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Children and older adults have greater difficulty understanding speech when there are other voices in the
background (informational masking, IM) than when the interference is a steady-state noise with a similar spectral
profile but is not speech (due to modulation and energetic masking; EM/MM). We evaluated whether this IM vs.
EM/MM difference for certain age ranges was found for broader measures of communication efficiency and ease
in 114 participants aged between 8 and 80. Participants carried out interactive diapix problem-solving tasks in
age-band- and sex-matched pairs, in quiet and with different maskers in the background affecting both partic-
ipants. Three measures were taken: (a) task transaction time (communication efficiency), (b) performance on a
secondary auditory task simultaneously carried out during diapix, and (c) post-test subjective ratings of effort,
concentration, difficulty and noisiness (communication ease). Although participants did not take longer to
complete the task when in challenging conditions, effects of IM vs. EM/MM were clearly seen on the other
measures. Relative to the EM/MM and quiet conditions, participants in IM conditions were less able to attend to
the secondary task and reported greater effects of the masker type on their perceived degree of effort, concen-
tration, difficulty and noisiness. However, we found no evidence of decreased communication efficiency and ease
in IM relative to EM/MM for children and older adults in any of our measures. The clearest effects of age were
observed in transaction time and secondary task measures. Overall, communication efficiency gradually
improved between the ages 8-18 years and performance on the secondary task improved over younger ages
(until 30 years) and gradually decreased after 50 years of age. Finally, we also found an impact of communicative
role on performance. In adults, the participant asked to take the lead in the task and who spoke the most,
performed worse on the secondary task than the person who was mainly in a ‘listening’ role and responding to
queries. These results suggest that when a broader evaluation of speech communication is carried out that more
closely resembles typical communicative situations, the more acute effects of IM typically seen in populations at
the extremes of the lifespan are minimised potentially due to the presence of multiple information sources, which
allow the use of varying communication strategies. Such a finding is relevant for clinical evaluations of speech
communication.

1. Introduction speech communication, most attention has been paid to the impact on

the listener, as assessed via objective or subjective speech perception

There has been extensive research in recent years on the impact of
noise or other types of interference on speech communication (for re-
views, see Bronkhorst, 2000, 2015; Mattys et al., 2012). The degree of
communication difficulty experienced in these conditions is dependent
on a wide range of factors: the type of background interference, the
content of the message that is transmitted and a number of character-
istics linked to the individual (e.g., age, language background, hearing
status, language status). In studies on the impact of background noise on

tests. In other studies, the impact of background noise on the acoustic
characteristics of speech production has been evaluated in studies of
‘Lombard speech’. However, some recent studies have taken a broader
view of the communication process and have evaluated speech
communication in an interactive setting in order to evaluate the impact
of background noise on both speaking and listening within a realistic
communicative situation (e.g., Beechey et al., 2020; Hazan et al., 2018;
Tuomainen et al., 2022). In this study, we expand on this work by
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investigating the impact of different types of background interference on
a number of measures reflecting the efficiency and ease of speech
communication in talkers with ages ranging across the lifespan (8 to 80
years).

A strong focus of research on speech communication in challenging
conditions is the relative impact of different types of background
interference on individuals from different age groups. All wide-band
background noises exert masking that arises from spectro-temporal
overlap in the auditory periphery, either from direct interactions of
energy in the target and masker (i.e., energetic masking [EM]; see
Moore, 2012) or disruption of the information-carrying amplitude
modulations in the target by the amplitude modulations in the masker (i.
e., modulation masking [MM]; Stone et al., 2012). However, some sig-
nals in the background, not necessarily requiring spectro-temporal
interaction, perceptually interfere with the target sound higher up in
the auditory pathway if they contain similar information to the target.
This is defined as informational masking (IM) and is the case, for
example, when communicating while one or more voices can be heard in
the background (e.g., Brungart, 2001; Brungart et al., 2006; Carhart
et al.,, 1969; Shinn-Cunningham, 2008). It is a difficult task to disen-
tangle which perceptual difficulties are due to the energetic/modulation
and informational components of the maskers (e.g., see Durlach et al.,
2003). When examining signal-to-noise thresholds for a given speech
intelligibility level for target speech in the presence of EM or MM
maskers, or maskers which are made up of a small number of voices,
more favourable signal-to-noise ratios are obtained for EM/MM than IM.
This suggests that the informational component of the masker has a
strong impact on intelligibility. Furthermore, within informational
maskers, the number of speakers heard in the background and the match
or mismatch in sex between target and masker voices has been shown to
be influential, with greater interference occurring when there are fewer
(e.g., 2-4) speakers in the background, at least for target and masker
voices of the same sex (Rosen et al., 2013). There is also increasing
evidence that listening in the presence of informational masking im-
poses greater cognitive load and listener effort than listening in the
presence of purely EM/MM masking as shown via both behavioural and
physiological measures (Brungart et al., 2013; Woodcock et al., 2019).

According to the Effortful Listening Framework (FUEL), the term
‘listening effort’ refers to the level of mental workload or strain listeners
experience when they are listening to speech (Pichora-Fuller et al.,
2016). Effort within an individual, in turn, is modulated by several
listener-external and -internal factors including the acoustic and lin-
guistic clarity of the incoming speech, background noise type and level
and the individual sensory and cognitive abilities of the listener (e.g.,
hearing acuity and working memory capacity). The FUEL framework
therefore emphasizes that listening effort is dynamic and highly
context-dependent. For example, when trying to understand speech in
multi-talker environments, the listener needs to employ additional
cognitive resources to focus on the desired speaker while ignoring
others, and variations in working memory and attentional capacities
affect how much effort is needed. According to FUEL, the outcomes of
increasing listening effort can be both positive and negative: on the one
hand it can lead to successful comprehension and retention of infor-
mation, but on the other it can also lead to mental fatigue, disengage-
ment and miscomprehensions. However, the drawback of the FUEL
account is the fact that there is no general agreement on how to best
measure listening effort, and both objective (e.g., heart rate, pupil
dilation) and subjective measures (e.g., ratings of mental demand, level
of exerted effort, frustration) have been used with often inconsistent
intercorrelations between these different measures of effort (e.g., Koe-
lewijn et. al., 2015; Speechmatics, 2018; Strand et al., 2018).

Relative to young adults, it has long been suggested that IM has a
greater impact on speech perception for children (for reviews, see
Erickson and Newman, 2017; Leibold and Buss, 2019) and older adults,
even for adults who do not present with peripheral hearing difficulties
(Helfer and Freyman, 2008; Rajan and Cainer, 2008; Schoof and Rosen,
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2014; Tun and Wingfield, 1999). More recently, lifespan studies, which
use the same test materials and procedure across a wide age range, have
started to throw greater light on the time course of these changes. Sobon
et al. (2019), in a study involving children, young and older adults,
showed poorer speech perception thresholds for children and older
adults, especially for a two-talker speech masker (IM) relative to a
spectrally-matched EM/MM. In a lifespan study with children, adoles-
cents, young adults and older adults (but excluding 30-60 year olds),
Buss et al. (2019) compared the impact of speech-shaped noise
(EM/MM) and a two-talker masker (IM) on the intelligibility of
semantically predictable and anomalous sentences. They obtained bet-
ter thresholds for young adults than for the other groups, with larger age
effects for IM than EM/MM. They concluded that while there was
greater interference of IM for children and older adults than for young
adults, this was likely due to different sensory and cognitive factors in
each age group. With an age range spanning adulthood only, Goossens
etal. (2017) found an age-related decline in middle-aged and older-aged
adults with typical hearing thresholds (up to 4 kHz) relative to young
adults, with a greater decline for IM than EM/MM. This was despite the
lack of an age effect for the short version of the Speech Spatial and
Qualities of Hearing questionnaire (SSQ, Noble et al., 2013) which re-
ports speech perception in everyday life.

The studies mentioned so far only investigate the impact of different
types of maskers on speech intelligibility. However, it is also relevant for
communication to consider the impact of IM and EM/MM on speech
production. Studies of Lombard speech (Lombard, 1911), the type of
speech produced in background noise, have shown changes to acoustic
characteristics such as speech intensity, pitch and speaking rate when
speaking in the presence of EM/MM maskers such as multi-talker babble
or speech-shaped noise (see e.g., Lu and Cooke, 2008). Lombard speech
is typically assessed in tasks that require participants to read sentences
or repeat heard sentences. Acoustic adaptations in Lombard speech have
been shown to vary between conditions involving EM/MM and IM
(Meekings et al., 2016).

However, typical communicative situations are far removed from
purely perceptual tasks or tasks that involve reading sentences. First,
they involve an individual as both talker and listener, and the presence
of social interaction has been shown to lead to changes in speech ad-
aptations (Cooke and Lu, 2010; Hazan et al., 2018) and in neural acti-
vation in the brain (Rice and Redcay, 2016). Second, the aim of much
communication is to exchange information and in most cases, the mes-
sage to be decoded is typically in the context of a known situation and
prior context. As such, even limited perception of the acoustic signal
may be sufficient to understand the message, suggesting that typical
intelligibility tests which estimate the percentage of keywords or sen-
tences correctly perceived may seriously underestimate how successful
natural communication may be at similar signal-to-noise levels (see e.g.,
Petersen, 2024). Thirdly, speech that is produced in an interaction is
shaped by the process of interaction itself. In situations where commu-
nication becomes difficult, talkers naturally adapt their speaking style to
be more easily understood with adaptations made not only at the speech
acoustic level (for reviews, see Smiljanic and Bradlow, 2009; Mattys
et al., 2012) but also in terms of the lexical and semantic context and
syntactic structures used (Genovese et al., 2020; Harmon et al., 2021).
Finally, a large proportion of our everyday interactions take place when
we are doing something else at the same time (driving a car, navigating a
route, using media) resulting in an increase in cognitive load relative to
most laboratory-based experiments where participants are asked to
perform one task at a time (speaking, listening). Speech communication
is therefore highly adaptive and dynamic and talkers continuously
monitor their interlocutors in order to meet their informational needs
while investing the appropriate amount of articulatory effort (i.e., not
too little, not too much) to maintain effective communication as sug-
gested by Lindblom’s Hyper-Hypo Model of Speech Production (Lind-
blom, 1990).

In recent years, there has therefore been a move towards evaluating
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speech communication in challenging conditions in more ecologically-
valid tasks that involve communicative exchanges between pairs or
groups of talkers. One such approach is diapix, a picture-based ‘spot the
difference’ problem-solving task (Van Engen et al., 2010; Baker and
Hazan, 2011); other problem-solving tasks such as Sudoku (Lu and
Cooke, 2008; 2010; Aubanel and Cooke, 2013) and tangram-based
puzzles (Beechey et al., 2019) have also been used. In diapix, analyses
typically evaluate the change in task transaction time or in speech
characteristics that occur when pairs of participants communicate in the
presence of different types of interference relative to when they can hear
each other normally (e.g., Hazan and Baker 2011; Van Engen et al.,
2010).

In a study that focused more on the relative effects of EM/MM and IM
on speech production within a communicative task, Cooke and Lu
(2010) showed that, when completing a Sudoku puzzle task in the
presence of a competing-speaker masker, participants showed adapta-
tions consistent with Lombard speech, although changes in energy,
mean FO and spectral tilt were smaller for IM (competing speaker) than
for EM/MM (speech-shaped noise). In comparing speech production
when the Sudoku game was done alone and together with a partner, they
also showed that greater acoustic adaptations were made to speech in
the collaborative task. Aligning with the acoustic-phonetic results of
Cooke and Lu (2010), Pham & Karuza (2023), using a picture descrip-
tion task via Zoom, showed that in background noise participants
adapted the syntactic complexity of their speech both for their own
benefit as well as to facilitate comprehension in the listener. Together
these findings reinforce the notion that tasks involving communicative
intent produce speech that differs from that produced without
communicative intent (e.g., Garnier et al., 2010; Hazan and Baker,
2011).

Even though IM has been shown to have a greater impact on speech
intelligibility in children and older adults, it is unclear whether this is
the case in a broader communicative situation. In this way, we build on
and extend the findings of Cooke and Lu (2010) who only analysed the
speech of young adults. Furthermore, evaluating interlocutors’ perfor-
mance in these interactive communicative tasks is often more chal-
lenging than measuring performance in purely perceptual tasks using
various accuracy-based intelligibility metrics. In most cases interactive
performance has been evaluated via both objective and subjective
measures. As mentioned above, objective assessments have often
included measures of task transaction time (e.g., how long it took to
finish the task; e.g., Hazan and Baker, 2011; Hazan et al., 2018),
acoustic-phonetic characteristics of speech (e.g., speech rate, f0, in-
tensity; e.g., Beechey et al., 2018; Hazan et al., 2018; Tuomainen et al.,
2022) and turn-taking behaviour (e.g., durations of silent interval be-
tween two speech turns; e.g., Sorensen et al., 2021). The more subjective
measures have usually consisted of questionnaires and ratings that
assess talkers’ subjective experiences of the task, communicative setting
and interaction (e.g., evaluations of difficulty, engagement and moti-
vation; e.g., Beechey et al., 2019). These metrics, however, are rarely
acquired in studies across the lifespan, making it difficult to assess how
interactive speech communication develops as a function of age from
childhood to older age.

Here we expand this work and measure efficiency and ease of speech
communication in different types of background noise in pairs of talkers
aged 8-80 years. In a related paper, acoustic measures of speech pro-
ductions on these same participants and tasks as in the current study
showed that when conversing in background noise, older adults (at 50+
years) increase vocal effort regardless of the noise type (IM vs EM/MM)
whereas children (8-13 years) increase vocal effort only in IM (Tuo-
mainen et al., 2022). However, albeit involving interactive speech by
pairs of interlocutors, Tuomainen et al. (2022) focused mostly on
acoustic-phonetic adaptations made by the “lead talker” of the pair (i.e.,
the person who was instructed to speak more).

In summary, the aim of this study was to investigate the relative
impact of EM/MM and IM in an ecologically-valid task involving
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interactions between pairs of participants covering a wide age range
from children to older adults. More specifically, we investigated whether
IM had a greater impact on communication efficiency and ease and
whether this was modulated by talker age. Our hypothesis, based on the
previous literature, was that a greater impact of IM than EM/MM on
both communication efficiency and ease would be seen in communica-
tive interactions involving young children or older adults. However, we
also expected that the difference between IM and EM/MM would be less
marked than has previously been shown in the literature for speech
intelligibility tests. We also investigated whether being in primarily
talker or listener role had an impact on measures of communication
ease; we expected that the participant taking the more active role would
show greater effects due to increased processing load.

2. Method
2.1. Participants

A total of 114 monolingual native speakers of Standard Southern
British English aged between 8 and 80 participated in the study. This age
range was chosen because our previous studies had shown that diapix
could successfully be used without any alterations of the picture sets
with participants at each extreme of this age range (Hazan et al., 2016;
2018).

Participants were recruited within age bands, to ensure a balance of
participants across age, even though all analyses were conducted on age
as a continuous variable. These age bands were: 8-12 years (M=10.34),
13-17 years (M=15.94), 18-29 years (M=21.82), 30-49 years
(M=42.98), 50-64 years (M=59.30) and 65-80 years (M=71.19). Age-
ranges within each band are based on our previous studies with children
(Hazan et al., 2016) and later adulthood (Hazan et al., 2018) and cap-
ture age-related changes in speech production. Each of the six age bands
included 20 participants (10F) apart from the 13-17 band due to
recruitment difficulties (N=14, with only 4 males).

Participants were tested in sex- and age-band-matched pairs and
were not known to one another. In the two youngest and oldest groups,
pairs were matched by age as closely as possible (e.g., an 8-year old was
never paired up with a 12-year-old). All participants were tested for
hearing thresholds using pure tone audiometry and were classified as
normal hearing up to 4 kHz, achieving a better ear average of <25 dB HL
across the 0.25-4 kHz octave frequencies. Some participants in the older
age range had higher thresholds at 4 and 8 kHz, albeit still within the
limits of mild hearing loss (< 41 dB). Participants reported no history of
speech and language impairments or neurological trauma (assessed with
an in-house questionnaire). All participants aged over 65 passed the
Montreal Cognitive Assessment screening test (MoCA; Nasreddine et al.,
2005).

Ethical approval was obtained from the University College London
(UCL) Research Ethics Committee, and informed written consent was
obtained from each participant and a parent/guardian of each child.

2.2. Diapix task

The communicative task used to obtain spontaneous speech in-
teractions between two conversational partners was diapix (van Engen
et al., 2010), an interactive problem-solving ‘spot the difference‘ picture
task. The two participants doing the task sat in adjacent
acoustically-shielded rooms and communicated via headsets fitted with
a cardioid microphone (Beyerdynamic DT297) whilst playing diapix on a
desktop PC using the DiapixUK picture sets (Baker and Hazan, 2011).
The participants could not see each other. Participants were each given a
different version of the same picture scene (beach, farm or street; see
Baker and Hazan, 2011 for details) and had 10 min to find the 12 dif-
ferences between the pictures. A total of eight different diapix picture
pairs were used and the pictures were randomised across participants
within each age band. Diapix was carried out in four listening conditions
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affecting both participants: i) in quiet (QUIET), eliciting unmarked
conversational speech, ii) EM/MM with no informational content
(speech-shaped noise, SPSN), iii) IM that is semantically related to the
picture task (IMRE; three voices talking about the same diapix picture),
and iv) IM that is semantically unrelated to the task (IMUR; three voices
talking about a different diapix picture). Two different IM conditions
were used to evaluate the degree to which the semantic content of the
masker would affect the degree to which it would interfere with
communication. We expected that hearing the same picture being dis-
cussed by the voices in the background (IMRE condition) would cause
greater interference than hearing an unrelated picture being discussed
(IMUR condition).

Both IMRE and IMUR were three-talker maskers consisting of a male,
a female and a child talker. The same three talkers were used for all
listeners. The three talkers were reading pre-scripted descriptions of
each picture pair that were based on conversations in the previous diapix
corpora (as reported in Hazan et al., 2016; 2018). To create the maskers,
silences, speech errors and hesitations were edited out of the recordings
and the order in which the picture was discussed was changed. For the
SPSN condition, a speech-shaped noise file was created from the
long-term spectrum of the recording from all voices included in the IM
masker.

To give a more natural listening environment in terms of the space
and background noise levels, we used Spatial Audio Simulation System
software (Audio 3D; available at https://www.phon.ucl.ac.uk/resource
/audio3d/) that mimics real room acoustics (room dimensions: width 4
m, length 3 m, height 2.5 m) combined with head-related transfer
functions in real-time (height of talker: 1.25 m). The maskers (three
voices for IMUR and IMRE, and three matched speech-shaped noise
signals for SPSN) and the voice of the interlocutor were delivered via
headphones and spatially separated by 1 meter from both each other and
the “live” talker via the Audio 3D simulator. The intensity of the three
maskers was normalised to 72 dB SPL. The intensity level of the talkers
was set to approximate a signal-to-noise ratio of 0 dB when speaking
normally. Full details of the configuration files are available on github
(https://github.com/outepi/Diapix-virtual-room).

The picture and noise condition orders were randomised (QUIET was
always presented first and participants were informed about whether
they were about to hear an EM/MM or IM condition). Participants were
recorded on separate audio channels at a 44.1 kHz (16 bit) sampling rate
using a Fireface audio interface and Audacity audio software. One of the
participants was randomly assigned to lead the interactions (‘Talker A’).
The other (‘Talker B’) was a more passive participant, mainly respond-
ing to queries by Talker A. All participants completed the four test
conditions in both talker roles with the same conversational partner,
giving us an assessment, within a communicative context, of a partici-
pant’s communicative efficacy when in Talker A role and their percep-
tual ability in Talker B role. Participants were not given any instructions
as to what strategies they should use or which speaking style they should
adopt. No prior exposure to the maskers was given before the start of the
recording.

To assess whether communication in background noise was affected
by differences in cognitive control, a secondary task was carried out by
both participants during all conversations. This secondary task informs
about distractibility and the effects of competing cognitive resources
across the lifespan. At random intervals, either participant heard one out
of two possible auditory cues (dog bark or car horn) which were edited
to have the same duration (200 ms) and intensity (33 dB in quiet and + 8
dB SNR in noise backgrounds). These cues were incorporated into the
audio masker files to appear at quasi-randomly assigned intervals which
were fixed across participants but varied across the two roles (A,B)
within the dyad and across the different listening conditions. Partici-
pants had to react by either pressing a bell (dog bark) or inhibiting a
response (car horn). Participants were instructed to respond as quickly
as possible and were reminded of this secondary task before every
condition. The number of cues presented was dependent on the duration
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of the task (e.g., in a 5 min sequence, there were 6 ignore trials and 9
attend trials). Full information about the method, with example masker
files and audio3D configuration files can be found on Github (https://
github.com/outepi/Diapix-virtual-room).

After completing each diapix task, both participants completed a
paper-based questionnaire, answering four questions using an 11 point
Likert scale, concerning four aspects of their experience: 1. Concentra-
tion: ‘Did you have to concentrate very hard to understand your part-
ner?’ (0-concentrate hard 10-no need to concentrate) 2. Effort: ‘Did you
have to put in a lot of effort to understand your partner?’ (0-lots of effort
10-no effort) 3. Noisiness: ‘On average, how noisy did you experience the
background noise you heard during the task?’ (0-quiet 10-very noisy) 4.
Interference: ‘Could you easily ignore the background noise?’ (0-not
easily ignore 10-easily ignore). The scale was ordered in the same way as
those sections assessing effort and concentration (Section 3) in the SSQ
questionnaire (Gatehouse and Noble, 2004) which they had previously
completed. Questions 1, 2 and 4 were adapted from the SSQ question-
naire (‘qualities of hearing’ -section) to match the current interactive
setting. Question 3 was added as a broader measure of subjective
perception of “noisiness”, as the concept of “noisy” is easy to understand
across the lifespan but at the same time it can be influenced by indi-
vidual perceptual sensitivities and age (e.g., Miedema and Vos, 1999). In
the ratings, participants could place a cross at any point along the scale.
Note that for 3 of the 4 scales, lower values indicate greater degrees of
effort, concentration and interference, but for noisiness, the scale ran in the
other direction. Participants were not given questions 3 and 4 in QUIET.

2.3. Procedure

The participant pairs took part in two test sessions, either carried out
on different days or within the same day separated by a lengthy break (e.
g., first session in the morning and the second session in the afternoon).
At the first session, they completed a series of background sensory and
cognitive tasks individually (not reported here) and received training in
diapix and in the secondary task. The training started with the hardcopy
version of the diapix task with both participants in the same room. After
approximately 3-5 min of practise face-to-face, participants continued
the training on a PC computer now in separate booths and communi-
cating via headsets. For this second training session they were also
familiarised with the secondary task (in quiet background). This training
continued for approximately 3-4 min until participants were performing
near-ceiling in the secondary task (for both attend and ignore trials). In
the second session, participants took part in four diapix tasks, in both
Talker A and Talker B roles (i.e., 8 diapix tasks in total). Each diapix task
was immediately followed by a rating task. Even though this study
involved a broad age range, no adjustments to the procedure were
needed. For the post-diapix ratings, the experimenter read the questions
to the child participants one by one and reminded them of the meaning
of each end of the scale. Adult participants carried out the ratings alone
but these were checked by the experimenter who looked at the ratings
and would check with participants if they thought they had read the
scale wrongly (e.g., giving a ‘lots of effort’ rating for the QUIET condi-
tion). This sometimes resulted in a participant changing their rating).
The complete data collection across the two sessions took approximately
2.5h.

2.4. Data processing

All recordings were automatically transcribed using a cloud-based
transcription system (Speechmatics, 2018) and then manually cor-
rected for word-level errors and audio-transcription misalignments in
Praat (Boersma and Weenink, 2018). Bell presses were manually
labelled in the transcriptions. From the audio recordings, we calculated
measures that reflect communication efficiency and cognitive control.
Scores for perceived concentration, effort, noisiness and interference
were manually entered by the participant after each transaction. While
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the communication efficiency measure reflects the joint performance of
the dyad, the cognitive control and ratings measures were calculated
separately for each participant in Talker A and Talker B roles.

The communication efficiency measure (time;) was the average time
(in seconds) it took the pair of talkers to find a difference in diapix (i.e.,
total file duration divided by number of differences found). This reflects
how effective the talkers were in communicating with their conversa-
tional partner, as frequent requests for repetitions or misunderstandings
would lead to more time needed to complete the task. Assessment of
communication ease consisted of both the cognitive control measures
and subjective ratings. The cognitive control measure was performance
on the secondary task, a discriminability (d’) measure in Talker A and
Talker B roles. For the post-diapix ratings, means were obtained for each
listening condition and in each role (Talker A, Talker B).

2.5. Data analysis and results

First, to verify that Talker A was the dominant talker in the inter-
action, we calculated the number of words produced by Talker A and
Talker B in each dialogue, after exclusion of segments labelled as un-
finished words, hesitations, fillers, and agreements. The mean number of
words produced by Talker A was 801 words and by Talker B was 338
words; also, Talker A produced more words than Talker B in 97.4 % of all
individual dialogues. It is clear, therefore, that Talker A dominated the
interaction, as intended.

Communication efficiency (time;) was analysed with Multivariate
Adaptive Regression Splines (MARS) using the R package ‘earth’ (Mil-
borrow, 2011). Here, MARS performs a segmented regression over age,
determining the minimum number of separate line segments that are
necessary to describe the data, as well as whether the predictor of
listening condition (QUIET, IMRE, IMUR, SPSN) improves the model. For
the secondary task and the ratings, linear mixed-effects regressions were
used in the main analyses investigating the effects of age, listening
condition and role (Talker A/B). Age was treated as a continuous pre-
dictor even though recruitment was performed through age bands.
Starting from saturated models with participant as random intercepts
and all main effects and interactions of the fixed effects as predictors,
terms were removed iteratively if their removal did not significantly
worsen the fit of the model, resulting in a so-called minimal model. Term
elimination started with the highest-order interactions and no term was
eliminated if it was included in a higher-order interaction. All calcula-
tions used the R packages ‘lme4’ (Bates et al., 2015) and ‘lmerTest’
(Kuznetsova et al., 2017). Data and code for statistical analyses in R are
available at Open Science Framework: https://osf.io/tkve8/.

2.5.1. Communication efficiency

Fig. 1 shows the measure of communication efficiency (time;) as a
function of age and condition. As the form of the data suggested linear
segments with clear breakpoints, we used segmented regression (MARS)
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Fig. 1. Best fitting Multivariate Adaptive Regression Splines (MARS) for the
average time (in seconds) taken to find one difference in diapix. Individual
coloured dots represent the four different listening conditions.
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over age and investigated whether the predictor of condition improves
the model. As the best-fitting MARS line in Fig. 1 shows, there was no
significant effect of listening condition.

Overall, the dyads found the differences as fast in quiet as in back-
ground noise conditions. However, as seen in the regression line seg-
ments in Fig. 1, communication efficiency changed as a function of age:
performance improves most quickly from age 8 to 10 years (by 17.9 s per
year), it then continues to improve up to age 18 years, but at a slower
rate (1.4 s per year). Finally, performance worsens from 18 to age 80
years, but at a very slow rate (0.18 s per year). This is only a change of
10.8 s over the 60-year age range from 20 to 80 years, as opposed to the
26.4 second improvement in the children from 8 to 10 years.

2.5.2. Communication ease: secondary task

For each combination of participant, condition and role, a 2 x 2
response matrix was constructed tallying up the number of hits, false
alarms, correct rejections and misses. From these matrices, d’ values
were calculated using the method of Hautus (1995). There were six
values of d” below —1, most of which were significantly different from
chance (using Fisher’s exact test on the response matrix). Negative d’
values indicate a consistent mislabelling of responses (pressing a bell for
the car horn instead of the dog bark), so these values were eliminated,
leaving 906 valid cases.

Our primary interest in this task is the d’ value exhibited by partic-
ipants as a function of age, condition and role. An initial inspection of
the trends in the data across age revealed a clear quadratic component,
so the saturated model included a quadratic term for age along with the
predictors of (linear) age, condition and role. After term elimination, the
resulting minimal model (see Table S1 in supplementary materials)
included highly significant main effects of age, age?, condition and role,
along with significant interactions of role x age and role x age? (all
Pp’s<0.005).

Fig. 2 shows the predictions of the minimal model along with the
observed data. Overall, the results showed that age had a significant
impact on the secondary task performance. It can be clearly seen in
Fig. 2 that the quadratic term in age arises because performance im-
proves over younger ages, reaches a peak at about 30-50 years, and then
gradually decreases thereafter. The interaction of role with the quadratic
term in age reflects the fact that role has little effect on performance for
the children but it has an effect for adults aged 20-70 years. Note that
the effect of role disappears after the age 70 years, so it only applies to a
small number of the oldest participants. As expected, the Talker B role
leads to superior performance when role has an effect.

Furthermore, listening condition significantly affected performance
in the secondary task (see supplementary materials, Fig. S2). As
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Fig. 2. The d’ values in the secondary bell press task as a function of age and
role (Talker A,B). The four listening conditions are displayed in separate panels.
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expected again, performance is best in QUIET, worst in IMRE and IMUR,
and intermediate in SPSN (all comparisons p < 0.001). Performance was
similar in the two IM conditions (IMRE, IMUR; p = 0.4). However,
against our predictions, the effect of listening condition was not
modulated by age.

2.5.3. Communication ease: post-diapix subjective ratings

Unsurprisingly, the 4 rating scales were moderately to highly
correlated with one another (with the magnitude of correlation ranging
from 0.40 to 0.87), and the highest correlations were observed between
ratings of effort and concentration. Therefore, we executed a Principal
Components Analysis (PCA) to extract components which best accoun-
ted for the variability in the ratings using the R package ‘FactoMineR’
(Le et al., 2008). Because ratings were not gathered for every listening
condition (i.e., noisiness and interference were not rated in QUIET), an-
alyses were done separately for two sets of ratings, with a main focus on
the two scales that were available for all four listening conditions (effort
and concentration).

Given the high correlation between effort and concentration, it is only
reasonable to extract a single dimension, which is equivalent to a mean
of the two scales after converting each to a standard score. This
dimension accounted for ~93 % of the variance. Similar to the d’
measure, an initial inspection of the trends in the rating data across age
revealed a clear quadratic component, so the saturated model included a
quadratic term for age along with the predictors of (linear) age, condi-
tion and role. After term elimination, the resulting minimal model (see
Table S3 in supplementary materials) included highly significant main
effects of condition and role, and moderately significant main effects of
age and age?. The only significant interactions were of condition x age
and condition x age2 (see Table S3).

Fig. 3 shows the predictions of the minimal model along with the
observed data. In terms of the effects of listening condition, putting aside
the extent to which the difference between conditions varies across age,
it is clear in Fig. 3 that QUIET results in the lowest ratings of concen-
tration/effort with the two IM conditions (IMRE/IMUR) being very
similar and achieving the highest concentration/effort ratings. As with
the d° measure of cognitive load, the non-speech masking condition
(SPSN) lies between the QUIET and IMRE/IMUR conditions. The sig-
nificant quadratic age term indicates a general trend for rated concen-
tration/effort to decrease from childhood to middle age, and then
increase again in older adults. Interestingly, the trends in the two IM
conditions are flatter across age than in QUIET and SPSN conditions,
accounting for the significant condition x age? interaction. Note here
that it appears that IMRE and IMUR have slightly different trajectories
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Fig. 3. A subjective measure of concentration/effort obtained from post-diapix
subjective ratings as a function of age and condition, with role (Talker A,B) in
separate panels. Note that higher values on the y-axis indicate lower degrees of
concentration/effort.
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which results in them diverging for the oldest listeners. However, it is
crucial to realise that not everything that looks different in these plots is
statistically different, because once an interaction of condition with age
and age? is necessary, then the fitted lines will follow the data within
each category independently, emphasising small difference in outcomes.
In fact, a model in which IMRE and IMUR are collapsed into one cate-
gory fits the data as well as one in which those are separate categories (p
> 0.2).

As to the effects of role within the dyad, as expected, higher con-
centration/effort ratings were achieved in the more active (Talker A)
role. Although consistent and highly statistically significant, this effect
was relatively small (see supplementary Fig. S4). Because the extracted
PCA dimension is in units that are not easy to interpret, we calculated
the simple means of the concentration/effort scales, which also results in
an 11-point scale as used by the participants (and which correlates with
the PCA dimension at 0.999). This allows one to better interpret the size
of the effect of role in comparison to the effect of condition. As Table 1
shows, the two IM conditions are rated, on average, about 0.9 of a scale
point more effortful than SPSN, which is itself about 2.7 scale points
more effortful than QUIET. The main effect of role, however, is only
about 1/3rd of a scale point.

We turn now to analyses of the three masked conditions only, in
which all 4 rating scales were available (concentration, effort, interfer-
ence, noisiness). An initial PCA showed the first two extracted di-
mensions to account for 69 % and 16.5 % of the variance respectively.
The first dimension (PCA-1) was essentially a mean of all 4 rating scales,
with slightly varying weights (ranging from 0.68 - 0.91), and correlation
with a simple mean of the 4 scales at 0.999. This dimension also
correlated highly with the dimension extracted from just concentration
and effort at 0.934. To simplify the discussion, we refer to lower scores
here as being more ‘difficult’ whether it refers to more concentration/
effort, more interference, or a judgement that the situation was ‘noisier’.

A similar mixed-effects analysis for PCA-1 as was done for all con-
ditions above was repeated here, with very similar results in terms of the
difference in conditions (the two IM conditions being very similar, and
SPSN being somewhat less ‘difficult’), and with a minimal effect of role
(although again statistically highly significant; see Table S5 and Fig. S6
in supplementary materials). The main difference in outcomes was that
a quadratic term in age was not necessary, implying that trends with age
in the QUIET condition in the previous analysis drove the inclusion of
the quadratic term. Here, age, although significant, had only a small
effect in the older participants indicating small or no linear changes in
the direction of less difficulty across age.

For two reasons we do not do a full-blown analysis of the second
extracted dimension (PCA-2). For one thing, it only accounted for a
small proportion of the variance. Secondly, this dimension is not easy to
interpret, being primarily a weighted difference between the ratings of
noisiness, and those of concentration and effort (with little contribution
from interference). What is interesting is that this measure is dominated
by the noisy rating (correlated with it at 0.72), implying that judgements
about noisiness seem to involve aspects of the experience that are at least
somewhat different to those involved in the other 3 scales. Given that

Table 1

Mean ratings for concentration/effort averaged within conditions (top) and
role (bottom) on the 11-point likert scale (higher number indicates less
concentration/effort).

condition mean s.d.
IMRE 4.94 2.44
IMUR 4.95 2.50
SPSN 5.87 2.46
QUIET 8.55 1.80
role mean s.d.

A 5.90 2.80
B 6.26 2.68




O. Tuomainen et al.

this dimension is primarily a judgement about ‘noisiness’, it is perhaps
not surprising that participant role appeared to be irrelevant. Note also
that the non-speech masker condition (SPSN) is perceived as less ‘noisy’
than the two IM maskers, which had very similar ratings.

In summary, subjective ratings showed IM to have a greater impact
on communication ease than EM/MM. The participant who was the
more active talker experienced a (somewhat) greater effect than the
more passive talker, although not for judgements related to noisiness.
There was a general trend for the youngest listeners to rate the task
generally as more ‘difficult’.

3. Discussion

The main objective of this study was to evaluate whether the greater
impact of IM (speech) relative to EM/MM (speech-shaped noise), which
is typically seen in controlled intelligibility tests and to an extent in
speech production tasks, remains within the context of a more
ecologically-valid task involving speech communication between
participant pairs. We also evaluated whether this effect was modulated
by participant age given previous findings in controlled intelligibility
tests, that children and older adults were more greatly affected by IM
than young adults. Finally, we also evaluated if the participant’s role in
the interaction (active or more passive) had an impact on their overall
communication ease.

In summary, several measures provided clear evidence of an addi-
tional impact of IM on ease of speech communication relative to the EM/
MM condition. Although participants were not less efficient when in
challenging conditions, that is, did not take longer to complete the task
in background noise, effects of the two types of maskers were clearly
seen across other measures. In IM conditions, relative to the EM/MM
and quiet conditions, participants were less able to attend to the sec-
ondary task, reported greater effects of the masker on their perceived
degree of effort/concentration, difficulty and noisiness. However, the
semantic content of the informational masker (i.e., related/unrelated to
the picture pair they were describing) did not have any effect on any of
the measures.

There was also an impact of communicative role. In general, the
person taking the lead in the task, and who therefore spoke the most,
performed worse on the secondary task. However, this was only evident
in the adult data and no such effect was found for children. Albeit a very
small effect, the more active speaker also reported a greater impact on
effort/concentration and difficulty than the person who was mainly in a
‘listening’ role and responding to queries. Contrary to the effects of age
found in the majority of studies measuring speech intelligibility in
background noise, the effects of age were less pronounced in the broader
measures of communication efficiency and ease. Communication effi-
ciency improved most quickly between ages 8-10 years and it continued
improving more gradually until the age of 18 years. For communication
ease, secondary task performance, reflecting cognitive load, peaked
between the ages 30-50 years with poorer performance at the younger
and older age ranges. Also, a (shallow) inverted u-shaped trend across
age was observed in some of the subjective rating scales, with increasing
effort/concentration ratings for younger and older participants. How-
ever, this effect of increased effort/concentration was mostly driven by
the condition where participants could hear each other normally. In
sum, we found clear effects of listening condition in many of our mea-
sures of communication ease with greater impact of IM and EM/MM on
communication. However, contrary to what is typically reported in the
more standard speech-in-noise perception literature, the effects of
listening condition were mostly independent of age, that is, we found no
evidence of decreased communication efficiency and ease in IM for
children and older adults relative to EM/MM when broader measures of
interaction are considered.

Studies separately investigating speech perception and speech pro-
duction have shown that IM causes greater interference than EM/MM
but, to our knowledge, this is one of few studies to examine the relative
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impact of IM and EM/MM on efficiency and ease of communication
within a collaborative task. Cooke and Lu (2010) used a communicative
task to examine the relative impact of IM and EM/MM but focused on
the acoustic modifications made by the young adult participants rather
than on changes in communication ease. Similarly, in a related study
involving the same participants across the lifespan and the diapix task,
we assessed the effects of IM and EM/MM on vocal effort (operational-
ised as a correlation between median pitch and intensity) in the more
active speaker of the pair (Tuomainen et al., 2022). Expanding the
metrics from Tuomainen et al. (2022) to broader communicative mea-
sures and to both interlocutors, our study shows a greater effect of IM
than EM/MM on processing load within a communicative interaction. In
addition, higher load was experienced by adults taking a more active
role in the interactions. It could have been the case that in communi-
cative situations which are rich in contextual information and where it is
not necessary to perceive every keyword, this IM vs. EM/MM difference
would have been greatly diminished but the effect is robust enough to be
shown in a setting that is closer to natural communication.

Against our predictions, the measure of task transaction time (time;)
did not differentiate the listening conditions. However, transaction time
was also not shown to be sensitive enough to detect differences across IM
& EM/MM conditions in a Sudoku collaborative task (Aubanel and
Cooke, 2013) and across different and less severe challenging conditions
using diapix with older and younger adults (e.g., 8-talker babble, Hazan
et al., 2018). Note that significant transaction time differences were
found when more severe challenging conditions were used, such as a
3-channel noise vocoder or a simulation of a severe-to-profound hearing
loss (e.g., Hazan and Baker, 2011; Hazan et al., 2018) likely due to in-
creases in hesitations, disfluencies and questions from the more passive
talker.

As shown by our related study on articulatory adaptations in the
same participants, in less severe adverse conditions, talkers are able to
overcome these adverse conditions by increasing the clarity of their
speech. This was evident for the oldest groups of participants in listening
conditions involving both IM and EM/MM and for the youngest group of
children in IM (see Tuomainen et al., 2022). This increase in vocal effort
in background noise might have led to increased intelligibility of their
speech, thus improving their overall communication efficiency (diapix
transaction time).

However, as shown by the rating scales in our current study, and in
accordance with Lindblom’s hyper-hypo model of speech production
(Lindblom, 1990), this is at a cost to themselves in terms of increased
effort and difficulty. Alternatively, it is possible that the dyads were less
efficient during the first picture pair (due to learning effects and getting
to know their interlocutor), which in our case was always the quiet
condition, and this diminished the effect of the listening condition on
how quickly they completed the task.

Together these combined results from vocal effort and communica-
tion efficiency and ease align with the predictions of the FUEL model
(Pichora-Fuller et al., 2016) which states that effortful listening arises
from multiple sensory, cognitive, and contextual factors. Here we
showed increased self-rated listening effort in background noise across
the lifespan, with greater influences for cognitively more demanding IM
than for EM/MM. We did not find the expected age-related differences at
the ends of the lifespan. However, this could have been, at least
partially, due to the increase in vocal effort that we observed in children
and older adults that would have led to increases in speech clarity.
Furthermore, as the FUEL states, task importance and motivation can
also influence both perceived effort and expenditure of effort. Here, we
used the diapix task that is a simple goal-oriented and point-based task of
relatively short duration (“find 12 differences in 10 min”). Both the
motivation to locate differences and the knowledge of the maximum
duration of each conversation might have encouraged participants to
increase listening effort in order to do well in the task. In everyday
settings, however, conversations rarely have such clear objectives and
known durations, and an investment of listening effort is not always the
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best strategy as it can lead to fatigue. Therefore, we might have observed
more age-related differences at the ends of the lifespan had the diapix
tasks lasted for longer or at least for unpredictable durations.

Even though the greater effect of IM than EM/MM on communica-
tion was conclusive, the most prominent finding of this lifespan study
was the lack, for most measures, of a greater impact of IM in children
and older adults relative to young adults, which would have been evi-
denced by condition by age interactions. We expected such age effects in
the performance on the secondary task if there was an increased pro-
cessing load for these populations. There were no prominent effects of
age interacting with listening conditions in most of our measures. In
some of the measures (e.g., secondary task performance and subjective
ratings of effort/concentration) we reported inverted u-shaped curves as
a function of age but the performance peaks/valleys did not correspond
to the age ranges previously reported in more controlled laboratory
studies with regards to the effects of IM and EM/MM on performance.
One potential explanation for this difference between current and pre-
vious findings is the fact that in the current study, the background noise
levels were kept at fairly moderate levels (corresponding approximately
to 0 dB SNR) which better corresponds to situations individuals
encounter in the outside world. Most accuracy-based intelligibility
metrics, however, measure performance at much lower SNRs, poten-
tially over-emphasising any age-related differences found between
children/older adults and younger adults.

Furthermore, this lack of age effect may also be ascribed to the
masking conditions in our study, which differed from many ‘speech-on-
speech’ perception studies that consider the impact of a single or two
masker voices of the same or different sex as the target voice (e.g., Rosen
et al., 2013). For two-talker maskers, older adults experience greater
difficulty than younger adults with a relatively larger difference be-
tween age groups for different-sex maskers (Helfer and Freyman, 2008;
Humes et al., 2006). While children also show poorer performance than
young adults (e.g., Wightman and Kistler, 2005; McCreery et al., 2020),
they appear to be able to take advantage of a mismatch in sex between
target and masker (e.g., Wightman and Kistler, 2005). Our maskers
included three voices (male, female, and child) so it is more difficult to
predict whether the groups at the extremes of the age range would have
been differentially affected by this masker. The decrease in interference
that occurs when the masker voice is a different sex to the target (e.g.,
Brungart, 2001) does not apply here as for all participants, there would
have been a masker voice similar to that of the target and two further
masker voices that differed.

In our study, Audio 3D software was used to simulate normal
communicative conditions, by introducing spatial separation of the
three masker voices relative to the target voice as well as a simulation of
room acoustics. Such spatial separation provides some release from
masking effects (for a review, see Litovsky, 2012), with a greater release
shown for maskers involving two or three voices than maskers involving
up to ten voices (Freyman et al., 2004). Spatial separation has also been
shown to reduce listener effort in purely perceptual tasks. Spatial release
from masking seems to be immature until around 14 years (e.g., Frey-
man et al., 2001) and reduced in older adults even in the absence of
hearing loss (Zobel et al., 2019). However, here, such age effects in the
degree of spatial release of masking were not reflected in age effects on
communication ease for the youngest and oldest age ranges.

Age effects in the differential impact of IM vs. EM/MM may also be
reduced relative to those identified in laboratory experiments because
the task used here was closer to natural communication, and enabled
participants to use a wide range of strategies to overcome the adverse
listening/speaking conditions, including prior context (Kalikow et al.,
1977; Drager and Reichle, 2001). To complete the task, participants had
to understand the gist of the interaction and some keywords in order to
locate the differences in the pictures, but contextual information was
present both linguistically and visually, with items seen in the picture.
Children and older adults may have compensated for greater difficulties
in the communicative situation by making greater use of such contextual
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information. There is evidence that older adults are more adept at using
contextual information to compensate for increased difficulties in
hearing in adverse conditions (Pichora-Fuller, 2008; Lash et al., 2013),
with these effects more prominent in cases of less severe signal degra-
dation such as those used here (Pichora-Fuller et al., 1995). We therefore
suggest that the effects of greater IM interference that are obtained in
highly-structured laboratory-based perception tests may not be repre-
sentative of what occurs in natural communication.

An objective of this study was to establish whether simple measures
of communication efficiency and ease could reflect the difference in
interference between IM and EM/MM conditions. Measures of acoustic
adaptations by talkers when communicating in adverse conditions have
been shown to be successful in differentiating between adverse condi-
tions using diapix (e.g., Hazan and Baker, 2011) or other
problem-solving tasks such as tangram puzzles (Beechey et al., 2019) but
they can be time-consuming to obtain (but see Beechey et al. (2018) for a
successful use of automated acoustic analyses). Here, despite a large
degree of individual variability, both the secondary task measure and
subjective ratings of effort/concentration and difficulty were successful
both in differentiating the effects of IM and EM/MM,, but also in showing
(somewhat) greater impact of interference on the more active partici-
pant in the conversational interactions.

Subjective effort ratings have been used extensively in purely
listening tasks (Johnson et al., 2015; see also e.g., Pichora-Fuller et al.,
2016 for a review), also to investigate the relative effects of IM and
EM/MM on speech perception in different conditions of spatial location
of maskers and other masker characteristics (Zekveld et al., 2014;
Rennies et al., 2019). Such rating scales were also used by Beechey et al.
(2019) with younger and older adults to evaluate effort in a
problem-solving task with naturalistic conditions in which participants
were not assigned specific roles. Our results therefore provide further
evidence of the usefulness of subjective ratings in reflecting overall
communication effort, measures which are quick and easy to obtain and
analyse.

It had been expected that the presence of related semantic content
(talking about the same diapix picture) in the masker would cause
greater interference, especially in age groups with poorer selective
attention (see e.g., Miiller et al., 2008), but no statistically significant
differences between the IMUR and IMRE conditions were found for any
of the measures. Informal feedback from participants on completion of
the task suggests that the presence of semantic content could have had
different effects across participants. Although the majority of the par-
ticipants reported noticing if the background talkers discussed the
same/different picture to theirs, for some, hearing keywords in the
masker that were related to the picture they were analysing might have
had a facilitative effect and primed participants to focus on those aspects
of the picture denoted by those keywords. For other participants,
hearing related content in the masker could have had the expected
distracting effect and have caused interference in the task. These
differing strategies may have cancelled out any condition effects.

Finally, in the literature on communication in adverse conditions,
much attention has been focused on the impact on speech perception,
but the separate subjective ratings and secondary task measures ob-
tained here for the more active and more passive participants in the
diapix task enable us to get a relative measure of talker and listener effort
within the same communicative interaction. The results suggest that,
when more naturalistic settings are used, age-related differences in
speech comprehension are less severe than what has been previously
reported. Also, at least in adults, the processing load involved in plan-
ning how the problem-solving task can be resolved and in formulating
questions leads to poorer performance in the secondary task. Such
findings reinforce the need to consider the impact of adverse conditions
within a communicative situation with the individual as both speaker
and listener, as advocated by Hazan et al. (2018) and Beechey et al.
(2019).
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