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Current hearing protector rating standards estimate the protection performance for a given frequency
as the mean attenuation minus a multiple of the standard deviation. Distributions of real-ear
attenuation at threshold data are fit with maximum likelihood estimation procedures using both
normal and mixed-normal models. Attenuations from six hearing protectors, Bilsom UF-1 earmulff,
Bilsom Quietzone, E+A«R Classi€®, E*A*R® EXPRESS Pod Plugg, Howard Leight MAX, and

Wilson EP100 earplugs, measured with a subject-fit protocol are reported. The mixed-normal
(bimoda) model provides a better fit to the empirical data than the unimodal model for most
frequencies and protectors. Primarily, the bimodal model fits the shape of the distributions caused by
data from poorly-fit protectors. This paper presents an alternative method for estimating the
protection performance either with the more accurate bimodal model or directly from the empirical
cumulative distributions of the attenuation dafdOl: 10.1121/1.1461835

PACS numbers: 43.50.Hg, 43.66.Vt, 43.15[MRS]

I. INTRODUCTION lab-to-lab variation, and has a tendency to include more data
. ) from subjects with poorly-fit protectof8lurphy and Franks,
Real-ear attenuation at threshol®EAT) determines 1999 The European community uses a protocol similar to
hearing protector attenuation as the difference between ogq . Eqp protocol described in ISO 48691990 for esti-
clu_ded .and_ unoccnged thresholds for. third-actave banqnating REAT for protectors. Calculation of the ISO Single
noise stimuli at specified center frequencies from 63 to 800 umber Rating SNR and HML are accomplished with the
Hz depending upon the standard used. Three hearing ProtREAT data collected under an ESF protocol. ANSI S3.19-
tor fitting protocols have been defined in ANSI standards:1974 Method A of ANSI S12.6-1997, and the ISO ESF pro-
experimenter-fit in  ANSI S3.19-1974(ANSI, 1974, tocols prescribe the use of a fitting noise which aids the

experimenter-supervised-fit, and subject-fit in ANSI S12.6-_ .~ " S .
1997 (ANSI, 1997. subject in achieving the best fit of the protector.

. . . The subject-fit (SF) protocol (ANSI S12.6-1997,
ANSI S3.19-1974 provided for an experimenter fit when Method B gives the subject control of fitting the device.

optimum protector performance was required. The SUbjeCéubjects tested under the SF protocol are required to be

was to fit the hearing protector, however the experimenter .. . . .
9p P nave with respect to hearing protector use and training.

inspected the fit to assure a good fit and acoustic seal. Tr\f/hen tested, the subject is given a copy of the manufactur-
experimenter had the option of reinserting earplugs or read- '

justing other protectors to achieve a “best” fit. This method gﬂ;,&23”;;022;;?2%'2Sfittrtliftedrgcits;heThe ;(pselzr'g]aetgtfr Iif: ar;lot
afforded the greatest control over the REAT testing. In fact 9p ' ypically

Frankset al. (1996 demonstrated that EF data exhibited thehave the lowest mean attenuatipns of the_ three .tESt prptocols
smallest lab-to-lab, subject-to-subject, and trial-to-trial vari-2nd the greatest subject-to-subject and trial-to-trial variances.

ance while achieving the greatest mean attenuations. Ho he SF lab-to-lab variances were less than the ESF lab-to-lab

ever, EF data have significantly overestimated real—world’arlﬁnzel\s/l an(:] werz 'gompkaralbgle;_(r)hthe var|ance£sbfot:Nthe EF
data as indicated by the derating of the noise reduction ratinf'¢thod(Murphy and Franks, 1998The agreement between

(NRR) by OSHA inspectors(Murphy and Franks, 1998 F data and real-world data demonstrated thatenaubject
2001; OSHA, 1983, 1999 ’ ' performance was comparable to workers who were suppos-

Similarly, the experimenter-supervised-fESP proto- edly trained in using earpluggBerger et al, 1998. The

col described in Method A of ANSI S12.6-1997 also overes-Primary shortcoming with the subject-fit protocol is the in-
timates the real-world attenuatiofRoyster et al, 1996; creased prevalence of poorly-fit protectors. Murphy and

Bergeret al, 1998. The ESF protocol yields the greatest Franks(1998 examined _thg distribution of attenluationfs from
four protectors tested in interlaboratory studies using EF,
ESF, and SF protocols and found that the premolded plugs,

3Electronic mail: wjm4@cdc.gov Bilsom Quietzone and Wilson EP100, exhibited bimodal dis-
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tributions for several test frequencies. The bimodal attenuaperimenter intervention to correct improper fits, the REAT
tion distributions often had a peak near 0 dB and another aneasurements will exhibit more variability than ESF or EF
about 20 dB which typified poorly-fit and well-fit protectors. protocols.

The NRR, SNR, high middle lowHML ) and the noise
reduction rating subject-fit (NRE) are among several rat- A The Gaussian distribution
ing methods currently in use in the United States and Europe. ] )
The 1995 NIOSH Hearing Protector Compendium lists the ~ When sampling a population, the samples are assumed
rating method in use at that time. For details about the meth© P& drawn randomly from a normally-distributed popula-
ods, one should consult the compendium and the appropriaf@”’

standardNIOSH, 1995; EPA, 1978; ISO, 1994; Berger and 1
Royster, 1996; Frankst al, 2000. In essence, the ratings g(X,,0)= e (x-w?20? (1
are subtracted from the noise levels measured for a worker’s N27mo

protector (ANSI $12.19, 1996 Hearing protectors sold in standard deviation. The Gaussian distribution is important to
the United States are required to be labeled under the EPfhe hearing protector rating standards because multiples of
rule, 40 CFR 211, subpart B. The EPA rule requires thathe standard deviation are used to estimate the protection

testing be done according to the EF protocol in the ANSlperformance. Specifically, the protection performance for
S$3.19-1974 standard even though ANSI S12.6-1997 supeNRR, SNR, HML, and NRR: standards is

cedes S3.19. European standards require that protectors be
tested according to ISO 4869 part 1 and labeled according to
ISO 4869 parts 2 and 3 which specify the SNR and HML

rating methods. where =2 for the NRR,a=1 for the NRR and « is

One common element to each of these protected nOiS\‘?ariable but is normally set to 1 for the SNR and HML
level calculations is the use of the mean attenuation minuﬁwethods

some multiple of the standard deviation. Hence, the attenua-

tion values are assumed to be normally distributed when de- ) o

scribing the percentage of a protected population. In Murphy?: Bimodal attenuation distribution

and Franks(1998, the low-frequency attenuation distribu- A mixture of two Gaussian distributions can be used to
tions for the Bilsom Quietzone and Wilson EP100 earplugsreate a bimodal distribution. Since agriori knowledge of
were non-normal and bimodal while the distributions for thethe bimodality is assumed, the data are apportioned between

E+A*R® Classi¢’ and Bilsom UF-1 were unimodal and nor- the two distributions. The combined distribution becomes
mal. This trend was most pronounced for the subject-fit data.

o0

Protection Performander) = J g(x) dx, (2)

n—ao

For this paper, the data measured in several laboratories ¢ e pp?20?, LT P 2202
i i X f(x): e M1 1+ e M2 2,
for the four hearing protectors examined in Murphy and Rro, o,

Franks(1998 and the data from two additional devices, the 3
E«A*R® EXPRESS Pod Plug® and Howard Leight MAX
whereu, and u, are the meansr, ando, are the standard

earplugs, were analyzed. The assumption of normality wag_ . 7 : . . .
TPIUg . Y o P . Y aewatlons, andp is a proportionality constant with a range
critically examined to determine its appropriateness as a de-

. of 0 to 1.
scriptor of REAT data. The goal was to develop a more rep- Integration off (x) yields the bimodal cumulative distri-

resentative estimate of protection afforded by hearing protect—) .
. . ) —bution
tors which can be used in current rating standards with

minimal modification of the calculations of the rating values. *
F(X):d) g(XV/“Llro-l)dX

n—ao

IIl. THEORY FOR BIMODAL DATA »
i i +(l_¢) g(x,Mz,O’z) dX! (4)
The developments of the various rating methods have u-ao

been predicateq upon the ass.umption that data are well b@hereg(x, u,) is the Gaussian function in E€L). Figure 1
haved. Attenuations for a hearing protector measured at seyjtystrates the mixed Gaussian distribution and its associated
eral different frequencies are described by means and stagumulative distribution function. The bimodal cumulative
dard deviations. Consistent attenuation data are assumed dtribution has a characteristic shoulder between the two
be normally distributed or a_t the least unimodal such that th‘?)eaks. If the two distributions overlap considerably; the mix-
protector has one way to fit the ear canal and that the conyre of two normal distributions can look like a single,

tinuum of attenuations measured at several frequencies akkewed distribution, or even resemble a single normal distri-
best characterized by a mean and standard deviatiopytion.

Subject-fit test protocols provide more opportunity for the
test subjects to improperly fit the protector to the ear. Wheq
L . h . .. . METHODS
the protector is improperly fit, the integrity of the protector’s
seal with the head can be compromised resulting in low at- The data used in these analyses have been previously
tenuations due to leakage. Because SF protocols prohibit exeported in several articles: Roystet al. (1996, Franks
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Q than =5 dB at a radius of 15 cm about the center of the
5 o ' 100% subject’s head and no more than 3 dB for the left—right axis.
g st 180 8 Pairs of unoccluded and occluded thresholds were measured
= a for each subject. Between trials, subjects removed the hear-
g 6 160 % ing protection and, if using earplugs, were given a new pair
c =) of plugs to use on the next occluded trial.
2 41 140 o
@ =
2 ol {20 & IV. RESULTS
g 0 i oA N R 0 g The REAT data were fit with both the single and mixed

20 -10 0 10 20 30 40 50 60 O Gaussian models with the general optimization functios

Attenuation (dB) in S-Plus(Venables and Ripley, 1997The means g1, u»),
standard deviationsa(;,05), and proportionality constants
FIG. 1. The bimodal cumulative distribution derived from two normal () are reported in Table I. The fits were then tested with a
Gaussian d‘istributions. Different pro‘porti_onality constants, means, and Staqikelihood ratio test to determine whether the bimodal model
dard deviations affect the shoulder in this plot. . . . .
fit was significantly better than the unimodal fit. jAvalue
less than 0.05 was the criterion for statistical significance.
et al. (1996, Bergeret al. (1998, and Frankst al. (2000. Table Il lists thep values for each of the comparisons of the
Data were collected at EcA*RCal laboratory, Wright Patter-fits.
son Air Force Base, US Army Auditory Research Labs, Vir- The data in Table | exhibit some interesting trends. The
ginia Tech University, and at the NIOSH Taft Laboratories. proportionality constant tends to be low for those frequencies
Each of the studies collected and analyzed REAT data usingnd protectors where the unimodal model gives a reasonable
the EF, ESF, or SF protodg). This paper analyzes the fit. The exception to this trend is the UF-1 earmuff. In cases
subject-fit data collected by these laboratories for the Bilsomwhere the two distributions overlap significantly, the mean
UF-1 earmuff (UF-1), Bilsom Quietzone (Quietzong, for unimodal model is between the means of the bimodal fit,
EAsR® Classi® (Classio, E+AR® EXPRESS and the unimodal standard deviation is comparable to those
Pod Plug® (Expres$, Howard Leight MAX (MAX), and fit for the bimodal model.
Wilson EP100(EP100 earplugs. For the insert earplugs, 0<1¢$<0.9 tends to indicate
The E+A*RCal, WPAFB, USAARL, and NIOSH labora- bimodally-distributed data. For the Express at 125 Hz, the
tories tested the UF-1, Classic, V-51R, and EP100 hearinfigh proportionality constant, 0.913, resulted from the fitting
protectors with 24 subjects each and four REAT repetitionsoptimization. The formulation of the theory is symmetric
per subject in the four-lab interlaboratory stu@iRoyster  with respect top. A shoulder at about 0.1 can be seen in the
et al, 1996 for a total of 96 subjects. In the two-lab study, 125-Hz Express panel in Fig. 2. This shoulder is also evident
Virginia Tech and NIOSH tested Classic and V-51R hearingn the other panels for the Express. In all of these cases, the
protectors with 26 and 25 subjects, respectively, with threditting algorithm captured the feature.
repetitions per subject in the two-lab studylurphy and In Fig. 2, the cumulative probability distributions of the
Franks, 1998for a total of 51 subjects. The MAX earplug data, unimodal, and bimodal Gaussian modglsxis) are
was tested with 24 subjects with three repetitions per subjegilotted against the cumulative probability of the unimodal
and 24 subjects with two repetitions per subject. The Expres&aussian modelx axis). In this plot, the straight line is the
earplug was tested with 20 subjects with two repetitions penormal probability plot that the data would overlay if it were
subject (Frankset al, 2000. Both the MAX and Express normally distributed. The bimodal fit is plotted with a gray
devices were tested at NIOSH. In order to make the datéine. In several cases, notably the Quietzone and EP100, de-
compliant with the ANSI S12.6 Method B protocol, the first viations about the straight line indicate non-normal behavior.
two repetitions were used in the analysis. Within a frequencyMost of the deviations occur in the lower left portion of each
band, the REAT estimates were averaged over the first twpanel which represent the minimum REAT for that given
trials to create a data set which did not have repeated meaevice and frequency.
sures for a subject. In Roystet al. (1996, the REAT data The maximum-likelihood test of the unimodal and bi-
exhibited a lab-to-lab effect. While the effect is real, it wasmodal fit demonstrated that the bimodal model yielded a
not subtracted from the laboratory averages because of theetter fit in 27 of 42 cases. The bimodal model did not pro-
possibility that it resulted from different relative distributions vide poor fits to the normally-distributed data, the fits were
of the well- and poorly-fit data. just not significantly better than the unimodal fits. Clearly,
Subjects were recruited from the communities surroundthe Quietzone and EP100 data in Fig. 2 demonstrated greater
ing the labs and were compensated for the participation. Sulpropensity for bimodality at the low frequencies. At 2000 Hz
jects were prescreened to determine their lack of experiencand above, the low attenuation shoulders in the distributions
with hearing protector usage, training, and testing. Theywvere diminished. The bimodal fit to the Quietzone data was
were trained to produce sound-field audiograms with a 6-dBot significantly better at 4000 Hz than the unimodal fit. The
range or better for each test frequency for three consecutivExpress cumulative distributions exhibited a variety of
audiograms. Diffuse sound-field tests were conducted in reshapes. At 125 Hz, the distribution was normally distributed.
verberant chambers that satisfied the ANSI S12.6-1997 reAt the other frequencies, the distributions appeared to have a
quirements. Specifically, the sound field should vary no moreshoulder at the low attenuations. The bimodal fits for 125

J. Acoust. Soc. Am., Vol. 111, No. 5, Pt. 1, May 2002 Murphy et al.: Hearing protector attenuation 2111



TABLE |I. Fitting results for unimodal and bimodal models of attenuation.

Protector E-AR® Wilson Howard Leight E<AR® Bilsom
Model Bilsom UF-1 Classi® EP100 MAX EXPRESS Pod Plugg Quietzone
Uni Bi Uni Bi Uni Bi Uni Bi Uni Bi Uni Bi

125 e 7.4 4.2 20.8 9.0 14.4 1.4 21.8 1.7 14.2 12.7 125 2.1
Hz oy 3.6 2.0 6.8 54 11.0 2.4 8.2 0.9 6.9 5.3 9.5 2.4

Mo 8.5 21.9 20.9 231 295 175

oy 3.3 5.8 7.1 6.7 2.6 7.3

¢ 0.265 0.084 0.336 0.060 0.913 0.324
250 e 14.2 11.3 21.6 10.0 14.3 1.9 22.4 1.8 15.2 3.6 11.9 1.7
Hz o1 29 3.6 6.3 4.3 10.7 25 8.8 11 6.6 25 9.1 2.3

Mo 14.7 22.1 20.9 23.7 18.0 16.6

oy 23 5.9 6.7 7.4 34 7.0

¢ 0.163 0.039 0.349 0.059 0.198 0.313
500 o 20.8 16.5 235 194 15.0 0.8 235 0.4 16.5 14.3 12.4 0.7
Hz oy 29 1.8 7.2 0.8 11.7 1.7 9.7 0.1 7.7 9.4 9.1 1.4

Mo 21.9 23.8 20.0 245 19.0 15.2

o, 2.1 7.3 9.4 8.6 3.5 7.9

b 0.193 0.063 0.259 0.041 0.542 0.194
1000 1 29.4 20.4 24.7 12.3 16.8 24 23.7 2.8 19.0 4.7 14.7 25
Hz oy 4.0 1.3 6.2 0.4 10.4 3.2 7.5 1.6 8.0 3.8 9.1 2.8

Mo 30.2 25.0 21.8 24.6 22.6 18.8

o 31 6.0 6.8 6.2 3.6 6.9

[ 0.081 0.019 0.257 0.040 0.198 0.232
2000 My 31.6 315 31.0 191 23.9 13.3 30.2 11.7 27.4 17.0 22.3 7.5
Hz o1 4.1 3.2 4.6 1.0 9.9 7.6 6.0 3.6 8.8 9.9 9.4 4.4

Mo 32.0 31.2 29.3 31.0 31.6 26.0

o, 6.0 4.3 5.8 4.7 2.4 6.1

¢ 0.763 0.024 0.334 0.042 0.291 0.202
4000 M 35.8 34.2 39.0 335 29.9 23.2 38.6 31.2 321 17.4 23.1 8.7
Hz oy 4.0 4.0 5.6 6.5 10.5 8.6 7.1 7.2 7.7 5.7 7.5 2.1

Mo 37.6 40.9 39.0 42.1 35.0 23.9

oy 3.2 3.8 3.9 3.3 3.6 6.9

[ 0.524 0.249 0.576 0.322 0.167 0.054
8000 e 35.2 25.1 38.4 33.6 26.8 10.9 39.7 32.3 31.2 9.7 18.9 10.6
Hz oy 4.5 1.7 7.4 7.1 135 5.6 8.5 9.5 9.0 4.5 10.7 5.3

Mo 36.0 42.3 34.9 43.9 335 24.2

o, 3.6 4.9 8.1 3.8 5.5 9.9

¢ 0.070 0.452 0.336 0.357 0.100 0.392

and 500 Hz were not significantly better than the unimodakttenuations. Only for the 4000 and 8000 Hz distributions
fits. The fewer number of data points for the Express yield avere the bimodal fits significantly better than the unimodal
rougher data plot and gave the appearance of a greatéits. The cumulative distributions for the MAX earplug were
amount of noise in the data than for the EP100 and Quietmore noisy than the Classic due to fewer data points. The
zone devices. MAX cumulative distributions had a small shoulder at 1000
The Classic data were more normally distributed. AtHz and below. At 4000 and 8000 Hz, the distributions devi-
4000 Hz, the Classic data had a slight shoulder at the loweated from the unimodal fit in the middle sections. The bimo-

TABLE II. The results of maximum likelihood ratio tests. Thevalues which are less than 0.05 are in bold type and indicate that the bimodal model provides
a better fit than the unimodal model.

125 Hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 8000 Hz
Bilsom Quietzone 6.46X107° 1.60x10°8 2.21X1077 6.69X10°° 2.10xX10°° 3.11x10°* 6.25X10°3
Bilsom UF-1 4.4%10°* 1.31x10°* 7.47x 1072 3.22x10°3 3.89x10°* 8.03x10°* 2.15X107°?
E<AR® Classi® 2.34x10°* 8.89x10°* 3.33x10°t 4.74<10°* 1.75x10°* 1.92x10°* 4.90x1072
E<A*R® EXPRESS 4.07x10°* 2.50X1072 5.32x10 ¢ 5.83x10°3 4121074 1.02x107? 5.42X1072
Howard Leight MAX 1.21X107? 5.15< 10 2 7.18x1073 7.61x10°2 1.84X107? 1.65x10°° 9.67x10~*
Wilson EP100 1.72x107° 3.54X107° 5.88x10°8 3.10x10°° 1.40X107? 2.47X107* 1.39x10°*

2112 J. Acoust. Soc. Am., Vol. 111, No. 5, Pt. 1, May 2002 Murphy et al.: Hearing protector attenuation
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TABLE Ill. Comparison of the 16th percentile derived from the empirical data, and the bimodal and unimodal models. The values in the table are in dB and
represent attenuations associated with each protector at the beginning of the rows.

Model 125 Hz 250 Hz 500 Hz 1000 Hz 2000 Hz 4000 Hz 8000 Hz
Bilsom Empirical 1.6 15 15 3.5 10.9 15.7 8.6
Quietzone Bimodal 1.9 1.6 1.3 3.5 10.7 15.5 8.2
Unimodal 3.1 2.9 3.3 5.6 12.9 15.6 8.2
Bilsom Empirical 4.0 12.0 17.6 25.6 28.5 32.0 31.1
UF-1 Bimodal 3.7 11.6 17.7 25.9 27.9 31.8 31.3
Unimodal 3.8 11.3 17.9 25.4 27.6 31.8 30.8
EeAR® Empirical 14.3 15.7 17.0 19.0 27.0 34.3 31.3
Classi€® Bimodal 14.4 15.4 16.8 18.6 26.6 34.0 30.7
Unimodal 14.1 15.3 16.4 18.6 26.4 33.5 31.0
EeAR® Empirical 6.4 7.0 8.0 11.0 22.3 27.1 26.8
EXPRESS Pod Plug8 Bimodal 7.8 5.8 9.2 8.0 18.2 25.8 25.3
Unimodal 7.3 8.6 8.8 111 18.7 24.4 22.2
Howard Leight Empirical 15.2 16.9 16.2 17.8 25.8 31.3 32.3
MAX Bimodal 14.8 14.6 14.6 17.4 25.6 31.2 311
Unimodal 13.6 13.7 13.9 16.3 24.2 31.6 31.3
Wilson Empirical 15 1.6 11 29 11.6 18.0 10.3
EP100 Bimodal 1.2 1.6 1.0 3.3 12.8 18.1 10.5
Unimodal 35 3.7 3.4 6.4 14.1 19.4 13.4

dal fits were significantly better at 125, 500, 2000, 4000, andlistributions would be expected to exhibit less noise and
8000 Hz. would potentially be better fit by both the bimodal and uni-
The UF-1 data exhibited smooth responses at all fremodal models.
guencies which were close to the normally-distributed ideal.  The bimodal model 16th percentile estimates for the
The bimodal model was judged more likely than the unimo-Classic fits exhibited good agreement with the data. At 125
dal only at 8000 Hz. Hz, the bimodal estimate differed by 0.1 dB and was within
For each frequency, a linear interpolation of the datal.4 dB at 500 and 1000 Hz. At other frequencies, the bimo-
points bracketing the 16th percentil®.1573 was used to dal model was within 0.1 dB. The unimodal model differed
estimate equivalent— 1o of the empirical cumulative dis- by 0.8 dB at 2000 Hz and 0.7 dB at 4000 Hz. At other
tribution. The 16th percentile of the unimodal model wasfrequencies, the unimodal fits were within 0.5 dB of the em-
calculated directly agt—10. For the bimodal model, the pirical data.
cumulative distribution was numerically solved for the at- The unimodal fits to the MAX data exhibited more dis-
tenuation at the 16th percentile. The results for the six deerepancy than the corresponding fits to the Classic data. At
vices are compared in Table lll. For the Quietzone, largel25 Hz, the unimodal fit was off by 0.7 dB while the bimodal
discrepancies between the unimodal and the empirical estiits were off by 1.6 dB at all other frequencies. The bimodal
mates of the 16th percentile were evident below 4000 Hzmodel provided a better estimate of the 16th percentile.
The bimodal model was within 0.3 dB of the empirical esti- Lastly, the bimodal model provided a better fit than the
mate at all frequencies. The bimodal estimate was closer thamimodal model at most of the frequencies for the UF-1 data.
the unimodal at all frequencies except 4000 Hz where thét 4000 Hz, the two estimates were the same. At 125 and
unimodal was 0.1 dB less than the empirical. 1000 Hz, the unimodal estimate was 0.1 dB better than the
Similarly for the EP100, the bimodal estimates werebimodal estimate. The bimodal estimate was never more than
closer to the empirical data than the unimodal at all frequen®©.6 dB different from the empirical estimate while the uni-
cies. The unimodal estimates overestimated the 16th percemodal estimate was 0.9 dB less than the empirical estimate at
tile by as much as 3.5 dB at 1000 Hz. At 2000 Hz, the2000 Hz.
bimodal differed by 1.2 dB while the unimodal differed by
2.4 dB.
The best estimates for the Express were mixed betwee\r/f DISCUSSION
the bimodal and the unimodal models. At 250, 4000, and  The unimodal and bimodal models presented in this pa-
8000 Hz, the bimodal model gave a better estimate of th@er have been examined for how well they describe subject-
empirical data. At 1000 Hz, the difference between the bifit REAT data. The unimodal model is limited in its ability to
modal model and the data was 3.0 dB. The unimodal modeadescribe the results, and yet the unimodal Gaussian distribu-
gave a better estimate of the data at 125 and 2000 Hz evdion forms the basis of data analysis for the current rating
though the data were apparently distributed bimodally. If adstandards and rules. In particular, the SNR rating method
ditional data were collected for the Express, the cumulativélSO 4869-2) calculates the assumed protected value as
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u—ao, wWherea is variable. The NRR uses=2 and the dards. At the very least, ISO and ANSI standards could be
NRRge usesa= 1. While the standards never explicitly state based on empirical quantiles which do not assume any par-
the assumption of normality, it is implicit in the treatment of ticular attenuation distribution.

the data. Therefore, the validity of the assumption should be

tested before applying the Gaussian method. Murphy antbsHAs construction standard, 29 CFR 1926 {titled: “Hearing Pro-
Franks(1998 explicitly tested normality and demonstrated tection,” requires “ear protective devices inserted in the ear shall be fitted

s or determined individually by competent persons.” Workers are typically
the V51R and EP100 data were not normally distributed. given little training in the proper use of insert earplugs as can be seen by

The use of SUbjeC_t'ﬁt protocols almost Certain_ly guaran-yisual inspection of workers's earplugs at numerous occupational settings.
tees that future hearing protector REAT data will include
results from poorly-fit protectors. Consequently, standards
which assume well-behaved data require revision to includ@ans| (1974. $3.19-1974, “American National Standard Method for the
testing of the assumption of normality and need to accurately Measurement of Real-Ear Protection of Hearing Protectors and Physical
model the data. The analysis of these data demonstrates théct)trenuatlon of Earmuffs,”(American National Standards Institute, New
bimodal model ylelds better fits in most cases and does ﬂNSI (1997). S12.6-1997, “American National Standard Method for Mea-

better job of predicting the assumed protected values at thesuring Real-Ear Attenuation of Hearing Protectorédmerican National
16th percentile. Standards Institute, New York

One difference between ANSI and 1SO subject-fit protO-ANSI (1996. S12.19-1996, “American National Standard Measurement of
Occupational Noise Exposure(American National Standards Institute,

cols should be noted. The ANSI S12.6-1997 Method B spe- York).
cifically requires that the test subjects be naive with respecinsi (1995. S12.42-1995, “American National Standard Method for Mea-
to hearing protector use and training. The ISO standard hassuring Microphone in Real-Ear Technique(American National Stan-

: : - dards Institute, New York
no SgCh requirement a.‘nd’ consequently, the .eXpe”ence W”g'erger, E. H., Franks, J. R., and Lindgren(96. “International review
hearing protector use is uncontrolled. In parnc_ular, the POOT of field studies of hearing protector attenuation,” $tientific Basis of
performance of some earplugs can be remedied by trainingNoise-Induced Hearing Lossdited by A. Axelsson, H. Borchgrevink, R.
subjects in proper insertion technique and how to use fitting P- Hamemik, L. Hellstrom, D. Henderson, and R. J. Séltiieme, New

. . . York), pp. 361-377.
noise to 'den“fy a poorly sealed protector. However, the IS erger, E. H. and Royster, L. H1996. “In search of meaningful measures

4869-1 values tend to overpredict the real world attenuation of hearing protector effectiveness,” Spectrum Suppll3,, 29.
of hearing protectors whereas the Method B data fall withinBerger, E. H., Franks, J. R., Behar, A., Casali, J. G., Dixon-Ernst, C., Kieper,

the upper quartile of real world measureme(@srgeret al, R.W., Merry, C.J,, Mozo, B. T., Nixon, C. W., Ohlin, D., Royster, J. D.,
1998 and Royster, L. H(1998. “Development of a new standard laboratory

. . . protocol for estimating the field attenuation of hearing protection devices.
The analysis presented here is not specifically dependentpart 1i1. The validity of using subject-fit data,” J. Acoust. Soc. AhD3,

upon the use of a Gaussian distribution. Earlier formulations 665-672.

(Murphy and Franks, 1999a, 199atitilized the logistic dis- Code of Federal Regulations, Labor, Chapter 29, Part 1926, Paragraph

. . . L . . 101(b) (1999. “Hearing Protection,” revised July 1, 1999, the Office of
tribution to model the bimodal distributions. The analytic the Federal Register, National Archives and Records Administration, U.S.

solution for the cumulative distribution yielded a simpler Government Printing Office, Washington, DC 20204-9328.
analysis. Other statistical distributions may prove to be moréranks, J. R., Murphy, W. J., and Simon, S.(D996. “Repeatability and

ropriate for fitting skew ta distributions. Th nimo- reproducibility in hearing protector testing,”J.Acoust. Soc. A8, 2464.
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zation for Standardization, Geneva
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. Worn,” (International Organization for Standardization, Geneva
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model the attenuation of hearing protectors. With the adventfieq Method for the Measurement of Insertion Loss of Ear-Muff Type
of new standards which utilize the subject-fit protocol, testers Protectors for Quality Inspection Purposeslfiternational Organization
have relinquished control over how test subjects will fit the for ﬁtaf:,‘\’lafjd'zat"é”’FGeEe)fi R1998. “Analysis of Repeatabilty and
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