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A set of auditory warning signals was developed using general
principles and design recommendations found in Human Factors handbooks
and texts. A group of university students were tested to determine
how people detect, discriminate, and identify auditory alarms that have
theitr priorities for response coded by frequency, amplitude, and
modulation. Scaling techniques and statistical analysis were used to
determine which of the signals made the 'best' warning alarm and to
determine how many alarms could be recognized in a multiple-alarm
environment. Design recommendations were made for designing auditory

signals for warning alarms.
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CHAPTER I

INTRODUCTION

The Problem

The safe operation of a nuclear power plant depends on the inter-
action of all of the plant's systems and components, including the
operating crew. In the event of a transient condition or accident, the
operators are to prevent, or limit, the development of hazardous coﬁ—
ditions and equipment damage. Their ability to accomplish this depends
on their knowing what events are occurring and reacting accordingly.

One of the communication channels used to inform the operators
of discrepant conditions in a plant system is auditory alarm signals.
These auditory alarms alert the operators and then direct them to the
appropriate area of the control console where a visual search of the
panel must be made to identify the discrepant condition. Since auditory
alarms currently in use do not give an indication of priority or signifi-
cance, valuable time may be lost, when simultaneous or near-simultaneous
alarms occur, in tracking down the most urgent deviate condition for
which an alarm is sounding. A non-safety related alarm may achieve
priority over an alarm indicating a hazardous condition simply because
an operator responded to the non-safety related alarm first. Non-

prioritized multiple alarms may cause operator confusion and errors.

Background to the Problem

A nuclear control room is a complex man-machine system. It is
common to see hundreds of annunciators, gauges, switches, and controls

1



in a nuclear control room. The information processing requirements
placed upon an operator are demanding during a plant event. The opera-
tor must detect and recognize complex patterns of information in order
to correctly diagnose events and prescribe corrective actions to restore
the plant to a normal operating condition. Occasionally, information
coming to the operator is spurious, as was the case with the Three Mile
Island accident. The operator's task is even more complicated and
stressful in situations where the available information is uncertain.

Historically, nuclear control rooms have often been designed and
built by several different subcontractors. The use of human factors
techniques have been nonexistent in their design. Consequently, the
main control panel (MCP) and back panels lack both integration and
standardization. These design shortcomings have made the task of the
nuclear control room operator extremely difficult. The usual way in
which poor designs have been compensated is by extensive operator
training.

Recently, two major related influences have caused designers to
re-think their way through the design of nuclear control rooms. First,
the accident at Three Mile Island was determined to be a human factors
problem. Secondly, the Nuclear Regulatory Commission (NRC) in response
to problems at Three Mile Island and other nuclear power plants has
required that human factors techniques be implemented into the design
and re-design process. Presently, the only new nuclear power under
design in the United States is the Clinch River Breeder Reactor Plant

at Oak Ridge, Tennessee. The Westinghouse Electric Corporation is the

lead reactor designer and manufacturer in the project. The design of
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the plant has been continually refined and updated to take advantage of
technical improvements and scientific advances. These improvements
include the lessons learned from the accident at Three Mile Island in
1979. Extensive use of human factors data and research techniques have
been incorporated into the design process. A considerable amount of
attention has been given to the standardization and integration of
displays and coding on the MCP in order to ease the information process-
ing load of the operator.

In September, 1980 the Industrial Engineering Department of The
University of Tennessee began a research project to study the use of
coded auditory alarm systems such as might be used in nuclear reactor
control rooms. The study was sponsored by the Advanced Power Systems

Division of Westinghouse Electric Corporation.

Purpose of Study

The purpose of this study was to determine the capability of
people to detect, discriminate, and identify auditory alarms that have
their priorities for response coded by changing the dimensions of
frequency, amplitude, and modulation. Representative values of these
three dimensions were selected for the coded auditory alarms used in
this study. A related objective of the study was to develop guidelines
and recommendations concerning the coding of auditory alarming systems

for use in a nuclear control room.

Research Questions to be Investigated

Several broad research questions are relevant to this research:



1. How do people prioritize alarms that have different fre-
quencies, amplitudes, and modulations?

2. What effect does alarm frequency, amplitude, and modulation
have on alarm response time in a paired comparison task?

3. How do people perform in an auditory relative discrimination
task when presented with several alarms simultaneously; that
is, how does the presence of multiple alarms in a recognition

task affect errors, response time, and variability?

Scope and Delimitations of the Study

The study does not evaluate the responses of nuclear control room
operators to alarms in a nuclear reactor control room. Rather, the
study evaluates the responses of college students in auditory relative
discrimination tasks in a laboratory setting. The setting is not an
audiometric testing room (controlled environmental chamber) but one that
more clearly approximates the ambient conditions of a main control roomn.
To accomplish the purposes of this study a part-task simulation of the
auditory environment of a nuclear reactor control room is conducted us-

ing real-time computer methodology.

Need for the Research

Human factors handbook information exists that gives broad
guidelines for when to use auditory displays and when to use visual
displays. Guidelines also exist that recommend general characteristics
for a single auditory alarm. Most of these guidelines are in the form
of "heuristics" or "rules of thumb." Very little information exists

to guide the designer of control rooms in the coding and selection of
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auditory alarms for use in a multi-alarm environment. There is virtually
no information about how people perform when presented with multiple

warning alarms simultaneously.




CHAPTER II

LITERATURE REVIEW

Organizatjon of the Literature Search

The literature search was begun by developing a three-step
approach for locating information and by defining the areas of interest.
The three steps were:

1. Interviews with professionals in the fields of Human Factors

and Psychophysics.

2. TLlocate and review sources and topics suggested by the

interviewees.

3. Locate and review sources and references given in the

material located in step 2.

The areas of interest were determined to be guidelines for

alarming systems, psychophysics and psychoacoustics, and multidimen-

sional coding of alarms.

Material Acquisition

Material was acquired by doing a computer search of psycho-
logical abstracts published from 1965 to 1981, reviewing Human Factors

handbooks and texts, reviewing the Human Factors Journals and Ergo-

nomics that are maintained in the Library at The University of
Tennessee. A microfiche search was also conducted at the Idaho

National Engineering Laboratcry Technical Library at Idaho Falls, Idaho.

Human Factors Auditory Alarm Guidelines

The way the human auditory sense functions gives the designer of

auditory displays several advantages for the presentation of information.
6




Compariscns made between the auditory and the visual modality along with
other cues from auditory studies have defined certain circumstances in
which an auditory display is preferable to a visual display. Some cir-
cumstances listed in McCormick (1976) are:

1. When the origin of the signal is itself a sound

2. When the message is simple and short

3. When the message will not be referred to later

4. When the message deals with events in time

5. When sending warnings or when the message calls for

immediate action

6. When presenting continuously changing information

7. When the visual system is overburdened

8. When the speech channels are fully employed

9. When illumination limits the use of vision

10. When the receiver moves from one place to another.

The use of such a set of guidelines must be used carefully and
not followed blindly so the system transmits maximum information rather
than adding to any existing confusion. Particular mention should be
made of the desirability of keeping the message short and simple
(except in the case of speech), because people do not do well in short-
term storage of complex messages.

There are three types of human functions involved in the recog-
nition of auditory signals. These depend on the nature of the signal
and are as follows: (1) detection which is determining if a given
signal is present or not, such as a warning signal; (2) relative dis-
crimination or differentiating between two or more signals when pre-

sented together or close together; and (3) absolute identification




which is the identifying of a particular signal of some class, when
only one is presented. Relative discrimination and absolute identifi-
cation can be made on the basis of several stimulus dimensiomns, such
as intensity, frequency, duration, and direction.

The detection of an auditory signal can be examined in the con-
text of signal detection theory. Signal detection theory indicates the
frequency distribution of the signal plus noise should not overlap the
distribution of the noise itself. If there is overlap, the signal
cannot always be detected from the noise. This confusion is partially
a function of masking, that is, when the signal occurs in the presence
of noise, the threshold of detectability for the signal is elevated.
This higher threshold must be exceeded by the signal if it is to be
accurately detected.

The minimum sound level of a signal or tone necessary for detec-
tion 50 percent of the time when no noise is present is the absolute
auditory threshold. Another threshold, the masked threshold, refers to
the minimum sound level of a signal necessary for 50 percent when the
signal is masked in a noise field (Hutchingson, 1981). Masking refers
to the difference between the absolute threshold and the masked
threshold at any given frequency. The degree of masking is stated in
terms of a signal-to-noise ratio. This is simply the algebraic dif-
ference in the signal intensity and noise intensity at threshold. Wide-
band noise masks signals more often than pure tones do. For each
increase in noise, the signal must be increased an equal number of
decibels in order to be detected. This increase in masking is linear

and applies to frequencies of 20 Hz and above.




A sound that is approximately 50 dB above absolute threshold is
sufficiently above the ambient background noise to be detected in quiet
surroundings (McCormick, 1976).

In rather noisy conditions, the signal intensity must be at a
level far enough above the noise to insure that it can be detected.
This point should be well above the masked threshold of the signal in
the presence of the noise and below a safe level of 110 dB to prevent
damage to the ear (Huchingson, 1981). A more realistic safe level is
probably 85 to 90 dB in light of today's safety standards.

The relative discrimination of auditory signals on the basis of
the most commonly used dimensions of intensity and frequency depend on
the interaction of these two dimensions. Figure II-1 gives some examples
of human ability to discriminate between differences in intensity.

This figure shows the just-noticeable differences (JNDs) for
some pure tones and wide-band noise of various sound-pressure levels.
The smaller JNDs that can be detected are for intensities that are 60 dB
above absolute threshold. For intermediate frequencies (1000 and 7000
Hz), the chart shows that the JNDs of signals above 60 dB are minimal.
This is important for auditory signals that are to be identified by
intensity.

The ability of people to tell the difference between pure tones
of different frequencies is given by the results of an early study by
Shower and Biddulph (1931) as shown in Figure II-2. This figure shows
the JNDs for pure tones of different frequencies at levels above
threshold. The JNDs are smaller for frequencies of 1000 Hz and below,

especially at high intensities, but increase sharply for frequencies

above 1000 Hz. Therefore, if frequency is to be the basis for signal




Figure II-1.
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11
discrimination it is best to use signals of lower frequencies. However,
if there is much ambient noise which is usually made up of lower fre-
quencies, this noise might mask the signals. The figure also shows
that the JNDs are smaller for signals of high intensity than for those
of low intensity. This suggests that signals probably should be 30 dB
above absolute threshold as a minimum (Deatherage, 1972).

The JNDs for a given signal dimension reflects the minimum dif-
ference that can be discriminated cn a relative basis. But in many
cases it is necessary to make an absolute identification of an indi-
vidual signal. The number of "levels" along a dimension that can be
identified is usually quite small. Table II-1 gives some indication
of the number of levels that can be identified for some auditory

dimensions.

Table II-1. Summary of Certain Auditory Coding Methods

Intensity (pure tones) 30 to 5 levels. Intensity changes easier to
detect than single intensities. For pure
tones restrict to 1000 to 4000 Hz, but
preferably use wide-band noise.

Frequency Variously estimated at from 4 to 7 levels.
Preferably use fewer and space widely apart.
Set intensity at least 30 dB above threshold.

Sound duration Use clear-cut differences, preferably 2 or
3.
Sound direction Difference in intensity between two ears

should be distinct: particularly relevant
for directional information (i.e., right
versus left).

Intensity and frequency 9 levels.

Source: Deatherage, 1972.



Multidimensional Coding of Alarms

If discriminations are to be made among numerous signals, it is
possible to use a multidimensional code system. The study by Pollack
and Ficks (1954) showed that various combinations of several dimensions,
such as direction, frequency, intensity, repetition rate, on- and off-
time, and duration can be used. The use of two or more of these dimen-
sions in combination tends to improve the transfer of information to
humans.

Frequency, amplitude, duration, and waveform are the physical
parameters of sound. The phase relationships among the components of
a complex sound are also of some importance. Each of these physical
dimensions has some subjective aspect.

Frequency is expressed in hertzes (Hz, or cycles per second).

A pure tone will have a simple sinusoidal waveform, and complex sounds
can be analyzed into the set of sinusoids that make them up. These
sinusoids are usually expressed mathematically as

a; Sin 2mfy) t +a)Sin 27wfy t + . . .

The constants aj represent maximum amplitude of particle displacement,
and fj is frequency. Nothing in this expression denotes duration, but
it is necessary to calculate instantaneous amplitude. Neither is there
a factor for phase, though there can be. Phase will be discussed later
in this section.

Since sounds are pressure waves varying around the normal air
pressure, the émplitude (intensity) of these pressure waves is usually
expressed in newtons/m2 or in watts/m?. Because man can hear sounds

over a wide range of sound pressures, it is customary to describe these

s
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quantities by use of logarithmic scales known as sound pressure levels.
The most common unit of sound pressure level is the decibel (dB).

The waveform of complex sounds can be either periodic or
aperiodic. Periodic sounds tend to be tonal or musical, while
aperiodic sounds are impulsive, like clicks or booms, or noisy like
the hiss of an air jet.

Waveform is specified in terms of the various frequency com-
ponents that comprise the sound. Thus, sounds having a precisely
periodic waveform are composed of a series of single-frequency com-
ponents located at discrete frequencies and integrally related.
Aperiodic sounds, similarly, might consist of discrete components, or
they might be composed of a continuum of frequency components dis-
tributed over a broad band; the former are said to have a line spectrum,
the latter a continuous spectrum.

Duration is how long a sound lasts in time before an interruption
occurs. How long an interruption lasts plus the duration of the sound
is the on-and-off time. How many times this on-and-off time cycle is
repeated in some unit of time is the repetition rate.

Phase relations among components of periodic complex sounds are
useful for identifying sound sources. The utility-of-phase differences
seem to lie in the listener's ability to use them in identifying a
source of sound.

Complex sounds that are the result of the combination of two or
more tones may be altered. How they are altered will depend upon the
phase relationships of the components. Loudness will increase or de-

crease while the pitch remains constant. They can also cancel so that
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none can be heard. If the frequencies differ, beats will occur; that
is, the loudness rises and falls in a repetitive cycle.

With the principal characteristics and special features of
different types of auditory alarm signals thus discussed, the following
paragraphs summarize and group these features into guidelines and de-
sign recommendations.

Given below are a few guidelines from McCormick (1976) based on
research findings and experience from many sources:

I. General principles

A. Compatibility: Where feasible, the selection of
signal dimensions and their encoding should exploit
learned or natural relationships of the users, such
as high frequencies being associated with up or
high, and wailing signals with emergency.

B. Approximation: Two-stage signals should be con-
sidered when complex information is to be pre-
sented, these stages to consist of:

1. Attention-demanding signal: to attract atten-
tion and identify a general category of in-
formation.

2. Designation signal: to follow the attention-
demanding signal and designate the precise
information within the general class indi-
cated above.

C. Dissociability: Auditory signals should be easily
discernible from any ongoing audio input (be it
either meaningful input or noise). For example,

a warning bell would not stand out if the operator

happened to be a Swiss bell ringer. If a person

is to listen concurrently to two or more channels,

the frequencies of the channels should be different

if it is possible to make them so.

D. Parsimony: Input signal to the operator should
not provide more information than is necessary
for him.

E. Invariance: The same signal should designate
the same information at 5ll times.

II. Principles of presentation

F. Avoid extremes of auditory dimensions.

G. Establish intensity relative to ambient noise level.

H. Use interrupted or variable signals: Where feasible,

avoid steady-state signals and, rather, use inter-
rupted or variable signals. This will tend to
minimize perceptual adaptation.
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III. Principles of installation of auditory displays

I. Test signals to be used: Such tests should be
made with a representative sample of the poten-
tial user population, to be sure the signals
can be detected by them.

J. Avoid conflict with previously used signals:
Any newly installed signals should not be con-
tradictory in meaning to any somewhat similar
signals used in existing or earlier systems.

K. Facilitate changeover from previous display:
Where auditory signals are to replace some
other mode of presentation (such as visual),
preferably continue both modes for a while,
to help people become accustomed tu new
auditory signals.

The unique features of the auditory system lead auditory displays
to special use for signalling warnings and alarms. A summary of such
characteristics and features is given in Table II-2. In the selection
or design of warning and alarm signals, the following design recommenda-
tions have been proposed by Deatherage (1972) and by Mudd (1961), these
being in slightly modified form.

. Use frequencies between 200 and 5000 Hz, and preferably
between 500 and 3000 Hz, because the ear is most sensi-
tive to this middle range.

. Use frequencies below 1000 Hz when signals have to travel
long distances (over 1000 ft), because high frequencies
do not travel as far.

. Use frequencies below 500 Hz when signals have to "bend
around" major obstacles or pass through partitions.

. Use a modulated signal (1 to 8 beeps per second or
warbling sounds varying from 1 to 3 times per second),
since it is different enough from normal sounds to
demand attention.

. Use signals with frequencies different from those that
dominate any background noise, to minimize masking.

. Preferably use high-intensity sudden-onset signals to
alert receiver. Where earphones are used, consider
dichotic presentation (alternating signal from one ear
to the other),

. If different warning signals are used to represent dif-
ferent conditions, each should be discernible from the
others.

. Where feasible, use a separate communication system for
warnings, such as loudspeakers, horns, or other devices
not used for other purposes.
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In addition, channel frequencies should be spaced as widely as possible
throughout the available spectrum to minimize signals from being masked
from one channel by signals from another and to make channel identifi-
cation easier. Also, the design should avoid simple multiples or sub-
multiples of other frequencies because they are more easily confused.
As more parameters are used to code signals, the number of
signals that can be identified becomes very large. The hundreds of
voices and thousands of sounds a person hears and recognizes every day
are examples of this. Experiments performed by Pollack and Ficks
(1954) indicate that it is preferable to use more dimensions with a

few steps in each dimension than to use a few dimensions with many steps.

Psychoacoustic and Psychophysical Techniques

Snodgrass (1975) defines psychophysics as:

. « . a group of methodologies, developed and refined
over the last one hundred years, for measuring the effect
of some aspect of a stimulus on some aspect of an
observer's response. The word psychophysics owes its
derivation to the attempt to measure the relation be-
tween the psychological and the physical. Tradition-
ally, psychophysics has been concerned with stimuli
for which relatively unambiguous physical measures
exist, such as lights of given intensities or tones

of fixed frequencies. Certain well-defined responses
to these stimuli are measured to determine whether

the subject detects the presence of the stimulus,
knows what the stimulus is, can determine whether it
differs from a second stimulus, or can judge how much
it differs. The first question, whether the stimulus
is there, is the problem of detection; the second
question, what the stimulus is, is the problem of
recognition; the third question, whether the stimulus
is different from a second stimulus, is the problem of
discrimination; and the fourth question, how different
this stimulus is from that one, is the problem of
scaling. Psychophysical measurements are often sum-~
marized in a function that relates psychological mag-
nitudes to physical magnitudes of stimuli--the psycho-
physical function. Psychological magnitude is the
subjective intensity of sensation evoked by a stimulus.
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Detection, the first of the methodologies defined above, is of
little interest in this project. This is because the subjects in the
experiments will know that the alarms used have been designed to be
easily detected.

Therefore, what is of interest is discrimination, recognition
and scaling. It is also desired to learn something (Snodgrass, 1975)
of the learned or natural relationships the subjects may have for an
alarm system.

In a discrimination experiment, a subject is asked to determine
whether one stimulus is different from another. The response may be an
equality judgement; that is, he is to say whether one stimulus is
greater than, equal to, or less than another stimulus. In other exper-
iments an equality judgement may not be required--only that the two
are different. These two cases are absolute discrimination and rela-
tive discrimination.

In a recognition experiment, one or more of a fixed number of
stimuli are presented to the subject whose task is to identify the
stimuli presented. His response may be a number, a name, or even a
key-press. Recognition is classified as nominal scaling because even
when numbers are used as responses, the numbers serve only to identify
the stimuli and do not necessarily reflect ordinal, interval, or ratio
characteristics among the stimuli with respect to some property.

In a recognition experiment, the stimuli are usually designed
to be easily discriminable from one another when presented simul-
taneously. Because recognition stimuli are presented successively,
the subject must compare each stimulus to some internal standard

developed through experience or training with the stimuli. The ability
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to do this is the subject of study in recognition experiments.

An important question is what is the number of different stimuli
that can be correctly identified as a function of the number of dimen-
sions along which they vary and their relative spacing along those
dimensions. It has been determined that the number of unidimensional
stimuli that can be identified without error is of the order of seven,
plus or minus two, regardless of the dimension involved (Miller, 1956).
It is somewhat surprising that this number is so small because people
daily recognize a larger number of faces, words, etc. However faces
and words and other stimuli in daily life vary on an undetermined but
large number of dimensions. The question in recognition experiments
is what happens to the number of stimuli that can be recognized when
they vary on several dimensions?

Past experiments have shown that subjects can recognize about
six tones differing in frequency, and about five tones differing only
in loudness. If the subjects were given tones differing in both
frequency and loudness and in all possible combinations, it might be
expected that the subjects could recognize thirty tones. However
Pollack (1952, 1953) found that subjects can recognize only about nine
tones without error. The recognition of stimmli that vary on two
dimensions simultaneously is an improvement over stimuli of a single
dimension but the improvement is not as great as one might expect. The
limit in recognition appears to be set by the subject's internal
standard and not by the physical characteristics of the stimuli to be

recognized.
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Pols (1976) states that if absolute identification is required,
the number of signal categories should be limited to about four because
listeners cannot identify correctly more than a few different intensities,

pitches, or interruption rates.

Paired Comparisons

Stimuli can be placed on an ordinal scale if subjects can rank-
order them with respect to some attribute. If a subject is to rank a
set of n stimuli with respect to some property, for instance sound
intensity or a preferred color, he may be given a subset of size k from
the original set of n and be asked to rank within the subset. The rank
of 1 will be given to the stimulus with the most of the attribute being
evaluated, and the rank of k to the stimulus with the least. When k = 2,
the method is called paired comparisons, and when k = n, the method is
called ranking.

When k < n, the rank of a given stimulus B is obtained by rank-
ing the frequency with which it is chosen over all of the other stimuli.
Each stimulus is compared at least once with every other stimulus. The
number of sets which must be presented so that each stimulus is compared
once with every other stimulus is given by the formula for combinations

n!
k! (n-k)!

n} _
K/
The method of ranking is much faster than the method of paired
comparisons. However, the method of paired comparisons has two advan-
tages over the method of ranking. First, the subjects' task is simpler,
and second, transitivity of judgements can be tested. Transitivity is

simply if one attribute is preferred to a second attribute, and the

second is preferred to a third, then the first must be preferred to the
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third. When the number of attributes being compared is large, it is
rare if the results show perfect transitivity. However this lack of
transitivity can be overcome in deriving scale values for the stimuli
if Thurstonian scaling is used.

In Thurstonian scaling, it is assumed that each time a stimulus
is presented, it is represented by a point along a psychological scale
that is determined by an underlying discrimination process which causes
a person to react to the stimulus. This discriminal process may be
different from one moment to the next because of an inherent varia-
bility within a person. The frequency distribution that is produced by
this process is assumed to be normal. Therefore when a pair of stimuli
are presented to a person, two points are produced along the psycho-
logical scale and the differences of normally distributed random
variables are also normally distributed. Figure II-3 shows the dis-
tributions of the responses given for a pair of stimuli. Thurstone
assumed that a person makes a decision about a pair of stimuli based
on the value difference of the pair. The distribution of these dif-
ferences between the two stimuli is shown in Figure II-4. This

distribution has a mean = sj - S and a standard deviation =

]/ cjz + okz -2 roj0y - Because it is assumed that r=0, and 0§ =

Ok = 0, then the standard deviation of the difference distribution is
V2 o.

After all pairs of n objects have been presented to the subjects
on a comparison task, a dominance matrix is determined which shows the
proportion of times j is preferred over k. These proportions are then
used to determine an average Z-value. This Z-value can then be used to

order the preferences on an interval scale. A high Z-value indicates a
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Stimulus Stimulus
j k

Figure II-3. Discriminal Process Distributions for Stimuli j and k.

Source: Hungerford, 1981.

Probability

Difference (dk - dj)

Figure II-4., Distribution of Pair Differences.

Source: Hungerford, 1981.
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highly preferred attribute whereas a low Z-value near zero indicates
an attribute that was not preferred.

Not only can one determine which response a subject makes to a
stimulus, but one can also measure how long it takes him to make that
response. The measure of response time is referred to as choice reac-
tion time. This reaction time can also be used to measure subjective
stimulus differences. Preference studies using paired-comparison
techniques, which also recorded the choice reaction time, consistently
found that decision times were longer as distance (defined as the
number of ranks separating the two stimuli) decrease; and for a given
distance, decision time is longer between the lower-ranked or less-
preferred pairs.

For example, Shipley, Coffin, and Hadsell (1945) showed pairs
of colors to forty female undergraduates who indicated their prefer-
ence for a color by pressing a key associated with that color. Six
colors were presented in all possible pairs. The relation between
reaction time and the ordinal scale distance was linear and negative.
In addition, the high reaction times tended to be associated with the

low-ranking pairs.

Integration of Literature

The literature has furnished enough information to design an
alarm system. It also has given the methodologies to measure the
effects an alarm system would have on a person. What has not been
found is enough information on human preferences on alarming signals

or how many simultaneously sounding alarms a human can recognize.
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Therefore two psychophysical experiments have been designed.

The first one is to determine if any human preference exists for an

alarming system designed using the guidelines. The results of the
first experiment define the alarms to be used in the second experiment,
which will define the number of alarms that can be correctly recognized

in a multiple-alarm situation.



CHAPTER III

DESCRIPTION OF THE RESEARCH

Introduction

After the literature had been collected and reviewed, an overall
research strategy was developed to meet the purpose of this research
project. The guidelines suggested in the literature were used to
design a set of auditory alarm signals. Two experiments were designed
to present these alarm signals. The first experiment is a relative
discrimination task to measure the subject's preference for one alarm
over another. The second experiment is an absolute discrimination task
and a recognition task to measure the subject's ability to tell the
difference between the alarms and to identify them once the distinction
had been made.

In the first experiment the method of paired comparisons was
chosen to measure how the subjects prioritized these alarms and to
determine how varying the values of the dimensions of frequency, ampli-
tude, and modulation effect the response time to these alarms. This
method was chosen because it makes the subject's task simpler and the
transitivity of judgements can be evaluated. That is, if signal 1 is
judged to be a better alarm than signal 2, and signal 2 is judged to be
a better alarm than signal 3, then signal 1 must be a better alarm than
signal 3. Also, the more alike two signals are in a paired comparison
task, the longer the reaction time is in choosing one of them as the

best alarm.
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A recognition task was chosen to evaluate how the subjects' per-
formance in identifying alarm signals by name degraded as the number of
alarms sounding simultaneously was increased. A recognition task was
chosen because the results tell how accurately the subjects can absolutely
and relatively identify a set of signals. This overall strategy is out-

lined in Figure ITI-1.

Methodology for Paired-Comparison Experiment

The method of paired comparisons was used to determine which
signals from the candidate signals were rated by the subjects as the
best alarms. Each signal was compared twice with every other signal.
The number of times a certain signal was preferred over another signal
was tabulated and a probability dominance matrix was developed using
Thurstone's Law of Comparative Judgement (Baird and Noma, 1978). This
probability was then converted to a scale value and placed on an
ordered scale and the highest ranked of the twelve candidates were
chosen for the second experiment.

Dependent variables in this experiment were the response and
the response time. The independent variables were the dimensions of

the alarms, which were tonal frequency, intensity, and modulation.

Methodology for Multi-Signal Recognition Experiment

The second experiment was a recognition task or absolute dis-
crimination task where subjects selected by the same criteria as in
the paired comparison experiment. Here all possible combinations of
the signals chosen, taken one at a time, two at a time, three at a time,

and four at a time were presented to the subjects in a random order.
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The subjects were asked to identify each alarm sounding for each trial
and to reply in priority sequence with the learned names for each
alarm identified. Each combination was presented once to each subject.
Each response was recorded whether it was correct or not and
the response time of each response was recorded as dependent variables.
The independent variables were the names of the alarms and order

in which they were given.



CHAPTER IV

EXPERIMENT I. DETERMINATION OF HUMAN PREFERENCES

FOR AUDITORY ALARM SIGNALS

Introduction

Two aspects of auditory information processing, detection and
relative discrimination, must be considered in developing coded auditory
alarm systems and in measuring the effect such systems have on human
subjects. The goal of this experiment was to determine human preference
for any single alarm signal from a larger set of alarm signals. The
subjects used in the experiment were presented alarm signals that were
well above threshold (background) and they were told the signals were
alarms from the set of alarms to be measured. The test subjects were
asked to differentiate between alarm signals and to make a judgement
as to whizh signal would be the most preferable as an alarm signal us-
ing a paired comparison technique. Then by summing how many times each
candidate signal was preferred, it was determined which signal from
the set of signals would make the best alarm, which would be the
second best, and so on, using Thurstone scaling and then converting
this scale to an interval scale. A secondary objective of this experi-
ment was to identify which of these would be used in the recognition
experiment (Experiment II).

The test subjects were chosen from a uniform population (univer-
sity undergraduates in engineering) with each candidate being tested to

a pre-determined standard before being selected as a subject. The
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experiment was controlled and the data taken on a real-time computer

system.

Experimental Design

In this experiment the independent variables are the physical
parameters of the signals. The physical parameters of sound are
frequency, waveform, amplitude, duration, and phase.

Frequency is expressed in hertzes (or cycles per second). A
pure tone will have a simple sinusoidal waveform and a complex sound
will be a set of sinusoids. Thus the waveform describes the various
frequency components that comprise a complex sound. This tonal frequency
was an independent variable in this experiment.

The amplitude is the measure of the magnitude of a pressure
(sound) wave varying around the normal air pressure. The intensity or
loudness is the measure in decibels of a ratio between two sound
pressures and is the commonly used measure of the perceived impression
on a human. This was the second independent variable in this experi-
ment.

The meaning of duration is simply how long the sound lasts in
time before an interruption occurs. When a series of sounds and
interruptions occurs at regular intervals this is called modulation.
In this experiment modulation was one of the independent variables.

What has been described in the introductory paragraph is the
rank-ordering of the candidate signals based upon the degree of
preference as to which signal was the best for an alarm signal. This

was a dependent variable for this experiment. One way to obtain the
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rank of the signals would be to present them, one by one, to the test
subjects and ask them to rank them on an ordinal scale, the rank of 1
being assigned to the signal most preferred and the rank of n for the
least preferred. This is known as ranking. However a better, although
more time-consuming, method is to present the signals in pairs with
each signal being compared at least once with every other signal. This
is the method of paired comparisons. This method has two advantages
that made it the choice for this experiment: first, the test subject's
task is simpler, and second, transitivity of judgement can be tested.
Since judgements of this type rarely show perfect transitivity another
parameter had to be measured to insure a ranking was obtained.

This second dependent variable was the choice reaction time.
Preference studies employing the paired-comparison method (Snodgrass
1975) have consistently found that decision time becomes longer as the
number of ranks separating two stimuli decreases; and for a given rank
separation, decision time is longer between lower-ranked or less-
preferred pairs. This reaction time is a measure of how long the test
subject takes to discriminate between the pair of signals and then to
choose his preference.

With tonal frequency (frequency and waveform), intensity (ampli-
tude), modulation (duration), and direction (phase) established as the
independent variables, ranges of values for each of them were defined.
These parameters made it possible to use a multidimensional code system
for the transmission of relatively large amounts of information. Using

the guidelines in Chapter II and the design recommendations proposed

by Deatherage (1972) the following general ranges were selected.
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. Frequencies between 500 and 3000 Hz, because the ear is most
sensitive to this middle range.

. Use of a modulated signal of 1 to 8 beats per second or
warbling sounds of 1 to 3 times per second, since these are
different enough from normal sounds to demand attention.

. Use of signals with frequencies different from those that
dominate any background noise to minimize masking.

. Use of sudden-onset signals of high intensity to alert the
receiver.

. Each warning signal used to represent different conditions
should be discernible from the others.

Thus for this experiment three tonal frequencies were chosen
over the 500- to 3000-Hz range and these were modulated at four and
eight beats per second at two intensities of approximately 80 and 100
dB. To prevent any left-to-right preferences frém affecting the out-
come of the ranking each pair was presented twice in each test, once
as a left/right pair and a second time as a right/left pair. This
counter-balancing was used to eliminate the data taken on subjects who
used the direction of the sound rather than the alarm characteristics
in making their choice. The order in which the pairs were presented
was a randomized schedule so as to minimize any biasing of the outcome
due to expectation or anticipation by the test subjects.

These three tonal frequencies, two modulations, and two inten-
sities, plus the right/left, left/right presentation resulted in 12
different signals (Figure IV-1). Taking the 12 signals two at a time

with the left-to-right being different than right-to-left yielded 132
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different permentations to be presented to each subject. Assuming a
test rate of 3 signals a minute, it would require 3/4 of an hour to
complete a test cycle. If the dimensions of the test were expanded to
27 different signals and the same test rate were maintained, it would
have taken four hours to complete a test cycle. It was impractical for
the test subjects to devote this much time to the experiment, so the
shorter version was the one used.

Table IV-1 shows the various values assigned to each of the 12

alarms.

Subjects

The test subjects were university students and the sample was
large enough to determine a population preference rather than an
individualized preference. Each student completed a questionnaire_to
determine if he had some impairment such as tone deafness, that would
make his response different from that of the other students. Also an
attempt was made to assess their experience with alarm systems. Each
student also took an audiometric test and a vision test. The informa-
tion on the questionnaire and the results of the audiometric and
vision test were reviewed to determine if any of the candidates had an
impairment that could influence the outcome of the experiment. Data
taken by any one who had an impairment was not used in the data

analysis.

Subject Instructions

Each subject was acquainted with the purpose of the experiment,

the experimental procedure, and the equipment being used. Sample signal
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Table IV-1l. Physical Parameters for the Alarms
Used in Experiment I.

Tonal
Frequencies in Hz Intensity

Alarm Frequency Frequency Frequency (Loudness) Modulation
Number 1 2 3 in dB Beats/sec.

1 522.7 688.0 - 80 8

2 522.7 688.0 - 80 4

3 1177.5 1553.6 1864.3 80 8

4 1177.5 1553.6 1864.3 85 4

5 1869.6 2110.6 - 78 8

6 1869.6 2110.6 - 78 4

7 522.7 688.0 - 74 8

8 522.7 688.0 - 74 4

9 1177.5 1553.6 1864.3 82 8

10 1177.5 1553.6 1864.3 82 4

11 1869.6 2110.6 - 72 8

12 1869.6 2110.6 - 72 4




36
pairs were demonstrated, and the subjects were allowed to operate the
system. Instructions given to the subjects were as follows:

I would like for you to listen to 132 sets of auditory

signals. The signals will be presented in pairs. The

first signal will come either from the speaker on your

left or from the speaker on your right. Then the second

of the pair will come from the other speaker. Listen

to the two signals and then tell me which of the pair

you think is the better signal to use as a warning device.

Indicate your choice by pressing the right-hand button

for the signal from the right or the left-hand button

for the signal from the left. The signals will continue

to alternate between speakers until you make a choice.

Even if you are not sure in some cases, I want you to

tell me which one you think is the better alarm signal.

When you have indicated your preference the next pair

of signals will be presented. Do you have any questions?

These instructions appeared on the CRT of the terminal at the
beginning of the experiment and were also available on paper at all

times during the experiment.

Instrumentation

The actual presentation of the signal pairs was controlled by
a Digital Corp. PDP-11/34A minicomputer coupled to a digitally con-
trolled sound generation system. Two keys on the terminal keyboard

were used to input the subjects' response to the minicomputer which




also served as the data recorder. A sound level meter was used to

determine the ambient noise level and to monitor the output intensities

of the sound generator. Figure IV-2 shows a block diagram of the system.

Experimental Setting

The experiments were conducted in a laboratory where background
noise, disruptions, and other distractions could be minimized. The sub-
jects did not have any task to perform other than responding to the
given signal pairs. The environment was maintained to a nominal
comfort zone to reduce stress and maintain alertness. The computer
software was written so that the subjects could self-pace themselves in
the experiment and even take a short break without having to start the
experiment over. The arrangement of the laboratory is shown in Figure

Iv-3.

Data Collection

After a test subject was given his instruction for the test and
acquainted with the equipment, he was logged on to the PDP-11 computer
to take the paired-comparison experiment. FEach subject was assigned a
code number, which he then entered into the computer. This created a
data file for that subject on a storage device. Thus, as the subjects
proceeded through each trial of the experiment, information about each
trial was recorded on the storage device. The information recorded
consisted of the trial number, the names of the signals making up that
trial, the name of the signal chosen by the subject and the elapsed
time (response time) since the trial began. The data thus stored was
analyzed to determine if there was a preference for one or more of the

alarm signals.
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Data Analysis

After the data were collected, each subject's data were reviewed
for completeness and errors. The data were also examined for a direc-
tional preference; any data found to have a significant preference
(60 percent) for a given direction were not used in the analysis. When
this integrity review was completed, the individual data sets were
combined into a single data set and transmitted to the University's
Digital Corporation DEC-10 computer. The DEC-10 was then interfaced
with the University's IBM 360/370 computer where SAS (Statistical
Analysis System) was used to analyze the data.

SAS is a computer system for data analysis, developed by the SAS
Institute, Inc., of Cary, North Carolina. SAS provides for storage and
retrieval, file handling, programming, statistical analysis, and report
writing.

SAS was used to produce a summary of the very large data set that
was created when the individual data files were combined. This summary
provided the frequency with which one alarm is chosen over another. It
also calculated the mean reaction time and the variance for each of
these comparisons.

A probability dominance matrix was developed by using Thurstone's
Law of Comparative Judgement (Baird and Noma, 1978). This matrix was
transferred into a dominance matrix of Z-values. From these Z-values
a scale value was derived and placed on an ordered scale where the order

reflects the importance placed on that signal by the subjects.
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Results of Experiment I

The subjects' task in this experiment was to select the auditory
signal of the pair of signals being considered that would be the best
signal for an auditory alarm. Of the fifty-two candidates for this ex-
periment forty-six became subjects. Thirty-eight data sets were chosen
for analysis. The eight not chosen were eliminated for various reasons
such as directional preference, data errors, or because they did not fit
the population criteria, as explained in the subject selection and data
analysis sections. The paired comparison technique used yielded a
dominance matrix which is the probability of one signal being chosen
over another signal. This dominance matrix was then transformed to
a dominance matrix of Z-values. From these Z-values an ordered scale
value for each system was derived. The Z-value represents the importance
each signal has to the test subjects. The scaled values derived for
each signal are shown in Figure IV-4.

Signal 2 (low tonal frequency at 4 beats/sec and at full inten-
sity) received the highest value (.77). The majority of the subjects
thought the low tonal frequency, 4 beats/sec, full intensity signal
made the best alarm signal. The next signal chosen had an intermediate
tonal frequency, 4 beats/sec, and full intensity. The signal order in
descending order is 2, 4, 1, 10, 3, 8, 9, 6, 7, 12, 5, 11. The
majority of the top six alarms were split evenly by tonal frequency
between low and intermediate tones and 4 of these were at 4 beats/sec
and 4 at full intensity. The Z-value of .77 suggests that 78 percent

of the subjects chose this signal when it was compared to another

signal. A score of zero indicates that the subjects were equivocal
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8 beats/sec, full intensity
Ay — 0 Intermediate tonal frequency
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0.00 e=—p— 11 .
Highest tonal frequency
8 beats/sec, half intensity

Figure IV-4. Results from the Analysis of Paired-Comparisons
of Signal Alternatives (N=38).




43
towards the signal being presented for comparison, that is half the
time they would prefer some other signal when that signal was presented.

An evaluation of the response times gave another dominance matrix
which is the mean reaction time when one signal is chosen over another.
From this dominance matrix an ordered scale was obtained based on the
mean response time for each alarm. The alarms were ranked from 1 to 12
on this scale with the rank of 1 corresponding to the smallest mean
response time. This scale is shown in Figure IV-5.

A comparison of this ranking to the one obtained from the prefer-
ences is shown in Table IV-2. A Spearman rank correlation coefficient
was calculated for these two rankings. The correlation coefficient,

r , was found to be -0.213.

Since the secondary objective of this experiment was to identify
which of these alarms would be used in the recognition experiment,
alarms 2, 4, 1, 10, 3, and 8, the six most preferred alarms, were chosen.
These six were chosen because they are very evenly spaced on the ordinal
scale and form an alarm set of a size that could be reasonably tested.

A comparison of the physical characteristics for these six alarms is
shown in Figure IV-6. The alarms were not chosen on the basis of mean
response time because what would have been the 3, 4, and 5 alarms had

essentially the same response times.
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Signal Description

Highest tonal frequency
8 beats/sec, full intensity

Highest tonal frequency
4 beats/sec, full intensity

Intermediate tonal frequency
4 beats/sec, full intensity
Lowest tonal frequency

8 beats/sec, half intensity
Lowest tonal frequency

4 beats/sec, half intensity
Lowest tonal frequency

4 beats/sec, full intensity
Highest tonal frequency

4 beats/sec, half intensity
Highest tonal frequency

8 beats/sec, half intensity

Intermediate tonal frequency
8 beats/sec, half intensity

Intermediate tonal frequency
4 beats/sec, half intensity

Intermediate tonal frequency
8 beats/sec, full intensity

Lowest tonal frequency
8 beats/sec, full intensity

Ranking of Alarms by Response Time.




Table IV-2. Comparison of Rankings.
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Alarm Name

Rank Paired-Comparison Response Time
1 2 5
2 4 6
3 1 4
4 10 7
5 3 8
6 8 2
7 9 12
8 6 11
9 7 9

10 12 10

11 5 3

12 11 1
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CHAPTER V

EXPERIMENT II. HUMAN PERFORMANCE IN A SIMULTANEOUS

MULTIPLE-ALARM ENVIRONMENT

Introduction

The aspects of and information processes considered in this
experiment are absolute discrimination and recognition. In this task
the problem for the test subject was to determine how many alarms
were being presented in a trial. The number of alarms being presented
varied from trial to trial in a random manner. Also, the subject was
to recognize and identify each of the alarms by name for each trial.
The subject was then to respond by giving the names of the alarms in a
predetermined priority sequence. As the number of alarms to be detected
and then identified increases, the subject's ability to discriminate
between them decreases. Also, his ability to correctly identify the
alarms, even if he can discriminate between them, decreases as the
number being presented increases. The question to be answered is how
does the presence of multiple alarms in an absolute discrimination/
recognition task affect errors, response time, and variability? The
subjects used in this task were taught to identify the six alarms
chosen in the paired-comparison experiment by name and rank. The sub-
jects were then asked to listen to sets of these alarms where each set
consisted of either one single alarm, or two, three, or four alarms
sounding simultaneously. The task was to identify the alarms sounding
by name and priority. Error and response times can be evaluated to

determine performance with one-, two-, three-, or four-alarm systems.
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Experimental Design

In this absolute discrimination/recognition experiment there are
five independent variables. These independent variables are frequency,
waveform, amplitude, duration, and phase. These are the same as in
Experiment I.

There are two dependent variables in this absolute discrimination/
recognition experiment. These two variables are the responses that are
given when the alarms in a trial have been identified, whether or not
the identifications are correct, and the response times for each response.

Each response was the name that had been learned to be associ-
ated with a given sound. There were six names to be learned and
associated with the physical parameters of the alarms. In reviewing
the literature it was found that the dependent variable, response time,
increased for signals that are similar or hard to discriminate between,
and decreased for signals that are easy. Also, response time increases
because several stimuli are being presented, each requiring its own
response. Here response time is increased largely because of the addi-
tional time required to make a decision on what the correct responses
should be (McCormick, 1976).

For this experiment six alarms were used. The alarms were named
and ranked as shown in Table V-1. These rankings were determined from
Experiment I. These alarms were presented to the subjects in sets in
all possible combinations of alarms where the alarms were taken one
at a time, two at a time, three at a time, and four at a time. This
resulted in 56 sets or trials to be tested. However, since the alarms

had to be responded to in a pre-defined order, any combination that




Table V-1. Conversion of Alarm Names from
Experiment I to Experiment II

Rank Experiment I Experiment II
1 2 1
2 4 2
3 1 3
4 10 4
5 3 5
6 8 6

ended with alarms 5 and 6 made it extremely easy to respond correctly
with a 6 after the 5 alarm had been identified. Therefore all trials
that ended with alarms 5 and 6 were eliminated. This resulted in an
experiment with 45 trials. Each subject was given these 45 trials by

the same randomized sequence, as shown in Table V-2.

Subject Selection

Most of the subjects used in this second experiment were partici-
pants in the preference experiment, Experiment I. The few "new" sub-
jects from the student body were given the same questionnaire, hearing,
and vision tests that the first subjects were given.

However, since this is an absolute recognition experiment and
also a relative discrimination experiment, the subjects had to be trained
to recognize each alarm and to respond by giving the correct name that
was assigned to each alarm. The training was divided into two steps.

The first training step consisted of a routine on the computer with
which the subject could ask for an alarm by name and the computer system

displayed that alarm for as long as the subject desired. The subject
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Table V-2. Randomized Schedule of Alarms.

Alarms in** Alarms in** Alarms in**
Trial* Trial Trial* Trial Trial#* Trial
No. (By Name) No. (By Name) No. (By Name)
1 15 18 16 33 134
2 124 19 236 34 1245
3 345 20 34 35 123
4 1235 21 45 36 136
5 2 6 22 1 37 346
6 146 23 12 38 135
7 2345 24 36 39 1246
8 235 25 126 40 3
9 125 26 35 41 23
10 4 6 27 1346 42 25
12 23406 28 2 44 13
13 5 29 246 45 245
15 1236 30 6 46 2 4
16 145 31 1234 47 14
17 234 32 1345 48 4

*There are no trials numbered 11, 14, or 43.

**For the dimensions of each alarm see Table IV-1.
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could ask for any of the six alarms, in any order, for as many times
as was necessary for the subject to learn them.

Once the subject convinced himself that he could recognize the
six alarms, he used the computer system to give himself a short recog-
nition test. This was the second step in the training. This recogni-
tion test consisted of a randomized schedule of the six alarms with
each alarm being given twice for a total of twelve trials. Only one
alarm was given at a time. To prevent the subject from memorizing
this short sequence, the sequence was changed very often. The computer
system displayed the subject's responses and what the correct responses
were at the end of each test. A perfect score was required before the
subject was allowed to continue. When a less-than-perfect score re-
sulted, the subject was asked to rcturn to the first step and practice
with the alarms some more. When the twelve-trial test was passed, one
more test was given to the subject to make sure he could recognize all
six of the alarms.

This test consisted of eighteen trials with each alarm being
presented three times by a randomized schedule. Again the alarms were
given one at a time. Only two incorrect responses were allowed on this
test énd they could not be the same alarm. If the subject failed this
test he was either asked to go back to step one or was dismissed as a
subject. Only three subjects declined to participate when asked to

repeat the learning steps.

Subject Instructions

As in the earlier experiment the subject was acquainted with the

purpose of the experiment, the experimental procedure, and the equipment
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to be used. Sample sets of alarms were demonstrated and the subjects
were allowed to operate the system. In addition to this, the subjects
were told that the alarm named one had the highest rank, the alarm
named two had the next highest rank, and so on to the alarm named six
having the lowest rank.

The computer system displayed these instructions to the subject
at the beginning of each experiment:

I would like for you to listen to several sets of auditory

alarm signals. The signals will be presented in sets that

contain from 1 to 4 alarms in each set. You are to identify

each alarm given in a set by name and to enter the name

into the computer in order by rank. To enter a name press

the numeric key on the keyboard that corresponds to the name.

Instrumentation

The presentation of the alarm sets was presented by the PDP-11/34A
minicomputer coupled to the sound generation system used in the first
exper iment. However, in this experiment all four channels were utilized
rather than just two. Also, the numeric keys were used to input the

subjects' responses to the minicomputer.

Experimental Setting

The setting was the same as described for the previous experiment
with only the use of four sound channels rather than two, necessitating
a different physical arrangement of the components. Figure V-1 shows

this arrangement.




Alarm 1 Alarm 2
VT100 Terminal\
< ‘ i > Subject
Alarm 3 Alarm 4
Figure V-1. Laboratory Arrangement--Experiment II.
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Data Collection

As in the paired-comparison experiment, each subject began the
recognition experiment by entering an assigned identification number
into the computer to create a data file on the storage device. As the
exper iment progressed, information about each step of the experiment was
recorded. The information recorded consisted of the trial number, the
names of the alarms presented to the subject, the responses given by
the subject, the time since the start of the trial to each response,

and whether or not it was a correct response.

Data Analysis

After all of the subjects had completed the experiment, their
data were reviewed for completeness and errors. Any data file that was
found to have errors or missing data was not used in the analysis.

When this data integrity review was completed, the individual data

files were combined into a single data set after being transmitted to
the University's Digital Corporation DEC-10 computer. The DEC-10 was
then linked to the IBM 360/370 computer where SAS was used to analyze
the data in a manner similar to the analysis used in Experiment I. A
flow diagram of the data analysis is shown in Figure V-2. Response
time, number of responses, and the number of incorrect responses for
each trial for each subject were recorded and analyzed. These measures
were also divided into four categories, where the category is the number
of alarms sounding for a trial. These measures consist of description
statistics by trial and by category. With the descriptive statistics
compiled the data used to compile them was tested for the null hypothesis

that the data came from a random sample with a normal distribution. A



Yes

Master Data Set

Break-Up,bhata into 1,
2,3, and 4 Alarm Sets

55

-

Performance Measures

REACTION TIME

Performance Meuasures

NUMBER OF RESPONSES

Pertformance Measures
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Descriptive Statistics
Histograms,
and Plots

K-S Test of
Normality
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Met
?

!

Same Analysis Steps as in
REACTION TIME

Parametric Analysis

Duncan's Test
ANOVA, and
Regression

Nonparanctric
Analysis

Kruskal-Wallis
Tests

|

RESULTS

Figure V-2,

Data Analysis Flow Diagram.
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Kolomogorov-Smirnov D-statistic was calculated and used to decide
whether a parametric analysis or nonparametric analysis was to be
used. This analysis was then performed to determine how people perform
in an auditory relative discrimination task when presented with several
alarms simultaneously. Also, the data were used to determine which
alarm system within a one-, two-, three-, or four-alarm category seems
to be the best. Next, several mathematical models were developed and
tested with the data from each of the three areas for which measures
of performance were obtained in order to find the best model to predict
how a person's performance might change if the alarm system were

changed.

Results of Experiment II

In this experiment the test subjects were asked to perform a
relative discrimination task. The task consisted of listening to sets
of alarms and attempting to identify the alarms by name and rank.
Twenty subjects participated in the experiment and eighteen sets of
data were chosen for analysis. Two data sets were rejected because of
problems encountered in transmitting the data between computers. None
of the data was rejected in the integrity review.

The first of the performance measures to be analyzed was the
maximum response time for each trial by category. Maximum response time
is defined as the elapsed time from the beginning of a trial until the
last alarm being presented has been correctly identified. If all of
the alarms were not correctly identified in 20 seconds the trial was

terminated by the computer. These data are shown in Table V-3. An
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Table V-3. Means for Maximum and Minimum Response Times
for Category 1.

TRIAL MAXME ANE MINMEAND MAXSIDC MINSTDd
13 4.827178 3.727718 3.02632 2.13150
Z2 4.60000 3.41111 3.26677 L<49505
28 4.06667 3.15556 2.12021 0.96481
30 2.73889 1.93889 2.24188 0.93314
40 4.50000 3.65000 2.38426 1.9382¢4
48 4.05000 2.959000 3.74437 1.66883

AMAXMEAN = Mean for the Maximum Response Time.

bMINMEAN = Mean for the Minimum Response Time.

“MAXSTD = Standard deviation for the Maximum Response Time.

dMINSTD = Standard deviation for the Minimum Response Time.

examination of this data shcws that response times increase as the
number of alarms increases.

The distribution of response times was examined for normality
using a Kolmogorov-Smirnov (K-S) test statistic. The K-S test statistic,
D(n) is defined at the maximum absolute deviation between a cumulative
sample function (S(x)) and a cumulative normal function (F(x)). 1In
this instance it was found that the response time sample functions for
1, 2, or 3 alarms were normal at the alpha < 0.01 level. The sample
distribution for response times for four alarms was normal at the alpha
< 0.085 level. This latter distribution was truncated because of the

20-second time-out capability built into the experimental system on

each trial.



With the data's normality established a one-way analysis of

variance was performed to determine if any of the categories were sig-
nificantly different from any of the others at the 0.5 alpha level.

The categories were significantly different because the F-value is
114.11 as compared to a critical value of 2.6 and the probability of
getting this F-value equal to 114.11 or larger is 0.000l under the null
hypothesis that the categories are all the same. A Duncan test showed
that all of the alarms were significantly different at the alpha = 0.05
level.

The next question to be answered is, which trial or alarm system
within each category would make the best alarm system? It would appear
that the trial with the lowest mean response time would be the best
alarm system. The times for the category 1 trials appear in Table V-3.
For category 1, this would be trial 30 followed by trial 48 and so on
to trial 13 being the least desirable. Likewise, an examination of the
data in Table V-4 for category 2, Table V-5 for category 3, and Table
V-6 for category 4 yielded similar results to those obtained for category
1. This data is also shown graphically in Appendix A.

In order to determine if there is a significant difference be-
tween the trials, a one-way analysis of variance with Duncan's multiple
range test was performed at the 0.05 alpha level within each category.
For category 1, no differences were found between the 6 trials examined.
In other words, any one of the six alarms could be considered to be
equally effective. In category 2 the 14 trials were found to be divided
into 3 groups, category 3 divided into 5 groups, and category 4 divided
into 3 groups. The ANOVA tables with Duncan's Test results are in

Appendix A.



Table V-4. Means for Maximum and Minimum Response Times
for Category 2.
TRIAL MAXME AN MINMEAN MAXSTO MINSTD
1 11.1833 5.07778 4.32071 3.08269
5 5.1556 4.11667 4.7T9402 2.73006
10 9.2178 3.60000 3.,27083 1.82724
18 7.2111 3.60556 4.340672 1.89006
20 7.6833 3.13333 2.53870 2.30906
21 1.8222 3.73333 3.51144 2.20587
23 T1.71722 3.03333 4.32394 2.44396
24 6.4833 2.75000 2.50488 l.64433
26 6.8500 3.42222 2.61989 1.84823
41 65.0500 2.70000 2.03101 1.58300
42 T7.5222 4.33839 3.57862 239242
44 6.8556 291667 4.21332 1.75943
46 6.2111 3.21667 2.45785 l.17486
41 6.6000 2.72778 3.64482 1.29923
Table V-5. Means for Maximum and Minimum Response Times
for Category 3.
TRIAL MAXMEAN MINMEAN MAXSTD MINSTD
2 12.9722 3.15556 4.49991 l.26362
2 L4. 7444 4e21222 4.37065 2.57678
6 12.8333 4,06111 4,10409 2.09288
) 10.2111 3.63889 2.59794 1.63963
S 11.1222 3.55000 3.56413 2.05176
16 L1.5667 3.68333 4.48435 256452
Lv 11.8722 3.51667 4,68989 2.17641
1S 9.9278 3.15556 3.64059 1.76876
25 9.3500 2.65000 3.73928 1.40807
26 B. 76617 2.81111 3.75280 1.20776
33 L1.2556 3.45556 4.21262 L.06452
35 10.8278 2.386111 3.54481 1.37462
3¢ 8.8444 3.11667 4.35744 1.45935
37 9.8778 3.22222 3.42286 2.00310
38 9.1222 3.24444 3,43966 L.72396
45 8.51067 3.10556 2.88225 1.39177




Table V-6, Means for Maximum and Minimum Response Times
for Category 4,
TR IAL MaXMEAN MINMEAN MAXSTD MINSTD
4 l4.1444 3.58489 5.01342 1.56276
17 12.97178 3.25556 3.34093 1.61581
12 13.2278 3.57222 4.14783 1.52385
15 l4.3222 4.28889 4.76946 3.07607
21 12.0111 2.93489 4.86438 2.30808
31 13.0778 2493333 4.45389 1.96499
32 9.671718 2.81111 4.11404 1.35468
34 9.1111 2.36111 3.87342 1.33036
39 10.5556 2.93333 2.93282 1.69671

In order to determine if there is a significant difference be-
tween the trials, a one-way analysis of variance with Duncan's multiple
range test was performed at the 0.05 alpha level within each category.
For category 1, no differences were found between the 6 trials examined.
In other words, any one of the six alarms could be considered to be
equally effective. 1In category 2 the 14 trials were found to be divided
into 3 groups, category 3 divided into 5 groups, and category 4 divided
into 3 groups. The ANOVA tables with Duncan's Test results are in
Appendix A.

An examination of the mean minimum reaction times in Tables V-3
through V-6 shows that they are all approximately the same. This can
also be seen in the bar charts in Appendix A. The grand means, shown
in Table V-7 and in the bar chart, Figure V-3, for each category support
this conclusion. Only the category 2 grand mean is high and this is
because of the high minimum time that occurred in trial number 1.

Almost every subject had high times for this first trial--apparently
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Table V-7. Grand Means for Response Times.

CnlESuURrY SMAKRT GMINT MALDev A{MOEV MAXVAR MINVAR
i 4e2305 3.13833 2.38115 1.663C2 3.3C10 2.75553
2 7.6198 3.45515 3.753590 2.13204 14.0888 4434559
3 10.7382 3.34375 4.15132 Le75633 17.2334 3.22860
S 12.1228 35.187G4% 4,65446 L.63243 22.2032 3.73413

GMAXT
12 + kxS E
| I 2T Y2
| cxntR
| (T Y] ke kR
1C + sxkes shEv
| R 2 xakXE
| (X ZN ET LR 3]
| txnxs LEL R
g + L TS *ERRSE
| L2232 2] XEETX PR X
| *XEER L seExs
| REEEX ExTaX xExeR
6 + s R sxeLE crefx
| “sERE *E2R% srkEn
| EEEEX axxxEk xEx Xk
| EXEEE LR e
4 + [ 232 % rREEE s CRERR
| rExkE rEXER E X ¥ REXGR
| [ EX 2 2] LEEE T L TR T wERER
} xR EEXER X2 B sRERE
2 + LEEE 3] kXKL x kEFRL xTEE
| AR KE sExe EX X ¥ 2 xxgxR
| xEx% & 222 3 EXEL T sEe k&
| FEEES XEHEE FREEE SETXE
L 2 3 4
CATEGCRY

Figure V-3. Bar Chart of Grand Means for Response Time.
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because it was the first trial. This relatively constant minimum re-
sponse time for each category indicates that the subjects were making
their first attempted identification in the same amount of time regard-
less of the number of alarms being presented.

For the mean response time measure of performance the functional
relationship between mean response time and number of alarms suggested
that three mathematical models might fit the data. These models are
of the form y = o + Bx, a linear model; y = o + B log x, a logarithmic
model, and'% = a - B/x, a reciprocal model. The last, or the reciprocal,
model yielded the best fit. The F-ratio for this model was 563.98 with
a probability of a larger F being 0.0001 and R-squared being 0.2937.
The value of a was 0.0002 and the value of B was 0.336.

The second performance measure that was analyzed was the number
of responses for each trial by category. If each subject responded
correctly 100 percent of the time the data would be represented by a
straight line with a slope of 1. What is expected is for the number
of responses to increase somewhat more quickly; that is, the slope of
a fitted curve would be greater than 1, as the number of alarms pre-
sented is increased. The data shown in Table V-8 and Figure V-4
support this and appear to be linear.

The data were examined for normality by the same procedures used
to test the response times. In each case the data were found to be
normally distributed. The D-statistic and other related statistics
are shown in Table V-9.

The one-way analysis of variance that was performed on the reac-

tion time for each trial between the categories yielded an F-value of



Table V-8. Grand Means for Number of Responses.

|
| CATEGCRY G AZANR $TOO0=v VARTANCE
L L.37363 1.57332 2.44073
2 3.40332 147360 2.13507
3 5.1373) 2.03134 4433436
“ 6.35ub2 3.30683 F.C4lI2
‘
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Figure V-4. Bar Chart of Grand Means for the Number of Responses.
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Table V-9. Results of Normality Tests for Each Category
on the Number of Responses

T:Mean Prob >
Category N =0 [T D:Normal Prob> 0
1 108 12.402 0.0001 0.3229 0.01
2 252 37.156 0.0001 0.2214 0.01
3 288 42,287 0.0001 0.1921 0.01
4 162 29.422 0.0001 0.2228 0.01

162.10 with a p-value of 0.0001. Thus the hypothesis that they are all
the same is rejected and that at least two categories are different.
The results of Duncan's multiple range test show that each category is
significantly different from all other categories at the 0.05 alpha
level.

A one-way analysis of variance was performed on the trials with-
in each category. The data used in these analyses is summarized in
Table V-10 through Table V-13. These data are also shown as bar charts
in Appendix B.

The results of these one-way analyses of variance tests performed
on each of the categories are shown in Appendix B. The analyses for
category 1 indicate that the trials are not significantly different.
However, categories 2 and 3 show a significant difference and Duncan's
test places the trials into 4 groupings for each category. Category 4
has an F-value of 2.06 as compared to a critical value of 1.94.

Duncan's test shows only one trial is significantly different from the
other eight. A logarithmic model of the form y =% +8 1n x was chosen
for the average number of responses. The model yielded a value of 0.153

for o and a value of 0.457 for R. The F-ratio was 843.53 with a p-value



Table V-10. Means for Number of Responses for

Category 1.

TRIAL AVGRSP STDDcv
13 l.5444%44 1.51356
22 1.61111 l.14475
28 2421778 1.59427
30 1.5C3G0 C.S2355
49 2.00000 1.32842
48 1«G444% 2.23534

Table V-11. Means for Number of Responses for

Category 2.

TRIAL AVGRSP. STDOEV
i 4.11111 1.50473
5 3.328889 1.61387

10 4.35889 1.243238
13 3.00000 1.64466
23 3.88885 1.078¢61
21 4.22222 1.55509
23 3.66667 2.19625
24 2.94444 0.99836
26 3.166¢€7 1.24853
41 3.22222 0.94281
42 3.27778 1.27443
44 3.33333 1.81497
46 2.88839 1.078561
47 2.94444 l.16175
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Table V-12. Means for Number of Responses for
Category 3.

TRIAL AVGRSP STODEV
2 5.271778 1.56456

3 6.16667 2.40710

6 5.16667 L.75734

8 4.72222 1L.5%9427

9 5.72222 1.87257
1¢6 5.88889 1.52966
17 S.16667 1.29479
19 4.88889 2.13896
25 4.44444 1.854106
26 4.16667 0.93518
33 5.88889 3.19722
35 6.61111 3.18339
36 4.27778 1.74240
37 5.00C00 0.97014%
38 4.55556 1.78958
45 5.05556 2.12747
Table V-13. Means for Number of Responses for

Category 4.

TRIAL AVGRSP STODEV
4 6.22222 3.34004

7 6.72222 1.74240
12 ETTT778 2.624617
15 7.16667 3.12956
27 6.0555¢ 1.51356
31 9.44444 5.05525
32 6.61111 2.40438
34 6.66657 3.04863
35 €.88389 2.32351
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of 0.0001. The R-square value is 0.511. These values indicate a reason-
able fit for the data and explain 51 percent of the variation.

The final measure of performance was the average number of in-
correct responses for each trial in each category. These data are given
in Table V-14 and shown in the form of a bar chart in Figure V-5.

These data show the means increasing as the number of alarms sounding
increases as expected from Hick's Law. The variances for categories 1
and 2 are small and approximately the same. However, the variance
increases by a factor of 2 for the 3-alarm category and by a factor of
5 for the 4-alarm category. The higher mean values and more variable
performance indicates that the subjects experienced a larger degree of
difficulty in identifying the alarms in categories 3 and 4 than they
did for categories 1 and 2.

Again the data were found to be normally distributed for each
category by the K-S test. The results of these tests are given in
Table V-15.

The one-way analysis of variance performed on the trials between
all categories indicate that at least two of the categories are signif-
icantly different with an F-value of 30.58 and critical value of 2.60.
The p-value is 0.0001. Duncan's multiple range test shows that each
category is significantly different from any other category at the
0.05 alpha level.

A one-way analysis of variance was also performed on the trials
within each category. The data used in these analyses are summarized
in Tables V-16 through V-19 and also shown in the form of bar charts

in Appendix C.



Table V-14.

Grand Means for Number of Incorrect Responses.

CATESCRY SAEANT STOREV YARTANCE

i V.37363 157502 2.432070

2 L.48319 1.53701 2436241

3 2e253417 2.14175 4.53712

4 3.12346 3.10832 F.601583
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Figure V-5. Bar Chart of Grand Means for the
Number of Incorrect Responses.



Table V-15.

on the Number of Incorrect Responses.

Results of Normality Tests for Each Category

69

Category N Mean T:Mean Prob > IT l Prob >0
1 108 0.880 5.804 0.0001 >0.01
2 252 1.488 15.369 0.0001 >0.01
3 288 2.253 17.856 0.0001 >0.01
4 162 3.123 12.790 0.0001 >0.01
Table V-16, Means for Number of Incorrect

Responses for Category 1.

TRIAL AVGINC STODEV
13 3.54444 1.51356
22 0.61111 1.14475
28 1.27778 1.55427
39 0.569CG €.92355
40 1.00000 1.32842
43 0. S4bts 2.23534




Table V-17. Means for Number of Incorrect Responses
for Category 2.

TRIAL AVGINC STDDEV

1 2.33333 1.30973

5 l.44444 1.68810
10 2.384886 1.24328
13 1.00000 l.64496
29 1.88889 1.07861
21 26022222 1.55539
23 1.72222 2.27015
24 0.54444 C.99836
26 1.16667 1.24853
41 1.22222 C.94281
42 1.27778 1.27443
44 1.388389 1.57451
46 0.888869 1.07861
47 0.54444 1.16175

Table V-18. Means for Number of Incorrect Responses

for Category 3.

TRIAL AVGINC STODEV
P 2.44444 2.20220
3 3.44444% 2.54887
5 2.368889 2.00408
5 1.72222 1.99427
9 2.77778 1.89599

16 3.00000 1.45521
17 2.33333 l.41421
19 1.88886 2.13856
25 l.44444 1.854106
29 L.166€7 0.98518
33 2.88885 3.19722
35 3.61111 3.18339
36 1.3333132 1.9C973
37 2.C30G0 0.97014
38 1.55556 L.73558
45 2.05556 2.12747




71

Table V-19. Means for Number of Incorrect Responses
for Category 4.

TRIAL AVGINC STDDEV
4 2.888886 3.906190
[ 2.88889 1.77859
12 2.83333 2.77064
15 3.5C0C0 3.03412
21 2.22222 1.80051
31 5.61111 4.91264
32 2.61111 2.40433
34 2.666¢67 3.04863
39 2.88833S 2.32351

The one-way analysis of variance performed on the trials within

each category indicated that there was no significant difference be-
tween the six trials for category 1. The F-value was 0.57 and the
critical value was 2.21 and the p-value was 0.729. Duncan's multiple
range test verified this result. An F-value of 2.32 and a critical
value of 1.72 was obtained for the 14 category 2 alarms. The p-value
was 0.0066. Therefore at least two of the trials are different.
Duncan's test placed the trials into four groups. These groupings are
in Appendix C. Category 3 had 16 trials and the analysis of variance
test yielded an F-value of 2.30 and a critical value of 1.67 with a
p-value of 0.0043. Thus at least two of the trials are significantly
different. Duncan's test grouped these trials into five groups with
very little separation between any pair of groupings. The groupings
are given in Appendix C. The final category, category 4, had an F-
value of 1.91 and a critical value of 1.91. The p-value was 0.0161 and

the R-square was 0.0910. This means there is no significant difference
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between the nine trials but a probability of 0.062 of having at least
one trial being different. Duncan's multiple range test did find one
trial, trial 31, to be significantly different at the 0.05 alpha level.

An examination of the data as presented in Figure V-5 suggested
the same model be used for the number of incorrect responses as was
used in the total number of responses evaluation. This was a log-
arithmic model of the form y = o + 8 1n x. The results of the regres-
sion analysis using this model were an F-ratio of 111.9 and with a p-
value of 0.0001. The value of R-square was 0.122. The values for a
and B were 0.215 and 0.249, respectively.

A side-by-side comparison of the means of these three performance
measures is given in Figures V-6 through V-9. These figures show the
magnitude of these means increasing as the number of signals increases.
It also shows the ratio of the number of incorrect responses to the
number of responses increasing as the number of signals increases.

The responses the subjects made to the alarms in each category
will also indicate which alarm or set of alarms would make the best
alarm system for each category. The results from the one-way analysis
of variance procedure and Duncan's multiple range test have been
summarized in Tables V-20 through V-23. The alarm systems have been
ranked for each of the performance measures for each category. Within
each measure the alarm systems are grouped together if they are not
significantly different. The system that consistently ranks the best
in each measure would be chosen as the best system for that category.
By examining the characteristics of the alarms in the chosen system,

some indication of what makes the best alarms can be determined.
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Figure V-8. Bar Chart of Response Time, Number of Responses,
and Number of Incorrect Responses for Category 3.
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For category 1l trial number 30 was the best for all three per-
formance measures. This trial contained alarm 6, which was a 500 to
700 Hz.-74 dB-4 beats/sec. signal. Category 2 yielded trial number
46 as the best system. The alarms in this trial were alarm 4 and
alarm 6. They differed in frequency and intensity. The frequencies
were 1100 to 1900 Hz. and 500 to 700 Hz. respectively for the two
alarms and the intensities were 82 dB and 74 dB. Trial 29 was the
best for category 3. The alarms in this category were numbers 2, 4,
and 6. Alarm 2 was a 1100 to 1900 Hz.-85 dB-4 beats/sec. signal. The
only difference between it and alarm 4 was the intensity. The final
category, category 4, had trial number 27 for the best system. The
alarms in this system were 1, 3, 4, and 6. Alarms 4 and 6 were de-
scribed above. Alarms 1 and 3 are both 500 to 700 Hz.-80 dB signals.
Alarm 1 was &4 beats/sec. and alarm 3 was 8 beats/sec. It appears that
the characteristics that varied the most in these best ranked systems
were the frequency and the intensity. Modulation was a common value

for all but one of the alarms.




CHAPTER VI

SUMMARY AND CONCLUSIONS

Summary

One of the questions to be answered in this project was how do
people prioritize alarms that have different frequencies, amplitudes,
and modulations? This was accomplished by conducting a paired-
comparison test. The results of this test were used to develop a
dominance matrix of Z-values. An ordered scale value was obtained
for each alarm from these Z-values. This scale reflects the importance
the test subjects placed on each alarm. By examining the physical
characteristics of each of the alarms, it can be seen that alarms in the
highest tonal frequencies were not chosen. The next observation is
that the alarms with the lower intensities were rarely chosen. There
was only a slight preference for alarms with 8 beats/sec. as compared
to 4 beats/sec. Overall, the alarms with a low to intermediate tonal
frequency, with a high intensity, and 4 beats/sec. were preferred.

This translates into a frequency range of 500 to 2000 Hz with intensities
in the 75 to 90 dB range and a modulation rate of 4 beats/sec. There-
fore if preference for alarms were to be the criteria for selecting
alarms, the alarms should have these characteristics.

A second question was what effect does alarm frequency, ampli-
tude and modulation have on alarm response time in a paired comparison
task? The alarms were ranked on a time scale where the alarm with
the smallest overall mean response time derived from a dominance

matrix of the mean response times for each pair across all subjects.
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An examination of the physical characteristics of the alarms after

they were ranked by mean response time shows the highest tonal
frequency, highest intensity, fastest modulated alarm has the smallest
response time. The second highest response time was an alarm that
differed only in modulation. The next five alarms were well separated
from the first two alarms and reasonably well from the bottom five.
There is no trend or common characteristic for these alarms but they
all have a response time within the 5.36 to 5.44 second range.

The balance of the alarms are evenly spaced on the lower end of
the time scale. Each has either a high modulation coupled to a high
intensity and an intermediate or low tonal frequency, or a high or
intermediate tonal frequency paired to a low intensity. These observa-
tions suggest that sudden, intense alarms get a quick response as do
those with a low rate of modulation. Alarms with a high rate of modula-
tion and any combination of frequency and intensity seem to take
longer for a choice to be made. Thus if response time were to be the
criteria for selecting alarms, the alarms should be composed of
frequencies in the 1700 to 3000 Hz range with intensities of 75 to 90 dB
and a modulation rate of 4 beats/sec.

The third and last question to be investigated was how does the
presence of multiple alarms in a recognition task affect errors,
response time, and variability? This was done by conducting a relative
discrimination task where 2, 3, or 4 simultaneous alarms were presented
to a subject. Single alarms were also presented. The subject was to
recognize which alarm or alarms were sounding and identify them by

name in a priority sequence. The analysis of these data shows people
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have increasing difficulty in identifying alarms as the number of alarms
being presented increases. This was true for both of the dependent
variables, responses, and response times. The number of responses, the
number of errors, and the response times all increased as the number of
alarms increased. This is illustrated in Figure VI-1 as the number of
responses between each category in the response time for the same
categories is decreasing. This can be explained by an examination of
the number of times the 20 sec. time limit is reached for each category.
The time limit was never reached for category 1 and for category 2 the
limit was reached 5 times. This limit was reached 14 times in category
3 and 15 times in category 4. Also the variances for category 1 and
two are the same but show rapid increase for categories 3 and 4.

The combination of increasing number of errors along with the
rapid increases in their variances and the leveling or rollover of the
response time indicates that the subjects were using trial and error
to respond to the alarms in categories 3 and 4. Figure VI-2 repre-
sents what is believed to be the reactions of the subjects in this
task.

The models that were tested for the data support this conclusion.
The number of responses and the number of incorrect responses were
best represented by a logorithmic model while a reciprocal model was

the best for the response times.

Conclusions

It can be concluded that the presence of multiple

alarms in a recognition task causes errors and response times to
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increase as the number of alarms presented increase. The variability
with which the subject responded also increased as the number of alarms
increased. Because of this it was not possible to identify the alarms
or the characteristics the alarms have to develop a system with more
than two alarms. Furthermore, the use of multiple alarms with the
coding that was used in these tasks does not appear to be a good way to

present priority information to control room operators.



CHAPTER VII

RECOMMENDATIONS

Design Recommendations

The general principles and design recommendations that were
given and discussed in Chapter II were found to be valid for designing
auditory signals for a variety of applications. These principles and
recommendations should be given careful study and consideration when
designing auditory signals for warning alarms. A number of specific
recommendations to adapt these principles and recommendations for a
simultaneous alarm situation are given below:

- Restrict the number of alarms to two for alarms coded by
frequency, intensity, and on-and-off modulation when
simultaneous alarms could occur because people cannot
adequately identify more alarms in a control room type
situation.

. Use complex tones composed of two or more sinusoidal wave-
forms to have alarms that are easily recognizable as
warning signals.

. Keep the frequencies as high as possible in the 500 to
3000 Hz range to command attention and obtain a fast
response.

Restrict intensities to the 70 to 95 dB range for safety
and comfort provided the intensity is at least 30 dB

above background.
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. If on-and-off modulation is used, restrict the rate to near
4 beats/second. Rates of around 8 beats/second tend to
irritate and confuse rather than aid in recognition.

. Use a minimum of three dimensions and vary at least 2 of the
dimensions to code each alarm to make them very easy to

recognize.

Research Recommendations

If it is desirable to have more than two coded multidimensional

alarms, the following recommendations are made for future research:

- Perform more research into the basic effects that auditory
alarms, coded by frequency, intensity, and modulation have
on the ability of people to recognize and identify alarms
in a control room environment.

. Use different shaped envelopes for frequency modulation
and/or amplitude modulation for some alarms in an attempt
to increase the number of coded alarms that can be effec-
tively used in a control room.

. Obtain more information on the additive and subtractive
effects of sound waves to insure that the alarms are
distinct and recognizable. This will prevent one signal
from being masked by another signal as opposed to a
signal being masked by random noise.

. Try making use of location coding to enhance the discrimina-
tion and recognition of the alarms.

. Try redundancy in coding, such as combining a visual display

to obtain more control room realism in the experiments.



. Add a diagnostic task to simulate the control room with

still more fidelity.
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APFENDIX B

PLOTS AND ANOVA FOR NUMBER OF RESPONSES
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PLOTS AND ANOVA FOR NUMBER OF INCORRECT RESPONSES
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APPENDIX D

HYPOTHETICAL IMPLEMENTATION OF RESEARCH FINDINGS




N. 0. Nonsense, the chief engineer at the Manywatts Utility
Company's newest nuclear power plant, Turkey Number One, which is
under construction at Turkey Island, has called for a meeting with

five of his systems engineers. These five engineers have responsibility
for the design of the main control room of the new plant. 'N.O." has
been notified that the current désign for the auditory alarm system

for the control room is no longer acceptable because of some recent
changes in regulations. A new alarm system must be designed and
approved before construction of the control room can proceed and con-
struction is already behind schedule.

Charlie Ezout immediately puts forth his pet design of a single
warning signal that consists of a loud obnoxious horn or claxton. He
maintains that it is simple, cheap, and very effective in getting the
operating crew's attention. Not to be outdone, the team's newest
engineer, Joseph C. Noseawl, proposes a more complex scheme. His
proposal is to have a unique and separate alarm for each component in
the plant that must be monitored. He recalls that one of his pro-
fessors in a recently completed college course had stated that a person
can distinguish and recognize thousands of sounds like voices and
musical tones because each is made up of many components or dimensions.
"N.O.," with his usual tact and understanding, carefully sidesteps the
two extreme ideas and casually suggests the team get busy working on
the problem.

After brainstorming for a couple of hours, the team has reached
agreement for some of the design parameters for an auditory alarm
system and has identified some problem areas. They have also bounced
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around some ideas of how to apply an auditory alarm system to the main
control room if they can come up with an acceptable alarm system.

The team has agreed that the auditory alarm system must supple-
ment the visual displays; provide short prioritized messages that con-
vey severity; have concise and meaningful structured phrasing; and be
clear and distinct from all areas of the control but they must not
startle the operators. They also agreed that the alarms should be
multidimensional for the reasons Joe C. had put forth in his earlier
suggestion.

In addition to setting these design parameters, one of the
better suggestions for an alarm system was rejected. This suggestion
had been to have only one alarm from a fairly large set of alarms
sound at a time. The alarm that would sound would be the most urgent
alarm as determined by an analysis of the various plant systems and
components and arranging them in a prioritized hierarchy. The control
of the system would have been a microprocessor or computer monitoring
the input signals and then triggering the highest corresponding alarm
and holding the others until the first alarm had been responded to.
The idea was rejected because no one in the utilities or in the regu-
lating agencies had ever been able to agree on what this hierarchy of
systems should be. Therefore, they concluded their system would have
to have multiple simultaneous alarms that would convey severity.

This led to some heated conversation over how many alarms would
be needed and if the operators could handle the number of alarms that
some of the ideas being suggested would require.

This discussion also identified another problem area. This was

how to section or divide the plant and on what basis should this
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division take place if an effective alarm system could be organized.
The division could take place by system, function, priority, or even
by location. Most of the group leans toward division by system, while
at least one member wants to prioritize everything by a combination of
system and function, and Charlie has been arguiung for division by
location,

The chief engineer finally divides the team into two groups.
The first group is to determine how coded auditory alarm systems can
be logically and reasonably designed for use in the reactor's main con-
trol room. The second group is to gather information from design
handbooks and other technical information sources on human performance
with coded auditory alarm systems in order to evaluate the designs
the first group will develop.

After several days of diligent work, the two groups meet to
review the ideas of the design group and the results of the research
group.

The design group has come up with three possible ways of
dividing the plant and then assigning coded auditory alarms to the
divisions. These divisions could be ranked or ordered by priority,
by system, by function, or by location, thus resolving some of the
earlier arguments.

The first proposed design is to divide the plant into k divi-
sions and assign each monitored phencmena or componeat to one of the
divisions depending upon the importance of that phenomena or compo-
nent. Then the "best" of k alarms would be assigned to the most
important division and so on down to the least important division

getting the least ranked alarm.
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This proposal is similar to the one Joe put forth the day of
the first meeting. The difference is that there are k alarms for k
divisions rather than an alarm for each component or phenomena.

The second proposal is to divide the plant into j divisions and
to assign all k alarms to each division. Each division would then be
further divided into k subdivisions with one alarm assigned to each
subdivision.

The last proposal is to again divide the plant into j divisions
but then rank the divisions as to importance. Each division would be
assigned n alarms and each division would receive the same number of
alarms. Thus the number of divisions would be limited to k divided by
n divisions. The n alarms assigned to the most important division
would be the easiest to identify and those assigned to the least
important division would be those alarms that are ranked the lowest as
being easy to identify. This method will limit the number of divisions
but will allow some control over the depth of the coding in the
divisions.

The group looking into the areas of human performance had not
had as much success as had the group working on the design problems.
They had found that if only one dimension is used for coding no more
than four or five alarms could be identified all the time. Four is
the 1imit if the dimension is intensity and five is the limit if the
dimension is frequency. However if two dimensions are used for coding
the alarms, the number of absolute identifications possible increases
to eight alarms. The literature review also indicates that if addi-

tional dimensions are used and only a few steps of each dimension are



used the number of alarms that can be identified can be very large.
This was what Joe C. has been referring to in his first suggestion.
A study done at The University of Tennessee had found that if more
than two alarms are sounded simultaneously, where each alarm is coded
by changes in frequency, intensity, or on-and-off modulation, the
person attempting to identify them will make a large number of mistakes
in identifying the alarms.

With the three proposed designs and the performance information
presented, the team now had to evaluate the designs in order to find
a workable system.

One problem was immediately found with the first design. Turkey
#1 had four cooling loops and secondary systems. No matter how the
plant was divided, there would be divisions of equal importance. It
was suggested that the alarms chosen for the equal divisions could be
made different in only one dimension, say intensity, thus giving
each division its own alarm set which would be different but similar
to the sets for the other divisions. This was rejected because of the
very good chance of confusing an operator and having him make a mistake
when several of the alarms sounded simultaneously. Besides, if only
two alarms could be used, then the plant could be divided into two
divisions with a large number of each of the two alarms installed for
the various phenomena and components to be monitored.

The second design looked better than the first. Here there can
be many divisions with at least 2 levels of coding in each division.

Each system, function, or location would be assigned one of the two

alarms.




The last design will become the same as the first design if

k=2 and n = 1 and this proposal has already been rejected. If k = 2
and n = 2 then the last design has only one division with 2 levels of
coding. This is really the same as the second design where each
system, function, or location would be assigned one of the two alarms.
But, if n could be equal to one or two then there could be many divi-
sions with some divisions having two levels of coding and some having
only one. This was a design not originally proposed.

Thus, this newest design of having many divisions of the plant
with either one or two levels of coding for each division appears to
be the best system to use because it is the most versatile when only
two alarms are available. What happens if there were 3 alarms avail-
able? Design one still suffers from the same flaw as before. Design
two simply achieves another level of coding for each division. The
third design is still no good if k equals 3 and n equals one. Further-
more if n equals two, the impossible situation of having a fraction of
a division occurs. The third design is again the same as the second
if n equals three. The new design is still more versatile if three
alarms are available, with each division having from one to three
levels of coding. This design will continue to gain versatility as
the number of alarms available increases.

In order to increase the number of alarms beyond two they must
become easier to tell apart when sounded simultaneously. Thus the
systems engineers conclude they need someone to do some more research

and testing of subjects in the following areas:
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Increase the number of dimensions and reduce the number
of steps in each dimension used to code the alarms to
increase absolute discrimination and recognition by re-
ducing the masking of one signal by another.
2. Try using periodic and aperiodic sounds as signals in
the same alarm systems to see if this will increase the
number of alarms that can be correctly identified.
3. Try combining an auditory system with a visual system
to perhaps improve subject performance.
If any of the above suggestions will allow more coded auditory alarms
to be used, the use of multiple simultaneous alarms in the control
room will greatly improve this important communication channel.
However, if the research does not increase the number of alarms
that can be used, then the system that was rejected in the planning
stage should be pursued. This was the microprocessor or computer

controlled system that would present only the most urgent alarm if

several occurred simultaneously.
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Alarm System 2.
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Figure D-4. Recommended Design.
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