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(ABSTRACT)

A human factors experiment was conducted to assess the intelligibility of synthesized
speech under a variety of noise conditions for both hearing-impaired and normal-hearing
subjects. Modified Rhyme Test stimuli were used to determine intelligibility in four
speech-to-noise (S/N) ratios (0, 5, 10, and 15 dB), and three noise types, consisting of
flat-by-octaves (pink) noise, interior noise of a currently produced heavy truck, and truck
cab noise with added background speech. A quiet condition was also investigated.
During recording of the truck noise for the experiment, in-cab noise measurements were
obtained. According to OSHA standards, these data indicated that drivers of the sampled
trucks have a minimal risk for noise-induced hearing loss due to in-cab noise exposure
when driving at freeway speeds because noise levels were below 80 dBA. In the
intelligibility experiment, subjects with hearing loss had significantly lower intelligibility
than normal-hearing subjects, both in quiet and in noise, but no interaction with noise
type or S/N ratio was found. Intelligibility was significantly lower for the noise with
background speech than the other noises, but the truck noise produced intelligibility equal
to the pink noise. An analytical prediction of intelligibility using Articulation Index
calculations exhibited a high positive correlation with the empirically obtained

intelligibility data for both groups of subjects.
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INTRODUCTION
Background

In the 1990 Statement of National Transportation Policy, Transportation Secretary
Samuel K. Skinner said that “... no industry in the Nation is more important to U.S.
economic growth and international competitiveness than transportation” (Reed, 1990, p.
27). Unfortunately, this growth is hampered by two costly problems facing the road
vehicle transportation industry: safety and congestion.

The greatest probability of fatality for persons under the age of 40 is from road traffic
accidents (Hancock, Caird, Johnson, Shekhar, Yang , Coyle, and Pawlacyk, 1991).
Worldwide, Rumar (1982) estimated that 250 000 deaths and 10 million injuries occur
every year in traffic accidents. Even with the advent of safety devices such as passive
restraint systems and anti-lock brakes, the ever-increasing number of vehicles could lead
to 100 000 traffic fatalities per year in the U.S. alone by the year 2020 (Reed, 1990).

The growing number of vehicles also adds to the congestion facing urban commuters.
Approximately 2 billion vehicle-hours of delay per year can be attributed to road
congestion, with some estimates as high as 11 billion vehicle-hours per year by the year
2005 (Morans, Kamal, Okamoto, Hase, and Hellaker, 1991). Historically, government
spending on road construction has not been sufficient to alleviate this problem.
According to Federal Highway Administration data, total vehicle-miles of travel
increased 78% between 1970 and 1988, while inflation-adjusted highway expenditures
rose only 13.6% (Willis, 1990). It does not seem as if this situation will change in the
near future. The Department of Transportation (Committee on Public Works and
Transportation, U.S. House of Representatives, 1989) noted that the U.S. has neither the
resources nor the funds to reduce traffic congestion solely through the construction of

new roads.



The combined cost of these two problems is staggering. Voorst (1992) reported that
traffic congestion and accidents could cost the U.S. up to $120 billion per year. Reed
(1989, 1990) estimated that economic losses from accidents alone exceed $100 billion per
year, and excess or wasted travel costs at least $46 billion per year.

To address these growing traffic safety and congestion concerns, plans for Intelligent
Vehicle Highway Systems (IVHS) have been initiated by the U.S. Department of
Transportation as flexible alternatives to major highway construction (Mast and Peters,
1992). IVHS offers the ability to help the driver detect possible hazards and roadway
obstructions before he or she would otherwise be aware of them. This information might
include the location of hazards such as icy bridges, upcoming accident scenes, dangerous
curves, and sight-restricted intersections or bridge abutments. These systems might also
include information about how to navigate around congested areas to reduce travel time.
Accessing roadside sensors or Global Positioning System satellites, onboard maps can
display vehicle location and desired destination in unfamiliar areas.

One of the most important applications of IVHS will be the warning of impending
collisions and dangers to the driver and vehicle. Metzler (1988) estimated that by
initiating a maneuver one-half second earlier, drivers could avoid approximately 60% of
rear collisions, 50% of road junction accidents, and 30% of oncoming vehicle accidents.
If the maneuver were initiated one second earlier, drivers could avoid over 90% of rear
collisions and road junction accidents and over 60% of oncoming vehicle accidents. The
immediate comprehension of a warning signal in these cases would be crucial to the
driver’s safety.

There are various methods for displaying the IVHS-generated information available
to the driver. Roadside electronic signboards are used in some cities to display traffic
information to drivers heading into congested areas. Moving map displays located on the

vehicle dashboard give real-time navigational information; however, there is the danger



that the map display would distract the driver’s attention from the road. Because driving
is largely a high-demand visual tracking task, many displays may need to be auditory so
that this danger could be avoided.

- Some efforts to implement these systems have already begun. A project called
Pathfinder, developed jointly by the Federal Highway Administration, the California
Department of Transportation, and General Motors, was designed to direct motorists
driving specially equipped cars around accidents and areas of congestion (Beck, Meyer,
Lewis, and Hager, 1988). TravTek, a demonstration project in Orlando, allows drivers
using modified rental cars to access navigational information via visual display terminals
and voice message systems (Fleischman, Carpenter, Dingus, Szczublewski, Krage, and
Means, 1991). Erlichman (1992) described a pilot study involving the In-Vehicle Safety
Advisory and Warning System (IVSAWS), a program proposed by the Federal Highway
Administration which would use in-vehicle displays and portable radio beacons placed
near road hazards to alert drivers of these situations.

Commercial vehicle operators, especially those driving heavy trucks, have unique
concerns which can be addressed by IVHS, and it is to this application that this thesis is
addressed. Because medium and heavy trucks have a higher fatality rate than the total
vehicle population (3.5 fatalities per 100 million vehicle-miles for trucks vs. 2.1 per 100
million for all vehicles in 1988) (IVHS America, 1992), safety enhancements will be
particularly important in IVHS design for commercial vehicles. Warning systems may
give information about potentially dangerous truck conditions, such as load shift, possible
rollover, low tire pressure, and brake condition, in addition to collision avoidance
warnings and notification of hazardous roadway conditions (Mast, 1991). Because of
their size and mass, trucks need much longer stopping and maneuvering distances than do

passenger cars, and therefore advance warning of hazards is critical.



To be of use, navigation and route information must take into account the clearance
and weight limitations and hazardous cargo restrictions specific to trucks. These
navigation data could then help guide operators through the streets of unfamiliar cities
and around unexpected congestion. Such devices could save the drivers time and money,
which in turn would make the devices more acceptable to truck operators (Willis, 1990).
Willis (1990) also reported that ambulance and cab companies have already begun using
these systems to aid in vehicle location and guidance.

Another serious problem in long-haul trucking, as well as automobile driving, is
driver impairment due to fatigue. Kearney (1966) reported that up to 35 percent of all
highway fatalities could be the direct result of driver fatigue or drowsiness. Tilley,
Erwin, and Gianturco (1973) found that almost two-thirds of all drivers had experienced
drowsiness while driving automobiles and that almost one-third of those reporting
drowsiness were not aware that drowsiness was impending. IVHS may be able to detect
the onset of driver impairment and issue warnings to the operator and others in the
immediate area (Mast, 1991).

The design of displays that are used in IVHS will be of paramount importance to their
usefulness and acceptance by drivers. Auditory displays will be even more critical to the
performance of these systems because they have unique advantages in situations where
immediate detection and comprehension are needed (i.e., warnings and real-time
navigation). Because drivers are not highly trained to listen for coded nonverbal warning
sounds, voice message technology offers considerable potential benefit as a primary

mode of auditory display.
Auditory Displays

Guidelines defined by Deatherage (1972) were established for deciding between the

use of auditory and visual displays. Situations in which auditory displays should be used



include (1) when warnings are given, because auditory warnings are omnidirectional, (2)
when the visual system of a person is already overburdened, (3) when the message is
short and simple, (4) when the message calls for immediate action, and (5) when the
message indicates an event in time, not a location in space. It has already been noted that
an important application of IVHS will be the use of warning signals. Most messages will
be of short duration and will need to be acted upon immediately by the driver. Because a
driver’s visual attention is focused on the road, auditory displays are probably the least
distracting mode of stimulus (Parkes and Coleman, 1990; Wickens, 1980), although if
improperly designed, they may elicit a startle reaction which can be disturbing and time-
consuming.

Deatherage (1972) also listed guidelines stating when speech should be used in place
of nonspeech messages. These situations include (1) when flexibility is needed, (2) when
listeners are without special training, (3) when the message deals with events in future
time that require some preparation, and (4) when situations of stress might cause the
listener to “forget” the meaning of the signal code. These guidelines address the need for
flexibility required in different driving situations, including ones that can be highly
stressful (e.g., hazardous road conditions, traffic, and inclement weather), as well as the
fact that truck drivers are not specially trained to listen for warning signals, as are aircraft
pilots. The need for the driver to prepare for route changes and the system to display the
related directional information represents another situation in which the use of speech

messages in truck cabs could be recommended.
Research Issues

The use of auditory displays that incorporate speech in the truck cab environment has
many potential applications. However, various factors must be taken into account when

designing these interfaces. Because of the high noise levels found in some truck cabs



(Reif, Moore, and Steevensz, 1980), exposure levels may be great enough to damage the
hearing of operators over long periods of time. This is supported by a study by Nerbonne
and Accardi (1975), who found a slow but steady increase in hearing loss with years of
experience driving trucks. The possibility of having to accommodate an operator
population which includes a significant number of hearing-impaired individuals cannot
be ignored when installing auditory displays that could be important to driver safety. The
speech levels necessary to overcome masking effects of the cab noise may contribute
substantially to the exposure risk, especially for the already impaired operator who
requires higher levels.

The high noise levels also present a concern with respect to the intelligibility of
speech messages. Numerous studies (Abel, Alberti, Haythornthwaite, and Riko, 1982;
Hawkins and Stevens, 1950; Pollack and Pickett, 1958) have shown that the speech level
must be increased in noise to produce the desired intelligibility and have quantified the
signal-to-noise (S/N) ratios needed for intelligibility. To achieve a 90% intelligibility
score, normal-hearing individuals require an S/N ratio of at least 10 dB (Acton, 1970).
As the S/N ratio is decreased, the intelligibility can be expected to fall as well, with
approximately 30% intelligibility at an S/N ratio of -5 dB. For hearing-impaired
individuals, the decrease in intelligibility has been found to be more pronounced as the
S/N ratio decreases (Pekkarinen, Salmivalli, and Suonpii, 1990). However, when using
synthesized speech, which is the speech technology most likely to be used with IVHS
displays, the masking effects of high noise levels are not as well-defined.

The intent of the present study was to determine the effects that truck cab noise and
speech levels have on the segmental (i.e., phonemic) intelligibility of synthesized speech

and how these factors interact with the hearing threshold level of the listener.



HUMAN AUDITION AND NOISE

For the purposes of this document, sound is defined as a pressure oscillation of a
medium having viscosity and elasticity, which is capable of being detected by a human as
an auditory sensation. Noise is defined as unwanted sound (ANSI, 1960). Noise can also
be defined as a sound which is random and unpredictable by nature, such as the hiss of a

radio tuned between stations (Boff and Lincoln, 1988).
Human Audition

The normal, healthy ear receives sound pressure oscillations and transforms them into
sensory information that the brain resolves through nerve impulses. Figure 1 shows that
the ear is divided into three sections: the outer, middle, and inner ears. The outer ear
consists of the pinna and the auditory canal, the open channel leading to the tympanic
membrane, or eardrum. Because of its shape, the pinna provides information which aids
in the recognition and localization of sounds. Midrange frequencies are greatly amplified
due to the shape and dimension of the auditory canal (and to some extent the pinna),
giving a net gain of 10 to 15 dB in the 2 to 4-kHz region (Ward, 1986).

The middle ear, consisting of the tympanic membrane, ossicles (comprised of three
small bones called the malleus, incus, and stapes), and the oval window, converts the air
pressure oscillations into mechanical vibrations. Because it provides a seal between the
auditory canal and the middle ear, the tympanic membrane protects the middle and inner
ear by keeping out foreign bodies. Two muscles attached to the malleus and stapes
reduce the amount of high intensity noise (over 80 dB) reaching the inner ear by placing
the ossicles in tension. Some protection is provided, particularly by the stapedius reflex;

however, the muscular activity shows partial adaptation to the noise over time, and there



Figure 1.  Basic anatomy of the ear and sound paths (adapted from Berger, 1980).



is a finite lag time in reflex response that limits protection against rapid onset noises
(Ward, 1986).

The inner ear converts the mechanical vibration at the oval window into fluid motion
in the cochlea. This fluid motion stimulates hair cells located on the basilar membrane,
the deflection of which is then transformed into neural impulses which are processed by
the brain. The hair cells are susceptible to damage from noise exposure, this damage

becoming irreversible as exposure increases (Ward, 1986).
Hearing Loss

Conductive hearing loss. Conductive hearing loss is damage to the outer or middle
ear which interferes with the conduction of sound to the inner ear. This condition is
usually caused by a ruptured or scarred eardrum, disease (e.g., otitis media and
otosclerosis), a blow to the head, or a sudden explosion near the head which results in
immediate “acoustic trauma.” This type of hearing loss is often reversible through
medical or surgical means. While employment-related conductive hearing loss may
occur, it is uncommon (Ward, 1986).

Conductive hearing loss is characterized by a fairly uniform amount of hearing loss at
most frequencies (Morrill, 1986). An audiogram characteristic of persons with
conductive hearing loss is shown in Figure 2 as a dashed line.

Sensorineural hearing loss. Damage to the inner ear is defined as sensory hearing
loss, while damage to the auditory nerve is defined as neural hearing loss. Both of these
types of hearing loss can be permanent and are irreversible by known medical means.
Noise primarily produces sensory hearing loss (Ward, 1986). Although the structures
damaged in sensory and neural hearing loss are different, they are normally grouped

together because the hearing loss symptoms are similar.
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Figure 2.  Typical audiogram characteristics of conductive and noise-induced hearing
loss (adapted in part from Melnick, 1979).
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Two types of noise can produce sensory hearing loss. Acoustic trauma, produced by
a noise of very high intensity but short duration, results in instantaneous neural damage
by rupturing the structures of the inner ear. As with conductive loss, an explosion or
gunshot near the ear can cause acoustic trauma. The more common etiology of sensory
hearing loss is long duration exposure to moderate or loud noise. After prolonged
exposure to loud noise, the hair cells become damaged and insensitive to the fluid motion
of the inner ear. As the severity of the exposure increases and the hair cells are not

allowed time to recover, this damage becomes irreversible.

The Effects of Noise on Humans

Noise exposure. Sensory hearing loss is the most common type of hearing loss
resulting from occupational noise exposure (NIH, 1990). This permanent hearing
damage due to overexposure to noise is termed noise-induced hearing loss (NIHL). This
problem has become so prevalent that Miller (1978) estimated that more people
experience NIHL than all other occupational illnesses combined.

The Walsh-Healey Public Contracts Act (U.S. Department of Labor, 1969) was
passed and stated that no employer contracting to the U.S. government could expose a
worker to a daily 8-hour time weighted average (TWA) noise exposure of over 90 dBA.
In 1970, the Occupational Safety and Health Act was passed to provide this protection to
all of general industry. OSHA (1983) amended the original Occupational Health and
Safety Act to add an “action level” that would be imposed at 85 dBA TWA. Noise
exposure is a multiplicative function of sound level and duration. Integrated over an
8-hour day, any exposure which exceeds 90 dBA TWA (a 100% dose) is considered to be
over the OSHA limit and hazardous, and engineering or administrative controls must be
established (OSHA, 1983). For those exhibiting a pre-defined standard threshold shift,

85 dBA is the exposure limit.
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Because the symptoms of NIHL are insidious and normally painless, many people are
not aware of their condition until it has approached the advanced stages (Casali, 1986).
The EPA (1981) estimated that over 9 million workers were exposed to levels exceeding
85 dBA daily. This number includes construction, mine, transportation, and agricultural
workers that are not covered by the federal noise standard (Suter, 1986). If the current
trend goes unchanged, Shipley (1985) contended that NTHL could become the most
expensive legal and medical problem facing industry.

Characteristics of noise-induced hearing loss. Noise-induced hearing loss can first
be seen in an audiogram as a “notch” in the hearing threshold level at 4000 Hz, which is
not surprising considering the aforementioned amplification that occurs in the auditory
canal (Ward, 1986). This notch becomes more pronounced and spreads to include
frequencies in the 1000-Hz to 8000-Hz range as the condition worsens (Melnick, 1979).
An audiogram characteristic of persons with noise-induced hearing loss is shown in
Figure 2 as a solid line.

Degree of hearing loss. Specifying the degree of hearing loss is important when
describing listener characteristics. The amount of hearing loss may be categorized by the
degree of difficulty of understanding speech, or as a percentage pure-tone hearing loss in
one or both ears (Kryter, 1985; Miller and Wilber, 1991). Most classification schemes
use the pure-tone average (PTA) hearing level found at discrete frequencies which are
referenced to audiometric zero. Decibel hearing level (dBHL) is the unit used to
describe the hearing threshold level (i.e., dB weighted according to a normal audibility
curve) at which a pure tone can be detected. Table 1 illustrates one of these classification
schemes, which categorizes hearing loss using the PTA at 500, 1000, and 2000 Hz.

Other studies conclude that, if frequencies above 2000 Hz are ignored when
classifying hearing loss, prediction of loss of speech perception is hindered.

Smoorenburg, de Laat, and Plomp (1982) studied the speech reception threshold (SRT)
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TABLE 1

One Classification Scheme for Hearing Impairment (from Miller and Wilber, 1991)

Average hearing (threshold)
level for 500, 1000, and

2000 Hz in the better ear
Hearing Ability to
(threshold) Degree of Not more understand
level, dB Class handicap more than than speech
A Not 25dB No significant
Significant difficulty with faint
speech
25 B Slight 25dB 40 dB Difficulty only
Handicap with normal speech
40 C Mild 40 dB 55 dB Frequent difficulty
Handicap with normal speech
55 D Marked 55dB 70 dB Frequent difficulty
Handicap with loud speech
70 E Severe 70 dB 90 dB Can understand
Handicap only shouted or
amplified speech
90 F Extreme 90 dB Usually cannot
Handicap understand even

amplified speech
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(the level at which 50% of spoken sentences could be reproduced correctly) in quiet and
in noise with listeners of various levels of hearing loss. Their findings indicate that,
while the threshold shift at 500 Hz correlates best with the SRT in quiet, the SRT in noise
correlates best with shifts in the 20003000 Hz range. Kryter (1985) advocated the use of
frequencies of 1000, 2000, and 3000 Hz and perhaps 4000 Hz to account for the
frequencies normally found in everyday speech in quiet.

The American Academy of Otolaryngology-Head and Neck Surgery (AAO-HNS)
endorses a method which calculates percent impairment for one or both ears (Miller and
Wilber, 1991). “Impairment” denotes a medical condition that causes a deviation from
one’s normal or non-impaired characteristics (Cudworth, 1986). The most critical
impairment would be that which decreases the ability to hear ordinary speech. A non-
impaired individual would have a hearing threshold level of 25 dBHL or lower in each
ear, while an individual with total impairment would have a hearing threshold level of 92
dBHL or higher in each ear. The percent impairment calculations therefore interpolate
the difference between these two levels. The monaural percent hearing impairment is
calculated by subtracting 25 dB from the PTA at 500, 1000, 2000, and 3000 Hz and then
multiplying the result by 1.5 percent. The binaural percent hearing impairment is
calculated by multiplying the monaural percent hearing impairment for the better ear by
5, adding the result to the monaural percent hearing impairment for the poorer ear, and
dividing the total by 6. Each of these calculations would assign a 100% impairment to an
individual whose PTA for each ear was at or above 92 dB and a 0% impairment to an
individual whose PTA for each ear was at or below 25 dB.

Because there is no agreed upon definition of hearing loss or level of hearing loss,
many researchers and government agencies use their own range of values. For example,
Abel et al. (1982) defined bilateral noise-induced high frequency loss as a slope in loss of
35 to 65 dB between 500 and 4000 Hz. In addition, states vary in the method and
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frequencies to use when defining hearing loss for workers’ compensation claims

(Cudworth, 1986).
Truck Cab Noise

Historically, measurements of truck cab noise show that drivers often experience
hazardous exposure levels. Truck-related sources of noise in truck cabs include the
cooling fan, engine, transmission, exhaust, acrodynamic or wind noise, road or tire noise,
and CB and radio chatter. Clarke (1978) reported that truck drivers were exposed to
sound pressure levels at or above 90 dBA more than 40% of the driving time. During
controlled SAE J336 (Society of Automotive Engineers, 1968) acceleration tests,
Leneman (1977) found that while the exterior noise of a conventional short cab truck was
90 dBA, the interior noise was 94 dBA. Higher interior noise levels are consistent with
the fact that most research into controlling truck noise has been focused on reducing
exterior environmental noise, rather than interior cab noise. Using the same SAE J336
tests, Werner and Boyce (1976) found interior noise levels as high as 95 dBA, 5 dBA
above the OSHA permissible limit if sustained over 8 hours. Although both truck cabs
used in this study were cab-over-engine (COE) models, the findings should be similar for
cab-behind-engine (CBE) models because no noise disparities are apparent between COE
and CBE models (Fee and Schwendeman, 1976).

Reif and Moore (1983) measured noise levels in 58 relatively new and well-
maintained 1970s vintage truck cabs and found that equivalent levels (Leq) exceeded 90
dBA TWA in 40% of the trucks for a 10-hour time period (the average drivers spend
behind the wheel in a day) and exceeded 85 dBA TWA in 90% of the trucks for a 10-hour
time period. (Leq is defined as the continuous sound level, usually A-weighted, that is
equivalent in energy to a variable sound level when integrated over the same period of

time (Earshen, 1986).) They measured the sound levels for three different types of
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