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The September issue of Canadian Acoustics is normally the 
proceedings issue of Acoustics Week in Canada. However, 
given the joint meeting earlier this year of the Canadian 
Acoustical Association and the Acoustical Society of Amer-
ica (ASA) under the aegis of the International Commission 
for Acoustics, proceedings have been published in the ASA’s 
Proceedings of Meetings on Acoustics (Volume 19). In its 
place, I am pleased to present a special issue dedicated to 
research by new Scholars. All lead authors published herein 
are within 10 years of the terminal degree. We are fortunate 
to be witnessing a period of continued growth in all areas 
of acoustics. This growth is fueled by new scholars who are 
working to advance established subfields as well as to create 
new ones. 

The current issue captures a representative sample of this 
growth spanning bio-acoustics, psychological acoustics, un-
derwater acoustics, noise control, and speech sciences. 
The focus on new scholars is timely given the renewal that 
the journal has undergone recently. In December of 2012, the 
editorial board was renewed and past issues of the journal be-
came available online at jcaa.caa-aca.ca. Since that time there 
has been an increase in the rate of submissions to the journal. 
To stay ahead of these increases, we have phased in an elec-
tronic manuscript submission system and reduced the time it 
takes to reach an editorial decision (8 weeks currently). Ac-
cess to the journal is also open with the exception of issues 
published within the most recent calendar year. These chang-
es are helping to increase the visibility of the journal and to 
disseminate its contents more widely. Looking forward, the 
renewal at the journal will continue with Jérémie Voix taking 
over my role as Editor effective March of 2014.

Frank Russo
Editor-in-Chief

Le numéro du mois de septembre de l’Acoustique Cana-
dienne est normalement consacré aux actes de conférence 
de la Semaine canadienne d’acoustique. Or, en raison de la 
réunion conjointe de l’Association Canadienne d’Acoustique 
et la Acoustical Society of America (ASA) qui a eu lieu un 
peu plus tôt cette année sous les auspices de la Commission 
internationale d’acoustique, les actes de conférence ont paru 
dans le journal Proceedings of Meetings on Acoustics (vol-
ume 19) de l’ASA. Je suis donc heureux de vous présenter ce 
numéro spécial portant sur les travaux de nouveaux cherch-
eurs. Tous les auteurs principaux des articles publiés dans ce 
numéro ont obtenu leur dernier diplôme universitaire au cours 
des dix dernières années. Nous sommes chanceux d’être té-
moins d’une période de croissance continue dans tous les 
domaines de l’acoustique. Cette croissance est alimentée par 
les nouveaux chercheurs qui contribuent à l’avancement de 
sous-disciplines établies de même qu’à la création de nou-
velles. Ce numéro présente donc  un échantillon représentatif 
de cette croissance, avec des articles portant sur la bioacous-
tique, la psycho-acoustique, l’acoustique sous-marine, le 
contrôle du bruit et la science de la parole.

Cette emphase sur les travaux des nouveaux chercheurs coïn-
cide avec des nouveautés au sein du journal. En effet, en 
décembre 2012, le comité de rédaction a été renouvelé et les 
anciens numéros du journal sont devenus disponibles en ligne 
au jcaa.caa-aca.ca. Depuis ce temps, il y a eu une hausse du 
taux de soumissions au journal. Pour répondre à cette hausse, 
nous avons mis sur pied un système électronique pour la sou-
mission de manuscrits et réduit le temps nécessaire pour les 
décisions éditoriales (présentement à 8 semaines). De plus, 
l’accès au journal est ouvert à l’exception des numéros pub-
liés dans la dernière  année. Ces changements contribuent à 
la visibilité du journal et à une plus grande diffusion. Enfin, 
Jérémie Voix prendra la relève en tant que rédacteur, en mars 
2014.

Frank Russo
Rédacteur en chef
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ABSTRACT 
 
Cook Inlet beluga whales (Delphinapterus leucas) are listed as endangered under the US Endangered Species Act.  Potential 
threats to this population include anthropogenic noise and coastal zone development.  The Port of Anchorage Marine 
Terminal Redevelopment (MTR) Project, taking place in the Knik Arm of Cook Inlet, Alaska, involves multiple construction 
activities including dredging, gravel fill and pile driving.  The impacts of construction noise on beluga vocalizations were 
investigated in this study.  Passive sonobuoys were deployed in a four mooring array during 20 d in August and September 
2009 near the MTR Project.  Data were recorded in real-time at a shore-based observation station.  No beluga whistles or 
noisy vocalizations were recorded during this period; however, beluga echolocation clicks were frequently detected.  An 
energy summation method was used to automatically detect echolocation clicks.  Times with and without construction noise 
(i.e., dredging and pile driving) were determined from long-term spectral averages.  The detected hourly click rate was higher 
during times without (429 detected clicks/h) than with (291 detected clicks/h) construction activity; however, the difference 
was not statistically significant (t (24) = -0.56, P = 0.58).  Lower frequency beluga whale vocalizations (e.g., whistles) were 
potentially masked, there may be have been an overall reduction in beluga vocalizations, or it is possible belugas were 
avoiding the area during construction activity.  
 
RÉSUMÉ  
 
Le béluga (Delphinapterus leucas) de Cook Inlet est en voie de disparition selon le Loi sur les Espèces en Voie de 
Disparition des EE.UU. Ses animaux ont le potentiel d’être menacé par des bruits d'origine anthropique et le développement 
du secteur côtier. Le projet de Réaménagement de Terminal Marine (RTM) du Port de Anchorage, qui aura lieu à Knik Arm 
de Cook Inlet, Alaska, consiste de plusieurs travaux, comme le dragage, remplissage du gravier et de battage des pieux. Dans 
cette étude, on a investigué les effets du bruit des travaux sur les vocalises des bélugas. Bouées acoustiques ont été déployées 
dans un réseau de quatre mouillages pendant 20 jours en Août et Septembre 2009, près du projet RTM. Les données ont été 
recueillies en temps réel à une station d'observation côtière. Les sifflets ou vocalisations bruyantes des bélugas n’ont pas été 
enregistrées pendant cette période, mais les clics d'écholocation ont été détectés fréquemment. La somme de l'énergie a été 
utilisée pour détecter d’une manière automatique des clics d'écholocation. Les temps avec et sans bruit des travaux (c’est-à le 
dragage et battage) ont été déterminés par l’examen des spectrogrammes comprimé. Le taux de clic détecté était plus élevé 
pendant les périodes sans travaux (429 clics détectés / h) qu'avec (291 détecté clics / h), mais la différence n'était pas 
statistiquement significatif (t (24) = 0,56, P = 0,58). Le vocalises des bélugas de la fréquence basse (par exemple, sifflets) ont 
été potentiellement masqués, il peut y avoir eu une générale réduction des vocalisations des bélugas, ou il est possible que les 
bélugas évitaient la domaine pendant l'activité de construction. 
 
1. INTRODUCTION 

 
Cook Inlet beluga whales (Delphinapterus 

leucas) are geographically isolated and genetically 
distinct from other US beluga whale stocks (O'Corry-
Crowe et al. 1997, Laidre et al. 2000, O'Corry-Crowe et 
al. 2002).  In 2008, the population was listed as 
endangered under the US Endangered Species Act 
(NMFS 2008a).  The population, currently estimated at 
312 individuals (Hobbs et al. 2012), was expected to 
increase 2-6% per year following increased restrictions on 
the subsistence harvest of beluga in 1999 (Hobbs et al. 
2008).  However, population trends since harvest 

restrictions indicate a continued decline of 1.3% per year 
(Hobbs et al. 2012).  Many factors are identified as 
potential threats to the Cook Inlet beluga whale, including 
coastal zone development and anthropogenic noise 
(NMFS 2008b).  Known effects of noise on cetaceans 
include behavioral changes, avoidance or displacement 
from important habitat, masking of important sounds and 
changes to acoustic behavior (Richardson et al. 1995, 
Lesage et al. 1999, McDonald et al. 2006).   

Beluga whales have highly developed hearing 
and vocal abilities.  Their hearing is most sensitive from 
10-100 kHz (Awbrey et al. 1988, Johnson et al. 1989, 
Richardson et al. 1995) which is related to their use of 
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high frequencies for echolocation and communication 
(Richardson et al. 1995).  Beluga whales were one of the 
first cetaceans to be recorded underwater and they were 
found to produce a variety of sounds (Schevill and 
Lawrence 1949). Beluga whale whistles range between 
0.26-20 kHz, pulsed tones between 0.4-12 kHz, noisy 
vocalizations between 0.5-16 kHz (Schevill and Lawrence 
1949, Sjare and Smith 1986a, b, Richardson et al. 1995) 
and their echolocation clicks have been recorded up to 
120 kHz (Au et al. 1985).  Whistles, noisy vocalization 
and pulsed sounds at lower frequencies are generally 
associated with social behaviors (Sjare and Smith 1986b, 
Faucher 1988, Karlsen et al. 2002, Belikov and 
Bel’kovich 2006, 2007, 2008), while high frequency 
echolocation clicks are generally associated with 
navigation and foraging (Au et al. 1985, Au et al. 1987, 
Faucher 1988, Turl and Penner 1989, Turl 1990). 

Beluga whale vocalizations have been studied in 
stocks found in Cunningham Inlet (Sjare and Smith 
1986a, b), Churchill River (Chmelnitsky and Ferguson 
2012) and St. Lawrence Estuary, Canada (Faucher 1988), 
Bristol Bay, Alaska (Angiel 1997), Svalbard, Norway 
(Karlsen et al. 2002) and the White Sea in Russia 
(Belikov and Bel’kovich 2006, 2007, 2008), as well as in 
captive animals (Au et al. 1985, Au et al. 1987, Turl and 
Penner 1989, Lammers and Castellote 2009).  Similarities 
in whistles, pulsed sounds and noisy vocalizations among 
these stocks include frequency band, contour types, 
duration of contour types and the production of 
multicomponent whistles (Sjare and Smith 1986a, 
Karlsen et al. 2002, Belikov and Bel’kovich 2006, 2007, 
2008).  Echolocation clicks have been examined in 
captive belugas (Au et al. 1985, Au et al. 1987, Turl and 
Penner 1989, Lammers and Castellote 2009), but have not 
been compared between wild stocks.  Belugas emit two 
distinct pulses in a single echolocation click (Lammers 
and Castellote 2009) and their click trains can be 
separated into three categories based on their distinctly 
different interclick interval patterns (Au et al. 1987). 
Additionally, beluga clicks may vary in frequency and 
bandwidth depending on the ambient noise levels (Au et 
al. 1985).  Currently, there are no peer-reviewed studies 
on the vocal repertoire of the Cook Inlet beluga whale.  

The presence of anthropogenic noise can affect 
marine mammals behaviorally, acoustically and 
physiologically (Nowacek et al. 2007).  Beluga whale 
behavioral responses in the presence of anthropogenic 
noise (e.g., watercraft, aircraft and pile driving) include 
changes in swimming speed, diving patterns, direction, 
behavioral states (Patenaude et al. 2002), avoidance 
(Blane and Jaakson 1994, Erbe and Farmer 2000) and 
vocalizations (Lesage et al. 1999, Scheifele et al. 2005).  
Changes in beluga vocalizations include a reduction in 
call rate, increase in the production of tonal and pulsed 
calls, shift in frequency band (Lesage et al. 199) and the 
Lombard vocal response (Scheifele et al. 2005).  In 
addition, documented beluga responses in the presence of 
pile driving activity include changes in sighting duration, 

behavior (e.g., traveling and diving), group composition 
and group formation (e.g., densely packed or dispersed; 
Kendall 2010).  

A way to increase our understanding of the 
effects of anthropogenic noise on marine mammals is to 
use passive acoustic monitoring studies.  Passive acoustic 
monitoring is an innovative technique that is increasingly 
used for cetacean surveys (Mellinger et al. 2007).  
Traditional visual surveys require daylight and good 
weather conditions, often resulting in low detection rates 
(Mellinger et al. 2007), while passive acoustic monitoring 
can continue throughout the night and in poor weather 
conditions (Barlow and Taylor 2005; Mellinger et al. 
2007).  Sonobuoy hydrophones are relatively inexpensive 
and have been used successfully for a variety of passive 
acoustic studies, including documenting the presence and 
locations of calling animals at high latitudes in 
challenging environmental conditions (Clark and Ellison 
1988, McDonald and Moore 2002, Laurinolli et al. 2003, 
Širović et al. 2006).  

 The Port of Anchorage (POA) Marine Terminal 
Redevelopment (MTR) Project in the Knik Arm of Cook 
Inlet, Alaska, takes place in an area frequented by beluga 
whales (Rugh et al. 2000, Hobbs et al. 2005).  The MTR 
Project involves several types of construction activities 
including dredging, gravel fill and pile driving.  The 
combination of these construction activities increases 
underwater noise levels that could interfere with beluga 
whale communication and echolocation (Richardson et al. 
1995, NMFS 2008c).  We investigated the presence of 
different beluga whale vocalizations in these recordings 
and evaluated the impact of construction noise adjacent to 
the MTR Project on beluga whale echolocation using a 
fixed array of sonobuoys.  Data were manually examined 
for beluga vocalizations in real-time during data 
collection and then again by examining long-term spectral 
averages (LTSA).We used an automatic detector to 
determine the presence of echolocation clicks in 20 d of 
recorded data.  We determined time periods with and 
without construction noise and then calculated the 
detected hourly click rate to determine if there are 
differences in the rate of detected beluga whale clicks 
with and without construction activity near the MTR 
Project. 
 
2. METHODS 
 
2.1 Study Design 

 
The study was conducted in the Knik Arm of 

Upper Cook Inlet, adjacent to the MTR Project near 
Anchorage, Alaska, close to in-water construction 
activities (Figure 1).  Four moored lines were deployed in 
a rhomboid formation on 1 August and were left in the 
water until 7 October, 2009 (Figure 1).  Each mooring 
was anchored with approximately 270 kg of railroad rail 
sections and attached to a 45-55 m line with a surface 
float.  These moorings allowed quick re-deployment of 
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multiple sonobuoys in the array throughout the survey.  
After each sonobuoy deployment, observers at the Cairn 
Point Station (CPS) on Joint Base Elmendorf-Richardson 
monitored and recorded signals received from the 
sonobuoys in real-time.  The location of the moorings was 
chosen based on proximity to the construction activity at 
the MTR Project, favorable bathymetric conditions, and 
relative safety from dredging and shipping operations.  
The time period of this study (late summer and early fall) 
was chosen to correspond with times when beluga whales 
are most frequently observed in the area (Rugh et al. 
2000, Hobbs et al. 2005).  The days and times of 
sonobuoy deployments and acoustic data collection were 
driven by tides and weather conditions, limiting the 
ability to launch the deployment boat, which could not be 
done during low tide. 

 
Figure 1. The location of the fixed array of 4 moored lines 
(black dots), placed between 400 and 700 m apart and 
approximately 600 m off Cairn Point.  Passive sonobuoys 
were attached to the moorings during each day of acoustic 
monitoring.  The Marine Terminal Redevelopment (MTR) 
Project footprint is outlined and crosshatched and Cairn 
Point Station is denoted by the star. 

 
Passive sonobuoys are relatively inexpensive, 

expendable electronic devices that consist of a 
hydrophone, surface float, radio transmitter, antenna and 
salt-water battery.  Omnidirectional sonobuoys, AN/SSQ-
57B, used in this study have a calibrated broadband 
frequency response from 10-20,000 Hz, but can 
effectively detect signals up to 30 kHz (Horsley 1989).  
Signals received by the omnidirectional hydrophone are 
amplified and conducted up a cable to the radio 

transmitter and antenna, which are housed in the surface 
float. 

Prior to each deployment, the sonobuoys were 
modified to withstand the high tidal current conditions of 
Knik Arm.  Each sonobuoy was stripped from its original 
housing and placed in a plastic canister attached to a life 
ring.  The life ring provided additional structural support 
and buoyancy against the fast moving currents, allowing 
the sonobuoy surface float to remain in a vertical position 
on the surface for sufficient signal transmission to the 
CPS.  Twenty-seven m (90 ft) of cable and the clumped 
weight, preamplifier and hydrophone were passed through 
an opening on the bottom of the canister, which allowed 
the hydrophone and cable to suspend in the water column.  
A life ring with one sonobuoy was attached to each 
mooring float at the beginning of each day of acoustic 
observations.  Previously deployed sonobuoys were 
collected each time before the deployment of new 
sonobuoys.  The deployment location was recorded on 
each day of acoustic observations using a handheld 
Garmin GPS to verify the location of the moorings.  The 
daily position of each mooring was compared to its 
deployment location to verify the moorings did not move 
during the study.  Once deployed, the sonobuoys 
continuously transmitted their radio signal to the 
observers at the CPS until scuttling 8-10 h later.  In the 
case of a non-operational sonobuoy, the deployment team 
immediately recovered the failed sonobuoy and deployed 
another one.  Due to restrictions in the ability to launch a 
boat for sonobuoy deployment, most data collection 
started on the slack high tide and proceeded during the 
ebb flow. 

Two omnidirectional Diamond D130J Super 
Discone antennae were mounted on the observational 
platform at the CPS to receive radio signals from the 
sonobuoys.  A set of custom electronics and software was 
used to record and analyze the acoustic data.  The 
antennae passed the signals to four software-controlled 
ICOM scanner radio receivers (IC-PCR 100 or IC-
PCR1500 models), each tuned to receive individual FM 
signals transmitted by the sonobuoy array.  Each radio 
was connected to a computer, which was connected to a 
MOTU Traveler mk2 that acquired the analog signal and 
provided a digitized output to another computer running 
the software program Ishmael (Mellinger 2001).  Sample 
rates were initially adjusted to test electronics’ capability 
and maximize recording capacity. On 3 August, data were 
sampled at 44 kHz, from 4-18 August the sampling rate 
was 48 kHz and from 20 August-30 September the 
sampling rate was 88.2 kHz.  Data were saved as .WAV 
files.   

During the daily acoustic observation period at 
CPS following sonobuoy deployments, construction and 
environmental data were collected and preliminary 
acoustic analysis was manually conducted.  Data collected 
during the observation period included: deployment date, 
time, latitude, longitude and transmission channel for 
each sonobuoy as reported by the deployment team; 
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beginning and end of the acoustic observation period; 
start and end time of vocalizations (if detected), the 
species detected, and the channel(s) with vocalizations; 
environmental conditions; type of construction activity 
(e.g., impact pile driving [IPD] or vibratory pile driving 
[VPD]); and duration of construction activity.  
Construction activities were defined as any anthropogenic 
activities associated with the construction of the MTR 
Project. All anthropogenic activities within the study area 
were also documented during daily observation efforts.  
Events were categorized as: no activity, IPD, VPD, 
dredging, in-water gravel fill placement, and aircraft and 
vessel activities.  The duration of each activity was 
recorded.  Data were entered into Microsoft Excel for 
Windows.  

 
2.3 Data Analysis 

 
Sonobuoy recordings were manually examined 

for beluga whale social vocalizations in real-time during 
data collection by listening to incoming recordings and 
visually scrutinizing scrolling spectrograms using the 
software program Ishmael (Mellinger 2001).  In post-
processing, an energy summation algorithm was used for 
the automatic detection of echolocation clicks.  An energy 
detector was selected as an automatic detection method 
due to the short duration and broadband frequency of 
beluga whale clicks.  To reduce the number of false 
detections, the ratio between the energy in the frequency 
band of interest (i.e. echolocation click) and that in an 
adjacent band of noise not containing the sound of interest 
was used.  The frequency band used for the calculation of 
signal energy was 23-25 kHz, which was compared to the 
energy in the adjacent “noise” frequency band from 18-20 
kHz.  Due to the initial variation in sampling rate from 3-
18 August, the energy summation parameters were 
adjusted to account for the difference in sampling rate (44 
kHz and 48 kHz).  Files from 3 August were manually 
scanned for echolocation clicks.  Detections for 4-18 
August were based on the energy ratio between the 
energy in the signal band from 23-23.9 kHz and the noise 
band from 15-18 kHz.  When Ishmael signaled a 
detection, 2 s of the signal before and after the detection 
were saved into an individual .WAV file. Each file was 
visually verified for the presence of beluga whale 

echolocation clicks and false detections were removed 
from subsequent analysis. 
 Long-term spectral averages (LTSAs; Wiggins 
and Hildebrand 2007, Wiggins et al. 2010), were used to 
manually review the data for beluga social vocalizations 
and to determine times with and without construction 
activity (Figure 2).  LTSAs were calculated with 10 s time 
bins and 500 Hz frequency resolution from the original 
.WAV files using Triton, a MatLab (MathWorks, Natick, 
MA) based customized sound analysis program developed 
by Wiggins et al. (2010).  Only data where clicks were 
detected were used in the analysis on the effect of noise 
on echolocations.  Each LTSA was manually scanned for 
the start and end of construction activity.  Manual 
classification, rather than a more objective, automated 
classification was necessary because of the constantly 
varying effects of tides and currents on the overall 
sonobuoy signal strength, which was difficult to quantify 
and implement in an automatic framework.  All 
construction activities (IPD, VPD, dredging) were pooled 
because they frequently overlapped and were not easily 
distinguishable in the LTSA. Gravel fill did not take place 
during the study, and therefore, was not included in the 
analysis.  Times when pile driving (IPD or VPD) or 
dredging took place were considered time periods “with” 
construction activity.  All other time periods were 
considered “without” construction activity.  Although 
time periods without construction activity may have 
included other sources of anthropogenic noises such as 
air- or watercraft, they were considered control conditions 
because they were unaffiliated with construction 
activities.  Construction activity had to continue for > 5 
min in order to classify the time period as “with” 
construction activity. The total time with and without 
construction activity was calculated for each day of 
observation. 

The detected hourly click rate during time 
periods with and without construction was calculated for 
each day of observations.  To avoid counting the same 
click twice, only clicks from the sonobuoy with the 
longest recording were counted if more than one 
sonobuoy detected clicks on a particular day.  An 
independent samples t-test was used to determine if there 
was a statistical difference in the rate of detected beluga 
whale clicks during periods with and without construction 
activity.  The alpha level was set at P < 0.05.  
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Figure 2. A long-term spectral average (LTSA) for 20 August 2009. The LTSA provides an overall picture of acoustic activity at the 
Marine Terminal Redevelopment Project on a daily basis.  Example times “with” and “without” construction activity are marked. 
 
3. RESULTS 

 
Acoustic observations were conducted for more 

than 148 h over 20 d (mean of 7:25 ± 0:29 h of 
observation/d) in August and September 2009.  Eighty-six 
sonobuoys were deployed during the study, 8 of which 
failed (failure rate 9.3 %). A total of 373 h of recordings 
were collected from all moorings. The VHF signal 
reception from sonobuoys varied with tidal stage.  
Occasionally, a signal from a sonobuoy was lost during 
high flood or ebb tides because the sonobuoy transmitter 
was submerged.  The signal resumed once the sonobuoy 
resurfaced after approximately 20-60 min.  During the 
recovery of sonobuoys in subsequent days, the 
hydrophone was often detached from the sonobuoy cable, 
likely due to the fast moving currents.  Occasionally, this 
resulted in abbreviated daily sampling effort; however, 
more often the hydrophone detached after the daily 
sampling period ended. 

Echolocation clicks were frequently produced by 
beluga whales in the vicinity of the MTR Project, but no 
other types of vocalizations (e.g., whistles or other social 
signals) were detected with the sonobuoy array.  A total 
of 63,392 clicks were detected during 14 d (out of 20) of 
the passive acoustic study, although some of those clicks 
were likely the same clicks detected on multiple 
sonobuoys in the array.  The false detection rate of the 
automated detector was 35.5 %. Most of the acoustic 
energy received from beluga whale clicks recorded near 
the MTR Project construction site was above 15 kHz. Due 
to the sample rate, the full frequency range and the 

frequency of peak energy of clicks could not be observed.  
Beluga whale clicks were detected most commonly on 
mooring M1, the westernmost mooring. 
 Construction activity took place approximately 
76 % of the time during the 14 d beluga whale clicks were 
detected, resulting in a total of approximately 71 h of 
recordings with and approximately 22 h without 
construction activity (Table 1).  The detected click rate 
was higher without (429 detected clicks/h) than with (291 
detected clicks/h) construction activity; however, the 
difference was not significant (t (24) = -0.56, P = 0.58; 
Figure 3). 
 
4. DISCUSSION 
 
4.1 Effects of Construction Noise on Beluga 
Vocalizations 

 
Construction activity took place during the 

majority of the acoustic survey (3/4 of the time).  While 
no beluga whistles and noisy vocalizations were detected 
during the survey, it is possible that persistent noise 
associated with construction activity at the MTR Project 
masked beluga vocalizations.  The frequency band of 
noise associated with activity near the MTR Project was 
generally below 10 kHz; however, the frequency band 
recorded from IPD extended to 20 kHz.  Majority of the 
beluga whale whistles and noisy vocalizations are within 
the frequency band taken up by the construction activity 
noise (Richardson et al. 1995).  VPD or dredging, in 
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particular, could potentially mask beluga whale 
vocalizations because in addition to frequency overlap, 
they are also longer in duration. 

Alternatively, to avoid interference from 
continuous construction noise, beluga whales may not use 
whistles or noisy vocalizations when they are near the 

MTR Project.  Beluga whales may change their behavior 
to avoid masking from the construction noise or the 
construction noise may deter them from engaging in 
social activities when they are in the vicinity of the MTR  
 

Table 1. Sonobuoy sampling effort, total time, total number of detected echolocation clicks and detected hourly click rate with and 
without construction activity during the 14 d beluga whale clicks were detected.  

Date 

Sonobuoy 
Sampling 

Effort 
(hh:mm) 

Total Time 
WITH 

(hh:mm) 

Total Time 
WITHOUT 

(hh:mm) 

No. of Clicks 
WITHa 

No. of Clicks 
WITHOUTb 

Detected 
Click Rate 

WITH 
(clicks/h) 

Detected 
Click Rate 
WITHOUT 
(clicks/h) 

4-Aug-09 3:46 3:46 0:00 29 − 8 − 

13-Aug-09 8:17 8:17 0:00 1,283 − 155 − 

18-Aug-09 7:25 4:07 3:18 31 0 8 0 

20-Aug-09 7:36 5:56 1:40 10 0 2 0 

22-Aug-09 6:48 3:49 2:59 4,380 4,239 1,147 1,422 

25-Aug-09 5:11 3:12 1:59 14 7 4 4 

1-Sep-09 6:36 3:54 2:42 185 1,182 47 438 

4-Sep-09 6:58 5:20 1:38 134 43 25 26 

8-Sep-09 3:41 2:20 1:21 61 36 26 27 

10-Sep-09 6:10 5:46 0:24 1,094 0 190 0 

20-Sep-09 4:58 3:12 1:46 400 177 125 100 

23-Sep-09 7:52 6:59 0:53 5,775 481 827 547 

25-Sep-09 8:47 7:28 1:19 630 155 84 117 

27-Sep-09 9:10 7:05 2:05 10,109 5,122 1,428 2,463 

Total 93:15:00 71:11:00 22:04:00 24,135 11,442 291c 429c 

 
a The number of clicks used in the analysis for each day corresponds to the total number of clicks detected on the sonobuoy that 

had the longest recording during the respective day. 
b On 4 and 13 August, there were no recorded periods without construction activity; therefore, “−” represents that no clicks could 

be detected “without” construction activity on those days.  
c These values are the mean detected click rates. 
 

 
Figure 3. Detected hourly beluga whale echolocation click 
rates with and without construction activity near the Marine 
Terminal Redevelopment (MTR) Project during the 14 d 

beluga whale clicks were detected between 1 August and 30 
September, 2009. 

 
Project.  Therefore, behavioral changes or the lack of 
social activity in general could also explain the absence of 
whistles or noisy vocalizations in the study area.  

Conversely, because the type of vocalizations 
used by beluga whales is likely determined by the 
behavioral state of the whale (Sjare and Smith 1986b, Au 
et al. 1985, Panova et al. 2012), they may be engaged 
primarily in echolocation (Richardson et al. 1995) as they 
travel through the study area (Cornick and Kendall 2008a, 
b, Cornick et al. 2010).  Echolocation could be 
particularly important to beluga whales for navigating in 
the turbid waters of Cook Inlet where whales cannot rely 
on eyesight for navigation.  As a result, echolocation 
could be the primary type of vocalization utilized by 
beluga whales when traveling through the study area.  
This final explanation is consistent with the fact that we 
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recorded no whistles even during periods without 
construction; however, a more detailed study of the 
association of behavioral states and call production would 
be needed to test that hypothesis. 

In addition to the absence of whistles and noisy 
vocalizations used by beluga whales in the study area, 
click rate was higher without construction activity.  
Although the difference was not significant, we had a 
relatively small sample size and a large variance in the 
number of detected clicks between days.  The lower 
detected click rate with construction activity could be 
another possible indication of a reduction in vocal activity 
by the beluga whales in the study area during 
construction.  Masking is not likely a concern when 
producing echolocation clicks because most of the 
acoustic energy in the beluga whale click extended above 
the frequency band recorded for the construction activity 
at the MTR Project. However, it is possible beluga whales 
may shift the frequency in echolocation clicks in response 
to construction (Au et al. 1985), producing clicks we did 
not detect, thus the observed reduced click rate could 
result from our relatively low sample rate. Alternatively, 
the reduction in click rate with construction activity could 
indicate a reduction in the number of beluga whales in the 
area.  Similar responses have been observed for harbor 
porpoises  (Phocoena phocoena) during the installation of 
offshore wind turbines, suggesting that the reduction in 
echolocation clicks was a result of the reduction in the 
number of harbor porpoises present in the area 
(Carstensen et al. 2006, Brant et al. 2011).  A reduction of 
beluga whales in the study area could suggest avoidance 
of the area near the construction site. 

Beluga whales were not equally detected across 
our array, but there was a spatial pattern to their 
detections. The echolocation clicks were more commonly 
detected offshore near the deep channel in Knik Arm 
(moorings M1 and M2) rather than adjacent to the 
shoreline (M3 and M4).  This may indicate beluga whales 
use areas offshore more frequently than originally 
believed (Moore et al. 2000).  Over the past several years, 
the visual observers for the MTR project (Scientific 
Marine Mammal Observers [MMO]), observed beluga 
whales more often along the shoreline and adjacent to the 
MTR Project footprint than offshore (Markowitz and 
McGuire 2007, Cornick and Kendall 2008a, b, Cornick et 
al. 2010).  However, sightings are directly related to the 
location and elevation of the observation station from the 
beluga whales, therefore, beluga whales at greater 
distances from the observation station are more likely 
missed (Buckland et al. 2001, Markowitz and McGuire 
2007).  If acoustic detections were primarily west of the 
moorings, belugas may be using a more energetically 
efficient method of travel by taking advantage of the fast-
moving current in the deep channel located in the center 
of Knik Arm (Smith et al. 2005).  Alternatively, the 
location of acoustically detected beluga whales near the 
central channel of Knik Arm may indicate disturbance or 
avoidance from the nearshore construction activity. 

Though the noise from the construction activity 
may cause behavioral disturbance to the beluga whales, 
they may choose to travel through the area despite the 
consequences because the habitat beyond the construction 
area is extremely important to their existence (Goetz et al. 
2012, NMFS 2011).  Knik Arm is designated critical 
habitat for the Cook Inlet beluga whale (NMFS 2011). 
The construction area, located at the entrance of Knik 
Arm has been exempt from the critical habitat designation 
(NMFS 2011). Beluga whales must either travel through 
or adjacent to the construction area to get to the upper 
reaches of the Arm.  Critical habitat provides areas for 
summer foraging, calving, molting, and predator 
avoidance as well as known fall and wintering areas 
(NMFS 2011).  Beluga whales have been documented 
year round in Knik Arm (Hobbs et al. 2005), using it as a 
known summer foraging area (NMFS 2011), as well as 
potential nursery and predator avoidance area (Huntington 
2000, NMFS 2011).  The MTR Project Scientific MMOs 
documented a decrease in the total time beluga whales 
were in view of visual observers within the study area 
since the MTR Project began (Cornick and Kendall 
2008a, b, Cornick et al. 2010, Kendall 2010).  However, 
if disturbance from the construction activity outweighed 
the benefits of traveling through the construction area to 
important habitat, avoidance or displacement from the 
area could occur (Goetz et al. 2012).  The use of the 
central channel observed during the acoustic survey and 
the increased use of the western shoreline near Port 
MacKenzie documented by the Scientific MMOs 
(Cornick and Kendall 2008a, b, Cornick et al. 2010, 
Kendall 2010) imply possible avoidance of the 
construction area by beluga whales.   

Carstensen et al. (2006) observed harbor 
porpoises returned to a construction area between pile 
driving events; however, the return time often took 
several days.  Brandt et al. (2011) observed the reduction 
of harbor porpoise activity and density at a construction 
area over the entire 5 mo period pile driving took place.  
They also documented increased use of areas 20 km away 
from the construction site.  Considering that the Cook 
Inlet beluga whale’s range has been contracting over the 
past three decades (NMFS 2008b, Rugh et al. 2010), 
avoidance or displacement of the Cook Inlet beluga whale 
from the upper reaches of Knik Arm could be detrimental 
to the population’s recovery.  

 
4.2. Study Limitations and Challenges 

 
In general, passive acoustic monitoring offers 

numerous advantages over visual surveys of cetaceans 
(Mellinger et al. 2007), but there are numerous challenges 
associated with studying beluga whales in Cook Inlet 
using passive acoustics due to environmental and 
technological constraints.  First of all, the Knik Arm of 
Cook Inlet is a difficult environment to conduct any type 
of passive acoustic monitoring. Bottom-mounted 
autonomous recorders, more typically used for passive 
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acoustic monitoring, were not chosen for this study 
because of the concerns that the heavy sediment load 
carried in the water would cover the instrument and make 
it impossible to retrieve. Also, there was a high potential 
for damage to the instruments due to the strong tides and 
currents carrying debris. The tides and currents, with 
speeds over 7 knots (Smith et al. 2005), occasionally 
inhibited signal transmission or damaged the equipment 
used during this study; however, the relative 
inexpensiveness of sonobuoys, enabling repeated 
deployment after any fouling event, made them the most 
practical choice for this study.   

Sonobuoy deployments were conducted in an 
array formation to enable sound source localization of 
beluga whale social vocalizations.  However, since we did 
not record any social vocalizations, and echolocation 
clicks propagated over much shorter distance 
(approximately 400 m) and thus were never detected on 
three sonobuoys at the same time, localization was not 
possible. The use of sonobuoys, also limited our recording 
bandwidth. Beluga whale clicks extend well above the 
frequency response of the sonobuoys (Au et al. 1985) and 
we were not able to detect echolocation clicks above 30 
kHz, which limited the number and types of clicks we 
detected.  

Extreme tides were another environmentally 
constraining condition, as they limited the ability to 
launch the boat to deploy sonobuoys. The tidal constraints 
may have created a bias in the data because beluga whales 
are highly dependent on the tidal stages for traveling 
throughout Cook Inlet (Moore et al. 2000) and our data 
were mostly collected around high tides.  

Surprisingly, flow noise was not an issue during 
our study considering the strong currents in the area; 
construction noise, on the other hand, was the most 
prevalent source of underwater sound.  Background noise 
levels measured in the area range from 113-133 dB re 1 
µPa (Blackwell and Greene 2002, Blackwell 2005, 
Širović and Kendall. 2009). Sound levels measured 
during pile driving activity (IPD or VPD) ranged from 
162-196.9 dB re 1 µPa with varying distance from the 
source and pile size (Blackwell 2005, Širović and Kendall 
2009). Dredging sound levels measured in the area at 
156.9 dB re 1 µPa at 30 m (SFS 2009). Noise associated 
with construction was nearly continuous at times.  If pile 
driving was not taking place, dredging occurred or vice 
versa.  Because of frequent overlaps, the construction data 
were pooled.  Periods without construction activity mostly 
consisted of only brief moments (~5 min) when 
construction ceased, therefore, most of the times 
considered “without” construction activity were simply 
prolonged breaks in construction activity.  

While our recordings indicate beluga whales 
may not be using whistles and noisy vocalizations when 
traveling near the MTR Project, they may decrease click 
rates or otherwise modify their echolocation clicks in the 
presence of construction noise, or there may be a decrease 
in the number of beluga whales traveling through the area.  

Of course, it does not necessarily mean beluga whales 
were not present during times when we did not detect 
beluga vocalizations; they may just be silent as they move 
through the area.  To fully understand the impacts of 
noise associated with construction activity on the Cook 
Inlet beluga whale, we need to understand Cook Inlet 
beluga whale vocalizations under different behavioral 
states.  Since cetacean detection rates vary between 
acoustic and visual survey methods (Clark et al. 1985, 
McDonald and Moore 2002, Širović et al. 2006, 
O’Boisseau et al. 2007, Kimura et al. 2009), it is 
important to integrate both survey methods in order to 
effectively monitor belugas in harsh environments such as 
Knik Arm.  By improving our understanding of the 
behavioral context of calling, we may also increase our 
ability to evaluate the impact of noise on belugas and 
perhaps improve our understanding of factors causing the 
population decline.  

 
4.3 Conclusions 

 
There were four major findings and issues of 

importance in this study. 1) No beluga whale whistles or 
noisy vocalizations were detected in the vicinity of the 
MTR Project during the study, which is unusual behavior 
for highly vocal beluga whales (Schevill and Lawrence 
1949).  2) We observed a decreasing trend in the hourly 
click rate between times without and with construction 
activity which may be an indication of disturbance.  3) 
There is limited information on construction impacts on 
beluga whales in particular and marine mammals in 
general. This study adds to the body of knowledge 
regarding construction impacts on this endangered 
population.  4) Upper Cook Inlet is a major urban area 
that contains half of Alaska’s population, yet it provides a 
very challenging environment for conducting research.  
There are many ongoing and upcoming coastal zone 
development projects in Upper Cook Inlet, especially in 
Knik Arm, where beluga whales are frequently observed.  
For successful management of this population as well as 
continuing urban development, it is imperative to use all 
available sources of information to increase our 
understanding of the impacts from coastal zone 
development and the associated noise on this population. 
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ABSTRACT 
 
This paper investigates theoretically how duct geometry and liner thickness affect the attenuation of fundamental-mode 
sound propagation in a lined duct. The study was done to satisfy the need for a greater understanding of interior natural-
ventilation openings and of silencers implemented to improve the acoustical performance (‘ventilators’), and to provide 
engineers and architects with optimal-design guidelines. It assumed ventilators of the simplest form – straight, acoustically-
lined ducts of rectangular cross-section. An analytical solution is presented for the attenuation of the fundamental mode in 
such a duct. Duct-liner thickness does not affect high-frequency performance; however, it limits low-frequency performance. 
A 25-mm liner is likely not thick enough to be effective, but a 100-mm liner may be excessive. Increasing the duct height 
reduces the attenuation at all frequencies; in order to provide effective attenuation through the 4000-Hz band, the height 
should not exceed 100 mm. If the cross-sectional aspect ratio of a duct is greater than 10, or the duct is only lined on two 
opposing surfaces, the attenuation of its fundamental mode is in effect identical to that of a 2D lined duct. Provided that the 
duct liner and height are such that the silencer is effective at absorbing sound at a given frequency, reducing the aspect ratio 
towards unity will result in large attenuation gains. 
 
 

RÉSUMÉ 
 
Cet article étudie l’influence théorique de la géométrie d’un conduit et de l’épaisseur d’un revêtement acoustique sur 
l’atténuation acoustique du mode fondamental. L’étude vise une meilleure compréhension des ouvertures dans les cloisons 
internes et des silencieux conçus pour améliorer la performance acoustique, afin d’informer les ingénieurs et les architectes 
des conceptions optimales. Elle fait l’hypothèse de silencieux de formes simples: un conduit rectangulaire avec un revêtement 
acoustique interne. Une solution analytique est présentée pour l’atténuation du mode fondamental de ce type de conduit. 
L’épaisseur du revêtement n’influence pas sur les performances à hautes fréquences; cependant, elle limite celles à basses 
fréquences. Un revêtement d’une épaisseur de 25 mm n’est pas efficace, mais 100 mm peut être excessif. Augmenter la 
hauteur du conduit réduit l’atténuation pour toutes les fréquences; dans le but d’obtenir une atténuation efficace aux 
fréquences supérieures à 4000 Hz, la hauteur ne devrait pas dépasser 100 mm. Si le rapport des dimensions latérales du 
conduit est supérieur à 10, ou si seulement deux surfaces opposées portent un revêtement, l’atténuation du mode fondamental 
est égale à celle d’un conduit 2D. Tant que le revêtement et les dimensions du conduit sont tels que le silencieux 2D absorbe 
efficacement le son à une fréquence particulière, une réduction du rapport résultera en une atténuation plus importante. 
 
 
 
1. INTRODUCTION 

This paper investigates theoretically how duct geometry 
and liner thickness affect the attenuation of fundamental-
mode sound propagation in a lined duct. While the results 
are generally applicable, the work was done as part of larger 
study [1] to satisfy the need for a greater understanding of 
interior natural-ventilation openings and of silencers 
implemented to improve the acoustical performance 
(‘ventilators’), and to provide engineers and architects with 
optimal-design guidelines. 

Natural ventilation is increasingly employed to make 
buildings more sustainable [2]. It works by using wind- or 
buoyancy-induced pressure differentials (stack effect) to 
drive ventilation air through a building. Typically these 
pressures are small compared to those available in a 

mechanically-ventilated building. In order for this low 
pressure to drive a sufficient volume of air, it is necessary to 
have low airflow resistance throughout the building. To 
achieve this, large openings are created in internal 
partitions, which prove detrimental to the noise isolation 
between the spaces. There is a clear need for a greater 
understanding of interior natural-ventilation openings and of 
silencers implemented to improve their acoustical perfor-
mance, in order to provide engineers and architects with 
optimal design techniques.  

This paper assumes silencers of the simplest form – a 
straight, lined duct of rectangular cross-section.  An 
analytical solution exists for the attenuation of the 
fundamental model in such a duct [3, 4]. In straight sections 
of lined silencers, the attenuation of the fundamental mode 
generally governs the performance, because it is the least 
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attenuated [4]. This paper presents the analytical solution 
and uses it to investigate the effect of silencer geometry on 
the resulting attenuation. 
 
 
2. GENERAL CARTESIAN SOLUTION 

In rectangular ducts, since the geometries are made of 
planes defined by simple Cartesian coordinates, it is useful 
to use the wave equation in Cartesian coordinates. The 
linear wave equation for sound pressure p can be written as: 
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where c is the sound speed. Using separation of variables to 
find solutions, the pressure can be expressed as the product 
of three spatially-dependent functions and a time-dependent 
function: 
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By inserting this assumption into the wave equation, the 
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where sx + sy + sz = s. Differential equations of this form can 
take the following solutions: 
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Our interest is in the harmonic solution, for which sx, t < 0. It 
is convenient and informative to introduce the wave number 
k and angular frequency ω. Letting -sx = kx

2c2 and –s = ω2, 
the general Cartesian solution can be written as: 
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This solution represents waves, with some amplitudes and 
wave numbers, propagating in the positive and negative 
directions along each axis, and propagating in both 
directions with respect to time.  
 
 
3. RIGID-WALLED DUCT 

In an infinite-length duct, or equivalently in a duct with 
an anechoic termination, waves will not propagate in the –z 
direction. Waves travel forward with unit amplitude as time 
increases. With these restrictions, the general solution 
becomes: 

 
 
  tj

t

zjk
z

etp
eAzp z



 
5  

 
Taking the cross-section of the duct to extend from 0 to Lx 
in x, and 0 to Ly in y, the Neumann condition is applied to 
the rigid duct walls: 
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Using these boundary conditions, and the general solution, a 
modal solution can be presented as: 
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By letting kl

2 + km
2 = klm

2, and solving for the wave number 
in z, some properties of the system become apparent: 
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For relatively high frequencies, or ducts of large cross-
section with respect to a given mode, the pressure fluctuates 
sinusoidally with z: 
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When the frequency becomes low, or the duct is small with 
respect to a given mode, the wave number becomes 
complex, resulting in a pressure that decays exponentially 
with increasing z. This defines the cut-off frequency for a 
mode in a duct. The only mode that does not have a cut-off 
frequency is the plane-wave mode (l = 0, m = 0): 
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4. NON-RIGID-WALLED DUCT 

If a duct does not have rigid walls, the Neumann 
boundary condition becomes invalid. If the normal-
incidence surface impedance is known, then the boundary 
condition can be replaced with: 
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Applying Newton’s second law to an element of fluid, the 
particle velocity can be related to pressure: 
 

xmF   

t
u

y
p

t
u

x
p

yy

xx
















0

0




 

 
Assuming that ux and uy have solutions that vary sinusoid-
ally with time, it follows that: 
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Solving for the impedance at the duct walls (hx, -hx, hy, -hy): 
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If the impedances of opposite walls are equal, the 
simplifying assumption can be made that the propagating 
modes will be either symmetric or antisymmetric [3]. For 
symmetric-mode propagation: 
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For antisymmetric-mode propagation: 
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Re-written, the system of equations for a duct in which 
opposite walls have the same impedance is: 
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These two sets of equations can be solved numerically to 
find kz as a function of k (k is directly related to frequency). 
A numerical-iteration scheme, such as the Newton-Raphson 
method, can be used to find the roots of, and solutions to, 
these equations. 

One important observation from this analysis is that, if 
the wall impedance is not infinite, the wavenumbers will be 
complex. If the wavenumber in z is complex, the pressure 
variation p3 with respect to the duct length can be written: 

 
     zkzkj zz eeAzp ImRe

53
  

 
This result shows that the modal pressure decays expo-
nentially along the length of the duct. The attenuation can be 
conveniently expressed in decibels as: 
 

Attenuation       dBIm686.8logIm20 zkezk zz   
 
4.1  Defining the Surface Impedance 

A solution for the plane-wave attenuation in a lined 
duct has been presented; however, the surface impedance of 
the absorptive liner must be known. The transfer-function 
method is presented here as a simple method for converting 
an absorptive material’s characteristic impedance and wave 
number into a surface impedance. A brief background is 
also given on absorptive materials, to describe how the 
propagation impedance and wavenumber are determined.  
 
4.1.1  Transfer-function method 

In order to use the propagation impedance and 
wavenumber for design in typical applications, they must be 
converted into an equivalent surface impedance [5, 6]. The 
transfer-function method is convenient for this purpose. It 
starts by defining the pressure and velocity at positions x = 0 
and x = d as functions of the forward and backward 
propagating waves. These four equations are then 
rearranged to relate the pressure and velocity at x = d to 
those at x = 0 by a general ‘transfer function’: 
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Subscript x indicates the component of the variable in the x 
direction. Combining these equations gives: 
 

         xx
x

xxxxx dk
k

djudkdpp sincos0 
  

         xxxxx
xx

x dkdudk
dpjk

u cossin0 


 

 
which can be equivalently expressed in matrix form as: 
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[T] is the transfer matrix for a finite-thickness layer. 
Transfer matrices can be defined for many simple geo-
metries, and are multiplied together to find the total transfer 
functions of compound layers and geometries. Here, we see 
that, if we let the surface impedance at x = d be Zs,x(dx), we 
can solve for the surface impedance at x = 0, Zs(0): 
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If the layer is backed by a rigid surface, then Zs,x(dx) is 
effectively infinite and the surface impedance can be 
simplified to: 
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This result can be used, in combination with Eqs. (1), to 
define the surface impedance of a duct, provided the 
propagation impedance and wavenumber, Z0 and k respect-
tively, are known for the porous absorber. For clarity, from 
here on the characteristic impedance and wavenumber of the 
porous absorber are identified as Zw and kw. The symmetric 
equations are: 
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This formulation allows for arbitrary incidence angle; 
however, kw,x must be found using Snell’s law, as refraction 
occurs due to the difference in wave speeds in air and in a 
porous absorber. With ψ and φ being the incident and 
transmitted angles, kw,x is [5]: 
 

    sinsin1 22
, kkkk wwwx   

 
In practice, the wave speeds in many porous materials are 
much smaller than in air; thus the waves propagate nearly 
normal to the surface [7]. Considering this effect, kw,x ≈ kw. 
Materials in which sound will only propagate normal to the 
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surface are referred to as ‘locally reacting’. The surface 
impedance of a rigidly-backed, locally-reacting absorber is: 

 
)cot(, xwwxs dkjZZ   

 
The local-reaction assumption is valid provided R < 4 [7], 
where R is the normalized flow resistance, given by: 
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in which σ is the flow resistivity in MKS Rayl/m. 
 
4.1.2  Characterizing porous absorptive materials 

Porous acoustical absorbers are materials that absorb 
sound energy passively by means of thermal dissipation. As 
sound waves propagate through the porous material, the 
shear forces due to no-slip conditions at the absorber surface 
convert the kinetic energy into heat. In addition, the high 
surface area in the porous material makes the compression 
process non-adiabatic. 

Porous absorbers are, as shown above, most usefully 
described in terms of their acoustical propagation 
impedance and wavenumber. Many methods, both empirical 
and analytical, have been developed to determine the 
acoustical impedance, based on material properties [5, 7]. 
Analytical methods, based on models of the microscopic 
fluid domain, have proven successful; however, they are 
quite complicated compared to empirical methods. 
Empirical methods, such as the well-known Delaney-Bazley 
model [5], provide a simple method for calculating the 
impedance from easily measured properties.  

The Delaney-Bazley model is based on a data curve-fit 
of many samples of fibrous acoustical absorbers with 
different flow resistivities; therefore, it should not be 
expected to give accurate results for non-fibrous absorbers, 
such as open-cell foams. The acoustical impedance and 
wavenumber of a fibrous porous absorber are [5]: 
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X is a function of the flow resistivity σ and frequency f: 
 


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X 0  

 
The Delaney-Bazley model is a single log-linear curve fit of 
the real and imaginary components of the impedance and 
wavenumber, to represent all fibrous absorbers. It is valid 
when [5]: 
 
 

 ε (porosity) ≈ 1 
 0.01 < X < 1.0 
 1000 < σ < 50,000 MKS Rayl/m. 
 
 
5. RESULTS 

To investigation plane-wave attenuation in a lined duct, 
it is necessary to define realistic liner properties. For this 
analysis, a liner was defined to have properties similar to the 
material used in laboratory-measured cross-talk silencers 
[2]. Once a lining material was established, the effect of 
geometry on attenuation was investigated. 
 
5.1 Duct-Liner Properties 

To use the Delaney-Bazley method of describing the 
porous material, it is necessary to define the material’s flow 
resistivity. This was done by selecting a flow resistivity that, 
using the Delaney-Bazley model and transfer-function 
methods, defines a material with a similar normal-incidence 
absorption coefficient a to that of the liner used in labora-
tory measurements [1]. Using the pressure-reflection coef-
ficient r, the normal-incidence coefficient can be calculated 
from the surface impedance: 
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The normal-incidence absorption coefficient of a 25-mm-
thick OEM glass-fiber sample was measured using an 
impedance tube and a standardized measurement procedure 
[8]. A comparison between the measured glass-fiber 
material and Delaney-Bazley prediction for different flow 
resistivities is shown in Figure 1. Data above 2000 Hz could 
not be obtained, due to impedance-tube limitations.  

 

 
Figure 1: Absorption coefficient of 25-mm-thick OEM glass fiber 
as measured, and as predicted by the Delaney-Bazley model for 

different flow resistivities, σ in MKS Rayl/m. 
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Figure 2: Variation of normal-incidence absorption coefficient for 

various liner thicknesses as predicted by the Delaney-Bazley 
model with σ = 60,000 MKS Rayl/m. 

Above 500 Hz, the predicted absorption agrees best 
with the measurement when the flow resistivity is 60,000 
MKS Rayl/m; however, below 500 Hz the Delaney-Bazley 
model under-predicts the measured absorption. Using a 
higher flow resistivity would slightly increase the low-
frequency absorption; however, it would step outside of the 
range of validity of the local-reaction assumption. Direct 
measurements of the OEM glass fiber showed the flow 
resistivity to be 46,000 MKS Rayl/m [9]. In summary, 
reasonable normal-incidence-absorption agreement occurs 
for σ = 60k MKS Rayl/m. 

The absorption is also strongly dependent on the liner 
thickness. Using a material with a flow resistivity of 60,000 
MKS Rayl/m, the Delaney-Bazley model was used to 
calculate the absorption coefficient of a layer of glass fiber 
with varying thickness. The results are shown in Figure 2. 
All liner thicknesses generally provide increased absorption 
with increasing frequency. Above 1 kHz, all three liners 
have high absorption. Decreasing liner thickness results in 
decreased absorption at low frequency. The 25-mm liner is 
effectively incapable of absorbing in the 125-Hz octave 
band; only modest absorption is achieved in the 125-Hz 
band with a 100-mm liner. 
 
5.2 Cross-Sectional Dimensions 

To optimize the performance of a straight section of 
lined duct, one must consider the effect of the silencer flow-
path dimensions, lining thickness and the acoustical proper- 

 

 
Figure 3: Silencer dimensions. 

 
Figure 4: Predicted attenuation rate for various duct heights (hy) 

and liner thicknesses (dy). 

ties of the liner. The height and width of the flow cavity in 
the silencer both have great effects on the acoustical 
attenuation; the cross-sectional geometry was examined by 
looking at the effects of flow-path height and aspect ratio, 
and how the behaviour depended on liner thickness. As 
required for Eqs. (3), the silencer height was equal to 2hy, 
and the liner thickness was dy (Figure 3). The plane-wave 
attenuation was determined by solving Eqs. (1) and (2) 
using the Newton-Raphson numerical-iteration scheme. 
 
5.2.1  Flow-path height 

To examine the effect of flow-path height, a 2D silencer 
was studied. Attenuation of the fundamental mode in a 2D 
silencer is identical to that in a 3D silencer with: a. the same 
height, and with width much larger than the height; b. the 
same height and any width, but lined only on the top and 
bottom surfaces. 

Figure 4 shows the attenuation rate in dB/m of the first-
order mode in a duct with varying height and absorber 
thickness, plotted against frequency. If the attenuation rate 
(already a logarithm of power)  is  plotted  on  a  logarithmic 

 
Figure 5: Predicted attenuation rate for various duct heights (hy) 

and liner thicknesses (dy), with attenuation rate plotted on a 
logarithmic scale. 
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Figure 6: Predicted attenuation rate for various duct aspect ratios 

(AR): hy=50 mm, hx=hy·AR, dy=dx=25 mm. 

scale with  respect to frequency, the relationships are better 
illustrated (see Figure 5). 

It is apparent that, at low frequencies, the attenuation 
rate is governed by the absorber thickness. Below 1000 Hz 
the performance of the silencer with a 25-mm liner falls off 
relative to those of the 50- and 100-mm liners. Likewise, 
below 250 Hz the attenuation with 50-mm liner falls off 
with respect to that of the 100-mm-thick liner. This result is 
consistent with the normal-incidence absorption-coefficient 
results shown in Figure 2.  

Above 250 Hz, for the 50-mm liner, and above 1000 Hz 
for the 25-mm liner, the attenuation rate is not governed by 
the thickness of the liner (although it may be affected by the 
flow resistivity). In this region the attenuation rate is limited 
by the rate at which energy in the fundamental mode 
diffracts into the absorptive material. In all cases, the 
frequency at which the attenuation is maximized is very 
close to the frequency at which the wavelength is equal to 
the duct height (2h). 
 
5.2.2  Flow-path aspect ratio 

In the previous section the relationship between duct 
height and attenuation was investigated. To calculate the 
fundamental-mode attenuation, a 2D duct, equivalent to a 
duct with infinite width or a duct only lined on two oppos-
ing surfaces, was investigated. This section investigates the 
effect on the attenuation of the fundamental mode of a duct 
of varying the aspect ratio, with all four walls acoustically 
lined. Figure 6 shows the effect of varying the aspect ratio 
of a lined duct with a 0.1-m total internal height, and all four 
walls lined with 25-mm-thick absorptive material. As 
expected, if the aspect ratio is large (AR>10), the result is 
effectively identical to that of the 2D solution. As the aspect 
ratio decreases, there is an increase in attenuation. The 
increase in attenuation due to a reduction in AR appears to 
be directly related to the original attenuation – that is, if the 
2D silencer has negligible attenuation, reducing the AR will 
not result in significant attenuation. If a 2D silencer has 
significant attenuation at a given frequency, a silencer with 

 
Figure 7: Predicted attenuation rate for various aspect ratios (AR): 

hy=50 mm, hx=hy·AR, dy=dx=50 mm. 

the same height, but AR = 1, will have greatly increased 
attenuation. Figures 7 and 8 show the same result for ducts 
with 50- and 100-mm-thick absorptive liners. The same 
results are observed for all liner thicknesses; however, as 
before, the attenuation rates are more pronounced at lower 
frequencies for thicker liners. 

The increase in the attenuation of a lined duct with a 
small aspect ratio should be expected. With a 2D duct the 
wavefront will form a 2D arc as it diffracts into the liner. 
Because the length of an arc increases in proportion to the 
arc radius, the maximum energy-attenuation rate is inversely 
proportional to the radius. In a 3D duct with AR = 1, the 
wavefront will approximate the spherical end of a 3D cone 
as it diffracts into the liner. The area of a sphere increases in 
proportion to the radius squared; therefore the maximum 
attenuation is inversely proportional to the radius squared. 
As attenuation rate is expressed on a logarithmic scale, the 
attenuation rate in a duct with an aspect ratio of 1 is twice 
that in a 2D duct (or, equivalently, with AR>10) with the 
same height. Figures 6, 7 and 8 suggest that the attenuation 
rate with AR = 1 is indeed nearly twice the 2D value for any 
duct configuration and frequency. 

 

 
Figure 8: Predicted attenuation rate for various aspect ratios (AR): 

hy=50 mm, hx=hy·AR, dy=dx=100 mm. 
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6. CONCLUSION 
Through comparison of the absorption coefficients, it 

was determined that a fibrous material with a flow 
resistivity of 60,000 MKS Rayl/m, as defined by the 
Delaney-Bazley model, has similar acoustical performance 
to the glass-fiber liner used in laboratory measurements [1]. 
Using this material, with an analytical solution for plane-
wave attenuation in a lined duct, the effects of varying the 
duct’s cross-sectional dimensions have been analyzed, 
providing information about how liner thickness, duct 
height and duct aspect ratio affect attenuation.  

Duct-liner thickness does not affect high-frequency 
performance; however, it limits low-frequency performance. 
The performance of a 25-mm liner falls off below 1000 Hz; 
that of a 50-mm liner falls off below 250 Hz. From 
ventilation-opening laboratory measurements [1], it was 
observed that the performance of natural-ventilation-
opening silencers is often limited by the 500-Hz frequency 
band. This result was based on the assumption that the 
sound that natural-ventilation-opening silencers are required 
to attenuate is speech. As a result, a 25-mm liner is likely 
not thick enough to be effective; however, a 100-mm liner 
may be excessive. Increasing the duct height reduces 
attenuation at all frequencies; however, if the frequency is 
high enough, or the duct is large enough that the wavelength 
is shorter than the duct height, the attenuation decreases 
rapidly. In order to provide effective attenuation through the 
4000-Hz band, the duct height should not exceed 100 mm. 
In the case of using ducts as silencers in natural-ventilation 
openings to control the propagation speech sounds, smaller 
duct heights may be more appropriate than in the case of 
ducts silencers controlling lower-frequency mechanical-
ventilation noise. 

If the aspect ratio of a duct is greater than 10, or it is 
only lined on two opposing surfaces, the attenuation of its 
fundamental  mode  is,  in effect,  identical  to that  of  a 2D 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

duct. 
Provided the duct liner and dimensions are such that the 

2D silencer is effective at absorbing sound at a given 
frequency frequency, reducing the aspect ratio to near unity 
results in large attenuation gains. The attenuation rate of a 
lined duct with AR=1 is approximately twice that of a 2D 
lined duct. 
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ABSTRACT 

 
This study investigates whether indirect visual evidence of aspiration can influence speech perception as 
previously found for tactile information. Participants were shown video of a speaker producing the 
sequence "pom" and "bomb" in a noisy setting. In some tokens, a candle was visibly perturbed by 
aspiration. All participants were more likely to correctly identify “pom” and incorrectly identify “bomb” in 
the presence of visible perturbation, indicating that perceptual integration was taking place. This effect was 
stronger for participants who reported being consciously aware of the candle as a predictor. This indicates 
that ambient information can be incorporated in speech perception even when presented via an indirect 
modality, and that active attention can amplify this effect. 

 
 

RÉSUMÉ 
 

Cette étude observe si une preuve d’aspiration visuelle et non directe peut influencer la perception de la 
parole comme cela a été démontré dans le cas d’une information tactile. Les participants ont visionné des 
extraits vidéo dans lesquelles un locuteur produisait des séquences “pom” et “bomb” dans un 
environnement bruyant. Dans certains extraits, la flamme d’une bougie était visiblement perturbée par 
l’aspiration. En présence de l’indication visuelle de perturbation, les participants étaient plus susceptibles 
d’identifier correctement “pom” et de moins bien reconnaître les séquences “bomb.” Cet effet était d’autant 
plus fort, lorsque les participants étaient conscients du facteur prédictif de la bougie. Ainsi, une information 
ambiante peut être incorporée à la perception de la parole, même présentée sous la forme d’une modalité 
indirecte; cet effet peut être amplifié par une attention active.  
 

 
1 INTRODUCTION 
 
Perceivers of speech integrate visual and acoustic 
information from articulator movements, resulting in 
both interference (e.g., McGurk and MacDonald 1976) 
and enhancement (e.g., Sumby and Pollack 1954) of 
auditory perception. Only a few studies have 
investigated the role of other types of information in 
speech perception. Fowler and Dekle (1991) and Gick 
et al. (2008) observed that tactile feedback from the 
“Tadoma” method of speechreading was integrated 
even by those who had just learned the system. Gick 
and Derrick (2009) found that during auditory speech 
perception, perceivers integrated tactile information in 

the form of light air puffs. These puffs, delivered 
cutaneously on the hand or neck, were designed to 
resemble speech aspiration (Derrick, Anderson, Gick, 
and Green 2009). When puffs were present, aspirated 
stops were more often correctly identified as being 
aspirated, and unaspirated stops were more often 
misidentified as aspirated, showing that listeners 
integrate tactile information in auditory perception in 
much the same way as visual information. Light taps in 
the same location, without direct relevance to speech, 
produced no effect. 
 
The goal of the present study was to examine the 
influence of a related form of information on speech 
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perception: indirect visual evidence of speech 
aspiration. This type of information is novel in several 
important respects: while previous studies have found 
perceptual integration of direct results of articulation 
(e.g., visible or palpable articulator movements, audible 
fluctuations in air pressure), the information studied 
here relies on the influence of speech production on an 
entity other than the speaker (e.g., aspiration moving a 
candle, hair, fabric, etc.). In addition to this greater 
degree of remove from the information source, speakers 
have likely had less experience with this type of 
information, which may make it less likely to be 
integrated. It is worth mentioning, however, that 
Derrick and Gick (2013) found integration for puffs of 
air received on the ankle, a situation that perceivers 
presumably encounter even less frequently than on the 
neck or hand. Finally, there are potential issues related 
to timing: the strength of integration increases as 
stimuli become more synchronous, as shown for both 
audio-visual (Munhall et al. 1996) and audio-tactile 
(Gick et al. 2010) integration. The processing of visual 
information is relatively slow compared to acoustic 
information because of the time required for the 
photochemical processes in the rods and cones of the 
eye (Welch and Warren 1986) and the greater amount 
of neural processing required for vision (Levine and 
Shefner 2000: 347). Thus, the latency in the visual 
modality coupled with the delay introduced between the 
production of aspiration and the motion of the candle 
flame could prove too long for the indirect information 
to affect the percept. 
 
We considered three possibilities: perceivers could 
exhibit similarly automatic integration to that shown in 
previous studies, they could show strategic 
incorporation which relies on actively attending to the 
indirect information and incorporating it in post-
perceptual judgements, or they could show no use of 
indirect information at all. 
 
2 METHODS 
 
2.1  Stimuli 
 
Stimuli were produced by a 23-year-old female native 
speaker of west coast Canadian English saying the 
words "pom" (short for "pomegranate") and "bomb", 
and recorded using a Sony Mini-DV Handicam and a 
Sennheiser MK66 short shotgun microphone. There 
were a total of nine conditions in the experiment, based 
on the presence or absence of a candle, the definiteness 
of the acoustic information (clear or ambiguous) and 
matching of audio and video speech information 
(matched or mismatched). The conditions were 
separated into three different groups for analysis. 
Conditions no-candle-pom-ambiguous and no-candle-

bomb-ambiguous used the video from conditions no-
candle-pom-matched and no-candle-bomb-matched, 
described below, but with ambiguous audio between 
“pom” and “bomb” created by morphing audio of 
randomly selected pairs of the two words from 
conditions no-candle-pom-matched and no-candle-
bomb-matched using the program STRAIGHT, with 
equal weighting on each word (Kawahara 2003). 
Because morphing resulted in half the original sound 
files, both the “pom” videos and “bomb” videos in 
these conditions used the same audio. This condition 
was intended to factor out the unlikely possibility of 
facial cues disambiguating the sounds (e.g., Owen and 
Blazek, 1985). The previous two conditions make up 
the first group: a one-way design. Conditions candle-
pom-matched and candle-bomb-matched had a candle 
placed approximately 18 cm in front of the speaker: in 
candle-pom-matched, the speaker said “pom”, visibly 
perturbing the candle by the aspiration of the /p/, while 
in candle-bomb-matched the speaker said “bomb”, and 
the candle was not perturbed because of the lack of 
aspiration of /b/. Conditions candle-pom-mismatched 
and candle-bomb-mismatched used the same video as 
conditions candle-pom-matched and candle-bomb-
matched, but with mismatched audio: in condition 
candle-pom-mismatched, perceivers saw a video 
“bomb” accompanied by an auditory “pom”, while in 
condition candle-bomb-mismatched they saw the 
opposite. The above four conditions make up the 
second group: a 2 x 2 x 2 factorial design. Conditions 
no-candle-pom-matched and no-candle-bomb-matched 
were identical to candle-pom-matched and candle-
bomb-matched except that the candle was placed to the 
side of the speaker, and thus was not perturbed. The 
previous two conditions make up the final group: a 2 x 
2 x 2 factorial design. Condition training featured the 
candle to the side as in conditions no-candle-pom-
matched and no-candle-bomb-matched, but with 
perturbation of the candle flame occurring at times not 
corresponding to the effects of the airstream. This 
condition was designed primarily for training purposes: 
perceivers were shown 10 tokens of it at the beginning 
of the experiment to downplay the significance of the 
flickering candle, decreasing the likelihood of a 
strategic response. Additional efforts were made to 
distract attention from the candle, such as placing a 
variety of props on the bar (chips, beer, etc.) and actors 
in the background. Aside from condition training, all 
conditions had 20 repetitions, resulting in a total of 170 
tokens. Each token was approximately one second in 
length.  
 
2.2  Participants 
 
A total of 39 native North American English listeners 
participated. No participants had any training in 
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linguistics nor any reported language or hearing 
problems. 
 
2.3  Procedure 
 
Participants were seated in a soundproof room and 
shown short video clips of the speaker producing the 
sequence “pom” and “bomb” in a noisy bar setting with 
multi-talker babble. The babble was mixed into the 
video signal and set to such a volume that correct 
auditory-only identification of the sounds was about 
70% (based on a pilot study of ten listeners). This 
signal-to-noise ratio was kept constant across 
participants. Participants listened through a pair of 
headphones.  
 
Participants were told to assume the role of the 
bartender and that the speaker was ordering a drink. 
They were given a forced-choice task to identify 
whether they heard “pom” or “bomb” in each video clip 
by pressing the left and right arrows on a keyboard. 
Aside from the initial presentation of condition training 
for training purposes, stimuli were presented in random 
order including all conditions. Half the participants 
pushed left for “pom”, the other half pushed right. 
Stimuli were presented and input recorded using 
Psyscope B53 on an iMac. When the experiment was 
completed, participants were asked if there were any 
aspects of the video that helped inform their responses. 
If they responded negatively, they were then asked 
whether they had been consciously aware of the candle 
flickering and whether they had used it in any 
conscious strategy to disambiguate the sounds. 
Although several participants who did not mention the 
candle in their initial response reported being aware of 
the candle after being prompted by the experimenters, 
all of them claimed not to have used it as a conscious 
decision strategy, and so were included in the negative 
response group. A total of 13 participants claimed to 
have incorporated the candle in their decision-making 
process while 26 did not. Data from the training 
condition were not included in the analysis. 
 
3 RESULTS 

 
Participants showed an overall bias towards “bomb” 
responses in all conditions (see fig. 1 and table 1). A 
paired t-test showed no difference in response between 
conditions no-candle-pom-ambiguous (67% “pom”) 
and no-candle-bomb-ambiguous (66% “pom”) across 
all participants [t(38) = 0.0336; p = 0.74]. This 
indicates that facial information alone was not 
sufficient for participants to distinguish between the 
productions. Tokens with ambiguous audio were 
therefore excluded from further analysis. The bias 

towards “pom,” which contrasts with the general trend 
in the data, may indicate that the ambiguous audio was 
more similar to acoustic “pom” than “bomb.” 
 
Looking only at data where the candle was in the 
airstream, a 2 (“pom” vs. “bomb” audio; within factor) 
x 2 (“pom” vs. “bomb” video; within factor) x 2 
(noticed vs. not noticed candle; between factor) 
repeated measures ANOVA on response across 
conditions candle-pom-matched, candle-bomb-
matched, candle-pom-mismatched and candle-bomb-
mismatched showed a significant effect of audio [F (1, 
37) = 33.744; p < 0.001]; “bomb” was more accurately 
identified than “pom.” There were significant 
interactions between audio and video [F (1, 37) = 
26.9392; p < 0.001], and between audio, video, and 
whether the participant noticed the candle [F (1, 37) = 
8.047; p < 0.01]. The percentages correct by listener 
group for all conditions with the candle in the airstream 
are shown in table 1. This latter interaction indicates 
that having seen the candle as a useful perceptual cue 
affected participants' responses, suggesting that 
strategic responding may have occurred in participants 
who noticed the candle: we thus conducted separate 
analyses on participants who noticed the candle and 
participants who did not. 
 

For participants who did not notice the candle, a 2 
(“pom” vs. “bomb” audio) x 2 (“pom” vs. “bomb” 
video) repeated measures ANOVA showed significant 
effects for audio [F (1, 25) = 30.96; p < 0.001] and a 
significant interaction between video and audio [F (1, 
25) = 14.1; p < 0.001], but no effect for video [F (1, 25) 
= 2.056; p = 0.164].  
 

 
Figure 1: Interaction graphs with standard error bars across 
all participants in conditions with the candle present. 
Participants were more likely to respond correctly if the audio 
and video matched. Conditions candle-pom-matched, candle-
pom-mismatched, candle-bomb-matched and candle-bomb-
mismatched). 
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Audio Video Noticed candle Did not notice candle 

ba ba 78% 79% 

ba pa 51% 66% 

pa ba 41% 46% 

pa pa 60% 50% 

Table 1: Percentage of tokens correctly identified for 
conditions where the candle was in the airstream. 
 
For participants who did notice the candle, a 2 x 2 
repeated measures ANOVA showed a near-significant 
effect for audio [F (1,12) = 4.535; p = 0.0546] and a 
significant interaction between audio and video [F (1, 
12) = 13.54; p < 0.01] but no effect of video [F (1, 12) 
= 0.429; p = 0.525].  
 
For both groups of participants, the flickering candle 
induced more “pom” responses (see fig. 1). The “pom” 
visual signal both increased correct responses for audio 
“pom” (candle-pom-matched) and reduced correct 
responses for audio “bomb” (candle-bomb-
mismatched). This effect was larger, however, for 
participants who were aware of the candle, explaining 
the interaction between noticing the candle, audio and 
video seen in this group. 
 
A 2 (“pom” production vs. “bomb” production) x 2 
(noticed vs. not noticed candle) ANOVA on conditions 
no-candle-pom-matched and no-candle-bomb-matched 
across all participants showed a significant effect for 
word being produced [F (1, 37) = 92.099; p < 0.001], 
with “bomb” being correctly identified (76%) more 
often than “pom” (44%). There was no significant 
effect for whether the participant noticed the candle [F 
(1, 37) = 0.747; p = 0.393] nor any interaction between 
the production and whether the candle was noticed [F 
(1, 37) = 0.025; p = 0.876]. This indicates that people 
were indeed responding to the candle and not facial 
cues. 
 
4 DISCUSSION 
 
Participants showed a bias towards “bomb” responses: 
indeed, the responses to “pom” audio are close to 
chance (see Table 1). This may be due to the Ganong 
effect (Ganong 1980): when presented with a stimulus 
that is ambiguous between a word and a non-word, 
listeners are more likely to choose the classification that 
results in a word. While “bomb” is a common word in 
English, “pom” is much rarer. This question could be 
studied in more detail by reproducing this experiment 
but having participants choose between “palm” (for 
those speakers who do not pronounce the /l/) and 
“bomb” instead. 

All participants showed an increase in “pom” responses 
in the presence of a flickering candle. Depending on 
whether participants reported being consciously aware 
of it, however, the presence or absence of the candle in 
the airstream created by stop aspiration had different 
effects on their responses. Participants who reported 
being aware of the candle showed stronger integration 
and interference effects: although the increase in “pom” 
responses in the presence of a flickering candle held 
across all participants, those who reported being aware 
of it showed a higher rate of correct identifications of 
“pom” and incorrect identifications of “bomb.” This 
suggests that this kind of indirect evidence is still close 
to enough to the source to be unconsciously integrated 
in perception, but is also removed enough to be used as 
a strategic cue if listeners are consciously aware of it.  
 
It is also noteworthy that the difference in correct 
classification between matched and mismatched video 
is more pronounced for the conditions with audio 
“pom” than those with audio “bomb” for all participants 
(see Table 1). This might indicate a difference in the 
use of positive and negative evidence: a flickering 
candle is stronger evidence for an aspirated stop than a 
steady flame is for an unaspirated one. 
 
Despite no participants having linguistic training, the 
direction of the influence shows the correct association 
between a candle flicker and aspiration. This indicates 
that some implicit awareness of speech aerodynamics 
influenced perceivers’ interpretation of what a 
flickering candle should entail, regardless of whether 
they were consciously aware of its significance. Indeed, 
no participants who reported being aware of the candle 
were able to provide reasons for why aspiration and the 
flickering candle were associated, but only that they 
were. Neither group showed a difference between 
visual “pom” and “bomb” coupled with identical 
ambiguous audio, suggesting that participants were not 
able to use facial cues in differentiation; this accords 
with a lack of perceptual use of differences in face 
posture for distinguishing /p/ and /b/ (though /p/ and 
/m/ were distinguished) (Abel et al. 2011). 
 
Previous studies have shown that both direct and 
indirect consequences of articulation, whether auditory, 
visual, or tactile, can influence perception. The present 
study supports and expands upon these results, showing 
that integration can be caused not only by primary 
sensory input but also by the secondary effects of 
speech on an external entity. Further research is needed 
to determine more clearly the limits of unconscious 
integration, the role of attention in multimodal speech 
perception, the differing roles of positive and negative 
evidence, and the extent of perceivers’ implicit 
understanding of those physical systems – factors that 
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inform strategic incorporation of useful environmental 
information in speech perception.  
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ABSTRACT 
 
The CSA Standard CAN/CSA-Z107.56-06 (R2011) “Procedures for the Measurement of Occupational 
Noise Exposure” deals with noise exposures found in industrial settings, where in most situations, the noise 
source is in the far field. The Standard also provides procedures for the measurement in situations where 
the noise sources include sources in the near field, which is the case with headsets. The procedures involve 
the use of sophisticated equipment and techniques that are generally difficult to implement in the 
workplace. However, the Standard also provides a simple calculation method that only requires the 
measurement of the background noise level using a sound level meter or a dosimeter. The calculation 
method assumes a signal-to-noise ratio (S/N) of 15 dBA, to ensure the most comfortable listening level for 
speech understanding. The noise exposure level of the ear under the headset is thus obtained as the sum of 
the background noise level (corrected for headset attenuation and duration of the signal) plus 15 dBA for 
the S/N. The objective of the present study was to assess the validity of the calculation method under 
different background noise conditions. Three different background noises were played at three sound 
levels. The noise exposure level under two headsets with different attenuations was assessed using a speech 
in noise paradigm. Participants were asked to adjust the signal level to comfortably understand the speech. 
The increase in sound level was measured for each combination of parameters using an artificial ear. 
 

RÉSUMÉ 
 

La norme CSA CAN/CSA-Z107.56-F06 (C2011) «Procédures relatives à la mesure de l'exposition au bruit 
au travail» traite de l'exposition au bruit trouvés dans les milieux industriels, où, dans la plupart des cas, la 
source de bruit est dans le champ lointain. La norme décrit également les procédures pour la mesure dans 
des situations où les sources de bruit incluent sources dans le champ proche, ce qui est le cas avec les 
casques. Les procédures impliquent l'utilisation de l'équipement et des techniques qui sont généralement 
difficiles à mettre en œuvre dans le milieu de travail sophistiqué. Cependant, la norme prévoit également un 
procédé de calcul simple qui ne nécessite que la mesure du niveau de bruit de fond en utilisant un appareil 
de mesure de niveau sonore ou d'un dosimètre. La méthode de calcul suppose un rapport signal-bruit (S/N) 
de 15 dBA, pour assurer le niveau sonore le plus confortable pour la compréhension de la parole. Le niveau 
d'exposition au bruit de l'oreille sous le casque est ainsi obtenue par la somme du niveau de bruit de fond 
(corrigée pour l'atténuation du casque et de la durée du signal), majoré de 15 dBA pour le rapport S/N. 
L'objectif de la présente étude était d'évaluer la validité de la méthode de calcul dans différentes conditions 
de bruit de fond. Trois différents bruits de fond ont été joués à trois niveaux sonores. Le niveau d'exposition 
au bruit sous deux casques avec différentes atténuations été évaluée en utilisant un discours de paradigme 
de bruit. Les participants ont été invités à ajuster le niveau du signal de comprendre facilement la parole. 
L'augmentation du niveau de bruit a été mesuré pour chaque combinaison de paramètres à l'aide d'une 
oreille artificielle.. 

 
1 INTRODUCTION 

Noise exposure is a measure of the acoustical energy 
entering the ear of an exposed person, providing a basic 
index for risk of hearing loss. In Canada, the CAN/CSA 
Standard Z107.56 (Canadian Standards Association, 
2002) provides procedures for the measurement of 
noise exposure. The standard focuses on measurement 
of exposure from noise sources located in the far field, 
such as those found in industrial environments. Another 
section of the same standard deals with measurement of 
exposure from noise sources located in the near field, 
such as communication headsets.  

The standard presents several methods for this kind of 
measurement. They involve the use of specialized 
instruments and require skills not commonly found on 
the shop floor. There is, however, a much simpler 
procedure, called the “calculation method,” that only 
requires the measurement of the background noise at 
the location where the headset is used. The objective of 
the present study was to assess the validity of the 
calculation method under different background noise 
conditions. 

Communication headsets are used in a variety of 
workplaces such as retail stores, call centres, airport 
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control towers, and other workplaces where the 
operator is exposed to background noise while 
communicating through a headset. There are a wide 
variety of headsets. Some can only be used for listening 
purposes, while others are equipped with microphones 
that allow for bidirectional communication. Headsets 
are available in single-earpiece and double-earpiece 
designs. Most headsets come with a headband worn 
over the head. Others can be attached to a hardhat or 
helmet when its use is required for safety reasons. 

The noise exposure level under a communication 
headset can be obtained using the following formula: 

𝐿𝐿!",! = 10 log 10
!!!""
!" + !

!
10

!
!"  (1) 

where Leq,T is the total noise exposure in dBA; L is the 
noise level of the background noise in dBA; ATT is the 
attenuation of the headset; t is the total duration of the 
signal during the workday in hours; T is the duration of 
the workday in hours; and S is the equivalent sound 
level of the signal in dBA. 

The first component of the formula relates to the 
background noise attenuated by the headset’s cup, 
while the second is the contribution of the signal, 
corrected by the ratio of the signal duration to the total 
duration of the exposure. 

The calculation method in the Standard assumes that 
the most comfortable listening level for speech 
understanding requires a S/N ratio of 15 dBA. For 
normal hearing listeners, the most comfortable listening 
level leads to optimal word discrimination scores 
(Ullrich & Grimm, 1976). 

The parameter investigated in this study was the noise 
exposure increase in the headset due to the speech 
signal. The calculation method described in Section 7 
of the CSA Standard specifies an increase of the noise 
level under the headset by 15 dBA. As an example, if 
the background noise level is 70 dBA and the 
attenuation is not known, then the estimated noise level 
under the headset is 85 dBA. If the attenuation of the 
headset is known, then it is subtracted from the 
background noise level. Regardless of whether the 
attenuation of the headset is known, the final result 
must be corrected to take into account the total duration 
of the signal relative to the duration of the workday. No 
consideration is given to the nature and the spectral 
content of the background noise. 

 

2 TESTING METHOD 

Participants were asked to listen to speech signals 
(consisting of unrelated sentences) via the 
communication headsets under test. Simultaneously, 
background noise was reproduced at different levels 
over loudspeakers in the testing room. The participants’ 
task was to increase the sound level of the speech signal 
using an attenuator until they reached the most 
comfortable listening level.  Effort was made to ensure 
that participants were adjusting to the most comfortable 
listening level and not the threshold of hearing. Figure 1 
illustrates the testing environment.	
  

Figure 1. Background noise is played into the room via 
speakers, while the participant listens to the speech signal 
via headphones. She adjusts the signal to the most 
comfortable level for understanding. The experimenter 
then uses the Artificial Ear and Sound Level Meter to 
measure the noise exposure.	
  

The CSA Standard concerns the measurement of 
occupational noise exposure over the duration of the 
workday. In our study the background noise and the 
speech signals had the same duration. Therefore the 
numerical values of noise exposure and noise level 
were identical. 

2.1 Test site 

Testing took place in a double-walled recording room 
(3.7m x 2.2m x 2.4m). The room is equipped with a 
double glazed observation window allowing for visual 
communication between the experimenter and the 
participant. The room also supports bi-directional aural 
communication between the participant and 
experimenter. The background noise level in the room 
was consistently lower than 40 dBA. No special 
precautions were taken regarding reverberation or 
diffusion of the background noise sound field inside the 
room. 
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2.2 Equipment 

Headsets and speech signal presentation 

Figure 2 is a photograph of the two headsets used in the 
experiment. Although both headsets entirely enclose the 
concha of the user, their attenuations are different. The 
3M Peltor HTB79A headset was used to represent 
headsets with high attenuation. The Noise Reduction 
Rating (NRR) of the 3M headset as specified by the 
manufacturer is 26 dB. The Koss SB-40 communication 
headset was chosen to represent headsets with relatively 
low attenuation. Koss does not provide an NRR value 
for this headset. The attenuator used to control the 
levels of the speech signal was a slider on the hardware 
interface (DIGI003) of the Pro Tools 8 digital audio 
workstation. 

 
Figure 2. Photograph of the headsets used for the 
experiment. 

Background noise reproduction 

The background noise was reproduced via two KRK 
Rockit 5 loudspeakers located in two corners of the 
room. The levels of the background noises were 
controlled using the software interface of the Pro Tools 
8 digital audio workstation. 

Sound level measurement 

Measurements of sound levels were performed by 
connecting a Type 831 Larson Davis Sound Level 
Meter (SLM) to a G.R.A.S. Type 43AG Ear and Cheek 
Simulator. Use of the simulator for these measurements 
is consistent with the Australian/New Zealand Standard 
(Standards Australia & Standards New Zealand, 2005). 
Background noise measured with the simulator was 
found to be within +/- 1 dBA of the equivalent 
measurement obtained using the SLM on its own. 

Audiometer 

The air-conduction hearing threshold of each 
participant was obtained using a Grason-Stadler 61 
Clinical Audiometer while seated in an IAC double-
walled audiometric booth. 

2.3 Sound signals 

Background noise 

Consistent with the standard, exposure levels were 
determined using dBA as the measuring unit. Three 
different background noises were used for the tests as 
follows: 

a) multi-talker babble noise to simulate 
acoustical conditions found in call centers, 
airport control towers, etc., 

b) construction noise, and 
c) industrial noise. 

Each noise was played at 60, 65 and 70 dBA. 
Diagnostic testing of speaker output revealed 
distortions in the signal above 70 dBA, thus we did not 
use sound levels above this limit. Figure 3 shows the 
spectra of the three noises, played at 60 dBA, as 
recorded in the test room using the artificial ear. 

Figure 3. Spectra of the background noises used for the 
experiment. 

Speech signals 

Speech signals consisted of sentences from the revised 
Speech Perception In Noise test (SPIN-R; Bilger et al., 
1984). The order of sentences was fixed across 
participants and sentences were never repeated in any 
two trials within the same block.  
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2.4 Participants 

Twenty-two participants were recruited from the 
Ryerson University community (18 females). The 
average age of participants was 21.6 years with a 
Standard Deviation of 6.5 years. 

All participants had normal hearing (threshold better 
than 25 dB HL) as measured by pure tone audiometric 
tests at the standard test frequencies (500, 1000, 2000, 
4000 and 8000 Hz). Hearing thresholds were obtained 
after completing the study to avoid confusion between 
instructions for pure tones (threshold of hearing) and 
those for speech (most comfortable listening level). 
Participants were given course credit as compensation 
for their participation in the study. 

The design of the experiment was approved by the 
Ryerson University Ethics Board under protocol # 
2012-251. All participants gave informed consent to 
take part in the study. 

3 PROCEDURE 

3.1 Background noise calibration 

The sound level of the three background noises was 
adjusted to 60, 65 and 70 dBA at the start of each 
session.  

3.2 Testing 

Participants were given instructions on how to operate 
the attenuator. Before the beginning of each trial the 
speech signal level was set to 0 dBA by the 
experimenter. Each background noise (multi-talker 
babble, industrial, and construction) was presented at 
each of three sound levels (60, 65, and 70 dBA). 
Participants were instructed to adjust the level of the 
speech signal to the most comfortable listening level of 
speech understanding. Once this level was achieved, the 
experimenter placed the right cup of the headphone on 
top of the Artificial Ear and measured the Leq (speech 
plus background noise minus the headset attenuation) 
for 10 seconds. The order of trials was independently 
randomized for each participant. 

4 MEASUREMENT RESULTS 

The increase in noise exposure was obtained as the 
difference in sound level between the background noise 
and the combination of the background noise (reduced 
by the attenuation of the headset) and speech signal 
(adjusted by the participant), as measured by the 

artificial ear. To assess the reliability of these 
measurements, a subset of the participants completed a 
second block in the same session (see Appendix B).  

All measurements from the first block were subjected to 
a 2 x 3 x 3 Analysis of Variance (ANOVA) with 
Attenuation (high vs. low), Noise Type (babble vs. 
construction vs. industrial) and Noise Level (60 vs. 65 
vs. 70) as within-subject factors. Significant main 
effects were found for Attenuation (F = 982.0, p < .001) 
and Noise Type (F = 38.6, p < .001), as well as a 
significant interaction between Attenuation and Noise 
Type (F = 10.1, p < .001). 

The high attenuation headset yielded smaller exposure 
increase values (mean = -7.6 dBA) than the low 
attenuation headset (3.9 dBA). This is to be expected 
since the increased attenuation creates a quieter 
environment inside the headset’s cups, allowing the 
comfortable listening level to be lower. As expected, 
the resulting level under the headset’s cup was lower 
than that of the background noise itself (as indicated by 
the negative values). These measurement results are 
summarized in Figures 4a and 4b. 

Figure 4a. Increase of sound level due to speech for the 
low attenuation headset. Error bars indicate standard 
error. 

Figure 4b. Increase of sound level due to speech for the 
high attenuation headset. Note that all values are negative, 
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indicating a decrease in sound level. Error bars indicate 
standard error. 

Bonferroni-corrected post-hoc tests revealed that 
construction noise yielded significantly smaller 
exposure increase values (mean = -4.1 dBA) compared 
to both babble (-0.91 dBA) and industrial noise (-0.55) 
across both attenuation conditions (p < .001). 

The attenuation of construction noise compared to 
babble and industrial noise was different for each 
attenuation condition, as indicated by the significant 
interaction of Noise Type and Attenuation. For the low 
attenuation headset, exposure increase values for 
construction noise were 1.65 and 1.71 dBA smaller than 
babble and industrial noise, respectively. However, for 
the high attenuation headset, exposure increase values 
for construction noise were 4.81 and 5.46 dBA smaller 
than babble and industrial noise, respectively. 

5 DISCUSSION 

The main goal of the current study was to validate the 
calculation method described in the CSA Standard for 
measuring noise exposure due to communication 
headsets. The calculation method stipulates that 15 dB 
should be added to an environmental sound level 
measurement to account for sound coming from the 
headset. If the attenuation of the headset is known, the 
measurement should first be corrected to account for 
this. These results confirm that the exposure increase 
depends on the attenuation of the headset.  However it 
also seems that the value of 15 dB is too high. The 
increase also depends on the type of background noise, 
something that is not addressed in the present Standard. 

When using the high attenuation headset, participants 
were able to achieve a comfortable listening level that 
was quieter than the background noise, resulting in an 
average exposure increase of -7.6 dBA, which is 
drastically different from the 15 dBA stipulated in the 
Standard. Even for the low attenuation headset, 
participants only needed a 3.9 dBA increase in order to 
comfortably understand the speech signal. 

The type of background noise also plays a role in the 
exposure increase due to headsets, and this is likely 
related to how they are differentially attenuated by the 
headset. Both headsets used in this study attenuated 
construction noise the most (see Appendix A), and 
correspondingly, exposure increase values were lowest 
for this type of noise source (see Figures 4a and 4b). 

Interestingly, the difference in exposure increase 
between construction and other noises was larger for 
the high attenuation headset than the low one, as shown 

by the significant interaction. As seen in Figure 3, 
construction noise has a different spectral profile than 
babble or industrial noise, specifically one skewed 
towards higher frequencies. Given that higher 
frequencies are easier to attenuate than lower 
frequencies in hearing protector headsets (see Figure 3 
in Berger, 2000), it makes sense that this type of noise 
was attenuated the most, and that the extent of 
attenuation was greatest in the high attenuation headset. 
This further strengthens the idea that the exposure 
increase due to headsets depends on both the 
attenuation of the headset and the type of background 
noise. 

6 CONCLUSIONS 

Results in our study cast doubt on the feasibility of 
having a single number to be added to the background 
noise level to obtain the noise level under a headset, 
because it is highly dependent on the type of noise in 
the environment Also, these results provide further 
validation for the advantage of high attenuation 
headsets, especially in high noise level environments. 
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APPENDICES 

Appendix A: Headsets’ attenuation 

The attenuation of both headsets was calculated as the 
difference between the noise levels measured in dBA 
with the Artificial Ear open and covered with the 
headset. These results are summarized in Figures A1 
and A2. 

 Figure A1: Attenuation of the high attenuation headset 

Figure A2: Attenuation of the low attenuation headset 

Appendix B: Reliability analysis 

Fifteen of the 22 participants completed the experiment 
twice in the same session (in two blocks) in order to 
conduct a reliability analysis. This was to ensure that 
participants were completing the task as instructed and 
not randomly setting the attenuation level. For each 
participant, exposure increase data for block 1 were 
correlated with those of block 2. The average Pearson 
correlation for all 15 participants was 0.86; all 
correlations were significant at least at the .001 level. 
As a result, data from block 2 were not included in the 
ANOVA that is reported in the results. 
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ABSTRACT
Assessments of listener preferences for different multichannel recording techniques typically focus on the
sweet spot, the spatial area where the listener maintains optimal perception of the reproduced sound field.
The purpose of this study is to explore how multichannel recording techniques affect the sound quality at
off-center (non-sweet spot) listening positions in medium-sized rooms. Listening impressions of two musical
excerpts created by three different multichannel recording techniques for multiple off-center positions are
compared with the impression at the sweet spot in two different listening room environments. The choice of
a recording technique significantly affects the sound quality at off-center positions relative to the sweet spot,
and this finding depends on the type of listening environment. In the studio grade listening room environment
featuring a standard loudspeaker configuration, the two tested spaced microphone techniques were rated
better at off-center positions compared to the coincident Ambisonics technique. For the less controlled room
environment, the interaction between recording technique and musical excerpt played a significant role in
listener preference.

SOMMAIRE
L’ évaluation par des auditeurs de préférences entre différentes techniques d’enregistrement multi-canal se
focalisent typiquement sur la zone idéale (sweet spot), la région de l’espace où l’auditeur maintient une per-
ception idéale du champ sonore reproduit. L’objectif de cette étude est de comprendre comment les techniques
d’enregistrement multi-canal affectent la qualité sonore à des endroits hors de la zone idéale dans des salles
de taille moyenne. Dans deux salles différentes, les impressions à l’écoute de deux extraits de musique créés
par trois techniques d’enregistrement multi-canal à plusieurs endroits hors de la zone idéale sont comparées
avec l’impression obtenue dans la zone idéale. Le choix d’une technique d’enregistrement affecte significa-
tivement la qualité sonore dans des zones non-idéales par rapport la zone idéale. Ce résultat dépend du type
d’environnement d’écoute. Dans un studio d’écoute avec une configuration d’enceintes standard, les deux
techniques utilisant des microphones espacés créent une moindre perception de dégradation sonore dans les
zones non-idéales comparées à la technique Ambisonics. Dans un environnement moins contrôlé, l’interac-
tion entre la technique d’enregistrement et l’extrait musical joue un rôle significatif dans la préférence des
auditeurs.

1 INTRODUCTION

A concert hall is designed to enhance natural sound
sources and produce a plurality of listening positions with
perceptually good sound images of those sources [1]. In spa-
tial audio reproduction, however, a best listening point is
usually implied and limits quality surround-sound reproduc-
tion to small audiences. Although several types of micro-
phone techniques exist for surround-sound recordings, and all
techniques aim to give listeners the impression of being there,
they favor the centralized listener and yield a degraded sound
image for the others. Understanding the delivery of an impro-
ved sound image across the audience is critical. Off-center
locations may be more representative of typical listening si-
tuations, and research on non-ideal listening positions “may
provide significant information regarding the general perfor-
mance of the [audio] system" [2].

In the past, listening tests have assessed the differences
among surround microphone techniques primarily at the cen-
tral listening position (e.g., [3, 4, 5, 6]) and excluded off-
center positions. Also in a closely related field (the evalua-
tion of sound reproduction environments), the effect of the
listening position was primarily studied for localization errors
(e.g., [7, 8]), neglecting all other perceptual dimensions. This
paper investigates off-center listening, specifically, the degra-
dation in sound quality as a function of the recording tech-
nique used for capturing a recording. Recording techniques
generally differ in their strategy for creating phantom sources
and for reducing undesired inter-channel correlation. Strate-
gies may involve spacing of microphones and/or increasing
the microphones’ directivities. Griesinger [9] suggests that
decorrelation of the loudspeaker feeds increases the listening
area, which can be achieved, for instance, by spacing the mi-
crophones. To our knowledge, no formal listening tests have
investigated Griesinger’s hypothesis.
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In the following section, we define the terms Center and
Off-center Listening Position and identify acoustical proper-
ties in the spatial relationship of an off-center listener to the
loudspeaker setup that cause a variety of perceptual artifacts.
Our methodology and the experimental conditions are explai-
ned in Section 2. Listening experiments in two different liste-
ning rooms are analyzed in Sections 3 and 4. We conclude in
Section 5 with a final discussion.

1.1 Center and Off-Center Listening Positions

Audio recording and reproduction techniques usually re-
fer to a reference listening point, called the sweet spot, which
draws from perceptual or geometric concepts. The perceptual
concepts suggest a vague consensus that the sweet spot is the
point in space where a listener is fully capable of hearing the
intended audio recording, the spatial bubble of head positions
where the listener maintains the desired perception. For scien-
tific use, such a definition is imprecise, because the intended
sound design is unknown to most listeners. The sweet spot
has also been described as the point in space where the lis-
tener is equidistant from all speakers (or at least maximally
distant from them if they do not form a circle).

To avoid the ambiguous meaning of the sweet spot, we
will use the term Central Listening Position (CLP) to des-
cribe the reference listening point where all loudspeakers are
equidistant and equally calibrated in Sound Pressure Level
(SPL). An Off-Center Listening Position (OCP) refers to all
other positions within the loudspeaker array. Our definition is
compliant with ITU recommendation BS.1116-1 [10], which
places the reference listening point in the center of the sur-
round loudspeaker setup (Fig. 1). This recommendation also
points to the least recommended listening positions.

1.2 Loudspeakers - Listener Relation

In spatial sound reproduction, speaker feeds from mul-
tiple directions create signals at the listener’s ears, uniquely

30º B
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110º ½
 B

B = 2 ... 5 m

FIGURE 1 – ITU BS.1116-1. CLP (central seat) and worst case OCPs
(dotted). The recommended listening area is within 0.7 m of the
CLP.

for each listening position. We will briefly introduce the un-
derlying physical relationships.

Unbalanced Sound Pressure Level (SPL). A closer loud-
speaker will produce a higher SPL than a loudspeaker that
is farther away. For a conventional loudspeaker, the attenua-
tion of the direct sound is ca. 6 dB SPL per doubled distance
for the direct sound component. Thus, the SPL changes very
quickly near a loudspeaker, which makes this effect most pro-
minent at off-center positions in small speaker setups. Loud-
speaker level differences at off-center positions also depend
on room characteristics and on loudspeaker directivity due to
the contribution of reflected sound energy. For uncorrelated
sounds that contribute to envelopment the attenuation is clo-
ser to 3 dB SPL per doubled distance, which causes variations
in off-center sound degradation across audio content [11].

Time-of-Arrival Differences (ToA). Loudspeaker feeds will
arrive at an off-center position with different temporal delays
due to distance differences. The maximal temporal delay is
calculated from the distance of the closest and farthest loud-
speakers and the speed of sound. The further away the off-
center position is from the center, the greater the ToA diffe-
rences.

Direction of Arriving Wavefronts. At the central listening
position, a wavefront emitted by the right speaker (R in Fig.
1) arrives from a direction of 30◦, whereas for a listener at the
upper right dashed seat, the same wavefront impinges from
the front.

1.3 Perceptual Artifacts

Localization. Depending on all three physical circumstances,
the sound image might shift or even collapse toward the di-
rection of the most prominent speaker feed. The Precedence
Effect may explain this perception (see, e.g., [12] for a re-
view). Although the Precedence Effect is primarily investi-
gated for indoor localization (since it is related to localiza-
tion processes in the presence of early reflections), it is also
important in multichannel sound reproduction. An important
distinction between these two scenarios is that a real sound
source has one direct wavefront, from which directional in-
formation is decoded via summing localization and multiple
(to-be-inhibited) early reflections. In multichannel audio, the
location of a virtual sound source is perceived by the super-
position of wavefronts emitted from several loudspeakers. At
off-center positions, the auditory system may fuse and inhibit
the wrong set of wavefronts. Each loudspeaker can also cause
individual reflections in the listening room that will be super-
imposed upon the early reflections of the room in which the
recording was made. Localization of reproduced sound over
loudspeakers in listening rooms was specifically investigated
by Olive and Toole and later by Bech. Olive and Toole [13]
measured the energy of room reflections that is necessary to
shift the image of the reproduced sound under three different
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room acoustic conditions. For early reflections (< 30 ms) this
image-shift threshold was similar across all three conditions,
but for reflections later than 30 ms, the reverberation time of
the room had a strong influence, with the thresholds for the
delayed reflection rising sharply with each move to a more
reflective listening space. Bech [14] found that the amount of
reflected spectral energy above 2 kHz contributes to audibi-
lity, and a strong first-order floor reflection can significantly
affect spatial aspects of the reproduced sound field.

Image Stability. The perceived location of the reproduced
sound source may change with pitch, loudness, or timbre. It
may also change as a function of listener position, head ro-
tation, or other normal movements. If these effects are small,
the image will be stable [15]. Image Stability is one of three
factors in the definition of Overall Spatial Quality by the IEC
[16]. Other related spatial descriptors are Spatial Clarity, Rea-
dability, Locatedness, and Image Focus. For virtual sound
sources, Lund [17] derived a localization-consistency score
from the related descriptors Robustness, Diffusion, and Cer-
tainty of Angle.

Spatial Impression comprises Apparent Source Width
(ASW) and Listening Envelopment (LEV). ASW describes
the spatial extent of a sound source influenced by early late-
ral room reflections (up to 80 ms). ASW was found to be pri-
marily generated by frequencies above 1 kHz and is correla-
ted with the Inter-Aural Cross-correlation Coefficient (IACC)
calculated from the early energy [18]. The authors of [19]
found that for many, but not all sounds, the ASW is closely re-
lated to Image Stability. LEV describes the fullness of sound
images around the listener due to late lateral reflections. LEV
depends on the front/back energy ratio, the direction of the
speakers’ wavefronts, and the spectral content primarily be-
low 1 kHz [20]. At off-center positions, the LEV can become
unstable and compromises the envelopment illusion.

Timbral Effects. The relative importance of timbre and spa-
tial aspects in audio reproduction was examined by Rum-
sey et al., [21]. Timbral fidelity has a weight of ca. 70% on
the overall sound quality, whereas spatial factors accounted
for ca. 30% of the variance. It was found that naive liste-
ners valued surround spatial fidelity over frontal spatial fi-
delity, which was found to be the inverse for expert listeners
[22]. Especially relevant for surround reproduction, Olive et
al. [23] showed that listeners are less sensitive to the timbral
effects of loudspeakers in multichannel setups compared to
one-channel sound reproduction.

At off-center positions, the misalignment of the loud-
speaker wavefronts (see ToA differences) can also lead to
audible comb filtering [24]. The absolute threshold for an
audible timbre change rises with increasing delays, whereas
complex reflection patterns (responsible for ASW and LEV)
and a binaural decoloration mechanism [25] can mask timbre
changes. Rakerd [26] hypothesized that the auditory system
may combine binaural and spectral cues for localization, so

that a timbre change causes a localization change of an audi-
tory event.

2 GENERAL METHODS

In two listening experiments, the reproduced sound field
at different off-center listening positions is compared with
the sound field a listener perceives at the center. We chose
two sets of previously produced 5.0 multichannel content
(EXC). Each 5.0 multichannel content was simultaneously
recorded with three different multichannel microphone tech-
niques (RT). All content was recorded, mixed, and produced
by experts who used them in their own experiments on re-
cording technique evaluation (see [4, 3]). To study off-center
sound degradation as an effect of listening position we repro-
duced their content in two different rooms through 5.0 mul-
tichannel loudspeaker systems, and captured binaural stimuli
at multiple listening positions (POS). Each binaural stimulus
was captured at 48 kHz and had a duration of about 7 s. In to-
tal, for each tested listening position, six binaural stimuli were
captured (2 excerpts × 3 recording techniques). In a sound-
proof booth, these binaural stimuli were compared by trained
listeners wearing diffuse-field equalized headphones.
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FIGURE 2 – General experimental method.

To study off-center sound degradation as an effect of the
reproduction environment, our sets of binaural stimuli were
captured in two very different reproduction environments.
Both environments are actively used for multichannel sound
reproduction for larger audiences. The first reproduction en-
vironment (Telus Studio) is a medium size room with a stan-
dard 5.0 full-range loudspeaker setup to meet the ITU re-
quirements for multichannel loudspeaker setups for listening
rooms. The second reproduction environment (Tanna Schu-
lich Hall) is a small multi-purpose concert venue, a non-ideal,
ecologically valid sound reproduction environment. The re-
production environments differ in terms of the room acous-
tic condition, loudspeaker type, and loudspeaker arrangement
(see Fig. 3 for comparison of the reverberation time). Practi-
cal reasons led us to create two most-different scenarios for
our study of perceived off-center sound degradation in 5.0
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surround sound environments as a function of the recording
technique. A detailed explanation of each reproduction envi-
ronment is provided in Sections 3 and 4. This general me-
thod is depicted in Fig. 2. We discuss the challenges faced
when using real-world sound reproduction environments for
this type of auditory research in Section 5.
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FIGURE 3 – Reverberation time RT60 in Telus Studio (Exp. A) and
Tanna Schulich Hall (Exp. B).

2.1 Musical Excerpts — EXC

Each musical excerpt was a 5.0 multichannel recording
created from the perspective of a concert audience facing a
stage with the instrument sounds arriving from the front and
ambient sounds and room response from the sides and behind.
The excerpts were:

EXC 1: J.S. Bach “Variation 13”, Goldberg Variationen for
solo piano (BWV 988).

EXC 2: W.A. Mozart “Maurische Trauermusik” in c-minor
for symphony orchestra (KV 477).

Detailed information regarding the recording and mixing pro-
cedures for these two excerpts are given by Kim [4] for ex-
cerpt 1 and by Camerer [3] for excerpt 2. An overview of
these recording techniques follows.

2.2 Recording Techniques — RT

Each musical excerpt was recorded with three prominent
multichannel recording techniques. These techniques differ
in their strategy for reducing correlation across the channels.
We provide a short overview of these techniques including
drawings of the recording setups in Fig 4. Detailed descrip-
tions on all three recording techniques can be found in [27].

Coincident Microphone Technique — Ambisonics. Am-
bisonics extends Blumlein’s coincident recording technique.
An omnidirectional microphone is added to the pair of per-
pendicularly oriented figure-eight units. The vertical com-
ponent of the sound field is captured by adding a third figure-
eight unit perpendicular to the others. All microphone cap-
sules are meant to be at exactly the same spatial location.
Thus, amplitude differences between the microphones are
created. For both excerpts a Soundfield MKV microphone
was used. The microphone signals are encoded into the so-
called B-format. To reproduce the sound field, the B-format

signals are decoded with respect to a specific loudspeaker se-
tup. Although Ambisonics is theoretically best reproduced on
regular loudspeaker layouts, algorithms exist to create an op-
timized decoder for an irregular loudspeaker setup. For ins-
tance, the (irregular) 5.0 loudspeaker setup is supported since
Gerzon’s Vienna decoder [28]. In both excerpts the Sound-
field SP451 processor [29] was used for 5.0 decoding.

Spaced Omnis Microphone Technique. The omnidirectio-
nal microphones are widely spaced, primarily creating inter-
channel time differences. To account for the different source
widths in EXC 1 and EXC 2, slightly different variations of
this technique were used.

Polyhymnia Pentagon (used for EXC 1): This technique uses
five widely spaced omnidirectional microphones and is often
described as a multichannel version of the Decca Tree. The
microphones are arranged in a large circle and their positions
correspond to the azimuthal angles of the 5.0 loudspeakers.

Decca Tree + Hamasaki-Square (used for EXC 2): The Decca
Tree consists of three omnidirectional microphones arranged
in a triangle. The center microphone is placed 0.7 to 1 m for-
ward, whereas the right and left capsules are spaced at a dis-
tance ranging from 1.4 to 2 m. In the recording of EXC 2,
two additional lateral microphones were used to capture the
entire width of the orchestra. Furthermore, the sound field for
the two 5.0 surround channels was recorded with a Hamasaki
Square.

Spaced Cardioid Microphone Technique. The Optimized
Cardioid Triangle (OCT) reduces channel crosstalk by crea-
ting both inter-channel amplitude and inter-channel time dif-
ferences. Two outer hyper-cardioid microphones face ±90◦

sideways from the center cardioid microphone, which is
usually placed 8 cm forward. For both excerpts, the OCT ar-
ray was extended with a Hamasaki Square to feed the two 5.0
surround channels.

2.3 Procedure and Apparatus

The listeners were asked to Rate the degradation in
sound quality of sound B relative to sound A. Sound A re-
presented one of the six central listening position (reference)
stimuli, whereas sound B could be: a) one of the off-center
stimuli of the same musical excerpt and recording technique
as sound A ; b) the hidden reference (the same central liste-
ning position stimulus as sound A) ; or c) the hidden anchor,
which is a monaural stimulus captured at a very off-center
position, where the left audio channel was presented to both
ears. The purpose of the hidden reference and anchor was to
set best- and worse-case references for the rating scale and to
validate listeners’ reliability.

Listeners are typically asked to rate the absolute dif-
ference (or similarity) between stimuli. Absolute diffe-
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FIGURE 4 – Multichannel microphone array setups used in the recordings of the musical excerpts. (a)-(c) for EXC 1 adapted from [4] and
(d)-(f) for EXC 2 adapted from [3].

rence/similarity does not necessarily indicate preference or
quality. We chose to ask listeners to rate sound quality degra-
dation. Rating perceived sound degradation explicitly asks
the listener about quality (better, worse), and is therefore
more meaningful for describing preference in one listening
position over another.

The pairwise comparison trials were presented in random
order. A graphical user interface was employed and the ra-
tings were made with a computer mouse on a slider with a
continuous scale from 0 (total degradation) to 100 (no degra-
dation). The scale was also marked by the following descrip-
tors: very strong degradation - strong degradation - moderate
degradation - slight degradation - very slight degradation.
This scale corresponds roughly to an analogical-categorical
scale, found in psychophysical research to increase response
reliability [30]. Within the presented pair, listeners could
switch between sounds A and B at will and could listen as
many times as necessary.

The experiments consisted of a training phase (phase 1),
a familiarization phase (phase 2), and the experimental phase
(phase 3). In phase 1, five trials with musical excerpts that
were different from those presented in phase 3 were presented
for interface training. Listeners were informed that these ra-
tings would not be recorded. In phase 2, a representative col-

lection of 30 binaural stimuli were used to familiarize them
with the musical material. They were told that phase 2 would
give them the range of variation in sound degradation so they
could subsequently use the full scale for their judgments in
the experimental phase, which lasted about 60 min. To in-
crease the reliability of the data, each stimulus pair appeared
twice. We used Sennheiser HD 600 headphones at a normal
listening level (70 dB(A) for the recording at the central liste-
ning position). Besides diffuse-field headphone equalization,
no additional filtering was applied. The listeners were told
to face the frontal direction and to keep their heads steady.
Breaks were allowed.

2.4 Discussion of Experimental Method

The ideal test design for this experiment would make
participants listen and relocate from seat to seat in the ac-
tual listening room. Unfortunately, such an in situ design has
various drawbacks: it would be almost impossible to allow
for double-blind, comparative, and repeatable evaluations in
a reasonable time-frame ; for the participants it would also be
extremely challenging to memorize the perceived sound qua-
lity while physically changing listening positions. Our me-
thod allowed listeners to switch between two binaural stimuli
in real time, and thus had the advantage that listening posi-
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tions could be compared quickly and repeatedly in a double-
blind test while minimizing cognitive challenges. Further-
more, by isolating and presenting the binaural stimuli via
headphones, the potential for sound quality biases based on
visual cues on the part of the listeners was also circumvented.

Our method relies on the assumption that the presenta-
tion of the binaural stimuli can evoke all perceptually impor-
tant elements of the captured sound field as they would have
been perceived by a subject directly. Toole [31] discussed
the potential and drawbacks of using a binaural reproduction
system in listening experiments. In particular, the absence
of head movements in static binaural recordings and non-
individual HRTF cues may cause localization errors mainly in
the median plane and in the region of the cone-of-confusion.
Therefore we acknowledge that not all perceptual dimensions
may be perfectly reproduced by the binaural system. Howe-
ver, because the binaural reproduction conditions were equal
for all stimuli in the listening experiment, we think that the ef-
fect generates a constant bias for all stimuli, and thus, the re-
lative differences are preserved. Despite these constraints, se-
veral related studies have successfully used similar methods.
In [32], for one test listeners rated loudspeakers in situ in dif-
ferent rooms. In a second test, listeners were asked to rate via
headphones binaural recordings of these loudspeakers captu-
red in each room. Although some differences in the ratings
between the two experiments occurred, the pattern of results
was essentially the same.

As an alternative to static binaural recordings, a binau-
ral room-scanning system (BRS) could have been used [33].
BRS allows head movements through head tracking in the bi-
naural reproduction system, reduces localization errors and
increases out-of-head localization. However, those two ad-
vantages diminish when room reflections are included in the
capturing process [34], as is the case in this presented study.

3 EXPERIMENT A — TELUS STUDIO

The Telus Studio at the Banff Centre for the Arts has
a floor-space of ca. 140 m2 and a volume of ca. 800 m3

and is used for lectures, film presentations, and as a recor-
ding room for medium-large ensembles. For the reverberation
times (Fig. 3) and SNR, the Telus Studio marginally meets
the recommendation by the ITU [10] as well by the IEC [16]
for multichannel loudspeaker setups for listening rooms. The
Schroeder frequency, below which the modal density distri-
bution dominates, is about 53 Hz. For the 5.0 loudspeaker
setup, five Dynaudio BM15A loudspeakers were placed at a
height of 1.2 m on an arc with a radius of 4.2 m. To capture the
binaural stimuli, omnidirectional probe microphones (DPA
4060) were placed at the entrance of the first author’s ear
canals. To avoid uncontrolled head movements during recor-
dings, a neck-brace was used. The ten tested positions were
chosen as depicted in Fig. 5 and included the best- and the two
left-sided worst-case listening positions as shown previously

in Fig. 1. The listening positions cover only the left side of the
listening area because one expects that a quasi-symmetrical
sound field occurs due to the symmetrical shape of the room
and the loudspeaker setup. In total, 72 pairwise comparisons
were prepared for the listening experiment (2 excerpts × 3 re-
cording techniques × 12 positions). A monaural recording at
position 10 was used as the hidden anchor. The SPL varied
between 73.5 and 79 dB(A) depending on position and was
75 dB(A) at the central listening position.

Ten trained listeners (8 male, 2 female) with normal hea-
ring were tested. They were sound recording students with
technical ear training and work experience between 1 and 23
years (Median=9). Their age varied between 24 and 44 (Me-
dian=30).

B

L
C

R

RSLS

B

110º ½
 B

B = 4.2 m

1
4
5
8

9

6

2

3

7

10

CLP

30º 

1.3 m 2.6 m

FIGURE 5 – Listening positions in Experiment A.

3.1 Results

The hidden reference and the hidden anchor were used
to post-screen the behavioral data for potential outliers.
There was a strong agreement across listeners for the ra-
ting of the hidden reference (M=95.6, SD=5.1) and the
hidden anchor (M=11.9, SD=11.7). After excluding the ra-
tings for the hidden reference and the hidden anchor, an
EXC(2)×RT(3)×POS(10) repeated-measures analysis of va-
riance (ANOVA) was performed. Besides the EXC main ef-
fect and the EXC×RT interaction (Table 1), all effects are
significant (p < .001), The effect size measure η2p indicates
that the recording technique (RT) and the listening positions
(POS) have by far the largest effects.

TABLE 1 – ANOVA results for Experiment A.

Effect df F p η2p η2p-Rank

EXC 1, 9 0.7 .794 .01 7
RT 2, 18 34.6 < .001 .80 1
POS 9, 81 26.9 < .001 .75 2
EXC×RT 2, 18 3.5 .054 .28 6
EXC×POS 9, 81 7.1 < .001 .44 3
RT×POS* 18, 162 5.4 < .001 .37 5
EXC×RT×POS* 18, 162 5.2 < .001 .37 4

* Greenhouse-Geisser correction for violation of sphericity

To determine statistical differences across recording
techniques pairwise comparisons (Bonferroni-Holm adjus-
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ted) were performed. The results are depicted in Fig. 6. As
indicated by the ANOVA results (EXC main effect not si-
gnificant), the group means and the 95% confidence inter-
vals of all recording techniques have a similar trend across
musical excerpts with Spaced Omnis rated best and Ambi-
sonics rated worst. When combining the behavioral data for
both excerpts, the pairwise comparisons indicate significant
differences (p < .05) between all three recording techniques
(right section in Fig. 6).

Figure 7 visualizes the sound-quality mean ratings across
the listening area. A spatial cubic interpolation was used to
estimate the sound degradation between the tested listening
positions. Starting at the central listening position, a radially
diminishing sound quality can be observed for all three recor-
ding techniques. The slope of this radial degradation however
varies across recording techniques and is steepest for Ambi-
sonics. An opposite trend can be observed for the standard
deviation of the rating, which tends to increase the more off-
center a listening position is. Therefore, one can say that the
agreement among listeners is higher the better the sound qua-
lity is and the closer the listening position is to the center.

The so-called sweet area, the listening area around the
central listening position that was rated equally well, was esti-
mated by a Tukey-Kramer HSD post-hoc test (see white lines
in Fig. 7). The largest sweet area for EXC 1 was created by
the Spaced Omnis recording technique and for EXC 2 by the
Optimized Cardioid Triangle. For both excerpts, Ambisonics
produced the smallest sweet area. For the Optimized Car-
dioid Triangle and Ambisonics, the listening area of EXC 2
(orchestra) seems to be slightly wider than for EXC 1 (solo
piano). Interestingly, the sweet area shows different shapes
across recording techniques and musical excerpts and is ne-
ver front/back symmetric.

The largest difference between the different recording
techniques can be found at listening positions 5 and 10 for

EXC 1 and at positions 1 and 2 for EXC 2.

3.2 Discussion

The results of the ANOVA suggest that recording tech-
nique (RT) followed by the listening position (POS) are the
two largest effects in the behavioral data. The effect of POS
is expected and confirms the consensus among listeners and
audio engineers concerning the limited ideal listening area of
surround-sound reproduction systems. It is surprising that the
largest ANOVA effect size was found for the RT main ef-
fect. This finding suggests that choosing the right multichan-
nel recording technique during the sound recording process is
an essential parameter to reduce off-center sound quality de-
gradation. The pairwise comparisons across recording tech-
niques (Fig. 6) show that in both excerpts the Spaced Omnis
microphone technique significantly outperformed its conten-
ders OCT and Ambisonics most of the time considering the
ratings of all 10 listening positions. Nevertheless, with respect
to the sweet area, the OCT recording technique created a lar-
ger sweet area than the Spaced Omnis technique for EXC 2.

The third-largest ANOVA effect was found for the
EXC×POS interaction effect, which can be observed by stu-
dying the sound degradation maps in Fig. 7, e.g., comparing
the ratings at listening position 1 between both excerpts. The
ratings for listening positions 3 and 7 are particularly interes-
ting, because both positions are classified in ITU-R BS.1116
[10] as worst-case positions. In all six EXC×RT conditions,
position 7 always received the lowest ratings of all tested
positions (M=37), making position 7 the least desired seat.
In comparison, in all but the Ambisonics recording of the
orchestra, position 3 was rated 65% better than position 7
(M=61).

4 EXPERIMENT B — TANNA SCHULICH
HALL

Tanna Schulich Hall (McGill University) has a floor
space of ca. 240 m2 with 188 seats and a volume of
ca. 1400 m3. It is used for jazz and chamber music perfor-
mances, as a lecture hall, and for electroacoustic and mixed
music concerts with multi-loudspeaker arrays. It is known
for its intimacy and short reverberation time (Fig. 3). The
Schroeder frequency is about 47 Hz. The hall’s 5-channel sur-
round loudspeaker system was used and calibrated for opti-
mal sound quality at the central listening position (Kling &
Freitag CA 1515 for the front and CA 1001 for the surround).
Due to the rectangular shape of the room, the positions of
the loudspeakers differ from ITU-R BS.1116-1: instead of
±110◦, the rear speakers are placed at ±150◦ with an arc
of ca. 8.2 m, measured from the central listening position.
Because of this displacement, the expected effect of the sur-
round loudspeaker (to enhance listener envelopment) may be
reduced. Further, the center speaker is noticeably elevated to
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FIGURE 7 – Sound degradation maps for Experiment A. Referring to Fig. 5, the listening positions are marked with circles. At position (0,0)
the rating of the hidden reference. Each position shows the mean rating and [standard deviation]. The size of the sweet area (estimated with
Tukey-Kramer HSD) is shown by white contours.

account for an optional projection screen. Due to the raked
seats in the hall, the listening perspective relative to the ele-
vated speakers varies. This entire layout we consider as a non-
ideal, yet ecologically valid real-world setup. A B&K dummy
head was placed at 13 positions (see Fig. 8). In concordance
with experiment A, the sound pressure at the central liste-
ning position was calibrated to 75 dB(A) and varied between
74-77 dB(A) depending on the listening position. The inde-
pendent variables for the experiment yield 78 conditions (2
excerpts × 3 recording techniques × 13 positions). The hid-
den anchor was a monaural recording of the position marked
as “anchor” in Fig. 8.

Nineteen trained listeners (16 male, 3 female) with nor-
mal hearing participated in the experiment, including all of

the listeners from experiment A. Ages ranged from 23 to 44
(Median=27) and work experience within the sound recor-
ding field varied from 1 to 23 years (Median=7).

4.1 Results

Similar to Experiment A, there was a strong agreement
across listeners how to rate the hidden reference (M=95.5,
SD=3.9) but a less strong agreement for the hidden an-
chor (M=19.6, SD=16.1). After removing the ratings for the
hidden reference and anchor, a EXC(2)×RT(3)×POS(11)
repeated-measures ANOVA was performed on the sound de-
gradation ratings. Results are shown in Table 2. All main ef-
fects (EXC, RT, POS) and all interactions were found to be
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significant (p < .05). The POS main effect has the largest η2p
effect size followed by the EXC×RT interaction and the RT
main effect.

TABLE 2 – ANOVA results for Experiment B.

Effect df F p η2p η2p-Rank

EXC 1, 18 10.5 .004 .37 4
RT 2, 36 15.2 < .001 .46 3
POS* 10, 180 69.0 < .001 .79 1
EXC × RT 2, 36 28.2 < .001 .61 2
EXC × POS* 10, 180 5.6 < .001 .23 5
RT × POS* 20, 360 4.2 < .001 .19 7
EXC×RT×POS* 20, 360 5.1 < .001 .22 6

* Greenhouse-Geisser correction for violation of sphericity

The mean ratings and 95% confidence interval as a func-
tion of the recording technique and the musical excerpt are
shown in Fig. 9. This figure displays also the results of a
Bonferroni-Holm-adjusted pairwise comparison to evaluate
the recording techniques against one another. For both ex-
cerpts, the Spaced Omnis technique was rated significantly
higher than the OCT technique. The EXC×RT interaction re-
vealed in the ANOVA can be attributed to the Ambisonics
technique: While in both excerpts there is a similar relation
of Spaced Omnis to OCT, for excerpt 1 (solo piano), Spa-
ced Omnis and OCT were both rated better than Ambisonics,
but in excerpt 2 (orchestra), the Ambisonics technique recei-
ved the higher scores. When combining the ratings from both
excerpts, the Spaced Omnis technique is significantly bet-
ter rated than OCT and Ambisonics (p < .001) while OCT
and Ambisonics are statistically similar. The recording tech-
nique with the lowest mean rating (Ambisonics for EXC 1
and OCT for EXC 2) also has the largest confidence intervals.
In contrast, the data for the Spaced Omnis recording tech-
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nique have the smallest confidence interval of all three recor-
ding techniques for both excerpts, which means that listeners
were more in agreement than for the other two techniques.

The sound quality maps based on the average ratings of
the listening area are visualized in Fig. 10. The white line
indicates the sweet area, the listening area around the cen-
tral listening position that was rated equally well, identified
with a Tukey-Kramer HSD post-hoc test. For EXC 1 (piano,
Figure 10(a)), the biggest reference listening area was crea-
ted by the Spaced Omnis technique. Our post-hoc analysis
suggested a similarly sized reference listening area for the
other two recording techniques. The largest differences for
EXC 1 between recording techniques can be found at liste-
ning positions 7 and 8. For EXC 2 (orchestra, Figure 10(b))
the contours are less uniform and show less pronounced dif-
ferences across recording techniques. Generally for all three
recording techniques, the reference listening area around the
central listening position is bigger in EXC 2 than in EXC 1.
Further, the plots show equivalent sound quality degradation
for Spaced Omnis and the OCT. Ambisonics was rated in
EXC 2 much better than in EXC 1, in particular for posi-
tion 8. Interestingly, at positions 2 and 5, the Ambisonics re-
cording produced the best off-center sound quality across all
three techniques.

4.2 Comparison with Experiment A

Because the experimental design did not involve a di-
rect comparison of listening positions between Experiment A
and Experiment B, we cannot compare the behavioral data of
these two experiments directly, but we can compare the rela-
tive performance of each recording technique with each musi-
cal excerpt. This relative comparison is visualized in Fig. 11.
The mean ratings already shown in Fig. 6 and 9 were ranked
and show that the Spaced Omnis microphone technique per-
formed best overall in three out of the four visualized condi-



Canadian Acoustics / Acoustique canadienne	 Vol. 41 No. 3 (2013) - 46

Spaced Omnis

94 [ 6]

88 [10]

81 [14]

81 [15]

79 [13]

65 [20]

54 [16]

83 [10]

67 [16]

47 [15] 48 [15]

Lateral Position [m]

Fr
on

t/R
ea

r P
os

itio
n 

[m
]

−3 −2 −1 0

−4

−2

0

2

4

Optimized Cardioid Triangle

96 [ 4]

79 [16]

73 [16]

69 [22]

78 [15]

66 [12]

54 [19]

63 [19]

60 [18]

35 [19] 50 [18]

Lateral Position [m]
−3 −2 −1 0

−4

−2

0

2

4

Ambisonics

96 [ 4]

78 [13]

66 [18]

69 [17]

66 [23]

69 [18]

36 [20]

54 [23]

43 [17]

34 [19] 34 [23]

Lateral Position [m]

 

 

Ra
te

d 
de

gr
ad

at
io

n

−3 −2 −1 0

−4

−2

0

2

4

<50

60

70

80

90

=CLP

(a) EXC 1 - piano
Spaced Omnis

96 [ 4]

94 [ 6]

72 [24]

84 [11]

85 [18]

71 [16]

42 [20]

78 [18]

74 [18]

59 [12]
50 [19]

Lateral Position [m]

Fr
on

t/R
ea

r P
os

itio
n 

[m
]

−3 −2 −1 0

−4

−2

0

2

4

Optimized Cardioid Triangle

95 [ 6]

89 [13]

75 [17]

88 [15]

82 [12]

58 [19]

35 [22]

73 [19]

67 [24]

54 [18]
42 [20]

Lateral Position [m]
−3 −2 −1 0

−4

−2

0

2

4

Ambisonics

95 [ 6]

85 [13]

84 [17]

80 [15]

74 [18]

78 [16]

45 [22]

75 [17]

79 [13]

53 [23]
56 [23]

Lateral Position [m]

 

 

Ra
te

d 
de

gr
ad

at
io

n
−3 −2 −1 0

−4

−2

0

2

4

<50

60

70

80

90

=CLP

(b) EXC 2 - orchestra

FIGURE 10 – Sound degradation maps for Experiment B.: Referring to Figure 8 the listening positions are marked with circles. Each position
shows the the mean rating and standard deviation. The size of the sweet area (estimated via Tukey-Kramer HSD) is shown by white contours.

tions. In two of these three conditions, the difference between
the first and the second best recording technique (OCT) is
also significant. However, in Experiment B for EXC 2, the
Ambisonics recording received the highest mean rating, but
when compared to Spaced Omnis (second highest rated tech-
nique), Ambisonics is not significantly better. In all other
three conditions the Ambisonics technique was always ran-
ked third. The OCT recording technique was rated second
best in three conditions and ranked third in one condition.

By comparing the sound quality maps from Experiments
A and B (Figs. 7 and 10), one sees that in both reproduction
environments EXC 2 is perceived to have a wider area with
good sound quality than EXC 1 regardless of recording tech-
nique. Further, one sees a similar radial shape of the sound de-
gradation in the two reproduction environments for all the re-

cording techniques, except for the Ambisonics recording for
EXC 2. Here, in both reproduction environments the shape of
the sweet area is more lateral than radial. Further, the large
ANOVA effect size of listening position (POS) in both repro-
duction environments shows that the listening position has the
most influence on the perceived sound degradation. Contrary
to Experiment A, the EXC×RT interaction in Experiment B,
clearly visible in Fig. 9, is significant and has the second lar-
gest effect size, which suggests that in this non-ideal liste-
ning environment, the off-center sound quality depends on
the combination of recording technique and actual content.

Also in contrast to Experiment A, the mean ratings of
sound quality are higher for EXC 2 than for EXC 1 (compare
Fig. 6 with Fig. 9), meaning that listeners were less critical
in their judgements for EXC 2. This might indicate that in



47 - Vol. 41 No. 3 (2013)	 Canadian Acoustics / Acoustique canadienne

1st 2nd 3rd

Exp. B, Excerpt 2

Exp. B, Excerpt 1

Exp. A, Excerpt 2

Exp. A, Excerpt 1

Spaced

Omnis OCT Ambisonics

Rank

FIGURE 11 – Ranked overview of the recording technique mean ra-
tings. A star indicates significant differences between first ranked
and second ranked recording technique, an ellipse indicates similarly
rated recording technique (Bonferroni-Holm pairwise comparison).

non-ideal (more reverberant) reproduction environments for
complex musical material, such as in the case of an orchestra
reproduced in Tanna Schulich Hall (Experiment B, EXC 2), a
variety of perceptual artifacts are at play in the listeners’ eva-
luations. Another explanation could be that the task (analyze
a complex acoustic scene such as a symphonic excerpt in a re-
verberant room) is more demanding than it is for a less com-
plex acoustic scene, e.g., a solo piano excerpt. Listeners may
be attending more to listening envelopment than localization.
A diffused sound image is by definition less localizable and
unstable, perhaps democratizing sweet spot as a function of
listening position. In view of Rumsey’s scene-based approach
to spatial quality evaluation [15], listeners may pay more at-
tention to ensemble-related sound quality aspects, e.g., the
apparent source width or brilliance of the orchestra, rather
than to aspects related to the individual sound sources, such
as the location of an instrument within the orchestra. Other
studies have also found that sound quality preference judg-
ments depend on the audio material, (e.g., [1, 33]) or on the
acoustical conditions (e.g., room reverberation [35]).

To make a direct comparison about the sound quality bet-
ween recording techniques at off-center listening positions,
another experiment is necessary in which all three recording
techniques at every off-center position are compared with
each other. Such experimental design would result in three
times as many pairwise comparisons as in our experiments,
might be exhausting for the listeners, and may not even be
necessary. Consider that our study measured the sound de-
gradation at all tested listening positions relative to the central
listening position for all three recording techniques, and pre-
vious studies [3] and [4] (from which we borrowed our mu-
sical excerpts) evaluated the sound quality of the recording
techniques at the central listening position. Putting the results
of these previous studies and our study into dialogue, we can
make an informed prediction about the absolute sound qua-
lity for each recording technique at off-center positions. From
Kim et al. [4] we know that for the piano excerpt (EXC 1)
the preferred recording technique (at the central listening po-

sition) was Spaced Omnis, followed by OCT and Ambiso-
nics. For the orchestra excerpt (EXC 2) Camerer [3] tested
nine perceptual aspects of the recordings at the central liste-
ning position. The rating of the Spaced Omnis and OCT were
comparable and both techniques were rated better than Ambi-
sonics regarding “image stability”, “sound colour”, or “room
impression”. The Ambisonics recording of the orchestra was
rated as having too little “presence of room information".

5 SUMMARY AND DISCUSSION

The off-center sound degradation in two different lis-
tening room environments was investigated with respect to
three recording techniques (RT), two classical musical ex-
cerpts (EXC), and multiple off-center listening positions
(POS). We found that the tested recording techniques signifi-
cantly affect the sound degradation strength at off-center lis-
tening positions and the size of the sweet area. In most condi-
tions, a somewhat radial sound degradation from the central
listening position occurs, but with varying slope across the
recording techniques. With increasing distance to the central
listening position, the agreement across listeners (indicated
by the standard deviation per listening position) also tends to
decrease. In all but one condition, spaced microphone tech-
niques create less sound degradation at off-center positions
than the coincident Ambisonics techniques (see Fig. 11), sup-
porting Griesinger’s hypothesis that time-delay-based decor-
relation among the loudspeaker feeds (Interchannel Time Dif-
ferences) increases the listening area [9].

In a listening environment featuring a standard loudspea-
ker configuration (experiment A), the worst listening position
was typically near the rear surround speaker (Pos. 7 in Fig. 5).
For this position, the rear surround speaker dominates the
sound image (unbalanced SPL) to the extend that the Liste-
ning Envelopment (LEV) is compromised. Future work needs
to identify recording and reproduction methods that create a
more balanced SPL across the listening area.

In a non-ideal listening environment (Experiment B), the
interaction between recording technique and musical excerpt
played a significant role in listener preference. Our data sug-
gest that in a more reverberant listening room, a more dif-
fuse sound material (e.g., an orchestra recording) is likely to
be better reproduced at off-center listening positions than a
recording with more precise source images (e.g., a piano re-
cording). Regarding the reproduction environment, our study
shows that when reverberant, classical, multichannel recor-
dings are reproduced in a medium-sized, moderately rever-
berant space, the usable listening area is larger than it is in
a smaller, less reverberant space. Better understanding of lis-
tener preference for the Ambisonics recording technique in
the EXC 2 (orchestra) condition of Experiment B is required,
especially since this recording technique was least preferred
for all other conditions. It seems possible that the space it-
self is adding credible reflected sounds to the mix of sounds
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arriving at the listeners’ ears and that the space favors sound
sources that are reproduced by relatively uncorrelated loud-
speaker feeds. It may also be possible that the non-ideal loud-
speaker configuration in Experiment B constrained reproduc-
tion quality of both excerpts.

Uncoupling all of the variables that differentiated ex-
periment A and experiment B (room acoustics, loudspeaker
type, and loudspeaker arrangement) would yield better un-
derstanding of the interactions. One approach could be to
use auditory virtual environments that can simulate a mul-
tichannel recording scenario (e.g., [36]). The trade-off in-
volves more controlled variables but less ecological validity
[37]. In future work, we hope to examine the instrument–
microphone–room interaction at the recording site embed-
ded in musical excerpts. Generating impulse responses from
the instrument’s position (similar to the loudspeaker orchestra
approach in [38]) and capturing them with the tested micro-
phone arrays would provide insights into sound propagation
characteristics and performance of microphone arrays. Such
impulse responses do not exist for the musical excerpts used
in our study.

The selection of the musical excerpts was constrained by
the limited availability of content that was simultaneously
captured with different recording techniques. A significant
amount of equipment, time, and effort is necessary to create
such material. While we limit our findings and discussion to
two of the most popular genres of surround recordings (solo
piano and orchestra), the question remains whether our fin-
dings can be generalized to other content types, e.g., am-
bience recordings for broadcast and film. Although ambience
is captured with a variety of microphone arrays, including
those used in our study (see e.g., [39]), further work is needed
to generalize our findings.

Between the two musical excerpts, the recording tech-
niques slightly differ in positioning, type, and brand of mi-
crophone (see Fig. 4, especially the different arrangements of
the Spaced Omnis in (c) and (f)). These differences exist to
optimize the recording technique for a specific recording en-
vironment and musical material, but they also make it difficult
to compare directly the perceptual experience of the recorded
material. Using exactly the same arrangement to capture both
musical excerpts would have made the experimental condi-
tions more controlled but less meaningful, because the recor-
dings would not represent what Tonmeisters actually record
and mix in these situations. Our aim was to extend previous
work and explore how perceptual data from off-center liste-
ning positions. Comparing these musical excerpts and recor-
ding techniques within this paradigm is reasonable, conside-
ring the small amount of prior work in this area. Our study is
exploratory, and we consider our work as a starting point for
further discussion and future research.
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Sound is our perception of airborne vibration within a 
certain frequency range. Almost without exception, where 
there is vibration, there is sound. We live in a world filled 
with various sources of vibration and are therefore 
immersed in sound. Given sound’s all-pervasive nature, we 
are constantly forced to engage with it through our sense of 
hearing. Yet, despite its universal engagement with the 
world, we take our sense of hearing for granted and do not 
understand how integral it is for our day-to-day lives. In this 
book, Horowitz attempts to make us realize its importance 
by focusing on the theme of “how sound and hearing have 
shaped the evolution, development, and day-to-day function 
of the mind.” 
 
The Universal Sense, while being a rich information source 
filled with scientific facts and phenomena pertaining to 
sound and hearing, also provides us with a sense of 
Horowitz’s own personal journey as a neuroscientist in 
sound and hearing. Horowitz presents a wealth of scientific 
phenomena using many of his own research experiences as 
context, interspersing them with generous doses of humour. 
It is this latter aspect that makes The Universal Sense 
appealing, reflecting Horowitz’s passion and fascination for 
this area. He presents various findings from past and current 
research while debunking scientific myths and speculating 
on futuristic themes, some of which have been explored in 
science fiction. 
 
The book is organized into 11 chapters. Chapters 1 through 
8 cover various topics that fit within the theme of 
“evolution, development, and day-to-day function of the 
mind” while Chapters 9 through 11 appear slightly 
disconnected from this theme. An implicit but somewhat 
recurring plea throughout this book, particularly in Chapters 
1 through 4, is for us to realize how complex our sense of 
hearing is, and how important its role is in enabling us to 
make sense of the rich, signal-filled, but noisy acoustic 
environment we live in. 
 
Chapter 1 explains how our sense of hearing and perception 
may have developed on an evolutionary time scale. With 
constant activity going on since the early, violent 
beginnings of the earth, vibration sensitivity has played a 
critical role in shaping evolution. Typically, evolution is 
explained from the standpoint of survival of species. 
However, the focus here is more on how vibrations may 
have shaped evolution and led to the development of organs 
for hearing in living organisms, specifically vertebrates. 

Another aspect this chapter highlights is the difference 
between sound and other modalities such as vision. Unlike 
our sense of vision, which is passive, and involves detection 
of objects using light, sound is used more actively by 
animals not only as an “early warning system” but also as an 
active form of communication. 
 
Chapter 2 goes in-depth into the kinds of acoustic 
environments we live in, what sound consists of, how sound 
propagates in these environments across different materials, 
and how our acoustic environment influences perception of 
our surroundings. The chapter is important within the 
context of the book, as it introduces technical terms and 
concepts for the general reader, that are foundational for 
understanding how we create acoustic models of the 
environments we interact with. The role of constructive and 
destructive interference, relationship between frequency and 
wavelength and their implications, and the role of 
background noise in urban environments, are some of the 
topics covered here. The chapter concludes with an 
excellent dissection of an auditory soundscape, aptly titled 
“A Walk in the Park,” with the help of an oscillogram and a 
spectrogram. 
 
Chapters 3 and 4 are connected chapters explaining hearing 
in vertebrates that hear below and above the human range of 
20 – 20000 Hz. Although there seems to be a general 
hearing plan in place for vertebrates where hair cells detect 
pressure changes and convert them into perception, 
following which the hindbrain, midbrain, thalamus, and 
forebrain play different roles from hearing to intentional 
behaviour, there are differences between terrestrial and 
aquatic vertebrates. The low frequency vertebrates covered 
in Chapter 3 are fish and frogs. This chapter explains how 
based on the medium of propagation, hearing related 
adaptations have occurred in fish and frogs. Two interesting 
topics that are covered in this chapter are (a) temporary 
deafness in tadpoles during an auditory rewiring period 
when they develop hearing for terrestrial in addition to 
aquatic environments, and (b) brain healing in bullfrogs 
after auditory nerve damage, and how bullfrog healing 
studies might provide pharmacological therapies to restore 
hearing ability in humans after hair cell damage. Chapter 4 
talks about the evolution of a complex physical structure for 
hearing in terrestrial mammals involving hair cells, and 
outer and inner ears, giving them greater acoustic range. The 
high frequency vertebrates covered here are mice and bats. 
While both mice and bats have the same hearing range, mice 
use hearing only to detect danger, whereas bats also use it 
for echolocation. More details are presented pertaining to 
echolocation and differences in bats with respect to how 
they use echolocation (e.g. constant-frequency and 
frequency-modulation). Interesting comparisons are made 
between humans and bats; while mammals lose hearing with 
aging, bats do not. 
 
Chapter 5 discusses processing speed of hearing in 
recognition and localization contexts, the role of hearing in 
focusing attention, and how different sounds cause specific 
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emotional responses. This chapter clearly explains the 
superior processing speeds of hearing when compared with 
vision. Despite light traveling incredibly fast at the speed of 
300 million metres per second, vision takes hundreds to 
thousands of milliseconds from input to recognition, and 
allows us to detect a maximum of 15 to 25 events per 
second. In contrast, despite the slower speed of sound, it 
takes less than 50 milliseconds for us to identify and 
localize a sound; hair cells can lock to vibrations up to 5000 
times per seconds, and auditory event changes can be 
detected up to 200 times per second. While informing the 
reader about hearing’s superior processing speed when 
compared to vision, surprisingly Horowitz does not 
speculate on why this might have developed from an 
evolutionary standpoint. Could this considerable difference 
in processing speeds between hearing and vision have 
evolved as a need to compensate for the difference in speeds 
between sound and light? Other important topics covered in 
this chapter include (a) Hebbian plasticity to focus attention 
and detect familiar signals in noisy environments, and (b) 
how sound compared to other modalities is salient for 
signalling danger, triggering emotional responses that 
promote survival. 
 
Chapter 6 deals with various aspects of music. Horowitz 
talks about the challenge in defining “music” based on 
inconsistent definitions across different disciplines. He 
suggests approaching music as pieces of a jigsaw puzzle 
fitting together, consisting of different elements that may be 
examined locally or in broader contexts. Relevant topics 
such as consonance and dissonance and their probable 
causes are covered. The chapter also touches upon topics 
such as hemispheric specialization for tempo, emotion, and 
pitch processing. The Mozart effect and the scientific legend 
around it are covered in some level of detail. However, 
several important topics pertaining to music and sound that 
should have been addressed are left out. Some of these 
topics include a comparison between music and speech, 
important similarities and differences between the two, and 
problems faced by hearing aid users in switching between 
music and speech modalities.  
 
Chapter 7 is dedicated almost entirely to sound and emotion. 
Horowitz explains how sound is used to enhance the 
emotional experience of a listener in various media related 
environments that are either audio-only (e.g. radio) or 
audiovisual (e.g. soundtracks). Some interesting questions 
that are tackled include (a) what makes a jingle effective? 
and (b) what effects do loudness and silence have on 
arousal? The area of music and emotion is currently an 
extremely hot area with researchers in music cognition and 
music information retrieval interested in identifying and 
predicting listeners’ emotional responses to music. This is 
especially relevant today with the explosion of music 
streaming and music recommendation services. A related 
area involves studying relationships between audio and 
music features, physiological responses in listeners, and 

their emotional responses. This chapter does not cover any 
of this exciting research pertaining to music and emotion. 
 
Chapter 8 describes ways in which our states of 
consciousness may be altered using sound, referred to as 
“brain hacking.” Two major types of brain hacking are 
listed: (a) those that induce global changes in the brain and 
increase arousal, and (b) those that make specific changes to 
our mental states without inducing global changes. The 
chapter describes ways in which these changes might be 
induced using sensory input manipulations such as noise 
reduction, and increase in loudness. Information regarding 
the five major brain rhythms underlying global functions is 
presented along with rhythm entrainment. Other related 
topics covered include Sopite syndrome, and neural 
marketing involving voice frequency manipulations.  
 
Chapter 9 describes how sound has been historically used as 
a weapon, and its potential effectiveness as a present and 
future weapon. It addresses what the requirements are for 
achieving physical and physiological damage with different 
types of sounds based on frequency range and amplitude, 
and what kinds of physiological and psychological effects 
might result from these sound manipulations. 
 
Chapter 10 describes future directions we might undertake 
in hearing and sound research. Some of the topics covered 
include: (1) Restorative hearing, including hair cell 
regeneration research and the challenges involved, (2) 
acoustic ecology, including the role of sound as a measure 
of the environment as well as an instigator of environmental 
change, and (3) the need for our sense of hearing to adapt on 
other planets, specifically Mars. 
 
One unfortunate omission in The Universal Sense is the lack 
of any links to audio files. A dedicated web page with audio 
examples of some of the scientific phenomena listed in the 
book would considerably improve the reading experience. 
Given the plethora of scientific information on various 
phenomena pertaining to sound and hearing provided in this 
book, it comes across at times as disconnected. Despite 
these limitations, Horowitz’s passion and enthusiasm come 
through as both transparent and contagious, keeping the 
reader’s interest level high throughout the book. A general 
reader should find this book informative and entertaining. 
Academics in research disciplines related to sound and 
hearing inclusive of audiologists, acousticians, speech and 
hearing scientists, and music cognition researchers should 
find the book satisfying and perhaps helpful in broadening 
their research perspective. 
 
 
Dr. Naresh N. Vempala 
SMART Lab, Department of Psychology 
Ryerson University, Toronto 
nvempala@psych.ryerson.ca  
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PRIZE ANNOUNCEMENT •  ANNONCE DE PRIX 

 

 
Prize 

EDGAR AND MILLICENT SHAW POSTDOCTORAL PRIZE IN ACOUSTICS 
ALEXANDER G. BELL GRADUATE STUDENT PRIZE IN SPEECH COMMUNICATION AND HEARING 

ECKEL GRADUATE STUDENT PRIZE IN NOISE CONTROL 
FESSENDEN GRADUATE STUDENT PRIZE IN UNDERWATER ACOUSTICS 

RAYMOND HETU UNDERGRADUATE STUDENT PRIZE IN ACOUSTICS 
THOMAS D. NORTHWOOD GRADUATE STUDENT PRIZE IN ARCHITECTURAL AND ROOM ACOUSTICS 

ALBERT S. BREGMAN GRADUATE STUDENT PRIZE IN PSYCHOLOGICAL ACOUSTICS 

Prix 
PRIX POST-DOCTORAL EDGAR ET MILLICENT SHAW EN ACOUSTIQUE 

PRIX ETUDIANT ALEXANDER G. BELL EN COMMUNICATION ORALE ET AUDITION (2E OU 3E CYCLE) 
PRIX ETUDIANT ECKEL EN CONTROLE DU BRUIT (2E OU 3E CYCLE) 

PRIX ETUDIANT FESSENDEN EN ACOUSTIQUE SOUS-MARINE (2E OU 3E CYCLE) 
PRIX ETUDIANT RAYMOND HETU EN ACOUSTIQUE (1ER CYCLE) 

PRIX ETUDIANT THOMAS D. NORTHWOOD EN ACOUSTIQUE ARCHITECTURALE ET ACOUSTIQUE DES 
SALLES (2E OU 3E CYCLE) 

PRIX ETUDIANT ALBERT S. BREGMAN EN PSYCHOACOUSTIQUE (2E OU 3E CYCLE) 
 
 

Deadline for Applications:  
April 30th 2014 

 

Date limite de soumission des demandes: 
30 Avril 2014 

 
Consult CAA website for more information 

Consultez le site Internet de l’ACA pour de plus amples renseignements  
(http://www.caa-aca.ca) 
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Canadian Acoustical Association 

Minutes of Annual General Meeting  
Montreal, Quebec 

 June 5, 2013 

Call to Order 
President Christian Giguère called the meeting 
to order at 6:50 p.m. with 18 members in 
attendance, and presented the Agenda for 
acceptance (Moved by A. Behar, seconded by 
S. Dosso, carried.) 

Minutes of the previous Annual General 
Meeting held on October 11, 2012 in Banff were 
approved as printed in the December 2012 
issue of Canadian Acoustics. (Moved by J., 
Voix, seconded by S. Abel, carried) 

President’s Report 
Christian Giguère briefly summarized his report 
to the Board meeting on June 4th. Christian 
Giguère mentioned several initiatives that have 
been launched in the past year, such as the 
online membership database and dues 
payment system, the online publishing of 
Canadian Acoustics, the establishment of two 
new CAA Awards, and the revamped website. 
After serving for several years as President, 
Christian indicated that it is time for a change-
over. 

Secretary’s Report 
Chantal Laroche provided an overview of 
membership and operational activities.  

• The total of 445 paid renewals and new 
memberships is up from last year, 
presumably due to reminders sent by email 
to members. 

• Jeremie Voix has put in place a new system 
that allows CAA members to pay online. 
 

(Acceptance of Secretary’s report moved by N. 
Ellaham, seconded by S. Abel, carried.) 

Treasurer’s Report 
On behalf of Dalila Giusti, Christian Giguère 
presented an overview of her written report to 
the Board on CAA finances. CAA is in good 

financial standing, with $231,527 in TD Canada 
Trust fund and $122 123 in operating fund.  The 
Banff Conference has generated $21,299 in net 
revenue. The fiscal year now ends on 
December 30th. 

The Treasurer’s report was accepted. (Moved 
by A. Behar, seconded by S. Dosso, carried) 

Editor’s Report 
Frank Russo mentioned that the Editorial Board 
counts 15 members.  An  international Editorial 
team will be considered in the near future.  An 
Advisory Board is now in place with Jérémie 
Voix, Brian Gick and Frank Russo. 

The reviewing time is approximately 8 weeks.  
There are 17 papers in queue for publication 
The Journal is now available online, and the 
new website and logo are also ready. 

A 6 month free promotional offer was 
announced during ICA 2013.  New subscribers 
will freely receive an online copy of Canadian 
Acoustics for 6 months.  

It is hoped that there will be an author 
agreement signed with EBSCO by the end of 
June.  The September issue of Canadian 
Acoustics will feature contributions from new 
scholars. July 1 is the submission deadline. 

It is foreseen that an application will be 
submitted within the next 2 years to become a 
journal with a listed impact factor (IF).  

All journal back-issues were digitized and put 
online (161 issues, 2149 articles, and more 
than 15,000 pages).  This huge effort was made 
possible thanks to the relentless work of Dr. 
Eugen Popovici and the personal hardcopy 
archives kindly lent by Dr. John Bradley, Dr 
David Quirt, Dr. Ramani Ramakrishnan, Dr. 
Christian Giguere and Dr. Chantal Laroche.  Ms 
Rebecca Reich was also thanked for her 
contribution to the online system and her 
presence at the CAA table during ICA 2013.  

Award Coordinator’s Report 
Hugues Nélisse presented a report 
summarizing decisions from all individual prize 
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coordinators. Eligible applications were 
available for all awards and winners have been 
selected, except for the Student Prize in 
Architectural Acoustics (no candidacy) and the 
Bell Student Prize in Speech Communication 
and Speech (1 candidacy but not eligible).  
Winners have been announced at the ICA 
Awards Ceremony on June 5th and will appear 
in the September issue of Canadian Acoustics.  
Two new awards have been created (Bregman 
Prize in Psychological Acoustics and 
Northwood Prize in Architectural and Room 
Acoustics). 

Past and Future Meetings 
2012 (Banff): Stan Dosso reported that they 
were approximately 100 papers with 136 
attendees and a profit of $21,299.54. 
 
2013 (Montreal, ICA 2013): Mike Stinson 
reported that they are approximately 2500 
participants (600 students) at the meeting. This 
is one of the largest meeting in Acoustics ever 
held. 
 
2014 (Winnipeg):  
Christian Giguère mentioned that Karen Turner 
is in charge of the local organization. She is 
collected information about hotel venues. She 
will also need to finalize her committee. A few 
names were suggested, Christian Giguère will 
do the follow up. He also mentioned that the 
online system includes a separate conference 
system that could be used for registration and 
handling of abstracts. 
 
2015:  Halifax has been suggested. To be 
discussed with local people. 

Acoustical Standards Committee 
Christian Giguère gave some background. The 
CAA Standards Committee is proposing 
adoption of the CAA Guide 101 to Acoustic 
Standards. The BoD wish to formalize the terms 
of reference for the Committee and clear  
liability issues before going ahead with the 
guide’s approval. 

Website 
Sean Pecknold presented the new website.  
Christian Giguère thanked Sean and his team 
for the good work accomplished. 

Nominations and Election 
CAA corporate bylaws require that each year 
we elect the Executive and Directors.  The Past 
President, Stan Dosso, presented nominations 
and managed the election process.   

For the election process, Stan read the name of 
the nominee(s) and asked if there were other 
nominees from the floor.  

• Jeremie Voix served as a Director for the 
maximum term of 6 years. Alberto Behar is 
nominated to replace him as new Director. 
The other Directors (namely Roberto Racca, 
Kathy Pichora-Fuller, Sean Pecknold, Clair 
Wakefield, Karen Turner, Bryan Gick and 
Hugues Nelisse) indicated their willingness 
to stand. 

• Chantal Laroche and Dalila Giusti indicated 
their willingness to stay as Executive 
Secretary and Treasurer, respectively. 

• Christian Giguère is stepping out as 
President and becomes Past President. 
Stan Dosso is stepping out after 10 years of 
service on the Executive. Frank Russo was 
nominated as the new President. Jérémie 
Voix was nominated as the new Editor-in-
Chief. 

There were no other nominations from the floor, 
so these nominees were declared elected by 
acclamation. Stan Dosso and Christian Giguère 
were thanked for their service. The new Board 
of Directors will be in effect on October 15th 
2013. 

Adjournment 
Meeting adjourned at 8 p.m. (Moved by J. Voix, 
seconded by P. Van Delden, carried) 
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Canadian Acoustical Association 
Minutes of the Board of Directors Meeting  

Montreal, Quebec 
June 4, 2013 

 
Present: Christian Giguère (chair), Jérémie Voix, Hugues Nélisse, Stan Dosso,  Dalila 

Giusti, Chantal Laroche, Roberto Racca, Kathy Pichora-Fuller, Frank Russo, 
Sean Pecknold, Bryan Gick 

The meeting was called to order at 7:15 p.m.  Minutes of the previous Board of 
Directors’ meeting on October 9th 2012 were approved as published in the December 
2012 issue of Canadian Acoustics. (Moved by R. Racca, seconded by J. Voix, carried). 
 
President’s Report 
Christian Giguère thanked everyone involved in 
the several initiatives that have been launched 
in the past year, such as the online membership 
database and dues payment system, the online 
publishing of Canadian Acoustics, the 
establishment of two new CAA Awards, and the 
revamped website. In addition to providing 
better services to our members, these initiatives 
will facilitate the management of the 
Association and increase its visibility.  After 
serving for several years as President, Christian 
indicated that it is time for a change-over and 
he indicated he will not seek re-election at the 
AGM. 

(Approval of report moved by S. Pecknold, 
Seconded by F. Russo, carried) 

Secretary’s Report 
Chantal Laroche reported that the new system 
put in place by Jeremie Voix is officially in place 
since December 2012.  CAA now accepts 
online payments.  Very few members are still 
paying by cheque or by fax.  There were a few 
bugs to deal with, but as of June 4th, 
membership and renewals are up by 25 from 
last year (see Table). There are 445 active 
members. With respect to routine CAA 
communications: 

• Annual filing with Corporations Canada 
was submitted 

• Renewal to I-INCE has been paid by 
Dalila Giusti for 2013 

• Access Copyright: $94.10 received in 
October 2012 

 
Category Paid 

2011 
Change 
from 
2012 

Member 290 16 

Emeritus 1 0 

Student 78 4 

Sustaining 
subscriber 

51 4 

Indirect subscribers 

- Canada 

- USA 

- International 

 

9 

6 

5 

 

0 

0 

0 

Direct subscribers 5 1 

Total  445 +25 

 
Secretarial operating costs from September 1st 
2012 to May, 31st 2013 totaled $458.89.  The 
secretary is requesting a budget of $500 to 
reimburse postal box fees and to cover expenses 
for the rest of the fiscal year.  (Moved by S. 
Pecknold, Seconded by D. Gick, carried) 
 
The Treasurer, Dalila Giusti, has arranged for the 
Association to subscribe to Directors’ liability 
insurance, and the Board members are now 
covered against eventual fraud.  
 
For indirect USA and international subscribers, it 
was proposed to charge an extra amount to cover 
the mailing cost of the journal.  The amount will be 
determined at a later date.  These members will be 
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informed of this change during the membership 
renewal period. 
 
A 6-month free promotional offer was 
announced during ICA 2013.  It was proposed 
that new enrolled members received a free 
paper copy of the September issue via mail. 
(not seconded).  It was then proposed that 
people who signed for a free offer would 
receive an online copy of Canadian Acoustics 
for 6 months (Moved C. Laroche, Seconded 
K.P.-Fuller, carried). 
  
(Approval of report moved by D. Giusti, 
seconded by R. Racca, carried) 

Treasurer’s Report 
The Treasurer, Dalila Giusti, submitted a report 
including a preliminary financial statement for 
the fiscal year. CAA finances are in reasonable 
standing. The 2012 Conference (Banff) made a 
substantial profit. Overall, Association revenues 
well exceeded expenses and the costs for 
student awards. 
 
Dalila will transfer $40,000 from the Operating 
Account to the Capital Account to cover Student 
Awards.  $9,450 has been distributed in awards 
at the 2012 Conference. 
 
Travel funds for students where discussed.  It 
was proposed to cover 50% of traveling cost to 
a maximum of $250 per student (pending 
submission of an estimate budget at the date of 
abstract submission) and a maximum cap 
amount of $7,500 for the next two years, funds 
permitted.  (Moved by R. Racca, Seconded S. 
Dosso, carried).  Kathy has offered to review 
the generic form used for travel funds request. 
 
The CAA fiscal year end has been moved to 
December 30. 
 
(Approval of report moved by B. Gick, 
seconded by S. Pecknold, carried) 
 
Editor’s Report 
Frank Russo mentioned that the Editorial Board 
counts 15 members who have been 
renewed/replaced (no vacancies) and 

committed for 2 years from January, 2013.  An  
international Editorial team is considered in the 
near future.  An Advisory Board has been 
suggested by Kathy to increase the visibility of the 
Journal. 
 
The reviewing time is approximately 8 weeks.  
There are 6 papers in press for the June issue 
(coordinated by Josée Lagacé) and 5 papers are 
currently under review.  6 more papers are in the 
online system.  The Journal was available online 
just in time for the 40th anniversary (Phase 1).  The 
new website and logo are also ready (Phase 2) 
and the cost was $1600 as budgeted.  The 
initiation of new website and logo were approved 
through emails.  Sean has created a mailbox 
(clerk@caa-aca.ca) in order to track down the 
decisions made between face-to-face meetings. 
 
It is hoped that there will be an agreement with 
EBSCO by the end of June.  It was proposed that 
once we have an agreement in place, two 
Executive Board members will sign the agreement 
(Moved by F. Russo, Seconded by B. Gick, 
carried). 
 
The September issue of Canadian Acoustics will 
feature contributions from new scholars. For the 
purposes of this issue, a new scholar is defined as 
someone who is within 10 years of the terminal 
degree at the time of submission (this pertains to 
the corresponding author only). Authors who have 
not previously published articles in the journal are 
especially welcome to submit..July 1 is the 
submission deadline. 
 
According to Frank, we should consider submitting 
an application within the next 2 years to become a 
journal with a listed impact factor (IF). Many 
authors refer to IF before considering submission.  
 
CAA Conferences – Past, Present & Future  
2012 (Banff): Stan Dosso reported that there were 
approximately 100 papers with 136 attendees and 
a profit of $21,299.54. 
 
2013 (Montreal, ICA 2013): Mike Stinson reported 
that they are approximately 2500 participants (600 
students) at the meeting. This is one of the largest 
meetings in Acoustics ever held. 
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2014 (Winnipeg): Karen Turner is in charge of 
the local organization. She is collecting 
information about hotel venues. She will also 
need to finalize her committee. A few names 
were suggested, Christian Giguère will do the 
follow up. Jeremie Voix mentioned that a 
separate conference system, similar to the 
system now hosting the journal, could be used 
for registration and handling of abstracts. 
 
 
2015:  Halifax has been suggested. To be 
discussed with local people. 
 
Awards 
Hugues Nélisse presented a report 
summarizing decisions from all individual prize 
coordinators. Eligible applications were 
available for all awards and winners have been 
selected, except for the Student Prize in 
Architectural Acoustics (no candidacy) and the 
Bell Student Prize in Speech Communication 
and Speech (1 candidacy but not eligible).  
Winners will be announced at the joint 
ICA/ASA/CAA Awards Ceremony on June 5th 
and in the September issue of Canadian 
Acoustics.  The Directors’ award will be 
selected later as the process has not been 
launched yet.  Two new awards have been 
created (Bregman Prize in Psychological 
Acoustics and Northwood Prize in Architectural 
and Room Acoustics).  A motion was put 
forward that Aeracoustics would sponsor a new 
award after John Bradley's name and that an 
ad-hoc committee would work on the exact 
name and description of the award as well as 
the financial terms. 
 
(Moved by KP Fuller. Seconded by B. Gick, 
carried) 
 
Acoustical Standards Committee 
Christian Giguère presented a report on behalf 
of Tim Kelsall, the Chair of the Acoustical 
Standards Committee. The Committee 
produced the “CAA Guide 101 to Acoustical 
Standards” and asked that the BoD endorses it 
and approves its posting on the CAA website. A 
long conversation followed. The Board 

members asked that the Committee clarifies its 
expectations and explain the kind of endorsement 
that is sought from the CAA BoD, especially as it 
may expose the Board to potential liability issues. 
(Moved by D. Giusti, Seconded by S. Pecknold, 
Carried). Christian said he will talk to Tim Kelsall 
about this as well as the need to formalize the 
terms of reference for the Committee now that 
documents are being produced. 
 
CAA Website 
Jérémie Voix reported on the Journal Website and 
Membership Database migration effort that is still 
within budget ($6,500 budgeted, $5000 expended) 
and ahead or within schedule. The journal online 
migration was completed by December 24th 2012 
ahead of schedule (French was to be unrolled in 
June 2013). The Automated membership 
management was debugged in time for automated 
renewal emails to be sent on February 1st, 2013. 
The Online editorial system is live since January 
and used since February. All journal back-issues 
were digitized and put online, this is 161 issues, 
2149 articles, and more than 15,000 pages that 
have been put online just before Christmas 2012! 
This huge effort was made possible thanks to the 
relentless scanning, coding and scripting work of 
Dr. Eugen Popovici (more than 100 hours of PC 
crunching time and 350 hours of hard work); the 
personal hard-copies archives kindly lent (in 
chronological issue order) by Dr. John Bradley, Dr 
David Quirt, Dr. Ramani Ramakrishnan, Dr. 
Christian Giguère and Dr. Chantal Laroche; the 
mental support and encouraging words of Dr. 
Bryan Gick and Dr. Frank Russo; the financial 
support of the Canadian Acoustical Association 
enabled by its Board of Directors; the frantic & 
friendly supervision of Dr. Jérémie Voix. Finally the 
journal is now indexed by Google Scholar and 
Open Access Initiative and now gets excellent 
coverage from search engines and publishing 
databases. 
 
The remaining item is to finalize the journal online 
publishing Latex-XML transformation scripts with 
Mr popovici. Jeremie Voix requested a little extra 
budget of $600 for this. (Approved.) 
 
Jeremie Voix also mentioned the need to move the 
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JCAA website to the CAA legacy servers with 
Sean Peckold’s help. 
 
Sean Peckold reported that some Sustaining 
Subscribers complained that their logos were 
sometime missing or out of date. It is suggested 
that the secretary could ask the sustaining 
members each time he/she receive an 
automated subscription notification and post 
that into the "note" field of the subscription info. 
 
Other business 
 
CAA Logo: Dalila Giusti explains the history of 
the blue logo. Frank Russo proposed to adopt 
the new logo. It is decided to go for another 
round of edits. 

 
ICA Special: Jérémie  reported on the ICA initiative 
(upload of all individual complete PDF of past 
issues, printing of the posters for the CAA table, 
printing of the pamphlet in every congress bag, 
work at the booth) and informed the Board that he 
called for some help and hired Ms Rebecca Reich 
on his remaining $1500 budget. More than 50 ICA 
congress members subscribed to the 6-month free 
online subscription. 
 
 
Adjournment  
Meeting adjourned at 00:15a.m. (Moved by J. 
Voix, seconded by R. Racca, carried) 

 
 
 
 



Announcement:	
  International	
  Commission	
  on	
  the	
  Biological	
  Effects	
  of	
  Noise	
  (ICBEN)	
  

From the desk of Lawrence S. Finegold, Congress Co-chair 
Dear Colleague, 
For over 40 years, the International Commission on the Biological Effects of Noise 
(ICBEN) has been the premier global forum for the exchange of scientific, technical, and 
practical knowledge about noise as a public health problem. Every three years, ICBEN 
holds an eagerly-awaited, week-long International Congress in a different region of the 
world. 2011 was the last meeting which was held in London. We want to extend an 
invitation to the Canadian Acoustical Association. 
  
Next June 1-5, 2014, ICBEN will assemble 400–500 of the world’s top experts on noise 
and health in Japan’s ancient capital city, Nara. The Nara Congress is a particularly 
important meeting about a topic of growing concern worldwide. 
  
Please inform your members and colleagues about this landmark meeting by: (1) posting 
this letter on your website and (2) emailing this information to your members and 
colleagues.  
  
ICBEN provides the only truly global forum for influential, concerned noise researchers, 
government agencies, and concerned businesses and industries to discuss noise issues. 
Participants engage with and learn from each other. ICBEN Congresses are well-known 
for providing fresh, new and authoritative information on the effects of noise, proposing 
useful concepts for governmental noise regulators, guiding future research and 
legislation on a variety of noise issues, and supplying research information that is ready 
for government and industrial use. 
  
Detailed information about ICBEN’s Nara Congress is available here: 
http://www.icben2014.com/. For additional information, contact the organizing 
committee at secretariat@icben2014.com.  You can also click on this link to view the 
announcement flyer:  link for announcement flyer. 
  
I look forward to seeing you in Nara. In the meantime, if you have questions, please 
contact Darlene Kilpatrick MS, my Executive Assistant at dekilpatrick@icben2014.org.  
  
Sincerely, 
 
Lawrence S. Finegold, 
Congress Co-Chair, ICBEN 2014, 
Chair, ICBEN Team 9- Noise Policy and Economics	
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