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Abstract – Introduction: Verbal communication depends on a listener’s ability to accurately comprehend
and recall information conveyed in a conversation. The heard-text recall (HTR) paradigm can be used
in a dual-task design to assess both memory performance and listening effort. The HTR paradigm uses
running speech to simulate a conversation between two talkers. Thereby, it allows for talker visualization
in virtual reality (VR), providing co-verbal visual cues like lip-movements, turn-taking cues, and gaze be-
havior. While the HTR in a dual-task design has been investigated under pink noise, the impact of more
realistic irrelevant stimuli, such as speech, that provide temporal fluctuations and meaning compared to
noise, remains unexplored.
Methods: In this study (N = 24), the HTR task as primary task was administered in an immersive VR
environment under three noise conditions: silence, pseudo-speech, and speech. Participants performed a
vibrotactile secondary task to quantify listening effort in a dual-task design.
Results: The results indicate an effect of irrelevant speech on memory and speech comprehension as well
as secondary task performance, with a stronger impact of speech relative to pseudo-speech.
Discussion: The study validates the sensitivity of the HTR in a dual-task design to background speech
stimuli and highlights the relevance of linguistic interference-by-process for listening effort, speech com-
prehension, and memory.
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1 Introduction

Listening to and remembering speech is a demand-
ing task, especially in listening scenarios with background
noise. Background noise can give rise to listening effort,
even if the target speech may still be perfectly intelli-
gible. Listening effort generally refers to the cognitive
resources allocated to understanding speech, especially
under adverse conditions [1], and is defined as the “delib-
erate allocation of mental resources to overcome obsta-
cles in goal pursuit when carrying out a task” (p. 10) [2].
Importantly, compared to, e.g., speech reception thresh-
olds, listening effort can be measured at suprathresh-
old listening conditions – which is a lot more common
for everyday listening scenarios [3], benefiting ecological
validity [4].

Listening effort can be modulated by a multitude
of factors [5, for a review], e.g., the intelligibility of
the target signal [6–8], room acoustic reverberation [9],
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target location changes [10], the listeners’ age [11, 12],
or hearing impairment and hearing device algorithms
[13–19]. But also different types of background noise
impose qualitatively distinct challenges: from an acous-
tic perspective, a distinction is made between energetic
masking (e.g., white noise, speech-shaped noise), where
the target speech signal is obscured due to an energy
overlap in relevant frequency bands [20], and informa-
tion masking (e.g., speech, multi-talker babble), which
occurs when listeners fail to successfully segregate tar-
get and masker streams or to allocate attention effec-
tively to the target [21–23]. Informational masking, there-
fore, refers to perceptual and attentional challenges that
go beyond spectrotemporal overlap. From a cognitive-
psychological perspective, meaningful background speech
as an informational masker poses yet another source of
disruption: because it is processed up to the semantic
level, it can interfere directly with comprehension and
memory of the target material – a mechanism described
as interference-by-process [24, 25].
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In listening effort experiments, meaningful back-
ground speech almost inevitably elicits larger listening
effort than signals without linguistic meaning: this has
been reported for irrelevant one-talker speech [26–32],
two-talker babble [11, 33], as well as three- to four-talker
babble [34–36]. When several speech maskers are com-
pared directly, research suggests that, after controlling
for the signal-to-noise ratio, effort increases as the num-
ber of competing voices decreases [28, 37]. The effect is
likely two-fold: fewer voices might preserve more prosodic
and semantic information and therefore induce stronger
informational masking, but also allow for in-the-dip lis-
tening [23], which represents an energetic masking bene-
fit. Even when speech is manipulated to be unintelligible,
e.g., through time-reversal, it tends to evoke more effort
than amplitude-modulated or stationary speech-shaped
noise, underscoring the role of temporal and spectro-
temporal variability [38]. Amplitude-modulated speech-
shaped noise occupies an intermediate position: several
studies observed greater listening effort for modulated
than stationary speech-shaped noise, but less than for
intelligible speech [32, 39–41]. As a general trend, listen-
ing effort seems to be modulated by the informational
content and the time-variance of the background speech,
e.g., allowing for catching parts of the target sentence in
energy dips of the background speech [42–45].

There are multiple ways to quantify listening
effort [46, 47]; it can be measured subjectively, e.g., via
questionnaires [6, 48, 49], through physiological mea-
sures, e.g., via pupillometry [6, 18] and neural imaging
[50, 51], or behaviorally, e.g., via dual-task paradigms
[15, 52, 53]. Dual-task paradigms are based on the theory
that the total cognitive processing resources are limited
in capacity [54, 55], leading to performance limitations
when two tasks demand the same processing capaci-
ties [1, 56]. Participants perform a primary listening task
while at the same time attending to a secondary, concur-
rent task (e.g., reaction-time measurements or categoriza-
tion tasks). Due to the limitation of cognitive resources,
increased effort is evidenced by compromised secondary
task performance as speech processing demands in the
primary task increase [1, 56, 57]. To assess this decline in
secondary task performance, both tasks are administered
in isolation in single-tasking (i.e., only one task at a time;
the primary task alone and the secondary task alone) and
together as a dual-task (i.e., both tasks at the same time;
the primary task and the secondary task together). Per-
formance metrics are assessed for both tasks (primary
task, secondary task) in both conditions (single-tasking,
dual-tasking).

Dual-task designs with running speech are rare
in the literature; most paradigms use sentence-,
word-, or syllable-recognition tasks [1], which does not
reflect speech processing in realistic listening situa-
tions. The recently developed heard-text recall (HTR)
by Schlittmeier et al. [58, 59], in which participants
listen to short, coherent texts and are asked content-
related questions afterwards, assesses text comprehension
and verbal memory. When implemented in a dual-task

design in combination with a secondary task, listening
effort in running speech can be assessed in addition.
The paradigm can also be embedded into virtual real-
ity (VR) environments [60–62], where embodied conver-
sational agents are animated to speak the HTR texts,
effectively conveying co-verbal visual cues like lip move-
ments, turn-taking cues, and gaze behavior. Because the
primary HTR task explicitly requires semantic compre-
hension and memory, it should be especially susceptible to
meaningful background speech that induces interference-
by-process. In contrast, a non-linguistic secondary task
(e.g., vibrotactile pattern discrimination) serving as the
indicator of listening effort is not directly vulnerable
to linguistic interference; decrements in performance are
expected to reflect competition between limited cogni-
tive resources [63] rather than semantic processing per
se. Differences between single- and dual-tasking further
reflect the listening effort exhibited in the primary listen-
ing task. In the present experiment, the HTR served as
the primary task within a dual-task paradigm, combined
with a non-linguistic vibrotactile pattern-discrimination
secondary task.

Mohanathasan et al. [64] investigated the influence of
stationary pink noise with a challenging and a moderate
signal-to-noise ratio on the primary HTR task and a sec-
ondary vibrotactile task. They demonstrated an effect of
background noise on the primary HTR task only in the
challenging signal-to-noise ratio and a sensitivity of the
secondary vibrotactile task response times to both signal-
to-noise ratios, while the performance in the secondary
task in terms of error rates was unaffected. While stud-
ies employing a more realistic background noise (class-
room noise) using the same dual-task exist [61, 62], these
studies did not explicitly focus on the effect of noise
variations. Thus, how different maskers (e.g., intelligible
vs. unintelligible speech maskers) influence both perfor-
mance and effort within the specified dual-task paradigm
is still insufficiently explored. In the present study, build-
ing upon the VR implementation by Ehret et al. [60], we
test whether maskers differing in semantic content and
meaningfulness but matched in spectrotemporal struc-
ture (intelligible speech vs. pseudo-speech) [65], differen-
tially affect primary HTR and secondary vibrotactile task
performance.

We aim to disentangle effects of energetic masking
(expected for both speech and pseudo-speech) from addi-
tional linguistic interference (expected only for intelligible
speech) in the primary HTR task, and to test whether
such additional interference indirectly taxes resources
and thereby impairs secondary task performance in dual-
tasking. Based on these considerations, we hypothesized
that primary HTR performance would be best in silence,
reduced under pseudo-speech due to energetic mask-
ing, and most strongly impaired under intelligible speech
due to concurrent linguistic interference-by-process and
increased informational masking.

For the dual-task condition, we further expected the
pattern of performance decrements in the primary HTR
task to be mirrored in the secondary task performance
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(i.e., decreased accuracy and longer response times) as an
indicator of listening effort. As more cognitive resources
are drawn upon to maintain text comprehension and ver-
bal memory in the primary HTR task under energetic and
concurrent linguistic processing, fewer cognitive resources
remain available for the secondary vibrotactile task. Even
though the vibrotactile task is non-auditory and thus does
not require semantic processing, background noise might
influence the performance even in single-tasking [64]
due to noise consuming mental resources and increasing
stress [63]. To ensure that the performance decrements
of the vibrotactile secondary task in dual-tasking can be
attributed to increased listening effort in the primary
task instead of general noise effects [63], and to obtain
baseline performance, both tasks are also administered
in single-tasking.

2 Method

2.1 Participants

We conducted a Bayesian design analysis for the
present experiment design. Assuming a moderate main
effect of the masker condition, a strong main effect
of number of tasks [59, 64], and a small interaction,
we performed a Bayesian assurance analysis in R (ver-
sion 4.4.1) [66]. More details regarding the models can be
found in the Data Analysis Section. The minimal sam-
ple size required to achieve at least 80% assurance was
n = 21, to accommodate potential data loss and for a
fully balanced design, we recruited n = 24 participants.
Participants were adults (9 female) and aged 22–33 years
(M = 25.2, SD = 2.6). They had German as their first
language, as the HTR task is only available in German at
this point. Participants had to pass an audiometry (below
25 dBHL between 125 Hz and 8 kHz; pulsed pure-tone)
and a Snellen Test (20/30) [67] to verify their visual acu-
ity. They received a 10-euro voucher for a local bookstore
as compensation for their time.

2.2 Dual-task paradigm

The dual-task paradigm consisted of a primary HTR
and a secondary vibrotactile task. In the primary
HTR [58] task, participants listened to and saw two
embodied conversational agents narrate family stories in
German consisting of ten sentences each. After the pre-
sentation of each text, nine content-related questions were
displayed sequentially on a virtual television (see Fig. 1),
and participants had to answer them vocally. An instruc-
tor listened to the participants’ input and categorized
the answer as correct or incorrect based on the ideal
solution provided in the HTR database by Schlittmeier
et al. [58], detailing all the texts, questions, and answers.
By evaluating the number of correct responses, speech
comprehension and memory could be examined [58].

The two agents took turns between sentences while
narrating the stories. This turn-taking behavior was

Figure 1. Virtual reality setup with two embodied con-
versational agents narrating the HTR stories COMMA and
the television displaying instructions and the HTR questions
whenever appropriate.

implemented according to the suggestions by Ermert
et al. [68]: successive sentences that form a unit of mean-
ing were assigned to one embodied conversational agent
before yielding the turn. Thus, the number of sentences
spoken by each agent was pseudo-random, but the speak-
ing time per text was approximately the same. Agents
never interrupted each other. The texts had an average
presentation duration of M = 43.4 s, SD = 1.9 s. The
audio stimuli for the target sentences of the HTR were
taken from the audio-visual speech and text database
(AuViST) [68], which provides audio recordings and face
tracking data for all sentences of the HTR.

The secondary task assessing listening effort was
vibrotactile [64]. Participants held one HTC Vive con-
troller (High Tech Computer Corporation, Taiwan) in
each hand. The controllers vibrated in four distinct pat-
terns: short–short, long–long, short–long, and long–short.
If the second vibration was a repetition of the first vibra-
tion (i.e., short–short, long–long), participants had to
click a designated button on the left controller. Other-
wise, they had to click a designated button on the right
controller [60].

Both tasks were administered together (dual-task)
and also in isolation (single-task) to obtain a baseline
performance.

2.3 Masker conditions

Three masker conditions were examined: silence (no
masking), pseudo-speech (primarily energetic masking),
and speech (energetic and informational masking). In
the silence condition, only the target talkers were audi-
ble. In the pseudo-speech and speech conditions, a male
and a female distractor talker spoke simultaneously and
without breaks, in addition to the target talkers.

The stimuli in both the background speech condi-
tions were obtained from female [69] and male [70] voice
recordings of the German matrix sentences test [71–73].
In the pseudo-speech condition, the matrix sentences
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were cut into syllables, one-syllable words were excluded,
and the remaining syllables were rearranged in random
order, ensuring that no meaningful words were formed.
Crossfading of 10 ms was applied to smooth transitions
(cf. [74]). In the speech condition, the original matrix
sentences were played back in random order.

While other energetic maskers could have been
possible, e.g., steady-state speech-shaped noise, time-
modulated speech-shaped noise, foreign language record-
ings, or time-reversed target speech, none of them would
have retained the same frequency spectrum of the speech
condition while also preserving the temporal variations.
Thus, differences in energetic masking compared to the
speech condition could be possible [23]. Further, we aimed
for a speech-like signal to increase realism of the back-
ground sounds compared to the steady-state noise signals
used in the study by Mohanathasan et al. [64]. There-
fore, the pseudo-speech signal described here was deemed
a suitable solution. The stimuli were calibrated using an
HMS III artificial head (HEAD acoustics GmbH, Ger-
many) to 60 dB(A) for the target and 57 dB(A) for the
background.

2.4 Audio-visual virtual reality setup

The experiment was conducted in a living room VR
environment, which was presented via an HTC Vive Pro
Eye head-mounted display (High Tech Computer Corpo-
ration, Taiwan) and created in Unreal Engine 5.3 (Epic
Games Inc., United States of America). In the VR envi-
ronment, participants saw two embodied conversational
agents [75], one male and one female MetaHuman (Epic
Games Inc., United States of America), narrating the
HTR stories as a conversation. The embodied conver-
sational agents were animated with gestures and gaz-
ing based on Ehret et al. [60] with synchronized face-
tracked lip-movement from the audio-visual speech and
text database [68]. All agent movement was implemented
using the Character Plugin [76]. The study flow was
controlled using the StudyFramework Plugin for Unreal
Engine [77]. Further, the RWTH VR Toolkit Plugin
was used to implement the participant interaction [78].
A video of an exemplary HTR text is provided in the
publication by Ehret et al. [60] (supplementary video,
condition “Tfull” at t = 3:23 min).

The embodied conversational agents, as target talk-
ers, were located at a distance of 1.35 m and a horizontal
offset of ±45◦ from the frontal direction. Invisible but
audible distractor sound sources for pseudo-speech and
speech conditions were located at ±90◦ from the frontal
direction, i.e., to the left and right (see Fig. 2). The gen-
der of the target and background was matched, i.e., the
distractor sound source at −90◦ played irrelevant speech
in a male voice, and the sound source at +90◦ in a female
voice.

The auditory scene was created in Virtual Acous-
tics v2022a [79] in combination with the Virtual Acous-
tics plugin for Unreal Engine [80] and reproduced via

Figure 2. Auditory virtual setup with two virtual target
sources ( ) and two invisible distractor sources ( ).

Sennheiser HD650 headphones (Sennheiser electronic SE
& Co. KG, Germany) using a generic head-related trans-
fer function [81] and individual headphone equaliza-
tion [82]. Using head tracking via the head-mounted
display, dynamic scene rendering was employed.

2.5 Procedure

The experiment was performed in a sound-isolated
booth. Participants sat in a chair. After passing the
audiometry and vision test, participants were introduced
to the head-mounted display and the virtual environ-
ment. Then, the training started. First, the secondary
vibrotactile task was administered in silence. Partici-
pants completed at least 20 trials but could repeat the
task as often as desired until they felt secure. Feedback
was given automatically on the virtual television screen.
Afterwards, the primary HTR task was trained in sin-
gle tasking: one HTR text was administered without the
secondary vibrotactile task. Participants answered the
questions displayed on the virtual television screen. They
practiced one more HTR text in the dual-tasking con-
dition together with the secondary vibrotactile task. No
background noise was played during training. Then, the
main experiment started. No feedback was given in the
main experiment. All participants performed both tasks
under all combinations of the variables number of tasks
(dual-task, single-task) and masker condition (silence,
pseudo-speech, speech) in a within-subject design. The
experiment consisted of three blocks: one per masker con-
dition. The order of the noise blocks was counterbalanced
using balanced Latin squares. At the beginning of each
block, participants could listen to the noise to familiar-
ize themselves with it. In each block, four HTR texts
in dual-tasking (together with the secondary vibrotactile
task), one HTR text in single-tasking, and 40 trials of
the vibrotactile task in single-tasking were administered.
The order of these tasks was balanced within the noise
blocks. Texts 1–17 [58, 68] were used in random order.
No texts were repeated. Participants could take breaks of
no fixed length between noise blocks. At the end of the
experiment, participants filled out a questionnaire regard-
ing the perceived ecological validity of the experiment.
As this aspect is not the focus of the present research
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question, no further details about the questionnaire are
reported here. The experiment took around 90 min, of
which around 60 min were spent immersed in the VR
environment.

2.6 Data analysis

The statistical analysis was carried out in R (ver-
sion 4.4.1) [66]. The three outcome measures were the
binary performance in the primary HTR task (1 =
answer correct, 0 = answer incorrect), the binary perfor-
mance in the secondary vibrotactile pattern categoriza-
tion task (1 = answer correct, 0 = answer incorrect or
missed), and the response time in the secondary vibro-
tactile task (cf. [64]). The independent variables were
number of tasks (dual-task, single-task) and masker con-
dition (silence, pseudo-speech, speech). Although partici-
pants were encouraged to prioritize the primary HTR task
over the secondary vibrotactile task, some neglected the
secondary task to such an extent that it raises concerns
about the validity of the corresponding data. Therefore,
a miss rate was calculated for each participant, and out-
liers were identified using the is outlier() function from
the rstatix package (version 0.7.2) [83] and excluded from
the analysis. This procedure resulted in the exclusion of
three participants.

Separate Bayesian generalized mixed-effects models
were fitted for each of the three outcome measures using the
R package brms (version 2.18) [84]. The best-fitting model
was determined in a step-wise procedure, starting with an
intercept-only baseline model. In subsequent models, the
random intercepts participant and question (combination
of text and question number for the primary HTR task)
and the independent variables number of tasks and masker
condition, as well as their interaction, were incorporated.
The prior distributions were sampled 16 000 times, employ-
ing No-U-Turn Sampling and using four separate chains of
5000 samples each, with the initial 1000 warm-up samples
discarded for each independent variable and their interac-
tions. A Bernoulli distribution on the logit scale was used
for the performance and a Gamma distribution on the log
scale for the response time. Priors were weakly informa-
tive, i.e., normal distributions each with a mean M = 0
and a standard deviation SD = 2 for the independent
variables and heavily tailed Student-t distributions with
M = 0 and SD = 2 for the random intercepts. Using
the leave-one-out cross-validation criterion, performance
across models was compared based on the differences in
expected log pointwise predictive density (elpd) and the
standard error of the elpd of the models [85]. For all three
independent variables, performance, question (for the pri-
mary HTR task), number of tasks, and masker condition
improved the model fit. Models including the interaction
between number of tasks and masker condition did not dif-
fer in a meaningful way from additive models for all three
variables (elpddiff < 2). Thus, the interaction model was
chosen to comprehensively encompass the experimental
design.

Meaningful main effects or interactions detected in
these models were explored further with post-hoc pair-
wise comparisons of estimated marginal means, con-
ducted using the emmeans package (version 1.10.4) [86],
and further summarized using the median and 95% Cred-
ible Intervals (CIs) calculated using the Highest Density
Interval (HDI) of the Posterior Probability Distribution
(PPD). The probability of direction (PD) of the PPD and
the proportion of the 95% CI inside the region of practical
equivalence (ROPE) (defined as ±0.1×SD [87]) were used
to quantify effects. The PD of the PPD indicates whether
an effect exists, with a PD roughly of 97.5% roughly cor-
responding to two-sided p-values of 0.05. As PD is not
a clear index of a meaningful effect, the proportion of
the 95% CI inside the ROPE was employed to signify an
effect of negligible magnitude.

3 Results

The accumulated performances for the primary HTR
task, secondary vibrotactile task, and response times in
the secondary vibrotactile task are displayed in Figure 3.
The pairwise comparisons for the final models are pre-
sented in Table 1. The pairwise comparisons for num-
ber of tasks indicated a meaningful effect for all three
masker conditions and all three outcome measures with
PDs > 99% and 0% in ROPE.

Regarding the comparisons of masker condition in
the primary HTR task, PDs were generally quite high
(> 97.5%), indicating the existence of an effect. This was
supported by the low percentage within ROPE across
conditions. An exception was the comparison of pseudo-
speech and speech in the single-task condition with a PD
of 78.08%.

In the secondary vibrotactile task, PDs for all com-
parisons of masker condition were high, and the per-
centage of PPD within ROPE was low across conditions;
except for the comparisons between speech and pseudo-
speech in the single-task condition with a PD of 84.80%
and a high percentage within ROPE, and the compari-
son between pseudo-speech and speech, in which the 95%
CI encompasses the null. Thus, no clear evidence for an
effect between these conditions could be gathered.

Lastly, most PD of the response times in the sec-
ondary vibrotactile task were over 95.7% combined with
low percentages within ROPE, signifying an effect. Only
the comparison between pseudo-speech and speech in
the single-task evoked a PD below 97.5%, and the CI
encompasses the null, indicating the absence of an effect.

4 Discussion

As evident in other studies employing the HTR in a
dual-task design [59, 62, 64], performance in dual-tasking
was worse than in single-tasking in all three outcome
measures (primary HTR task performance, secondary
vibrotactile task performance, secondary vibrotactile task
response time), reflecting a dual-task cost.
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Figure 3. Results of the (a) primary HTR task, (b) secondary vibrotactile task, and (c) response times in the secondary
vibrotactile task. Proportion correct (for the primary and secondary vibrotactile task) and accumulated response times in
seconds (for the secondary vibrotactile task) are plotted as a function of the masker condition (silence, pseudo-speech, speech)
and the number of tasks (single-task, dual-task), averaged per participant. The boxes represent the interquartile ranges, while
the median is indicated with a horizontal line and the mean with a red circle.

Our hypothesis that primary HTR performance would
be best in silence, reduced under pseudo-speech, and most
strongly impaired under intelligible speech in both single-
and dual-tasking, was supported by the results: a high
dependency on the masker condition could be detected
in the primary HTR task. Short-term memory of ver-
bal information, which the primary HTR task depends
on, has been demonstrated to be impacted more strongly
by meaningful than foreign speech or pseudo-speech that
does not convey meaning [74, 88]. Similar results can be
found for speech comprehension [1, 37]. The compari-
son between pseudo-speech and speech was not mean-
ingful only in single-tasking. It is possible that the differ-
ence between these two markers was not as pronounced
in single-tasking as in dual-tasking, as more cognitive
resources were available for processing. Further, the lim-
ited number of trials in the single-task condition com-
pared to the dual-task condition might not have been
sensitive enough to account for the difference between
pseudo-speech and speech. The current design was cho-
sen to minimize variance within the dual-task condition,
as these conditions were the central focus of our research
hypotheses, and in accordance with previous HTR stud-
ies [59, 62, 64]. For future studies, a more balanced
number of trials should be aimed for.

We further hypothesized that if more cognitive
resources are drawn upon to maintain primary task per-
formance, the performance in the secondary vibrotac-
tile task would be affected in dual-tasking. The results
generally suggested that listening in the speech condi-
tion elicited the worst secondary task performance and
the highest response times, while performance in silence
was best. This is supported by literature, where listening
effort has been shown to be higher if the target speech
is degraded by speech than by non-speech or pseudo-
speech stimuli [1, 11, 30]. It should be noted, however,

that this difference is rather subtle, as seen in the median
in Figure 3.

Further, performance in single-tasking was compa-
rable to dual-tasking, hinting towards a general noise
effect within the vibrotactile secondary task, potentially
due to the maskers drawing upon mental resources [63].
This is further supported by the results of Mohanathasan
et al. [64], who also found a sensitivity of the sec-
ondary task towards noise in single-tasking. Listening
effort should be primarily apparent in the differences of
the masker conditions between single-tasking and dual-
tasking. There were some comparisons that did not yield
meaningfulness in single-tasking, but were significant in
dual-tasking, indicating increased listening effort. For
example, we could not detect a meaningful difference
between silence and pseudo-speech, as well as between
pseudo-speech and speech, in the secondary vibrotac-
tile task performance in single-tasking, contrary to dual-
tasking, while the response times mirrored the pattern
of the primary HTR task. In dual-tasking, all three com-
parisons were meaningful in both behavioral metrics. This
suggests that the added cost of processing the meaningful
speech signal compared to the pseudo-speech signal leads
to more errors and longer response times in dual-tasking
and thus increased listening effort.

These results should, however, be taken with a grain
of salt. Generally, rather few mistakes were made in
the secondary task in single-tasking in general, as visi-
ble in Figure 3b, indicating a ceiling effect in the sec-
ondary task performance. This is comparable to partic-
ipants’ performance in Mohanathasan et al. [64]: albeit
in a non-VR scenario, they report average performances
of close to one in single-tasking. Schiller et al. [62] report
a similar high secondary vibrotactile task performance in
single-tasking in VR. Further, as discussed before, the num-
ber of single-tasking trials in the primary task was limited.
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Table 1. Summary of pairwise comparisons of the combinations of masker condition and number of tasks in the
primary HTR and the secondary vibrotactile task. Meaningful effects are indicated in bold.

Masker condition Number of tasks Median 95% CI PD % in ROPE

Primary
Task

Silence – pseudo-speech
Single-task

0.18 [0.08, 0.28] 99.99% 0%
Silence – speech 0.22 [0.11, 0.32] 100% 0%
Pseudo-speech – speech 0.04 [−0.06, 0.15] 78.07% 14.09%
Silence – pseudo-speech

Dual-task
0.17 [0.11, 0.22] 100% 0%

Silence – speech 0.25 [0.19, 0.30] 100% 0%
Pseudo-speech – speech 0.07 [0.02, 0.13] 99.56% 0%
Silence

Single-task – dual-task
0.13 [0.05, 0.20] 99.92% 0%

Pseudo-speech 0.12 [0.03, 0.21] 99.55% 0%
Speech 0.15 [0.06, 0.24] 99.98% 0%

Secondary
Task

Silence – pseudo-speech
Single-task

8.76e-03 [−0.01, 0.03] 84.80% 39.59%
Silence – speech 0.03 [0.01, 0.05] 99.96% 0%
Pseudo-speech – speech 0.02 [0.00, 0.05] 98.47% 3.91%
Silence – pseudo-speech

Dual-task
0.04 [0.01, 0.08] 99.64% 0%

Silence – speech 0.09 [0.05, 0.13] 100% 0%
Pseudo-speech – speech 0.04 [0.01, 0.08] 99.22% 0%
Silence

Single-task – dual-task
0.15 [0.11, 0.19] 100% 0%

Pseudo-speech 0.18 [0.14, 0.23] 100% 0%
Speech 0.20 [0.16, 0.25] 100% 0%

Secondary
Task
Response
Time

Silence – pseudo-speech
Single-task

−31.97 [−54.57,−11.05] 99.83% 0%
Silence – speech −51.92 [−74.50,−30.41] 100% 0%
Pseudo-speech – speech −19.95 [−41.43, 3.39] 96.08% 11.63%
Silence – pseudo-speech

Dual-task
−32.85 [−57.57,−5.70] 99.29% 0.41%

Silence – speech −65.21 [−92.51,−37.85] 100% 0%
Pseudo-speech – speech −32.39 [−60.84,−4.87] 99.01% 1.45%
Silence

Single-task – dual-task
−225.75 [−250.90,−200.42] 100% 0%

Pseudo-speech −226.68 [−252.50,−200.16] 100% 0%
Speech −238.89 [−267.10,−211.45] 100% 0%

Listening-effort effects may be more pronounced when
the primary task is strongly prioritized. In canonical dual-
task paradigms, participants are instructed to maintain
performance on the primary listening task across condi-
tions, so thatanydecrementsareexpressed in the secondary
task [1]. We did not observe this pattern: performance on
the primary HTR task was affected by both the masker
condition and the number of concurrent tasks. This likely
attenuated listening-effort effects in the secondary task. We
can only hypothesize why this was the case. One possibil-
ity is a timing difference between the tasks: information
in the primary HTR task had to be retained until the end
of the text (with no predefined memory target), whereas
the vibrotactile task required immediate responses. This
may have made it easier to prioritize the secondary task
over theprimaryHTRtask,withparticipantsonly realizing
insufficient prioritization when answering the content-
related questions after each trial. Notably, three partici-
pants exhibited exceptionally high proportions of missed
responses in the vibrotactile task, suggesting that some
may have abandoned the secondary task in most trials.
The choice of a suitable secondary vibrotactile task is an
intricate pursuit, balancing factors such as task difficulty,
timing, and modality [1]. While the secondary vibrotac-
tile task is advantageous in the sense that it is decoupled
from the audio-visual VR scene (cf. [64]), an improved bal-

ance between the difficulty of the primary and secondary
vibrotactile task could be aimed for.

The HTR task together with a vibrotactile secondary
task has been examined by Mohanathasan et al. [64]
under pink stationary noise at two noise conditions: a
moderate and challenging signal-to-noise ratio. The pri-
mary HTR task was sensitive only to the challenging
signal-to-noise ratio, and the response times in the sec-
ondary vibrotactile task were sensitive to both signal-to-
noise ratios. The secondary vibrotactile task performance
in terms of errors was, in contrast, unaffected. It is possi-
ble that the stationary noise conditions in Mohanathasan
et al. [64] were not strong enough to elicit clear differences
in all three outcome measures. In the present study, with
the pseudo-speech and speech as more challenging audi-
tory markers, all three outcome measures were affected.
Speech comprehension and memory of running speech
were worse under intelligible speech than under pseudo-
speech and best in silence. While differences in vibro-
tactile secondary task performance, both with respect to
the accuracy and response times between masker condi-
tions could be shown, these indicate listening effort only
to a limited extent and rather show that also in the
secondary task, noise consumes cognitive resources and
triggers compensatory efforts [63]. Still, small differences
between masker effects when comparing single-tasking
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and dual-tasking indicate that listening effort rises for
speech compared to pseudo-speech.

5 Limitations

While an effort was made to provide a realistic listen-
ing scenario with spatialized audio and co-verbal visual
cues, there are still some design factors that provide room
for improvement when aiming for complex, realistic sce-
narios. As has been shown in literature, the processing of
audio-visual speech conveyed by virtual agents is different
than that of real-talkers [49, 89, 90], and the naturalness
of the animation of the agents could still be improved [60].
The background talkers were not visualized. This was
done to investigate the effect of background speech in iso-
lation from possible confounding effects of visual distrac-
tors. This approach may have presented certain plausibil-
ity and ecological validity challenges, potentially limiting
the transferability of the results to realistic scenarios. For
example, it might have increased task demands due to
the added burden of resolving sensory mismatches [91].
However, Ehret et al. [61] investigated the importance
of embodied background noise sources with a dual-task
paradigm using the HTR as primary task and a vibrotac-
tile dual-task and found that listening effort and memory
were not influenced by the visualization or absence of
embodied distractors.

Furthermore, room acoustic effects were not included
to avoid distinct signal-to-noise ratios for each target
source due to differential effects of room reflections, e.g.,
by varying distance to the walls or room modes. As reve-
beration can be, however, a relevant modulator of listen-
ing effort [9, 12, 92–94], they should be included in further
studies.

As discussed, some comparisons might not have
yielded meaningfulness due to the limited number of dat-
apoints (i.e., only nine questions in the HTR in single-
tasking). This decision was made to reduce variance in the
dual-task condition while balancing time- and resource-
demands of the participants. More trials, or a more bal-
anced distribution of HTR texts between single- and
dual-tasking, are recommended for future studies.

6 Conclusion

The HTR paradigm by Schlittmeier et al. [58] in which
participants listen to short stories and have to remember
the content, measuring speech comprehension, memory,
and – when combined with a secondary task – listening
effort,wasexaminedunder three typesofbackgroundnoise:
silence, pseudo-speech without meaning, and intelligible
meaningful speech. A plausible scenario was created by
presenting an audio-visual VR scene, in which embod-
ied conversational agents spoke the HTR sentences. Mem-
ory of running speech in the primary HTR task was best
in silence and worse under meaningful speech, replicating
established findings from paradigms using simpler stimuli.
An increased listening effort for speech over pseudo-speech

is indicated in the vibrotactile secondary task. These find-
ings validate the HTR dual-task in VR within the broader
scope of listening effort literature and highlight the rele-
vance of linguistic competition in speech background noises
for memory and listening effort. To further enhance the
realism of the experimental environment, room acoustics,
embodied distractor talkers, and more diverse sound envi-
ronments should be included.
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