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Abstract  

This study presents the development of the audiovisual 
version of the Italian Matrix Sentence Test, and its 
implementation in a dedicated toolbox (SPiNE : SPeech 
in Noise and listening Effort assessment) for 
administering audiovisual speech -in-noise tests and 
collecting intelligibility and listening effort 
measurements. The audiovisual material was created 
using recordings of a real speaker and a corresponding 
avatar generated through audio -driven facial animation 
within Unreal Engine. The S P iNE  toolbox enables 
audio-video stimulus presentation and test 
administration of both constant -stimuli and adaptive 
procedures. It also allows the collection of behavioral 
(i.e., response time) and subjective measures of 
listening effort, alongside speech int elligibility metrics. 
The material and toolbox support the development of 
ecologically valid protocols for audiovisual speech 
testing. Indeed, by enabling precise control over visual 
speech cues, virtual avatars represent a promising tool 
for advancing res earch on listening effort and for 
supporting future clinical applications.  

Keywords : audiovisual perception; matrix sentence test; 
listening effort; avatar; facial animation  

1.  Introduction  
Listening effort has emerged over the past decade as a 
key concept in hearing science, attracting increasing 
research interest and leading to the development of 
several theoretical frameworks [1,2,3]. In clinical 

audiology, assessing listening effort is critical for 
evaluating hearing aid performance and understanding 
the impact of hearing loss. More broadly, it provides 
insight into the challenges individuals face when 
communicating in complex acoustic environment s 
characterized by background noise and reverberation. 
Traditionally, hearing assessment has focused primarily 
on speech intelligibility, i.e., the ability to recognize 
words in isolation or within sentences correctly. 
However, it is now widely acknowledge d that high 
intelligibility does not necessarily correspond to low 
listening effort, as successful communication involves 
cognitive processes that extend beyond simple word 
recognition. Consequently, there is growing interest in 
incorporating listening eff ort measures into standard 
audiological test batteries, as they can complement 
traditional metrics and provide a more comprehensive 
characterization of real -world listening difficulties.  
Despite this interest, several barriers hinder the routine 
adoption of listening effort as a clinical outcome 
measure. A major challenge lies in the lack of consensus 
on how listening effort should be defined and on the 
most appropriate methods for its mea surement [1]. A 
further limitation of standard audiological assessments 
is their focus on the auditory modality, neglecting the 
multisensory nature of speech perception. In real -world 
communication, visual cues aid in predicting upcoming 
auditory input and  reducing the cognitive demands on 
listeners, increasing their prediction precision [4]. This 
strongly motivates the need for more ecological tests 
that incorporate both auditory and visual cues.  
On the other hand, while the build -up of speech 
intelligibility tests based on audio -video recordings can 
be time - and cost -consuming, novel technologies, i.e., 
virtual reality or artificial intelligence, can be used to 
generate avatars which offer precise  control over visual 
speech cues [5]. The growing adoption of immersive 
audiovisual technologies has further promoted the use 
of virtual avatars as experimental tools in acoustic 
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research. These systems enable the creation of 
controlled yet ecologically valid environments in which 
complex auditory phenomena, such as speech 
intelligibility, spatial hearing, and multi -speaker 
interaction, can be investigated. Compared to 
traditional laboratory paradigms, which often rely on 
simplified or static stimuli, avatar -based approaches 
allow for the simulation of dynamic and socially 
relevant listening scenarios. A key advantage of virtual 
avatars lies in their ability to provide precise contr ol 
over both auditory and visual variables. Avatar -based 
frameworks have demonstrated the potential to assess 
listening effort and speech understanding in ecologically 
realistic yet controlled conditions [6]. Recent work 
highlights the importance of virtua l avatars and visual 
context in enhancing the ecological validity of acoustic 
experiments. Audiovisual cues, such as lip movements 
and facial expressions, were found to enhance speech 
intelligibility in noisy conditions and improve 
performance significantl y [7,8]. A study conducted in 
reverberant environments showed that the inclusion of 
contextual visual cues and lip -synchronized facial 
information of the avatar can significantly influence 
speech intelligibility [9].  
These findings reinforce the role of virtual avatars not 
only as visual complements to auditory stimuli but as 
essential components for reproducing realistic 
communication conditions, enabling more accurate 
investigation of human listening behavior in 
environments characterized by reverberation and 
competing sound sources. On the other hand, 
differences in reproduction systems, levels of 
immersion, and user behavior may still influence 
perceptual outcomes. Therefore, validation against real -
world measuremen ts and the development of 
standardized experimental protocols remain necessary.  
To begin addressing these gaps, the present study was 
conceived with both methodological and applied 
research objectives. From a methodological perspective, 
the first goal was the development of the audiovisual 
version of the Italian Matrix Sentence Test 
(ITAMatrix ), a widely used tool in both clinical and 
research settings. This material will be made available 
at the end of the project as standardized material for 
use across studies, following similar developments in 
other languages [10]. The second objective was t he 
development of a toolbox for the administration of 
audiovisual speech intelligibility tests, designed to be 
easily accessible in clinical contexts and to enable the 
collection of listening effort measures alongside 
traditional intelligibility metrics [1 1].  
Following the development of these tools, their 
feasibility and applicability will be evaluated through 
two experiments aimed at investigating the differences 
between a real speaker and an avatar. This comparison 
is motivated by the potential future use of  avatars as a 
valid alternative, or substitute, for recorded video, 
allowing audiovisual tests to be administered without 
the need for new audio –video recordings while 
maintaining a visual speech component. While the 
methodological developments have been completed, the 

experimental phase will be carried out in a subsequent 
stage of the project.  

2.  Materials and Methods  

2.1  Recordings of the audio -video materials  

The audiovisual material was recorded in the anechoic 
chamber of the University of Ferrara, Italy. The 
recorded material consisted of a predetermined subset 
of the Italian Matrix Sentence Test [12], comprising 140 
sentences randomly selected from the pool of over 
100000 possible sentences. The selected sentences were 
further checked to ensure a balanced occurrence of all 
50 words of the base matrix.  
The sentences were recorded by an adult, native 
Italian, female speaker, with a trained voice and 
expertise in stage reading. She was instructed to 
maintain a neutral facial expression, pronounce the 
sentences clearly, speak at a conversational rate (four 
to five syllables per second), and maintain a consistent 
vocal output throughout the recording. During the 
recording session, she viewed the sentences to be 
recorded via an off -camera screen. The session lasted 
around 3 hours.   
The speaker was seated on a chair positioned in front 
of a green screen to isolate her from the surrounding 
environment. To minimize shadows and ensure uniform 
illumination of the speaker’s face, the scene was lit 
using the anechoic chamber lighting supple mented by 
three LED spotlights (two positioned at the front and 
one at the rear). The videos were recorded with a 
camera (Panasonic Lumix S5M2X) equipped with a 24 -
105 optic lens, placed approximately 3 m away, at a 
height of 85 cm from the ground.  
The speech was recorded using a shotgun microphone 
(Sennheiser ME66) positioned above the camera, 
alongside the camera's internal audio acquisition 
system. The recording setup is shown in Figure 1.  

 

Figure 1. Audiovisual recording set -up. 

 

2.2  Avatar development  

A virtual avatar was developed at the Sens i -Lab of the 
Università degli Studi della Campania, using the 
MetaHuman Creator [13]. The platform allows users 
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deep character customization and the possibility to 
import them directly into an existing Unreal Engine 
project. In parallel, a minimal grey room was created 
in Autodesk 3ds Max to serve as the virtual 
background.  
The recorded videos with the real speaker were used as 
stimuli to drive the Audio -Driven Animation [7] for 
MetaHuman  plugin. This approach enabled the 
processing of each audio track to automatically 
generate facial motion within Unreal Engine, producing 
synchronized, voice -driven animations mapped onto 
the MetaHuman character’s facial rig. Additionally, the 
body rig  of the avatar was manipulated to match the 
body pose of the human counterpart. Each animation 
was exported as a video stimulus ready for playback in 
the toolbox (Figure 2). The video materials featuring 
the real speaker were used as a reference to match t he 
aspect ratio in the generated stimuli (Figure 3).  

 

Figure 2. The avatar speaker image of the experiment.  

 

 

Figure 3. The real speaker image of the experiment.  

 

2.3  SPiNe Toolbox  

The SPiNE (SPeech  in Noise & Listening Effort 
Assessment) toolbox was developed in -house at the 
Department of Engineering of the University of 
Ferrara. It is based on a LabVIEW (version 21.0.1f6) 
script and enables both the presentation of 
experimental stimuli and the coll ection of response 
data. 
The toolbox communicates via Open Sound Control 
(OSC) commands with an audio -rendering engine 
implemented in Reaper, which manages audio –video 
playback. Within Reaper, the X -MCFX plug -in is used 
to convolve the audio signal with the equalization filter 

of the headphones or the impulse response of an 
environment (either measured or simulated).  
The toolbox allows the administration of tests using 
either a constant -stimulus paradigm (fixed signal -to-
noise ratio, SNR) or an adaptive procedure. In the 
constant-stimulus paradigm, the SNR is directly set 
within the audio management software, and the 
outcome measure of the toolbox is the intelligibility 
score obtained in each trial. In the adaptive procedure, 
once the target intelligibility level is defined, the speech 
reception threshold SRT is calculated using the 
staircase procedure described in stud y [14]. The overall 
audio level is adjusted by modifying only the level of 
the target speech signal, starting from a predefined 
SNR value. The outcome measures in this case are the 
intelligibility score and the SNR value obtained for each 
trial.  
The toolbox additionally allows collecting listening 
effort measures, including both behavioral and 
subjective metrics. Behavioral listening effort is 
quantified through response time. When the 
intelligibility test is administered in a closed -set format 
(i .e., participants are presented with the base matrix on 
a tablet and are required to select the perceived words 
directly from it; Figure 4), the response time is defined 
as the time interval between the end of the audio –video 
playback and the selection of the word in the first 
column [15]. 
Subjective listening effort is collected using a visual 
analogue scale (Figure 5). Participants answer the 
question “How demanding was it to understand the 
words?” (“Quanto è stato impegnativo capire le 
parole?”) by moving a slider along a continuous 
horizontal scale whose numerical output range  from 1 
to 10. The left endpoint is labelled “Very little” 
(“Pochissimo”) and the right endpoint “Very much” 
(“Moltissimo ”). Higher scores, therefore, indicate 
greater perceived listening effort. In addition, 
participants rate their confidence in the responses 
provided using the same 10 -point visual analogue 
format. Depending on the experimental protocol, 
subjective ratings can be collected either at the end of 
each list of 20 sentences, corresponding to an 
experimental block with a fixed listening condition, or 
on a trial -by-trial basis after each sentence.  

 

Figure 4.  Testing with the SPiNE Toolbox.  
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Figure 5.  Example of the subjective rating scales 
presented to participants at the end of each test block. The 
upper scale assessed perceived listening effort with the 
question “How demanding was it to understand the 
words?” The lower scale assessed response confid ence with 
the question “How confident are you about the responses 
you gave?”  

 

3.  Development of an Italian 

A udiovisual Matrix Sentence Test  
Following the recording phase, the footage was edited 
to retain only the speaker's upper torso, and the 
background was replaced with a more neutral gray tone 
(Figure 3). Adobe Premiere software was used to edit 
the audio and video signals. For each recordi ng, 5 -
second video clips were extracted, structured with a 
period of silence followed by the utterance of the 
sentence. The audio signals were further processed in 
Matlab  and set to the same root -mean-square level. 
Finally, all clips were pseudo -randomly recombined to 
yield 10 equivalent lists, each comprising 20 sentences. 
The lists were then exported in .mp4 format, with a 48 
kHz sampling rate and 24 -bit resolution. The stereo 
audio track of each .mp4 file was further convolved 
with a frontal head -related transfer function (HRTF), 
measured in an anechoic chamber using a B&K Type 
4100 Head and Torso Simulator, so that the perceived 
position of the talker was localized in f ront of the 
listener. 
Additionally, two background noises were developed. 
The first consisted of long -term speech -shaped noise, 
derived from a steady -state white noise signal that was 
spectrally shaped in octave bands to match the 
speaker’s long -term spectrum. This type of nois e 
primarily induces energetic masking of the speech 
signal. The second type of background noise was 
designed to reduce intelligibility through informational 
masking. It was created using anechoic recordings of 
four narrative stories read by the same speaker featured 
in the videos, combined into a single stereo file. 
Specifically, each story was convolved with a different 
white-noise burst to randomize the phase structure of 
each speech signal and to make the perceived location 
of the individual talker less identifiable. The processed 
stories were then normalized to the same root mean 
square (RMS) level. Two stories were as signed to the 

left channel, and two to the right channel, and the 
signals assigned to each channel were summed to obtain 
the final stereo masker.  

4.  Planned experiments  
Following the development of all materials, two 
experiments were designed with the aim of comparing 
an avatar and a real speaker under a variety of listening 
conditions, as well as establishing a standardized 
experimental protocol. The experiments will be 
conducted in parallel at the two collaborating research 
centers. Before the experimental phase, an alignment 
between the two centers will be carried out to ensure 
consistency in the hardware and software setup.  
In both experiments, the playback level of the speech 
signal will be fixed at 60 dB(A), corresponding to a 
normal vocal effort [16]. The auditory stimuli will be 
presented through headphones that will be equalized 
and calibrated using an artificial head.  
The first experiment will investigate whether, at a fixed 
intelligibility level, speech perception with an avatar 
produces listening effort comparable to that observed 
with a real speaker, and whether any difference is 
modulated by participants’ lip -reading abilities or by 
the type of background noise. The second experiment 
will examine whether speech perception differs across 
real speaker, avatar, and audio -only conditions at 
different levels of acoustic degradation.  

5.  Concluding remarks  
This study presents the development of an audiovisual 
Italian Matrix Sentence Test and a dedicated toolbox 
for the assessment of speech intelligibility and listening 
effort in ecological conditions. The integration of virtual 
avatars enables precise manipu lation of visual speech 
cues while reducing the need for time - and cost -
intensive audio –video recordings. The experimental 
framework, currently under implementation, is 
designed to systematically compare real and avatar -
based intelligibility tests under di fferent listening 
conditions. The results will provide insights into the 
extent to which avatars can reliably reproduce 
audiovisual speech perception and listening effort 
observed with real speakers.  
The study contributes to the advancement of 
standardized methodologies for audiovisual testing and 
highlights the potential of immersive and AI -based 
technologies in acoustic research and clinical audiology.  
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