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ABSTRACT

Standard pure tone audiometry measures hearing thresholds
up to 8 kHz. Recent studies have shown that speech
information above 8 kHz (“extended high frequencies”;
EHFs) improves speech recognition. However, it is unclear
whether the EHF benefit depends on the complexity of the
speech stimuli. Previously we investigated the added value
of EHF information for speech recognition in noise for Dutch
digits, words and sentences. Speech stimuli were presented
at a fixed signal-to-noise ratio and listening conditions varied
only based on available EHF information. The results
confirmed findings from other studies and showed a
significant benefit of EHF for speech recognition in normal
hearing listeners. We have used an approximation of the
Speech Intelligibility Index (SII) model to make a rough
estimate of the amount of EHF speech information for the
different speech materials used. The results suggest that the
SII model highly underestimates the importance of EHF in
speech recognition.
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1. INTRODUCTION

The role of extended high frequency (EHF; frequencies >8
kHz) speech information for speech recognition has long
been considered insignificant or negligible. However, in
recent years it has been shown that EHF speech information
is indeed important for speech recognition, especially in
noisy conditions. Comprehensive overviews of recent
publications can be found in [1, 2]. Monson et al. [3]
demonstrated a decrease in speech recognition for speech in
two-talker babble with co-located talker and maskers with
mismatched head orientations, when stimuli were low-pass
(LP) filtered at 8 kHz. Motlagh Zadeh et al. [4] found
significant better speech recognition scores when using LP
filtered noise compared to broadband noise for digit-triplets
in steady state noise.

The results of these studies raise the question of whether
standard models such as the speech intelligibility index
model (SII model [5]) are accurate. The SII model can be
used to compute a physical measure (SII value) which
represents the amount of speech information available to the
listener depending on the speech signal, noise signal and
hearing thresholds of the listener. Essentially, the SII value is
calculated by summing the weighted frequency-specific
signal-to-noise ratios. A speech dynamic range of 30 dB is
assumed (from -15 dB signal-to-noise ratio, SNR, to +15 dB
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Figure 1. Upper panel shows the SPIN band
importance function from the SII model. Lower panel
shows the critical band levels for standard speech
spectrum. The dashed lines represent the band limits
of the highest frequency band in the critical band SII
method.

SNR) and a frequency or band importance function is used
to weigh the importance of the different frequency regions of
the speech. The SII’s critical band method uses 21 frequency
bands and is the most accurate method in the standard. These
bands cover the frequency range from 100 Hz to 9.5 kHz and
are essentially the frequency bands 2 to 22 from Zwicker’s
1961 classic publication [6, 7]. It is important to emphasize
here that the first and last two bands (i.e., bands 1, 23 and 24)
are thus considered irrelevant for speech recognition in the
SII standard. Figure 1 illustrates the concept of the SIT model.
The upper panel shows the band importance function for
speech material from the SPIN test which is often used when
using the SII model for speech-in-noise data. The lower
panel shows the critical band levels (+ 15 dB) for the standard
speech spectrum at an overall level of 62.35 dB SPL, as
defined in the SII standard. Because the SPIN band

importance is 0 for the highest band, the SII model assumes
that only frequencies up to 7.7 kHz contribute to speech
100
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Figure 2. Average score (x SD) of the speech
recognition experiment in noise from [8]. BBBB
means both speech and noise broadband (BB) (i.e.,
unfiltered); LPLP means both speech and noise low-
pass (LP) filtered at 8 kHz; BBLP means speech BB

and noise LP filtered at 8 kHz.

recognition for that speech material. Here, and further in the
calculations in this paper, it is assumed that the speech level
is above the hearing thresholds and that audibility therefore
plays no role. This assumption is certainly not correct for all
speech materials in the highest critical bands.

The aim of the current study is to estimate the amount of EHF
speech information, represented by the sum of the band
importance function across EHFs, for three types of standard
Dutch speech material using previously published data [8].

2. SUMMARY OF POLSPOEL ET AL. [8]

Dutch digit-triplets, consonant-vowel-consonant words
(CVCQ), and sentences were presented monaurally to twenty-
four young adults with normal hearing thresholds (< 20 dB
HL) up to 16 kHz. Steady-state speech-shaped noises were
used as maskers at fixed SNRs of -9 dB (digits triplets), -8
dB (CVC words) and -5 dB (sentences). All three speech
materials were presented in three listening conditions that
only varied in terms of available EHF information: (1) The
BBBB condition, where both speech and noise were
unfiltered (broadband; BB); (2) The LPLP condition, where
both speech and noise were low-pass (LP) filtered with a
cutoff frequency of 8 kHz; and (3) The BBLP condition,
where the speech was unfiltered (BB) and the noise LP
filtered with a cutoff frequency of 8 kHz. The results showed
that for all speech material, the highest scores were achieved
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Table 1. Parameters from the speech recognition function [11], average percentage correct scores from [8] and

the calculated SII values for each condition.

Speech recognition function Percentage-correct SII
Sso [%/dB] SRT [dB SNR] LPLP BBBB BBLP LPLP BBBB BBLP
digit-triplets 17.0 -8.4 20 37 92 0.16 0.19 0.33
CVC words 5.8 =13 42 50 65 0.21 0.26 0.34
sentences 10.5 -8.1 28 38 53 0.16 0.19 0.24
in the BBLP condition and the lowest scores in the LPLP
condition (see Figure 2). Adding speech frequencies above 8 Sl =Y, LA; 1)

kHz to the LPLP condition improved the mean recognition
scores by 72, 22 and 25 percentage points for digit triplets
(triplet scoring), words (phoneme scoring) and sentences
(word scoring), respectively.

3. ESTIMATION OF SII VALUES

The transfer function relates SII values to percentage correct
scores. Therefore, we can use this function to estimate the SII
values for each condition for the three speech materials used
in study [5].

As explained and discussed in detail in [9, 10], the transfer
function is identical for the speech recognition function in
steady-state speech shaped noise where the SNR has been
replaced by SII = (SNR+15)/30. The speech recognition
functions for digit-triplets, CVC words and sentences were
previously determined in a group of normal hearing listeners
[11]. Cumulative normal distributions were used to fit the
data. The speech recognition threshold (SRT, i.e., the SNR at
50% correct) and slope at 50% correct (Sso) are presented in
Table 1.

Also shown in Table 1 are the average percentage correct
scores for the normal hearing listeners from study [8]. Using
the inverse transfer function, the SII values for each
condition were calculated and presented in Table 1.

4. ESTIMATION OF THE IMPORTANCE OF EHF

The SII model provides a standardized method to determine
speech intelligibility by calculating the audibility in each
frequency band and summing the weighted results:

In study [8], the audibility in each band is either 0 (no
speech), 1 (speech present, no noise) or partly masked (in
which 4 can be approximated by (SNR+15)/30). To analyse
the results from [8], we only need two bands: <8 kHz and >8
kHz which yields for the three conditions:

SHyprp = Icginz " A<sinz
Slgppp = l<gkny " A<gknz + Issknz " Asginz (2)
Slgprp = Icgins * A<sinz + Isgknz

in which Lsga, equals the sum of the band importance
function >8kHz, i.e., the amount of EHF speech information.
Figure 3 illustrates the effect of the different conditions on
the audibility of the speech. From the figure it can be
determined how any two combinations of conditions can be
used to estimate the relative importance of EHF (Table 2).

5. DISCUSSION

Our data analyses from study [8] indicated that the standard
band importance functions from the SII model are not
appropriate for standard Dutch speech recognition materials.
The SPIN band importance function assigns no contribution
to frequencies above 8 kHz for speech recognition in noise.
Other band importance functions from the SII model indicate
some weighting to the highest critical band, but with a
maximum of 0.0162, corresponding to less than 2% of the
speech information [5]. We estimated that approximately 10
to 20% of the speech information is in the EHF region for the
Dutch speech material. It should be noted that these are rough
estimates and standard procedures are needed to more

Table 2. Estimated values of the importance of EHF speech information

I>8 kHz
(Slggee-Sllrrrr)/Sllsess SHlggrp-SIiprp 30/(15-SNR)-(SIIgsrp-SlIgseB)
digit-triplets 0.20 0.18 0.17
CVC words 0.17 0.13 0.11
sentences 0.18 0.08 0.07
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Figure 3. Schematic illustration of the effect of LP
filtering at 8 kHz and noise level on the amount of
available speech information.

accurately determine the band importance function [12]. The
results thus provide strong reasons to revise the current SIT
model calculations where it is essential to extend the
frequency range and (re)determine the weighting functions.
To stay as close as possible to the current model, it seems
obvious to include Zwicker’s two highest critical bands [6]
in the SII norm, extending the frequency limit to 15.5 kHz.

When using the current SII model, it is highly recommended
to lowpass filter the speech material at 9.5 kHz. Monson and
Buss [13] analyzed the spectral content of popular English
speech corpora used in speech recognition research and
emphasized the impact the speech material choice could
have on experimental results. They showed large differences
in EHF energy between the English speech materials. There
are several reasons why the contribution of EHFs to speech
recognition has not been extensively studied in the past.
Technical limitations play an important role: poor test-retest
reliability, difficulties with calibration, poor signal-to-noise
ratios and low maximum output due to the low quality of
amplifiers [14]. Pollack [15], for example, studied the effect
on intelligibility of eliminating the high frequency speech
sounds and he reported that the cut-off frequency of their
headphones was 7 kHz. Additionally, calibration standards
for EHF audiometry were established relatively late [16], and
the general belief was that speech signals were mostly
inaudible at high frequencies [1].

We did not perform a systematic error analysis, but errors in
the estimates of I-s , are caused by the limited accuracy of
the percentage correct scores in [8], and the slope and SRT
of the speech recognition function used for the transfer
function. It appears that a 2 percent point change in the
average speech recognition scores results in changes of the
order of 0.02 for the average I-swi. Calculations are
relatively insensitive to changes in the SRT of the speech
recognition function: a 2 dB change in SRT results in
changes of approximately 0.01 in I-sknz. A change in slope
of the speech recognition function is approximately inversely
proportional to a change in Lgu,. Thus, a 10% steeper slope
yields a 10% smaller value of I-g.

Tabel 2 shows that I-g iy, estimates are lower when the BBLP
condition is used in the calculations (third and fourth column
compared to second column). The most likely explanation
for this finding is the role of audibility in the BBLP condition.
Although the spectral level of speech is much lower in the
EHFs than in the standard frequencies, the differences in
critical band levels are much smaller across all bands (see
Fig. 1) [1]. However, because human hearing is less sensitive
to EHFs [17], it is likely that the lower part of the 30 dB
dynamic range of the EHF speech is inaudible. This will have
a particularly large effect in the BBLP condition and for the
sentence material which has relatively low speech levels in
the EHF range [8]. Thus, we expect that I-s i, values based
on the BBBB and LPLP conditions are the most accurate
estimates.
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6. CONCLUSION AND RECOMMENDATIONS

Estimates based on speech recognition experiments in
noise with standard Dutch digit-triplets, CVC words and
sentences show that approximately 10-20% of the
speech information is present in the EHF region.

The current SII model does not accurately account for
EHF speech information.

We recommend to include the two highest critical bands
from [6] in the SII norm, extending the frequency limit
to 15.5 kHz.

New band importance functions must be determined for
speech material with EHF speech.
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