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The influence of spatial separation in source distance on speech reception thresholds (SRTs) is

investigated. In one scenario, the target was presented at 0.5 m distance, and the masker varied

from 0.5 m distance up to 10 m. In a second scenario, the masker was presented at 0.5 m distance

and the target distance varied. The stimuli were synthesized using convolution with binaural room

impulse responses (BRIRs) measured on a dummy head in a reverberant auditorium, and were

equalized to compensate for distance-dependent spectral and intensity changes. All sources were

simulated directly in front of the listener. SRTs decreased monotonically when the target was at

0.5 m and the speech-masker was moved further away, resulting in a SRT improvement of up to

10 dB. When the speech masker was at 0.5 m and the target was moved away, a large variation

across subjects was observed. Neither short-term signal-to-noise ratio (SNR) improvements nor

cross-ear glimpsing could account for the observed improvement in intelligibility. However, the

effect might be explained by an improvement in the SNR in the modulation domain and a decrease

in informational masking. This study demonstrates that distance-related cues can play a significant

role when listening in complex environments. VC 2015 Acoustical Society of America.

[http://dx.doi.org/10.1121/1.4906581]

[FJG] Pages: 757–767

I. INTRODUCTION

One of the greatest challenges for the auditory system is

listening in environments where speech is degraded by spa-

tially distributed maskers and room reverberation. This

“cocktail-party” situation and the related auditory mecha-

nisms have been the topic for numerous studies (see Cherry,

1953 or Bronkhorst, 2000 for an overview). Spatial release

from masking (SRM) characterizes the ability to use the

angular difference in location between a target and a masker

to better understand the target. With a frontal target talker,

moving speech maskers from a colocated position (at 0�) to

the side (þ/�90�) in reference to the listener has shown

improvements in speech intelligibility of up to 20 dB (Kidd

et al., 1998; Freyman et al., 1999; Cameron and Dillon,

2007). However, in real-life listening environments, maskers

are not only separated in angular direction, but also in dis-

tance. Very few studies have looked into the effect of dis-

tance between a target and a masker on speech intelligibility.

SRM was originally measured in noise or speech babble

(e.g., Kock, 1950; Bronkhorst and Plomp, 1990; Bronkhorst,

2000). Later studies found that the effect is more pronounced

in presence of speech maskers (Kidd et al., 1998; Freyman

et al., 1999; Best et al., 2013). This difference has been

explained by the concepts of energetic and informational
masking. Energetic masking occurs because of overlap

between target and masker in the auditory periphery. This is

the main type of masking offered by noise or speech babble.

Complimentary informational masking has been used to

describe masking effects that occur subsequent to the audi-

tory periphery and to provide additional masking on top of

the energetic component (for full review, see Kidd et al.,
2008). Informational masking is often associated with audi-

tory grouping and auditory stream segregation, cognitive

abilities, working memory, and attention. For speech masked

by speech, Kidd et al. (2008) mention two different sources

of informational masking: one due to failures in segregation

of target and masker because of similarity (here, ascribed as

“confusions”) and a second due to the masker misdirecting

or stealing the attention of the listener (here, ascribed as

“distractions”).

Different binaural mechanisms are underlying SRM.

One of the main factors is fluctuating signal-to-noise ratios

(SNRs) across ears caused by head-shadow as maskers are

moved to the side. Brungart (2012) used ideal-binary masks

to combine binaural signals over time and frequency to a

monaural better-ear representation. Using this method, he

showed that for maskers located at þ/�60�, head-shadow

alone could account for 5 dB out of a 6 dB SRM. In addition

to head-shadow, so-called binaural interaction has been

linked to SRM. Binaural interaction describes the ability to

use interaural phase differences occurring when maskers are

moved to the side. However, in Brungart’s results the binau-

ral interaction only amounted to 1 dB of the SRM. In addi-

tion to better-ear listening and binaural interaction,

perceived spatial separation of target and masker reduces

informational masking. Glyde et al. (2013) conducted simi-

lar experiments as Brungart (2012) using the Listening in

Spatialized Noise-Sentence test (LISN-S) corpus, which
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allowed them to vary the amount of informational masking

by either using masking talkers that were different (but same

sex) to the target talker or identical to the target talker. They

found a SRM of 12 dB in the same-talker condition and 9 dB

in the different-talker condition. In both conditions, 6 dB of

the SRM could be explained by better-ear processing and,

thus, by a reduction in energetic masking, whereas the

remaining 6 dB or 3 dB, respectively, were attributed to a

release from informational masking. Best et al. (2013) and

Brungart et al. (2001) looked into the difference in intelligi-

bility between a speech masker similar to the target and a

speech-modulated noise masker with the same energetic

masking properties as the speech masker while providing no

informational masking. The difference between the two,

which is considered a measure of the involved informational

masking, was up to 10 dB for the colocated condition, but

smaller for the separated condition.

Distance perception is an aspect of localization which

has been given considerably less attention than horizontal

localization, particularly in connection with speech intelligi-

bility measures. Where human horizontal localization is sen-

sitive down to just noticeable differences (JNDs) of 1 deg

(Blauert, 1996), distance is a less salient measure and is of-

ten dominated by vision. For auditory distance perception,

several cues are available (for a review, see Zahorik et al.,
2005). The most predominant cue is signal intensity. As dis-

tance increases, signal levels for omni-directional sound

sources decrease proportionally to the inverse of their dis-

tance (Kuttruff, 2000). This cue is especially relevant for

speech signals, as listeners are able to estimate the level at

the source from the applied vocal effort. When sounds are

presented in reverberant environments, the auditory system

can additionally use the signal’s direct-to-reverberant ratio

(DRR) to determine distance. The energy of reverberation is

almost independent of position and as the direct sound

energy will decrease with distance, the DRR decreases

accordingly. Zahorik (2002) measured DRR JNDs in normal

hearing (NH) listeners and found that this cue only provided

a coarse estimate of distance as the lowest JNDs required a

doubling of distance. In addition to intensity and DRR, other

distance-related cues mainly include interaural level differ-

ences (ILDs) (Brungart and Rabinowitz, 1999) at very close

distance and spectral cues from air absorption at very far dis-

tances (Zahorik et al., 2005).

Shinn-Cunningham et al. (2001) and, later, Brungart

and Simpson (2002) investigated SRM related to differences

in distance combined with angular separation in an anechoic

environment. However, both studies focused on ILD cues

which occur at very near distances (<1 m) when the sources

are to the side of the listener (45� and 90�). They also con-

sidered only anechoic environments. Both studies found a

substantial effect of distance on intelligibility, especially

when the masker was similar to the target. Bronkhorst and

Plomp (1990) included both reflections and reverberation

and also considered sources either in a direct or mainly

reverberant (near and far) sound field; however, they only

applied modulated and unmodulated speech-shaped noise

maskers. Their results showed speech reception threshold

(SRT) improvements of �1 dB when moving the masker

from near to far while keeping the target near. To the best

knowledge of the authors, no studies have systematically

investigated SRM resulting from differences in distance

>1 m in a reverberant environment using speech maskers.

The current study investigates SRM occurring from dif-

ferences in distance mainly considering room effects, as in-

tensity and spectral cues are equalized. BRIRs measured in

an auditorium are used to spatialize the speech signals. The

colocated condition is compared to separated conditions

where either the target or masker is moved further away.

Two speech corpora with different characteristics are

applied. The coordinate response measure (CRM) is used as

the main measure and the LISN-S is applied to verify the

results. Furthermore, an objective analysis is performed to

better understand the physical cues underlying the findings.

Here, the concepts of segmental (or short-term) SNR

improvements, cross-ear glimpsing, and modulation domain

SNR changes are investigated. Furthermore, a discussion fo-

cusing on the potential involvement of informational mask-

ing effects is provided.

II. METHODS

A. Subjects

Sixteen subjects (11 female and 5 male) aged between

20 and 49 years (mean 33.8 yrs) participated in this study.

All subjects had normal hearing [<20 dB hearing level

(HL)], determined by a pure-tone audiogram from 500 Hz to

8 kHz, and were native Australian English speakers. Subjects

were either employed at the National Acoustic Laboratories

or students at Macquarie University and gave written con-

sent before participating in the study. Subjects not connected

to the National Acoustic Laboratories were given a gratuity

for their participation.

B. Stimuli

Two speech corpora were used in this experiment, the

CRM (Bolia et al., 2000) and a modified version of the

LISN-S (Cameron and Dillon, 2007). Both corpora are often

used when measuring SRM and apply speech maskers that

provide significant informational masking.

The CRM corpus consists of sentences spoken by four

male and four female talkers. Here, only the four male talkers

were used. Each sentence has the structure: “Ready [call sign]

go to [color] [number] now,” with eight call-signs (“Arrow,”

“Baron,” “Charlie,” “Eagle,” “Hopper,” “Laker,” “Ringo,”

“Tiger”), four colors (red, green, blue, and white), and eight

numbers (1–8), resulting in 256 sentences for each talker. The

target was always given the call-sign “Baron,” but the color/

number coordinate and talker were randomly chosen.

Two types of maskers were applied with the CRM cor-

pus: a speech masker and a speech-modulated noise masker.

For each target sentence, the speech masker consisted of two

random CRM sentences with talker, call-sign, and number/

color coordinate different from the target. To measure the

contribution of energetic masking, a speech-modulated noise

masker, according to Best et al. (2013), was applied. The

speech-modulated noise masker was realized by applying
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the low-pass filtered (50 Hz) Hilbert envelope of two ran-

domly chosen CRM sentences to noise with the long-term

spectrum of the entire male CRM corpus. This masker car-

ries most of the temporal fluctuations of the speech masker,

but avoids talker confusions (i.e., it mainly provides ener-

getic masking). The task is, thus, reduced to identifying the

correct color/number coordinate in a noise-like mixture.

The main advantages of the CRM corpus are the mini-

mal learning effects, allowing an indefinite amount of repeti-

tions, and the large masking release resulting from spatial

separation. The main disadvantage of the CRM corpus is

that the sentences are roughly time-aligned and, thus,

changes in the temporal behavior of the target and masker

might change the masking characteristics of the corpus.

Applying BRIRs to the target and masker signal to introduce

room-related distance cues (see Sec. II C) causes differences

in arrival time, as well as temporal smearing (or temporal

spread of energy). This may result in significant parts of the

target signal standing out from the masker signal, and

thereby providing artificial cues that are only relevant to the

CRM corpus. Arrival time differences were accounted for in

this study by removing the initial delay of all applied BRIRs.

However, the varying temporal spread of reverberant energy

might still have an effect on the masking properties of the

CRM corpus that cannot be avoided.

To ensure that the potential effect of differences in

source distance on speech intelligibility is not only a meth-

odological artifact, a speech corpus with very different prop-

erties, the LISN-S, was additionally applied. The LISN-S

provides a sentence recall task in a continuous two-talker

background (Cameron and Dillon, 2007). The target consists

of 4 sets of 30 short sentences (e.g., “Mom is driving care-

fully”). The onset of each sentence is signaled by a preced-

ing 200 ms long tone at 1000 Hz. The masker consists of two

simultaneously presented children’s stories, with duration of

�150 s, continuously looped throughout the test. Both the

target and masker talkers are native Australian English

speaking females. The informational masking of the masker

was adjusted by using either maskers spoken by the target

talker or two different females. Since the masker consists of

continuous speech and the target is presented at a random

instance in the masker mixture, any “pop-out” effect of the

target signal due to a temporal misalignment in energy

between target and masker should be minimized by using

the LISN-S instead of the CRM corpus. A major draw-back

of the LISN-S is that, due to the limited number of senten-

ces, it only allows testing of four conditions.

C. Spatialization of sounds

To recreate the auditory sensation of listening in a room

with sources at different distances, the anechoic speech stim-

uli were convolved with measured BRIRs. The BRIRs were

recorded with a sample rate of 44.1 kHz in an auditorium

using a Br€uel & Kjær (Denmark) type 4100 Head and Torso

Simulator (HATS) and a Dynaudio (Denmark) BM6P two-

way loudspeaker. The auditorium had a volume of �1150

m3 and the reverberation time (T30) in octave bands shown

in Table I. The BRIRs were measured using 30 s long

logarithmic sweeps (see Muller and Massarani, 2001). The

position of the HATS was kept constant and BRIRs were

measured with the source at 0.5 m, 2 m, 5 m, and 10 m dis-

tance directly in front of the HATS and the DRR calculated

with a 2.5 ms direct-sound window (as in Zahorik, 2002)

was 15.1 dB, 5.3 dB, 0.0 dB, and �7.7 dB, respectively.

The different spatial configurations tested with the CRM

corpus are illustrated in Fig. 1 and summarized in Table II.

Note that the indices of the spatial conditions show the

applied distances, as well as the masker type, i.e., Ms10 is a

speech masker at 10 m distance and Mn0.5 is a speech-

modulated noise masker at 0.5 m distance. Due to the limited

number of target sentences, the LISN-S was only tested for

Ms05Ts05 and Ms10Ts05, but both the same talker as the target

and the different talker condition were tested to examine the

effect of different amounts of informational masking.

Increasing the distance of a sound source delays the ar-

rival of the direct sound, changes the overall spectrum, and

reduces the overall sound intensity. Arrival time differences

were compensated by removing the initial delay of the

BRIRs and intensity changes were removed by normalizing

the root-mean-square (RMS) level of the convolved speech

signals. To remove long-term spectral differences, the

masker spectrum was always equalized to match the long-

term spectrum of the masker colocated with the target using

a 512 tap finite impulse response (FIR) equalization filter

designed and applied with the MATLAB commands fir2 and fil-

ter. For the CRM, the target was either at 0.5 m or 10 m dis-

tance and, hence, the maskers were equalized to either of

these two long-term spectra illustrated in Fig. 2(a). For the

LISN-S, both the same voice and different voice masker

were equalized so that the long-term spectrum matched that

of the same voice masker in the colocated condition shown

in Fig. 2(b).

To investigate the effect of binaural processing, condi-

tions with diotic presentation were tested. The diotic stimuli

were realized by supplying either the left or right ear signals

to both ears. The test subjects were divided so that half of

the subjects received the version with the left ear and the

other half received the version with the right ear signals.

TABLE I. Auditorium reverberation time in octave bands.

Fc (Hz) 250 500 1000 2000 4000 8000

T30 (s) 1.10 1.72 1.92 1.88 1.43 0.95

FIG. 1. (Color online) Schematic of the applied conditions and labeling. (a)

Target fixed at 0.5 m and varying masker distance. (b) Masker fixed at 0.5 m

and varying target distance.
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D. Procedures

Experiments were carried out in a double-walled booth

with the experimenter (for LISN-S) or subject (for CRM)

interacting with a Windows-based silent computer (no

moving components) running MATLAB. The signals were

presented via equalized Sennheiser (Germany) HD-215 cir-

cumaural headphones driven by a RME (Germany)

Hammerfall HDSPe AIO sound-card. For both speech cor-

pora, the masker was kept at a level of 55 dB sound pressure

level (SPL), measured in a Br€uel & Kjær type 4153 artificial

ear. In both tests, the level of the target sentences was ini-

tially set to 62 dB SPL and varied relative to the masker fol-

lowing a 1-up 1-down rule, thereby adaptively estimating

the SRT (i.e., the 50% point on the psychometric function).

The tests were divided in two parts; in the first part, the

LISN-S thresholds were measured. The four sets of senten-

ces were matched with the four masker conditions according

to a Latin square design. This design balanced effects of

order and sentence list, which is particularly important

because LISN-S does not include training. As in Cameron

and Dillon (2007), the test completed either when the sub-

ject reached 30 sentences in 1 condition or when the stand-

ard error fell below 1 dB after a minimum of 17 sentences.

Furthermore, the subjects were instructed in accordance

with Cameron and Dillon (2007) and this part took �20 min.

In the second part, SRTs were measured using the

CRM. Before testing, the subjects were instructed to listen

for the color/number coordinate of the speaker with the

“Baron” call-sign and press the corresponding button in a

MATLAB graphical user interface. Subjects were familiarized

with the task by testing a random condition, which was

excluded from the final results. The presentation order of the

conditions was randomized and all threshold measurements

were repeated once. The test was completed after nine rever-

sals. The familiarization took �5 min and the main task

45 min, resulting in a total test duration of 90 min with

instructions and breaks.

III. RESULTS

A. Varying masker distance

Figure 3 shows the results for the CRM corpus as a func-

tion of masker distance with the target fixed at 0.5 m distance.

Figure 3(a) shows the mean SRTs and the corresponding 95%

confidence intervals across subjects. Figure 3(b) shows the

mean value of the spatial advantage and 95% confidence inter-

vals. The spatial advantage is determined by subtracting the

individual SRT in the spatially separated condition from the

individual SRT in the colocated condition for each subject sep-

arately. The masker was either two-talker speech (circles) or

speech-modulated noise (diamonds). In the case of the speech

masker, increased masker distance decreased the SRT. When

the masker was at 10 m (Ms10Ts0.5), the mean spatial advantage

(as defined by the difference in SRT from the colocated condi-

tion) was �10 dB. The SRT measured with the speech-

modulated noise masker was independent of masker distance

TABLE II. Conditions and labeling used in the experiment.

Condition name Masker type Masker distance Target distance

Ms05Ts05, Ms2Ts05, Ms5Ts05, Ms10Ts05 Speech 0.5 m, 2 m, 5 m, 10 m 0.5 m

Ms05Ts2, Ms05Ts5, Ms05Ts10 Speech 0.5 m 2 m, 5 m, 10 m

Mn05Ts05, Mn10Ts05 Speech-modulated noise masker 0.5 m, 10 m 0.5 m

Mn05Ts10 Speech-modulated noise masker 0.5 m 10 m

FIG. 2. (a) Equalized long-term spectra in critical bands of CRM masker

and target sentences when the target is at 0.5 m (black solid line) and 10 m

(gray dashed line). The masker was always equalized to the long-term spe-

trum in the target position. (b) Equalized long-term spectra in critical bands

of the LISN-S maskers in all conditions. The LISN-S maskers were spec-

trally matched with the same-talker masker in the colocated position.

FIG. 3. (a) Mean and across-subject 95% confidence intervals of the SRT

(expressed per masker) for the CRM corpus with target fixed at 0.5 m dis-

tance and varying masker distance. (b) Mean and across-subject 95% confi-

dence intervals of the spatial advantage (i.e., the difference between the

related result and the Ms0.5Ts0.5 condition).
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with SRTs similar to the SRT measured with the speech

masker in the maximally separated condition. For the speech

masker, a repeated measures two-way analysis of variance

(ANOVA) showed significance for condition [F(3,45)¼ 345.2,

p< 0.001], but neither for repetition [F(1,15)¼ 0.2, p¼ 0.66]

nor interaction [F(3,45)¼ 1.8, p¼ 0.15]. Post hoc paired com-

parison with Bonferroni correction showed that SRTs for all

distances measured with the speech masker were signifi-

cantly different from each other (p< 0.005). A paired com-

parison (t-test) indicated no significant difference (p¼ 0.21)

between the speech-modulated noise masker thresholds at

the two distances.

In Fig. 4 the results of varying masker distance are

shown for the LISN-S corpus together with the correspond-

ing CRM results replotted from Fig. 3. Overall, the decrease

in SRTs (or increase in intelligibility) with increased target-

masker separation observed with the CRM was replicated

with the LISN-S sentences. SRTs decreased by �2 dB in the

colocated condition between the same- and different-talker

masker, but did not change in the spatially separated condi-

tion. This behavior resulted in a slightly reduced spatial

advantage with the different-talker masker compared to the

same-talker masker. The difference in SRTs in the colocated

condition can be explained by pitch cues, introduced by the

different (female) talkers, resolving some of the talker confu-

sions. This 2 dB difference is consistent with that found by

Cameron and Dillon (2007). A repeated measures ANOVA

showed a significance for condition [F(1,15)¼ 98.04,

p< 0.001], as well as talker [F(1,15)¼ 20.85, p< 0.001],

and for interaction [F(1,15)¼ 6.31, p< 0.05]. A paired com-

parison (t-test) showed significant difference between talker

types in the colocated condition (p< 0.005), but not in the

separated condition (p¼ 0.09). The fact that the distance-

related masking release observed with the CRM corpus is

also present with the LISN-S corpus confirms that the effect

of distance found with the CRM is not simply an artifact due

to the temporal smearing introduced by room reverberation

as discussed in Sec. II B.

B. Varying target distance

The mean SRT values and 95% confidence intervals

across subjects when the target distance varied and the

masker was fixed at 0.5 m for the CRM corpus are shown in

Fig. 5. The results with the two-talker speech masker are

indicated by the filled circles and the speech-modulated

noise masker are indicated by the diamonds. For the speech

masker condition, individual data are additionally shown as

the open circles. For both masker conditions, only a small

effect of distance on the mean SRT is observed. However,

when considering individual data for the speech masker,

moving the masker to 10 m decreased SRTs substantially for

some subjects (up to 10 dB) while increasing SRTs by sev-

eral dB for other subjects. This resulted in a large variability

across subjects, especially with the target at 5 m and 10 m

distance. A repeated measures two-way ANOVA showed

significance for repetition [F(1,15)¼ 11.54, p< 0.005] and

condition [F(1.69,25.22)¼ 4.29, p< 0.05]. but not for inter-

action [F(1.76,26.45)¼ 2.76, p¼ 0.09]. Here, the

Greenhouse–Geisser correction factor was applied to ensure

that sphericity violation did not influence the significance

FIG. 4. (a) Mean and across-subject 95% confidence intervals of the SRTs

(expressed per masker) for the CRM and LISN-S corpus with target fixed at

0.5 m distance and masker either at 0.5 or 10 m distance. The left panels

replot the CRM results (also found in Fig. 3) for reference. The middle pan-

els show results with the same masking talker as the target. The right panels

show LISN-S results using maskers with a talker different than the target

talker. (b) Mean and across-subject 95% confidence intervals of the spatial

advantage (i.e., the difference in SRT from the colocated, i.e., Ms0.5Ts0.5,

condition).

FIG. 5. (a) Mean and across-subject 95% confidence intervals of SRTs

(expressed per masker) measured with the CRM corpus where the masker

was fixed at 0.5 m distance and target distance varied. (b) Mean and across-

subject 95% confidence intervals of the spatial advantage (i.e., the difference

between the related result and the Ms0.5Ts0.5 condition).
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calculation. According to a paired comparison (t-test), the

speech-modulated noise masker provides no significant

advantage (p¼ 0.06) when changing the target from 0.5 m to

10 m distance. The fact that the SRT does not change with

distance in the speech-modulated noise masker condition for

all test subjects indicates that the higher SRTs observed in

some subjects with close speech masker and distant target is

not simply caused by a degradation of target intelligibility

due to the significantly increased amount of reverberation.

C. Diotic versus dichotic presentation

In Fig. 3, the effect of diotic stimulus presentation is

shown as the triangles, measured with the CRM corpus with

the target fixed at 0.5 m distance and the masker at 0.5 m and

10 m. Subjects were divided into two equally sized groups,

which were presented with diotic versions of the right or left

ear signal. A paired comparison (t-test) found no significant

difference between the SRTs measured with the two groups

(p¼ 0.20) and, therefore, the groups are combined in Fig. 3.

A repeated measures three-way ANOVA showed signifi-

cance for condition [F(1,15)¼ 1172.77, p< 0.001], as well

as diotic/dichotic presentation [F(1,15)¼ 23.35, p< 0.001],

but not for repetition [F(1,15)¼ 1.40, p¼ 0.26]. The only

significant interaction was between condition and diotic/

dichotic presentation [F(1,15)¼ 24.17, p< 0.001]. Hence,

for the colocated condition, no notable difference between

diotic and dichotic presentation was observed. However,

when the masker is moved to 10 m distance, the SRT is 3 dB

higher for the diotic presentation. This suggests that the

effect of distance on SRM is mainly a monaural process and

the binaural benefit is limited to �3 dB.

IV. DISCUSSION

A. Objective signal-based measures

In this section, different signal properties are investi-

gated which might have contributed to the increase in speech

intelligibility that was observed in Sec. III when target and

masker signals were separated in distance. These properties

include short-term SNR fluctuations, cross-ear glimpsing,

and changes to the envelope domain SNR. The analysis only

considers the colocated (Ms0.5Ts0.5) and maximally separated

condition (Ms10Ts0.5) for the LISN-S corpus as an example.

However, the principles and conclusions apply similarly to

all other stimulus conditions of the LISN-S, as well as the

CRM corpus.

1. Short-term SNR improvements

Since the masker spectra were equalized, there was no

connection between long-term SNR effects and changes to

target-masker distance. This was confirmed by applying the

intelligibility-weighted long-term SNR benefit (Greenberg

et al., 1993). However, increasing the distance of a sound

source inside a room will increase the relative energy of the

reverberation (i.e., decrease the DRR) and will thereby

smear both the temporal and spectral characteristics of the

signal. Hence, even though the long-term spectra of the

maskers were equalized in the present experiments (see Sec.

II C), the reverberation still affected the short-term behavior

of the stimuli and may have created regions with improved

SNR.

To test if the short-term SNR can explain the SRT

improvement observed in the spatially separated conditions,

a simple short-term SNR model was implemented similar to

the one used by Glyde et al. (2013) and Brungart (2012).

The left and right ear signals were filtered using a bandpass

filterbank consisting of 18 fourth-order gammatone filters

with 1/3-octave spacing covering the range from 160 Hz to

8 kHz (Glasberg and Moore, 1990). The output of each filter

was segmented with a sliding 20 ms long rectangular win-

dow and, for each segment, the RMS value was calculated.

Time-frequency segments where the RMS level of the target

signal was below the audibility threshold (taken from ISO,

1996) were discarded. The derived short-term SNR values in

each individual frequency channel were collected in a histo-

gram. Histograms in two example channels (1000 Hz and

4000 Hz) calculated for the entire LISN-S corpus are shown

in Fig. 6(a) for the colocated (Ms0.5Ts0.5, black line with me-

dian value) and spatially separated condition (Ms10Ts0.5, gray

line with median value). The median value decreased from

the colocated condition (Ms0.5Ts0.5) to the separated condi-

tion (Ms10Ts0.5) by 6.4 dB and 3.7 dB in the 1000 Hz and

4000 Hz channel, respectively. This means that the overall

SNR of the audible time-frequency frames in these channels

is reduced by spatial separation. In addition to a decreased

median SNR value, the spatial separation sharpens the distri-

bution and, especially, reduces the occurrence of frames

with very positive SNR values. Hence, the increased rever-

beration when the masker is moved from 0.5 m to 10 m dis-

tance effectively reduces the fluctuations in short-term SNR

and removes time-frequency frames with very high SNR. To

better quantify the reduction of short-term SNR due to

FIG. 6. Histograms of SNR in 20 ms audible segments in two different gam-

matone frequency channels for either colocated (Ms0.5Ts0.5, black line) or

separated presentation (Ms10Ts0.5, gray line). (a) displays histograms for the

left channel only, whereas (b) only includes the time-frequency segment

with better SNR across ears (cross-ear glimpsing).
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increased target-masker separation, the intelligibility-

weighted segmental SNR benefit was applied (Greenberg

et al., 1993; Pellom and Hansen, 1998). This resulted in a

2.92 dB SNR reduction when moving the masker from 0.5 to

10 m while keeping the target at 0.5 m, suggesting that a sep-

aration in distance reduces, rather than improves, speech

intelligibility. Hence, the SRM observed in Sec. III when

spatially separating the target and masker in distance cannot

be explained by short-term SNR effects. This general con-

clusion was confirmed for all other stimulus conditions.

2. Cross-ear glimpsing

In Sec. III C, it was shown that 3 dB out of the 10 dB in

SRM measured in the Ms10Ts0.5 condition were attributed to

binaural auditory processes. A significant amount of SRM

associated with separating sources in their azimuth (horizon-

tal) angle has previously been attributed to fluctuating SNRs

across ears caused by head-shadow. Brungart (2012) and

Glyde et al. (2013) implemented a cross-ear glimpsing

model, which combines signals across ears in order to create

a better-ear representation of the signal. The model could

account for a considerable amount of their SRM data. To

test if a cross-ear glimpsing mechanism can also account for

the binaural advantage observed in Sec. III C, a similar

model was adopted by applying the short-term SNR model

described above as a monaural front-end to the signals arriv-

ing at the left and right ear of a listener. In each frequency

channel, short-term SNRs were compared between the left

and right ear and only the higher SNRs were collected in a

better-ear histogram. Example better-ear histograms are

shown in Fig. 6(b) for the colocated (Ms0.5Ts0.5, black line

with median value) and spatially separated condition

(Ms10Ts0.5, gray line with median value) in the 1000 Hz and

4000 Hz frequency channel. There is only a small SNR dif-

ference between the left-ear signal and the better-ear signal

as the median value shifted between 0.4 dB and 1.4 dB.

Comparing the better-ear benefit between the colocated and

separated condition, very little benefit can be observed in

these frequency channels. Since the placement of the sound

sources in this study were all directly in front of the listener,

the main source for any cross-ear glimpsing benefit would

have been due to strong lateral reflections. However, these

are less substantial than the direct sound component, espe-

cially since the nearest surfaces in the auditorium were far

from the HATS.

To better quantify the overall potential contribution of

cross-ear glimpsing to SRM in distance, again, the

intelligibility-weighted segmental SNR benefit was applied,

resulting in a broadband cross-ear glimpsing benefit of

0.54 dB in the colocated condition and 0.61 dB in the spa-

tially separated condition. Hence, a cross-ear glimpsing

mechanism is not very likely to explain the binaural advant-

age of 3 dB observed in Sec. III C when moving the masker

further away than the target. A further analysis of alternative

binaural mechanisms that may provide a reduction in either

energetic or informational masking is out of the scope of this

study.

3. Envelope domain SNR

The effects of room acoustics on speech intelligibility

has been studied extensively and incorporated in the speech

transmission index (STI; IEC, 2011) using the room modula-

tion transfer function (MTF) (Kuttruff, 2000). Hence, the

STI seems to be a promising approach to better understand

or even predict the effect of target-masker distance changes

on the SRT as described in Sec. III. However, the STI only

considers the MTF of the target signal and not the nonlinear

interaction between target and masker modulations. The lat-

ter aspect seems to be essential for describing the SRM

observed in Sec. III A when the masker location is changed

in distance, but the target location is fixed. Therefore, the

approach by Jørgensen and Dau (2011), which considers the

SNR in the envelope domain (SNRenv) as a predictor for

speech intelligibility, might be promising. Based on an audi-

tory model, they compared the modulation power spectrum

of the signal mixed with the speech-modulated noise masker

and the signal alone and successfully applied the SNR calcu-

lated in this domain. With reference to the stimuli described

in Sec. II, increasing the distance of a sound source increases

the reverberant energy (or decreases the DRR), which

reduces fast temporal fluctuations of the target speech and

thereby effectively low-pass filters its modulation spectrum.

To investigate if the changes in SRTs observed in Sec. III

and Figs. 3–5 for varying target and masker distance can be

explained by changes in the SNR in the envelope domain,

the “modulation-excitation pattern” approach proposed by

Jørgensen and Dau (2011) was applied. Modulation-

excitation patterns were derived for two example auditory

frequency channels at 1000 Hz and 4000 Hz by integrating

envelope power at the output of a modulation filterbank with

bandpass filters realized as second-order Butterworth filters

from 1 to 64 Hz. The resulting modulation excitation patterns

are shown in Fig. 7. For Fig. 7(a), the target and masker were

colocated at 0.5 m. In this case, the SNR in the modulation do-

main, as quantified by the area between the “masker only”

(diamonds) and “masker and target” (squares) condition, is

not notable for both the 1000 Hz and 4000 Hz frequency chan-

nel. However, when the masker is moved to 10 m distance

[Fig. 7(b)], there is a noticeable SNR difference between the

“masker only” condition and the “masker and target” mixture.

The masker alone exhibits substantially less modulation

power when moved further away, which corresponds to tem-

poral gaps being filled and an overall decrease in signal fluctu-

ations. Comparing Figs. 7(a) and 7(b) indicates that the

“masker and target” mixture also decreases in modulation

power when the masker is moved further away, but to a lesser

extent than the masker alone condition. This suggests that the

target is more easily detected in the spatially separated condi-

tion than in the colocated condition. Hence, a model that

measures the SNR in modulation-domain, such as proposed

by Jørgensen and Dau (2011), would be able to, at least, quali-

tatively predict the SRT data shown in Figs. 3 and 4. This was

not possible with a model that only relies on a measure of the

SNR in the frequency domain as described in Sec. IV A 1.

However, an intelligibility model that is purely based on

the modulation domain SNR cannot describe any informational
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masking effects. Since both the CRM and LISN-S speech

corpus involve a significant amount of informational mask-

ing (Brungart et al., 2001; Glyde et al., 2013), it is not

expected that such a model can fully predict the SRT data

given in Sec. III. In particular, it will fail to predict the

SRT data for the case that the target is moved further away

(Sec. III B, Fig. 5), i.e., where most likely distraction-based

informational masking is the dominant effect (see Sec. IV C

for a detailed discussion). Even though a modulation-domain

SNR model might be the most promising approach to predict

at least some of the behavior of the measured SRT data, a

further analysis is out of the scope of the present study.

B. Effect of equalization

Throughout this study, both the level and long-term

spectra of the applied stimuli were equalized. This removed

some of the acoustic properties related to changes in source-

distance and may have increased the likelihood of target-

masker confusions. But, at the same time, it allowed for

better comparison between the applied conditions and

emphasized on changes in the DRR. Ultimately, an adaptive

intelligibility measure (as used to estimate the SRT) manipu-

lates/removes level differences to vary the SNR. Naturally,

in realistic environments where multiple talkers are present,

level differences related to the distance of talkers will affect

energetic masking because of differences in SNR, and infor-

mational masking because of loudness cues which facilitate

talker segregation (Brungart et al., 2001).

The applied spectral equalization filters described in

Sec. II C removed long-term spectral differences between

the separated target and masker. The filters mainly addressed

the low-pass filter that is introduced by the room for far

sound source. This is due to room reverberation dominating

the overall signal power, which, at high frequencies, is

affected by increased air absorption as well as decreased

reflectivity of the used wall materials. It was assumed, here,

that this processing has no significant effect on the measured

results and conclusions, but ensured that SRTs were compa-

rable in terms of long-term SNR. To confirm that this

assumption is appropriate, an additional experiment with

eight NH listeners (five of whom participated in the original

experiment) was conducted. This experiment measured con-

dition Ms0.5Ts0.5, Ms10Ts0.5, and Ms0.5Ts10 with and without

frequency equalization using the CRM corpus and was

repeated once. A t-test with Bonferroni correction showed

no significant difference (p> 0.05) between SRTs measured

with and without the equalization. Moreover, the data was

very similar to the corresponding data shown in Figs. 3 and

5 and, thus, is not explicitly shown here.

C. Role of informational masking

Throughout the literature, the detrimental effects of

reverberation on speech intelligibility are well documented

(N�ab�elek and Robinson, 1982; Bronkhorst and Plomp, 1990)

and modeled (IEC, 2011). Since the main differences

between the different spatial configurations in this study are

changes to the DRR, the results demonstrate certain condi-

tions where reverberation actually improves intelligibility.

While the previous sections explored the signal-related

causes to the observed effect, this section considers the

potential role of informational masking and perceptual seg-

regation of sound sources.

1. Varying masker distance

Considering conditions where the target is kept at 0.5 m

in Figs. 3 and 4, the experimental data revealed that the SRT

decreased when the speech masker was moved further away

(e.g., moving from Ms0.5Ts0.5 to Ms10Ts0.5). However, when

the speech-modulated noise masker was used, very low

SRTs were observed independent of masker distance. This

effect may be explained by informational masking as the

speech-modulated noise masker does not cause target/

masker confusions. Considering the speech masker, the con-

dition where target and masker are colocated (Ms0.5Ts0.5) is

known to provide the highest amount of informational mask-

ing (Freyman et al., 2001; Kidd et al., 2008). The decreasing

thresholds as speech maskers move further away indicate

that differences in distance aids perceptual segregation of

target and masker, just like angular separation in angular

SRM. One could say that the confusions between target and

masker are resolved by the perceived difference in distance

(or the difference in the DRR). The observation that there is

no difference between the SRT results for the far speech

masker (Ms10Ts0.5) and the far speech-modulated noise

masker (Mn10Ts0.5) suggests that the largest separation in dis-

tance measured here (10 m) fully removes informational

masking and the threshold is limited by energetic masking.

This follows the hypothesis of Best et al. (2012), arguing

energetic masking limits, and defines the maximum SRM

that can be observed in a given experiment.

FIG. 7. Envelope excitation patterns for either colocated (Ms0.5Ts0.5), (a) or

separated presentation (Ms10Ts0.5), (b) in gammatone filters with center fre-

quencies of 1000 Hz (left panels) or 4000 Hz (right panels). The excitation

patterns are shown for the target alone (circles), mixture of target and

masker at 0 dB SNR (squares) and for the masker alone (diamonds). The en-

velope domain SNR, SNRenv, is defined as the difference between the mix-

ture and masker alone.
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To further investigate the involvement of confusions

between target and masker, Table III shows the percentage of

masker errors for the measured CRM corpus. A masker error

occurs when the listener response is a color/number combina-

tion belonging to one of the maskers. The percentage given

here is calculated from the sum of the total number of errors

(i.e., masker errors plus random errors). Masker errors are of-

ten associated with informational masking as they directly

measure the amount of confusions. As expected, the colocated

condition with the speech masker (Ms0.5Ts0.5) contains the

largest amount of masker errors. This percentage decreases as

the target-masker separation increases. This further highlights

that spatial separation in distance results in perceptual segre-

gation of target and masker, thereby resolving confusions.

2. Varying target distance

In the condition where the masker was kept at 0.5 m

(Ms0.5Ts10) and the distance of the target was changed

(Fig. 5), a large variability across subjects was observed for

the speech masker, but not for the speech-modulated noise

masker. With the speech masker at 0.5 m and the target at

10 m distance, some subjects even had higher SRTs than for

the colocated condition. This behavior could have been

caused by several factors. It is commonly acknowledged that

strong reverberation leads to decreased intelligibility

(N�ab�elek and Robinson, 1982). Hence, the increased rever-

beration with the target at 10 m could have caused the

increase in SRTs. However, if this was true, replacing the

speech masker by a speech-modulated noise masker

(Mn0.5Ts10) should also result in an increased SRT, but this

was not the case. Figure 5 shows that the SRT for the

speech-modulated noise masker actually decreases slightly

with increased target distance.

Alternatively, the large difference in SRTs between the

speech and speech-modulated noise masker conditions for the

far target and close masker may be due to informational mask-

ing. However, if informational masking is the main factor,

why do listeners not benefit from the spatial separation as with

the close target and far masker? Considering the clarity of the

different speech signals involved, the far target is very blurred

or “distorted” by the strong room reverberation, whereas the

near masker is very clear or “undistorted.” Considering the

masker errors in Table III, the far target/near masker condition

produces very few “confusion” errors. Hence, it may be

assumed that the target-masker confusions are removed by

moving the target further away than the masker, but at the

same time, a different type of informational masking is intro-

duced. It could be that the undistorted nearby maskers are

highly distracting and thereby make it very hard for the listener

to (selectively) suppress the masker and attend to the blurred

target. In other words, the speech maskers often win the com-

petition in attention over the target speech even if the listener

knows they are not attending to the target. This effect might

have been enlarged by the nature of the CRM corpus. Similar

to the confusion-based informational masking, this distraction-

based informational masking is removed when applying

speech-modulated noise maskers. Indeed, some subjects

reported that it was especially hard to ignore the nearby speech

masker and to focus on the far target. The very large variation

of the SRTs across listeners may further support the assump-

tion that higher-level auditory mechanisms are involved rather

than the low-level mechanisms related to energetic masking.

A final reason for the large variability across subjects

might have been that the target position in most of the experi-

ment was at 0.5 m, which may have primed or confused sub-

jects as they were not explicitly informed that the target

changed location. Hence, some listeners might have built up a

strategy to focus on the “clear” near speech rather than con-

centrating on the call-sign and were misled when the masking

speech was nearby and the target was far. However, this

would presumably result in an increased amount of masker

errors in the Ms05Ts10 condition, which is not the case.

3. The effect of listener training

To further examine the condition with the far target and

near masker, an extensive training as well as modified exper-

imental procedure were applied to retest 6 out of the original

16 subjects. In this follow-up experiment, only the Ms0.5Ts10

and Ms10Ts0.5 conditions were tested using the CRM corpus.

The training consisted of a graphical representation of the

test condition, which visually indicated the target and

masker position and the correct color/number combination.

Sentences were taken from the CRM corpus and were

always presented with the masker at 55 dB SPL and a fixed

SNR of �3 dB. Subjects could switch between the condi-

tions and took 10 min to familiarize themselves with the

stimuli and relate those to the graphical representation.

Afterward, the two conditions were randomly presented with

two repetitions following the methods described in Sec. II.

During the test, the same visual representation from the

training was used to indicate the location of the target and

masker. Mean individual results before and after training are

shown in Fig. 8 together with the across subject mean and

related 95% confidence intervals. A paired t-test showed no

significant difference between the pre- and post-training

SRTs neither for the Ms10Ts0.5 condition (p¼ 0.54) nor the

Ms0.5Ts10 condition (p¼ 0.27). However, the effect of train-

ing is significant if SRTs from the outlier subject 8 (dia-

monds) were removed (p< 0.05). This indicates that the

spread of thresholds shown in Fig. 5 for the Ms0.5Ts10 condi-

tion could be reduced, but not removed by training.

However, in general, the effect of priming subjects to the

nearby (0.5 m) target position throughout most of the main

experiment cannot explain the spread of thresholds in the

spatially separated far target conditions shown in Fig. 5.

Hence, distraction-based informational masking seems to

TABLE III. Percentage of masker errors for the measured CRM results.

Near target Far target

Condition Masker error Condition Masker error

Speech masker Ms05Ts05 14.8% Ms05Ts05 14.8%

Ms2Ts05 11.5% Ms05Ts2 8.0%

Ms5Ts05 8.9% Ms05Ts5 7.8%

Ms10Ts05 7.0% Ms05Ts10 5.7%
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play the main role when faced with nearby maskers while

trying to attend to a target that is further away.

V. SUMMARY AND CONCLUSION

The study investigated the improvement in speech intel-

ligibility that can be measured when a target talker is sepa-

rated in distance from a masking source. BRIRs were

applied to spatialize the sound sources and to vary their dis-

tance. The long-term spectra, as well as the RMS levels of

the reverberant signals, were equalized leaving differences

in the DRR as the primary cue to differentiate target and

masker. A SRM of up to 10 dB was measured with the CRM

speech corpus, confirmed with the LISN-S speech corpus,

and shown to be independent of the applied normalization

and equalization procedures. The improvement in intelligi-

bility was particularly prominent when the target was kept

close and the masker was moved further away. However,

distance-dependent SRM was only observed when the

masker was realized by competing speech and no SRM was

found with a speech-modulated noise masker. Moreover,

when the applied dichotic stimulus presentation was

replaced by a diotic presentation, only a small reduction

(<3 dB) in SRM was observed, indicating that the distance-

related SRM is mainly a monaural effect.

To better understand the auditory mechanisms that are

potentially involved in the observed SRM effect, different

objective signal-based measures were applied. Frequency-

based measures, such as the long-term SNR, segmental

intelligibility-weighted SNR, and cross-ear glimpsing, all

failed to explain the observed effect. However, the SNR in

the modulation domain was found to correlate well with the

measured SRT data, at least, when the target is close and the

masker is varied in distance. Since the SRM was not

observed with a speech-modulated noise masker, it was sug-

gested that, in addition to a change in the modulation-based

SNR, differences in distance resolve speech masker confu-

sions and thus reduce informational masking.

In the condition where a speech masker was close while

the target talker was far away, the SRM varied strongly

across subjects, some showing a large SRM while others

even showing a negative SRM. Since the masker confusions

were rather low in this condition, it was argued that this

effect could not simply be explained by confusion-based

informational masking. It was hypothesized that a different

type of informational masking was involved in which the

rather anechoic (clear) masker captures the attention of the

listener and makes it hard to attend to the highly reverberant

(blurred) target signal.
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