conducted many such studies that have yielded promising results.
However, technical restrictions are present with regards to the size, power requirements, and cost
of more effective alarm@uey, Buckly, & Lerner, 1996)These studies and limitations need to

be considered byanufacturers when designing new smoke alarms.

2.2 Socioeconomic Considerations for Fire Safety

Due to a large range of socioeconomic factorsjigersal set of fire standards would not
be a feasible solution to tipegoblemsconcerning fire safety. What may be necessary for one
group of people in one area may not be of conttepeoplan other states, territories or
countrieg(ISCAIP, 1999) Regulations based on smoke alarm type (photoelectric or ionization)
power source (battergperated or hardired), and housing characteristics (existing or new)
differ throughout the worldlue to variations in lifestyleend annual family incomeOverall,
legislative bodiesetdifferent and specifistandards in order to provide protection for citizens
during a fireemergency

Cooking styles vary worldwide based on cultural differences, which can result in
nuisance alarswoccurring under seemingly normal conditions when certain types of smoke
alarms are used. For example, some households use coal or wood when cooking while others
use gas; each situation will result in different responses from both ionization and pitotoele
smoke alarms due to the differences between particulates generated by different types of fuel
sources. While both types will sense cooking gases, ionization smoke alarms have been found to
set off more nuisance alarms due to cooking compared togdbotric(O'Connor et al., 2008)
The type of fuel used for cooking could be dependent on the economic and social characteristics

of the area.



While smoke alarms are an affordable item for citizens of AusttakaUnited Kingdom
and the United States, they are often too expensive to be mandated in many other countries
(Hendrie et al., 2004) In the aforementioned countri@sanyhomes are required to have smoke
alarms istalled; this means that they need to be affordable for the average citizen, as they are an
essential piece of safety equipment. In many nations, such as China, it is difficult to enforce
legislation requiring smoke detectors because of their high Tbstse differences present a new
set of concerns that need to be dealt with, including whether or not nations have other types of
fire protection measures enacted to ensure the safety of the population, and if not, if they are
currently drafting any suchdgslation. It is also important to note whether or not there is a fire
protection organization that is working towards more affordable smoke alarms, among other

safety precautions

2.3Smoke Alarm Legislation

According to the International Society of Child and Adolescent Injury Prevention, or
ISCAIP, i Wo witlecabout 100,000 children die each year in fires, most of which occur in the
h o m@STCAIP, 1999) These tragedignaybe reduced through the use of operating smoke
alarm systems throughout residential homes. Due to the results of multiple studies performed
throughout the world, many countries have adopted legislation which requires that homes be
equipped with smokdam systems, while some nations are still in the process of passing these
laws. Clearly, most countries, territories and states are taking fire safety very seriously.

In the 1960s, th&).S. Department of Housing and Urban Development (HUD) began
experinenting with building safer, loveost housing for the increasing urban population. One of

HUDG6s primary concerns was fire safety in t
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found only in commercial establishments at that time due to their high grieeNational
Institute of Standards and Technolagbsequentlpegan working on creating smoke alarms
and heasensing detectors for the general public at an afforgaide (Bukowski, 2001)

By the eary 1970s, Richard Bright, a scientist for the NBS, and supervisor Irwin
Benjamin begamitensely monitoring smoke alarm uratsd experimenting with them to
determine how they could best be used in residential se(Bug®wski, 2001) Both scientists
worked with different smoke alarm configurations and placements in test houses and produced
multiple graphs and tables. The data indicated the times it took for each smoke alarm to react to
a control fire from apecific source based on a selection of variables including air temperature,
fire type, and distance of the alarm from the fire. The final outcome was published in 1977 as
the Indiana Dunes Tests and due to the thorough results, many local governganisas@ting
smoke alarm law@ukowski et al., 1977)

In 1974, the National Fire Protection Association (NFPA) published the first set of
residential fire alarm standards in the United States, known a8 R&EMBukowski, 2001) The
regulations proposed four levels of protecti@sed on affordability, requiring at least a smoke
alarmunit outside of every bedroom and at the top of the basement stairs. Teptooas
universally opposed by members of the fire community, as they felt that nothing less than

complete protectiofa smoke alarm unit in every roomvas sufficient.
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Chapter 3: Methodology

In order to complete this project, a series of objectnagstobe met by the group. These
wereaccomplished through the usetlifeespecific methods of data collection and analysis.
These methodsonsised of distributing surveys tfire protection oficials worldwide and
compiling and analyzinthe results of these surveysterviewing fire protection officis
regarding current technologgndconductinga literature review using multiple fire protection
and academic databases. Each of tHesemethods is explained in furthertdé in sections
3.1 through 3.3

The following is a list obbjectiveshat werenecessary for successful completion of this
projectas well agthemethodghatcorrespond to eaabbjectivein parenthesis

e Create aummary ofesidentiakmokealarmlegislation inthe specificcountries,
territories, provinces, atates listed in Append®& (by compilingsurveys sentto fire
protection officialsand a literature review

e Develop a detailed list of the advantages @disddvantages for ionizatipphotoelectri¢
and combinatiosmokealarms(using interviews with fire protectionexpers anda
literaturereview).

e Consider howsocioeconomic factors, specifically affordability, cooking style, and
heatingfuel, could affect &h o me o wn e r Gedthercidmipatiocoephatoélectric
smokealarms(usingcompiled survey datand a iteraturereview).

e Determinewhich smoke alarm warning tones are most effeciit wakingyoung
children the elderly, thénearing impaied, andhealcohol impairequsing nterviews

with fire protectionexpers anda literaturereview).
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The completion of the project objectivessultedn two deliverables. The firss a
database of international smodarmlegislation The secondk aliteraturesummary of the

gr oup 6 s Figurel giveagvisual representation of the methodology used.

e Methodology Flowchart I

Objectives

Develop List of

Consider How Social Advantages and Determine Ways to

Create Summary of
International Smoke

Improve Smoke Alarm
Audibility

Situations Affect Smoke Disadvantages of
Alarm Preferences lonization and
Photoelectric

Alarm Legislation

Methods \ YVYVY \ A /

Survey & Literature .
i . Interview
Compile Review

Deliverables \/ \
Legislation Literature
Database Summary

o /

Figure 3: Methodology Flowchart

3.1International Smoke Alarm Legislation Survey

To assure that the most curreesidential fire safetiegislation datavereutilized, it was
necessary tobtaininformation through surveys thatresent to experts in the field from
variouslocationsaround the world.The contact information for these experts was obtained
through the Confederation of Fire Protection Associations Interna(iGi& A1) membership

list for countries, fire marshal websites for U.S. states, the Council of Canadian Fire Marshals
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and Fire Commissione(€CFM & FC)for Canadian provinces and territories, and the
Australasian Fire and Emergency Services AuthoritiasnCib(AFAC) for the Australian states
and territories.This strategywaschoserbased on advice frothe projectsponsor

Many studies have bearonductedo determine the effectiveness of different methods of
dispersing surveyawhich include mail(post) fax, ande-mail. One such studgoncluded thathe
greatest return would commfn a survey sent bymail (Cobanoglu, Warde, & Moreo, 20Q1)
In thar study,100surveys wereent out using each of the threeethods. Of these 100only 17
faxedand26 mailedsurveys were returnewhile 42 e-mailedsurveys wee returned

This study also measured theeeage number of days it too&spondentso replyto each
type of survey. It was found that the faxed surveys had the quickest return, averaging 4.0 days
(Cobanoglu et al., 2001)This meanghat if a survey is conducted by fax, a small number of
people willrespondquickly but if theydo not respond immediatelthey are unlikely to respond
at all The surveysonducted by mail took the longest to retatran average of 16days this
would be expected dkere isa great deal dravel time involved witlthis method.Respondents
took slightly longer to retursurveys by email thanby fax, at anaverage of 6.days This
statisticis somewhat misleadirfgecauseven after the large influx eéturnedsurveysby email
in the first few daystesponsesontinued tacome back several days after the falxad ceased
At the end of achday during the study, morersail surveyshad been collectealverallthan
either of the other tweeturns

Mail and fax surveyscur greater costthan email surveys, ggecially inacasesuch as
this projectwheredata must be collectezh an international levéCobanoglu et al., 2001)In
addition, mail and fax surveysquiremore laborto implement For these reasonsnaail

surveys have significant advantages over fax and mail sulpasgsl ortime and cost.
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Another study analyzed whethar notsending out detterbeforethe surveys
advantageouslt determined that response rates cdoddsignificantly increased hysing this
approach The response rate of the surveys sent out with no initial noticsliyiagy over 20%.
This number increased to approximately 3@4ten a notice was sebéforethe surveys
(Kaplowitz, Hadlock, & Levine, 2004)or this reasoran initial email (Appendix Q with an
attached letter (Append®) introducing our group anprovidinga brief explanation of the
projectwasdistributed to our contactsTwo days after sending the introductorynail, a second
e-mail was senthatincludedthe attached surveywhichwas pesonalized for the specific
locationto whichit was being sent. Theraail that was sent with the initialrvey can be seen
in Appendix E If a response was not receivedeminderwassentapproximately two weeks
later. Surveys were accepted ovepexriodof six weeks and throughout this time, three folow
up emails had been seiitno response had been receivddhese followup e-mails are shown
in Appendix F Once surveywerereturned letterswere sent to the respondettianking them
for their help this letteris shown in Appendix.

The survey consisteaf fifteen questions regarding smoikarmlegislation as seen in
Appendix H A large magrity of these questionsereopenended. Opemnded questions
allowedfor therespondento provide as much information as possible; howeaheisecreatel a
problem when compiling the final data aextractingnecessary informatio In order for the
surveys to beiseful asoundmethod of compilinghe datahad tobe established.

When survey resultwerereceived from the subjects, opended questionsere
analyzed for common themes. For examalquestion along the linesé,Wh at ar e your
alaroml egi sl ati ve r equi r e readed, lsut ahswergerbsaniar fooomms ? 0 i s

area to area. Although worded differently, resattstanedthe same basic respges such as,
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fiSmokealarmsmustbe located inside the bedropn® Sonokeafarmsare not required inside
bedrooms but must be locatededitly outside the main doorwayUsing this methodhe
subject wa allowed to provide as much informationh&sor shdelt was necessary arrélevant
datacouldeasily beextraced An example of a completesurveycan be seen in Appendix |

A database was constructed using the information obtained from the survey data and
includes the responding |l ocationds name and a
not induded as part of the report due to privacy reasons and restrictions from the Institutional
Review Board form signed by the group; they will be held by FPA Australia for future reference.
The database also includes itwof demogeaphicon r egar d
population density, and average income. This information was useful in providing possible links
between smoke alarm legislation and socioeconomic factors.

Originally it was hoped that the database could be web based, but that wassitaep
due to intellectual property restrictions. Microsoft Access was also considered as a possible
option; however, this application is not readily accessible to many people and is not commonly
used. The next option considered was creating a spreddsidicrosoft Excel. This would
have been a viable option but it was not capable of providing the desired user interface. It was
then decided that the database would be created using Adobe Dreamweaver, a web development
application that enables congttion of the database using local HTML files. This allows for the
most flexibility in design and ease of uséalso makes the database rgadccessible since it
can be viewed through any web browser. An example of a database page derived from the
suvey in Appendk | can be seen in Appendix J

A skewed resultvaspossible based on the number digtribution of countries that

respon@édto thesurveys. In order to make sure that the final analyasvalid, information
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wasorganized based on demographic information. For example, the survey results from thirty
U.S. statesould notbecompared to results frotwo countries. Alsothe datéhad tocome from
countries with a wide variety of per capita gross domestic pro@@@€iR). Doing s@nsureda
representativdistributionof dataand enablé comparisons betwedacations with similar
socioeconomic factonia order to identify common trends in smoke alarm legislatieull

analysis of the data is beyond the scope @ptbject; however, the data netedbe organized

and presenteth a comprehensive way so that tleayn be analyzed with ease.

3.2 Interviews with Subject Matter Experts

Interviews with experts in the field of fire protection and fire safetyeprimary source
of information thatvererelied upon heawl throughout thigroject. Theeexpertsvere
identified by way ofreferrals from the project sponsor anom initial interviewees This
technique is known as snowball sampl{Bgrg, 2007) A spreadsheatasused to keep track of
all contactsand to sort througthosewhich weremostrelevantbased ortheir area of expertise

One problenmencounteredvasthe large number of contacts acquifesm interviewees
even in the early stages of the project. The most important contacts to inteadtnbe
identified and contactegs soon as possiblas time constraints lingtlthe number of interviews
thatcouldbe realistically conductedl hesecontactsvereidentified with the help of people who
werefamiliar with the names in traatabase, ancbulddistinguishbetween those wheould be
useful and relevant to thegpect, andhose whovould not. Fire protetion engineering
consultantionatharBarnett and project liaisoRobert Llewellyn were particularly helpful in this

matter.
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The interviewsnvereconductedn person andvere mostlyunstructured and
conversational in natureRarticular questionsould notalways be prepared ahead of time; the
intervi eweeO0s s pwasdfténiurknoarn. & ¢ghis cabe wasmpseeffactivest@
provide the interviewee with a brief description of the project and a few generabgsghen
allow him or herto steer the conversation towdnd or herarea of expertise.

The topics of discussiomerenot of a personal nature, so ethical concereeminimal.
The preferred method of gathering inf@tion during the interviewasto usea vace recorder,
so verbal permission to record the conversatiah tobe documentegbrior to the start othe
interview. Several intervieweadso requestd permissiorto read the final report before
publication; all such requesigererespected

The information gathered during interviewas veryuseful in dealing with the
controversyover photoelectrioss. ionization type detectors. Expert opinions eaiable, and
oftenprovide information that cannot lebtainedthroughatraditionalliteraturereview.
However, expertdiffer in their interpretations of data and observatiand their opinionsvere

examined carefully to minimize bias in the final report

3.3 Literature Reviev

The remainder of the information necessary to meet the projectvgasddbtained by
conducting a literature review. The topics tivarecovered includé smokealarmtypes
warning tones, and socioeconomic information about the countries survByedmjority of
the informationcame fromscientificjournak and past studies obtained through online databases.
Datalasesncluded in the literature review werf®undthroughNIST andNFPA. Since

the databaseare affilided with these organizationtbiey ae relevanand reliable as sources for
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theproject. While some texts wereeferencegdmany of them are dated atiekrefore do not

account forecenttechnical advancementg&or example, the Indiana Dunes Tests performed in

1977 werggroundbreaking for the field of fire protection acwmlld notbe omitted Bukowski et

al., 1977) However, fire technology has advanced significantly sincethénanh e st udy s
conclusions may not be relevta The databasesrecurrentand includgpapers and articles from

within the last few years as well as older documents for reference.
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Chapter 4. Smoke Alarm Technology

There are two main parto any smoke alarm, the smoke sensor and the alarm sounding
device. There are two main type of detectors, ionization and photoelectric, that sense different
characteristics of a fire. After one of the detectecognizes a firea signal is sent to ¢halarm
componentvhichis expected to alert any one present of a dangerous situation. If both
components work properly, all residents should be warned early enough to escape and loss of life
or injury should be minimized or avoidetlowever there are il fatalities due to fire implying
that there are still improvements to be madbis chaptemwill go into details about smoke alarm
technology including ionization detectors, photoelectric detectors, and the effectiveness of

warning tones.

4.1 SmokeDetectionTechnology

The subject of smoke detector types (ionization vs. photoelectric) has been controversial
for the past few decades. In recent months, it has become even more politically charded. Whi
ionization units have met the requirements for smoke alarm sensitivity, are readily available, and
are more affordable than photoelectric units, numerous fire protection officials feel that
photoelectric units are more effective, and are urging legislab enact laws requiring
photoelectric smoke alarms.

Many fire protection expertselievethat ionization alarms are an insufficient form of
protection. Someargue that current smoke alarms have not been tested thoroughly enough to
substantiate theam that they are effectiygan Thomas Interview, Appendfy. Manyfeelso

strongly about this issue that they are willing to go to great lengths to make their message clear.
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Adrian Butler, head of the World Fire Safety Foundation, released a televised
documentary in 2004 that aired in New Zealam& | | ed A St op t AWorldHAre | dr e n
Safety Foundation, 2004)While his methods can be seen as extreme and sensationalist, there is
some fowmdation to his claims that photoelectric detectors use more effective technology. He
claims that ionization units are dangerous because they provide a false sense of security to
homeownersandthat nothingess tharcomplete protection is acceptable. his documentary,

Butler explains his position:

There is one issue that really makes my blood boil,
or two smoke al ar ms Whilethibneay soend reasdnable, this&ifdeo at al | . 0
thinking totally lacks integtly and has resulted in thousands of fire deaths worldwigéme explain.

A family is driving along in a car, mom and dad are in the front, the three children are in the back, and

a policeman pulls the car oveirle notices only onperson has a seatbelt owhat would you think if

the policeman said fihey thatés okay, one seatbelt i

Clearly, smoke alarms cannot be compared to seatlé&its.properly placed smoke alarm will
provide equal protection to everyomea household. If only one passenger in a car wears a
seatbelt, they are not providing equal protection to the rest of the passengers. Thygpedhe
argument usethroughout much of the documentargmotionsrather tharfactsare relied upon
heavlyinordert o strengthen Butlerdés position

Joseph Fleming, Deputy Fire Chief in Boston, Massachusetts, USA, is also of the belief
that ionization alarms are grossly insufficient for applications in residential settings. In the last
few decades, Flemingas become veynowledgeabl®n the subject asmoke alarmand is one
of the most outspokesupporter®f photoelectrialarms His interest in smoke alarms began in
the 1990s when he noticed that numerous fire fatalities occurred in homes wherekbe sm
alarm was disabled specifically because of excess nuisance @emag, 2005) What began

as in investigation ofvaysto reduce nuisance alarms continued into a crusgaiest ionization
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alarms. Inareport published by the World Fire Safety FoundaimoB007, Fleming has been

guotedas follows:

I have often been cautioned that | should be quiet,
smoke detectors. o T h wiltbe b4t idvie ¢elintbenAmericampublicthes t hat | i v e
truth. I think the exact opposite is true é how ma

was not told the truth.
While it is important to educate the public about fire safety, it is also isnuaxi consider how
that information is delivered so as not to discourage them from listening.

Naomi Brown is the Chief Executive Officer of AFAC and is also of the opinion that
photoelectric detectors are better technology than ioniz@tiaomiBrown Interview; Appendix
L.I n her i nter vihepeppleswhoknow & latabow it andhave dofe their
reading would pretty wel Huste diffitelt tatloseemstolmetop hot o e
convince governing bodies to move from requgrsmoke alarms to requiring photoelectric
smoke al ar ms. I n Australiabs case, that body
which creates and maintaitise Building Code of Australia. The ABCB is currently doing more
research on the effectivesseof the different technologies.

AFAC commissionedhe Bushfire Cooperative Research Cetdrdo some of their own

researcti{NaomiBrownInterview Appendix.). Some of those findings includéue following

The literature review suggested that iotiza alarms do not provide adequate egress time for
smoldering fire in all circumstance®hotoelectric smoke alarms are better at detecting shouldering
fires while still providing adequate egress time for flaming fires, and hence should be the preferred
type recommendedPhotoelectric smoke alarms provide better overall smoke detection performance
than ionization smoke alarms.

These findings were used to inform the AFAC position statement

Data hae been collected by numerous national organizationseraig fire losses and
damages throughout the world. A great deal of information is readily available for public use;
however, it has its limitationsith respect to this reporfThe data are often to general to be

appliedto arguments such as ionizatigarsus photoelectric or flaming versus smolderiAg.
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NFPA report in the L. found one or more smoke alarms present in 96% of habtdses not,
however, record the types of these ala(Atyens, 2007) This same report showed that smoke
alarms were present but failed to operate in 22% of residential fire deaths. In 2002, Canada
reporteds3,589 fireswith 304 fire deathgCouncil of Canadian Fire Marshals and Fire
Commissioners, 2002)rhese numbersave not beenlassifiedby type of fire or cause of death
This lack of details makes it difficult to examine the effectiveness of each detector type and

approach the delbe in a scientific manner.

4.1.1Shortcomings ofFire Data and Statistics

In the 1983 edition of United Kingdom Fire Statistiiees were categorized into those
that were discoveredithin five minutes of ignition and those that were discovered after 30
minutes(Home Office, 1983) According to their data, there were 23,082 fires with four
fatalities due to fires discovered in the first few mesut There were only 5,870 fires discovered
after 30 minutes however there were 20 fatalities. The study does not categorize the fires as
smoldering, flaming, or transitioning; however, it is possible to conclude that the latter category
(fires discoveredfter 30 minutes) consists of primarily smoldering fires since it is unlikely that
a flaming fire will go unnoticed for such a long time.

A more recent publication from the UK recorded cause of death over the last 10 years
(Figure4) (Communities and Local Government, 2008pain, the data are not divided with
respect to smoldering and flaming fires. Also, it is unclear how the distinction was made
between deaths by a combination of burns and smoke and deaths by burns alone. It is possible
that an occupant became incagated from smoke before the flames reached him or her. Itis

also possible that the occupant may have been disoriented by the smoke,himlonger
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unable to escape; this is more likely, but cannot be assumed. It is clear, however, that the
overwhelning percentage of total deaths (40%) occurneel th smoke and gas alone. These

data suggeghat smoldering fires are in fact more deadly.

491 Deaths

Other,
3%

Unspecified,
13%

Cvercome by
gas or smaoke,
40%
Burns and
overcome by
gas or smoke,
21%

Burns,
23%

Figure 4: Causes of FireDeaths in the United Kingdom(Communities and Local Government, 2008)

4.1.2 Response Times of lonization and Photoelectric Detectors

During the tests discussed in NIST Teclhidote 14551, the time from ignition to first
alarmwasrecorded foeach of 32 tests afifferent types of fireend alarmgBukowski et al.,
2007) A summary of the results is shownTiable1l. On averaggphotoelectric alarms
responde®0 min before ionizatioalarms forsmoldering fires and less than one minute later for
flaming fires. Alsoincluded i n the table are columns for AT
AAvail able Safe Egress Timed or ASET. Ti me t
start of the fire to when surroundings became

levels of poisonous gas, heat, and smoke obscuration in various locations. In this case, these

23



levels were measured outside the room of orgia height of five feet (1./). The test does

not specify whether the door between the fire and the detgatoopen or closed, which can
greatly affect the resultsAvailable safe egress time is the time between the first alarm and time
to untenable conditions. The NIST study has been criticized for flaws in its test procedure and
conclusionshowever, the dta still supporthree general statements agreed on by most fire
officials: photoelectric units respond earlier for smoldering fires, ionization units respond earlier

for flaming fires, and flaming fires cause untenable conditions faster than smoldesng f

Table 1: Summary of Alarm Activation T imesfor Smoldering, Flaming, and Cooking Fires(National Institute of Standards
and Technology, 2008)

Type of Time to First Alarm Time to Available Safe Egress Time
Fire (in seconds) Untenable (in seconds)
Conditions

Photoelectric lonization Photoelectric lonization

(in seconds)

Smoldering 2219+ 1061 4010+1120 4316+1256 2136+1011 276+ 331

Fires

Flaming 94+ 33 47 + 36 217 + 67 129 + 74 177 + 69
Fires

Cooking 738+ 103 681+ 475 1477 + 249 739 + 148 796 + 241
Fires

Another study attempted to confirm the NIST conclusions. Oysten Meland and Lars
Lonuik placed ionization and photoelectric ursitde by side and tested their response times to
smoldering and flaming fired.onuik & Meland, 1991) The study also controlled for location of
the detector with respect to the fire by placing another set of det@ctive room next to the
fire. This resulted in four tested fire scenarios: a flaming fire with the alarm in the room of

ignition, a smoldering fire with the alarm in the room of ignition, a flaming fire with the alarm
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outside the room of ignition, aradsmoldering fire with the alarm outside the room of ignition.

Their results are summarizedTlable2.

Table 2: Summary of Alarm Activation Times by Alarm Location (Lonuik & Meland, 1991)

Detector Smoldering Fire Response Flaming Fire Response
Location (In seconds) (In seconds)
Photoelectric lonization Photoelectric lonization
In Room 2,5001 3,000 5,000i 5,500 6071 100 307 60
Out of Room  7,000i 8,000 N/A* 17071 210 22071 240

*Unit did not sound.

In three out of the four possible fire scenarios, the photoelectric detector responded first
(Lonuik & Meland,1991) In the situation where the ionization was faster (a flaming fire with
the alarm in the room of ignition), it is possible to argue against the need for an alarm at all.
Most flaming fires involve an open flame, which typically require humtanaction As such,
any unit, regardless of type, would figperfluousat warning residentsf a fire because they
would already be aware if

The study also recorded when the critical limits for gases (CO and smoke visibility) were
reached for the smaéring fire testgLonuik & Meland, 1991) High concentrations of CO can
cause unconsciousness and patentially be fatal within-2 mi nut es i n today®6s
with modern furnishinggCraythorn, 2009) Smoldering fires can also produxic hydrogen
cyanide and hydrogen chloridehich is a bproduct of the chemical composition change due to
a fires effect on synthetic material§hese byproducts appeateetween 5,000about 83
minutes)and 6,00q100 minuteskeconds after ignition. lonization units allow at most 1,000

seconds (about 17 minutes) of ASET when installed in the room of origin for smoldering fires
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(Lonuik & Meland, 1991) The 30 minute delay between the responses of ionization and
photoelectric units could arguably be enough to disorient the occupant (a side effect of exposure
to smoke), lowerindpis or herchances of escape. Both units sounded efigcal limits had

been reached when out of the room of origin. No time was recorded for the ionization unit

meaning that it did not go off before researchers concluded the test.

4.1.3 Combination Smoke Alarms
It is very difficult to predit whenand where a fire will occur and there is little
information available on how many fire fatalities are due to smoldering fires, flaming fires, or a
combination of botfEd Comeau Interview,ppendix A) Combinaion unitsarecommercially
available that use both ionization and phatogic principles. They offer fupprotecton as they
eliminate the need to guess the type of fire a resident is likely to have in a given location.
However, combination units al$@ve their drawbackDetectors can be combined using
ethe an AANDO g at (&an Tthomasinterviewppendig ld AreOR gate will
sound an alarm if the unit receives a signal from either one of the detectors. This means that the
unit will sound at the earliest possible time, but also that the wsusteptible téthe most
nuisancealarms due to the cumulative weaknesses of each detéctorit designed with an
AND gate will not sound until it receivessignal from both detectors. Thessens the chance
of nuisance alarms but also means that the unit will not sound until the latest possible time.
Manufacturers can adjust the sensitivity of each sensor independently, unknown to the consumer.
This is usually done to desensitize theization detector, making the unit less prone to nuisance
alarms, and in turn less likely be deactivated by the consumdawever, thiddefeats the

purpose of having both types of alarms in one unit.
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4.1.4Nuisance Alarmsin lonization and PhotoelectricSmoke Alarms

A study conducted in Texas the U.Sinvestigated the occurrence of nuisance alarms in
residential settingMoore, ©80) Nuisance alarms may lead consumers to disable their alarms
out of frustration, leavig them with no protectionin the study, alarms of both types were
placed side by side and false alarms were recorded with respect to the type of deteetoseand c
for the alarm. Out of 126 recorded nuisance alarms during the time frame, 115 were from
ionization type alarmsAnother study conducted by Beth Mueller also reported more nuisance
alarms from ionization type unifglter, Grossman, Mueller, Perkins, & Sidman, 200Bjther
an ionization alarm or a photoelectric alarm was instalfgaroximately3.50 m from the kitchen
stove in 761 homes. When researchers returned (9 months after installation), 20% of ionization
units were noffunctional compared to 5% of photoelectric units. The causes of nuisance alarms,

as reported by the occupants 15 months after installation, are summaiizddeBs.
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Table 3: Summary of Causesfor Nuisance Alarm (Alter et al., 2008)

Cause for Percent of Nuisance Alarms
Alarm

lonization Alarm Photoelectric Alarm

Cooking 93% 74%

Low battery 5% 22%
Fireplaces 2% 2%
Steam 1% 2%
Smoking 0% 1%
Incense <1% 0%
Candles 1% 1%
Construction <1% 2%
Heat from lights 2% 0%

May not add to 100% due to rounding.

4.1.5Technological Comparisons of lonization and Photoelectric Detectors

The difference in response for ionization and photoelectric detectors is a consequence of
their differing technologies. lonization detectors sense smaller particles of combustion, while
photoelectric detectors respond to larger, visible smoke partiBlat. kinds ofparticles are
produced at different stages of a fire. For this reason each type of detector is better suited for
specific fire situationsAs time passes, smoke particles combine in a process referred to as
smoke aging or smoke conglomeoatiwhichoccurs closer to the ignition source in the case of
smoldering firegCable & Sherman, 1986)For a given volumat canbe safely assuntthat
there isa constant mass of smoke. A larger average paraclius would imply a lower number
of individual smoke particle@Burry, 1982) Fewer particles enter the chamber, fewer ions are

neutralized, and the ionization detector becomes less sensitive. Basicallygtratitekes
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smoke to reach the detector, the less senshiveletectobecomes. This is why ionization units
outside of the room of origin report longer activation times and why distance from the fire should
be considere@_onuik & Meland, 1991)
Figure5 shows sensitivity of three types of smoke detectors as a function of particle size
in microns(Bukowski, 1979) A0 ir epr esent s a Qdreptesedaact ri ¢ uni
ionizationunit. (B r epresents a projected beam unit th
not common for residential structures but is shown ingtaph for reference.Yhesensitivity
of ionization detectors drops (over this range) as the size of the smoke particles indfetses.
that ionization units are less responsive to larger particles than photoelectrimutimtse

responsive to smaligarticles

RELATIVE SEASITIVITY ——

0.01 | Exlisl Bt 1001 [}
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PARTICLE DIAMETER —»um

Figure 5: Relative Sensitivities of Detector Technologiesgs. Particle Size(Bukowski, 1979)

Photoelectric detectors work by refracting light inside the chamber towards a
photoreceptor as shown igure2. Particles less that Oyim in diameter are essernitia
invisible and do not interfere with the path of lighteming, 2005) Photoelectric detectors

cannot snse invisible smoke or any obj¢leait does not refract light. This includes black smoke
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which absdos, rather than refracts, lighEigure6 illustrates the sensitivity of smoke alarms

with respect to color of the smokBertschinger, 1988) The cdor is an indication of the

material that is burning as well as the size and concentration of smoke particulates in a given
volume. The graph shows that ionization detectors respond before photoelectric detectors to
invisible particles but also that both detector types are less sensitive to dark smoke. The

responsivenss of photoelectric units spilees smoke becomes visible.

Sensitivity
|

Photoeleciric-Type Smoke Detector

lonization-Type Smoke Delector
!
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Invisible  Light  Dork  Block

Figure 6: Response Sensitivity of Detectorgs. Smoke Color(Bertschinger, 1988)

4.1.6Considerations for Choosing the Most Effective Smoke Alarm

Fire officials and legislators must consider their end goal when determining which type
of smokealarmis most appropriate for the widest range of fire situations. If the goal is to detect
the greatest number of fires, then the most prominent type d¢$fiveldering or flaming) must
be statistically determined. This is difficult to do, since a fire may transition from smoldering to
flaming over the course of combustion. Data from the time of ignatienften difficult to
obtain since the firefighteshose who record fire data) are typically not present until the fire is

noticed and reported, assuming it is reported at all.
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If the goal is to reduce injuries and loss of life, dateneeded that shows the percentage
of fire deaths and injuries thate caused by each type of fifEhese ar@ot always easy to
determine, since a death that appears to be due to severe burns (indicating a flaming fire) may
have been caused by smoke inhalation (indicating a smoldering fire) ptiner lames reaching
the occupant Studies like those mentioned in United Kingdom Fire Statistics in (Hd&3e
Office, 1983and in Summary of Fire Statistics 20@ommunities ath Local Government,
2008) along with similar records from other countries, would be beneficial to the fire
community in this regard. If the goal is to increase the available evacuation time overall, then
photoelectric alarms are more effective sirareaverage, the time they save when detecting
smoldering fires is much greater than the time lost when detecting flaming fires.

lonization alarmswre better suiteth provide earlier warning in the case of a flaming.fire
Flaming fires spread quickly arae arguably more dangerous because they allow less time to
escapéefore surroundings become untenalites possible for occupants to survive in
smoldering conditions for an extended period of time, but a few seconds in a flaming fire could
provefatal H ami ng fires tend to oc anddirestihievolved he r esi
with ignition; for example, while cooking or if a candle is accidentally knocked (@akr
Comeau InterviewAppendixA). In this case,ite occupant may be able to respapgropriately
before any alarm sounds before conditions become untenalffanoldering fires are likely to
occur while occupants are asleep and go unnoticed for an extended period of time; for example,

if a cigarette ember is dropped in a sofa, it canlder for hours before becoming dangerous.
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4.1.7Recommendations oNational Fire Authorities

Smoke alarm systems need to be implemented appropriately in order for them to be
effective. Installing units incorrectly or inadequately could litheir ability to sufficiently warn
occupants of a fireFigure7 from the NFPA 101 Life Safety Code Hdbk illustrates an
example of misused unif€oté & Harrington, 2009) Installing the units too close to walls and
overhangs allows for smoke to collect significantly before detection. Having too few units is
unsafe because a fire in one room may not activate an fleirar avay from the room of
ignition until conditiors are already unsafe in the room of origin. NFPA recommends that all
units have two independent power sources to ensure fire protection in the event that one of the
sources is unavailable. All the arguments regarding reasons for interconnection grahvgual

supplies (Section 2.1.3) still apply.

Detectors ||
: Doorway

Figure 7: Example of Misplaced Smoke Alarm (Coté & Harrington, 2009)

NFPA 74,Standard for the Installation, Maintenance, and Use of Holg&ire
Warning Equipmentproposed differerlievels of protection for homé&8ukowski, 2001) The
minimum recommendation called for a unit outseéeh group obedrooms and at the top thie
basement stairs (or @mtrance from a garage). The next level added a unit in the living room.
The thirdlevel added units in every besdm. The final level of protection recommended a unit

in every room of the house&some fire officials believed that nothing less thankibst protection
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was sufficient, however requiring a smoke alarm in every room would not be economical and a
compromise had to be reached.

Current standards in the United States for placement, installation, and power supplies are
given in NFPA 72 Nationdfire Alarm CodgTecmical Committees on Fundamergaif Fire
Alarm Systems, 20077 he first edition combined information from previous releadd$FPA
74 and other NFPA document3he NFPA only provides recommendations; it is up to the
governing body to decide whether or not they should adopt legislation bagsd on
recommendati ons. For residential areas, NFPA
rooms and guest rooms; outside of each separate sleeping area within 6.4 m of any door to a
sl eeping room, and on every | evel of a dwell.|
within 9.1 m of each other (travel distance) or one unit permédf floor space. NFPA 72
does not distinguish between detectortypessi o des; however, NFPAGs of"
both detector types should be used in order to ensure complete profdetional Fire
Protection Association, 2009]Jt only recommenslthat a photoelectric unit or and ionization
unit with a Ahush featureo be used if the al a
used for cooking. (A hush feature tempdsadgiisables an alarm.)

Figure 8 represents possible unit configurations based on NIST recommendations
(National Institute of Standards and Technology, 19989) units should be interconnected and
have two independent power supplies, usuallyfardd with a battery backp capable of

maintaining the system for a given amount of time.
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Figure 8: Possible Configurations for Residential Smoke AlarmgNational Institute of Standards and Technology, 1995)

AFACOGs of ficial position on residential sm
(Australasian Fire Authorities Council, 2006All smoke alarm unitshouldbe interconnected
and have two power supplies: a permanent source-{fieed or a norremovable longife
battery) and a battery back. Units shold be located in all sleeping areas and all paths of
travel between sleeping areas, exits, and floors. In addition, the units should not be placed where
temperature control devices may interfere with performaioceexample smoke may never
reach a uniplaced behind a ceiling fan) and, if possible, away from kitchens and bathrooms.
AFAC cites kitchens and bathrooms as sources for nuisance alarms. It also notes that nuisance
alarms are the primary reason for disabled smoke alarms and that photogfgistiace less
prone to be triggered by cooking fumes.

AFAC differs from NFPA in that they specifically recommend photoelectric units as the

primary means of smolaetection(Australasian FireAuthorities Council, 2006) It does,
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however, allow ionization units to be used to supplement the photoelectric alarms to ensure
complete protection. Th@ouncil also reports that combinatiafarmsare acceptable, but warns
that they are more proneo nui sance al arms and only provide
rational iI's that photoelectric units are fAgen
broader range of fire experienced in nedomeso a
alert occupants earl y eno ulhégodl af orgasizateongps sucifas o m s
AFAC is to combine maximum protection with minimum costs; however, as more research is

done it has become clear that compromises need to be made.

4.1.8Conclusion

To provide earliest warning for all fires regardless of type, combination detectors (of the
OR gate principleare, ideally speaking, most effective. This assutmaisthey are fully
operational, and do ndave reduced or otherwise altered sensitiv{iEss Comeau Interview,
AppendixA). It must also be noted that, due to the frequency of nuisance alarms from current
ionization technologies, combination detectors are likely to be disabled by a consndering
themuseless to warn occupantsawiyfire.

For residential settings, photoelectric smoke alaresore likdy to provide early
warning in a fire situationWhile it is impossible to predict a fire, they perform better than
ionization alarms in three out of four potential fire scengfi@ble2). Thosethree scenarios are
arguably more likely to occur when a resident would need to be alerted to a fire. They also
reduce the occurrence of nuisance alarms, the most common readisaliteddetectors.
lonization alarms do not always respond early endagbmoldering firesand when they do

respond, occupants may already have inhaled large amounts of smoke or paths of egress may be
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blocked. Consumers may be uncomfortable with radioactive material in their homes, even in
very small amounts, which are paat in ionization units. Both alarms lose sensitivity to black
smoke;however, an occupant shouttkally be alerted before this stage of &fiTable4

summarize our findings with respect to the difference smoke alarm technologies.

Table 4: Advantages and Disadvantages of lonization, Photoelectric, and Combination Smok&rms

Advantages Disadvantages

lonization  Detects small invisiblparticles Respond slower to fires outside the roon
(0.01pm7T 3 pum) of origin due to smoke aging

Usually dheaper to purchase and Contain radioactive elementstiich do
manufacture not pose a sting health risk)

Respond faster to flaming fires ~ More frequent nuisance alarms from stei
when in the room of origin and cooking fumes

May not provide enough warning for
smoldering fires
Photoelectric Detects larger particles (O8n 1 Usually more expensive (than ionization’
10 pm) to purchase and manufacture

Respond faster to smoldering fire Sensitive to dust

Respond faster to flaming fires
outside the room of origin
Combination OR gates respond quickly Usually mostexpensivdo purchas and
manufacture
Respond to both types of fire
OR gates have mofeequent nuisance
alarms

AND gates respond slowly

Sensitivities can be altered independentl
by manufacturers

Contain radioactive elements
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4.2 Smoke AlarmWarning Tones

Studies show that being aslesgnificantly increases the ridbr residential fire death
(Bruck & Ball, 2007) Anywhere from 46% to 86% of fire victims were sleeping at the onset of
the fire Even though modires occur during the day, tldeathratefrom fires that occur
between 1:00 AM and 7:00 Al up to three timegreater. Thus it is critically important that
smokealarnms emit tones that are most effective at awakening sleeping occupaetisn the
deepest stages of sleep.

Most adults with normal hearing will awake to the sound of a standard smoke alarm
without a problem. In fact, studies have shown that many will be aroused even without the
sounding smoke alar@®Bruck & Brennan, 2001) Sensory cues that are often associated with the
presence of fire, such as crackling and shuffling sounds, flickering lights, and smoke odor, are
often enough to wake most adults without the intervention of a smoke alamam. ebrly test
conducted ¥ Dorothy Bruck of Victoria University, 33 subjects between the ages of 25 and 55
were tested using the auditory and visual cues, and it was found that 91% and 83% awoke to the
cracking and shuffling sounds, respectively. Faitye percent awoke to thickering light. In
another test performed in a sleep laboratory on 17 subjects, it was found that 59% successfully
awoke to the smoke odor.

Tests conducted in the early 1980s by Nober ¢Nalber, Peirce, & Well1983)also
suggest that the standard smoke alarm warning tone is sufficient to successfully awaken sleeping
adultswithout hearing impairmentsThey investigated responses to standard signals in college
age adults. The main findings of this study doded that the subjects had no problem waking
to the standard signandthat reaction time decreased as alarm volume increased and

background noise decreased. Witilesedataarereassuring for a large proportion of the
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general population, there argusificant highrisk groups that do not respond nearly as well, even
in the presence of a standard smoke alarm.

Most audibleresidential smokalarmshave warning tones with peak signal energy in the
regionof 4000 Hz(Huey et al., 1996) The Underwriters Laboratory has set a standard (UL 217)
for warning tone intensity, which states that the signal must be at a level of 85 decibels (dB)
three meters from the source. There is no set standard for warning tprenfrg, but most
alarms emit similar highfrequency sounds for purely physical reasons. This fact creates a
technological barrier to progress in the area, even though studies indicate that lower frequency
warning tones would be more effective.

While resicential fire codes generally do not specify a standard frequency for smoke
alarm warning tones, the International Standards Organization (ISO) define$ ttteniporal
3) pattern as the standard tone pattern to signal the necessity of immediate evéguation
Thomas, & Kritikos, 2006) The temporaB pattern turns the signal on and off in the following
pattern: on (0.5 s), off (0.5 s), on (0.5 s), off (0.5 s), on (0.5 s), off (1.5 s). Smoke alarms using
the tanporal3 pattern are now being sold in many countries, includingtBeand Australia. It
is believed that using this pattern will increase the recognition that the signal means immediate
evacuation is necessary.

High-frequency waming tones have bbtadvantages and disadvantag&bey are easily
differentiated from other sounds common inthe avwragp er sono6s eveBrycdkay env
& Ball, 2007) Thusthey serve as a good signal for an urgent emergah@tion. However,
high-frequency sounds are significantly attenuated by structuasas walls and doors that lie
in the path of the signal. For this reason, many countries (such as Autedlls5., and the

U.K.) have regulations that specifftaes h ol d fiat t HBe Stydied have shownthdt 75 d
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there is a 12 dB loss in signal intensity from a hallway to a room with the door open, and a 27 dB
loss with the door closed. These are certanolynegligible losses. It has been shown that

signal propagation and transmission characteristics are much more favorable for lower frequency
signalsin the range of 500 Hz.

There are alternative smoke alarms for those who are significantly hearing impaired such
that they will not be able to heany typeof audible smoke alarm. These include vibrating bed
shakers, pillow shakers, and flashing strobe lights. The effectiveness of these devices is also
discussed in this section.

Many studies have been conducted over the past several yearsamate the
effectiveness of different smoke alarm signals for different population subgroups. At the
forefront of this work are researchers at Victoria Universithey have published several papers
investigating the responsivenessionoke alarm sounds children, older adults, those who are
hearing impaired, and even those who are under the influence of alcohol. Their work, as well as
those of various other studies (which largely corroborate their findings), are summarized in the

sections below.

4.2.1 Effectiveness of Warning Tones foiYoung Children

The first study to investigate the effectiveness of the current standard smoke alarm signal
was conducted in 1999 at Victorianlversity by Bruck. It was necessitated by the results of a
study conducted on young adults (age248in 1995Bruck & Horasan, 1995) While
previous studiegNober et al. 1983)hadshown that typical adults usually do not have a problem
awakening to the standar d 1998stutyen yaungadutts fouadr ni n g

that 20% of the participants did not awaken to a 60 dB, high frequency @guek & Horasan,
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1995) This suggested that younger age groups may have more difficulty awakening to the
standard warning tone than was previously thought.

According to Bruck, an increasimgimberof newly constructed homeseabeing built
with childrenbds bedrooms f ar t hteeissueoissengke f r om t h
alarm audibilityeven more pressin@ruck & Horasan, 1995)Since most homes only have
smoke alarm units irhe hallways and not in the bedrooms themselves, the situation becomes
especially dangerous should a fire break out
bedrooms.

Twenty children (ages-67) participated in the 1999 stu(Bruck, 1999) Subjects were
fitted with an actigraph, a device worn on the wrist that monitors movement to determine the
wake/ sl eep status of the subject. Each test
was positioned sudhat the sound level at the pillow was around 60 dB. The report does not
provide specifics on the signal being tested with regards to the frequency or pattern; it is only
implied that it is a standard higrequency smoke alarm warning tone. Seventé¢neo20
children slept through the alarm during one or both tests. The parents of the children were also
tested; they had no problem awakening to the alarm. This study was very basic and did not take
the type of warning tone into consideration, butasvimportant in identifying the problem and
provided a baseline and an impetus for future research in the field.

In 2004, Bruck et al. released another report on child subjects (dgpsthis time
taking signal type into considerati@Bruck, Reid, Kouzma, & Ball, 2004)-our different
warning tones were tested across three differ
actor 6s v iickcTe signal, antdiastandard smoke alarm signal. TRedmitch T-3

signal is used by Bruck often, and is a complex signal that contains many frequencies but has a
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fundamental frequency centered around 520 Hz. These studies also used actigraphy as a means
of measuring wakefulness.
The results of this studruck et al., 2004)vere definitive, with the voice alarms and
the mixedpitched F3 alarm proving to be much more reliable at awakegoung childrerthan
the standard smoke alarm tone. Both voice alarms aesigned to convey a sense of urgency
and emotion; the motheroés voice used the chil
Adanger 06 and nAf i r ehddrencewpoekae etdd yt.he Addumd afhet he
The responsetotheadbos v oi ce was al most as effective, a
it. The sameavastrue for the mixeepitched F3 alarm (96.4% awoke); however, only 16
children (57.1%) awoke to the standard warning tone. Note that the above percentages vary due
to differing sample sizes across the s#sdBr u c k 6 s tlk2Q@0tudy cao Ime seen in

more detail inTablebs.

Table 5: Number of Children Who Awakenedby Time Period and Signal Type&Bruck & Ball, 2007)

0-30s 31-60s 60-180s Did Not Wake 9% Total Awake

Mot her 6s 15 4 0 0 100
Mixed T-3 14 7 0 1 96.4
Female voice 12 5 0 1 94.4
High-pitched alarm 10 1 4 12 57.1

A report by Smith et a[Smith, Splaingard, Hayes, & Xiang, 20@6p r r obor at es Br
findings. The authors of this report are cri
subjects across studies and the lack of sleep stage monitoring through electroencephalography
(EEG) as major problems. Howevereithresults proved to be nearly identitab Br. Ofc k 6 s
the 24 children (ages®), 23 (96%) awoke to the voice alarm, but only 14 (58%) awoke to the

standard warning tone. The study also recorded whether or not the child was able to successfully
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escap from the room after the sounding of the alarm. More details about the data gathered by

Smith et al. can be seenTiable6.

Table 6: Percertage of Children Who Awakened and Escped vs. Alarm Type(Smith et al., 2006)

Percent Awakened Percent Escaped
Child Age N Tone Voice Tone Voice

n (%) n (%) n (%) n (%)
6 5 1 (20) 4 (80) 0 (0) 3 (60)
7 2 1 (50) 2 (100) 0 (0) 2 (100)
8 3 0 (0) 3 (100) 0 (0) 2 (67)
9 5 4 (80) 5 (100) 1 (20) 4 (80)
10 3 2 (100) 2 (100) 2 (100) 2 (100)
11 4 3 (75) 4 (100) 3 (75) 4 (100)
12 3 3 (100) 3 (100) 3 (100) 3 (100)

These studies clearly show that children hgneat difficulty awakening to the standard
smoke alarm signal, and that alternatives should be considered. In general, lower frequency
signals (voice alarms and mix@ich T-3) performed significantly better than the standard-high

pitched smoke alarm sigl.

4.2 .2Effectiveness of Warning Tones forhe Elderly

Bruck et al. conducted another study in 2006 which investigated the response of older
adults to a variety of different sightypes to determine which is the most effec{Brick et al.,
2006) Forty-two older adults (ages @®) participated in the experiment. The signals tested
include a mixeepitch -3 si gnal, a ea! eFvoekeWgdk®anmg! 0) ,
(in a T-3 pattern), and the standard smoke alarm warning tone-itigted F3). The male
voice contained frequencies in the range of H2Q@o 2500 Hz. The higipitched F3 is

complex, but has a fundamental fueqcy of around 3000 Hz. The test was designed such that
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the auditory threshold, that is, the sound level at which a given signal is capable of awakening
the subject, could be determined.

The test was conducted i n eaentnightsaTwoi ci pant
signals were tested per night. The sounding device was placed in the same room as the subject.
EEG was used to monitor the sleep stage of the participant. The alarm was presented shortly
after the subject entered slamave sleep (theekpest stage of sleep). This was to add a measure
of consistency to the test and removes variables that could be present between subjects with
regards to their sleep schedule and quality. Alarms were initially sounded at 35 dB and
increased by 5 dB eveB0 secondsintil the subject was awakened, allowihg researchers to
determine each participantdés audibility thres
perform both a Aphysical tasko (getpleing out o
cognitive tasko (dialing a phonetookiooomplate and r

these taskshowedhow quickly onerespondedn a fire situation, and can be seeable?.

Table 7: Auditory Arousal Threshold and Behavioral Response ime in Older Adults for Auditory Signals (Bruck et al.,
2006)

Mixed-Pitch T-3 Male Voice High T-3 500 Hz T-3

Mean Auditory Arousal 48.0 55.9 63.7 52.6
Threshold (dB)

% slept through 75dB  4.6% 14.0% 18.3% 15.5%
% slept through 85dB  2.3% 9.3% 4.6% 6.6%
% slept through 95dB 0% 7.0% 2.3% 2.3%
Mean behavioral 93.3 153.9 192.1 124.5

response time (s)

The results of this investigatigBruck et al., 20063howed the mixegitch T-3 to be the
most effective for waking sleeping people. At 50 dB, less than 25% had awoken to the high

pitched T3, whereas overO6 had awoken to the mixgaitch. The difference between signal
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responses was especially significant across theramde of volume (40B to70 dB). The data
gathered in this study can be foundimble7 andFigure9. Itis interesting and important to
note that a few participants with English as their second language didiaken to the male
voice; therefore, English voice alarms are not suitable foiErmaglish speaking persons or those

with English as their second language.
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Figure 9: Percentage of Subjects who were Successfully Awakened by Sigihgpe and Sound Level (Bruck et al., 2006)

4.2.3Effectiveness of Warning Tones for theédearing Impaired

TheVictoria Universityscientistshave also conducted experiments to investigate the
effectiveness of alternative smoke alarm signaling devices, such as bed shakers, pillow shakers,
and strobe lights on hard of hearing subj¢Btsick & Thonas, 2007) The responses to these
devices were compared responses tauditory signals. The auditory signals tested include two
mixed-pitch T-3 signals with fundamental frequencies centered at 400 Hz and 520 Hz, as well as

a 3100 Hz pure tone to represent the current standard for smoke alarm signals. These
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fundamental frquencies were selected based on an auditory threshold test conducted while the
subjects were awake to determine the best two signals out of eight that were tested. The tactile
alarms were also presented in-8 pattern.
Thirty-eight people participatad the studyBruck & Thomas, 2007 plthough not
everyone completed a test of each of the signals, so the sample sizes of the final results vary.
Each participant suffered from hearing loss of between 25 dB@d8 ™ both ears. The tests
were conducted in the participantds own home.
level of 75 dB, and the tactile alarms were delivered at the default level when purchased. These
|l evel s are conrsd dmarelddo tfoorb ec dmparmfiibgon bet ween
It is interesting to note that even among hard of hearing individuals, the-pitead
auditory signals were still more effective than the tactile alarms. The 520 Hz-piigbdone
was the mostuecessful, followed closely by the 400 Hz mixagitch. The pillow shaker was the
most effective among the tactile alarms, followed by the bed shaker. The pure tone only
managed to awaken approximately 50% of the participants. The least effectivéaignal
awakening hard of hearing individuals was the strobe light. More detailed results can be seen in

Table8.

Table 8: Percentage oHearing Impaired Subjects Who Awakenedat or Below the Benchmark Signal htensity (Bruck &
Thomas, 2007)

Percentage to awaken
at or below benchmark

520 Hz mixedpitch T-3  91.7%

Bed shaker 90.0%
400 Hzmixed-pitch T-3  86.5%
Pillow shaker 83.4%
3100 Hz pure tone 56.3%
Strobe light 27.0%
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4.2 4Effectiveness of Warning Tones forhe Alcohol Impaired

It has been reported that alcohol intoxication is among the most significant risk factors
for fire death(Focuson fire safety: Alcohol and fire009) In fact, studies have shown that
alcohol is a factor in over hatff all fire fatalities(Bruck, Thomas, & Ball, 2007)Victoria
University has conducted an extensive study dealing with this very issue

Thirty-two young adults (ages 445) participated in the study. Sevenrsity were tested
for their waking effectiveness when the subjects had a émmhol content (BAC) 00.05.
The signals tested included two mixgidich signals (with fundamental frequencies of 400 Hz
and 520 Hz), a 500 Hz pure tone, a 3100 Hz pure tohed shaker, a pillow shaker, and a
strobe light. All signals were presented in the usualpkttern. Each signal was sounded for 30
seconds. After a pause, the signal would sound again at an incrementally higher decibel level
until the participant aakened. As in other studies, sleep stage was monitored, and the signals
were delivered when the subject entered sieave sleep. The test was conducted in essentially
the same manner as the test discussed in the previous section. The results festatteis/ery

similar to those of previous tests, and are showviraisle9.

Table 9: Percentage ofAlcohol Impaired Subjects Who Awakenedat or Below the Benchmark Signal htensity (Bruck et
al., 2007)

Percentage to awaken
at or below benchmark
520 Hz mixedpitch T-3  100.0%
400 Hz mixedpitch T-3  93.0%

500 Hz pure tone 86.0%
Bed shaker 64.5%
3100 Hz pure tone 61.0%
Pillow shaker 58.0%
Strobe light 24.0%
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It is important to note that this test dealt only with alcohol impaired subjects; thus, no
comparisons in responsiveness could be drawn between sober and irsplajeets However,
a preliminary test was done by Bruck and Ball in 2004 that compares responsiveness in sober
subjects, and those with BACs of both .05 and(BJ8ck & Ball, 2004) The average threshold

is much highefor those who are alcohol impaired, even with a BAC as low as .05. The results

of this test are shown iRigure10 below.
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4.2 .5Conclusion

From these studies, it is clear that the 520 Hz mpitzh T-3 signal is by far the most

effective at awakening the widest range of kigk groups It is almost as effective as the
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hearing impaired. It is the only signal that was able to awaken 100% of alcohol impaired
participants.

The reason this warning tone isedtective lies in the nature of the signal itself. The 520
Hz mixedpitch signal is emitted in a square wave pat{®worothy Bruck Interview, Appendix
M). Square waves contain the majority of their enerdlyeat fundamental frequency (in this
case 52(Hz), but also contain energy at all odd harmonics of that frequency. For example, the
frequency spectrum of a 520 Hz square wave contains a peak at 520 Hz, and subsequently
smaller peaks at 1560 Hz, 2600 Hz, etc. The energy at these harmonic frecgtenaiases
other parts of the basilar membrane in the inner ear that would not be stimulated by a 520 Hz
sinusoidal waveform. A 75 dB 520 Hz square wave will sound louder than a 75 dB 520 Hz
sinusoidal wave, while giving the same decibel reading onradsoeter.

This added stimulation of the basilar membrane by the additional harmonics of the square
wave allow for superior awakening characteristics when compared to pure tone signals. Not
only does the square wave signal successfully awaken all afitbligeosips under investigation
(young children, elderly, hearing impaired, and alcohol impaired), but it leads to faster
awakening adlisclosecb y t h e s u(Bruck et al.02007)E BeGnost telling example of
the true effectiveness of the square wave signal is that it was significantly more effective than the
tactile and visual alarms at awakening hard of hearing subjects.

The results of the tests on hard of hearing subjects are surgBsuak & Thomas,

2007) The tactile and visual alarms proved to be very ineffective. Individuals with mild to
moderate hearing loss should not be relying on these devices for awakening. The strobe light
alarm was especially inefféxee, a problem which is exaggerated by the fact that the lowest

intensity level tested was above the level recommended by NFPA 72. However, a previous
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study conducted in 1991 by Underwriters Laboratory on legally deaf participants showed a much
higher rae of awakening (92%) with strobe ligl{eport of research on emergency signaling
devices for use by the hearing impair&€91) This could be due to the fact that those who are
deaf often have much sharper visuad dactile sensory responses. It has yet to be determined
whether or not there is a difference in response among those who are deaf from birth and those
with acquired deafneg®orothy Bruck Interview, Appendi).

The subgroup with the most significanmtprovement in awakening due to the 520 Hz
square wave was young children. In a summarizing report by Bruck and T(Rmels &
Thomas, 2009)he ratio of the number of people who slept through the current smoke alarm
signal to the number of people who slept through the 520 Hz square wave was calculated. The
ratio for young children was 12:1. The ratio for the other subgroups was alseaignifut not

as high as that of the youngest age group. The rest of the ratios ararsfiawie10.

Table 10: Ratio of the Number of Peope Who Slept Through the Current Smoke Alarm Warning Tone to the Number of
People Who Slept Through the 520 Hz Square \&ve (Bruck & Thomas, 2009)

Subgroup Ratio of # who slept
through current alarm to #
who slept through 520 Hz
alarm

Children 6-10 years old 12:1

Deep sleeping young adults 6:1

Adults over 65 years old 4:1

Hearing impaired adults 7:1

Young adults with .05 BAC *

Sober young adults *
* means that a ratio could not be calculated due to the fact thept
through the 520 Hz signe

The results of these tests all point to one seemingly obvious conclusion: replace the

current smoke alarm warning tone with a 520 Hz square wave signal. However, this task is not
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quite as simple as it sound§he engineeng challenge lies in the physics of how the tones are
generateqHuey et al., 1996) The resonant frequency of the piezoelectric devices used to
generate the sound argigyally in the 4000 Hzange. It woul be very difficult to outputower
frequencies in such a small, inexpensive, bafpenyered device like a smokéarm Lowering

the frequencyvould require an output device with a larger surface area capable of resonating at
lower frequencies, and would require more powite power problem could easily be solved by
the switch to haravired systems, but size and cost constraints still exist.

Lifetone Technologyhttp://www.lifetonesafety.cojrhas recently introduced a device
similar to a standard smoke alarm unit that emits a 520 Hz square wave warning tone, and
includes a tactile alarm in the form of a bed shaker. The device representsdlstaght
direction, but it has its shortcomings. It does not contain a detection device; it is only an alarm.
The device (a unit similar to a clockdio that sits on a night stand) monitors the current smoke
alarm signal and sounds the 520 Hz signawh en it fAhear so the existir
it requires standard smoke alarm units to already be installed. As discussed earlier, it is larger
than an average smoke alarm unit, and uses more fihedyackup battery only lasts four
days). Tk device is not yet on the market and no price has been posted, making cost
comparisons impossible.

The NFPA has proposed changes to NFPA 72, the National Fire Alarm Code, based in
part on the research done at Victoria University. If the changes apt@dcNFPA will be
recommending 520 Hz square wave alarms for those with mild to moderate hear{iNf-PAs
Technical Committee, 20Q9Y his type of signal will also be recommended for those with
profound hearing loss, as long as it is used in conjunction with a tactile device. These changes

wi | | be discussed at NFPAG6s 2009 annual conf e
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Chapter 5: Socioeconomic Considerationfor Fire Safety

Social and economic situations can greatly affeckihe of smoke alarm a persaill
purchase.Unfortunatelythe averageonsumeis unaware of thadvantages and disadvantages
with regards to smoke alarm type, power source, and interconnectiwégufacturerseed to
be aware othislack of public educatioandmusttake into accournthe safety othosewho buy
and use their productghile at the same time, minimize the numbefad$ée alarmpeoplewill
experience.

For peoplewho are aware of the various differences among smoke alam@ny, factors
can be associated with whetlieeywill buy an ionization smoke alarm over a photoelectric
smoke ahrm orvice versaast he speci fic alarmbés functionalit
situation of the family.Thisis also true for differences the unitinterconnectivity and power
source. Fourcharacteristics of smoke alarifegfordability, availability,ease oflisposal, and
frequency ohuisance alarmgrediscussedurther in the upcoming sections to establish
connections between the factorsdiffering smoke alarm technologiemdcurrent international

legislation

5.1 Affordability of Smoke Alarms

When it comes to choosing a smoke alapme of the moreisible concerns tahe
average homeownesitspr i c e . According to Bergenr and Kuk
Smoke Al ar ms Adaekof aondNmer edacationeexisisgardingsmoke alarm
types(Berger & Kuklinski, 2001) This lack of education creattge attitudein the general

population that all smoke alarms are technologically the same. Jwygothesis resudtn the
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averagecustomertbuying theleast expensivemoke alarm possible, which may not be
appropriate for their particular housing situation.

In most instances, ionization smoke alarms cost less to manufacture &xbare
expensivdor homeowners to purchase compared to photoelectric smoke aldowgver,with
the recentegulations implemented parts of the worldhat requirgphotoelectrialarms, the
priceof these unitdias dropped slightlyCraythorn, 2009) Even though ionization smoke
alarms are more affordable to the average farttily fire protection community has become
increasingly critical of thee alarms becaudieey do not provide adequate protectiomoequate
respones time for the occupants evacuaté a fire were to occur

According to Berger anduklinski, i gthedire protection communityjelieve there
is already sufficient justification for promoting photoelectietectors in family dwellings
(Berger & Kuklinski, 2001) Simply stated, the majority of tmeembers of the fire protection
communitybelievephotoelectric smoke alarms are superior to ionization smoke alarms when it
comes to saving lives. Unfortunatelystbecomes a problem that often overshadows the
technological differences between the two types

An article written forinjury Preventionin 2004 by D. Hendriet al, researchetoth the
availability and cost of multiple safety devicesl® nationswith differing averagevages
(Hendrie et al., 2004) I nformati on regarding each countr)
smoke alarm wasbtainedand the number of hours needed to afford the device was tabulated
using thesedata.

In the study, factory worker wages were used due to their ease of accessidlility
because they were thought to be the best representation oimaeuld normally purchase

smoke alarms. In both highcome and lowincome nations, factyg wages are often quite
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different than average income; in higitome nations, factory worker wages are just slightly
abovethe national average while in lenvcome nations, this gap is evgreateywith factory

workers exceeding the national income agerby a large amount. These workaemore

likely to purchase a smoke alarm compared to people making lesbémational average

income, especially in nations where smoke alarms are not required. The data collected from the

studywerecompiled andanalyzed tanakecomparisonsgeeTable11).

Table 11: Prices of Smoke Alarms in US Dollars (2002), Hourly Wages for Factory Workers (2000) and Factory Hours of
Work Needed to Pay for a Smoke Alarm in 13 CountriegHendrie et al., 2004)

Country Cost of smoke alarm Hourly Wage Hours of Work

(20021 USD) (Factory i USD - Needed to pay for
2000 Smoke Alarm

China 169 2.26 75

Albania 13 0.59 22

Philippines 28 1.90 15

Japan 50 22.00 2.3

South Africa 10 5.64 18

Israel 17 12.88 1.3

New Zealand 9 8.13 1.1

Austria 21 19.46 11

Canada 10 10.16 0.98

Germany 14 22.99 0.61

United 6 15.88 0.38

Kingdom

Australia 4 14.15 0.28

United States 5 19.86 0.25

Tablel1 provides informatioraboutl3 of the 18 countries analyzadthe 2002 study
Nations such as the United Kingdom, Australia and the United States offer smoke alarms for less
thanUS$10 anddueto thefairly high wagesf factory workersresidents can buy a smoke alarm
after a half hour of work. In nations like China and Albania, citizens are required to work

anywhere from 20 to 75 hours before they can afford a smoke alarm.
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The majorityof the nations with highelativesmoke alarm prices do not require that
homes have them and ape whonh®i dédreed att 6 olmes avi fi |h
normally require that they be install@dendrie et al., 208). There are a few exceptions to this
statement, however. Some nations do not manufacture their own smoke alathesefiode
rely on devices imported from other countries. Shipgireglarms outside national borders can
raise the selling priced the devices, thus making themore expensive for the consumer. On
the other end of the spectrum, countries such as Albania, New Zealand and South Africa produce
smoke alarmato export to other countries, making them mleds expensivevithin national
borders.

While hypothese can beroposedor the causes oflifferences in pricef the same

smoke alarm from one country to another, Hendrie. statle the following:

The price differentials observed are extremely wide considering that a large maekeigfigtexists

for these devices in some lower income countries. A major study weakness is the inability to explain
these differentials fully. Without data relating to factors such as number of personal vehicles on the
road, local device production, destic device sales, and country of production of safety devices, it
was difficult to disentangle the many possible reasons underlying price differentials.

Only a few certain conclusions can be made on this tdpr@tional or local legislatiom low-
income countries equi re a home to be equipped with smo
naturally lessen. Asoted previouslysmoke alarms need to be imported isbonelow-income
countriesand he cost to package and transport tHartherraises thepurchaseorice. The fact
that these imports do not have local competitors in thahoame nations doditle to help the
price differential. Lack of competition creates a monopolytite smoke alarm market in that
specificregion allowing tre solitary supplier toaiseprices

Interconnecting smoke alarms throughout a residential settalgasssential when
maximum safety and protection for the occupantiesiredCraythorn, 2009)

Interconrectivity of smoke alarms care achieved through either wiredwireless
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communicationWith respect to the affordability of interconnected ymisither type has an
overalladvantage over the other. Wireless interconnected smoke alarms are expahanee, b
easy and quick to instalWired unitsare more than four timdess expensivéhan a wireless
interconnectedevice,but the cost of installation must bensidered

In singlestory homes, installation afired interconnected smoke alarms is e&ly
simple An electrician can be hired to mount multiple smoke alarms on the ceilings of different
rooms andwith access to the attican connect the units to the power mains and to each other
with relative ease Wires will run on the floor of thetiic and will not be visible from the main
floor; therefore, the installation would be fairly straightforward for the installer and the cost for
the combined smoke alarms and installatonld potentiallybe less than that of the cost of the
wireless inteconnected smoke alarmi this situationwired interconnected smoke alarms
would be more affordable and equally as efficient.

In homes with multiple floorswireless interconnected smoke alarms could be more cost
effective. The cost to have an electrician interconwaeid smoke alarms throughout multiple
floors could eventually add up & exceed the cost of wireldgsnterconnectedlevices These
extra costs would come from running wires through the walls of the house and the removal and
replacement of carpet and/or flooring on upper floors in order to mount the smoke alarms for the
floor below. Ultimately, comparisons of wired and wireless interccieaesmoke alarraystems
with respect t@ffordability must be establishdxsel on a variety of factorbeyondthe price of
the smoke alarms themselves.

Whencarefullyconsidered, the cost issue is not as etesiras most people would
assume.An inexpersive purchase at the store will not necessarily save money in the end

especially for those who have not been educated in different smoke alarm opmiding
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what 1 s best f ogthelagka thesconsumabutdiie protectiom affinies and
smoke alarm manufacturers shotdéle responsibility in educatirtge public about the different
types ofdevicesso that they will makéheappropriate decisionAdditionally, manufacturers
shouldensure that the best smoke alarms are availabfgufehase for a wide variety of living

situationsin order toassure the safety of everyone.

5.2 Availability of Smoke Alarmsn Differing Economic Circumstances

While pricedifferencescan create shifts in sales of ionization versus photoelecirake
alarms theavailahlity of certain typesn a specific country greatly affectghich alarmpeople
will buy. Simply stated, the availability of smoke alarms togéeeral public varies worldwide
(Hendrie et al., 2004) Nationscontaining a large amount of people whilgh incoms, such as
Germany, the United States and the United Kingdwawe many different typ&gcluding
power sourcepf smoke alarms on the market

On the other hand, lomcome nations such as China, Albania, the Philippines and
Vietnam consi der s mowhehaeelordyrsoidsn stores aimed tdwardsx ur i e s
highrincome families.In addition,neéther China nor Vietham requirdeomesto be equipped
with smoke alarmswhich alscaffect what storekeep in stock Japan does not sell econemy
level smoke alarms; only higgnd models are availablehich explains théigh costof alarms
in thecountry.

Out of the 18 nations studied in treportby Hendrie et a) four were listeca s fi N/ A0
under the costf a smoke alarrmeaninghat these countriedid not have smoke alarms readily

available for residential home3hree of these countrieShailand, Brazil and South Korea,
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didndot sell smoke alarms at all to thebegener a
equipped with them. Venezuela providgdoke alarms for industrial and commercial use only.

The availability of smoke atens is highly dependent on the legislation of the country in
guestion.Not aurprisingly, nations with higfatality ratesdue to firetypically have very little

fire legislationin effect. According to Hendrie et al. in a report published in 2004:

Smokealarms had a very limited availability in lower and some middle income countries. Despite the
high rate of fire deaths in these countries, smoke alarms may not have the broad residential
applicability. They do not work in settings where open flamesamdicoal cook stoves give off

smoke. Nevertheless, smoke alarms generally would cut the fire risks of the middle and upper classes,
especially for the burgeoning urban apartment dwellers in many lower and middle income countries.
They should be more avable.

This statement brings otlteimportant point that the lack of smoke alarm availability in many
low-income nations is related to the high numbdiatdlitiesdue to fire. Although not all
situations are ideal for a smoke alarm taibed theadvantagesutweigh thedisadvantagem
most casesUnfortunately, this study (as well as many others) tends tamesteport on
population groups in the middle to upper economic classading Hendrie et alo the
conclusionthafit h ey snhooruel da vbakild aBmbst disregarding those in the lower
class

Affordability and availability are two vergbvious andmportant concernsf the average
homeowner when choosing a smoke alauhthere are marfactorsthat are oftemot
considered Cost and availability armfluential; thesatisfactiorreceived frombuyinga unitthat
is both affordable andeadily available is oftestronger thamny other considerations such as
smoke alarm typegunctionality,or disposal methadin the case amoke alarmsll three of

theseshould bdaken into account
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5.3Smoke Alarm Disposahnd Associated Risks

One problenoften overlooked ishe proper disposal of old or used smokalarms.
This becomes especially problematic when disposing of ionization ukitsording to the
Position Statement released by AFAC, #dAln Aust
less smoke alarms can be disposed of in domestic waste. @eswfimore than ten need to be
treated as r (Aubtralasan Fire Authoritiea Gaureil) 2006 his regulation is in
accordance to recommendations by the Australian Radidtmtection and Nuclear Safety
Agency.

While it is true that ionization alarms do contti@ce amounts of radioactive material
the amount is so miniscule that it is of little conctrithe general publi&Even though
Americium241 is highly radioactiv@/Norld Nuclear Association, 2009 typical ionization
smokealarmcontains less than 1/3,000 of a gram of the element, which in most cases is
insignificant to a per son &lwaelGraythdorn diBrooksTao par ap
major manufacturer of smoke alarms in Austrdliyou were to fill a wheelbarrow with
ionization smoke alarms and then fill a second wheelbarrow with dirt from the ground, the
wheelbarrow containing the dirt would more thiely be more radioactive than the smoke
alarm® (Craythorn, 2009) Although it has become less of a concern, the issue of radioactive
material in the ionization vs. photoelectric debate stitifers a small advantagen photoelectric

units.

5.4 Lifestyle Effects on Nuisance Alarms

Smoke alarms have been proven to be immensely effective in reducing casualties in

residential fires; howevelgss oflife still occurs. One of the main reasofisr thistragedyis the
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large number of smoke alarrtisat have been disabled due to frequent nuisalaces. By
definition, a nuisance alarm occurs when a smoke alarm is activated when there is not a fire
safey risk. Commonnuisance alarm activators include cooking smoke, insects, dust, moisture
from showers or bathrooms, candles, and cigarette/cigar Si@d®ennor et al., 2008)
Repeated nuisance alarms cause howreers to disable their smoke alarms, whiokaesan
unsafe living environment. According to the Task Force Group at the NFPA, about 20% of
smoke alarms installed in the United States are currently inoperable, either because they have
nonfunctioningbhat t er i es or because they are disconnec
constant nuisance alarmBurthermore Ber ger quoted John Hail of
third of homes with smoke detectors that have reported firesshave s mok e det ect or s
(Berger & Kuklinski, 2001)
The prevalence of disabled smoke alarms in a multitude of studies has shown that
nuisance alarms have beesignificantproblem in the fire protectiondid; Bergerand
Kuklinski mentionsome of these studies in their report. Gueh studyrom the U.Sinvolved
two Native American ammunitiespne in North Dakota and one in Arizona. Data from North
Dakota showed that 48% of smoke alarms did not war&6% of these caseshey had been
disconnected by the ownkecause of nuisance alarms. In the Arizona tribe, 50% of alarms
di dndot work and 64% of these were disconnecte
In another study, four small towns in Alaska were surveyed. Hutseshowed that
92% of homeowners with ionization smoke alarms reported nuisance alarms within six months
of initial installation and that 19% of these were disconnected at somedpdimgthat time. A
smoke alarm installation program that began ite®&ma, Minnesota and North Carolina was

also analyzed. Homes were fitted with smoke alarms and an update was performed in each home
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three to four years later. The report found that 27%e6thoke alarms were inoperable due to
deadbatteriesor disconrction of theunit by theowner Twenty-one percentlaimed to have
removed théatteriedue to nuisance alarm3hefinal studyanalyzed in the paper was
performed in 15 U.S. citiemndshowed that 59% of smoke alarms in hottedreported fires

did na work and of these, 35% were disabled because they were prone to nuisance alarms.

The main cause of nuisance alarms in homes stems from cdB8larger & Kuklinski,
2001) In order to eliminate thesalsewarnings, smoke alarm manufacturers have been
i nstall i ng nfoltha dehicedtasilenteemd activated Althoughwell-
intentioned hush buttons are doing little to promote fire safety. Hush buttons are of limited
value, as they can li@accessible for the average persespeciallythose who are alcohol
impaired (it wa found that 85% of victims from cooking fires are alcohol impaired). These
problems willstill lead to the removal of the battery if too many nuisance alarms occutingega
any use of the smoke alarm.

The type of smoke alarm installed has also been linked to prevalence of nuisance alarms
(Berger & Kuklinski, 2001) In an Alaskan study that was analyzed by Berger.,@balzatin
alarmstriggeredeight times as many nuisance alaasphotoelectrialarms however,
ionization alarms wer much more widespread in honfapproximately 90% of homes in the
U.S. had ionization alarms in 1995).

One final area of interesbncerningacivators of nuisance alarms is heatingl. In a
study performed by Mueller et.ah total of 75@articipans had a smoke alarm installed in their
homes: 366 wergivenionizationalarmsand 384 wergjivenphotoelectriqMueller, Sidman,
Alter, Perkins, & Grossman, 2008Before the test began, a list of characteristics was created

indicating, among otihgeype. Categonias siGludes alectnc, ratmralie 6 s
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gas, oil,wood and other. Alongsideesedata, presence of a wood stove or fireplace and its
frequency of use was recorded. Unfortunately, even though the study was completed
successfully, the resulsection dealing with home heating types wasreleaseth the report
More research needs to be performed in this area in ordetaominenvhether or not there is a

correlation between nuisance alarms and heating type.

5.5Conclusion

Both affordability and availability are importatat the average consumerhe cost of a
device can deter a person from purchasing one type over anblinwever, while cost can be a
significant deciding factoit should not be the only aspect of the device in mihd also
widely accepted in thereé protection community that ionization smoke alarms are much more
common in households, leading one to believe that these specific devices are more available to
the consumerType of detector is rarely considered by homeowmeeking ease of disposal
hardly aconcernto them luckily, thisaspecis of theleastimportancan relation to all other
factorsdescribed in this section.

Many of the studies regarding nuisance alarms show that there is a lack of consumer
educatioraboutfire safety. The avage homeowner is unfamiliar with the different types of
smoke alarms on the market, never mind the advantages and disadvantages of each or which will
cause nuisance alarms in certain situations. This leddsrieownergurchasing théeast
expensivesmoke alarm, which may or may not be appropriate for them. This lack of education
needs to bdealt withby the fire protection community and brought to the attention of the
general public to promote fire safety in the future. Modificatioriegislation can also bring

forward changes in rates of fire fatalities.
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While many studies have been performed about nuisance alarms, very few have primarily
dealt withfamilies of lower classes atideir problems with nuisance alarms. For example, a
middle-classfamily may cook on an electric range while a lowtass family may use a gas
stove or coal/woodueled cookingstove; both have different characteristics which may trigger
nuisance alarmsin the end, it is impossible to specify a certain senabke éarmrules for

people of every social clasn every location to follow.
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Chapter 6. Residential Smoke AlarmLegislation

Throughout the worldiesidentiasmoke alarm legislatiovaries significantly. Some
countries are specific and thorough with their smoke alarm requiremanilis others do not
have any at all. When evaluating smoke alarm legislation, there are several important factors
that must be considered. These factoctudebut are by no means limited tioe detector type,
placementpower sourceinterconnectivity enforcementandcompliance monitoring

In order to gather this informatipsurveys weree-mailedto the 109 locations lied in
Appendix B. Thisyielded76 survey respondentgiving us a high return rate of 0 Surveys
were returned from 2dountries, eight Australian states and territories, eight Canadian provinces
and territories, three U.K. countrjend 33 U.S. states. Of the @untriesfwo were from
North Americatenwere from Europe, eight were from Asia, two were from Africa, and two
were from OceaniaA chart summarizing international legislation can be seen in Appendibhis.
table is based on information presented by the ISG#iReh has been updated based on the
information received from the survey respond8€AIP, 1999)

Only 29% of the responding countries have nationwide legislation. There does not seem
to be any correlation betweéimelocationshath ave smoke al arm | egi sl ati
gross domestic product or average annual income. One notable observation is that of the eight
Asian countries that respondexhly one had legislation: Japan. Most of the countries with
nationwde smoke alarmegislation are located in Europe.

It is important to note that in Australia, Canada, and the United States there is no
nationwide legislation. All three of these countries have recommendations which can be adopted
by the states, provinceand territories as theshoose In Australia these recommendations are

located in the Building Code of Australia which is adopted by the individual states/territories
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unless a variation is accepted by Australia. Canada uses the National Building Cadedé
which can be adopted by the territories/provinces as they see fit. In the United States the
recommendations come from NFPA 72 National Fire Alarm Code which can be adopted or
modified by individual statesln some U.S. states, legislation is gowed on a more local basis,
andeven variesrom county to county.

Only three of the returned surveys stated that they require a specific type of alarm (lowa
T combination, Quebeic photoelectric, Vermorit photoelectric). Several responses said that
they recommend the use of photoelectric alarms. Very few places require the use of smoke
alarms on every floor or the home. Maosgionsconsider it sufficient to have smoke alarms
placed either inside or outside of bedrooms. A few specified that smoke alarms should be
locatedon the entry level or in passageways/hallways.

The mostommonproblemstatedon the survey responses wiisit legislation is not
strictly enforced.In the opinion of these respondentsre are noa sufficient number of
inspectiongonductedand wherviolations are found, penalty fines are not high endogh
encourage compliance. Fire protection offEigantto see a stronger enforcement policy
worked into the legislation. Other common recommendations that were mentioned are to require

hardwiring and interconnectivity of smoke alarmbereverit is not already required.
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Chapter 7: Conclusion and Recmmmendations

Smoke alarms are essential in eimsgithe highest level of protection in a residence;
however, they must be used properly to guarantee maximum safety. As technology evolves and
newresearch is conducted, smoke alarms need to-&eataated for effectiveness. A smoke
alarmés ability to detect fires and alert occ
Theprimarygoal of this projectvasto provide Fire Protection Assiation Australia with a
starting point for centralization of smoke alarm legislation information and a summary of smoke
alarm research.

This project had a wide and varied scope, and although all the main goals were met and
deliverables completed, theers still work to be done. Although we received an exceptionally
high surveyreturn rate, the information contained in the surveys was not as complete and clear
as we had hoped. We were limited in the time we had to prepare these surveys sincetthey had
be sent out before warrived inMelbourne. Only by conductingand assessintpe survey did we
learn how we should hawmplemented the surveg the first place.

Therewere severdiactors of which we were not awamhenthe surveys were senfor
example]egislation often differs for existing and new structures, atfedtvas not reflected in
the surveys Somesurveyquestions were often misunderstood or misinterpreted by the
respondents, and therefore provided @vaht or incomplete infanation. For example, some
respondents answered the question, AWhich yea
the date smoke alarm legislation was initially created in the area, while some responded with the
date on which it was last updated.eThquesti on, fAWhen the | egislat
criteria were used r e g acaudeconfusian.frethefmoreliecewi ng t o

wereadditional usefufuestionge.g. specifically regarding power source and interconnectivity)
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tha welacked adequate knowledgeask at the time the surveys were distributed. Any
information contained in the database on those subjects was gleaned from exceptionally thorough
answers to other questions.

It also appeared to be unclear to some respuadehether we wanted information about
national recommendations or requirements. Many countries such as Australia, the United States,
and Canada, have national codes that are typically adopted by states, territories, or provinces, but
are not required bfederal legislation.Thus the database pages for these countries specify that
there is no smoke alarm legislation, when in fact most sfatesrritories/provinces)f not all
areas in the country, do have legislation. Future work in this area shollde conducting a
more thorough survey with more clear and quantifiable questions and lessra@ehquestions.

We were still able to identify some trends in global legislation. The most glaring
problem in regions with smoke alarm legislation is weeak enforcement practices and
compliance monitoring. Penalties for roompliance should be stronger than they currently are,
and inspections should be conducted on a more regular basis. Typically, inspections are only
conducted prior to issuance of accupancy permiior new constructiosor after a major
renovatia, or sale of the homeA more practiveandpreventative approach may prove
successful in reducingss of life.

Based on our research, we can c oresdénces e t ha
in developed countries like the U.S. and Australia is photoelectric, interconnecteujteatd
with a battery backup, and uses a 520 Hz squa
smoke alarm does not yet exist, since afmquerty signal cannot be generated by a device
small enough to fit inside a standard smoke alarm. Hopefully, technological advancements will

make this possible in the coming yealtsshould also be noted that most studies done on smoke
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alarms are from devgbed countries, and often overlook circumstances in underdeveloped
countries. For example, interconnectivigygenerallyan important feature to citizens of
Australian and U.S. who tend to have larger homes, but to citizéessadevelopedountries it
is irrelevant since they may not even have basic smoke alarms.

Through our research, we have found that it is difficult, if not impossible, to make
generalizations about the fAideal 6 smoke al arm
numberof factors and variables that can affect recommendations for type and proper use of
smoke alarms are so great and vary so much for differing situations, it would be a gross
oversimplification to make any blanket statements on the subject. Lifestyleddéssuch as
cooking methods, heating fuel, climate, housing style, and economic climate are only a few of

the varables that must be considered.
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