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Abstract 

Purpose: The primary aim of this study was to develop and examine the potentials of a new 

speech-in-noise test in discriminating the favorable listening conditions targeted in the 

acoustical design of communication spaces. The test is based on the recognition and recall of 

disyllabic words sequences. A secondary aim was to compare the test with current speech-in-

noise tests, assessing its benefits and limitations. 

Methods: Young adults (19-40 years), self-reporting normal hearing, were presented with the 

newly developed words sequence test WST (16 participants, Experiment 1), with a consonant 

confusion test and with a sentence recognition tests (Experiment 2, 36 participants randomly 

assigned to the two tests). Participants performing the WST were presented with words 

sequences of different length (from two up to six words). Two listening conditions were 

selected: (a) no noise, no reverberation, (b) reverberant, steady-state noise (Speech 

Transmission Index: 0.47).  The tests were presented in a closed-set format; data on the 

number of words correctly recognized (speech intelligibility, IS) and the response times RT 

were collected (onset RT, single words RT).  

Results: It was found that a sequence composed by four disyllabic words ensured both the 

full recognition score in quiet conditions and a significant decrease in IS results when noise 

and reverberation degraded the speech signal. Response times increased with the worsening 

of the listening conditions and the number of words of the sequence. The greatest onset RT 

variation was found when using a sequence of four words. In the comparison with current 

speech-in-noise tests it was found that the WST maximized the IS difference between the 

selected listening conditions, as well as the RT increase.  

Conclusions: Overall, the results suggest that the new speech-in-noise test has good 

potentials in discriminating conditions with near-ceiling accuracy. As compared with current 

speech-in-noise tests, it appears that the WST with a four words sequence allows for a finer 
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mapping of the acoustical design target conditions of public spaces through accuracy and 

onset RT data.  
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Introduction 

Speech intelligibility can be estimated either with dedicated objective metrics, or by means of 

subjective methods based on the direct testing of listeners (International Organization of 

Standardization, 2003; International Electrotechnical Commission, 2011, American National 

Standards Institute, 2009). During the years, a variety of subjective tests has been developed, 

and the speech material employed for the scope can vary greatly. For instance, it can consist 

of items with a fixed pattern (e.g., nonsense words with a CVC or a CVCV structure) or of 

meaningful words, often with a phonetically balanced distribution across the corpus of items. 

Aside isolated items the usage of sentences as speech material provides a means of testing 

which is much closer to realistic communication and was in fact recommended since long in 

the field of clinical audiology (Plomp, 1986). 

Speech-in-noise tests may differentiate for type of presentation, scoring for correct reception 

and other features, but all provide a relationship between an objective metric and the 

intelligibility scores, called psychometric function. This function is the base to assess the 

speech reception and is used in peculiar ways depending on the application. In particular, of 

outmost importance in clinical audiology is the detection of the speech reception threshold 

(SRT) that is the signal-to-noise ratio (SNR) at the 50% speech intelligibility. Conversely, in 

room acoustics design, the psychometric function is used to identify the values of the 

objective metrics ensuring the targeted speech communication performance. In general, the 

course of the psychometric function depends on the listening test and is strictly related to the 

linguistic complexity and redundancy of the stimulus type (Steeneken, 2014). For instance, 

speech-in-noise tests based on isolated items are characterized by psychometric functions 

with mild slopes. These tests have the advantage of discriminating speech intelligibility over 

a wide range of the objective metrics, including the values typically targeted in the acoustical 

design of rooms where an effective speech communication is required. However, as words 

Page 4 of 58Journal of Speech, Language, and Hearing Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

5 
 

 

rarely occur in isolation, using single items as speech material only partly represents the 

cognitive processes occurring during real communication, which, besides recognition, also 

involve the storing and recall of information.  

On the other hand, listening tests based on sentences are characterized by steeper recognition 

functions spanning over limited intervals of the objective metrics. This happens mostly 

because the sentence test material is typically optimized for the clinical use in audiology, 

where a steeper slope has the best discrimination potentials for the retrieval of SRT. 

Unfortunately, 50% scores and SRT are not much representative of everyday listening 

conditions or of design targets. Overall, it appears that in view of testing speech recognition 

in favorable acoustical conditions, and especially near ceiling, most of current speech-in-

noise sentence tests will not provide an optimal discrimination. Indeed, their psychometric 

function in this area usually reaches a plateau, where a change in the objective indicator is 

paired with only a slight change in accuracy. The slope of the function can be partly 

controlled for by reducing the predictability of the speech material: it is known that high or 

low predictability sentences output substantially different results (Kalikow et al., 1997). 

However, even when using low-context material, as in the matrix sentence test (Hagerman, 

1982; Kollmeier et al. 2015), ceiling-effects show up already starting at low/negative SNRs. 

For instance, Rennies et al. (2014) found that using the matrix sentence tests in the open-set 

format as test material, the 100% recognition was scored already starting from Speech 

Transmission Index (STI) values of 0.43 (corresponding to a SNR of -2 dB, or to the presence 

of reverberation alone, with T60= 2 s). Therefore, even though sentence tests have the 

advantage of using stimuli close to what listeners experience in everyday communication, the 

presence of contextual, semantic and syntactic information supports the speech recognition, 

helping the listener to fill-in the missing information and compensate for the partial phonetic 

representation. The 100% recognition score is reached even in suboptimal listening 
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conditions, which are far from those targeted in the room acoustical design. For example, a 

STI>0.45 is required for a person-to-person speech communication rated just as “Fair” inside 

a public space (International Organization of Standardization, 2003). Using the results of 

sentence tests to support the room acoustical design will not be much informative, being 

probably the speech intelligibility at ceiling or very close to it (Rennies et al., 2014).  

Therefore, when one needs to design rooms for speech in compliance with optimal design 

targets and then to  test speech recognition with a percentage correct much higher than 50% 

or even than 80%, speech material having great discriminating capabilities in the STI region 

of interest is needed. In particular, the speech material shall be conceived to tap into the 

recognition, storing and recall processes taking place in everyday communication but also to 

resolve the limitation due to the ceiling effect of conventional sentence tests already showing 

up at STI value below the recommended design values. This will allow for a finer detection 

of differences between suboptimal listening conditions that will support an optimized room 

acoustic design of indoor spaces specifically tailored to the needs of the occupants. 

To this aim, in this work a new speech-in-noise test, named Words Sequence Test (WST) is 

proposed and its potentials are explored. The concept underlying the development of the test 

was to create more cognitively demanding speech material, by removing both context and 

syntactic structure characterizing sentences. In the WST, the listener is presented with a 

sequence of meaningful words without interleaves, which shall be stored in memory during 

presentation and subsequently recalled in serial order. As for sentences, the listener is 

requested to hold information in memory for a period, thus engaging more high-level 

processing skills than in single word recognition. Additionally, the words sequence lacks the 

meaning conveyed by the sentence and even the syntactic relationships between the words, so 

that in the recall phase less cues will be available to the listener. These aspects will affect the 

functioning of the working memory (WM), which is the cognitive system responsible for the 
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temporary storage of information (Baddeley & Hitch, 1974). In particular, using words 

sequences the WM will not be backed up by memory for the sentence (Gathercole & 

Alloway, 2008) and thus, even in favorable listening conditions, it is expected to be depleted 

faster. So, due to the heavier reliance on cognitive resources, it was expected that using 

sequences of words as speech material would allow for a finer detection of the effects of 

listening conditions on speech reception, and thus for a saturation of speech intelligibility at 

higher values of STI (or SNR) as compared to meaningful sentences. 

Beyond accuracy in speech recognition, another dimension of the listening experience that 

needs to be addressed even when the speech signal is audible and the words are recognized 

accurately, is the effort perceived by the listeners (Zekveld et al., 2010; McGarrigle et al., 

2014). The so-called “listening effort” was lastly defined by Pichora-Fuller et al. (2016) as 

“the deliberate allocation of mental resources to overcome obstacles in goal pursuit when 

carrying out a listening task”. In order to identify the speech signal listeners deploy a 

complex interplay of perceptual (bottom-up) and cognitive (top-down) processes (Pichora-

Fuller et al., 1995). The relative weight and relevance of both processes depends on the 

sematic context, on the redundancy of the linguistic structure and on the listening conditions 

too (Zekveld et al., 2006). In particular, the fact that listening becomes effortful can be 

explained by the insurgence of adversity, which is intended as the mismatch between the 

external demands posed by the characteristics of the listening and the internal resources that 

the listener can provide (Lemke & Besser, 2016). Suboptimal acoustical settings (e.g., noisy 

and reverberant environments) and informationally complex situations are typical examples 

of conditions eliciting the mismatch. So, whereas in ideal conditions speech is processed 

automatically, mainly relaying on the perceptual cues (Rönnberg et al., 2008), when the 

signal is degraded, the reliance on top-down processes increases and a specific processing 

effort is experienced (Lemke & Besser, 2016). In fact, implicit cognitive resources will not 
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suffice and explicit ones together with and increased attention will be needed to compensate 

for the poor auditory representation. For this reason changes in the metrics estimating the 

effort are observed even when speech recognition does not change or is near ceiling (i.e., 

close to 100%), implying that investigating upon listening effort is useful to provide 

additional information beyond speech intelligibility measures alone (Suprenant, 1999; 

Sarampalis et al., 2009). Below near-ceiling conditions, effort-related quantities mirror the 

changes in accuracy results, strengthening the picture of speech recognition and accounting 

more closely for the top-down processing. 

A variety of measures has been used to study the complex construct of listening effort; they 

can be divided into three main categories: behavioral measures, physiological measures and 

self-report ratings (Klink et al., 2012a; Klink et al., 2012b; McGarrigle et al., 2014; Pichora-

Fuller et al., 2016). None of the above categories per se is thought to gauge listening effort, 

since different approaches show peculiar pros and cons: in fact, the strategy of integration of 

measures from separate domains was also envisaged (Pichora-Fuller et al., 2016). Compared 

to physiological measures (e.g., pupillometry, skin conductance, hear rate) behavioral 

measures have the advantage of a simpler data collection. Their rationale lays in the model of 

limited cognitive capacity (Kahnemann, 1973), stating that when more resources are 

allocated to speech recognition fewer resources will be available for processes related to 

rehearse and recall of heard information, which is typical of speech processing. The cognitive 

load changes in critical versus uncritical conditions can be traced for instance with response 

time, which is used in this context as a cognitively-informed outcome variable either in dual-

task or single-task experimental paradigms. In the former case, a secondary task other than 

the speech-related one is monitored and its slowing down (or worsening) is used to estimate 

the dimension of listening effort (for a review of dual-task paradigms in listening effort 

evaluations see Gagnè et al., 2017). This approach provides a multi-tasking framework, 
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which is valuable if everyday conditions shall be mimicked, but some open issues are also 

outlined concerning for instance the policy of allocation of resources between tasks for some 

categories of listeners, and the effective amount of overall expenditure (Choi et al., 2008; Mc 

Garrigle et al., 2014). On the other hand, the usage of single-task paradigms provides clear 

practical advantages over dual-task experiments and dates back to earlier studies addressing 

the improvement of speech intelligibility tests (Hecker et al., 1966). Later on, several studies 

using word recognition showed that the response time (RT) to the auditory stimulus decreases 

with the use of hearing-aids (Gatehouse & Gordon, 1990), with spectral enhancement for 

hearing impaired subjects (Baer et al., 1993) and was the prevalent effect of digital noise 

reduction (Gustafson et al., 2014; van den Tillaart-Haverkate et al., 2017). In these later 

works, the decrease in RT was interpreted as a release of cognitive load and hence was 

conceptually assimilated to a proxy estimate for the diminishing of processing effort (Lemke 

& Besser, 2016). Furthermore, using speech recognition single-task paradigms it was shown 

that the RT increases as the listening conditions become more difficult (Prodi et al., 2010; 

Houben et al., 2013; Prodi et al., 2013; Mealings et al., 2015) or the stimulus complexity 

increases (Uslar et al., 2013; Lewis et al., 2016). In addition, Pals et al. (2015) compared the 

response times in single and dual-task experiments and found that the former showed 

significant differences between two intelligibility levels whereas the latter did not. Overall, 

the previous findings suggest that, since the latency before a response includes the time that 

the listeners need to decode and process the auditory information, more challenging tasks 

calling for greater cognitive processing (Hällgren et al., 2001) will in general cause longer 

latencies. In this sense, response time may provide information on the amount of cognitive 

resources employed in the working memory system to process the incoming signal, and thus 

be an outcome informative of listening effort. Moreover, McGarrigle et al. (2014) suggested 

that response time is an important factor to consider when characterizing speech 
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communication: prolonged speech processing may affect speech communication, limiting the 

amount of information that can be held in memory and affecting the subsequent processing 

and recall.  

Therefore, based on previous studies, the potentials of the new speech-in-noise test based on 

sequences of words were explored by measuring, besides speech intelligibility, also response 

times. A closed-set format was chosen for the presentation of the test stimuli. Consistently 

with single-task experiments the response time corresponding to the onset time, that is the 

delay from the end of the auditory stimulus to the choice of the first word, was primarily 

collected. However, Towse et al. (2008) showed that serial recall tasks also involve memory 

search and reconstruction processes that take place in inter-words pauses, both in verbal and 

manual recall. On this basis, also the RT data of the remaining words composing the 

sequence were retrieved during the experiments, aiming at getting insight on the strategies 

implemented by the participants to cope with the speech recognition task. 

The first experiment of the present study focuses on the development and the optimization of 

the new speech-in-noise test. Disyllabic word sequences of different length (from 2 to 6 

words) were created and proposed in the experiment, with the aim of identifying the sequence 

ensuring  at once the highest accuracy in quiet conditions, and the biggest accuracy decrease 

once noise and reverberation were added. Following from previous studies on the memory of 

verbal material (Baddeley, 2000) it was expected that, even in quiet conditions, the amount of 

words that could be temporarily stored, processed and recalled was restricted by the limited 

capacity of the listener’s WM. Baddeley et al. (1975) found that people are able to remember 

the number of items that they can pronounce in approximately 2 seconds. Then, assuming a 

speech rate of 4 to 6 syllables per second as typical for conversational speech in the Italian 

language (Giordano, 2006; Pellegrino et al., 2011; Koch & Janse, 2016) it was hypothesized 

that four to five disyllabic words (without any syntactic link) would be correctly recalled in 
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quiet conditions. Beyond this words number, consistently with studies on serial and free 

recall tasks (Ward et al., 2010) and with a more general behavior pertaining to the capacity of 

working memory (Cowan, 2010), a decrease in recognition scores with increasing sequence 

length was expected. Similarly, a decrease in speech intelligibility results was expected with 

the worsening of the listening conditions. Changes in response times across sequence lengths 

were also analyzed in the experiment, giving insight into the amount of cognitive resources 

requested for the task. Following from previous literature results on response time, it was 

hypothesized that RT would increase when shifting for quiet to noisy conditions, for each 

sequence length. Furthermore, a slowing down of RT results was expected with the increase 

of the sequence length, supposing that the cognitive resources would be called for to a greater 

extent when the stimulus complexity was increased.  

In the second experiment, the new WST (with the optimized sequence length) was compared 

with two current speech-in-noise tests in the Italian language. This was done to set the newly 

proposed test with respect to conventional and reliable tools used in audiology and in room 

acoustics. The tests selected for comparison, both implemented in a closed set format, were 

the Diagnostic Rhyme Test (DRT) (Bonaventura et al., 1986), which is a consonant confusion 

test based on pairs of rhymed disyllabic words, and the Matrix Sentence Test (MST) (Puglisi 

et al., 2015) which bases on low-context sentences with a fixed syntactic structure. Owing to 

the favorable, near-ceiling listening conditions (the same as presented in Experiment 1), no 

effect on IS for the MST test was expected for both quiet and noisy cases, whereas a 

significant decrease of intelligibility results in the noisy condition was hypothesized for both 

DRT and WST. As regards RT, due to the supposedly greater cognitive load, a greater RT 

difference between the listening conditions was expected for the WST, as compared to the 

MST and the DRT. 
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Experiment 1 

The aim of Experiment 1 was to investigate the effects of sequence length in a words 

sequence recognition task (named in the following WST) with reference to both speech 

intelligibility (IS) and response time (RT).  

Methods 

Development of the speech material  

The word sequences were created starting from the speech material of the Diagnostic Rhyme 

Test (DRT) in the Italian language (Bonaventura et al., 1986). This intelligibility test bases on 

a grid of 210 meaningful words, organized in 105 rhymed pairs differing for the initial 

consonantal feature. All of the words are consonant-vowel-consonant-vowel (CVCV) nouns, 

being the disyllable the most frequent syllabic structure of the Italian language. The DRT is 

optimized as regards the language-specific consonant-phonemes distribution, and is based on 

real words the Italian language. Within a subset of 105 words, the items are organized 

according to six perceptually distinctive features of the initial consonant (nasal, continuant, 

strident, coronal, anterior, and sonorant); an additional group is present, accounting for the 

remaining consonantal features. The words can be further gathered according to the 

combination of the initial consonant with the following vowel; referring to the tongue 

position during vowel pronunciation, three groups are identified: anterior (/i/, /e/), posterior 

(/o/, /u/) and central (/a/). Overall, 21 types of matching between the onset consonant and the 

following vowel are explored in the DRT test.  

In order to define the base matrix of the WST, 42 items were selected among one subset (105 

items out of 210) of the DRT corpus. The subset was firstly sifted to remove verbs and words 

with low familiarity, thus retaining a homogeneous group of 84 familiar nouns. The final 

items were chosen among them respecting the perceptual features distribution (2 x 21 onset 
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consonant-vowel combinations) and matching as closely as possible the phoneme distribution 

of the Italian language (Tonelli et al., 1998) as regards to onset consonant. The two items 

selected for each onset consonant-vowel combination were then randomly assigned to one of 

the two columns of the base matrix with the same vowel context. The base matrix, reported in 

Table 1, is then organized as follows: each of the six columns contains seven words, differing 

for the distinctive feature of the initial consonant but with the same context for the first vowel 

sound (e.g., the first column is composed by words belonging to the /a/ vowel context). The 

seven words in each column are organized in alphabetical order. The sequence of the vowel 

contexts (i.e., the succession of the matrix columns) is established a priori and it is indicated 

in the first row of Table 1.  

By sequentially selecting the words from the base matrix, the test sequences were created; 

each one includes a carrier phrase (Ora diremo le parole…, which is Italian for “Now we will 

say the words…”) and six target words. The test sequences were recorded by an adult, native 

Italian, female speaker, with a trained voice and expertise in stage reading. She was 

instructed to pronounce the test sequences in a clear manner, speaking at a conversational rate 

and maintaining a constant vocal effort. Care was taken that, consistently with literature 

(Giordano, 2006), a speech rate of 4-5 syll./sec was ensured for the target part of the test 

sequence. In order to limit the presence of factitious positional effects (e.g., lower intensity of 

the last sequence item, due to the natural decrease at the end of a spoken sequence) the 

speaker was asked to maintain the same intensity across all the sequence items. The 

recordings took place in a sound attenuated room, with a 1/2 inch microphone placed about 

15 cm in front of the speaker, at a sampling frequency of 44.1 kHz. In Figure 1 the temporal 

pattern of a typical six words sequence is reported where it is also verified that the co-

articulation between successive words was preserved. The maintenance of speaker’s voice 

intensity across the sequence was verified by means of sound level measures. 
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Each recorded sequence was filtered as to match the long-term spectrum of a female talker 

suggested in the IEC 60268-16 standard (International Electrotechnical Commission, 2011). 

Afterwards, shorter test sequences with less than six target words were generated from the 

recordings by progressively discarding the last items of the sequence. Finally, all the test 

sequences (composed by the same carrier phrase and a variable number of target words) were 

set to the same root-mean-square level. 

The speech material was organized in lists, composed by 13 sequences each; for each base 

matrix (two up to six columns of seven words), two lists were created. Within a test list, all of 

the words of the base matrix were evenly represented.  

Participants 

Sixteen young adults (7 male, 9 female) took part in Experiment 1. Their age ranged from 18 

to 35 years (average: 27.0 yr, σ: 5.0 yr). They were either students of the University of 

Ferrara or PhD students of the local Department of Engineering, recruited by word of mouth. 

The participants were native Italian speakers and reported the absence of hearing 

impairments. All of them volunteered for the experiment and gave informed consent before 

the test took place; they were rewarded with a small fee for participation. No ethics approval 

was required for the study.  

Equipment 

The experiment was conducted with the listener seated at the center of a sound attenuated 

room, treated as to warrant minimal reverberation time (Tmid<0.2 s), low background noise 

(Leq<20 dB(A)) and good sound insulation from the surroundings. Within the room a three-

dimensional audio rendering system is installed, which is based on multi trans-aural decoding 

of binaural signals and whose details and capabilities are reported in Prodi et al. (2010). The 

stimuli were generated within an Audiomulch
®

 application with the Xvolver VST plug-in for 
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real-time auralization hosted on a control PC placed outside the sound-attenuated room, and 

were delivered through a SSL Alpha-Link MX
®

 sound card. The audio rendering was driven 

by the MIDI commands coming from a platform for psychoacoustic testing developed in-

house as a LabView
®

 application. The same application managed the tests, recorded 

participant’s choices and stored their respective response times. As the experiment was 

presented in a closed-set format, a touch screen was used for displaying the base matrix and 

allowing participant’s words selection.  

Stimuli 

The test sequences were presented in two acoustic conditions. In both of them the speech 

signal was calibrated to a level of 63.0 dB(A) measured at the listening position using a Brüel 

and Kjær (B&K) 4165 1/2 inch microphone, a B&K 2639 preamplifier, and a B&K 5935 

signal conditioner. 

In condition A the signal had neither reverberation nor added noise, resulting in a STI equal 

to 1.0. Condition A was fixed as an easily reproducible benchmark for optimal speech 

reception. 

In condition B both reverberation and noise were added to degrade the speech signal to some 

extent. The criterion to set this acoustical condition was to ensure still a good intelligibility, 

but engaging substantially more cognitive resources than in condition A. On this basis, and 

considering both the relationship between intelligibility scores and STI, and the STI 

qualification bands reported in International Electrotechnical Commission (2011), a STI 

value of 0.47 was fixed. The value was obtained with a signal-to-noise ratio of +3 dB, and a 

reverberation time (T30, averaged across the octave bands of 500-2000 Hz) of 0.94 s. 

Reverberation was introduced by convolving the speech signal with the simulated binaural 

impulse responses of a frontal speaker in a rectangular room of 384 m
3
,
 
calculated by means 

of Odeon
®

. A long-term speech-shaped (LTSS) noise was used to mask the speech signal. It 
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was obtained starting from a steady-state pink noise signal, which was spectrally shaped in 

octave-bands to match the long-term spectrum of the speech
 
(International Electrotechnical 

Commission, 2011). Reverberance from the same simulated room was added to noise by 

convolving it with the sum of four IRs from four omnidirectional sources located at the lower 

corners of the room. On the resulting IR, a broadband mixing of the phases was performed by 

further convolving with a short sample (5 ms) of white noise; this was done to achieve a 

diffuse noise condition where the directional characteristics of the noise were lost, while its 

spectral and temporal features had only negligible alterations.  

Procedures 

During the test, the participants were seated in the center of the sound-attenuated room, with 

the touch-screen in front of them. The experimental session always started with a training, 

during which a list of 13 sequences of six target words was presented at a fixed SNR of +10 

dB in stationary noise and anechoic conditions. The test sequences were not replicated in the 

subsequent experiment. The training session was expressly proposed with a more favorable 

SNR than condition B, as to allow participants to familiarize with the speech material and the 

test procedure, still being aware of the background noise that would have been later proposed 

during the experiment. Afterwards, the participants were presented with 10 listening tests (5 

lists x 2 listening conditions). Within each test, 13 word sequences of the same length were 

played back in one of the two listening conditions. To minimize the influence of sequential 

and learning effect, acoustic conditions and list lengths were randomized across the 

participants. Furthermore, to avoid participants’ fatigue, a small break was proposed halfway 

through the experiment. The entire experimental session lasted 45-50 minutes, depending on 

the participant’s pace.  

During the experiment, participants were presented with a sequence at a time; when the 

background noise was played back, it started approximately 1000 ms before the carrier phrase 
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and ended simultaneously with the final item of the sequence. After the offset of the sound 

playback, a panel with the base words matrix of the test was shown on the touch screen; an 

additional row of question marks was added under the base matrix, allowing for the “no 

choice” option. The same word matrix was always displayed, that is the words were not re-

arranged at every trial, but maintained in alphabetical order within each column. The number 

of the matrix columns was varied according to the number of words of the test sequence, by 

gradually discarding the last columns. The participants had to mark the identified words in 

serial order (the same order as that of the item presentation). It was not possible to change the 

responses once they had been entered. Once all selections were performed, the next sequence 

was automatically reproduced. 

Participants were instructed to pay attention to the task, and asked to respond as accurately as 

possible without any recommendation as regards response latency (Uslar et al., 2013). Only 

after the completion of the experiment, the participants were informed that RT data were also 

acquired.  

For each participant, the score (correct/incorrect/no choice) of each word composing a 

sequence was acquired and used to evaluate the speech intelligibility (IS). Consistently with 

literature (Uslar et al., 2013; Pals et al., 2015; Lewis et al., 2016), the response time of the 

first target word (onset RT) was collected. It is defined as the time between the end of the 

waveform of the last word played back and the selection of the first word on the touchscreen. 

As regards the choice of the onset RT, it has to be remarked that Cowan et al. (2003) 

suggested that the processing taking place during this time interval in words serial recall 

potentially includes rehearsal of the items within the sequence, memory search, and response 

planning as well as motor programming. On the other hand, in order to minimize the 

contributions not directly related to acoustic features in the RT measure, also the ∆RT values 

could be used in the data analysis (Houben et al., 2013; van den Tillan-Haverkate et al., 
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2017). The quantity expresses the difference between the RT measured in a specific condition 

and the corresponding RT in quiet, the latter assumed as baseline values (Prodi et al. 2013). 

As in the present experiments only two listening conditions were directly compared (in quiet 

and with reverberated noise respectively), the usage of a relative metric for RT was not 

deemed necessary. 

In the instructions, no information was given to the participants as regards the retrieval of 

timing data, and thus they were free to implement personal strategies to solve the task, 

deciding how and when engage in processing. For example, they could assemble the 

complete sequence before starting the items selection on the touch screen, or, conversely, 

process each item separately. Since literature results (Towse et al., 2008; Cowan et al., 2003) 

suggest that for verbal and manual responses to word recall tasks pauses between single items 

might reflect memory-search and retrieval operations, RT data were also acquired for the 

items following the first. This aimed at getting more insight in the interpretation of the task 

performance and exploring the RT variation among the words of a sequence. In these cases, 

the variable was defined as the time interval between the choices of the words in succession.  

Statistical analysis 

During the experiment, multiple measures were acquired for each participant, in different 

experimental conditions; then, even though care was taken in the randomization of the 

conditions, a non-independence of the measures was expected. In fact, each person 

potentially has a slightly different individual response time, and this characteristic will affect 

all the responses from that participant. Furthermore, the responses provided by participants 

were not normally distributed. Owing to the favorable listening conditions selected for 

Experiment 1, the IS distribution was concentrated on large values, due to the increased 

occurrence of results close to the ceiling. As concerns the RT measure, Baayen & Milin 

(2010) pointed out that a considerable variation in the shape of the response time distribution 
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is to be expected, both at individual level and for the specific experimental condition. In 

general, anyway, the RT distribution can be considered as positively skewed, raising rapidly 

on the left and having a long positive tail on the right (Whelan, 2008).  

In order to take into account the above mentioned issues and as suggested by (Baayen & 

Milin, 2010) and already implemented in other studies dealing with auditory response time 

(Houben et al, 2013; Lewis et al., 2016), a generalized linear mixed effect model (GLMM) 

with subjects as random-effect factor was implemented to analyze the results of the 

experiment. The model allowed dealing at once with the random effects introduced by the 

individual variability and with the not normal distribution of the dependent variables.  

All statistical analyses were conducted using the software R (R Core Team, 2017) and the 

lme4 package (Bates et al., 2015) assuming an α=0.05 significance level. A GLMM with a 

binomial distribution was used to analyze the IS data. The response variable in the model was 

coded with a binary score (0/1 corresponding to wrong/correct response); for the analysis, 

“no choice” responses were considered as incorrect responses. As concerns RT, a Gamma 

distribution with a log link function was used for the statistical analysis, which allows for a 

mild a-priori screening for outliers (Baayen & Milin, 2010). Therefore, prior to analysis, only 

data with excessively long RTs possibly due to participants’ inattention were excluded. A 

cutoff of 8000 ms was set, beyond which RT values were discarded and considered as 

missing data. Altogether, 68 RTs were rejected (0.82% of the whole sample). Listening 

condition (A vs B), sequence length (2 to 6 words), word position within a given sequence 

(e.g., first, second…), the interaction between listening conditions and sequence length, and 

the interaction between word position and listening conditions were included in the statistical 

models as fixed factors. Both sequence length and word position were treated as factors, 

because neither the probability of a correct response in the logit scale nor the response time in 

the logarithmic scale were expected to vary linearly with them. Beside fixed effects, the 
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statistical models always included random effects to take into account participants’ specific 

effects. Model selection was based on a forward procedure using likelihood ratio test. The 

consistency of the finally selected GLMM models was investigated by checking their 

assumptions; in particular, this implied a control of the normality of the random effect terms 

and the residuals as in Everitt and Hothorn (2010). In case of statistically significant effects, 

pairwise comparisons based on the difference of the means predicted by the GLMM model 

above were performed using the lsmeans package (Lenth, 2016); in order to account for 

planned multiple comparison, a Benjamini-Hochberg procedure was used.  

Results 

Speech intelligibility 

Concerning the percentage of correctly recognized words, the analysis revealed that both the 

interactions included in the GLMM were statistically significant. 

The significant interaction between listening condition and sequence length (χ
2
(4)=28.96, 

p<0.001), indicated that the worsening of the listening condition had a different effect on the 

estimated probabilities of correct responses, depending on the length of the words sequence. 

Figure 2 illustrates the intelligibility results in the listening conditions A and B, averaged 

over the words composing each sequence; in the following, the WST sequences from two up 

to six words will be named as W2-W6 respectively. Firstly, in order to understand the 

interaction, the effect of listening condition was investigated for each sequence length. For 

W2 and W3, IS did not differ between the listening conditions whereas a significant 

reduction in condition B versus condition A was found for W4, W5 and W6 (p=0.002 for 

W4; p<0.001 for W5 and W6). Then, for each listening condition, the effect of the sequence 

length was verified. It was found that in condition A no statistically significant difference in 

IS results was present between the sequences W2, W3 and W4. A significant reduction in the 

percentage of correct responses was instead observed when increasing the sequence length to 
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five words (W4 vs W5: z=-1.99, p=0.046); no difference was observed between W5 and W6. 

Because of the significant interaction between sequence length and listening condition, the 

pattern of the results in condition B was modified, and a significant IS reduction was found 

between all test sequences (W2 vsW3: z=-2.97, p=0.003; W3 vs W4: z=-7.26, p<0.001; W4 

vs W5: z=-5.97, p<0.001; W5 vs W6: z=-6.02, p<0.001). 

Then, the statistically significant interaction between listening condition and word position 

(χ
2
(15)=48.58, p<0.001) was analyzed. The interaction points out that the worsening of the 

listening conditions affects differently the words within the sequence, depending on their 

serial position. The IS results are displayed for each target word of the sequences in Figure 3, 

averaged across participants; the corresponding standard deviations are summarized in Table 

2. In order to get insight on the statistical result, pairwise comparisons were carried out for 

the estimated means, separately for each sequence length. No effect of word position was 

found for W2 and W3. The estimated probabilities of correct responses were similar for all 

the target words, for both listening conditions, and equal to the full recognition score (i.e., 

100%). For W4, no difference was found between the four words of the sequence in 

condition A but a significant effect of word position was observed in condition B. The 

probability of a correct response significantly decreased from the first to the third word of the 

sequence; no difference was found between the last words. For W5, the results of the 

pairwise comparisons indicated that, even though the IS results significantly differed between 

the words of the sequence, the pattern of the results was the same in both listening conditions. 

Two distinct words groups could be identified within the W5 sequence, irrespective of the 

conditions: a high IS group (consisting of the first, the second and the last item) and a low IS 

group (formed by the central items of the sequence). Finally, for W6 it was found that in 

condition A participants had a significantly higher IS for the first, the second and the last 

word of the sequence. The addition of reverberated noise altered the results pattern of 
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condition A only with reference to the last word of the sequence having now the same IS of 

the preceding words. 

Response time 

For the analysis of RT data, a preliminary model was setup, including listening condition, 

response type (correct/wrong/no choice) and their interaction as fixed factors. Following the 

significant interaction (χ
2
(2)=28.03, p<0.001), pairwise comparisons showed that no 

difference was present in RT of the two listening conditions for “no choice” responses. On 

the contrary, the two conditions were discriminated by both correct (z=7.89, p<0.001) and 

wrong (z=2.11, p=0.031) responses. Furthermore, RT data associated to “no choice” 

responses were significantly greater than RT data associated to both wrong and correct 

responses (p<0.001 for all comparisons). Keeping in mind the role of inter-items pauses in 

words recall tasks (Towse et al., 2008; Cowan et al., 2003), this finding could be interpreted 

as an expenditure of a prolonged amount of time in attempting to process the stimuli until a 

“no choice” response was finally selected. As these results would distort the RT data set, 

values corresponding to “no choice” responses were removed from the analysis and 

considered as missing data; in total, 245 RTs were discarded, corresponding to the 2.9% of 

the dataset.  

The statistical analysis showed that the interaction between listening condition and word 

position was significant (χ
2
(15)=47.80, p<0.001). In order to understand how the presence of 

reverberated noise affected the pattern of the RT results, pairwise comparisons of the 

predicted logarithmic RT were performed. 

In the analysis of the results, the onset RT was firstly considered, intended as a qualifier of 

the whole sequence (Uslar et al., 2013) and associated to the average accuracy of the words 

sequence. Onset RT results for the sequences from S2 to S6 and for the listening conditions 

are presented in Figure 4. When examining the pairwise comparisons between onset RT 
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results in the two listening conditions within each sequence length, it was found that 

participants were slower to respond in the worst versus the best listening condition for W2 

(z=6.99, p<0.001), W4 (z=4.94, p<0.001) and W5 (z=2.16, p=0.031). The effect of listening 

condition on onset RT was greater for W4 than for W2 and W5, being the mean ratio (ratio 

between the predicted mean in condition B over the predicted mean in condition A) 

respectively equal to 1.29, 1.11 and 1.12. No effect of the listening condition was instead 

found for the onset RT of W3 and W6. Concerning the effect of sequence length on onset RT, 

a significant increasing trend was observed when increasing the sequence length up to W5. In 

both listening conditions, all comparisons between adjacent sequence length (e.g., W2 and 

W3) were significant with p<0.001, except for W3 vs W4 in condition A which was not 

statistically significant. A significant onset RT decrease was observed when the sequence 

length was set to six words, with the onset RT of W6 being significantly faster than the onset 

RT of W5 (z=-3.05, p=0.002) in condition A, and of both W5 (z=-6.69, p<0.001) and W4 

(z=-3.78, p<0.001) in condition B. 

Then, the analysis was extended as to consider the serial position effects, with the aim of 

understanding the RT pattern within the words of the sequences and its change across the 

listening conditions. In the following, where not differently stated, the comparisons were 

significant at p<0.001. Figure 5 shows the RT results for the five sequence lengths, detailed 

for each target word; in Table 3 the corresponding standard deviations are reported. When 

considering W4, it was found that the pattern of the RT of the words was the same in both 

listening conditions. Specifically, a significant decrease was found between the RT of the 

first word and the RTs of the following target words whereas no differences were present 

between the other words of the sequence. When reverberated noise was added, a significant 

RT increase was found for all the words of the sequence. Differently, for W2 and W5 the 

same RT pattern was found in both listening conditions, but the presence of reverberated 
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noise significantly affected only certain words of the sequence. For W2 a significant decrease 

was found between the RTs of the first and the second word; in condition B only the RT of 

the first word increased. In W5, participants were found again to respond significantly slower 

on the first item of the sequence, but differences were observed between the remaining 

words, with a significant RT increase on the third and the fourth word of the sequence. The 

shortest RTs were found on the second and on the last word of the sequence. In condition B, a 

significant RT increase was observed for the first and the last words alone (A vs B – w1: 

p=0.031; w5: p=0.002). Lastly, for W3 and W6 the statistical analysis revealed that the 

pattern of the RTs of the words changed when reverberated noise was added. For W3, in 

condition A, a significant difference was observed between the RT of the first word and the 

subsequent two, which instead had the same RT. The presence of reverberated noise altered 

the RT pattern, and a significant increase was found between the second and the third word of 

the sequence (w2 vs w3: p=0.024). For W6 a more complex scheme was already observed in 

condition A, with the RTs of the first and the third word being similar and significantly 

higher than the RTs of the remaining words. In condition B, the RTs of the first three words 

remained unaltered, whereas it significantly increased in the remaining words of the sequence 

(A vs B – w4: p=0.006; w5: p=0.01; w6: p<0.001). 

Discussion 

Effects of sequence length on speech intelligibility  

As reported above, it was hypothesized that in ideal listening conditions only sequences with 

a number of words comprised between four to six, corresponding to what can be voiced in 

approximately 2 seconds, would have been correctly recalled. The results of Experiment 1 

showed that the sequences ensuring full percentage of words recognition in anechoic and no-

noise conditions were only those up to W4. While for W2 and W3 the full IS was exactly 

scored by all participants, the presence of a small amount of wrong answers in W4 yielded a 
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mean IS score of 97.8%. However, the result was not statistically different from the shorter 

W2 and W3 where the full score was achieved. When the number of words in the sequence 

increased further, memory errors were expected, due to the limited capacity of the working 

memory. Consistently, it was observed that the overall IS results in W5 and W6 were 

significantly lower than the optimal performance. The result was driven by a significant 

effect of the words serial position implying that, even when the correct hearing of the words 

was ensured, the probability of correct recall depended on the word position within the 

sequence. Specifically, for W5 and W6, IS was significantly higher for both the first and 

second words and the last words, pointing out a “primacy” and a “recency” effect of similar 

magnitude. One classic interpretation of serial position effects (Murdock, 1962) is that the 

words earlier in the list are put into long-term memory: they undergo a bigger amount of 

processing, having more opportunity to be rehearsed. Conversely, the words from the end of 

the list go to the limited-capacity short-term store and are still present there when recall starts. 

The central items of the sequence that benefit from neither of the two effects are recalled 

most poorly.  

When the speech recognition task was performed in less favorable listening conditions (i.e., 

the speech was processed with the simultaneous presence of reverberation and background 

noise) a decrease in IS results was observed. Interestingly, a significant interaction was found 

between sequence lengths and listening condition. Indeed, in the STI interval here 

considered, the accuracy of normal-hearing young adults on the shortest sequences (W2 and 

W3) was not impaired by the presence of reverberated noise. Thus in a listening condition 

with STI=0.47, that can be generally rated as “Fair” (International Organization of 

Standardization, 2003), normal-hearing young adults were able to cope successfully with a 

recognition-and-recall task for sequences up to three disyllabic words. On the contrary, for 

longer sequences (W4, W5 and W6), the participants’ performance was significantly 
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impaired by the presence of reverberated noise. The smallest IS differences from the ideal 

listening condition were found for the initial words of the sequence; a high amount of 

processing is generally devoted to the first word, which thus benefited of the primacy effect 

even in more challenging acoustic conditions. The speech reception instead greatly worsened 

on the subsequent words of the sequence, in line with the results of Kjellberg et al. (2008).  

As more resources were needed for the phonological coding of the degraded perceptual 

stimulus, fewer resources were available for encoding and rehearsing the sequence items, 

yielding an accelerate loss of information. 

Effects of sequence length on response time  

In condition A, the lowest RTs were expected, to serve as a reference against the values 

measured in more challenging acoustic conditions. It is worth noticing the specific pattern of 

the single words RTs in condition A (Figure 5). Up to W4, participants were significantly 

slower to select the first item then the following ones. The contraction of inter-items delays 

that occurred up to W4 compared to onset RT indicates the prevalence of processing during 

the onset RT (Towse et al., 2008). In this cases, the onset RT seems to be appropriate to 

represent the whole sequence. Moving from W4 to W5 (or to W6), significantly alters the 

RTs pattern, which now shows the presence of a prolonged RT on the third word, 

corresponding to a long pause before the selection of the third item of the sequence. Thus, the 

increased sequence length calls for increased processing resources, which is manifested in a 

salience of the RT of the third word. In these cases, the onset RT does not seem appropriate 

to represent the whole sequence.  

In condition B, slower RTs were generally measured, reflecting the increased processing 

required for listening to a degraded speech signal. This finding is consistent with previous 

literature results, for single task listening experiments (Gatehouse and Gordon, 1990; Houben 

et al., 2013; Gustafson et al., 2014; Pals et al., 2015), and can be explained by the WM model 
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for ease of language understanding (Rönnberg et al., 2008). The model explains changes in 

cognitive engagement in terms of matching between the phonological information extracted 

from the speech signal and the phonological information represented in long-term memory. 

When a mismatch arises, explicit processing resources have to be invoked: more alternative 

interpretations of the stimuli are elicited, prolonging the matching process necessary to reach 

a decision.  

It is interesting to notice that, when onset RT was considered, no difference was observed 

between the two listening conditions for certain sequence lengths (W3 and W6). The finding 

can be explained by looking at the RT of the words composing the sequence, and specifically 

at the significant interaction between word position and listening condition for W3 and W6. 

Whereas the listening condition did not affect the RT of the first two words of the sequence, a 

significant increase was observed starting respectively from the third and the fourth word of 

the sequence. It might suggest that modifying the acoustic conditions yields a change in the 

pattern of RT of the words and hence on the allocation of processing resources during the 

entire recall.   

Thus, when using words sequences as target material for speech-in-noise tests in closed-set 

format, the measure of onset RT not always describes the main processing time associated to 

the sequence. In fact, depending on the sequence length or on the listening condition, 

additional memory search and retrieval processes might be needed before selecting specific 

items of the sequence (Cowan et al., 2003). It could be hypothesized that a more 

comprehensive RT measure, taking into account the total RT (sum of the RT of the single 

words) or a weighted combination of the single words RT, might provide a better description 

of the entire processing. Specific and more detailed investigations are needed to explore this 

aspect further. As a first attempt, a GLMM statistical model with total RT as response 

variable and listening condition as factor was set up for each sequence length. In this case, the 
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effect of listening condition was always significant, indicating a statistically significant 

increase of total RT in condition B with respect to condition A (W2: z=3.88, W3: z=4.78, 

W4: z=8.95,  W5: z=5.58,  W6: z=5.44; p<0.001 for all comparisons). Interestingly, and 

consistently with the results outlined for onset RT, the effect of the listening conditions was 

the greatest for W4. The mean ratios between the conditions were 1.09, 1.09, 1.27, 1.14 and 

1.14 for the increasing sequence length (W2 to W6). 

Overall, the results outlined suggest that RT reflects the deployment of cognitive processing 

during the recall task and hence provides complementary information to IS. However, aiming 

at using RT in speech-in-noise tests, the repeatability of the RT absolute results across 

experiments should be explored. In fact, being RT a behavioral measure, its absolute value is 

bound to be modulated by several factors besides the response to the stimulus alone. Whereas 

the relative differences in RT values between conditions are driven by the stimulus 

complexity (as defined by the type of listening test and by the acoustical conditions), other 

factors besides attention, such as mode of presentation (e.g., in laboratory or in field), 

environmental comfort, and subset of listening conditions could somehow affect the absolute 

values of the metric from one experiment to another. All of these factors were controlled in 

the present experiments but specific investigations on their influence, which are still lacking, 

are needed to enforce the methodology. 

Choice of the optimal sequence length 

The main aim of the Experiment 1 was to examine the IS results across the sequence lengths 

in order to select the most suitable one for describing the accuracy changes in favorable 

listening conditions. For the purpose, two requirements were set: a) the full score (100% 

word recognition) in condition A, b) the highest variation in the IS results of the two 

conditions. Whereas the former requirement was set as to provide a reference for the 

accuracy measure, the latter was set as to ensure the highest detail in discriminating listening 
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conditions in the STI interval (> 0.47). Following from the finding previously outlined, the 

only sequences meeting the first requirement were W2, W3 and W4. Among the three 

sequences, W4 alone underwent a significant IS reduction between condition A and B and 

cold be thus selected as the optimal one for describing IS in favorable listening conditions. 

The IS difference between conditions A and B was equal to 15%, which is wide enough to 

potentially allow for a meaningful discrimination of intermediate listening conditions. 

As concerns the behavior of RT for W4, the same RT pattern across the words was found for 

both listening conditions. Thus an assumption could be made that the same pattern is 

preserved in the range from STI=1 down to STI=0.47 for the present listening conditions and 

hence the onset RT could be appropriate to represent the main processing time associated to 

the W4 sequence. However, with the aim of extending the results of the present experiment to 

lower STI values or different conditions (e.g., other background noise types), additional 

investigations should be carried out, specifically focused on the presence of an interaction 

between the word position and the listening condition. Under such circumstances, changes in 

the RT pattern could occur for W4 too. 

 

Experiment 2 

In Experiment 2, the results obtained in Experiment 1 for the four words sequence (WST-

W4), selected as the optimal for testing speech reception in near-ceiling conditions, were 

compared with current speech-in-noise tests.  

The same listening conditions of Experiment 1 were presented to a different panel of listeners 

by using the original Diagnostic Rhyme Test (DRT) and the Matrix Sentence Test (MST) in 

the Italian language. The main reasons leading to the choice of the DRT and the MST instead 

of other available speech-in-noise tests as benchmarks against the new WST-W4 were the 

following: (1) both share some basic features with the WST, either the speech corpus (DRT) 
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or the matrixed structure (MST); (2) their use as speech intelligibility tests is established for 

the Italian language as regards respectively both room acoustic design and clinical practice;  

(3) they can be easily implemented in a closed-set format, allowing for the same experimental 

paradigm across the tests; (4) being based on stimuli of different linguistic complexity, the 

two tests were expected to provide both IS and RT results with specific behavior in the 

considered STI interval (Lewis et al., 2016). 

Methods 

Speech material 

The DRT bases on single, meaningful words organized in rhymed pairs (“nido/lido”, phonetic 

translation: /’nido/, /’lido/). One item of each pair composing the test was recorded, 

embedded in a carrier phrase (La prossima parola che leggeremo è nido, which is Italian for 

“The next word we will read is nest”). The recordings took place in the same sound-

attenuated room as used for the WST, with a different female speaker. She was instructed to 

speak in a natural way, at the rate of conversational speak, avoiding any emphasis on the 

final, target word. The recorded material was filtered, as to match the long-term spectrum of a 

female talker (International Electrotechnical Commission, 2011) and set at the same rms-

level. Three test lists of 18 words each were then created. 

The speech material of the Matrix Sentence Test is composed by sentences with correct and 

fixed syntax (name-verb-number-noun-adjective) but no semantic predictability. Digital 

recordings of the test sentences were acquired under agreement from the producer Hoertech 

Gmbh and were spectrally shaped as to match the long-term spectrum of a female talker 

(International Electrotechnical Commission, 2011). Forty-eight sentences were randomly 

selected among the test corpus and evenly divided into three test lists. 

Participants and experimental procedure 
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Thirty-six normal-hearing, native Italian speakers were recruited with the same modality as 

described in Experiment 1. All of them self-reported no hearing impairment. Participants 

were randomly assigned to one of the two types of speech-in-noise tests (DRT or MST); the 

characteristics of the two groups are summarized in Table 4, where the group of listeners 

presented with Experiment 1 is also described. A Friedman test showed that the age 

distributions were not significantly different among the three groups.  

The DRT and the MST were presented using the same equipment and in the same listening 

conditions as for Experiment 1. During the experimental session, each listener firstly was 

presented with a training session; similar to Experiment 1, one test list (18 words for the DRT 

and 16 sentences for the MST) was presented in anechoic conditions, with a stationary noise 

and a SNR equal to +10 dB. The training sequences were not replicated in the subsequent 

experiment. Afterwards, the test lists were presented in the selected listening conditions; for 

both tests, listening conditions and test lists were counterbalanced across participants. During 

the DRT, participants listened to a target word with the carrier phrase; their task was to select 

the correct alternative between the three options appearing on the screen at the signal offset 

(the two rhymed words and the “None of the two” choice). During the MST, the participants’ 

task was to select sequentially the five words composing a sentence; the (5x10) base matrix 

appeared on the screen at the end of the audio reproduction. Within each column, the words 

were arranged in alphabetical order; the same matrix (without changes in the words order) 

was displayed during the experiment.  As for the WST, a row of question marks was added 

under the base matrix, to be selected when a choice could not be made (“no choice” option).  

For both listening test the advancement was self-paced, as the next target word/sentence was 

reproduced only after the words selection was completed. The experiment (either DRT or 

MST) took about 15 minutes for its completion, including the instructions and the training 

session.  
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Speech intelligibility scores (IS) and RT data were acquired for each participant. For the 

DRT, IS was defined with a binary coding (0/1 corresponding to wrong/correct choice); when 

the “none of the two” alternative was selected, it was considered as a wrong response. The 

RT was defined as the time elapsed between the end of the audio reproduction and the 

selection of one of the three alternatives. For the MST, just like for the WST, the score 

(correct/incorrect/no choice) of each word composing the sentence was acquired, and used to 

evaluate IS. Similarly, onset RT corresponded at the time between the stimulus offset and the 

choice of the first item; the response latencies of the following four words were also acquired.  

Statistical analysis 

Following Experiment 1, a generalized linear mixed model procedure was used for the 

analysis of the results of Experiment 2. The statistical model for IS data included as fixed 

factors the test type (DRT, MST, or WST-W4), the listening condition (A or B), the word 

position, and the interaction between test type and listening condition. As regards RT data, a 

model was set up with the onset RT as response variable, including test type, listening 

condition, and their interaction as fixed factors. The serial position effects of the MST 

response time results were explored with a dedicated model (fixed factors: word position, 

listening condition, and their interaction). Again, extremely long RTs (> 8 s) and RT data 

corresponding to a “no choice”/ “none of the two” selection were a priori excluded from the 

analysis, resulting in the removal of 10 RTs (0.3% of the sample) for the MST and 8 RTs 

(1.2% of the sample) for the DRT. 

Results  

Speech intelligibility  
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Figure 6 displays the IS results for the three speech-in-noise tests, across the two listening 

conditions. The statistical analysis revealed a significant interaction between the test type and 

the listening condition (χ
2
(2)=18.44, p<0.001).  

In condition A the IS results of the three speech-in-noise tests were not statistically different 

and not distinguishable from the ceiling of 100% correct responses. Then, for DRT and WST-

W4 a statistically significant decrease was found in IS between condition A and condition B 

(WST-W4: z=-8.76, p<0.001; DRT: z=-2.33, p=0.03) whereas the IS results in the two 

conditions were not statistically different for the MST. The largest difference between the 

two listening conditions was found for WST-W4 (IS: 98% - 85%), and the smallest for DRT 

(100%-92%).  

Response time 

The comparison of the onset RT of the three tests in the two listening conditions is displayed 

in Figure 7. The statistical analysis showed a significant interaction effect between the 

considered factors (χ
2
(2)=8.79, p=0.012), indicating a different effect of listening condition 

on the onset RT across the three tests. No statistically significant differences were found in 

the onset RT of the three tests in condition A. For all tests, onset RT increased significantly 

with the worsening of listening conditions (DRT: z=3.96; MST: z=6.07; WST-W4: z=8.24; 

p<0.001 for all comparisons) but to a different extent. The mean ratios between condition B 

and condition A were respectively 1.12, 1.15 and 1.26, indicating that the increase was the 

greatest for WST-W4 and the lowest for the DRT. 

Finally, the effect of serial position on RT results was analyzed for MST. Figure 8 shows the 

results across participants detailed for each target word. A significant interaction was found 

between listening condition and word position (χ
2
(4)=24.83, p<0.001). In condition A, it was 

found that participants were significantly slower to respond on the first and the third word of 

the sequence with respect to the other words; no statistically significant difference was found 
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between the RT of the first and the third word. Worsening the listening conditions 

significantly increased the RT of these two words alone (A vs B – first word: z=4.72, 

p<0.001; third word: z=2.57, p=0.046), whereas no statistically significant difference was 

found between the two conditions for the remaining words. 

Discussion 

The aim of Experiment 2 was to compare the WST-W4 to existing speech-in-noise tests of 

similar characteristics, as to understand the benefits of the new test when describing speech 

reception in favorable listening conditions. 

Firstly, concerning IS, it is noteworthy the correct recall of all the five words composing the 

MST in condition A, which does not happen with the WST-W5. Indeed, in ideal conditions, 

the syntactic structure linking the target words of the MST supports the recall of the whole 

sentence: grouping the target items in a meaningful way facilitates the memory performance. 

As hypothesized, for the listening conditions examined in the experiment no differences were 

observed in the IS results of MST. Indeed, this speech-in-noise test was conceived and 

optimized for the measure of the SRT, as required in clinical practice. When operating at STI 

close or higher than 0.47, ceiling effects prevent to get more insight on the effects of listening 

conditions on speech recognition accuracy. As concerns the DRT, the IS results are fully 

comparable with the reference STI-IS curve reported by Steeneken (2014). It is interesting to 

notice the IS reduction between the listening conditions, stemming from the consonant 

confusion. In fact, the addition of a small amount of stationary noise is likely to produce an 

effective energetic masking, especially on the low-energy consonants, increasing the 

complexity of the task. The highest IS decrease between the listening conditions was found 

for the WST-W4. When the semantic link between the words of the sentence is removed a 

more cognitive-demanding task can be obtained and, compared to the other speech-in-noise 

tests, WST-W4 ensures a greater variation of accuracy in the speech recognition task. On the 
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basis on the present results and supposing a continuously decreasing course of its 

psychometric curve over the STI interval, one could argue that the WST-W4 would allow 

detecting variations of favorable listening conditions when the other two tests would not. To 

better detail this behavior, further experiments will be carried out at intermediate listening 

conditions, with a STI comprised between 0.47 and 1. Moreover, it would be of interest to 

achieve the full WST-W4 psychometric function and compare it with those of MST and 

DRT. This task was outside the scope of the present investigation, which was focused on 

better listening conditions only.  

Secondly, concerning the onset RT, it was found that it was differently affected by stimulus 

type across the listening conditions. The highest difference between conditions was found for 

WST-W4, suggesting that longer processing time is required for this type of stimulus when 

listening conditions worsen. This is a further advantage of WST-W4. The lowest difference 

was found for the DRT. The result is probably yielded by the task being relatively easy and 

thus requiring a limited engagement of cognitive resources (at least for adult, normal-hearing 

participants). As concerns the MST, the analysis of the RT pattern across the words of the 

sentence points out that onset RT only partly represent the processing time associated to this 

kind of test. Already in ideal listening conditions, RT of the third word of the sentence was 

comparable with onset RT. The effect is kept in worsened acoustic conditions. Then, as 

already argued in the Discussion of Experiment 1, a total RT or a weighted RT might be 

better suited for the purpose, even in favorable listening conditions and this points to a limit 

in using onset RT for MST. On the other hand the main disadvantage of WST-W4 is that it 

does not closely taper the higher-level processes that aid sentence understanding in noise 

which are on the contrary partly included in the MST evaluations. 
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Overall conclusions 

(1) The Words Sequence Test (WST) in the Italian language was developed, based on a 

phonetically balanced corpus of disyllabic words specifically organized in a matrixed form. 

The speech test material consists of sequences of meaningful words without syntactic links 

that must be recognized and recalled in serial order. A closed-set format implemented in a 

touchscreen application was selected for the test presentation.  

(2) Several sequence lengths (from two up to six words) have been tested in quiet 

(STI=1) and in presence of reverberant, steady-state noise (STI=0.47) in order to determine 

the optimal sequence length for young normal-hearing adults. The results indicate that a four 

words sequence (WST-W4) is short enough to be correctly remembered in quiet conditions, 

where an accuracy undistinguishable from the 100% score was obtained. In the reverberant 

noisy condition a significant decrease of the IS results was found, indicating that down to 

STI=0.47, and thus, in the interval of acoustic conditions targeted for the acoustical design of 

communication spaces, the WST-W4 allows discriminating between different conditions.  

(3) Due to the increased relevance that listening effort has gained in the last years, it was 

decided to include a feasible measure carrying information related to aspects of this construct. 

Based on previous studies the response time to the auditory stimulus in a single-task 

experiment was selected as the cognitively-informed outcome variable that was suitable for 

the scope. The quantity was retrieved both as onset RT and subsequent RTs and differences 

were outlined. The statistical model revealed that RT was very sensitive to both listening 

conditions and sequence type. This valuable characteristic was traced back to the processing 

occurring both before and during items selections. Thus, RT was effectively used to 

complement speech intelligibility with information on cognitive load during the completion 

of the task. 
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(4) For the WST-W4 the onset RT increased with the worsening of the listening 

conditions and in both conditions it proved to be appropriate to represent the main processing 

time associated to the sequence. More generally, it was found that depending on the sequence 

length or on the listening condition, the RT pattern across the sequence items could change. 

In those cases, the usage of a more comprehensive RT measure, for instance the total RT or a 

weighted combination of the single words RT, could be explored. A preliminary investigation 

indicated a statistically significant increase of total RT in condition B with respect to 

condition A for all WST sequences form W2 to W6 and, consistently with the results for 

onset RT, the greatest effect was found for WST-W4. 

(5) Then the WST-W4 was compared with current speech-in-noise tests (Diagnostic 

Rhyme Test and Matrix Sentence Test), showing that in the [0.47; 1] STI interval the new test 

exhibits a larger sensitivity in the IS results. Similarly, with the WST-W4 the greatest RT 

variation was found between the two listening conditions compared to both DRT and MST, 

corroborating the test potentials in tracing the increase of cognitive load and of the required 

processing effort via longer processing times. 
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Figure captions 

 

Figure 1. Temporal pattern of a typical six words sequence, preceded by the carrier phrase. 

The starting and ending points of the carrier phrase and each sequence item are also 

highlighted. 

 

Figure 2. Speech intelligibility scores (IS) for listening condition A (anechoic speech signal, 

no noise) and listening condition B (speech in reverberated noisy conditions). The results 

refer to the speech-in-noise test with sequences of different length (two to six words – W2 to 

W6). The bottom and the top of the boxes are the first and the third quartiles of the IS 

distributions, the central, bold line is the median value and the circle is the mean value; 99% 

of the IS lay within the whiskers. The outliers are shown as filled points outside the whiskers. 

 

Figure 3. Mean values across participants of speech intelligibility scores (IS) as a function of 

the word position, for each sequence length (W2-W6) of the Words Sequence Test (WST). 

Results refer to the listening conditions A (anechoic speech signal, no noise) and B (speech in 

reverberated noisy conditions). The corresponding standard deviations are reported in Table 

2. 

 

Figure 4. Response time (RT) of the first target word, for listening condition A (anechoic 

speech signal, no noise), and listening condition B (speech in reverberated noisy conditions). 

The results refer to the speech-in-noise test with sequences of different length (two to six 

words – W2 to W6). The bottom and the top of the boxes are the first and the third quartiles 

of the RT distributions, the central, bold line is the median value, and the circle is the mean 

value; 99% of the RT data lay within the whiskers. The outliers are shown as points outside 

the whiskers. 

Page 44 of 58Journal of Speech, Language, and Hearing Research

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

45 
 

 

 

Figure 5. Mean values across participants of response time (RT) as a function of the word 

position, for each sequence length (W2-W6) of the Words Sequence Test (WST). Results 

refer to the listening conditions A (anechoic speech signal, no noise) and B (speech in 

reverberated noisy conditions). The corresponding standard deviations are reported in Table 

3. 

 

Figure 6. Boxplots of the speech intelligibility scores (IS) for listening condition A (anechoic 

speech signal, no noise) and listening condition B (speech in reverberated noisy conditions). 

The results refer to the Diagnostic Rhyme Test (DRT), the Matrix Sentence Test (MST), and 

the Words Sequence Test with a sequence of four words (WST-W4). The bottom and the top 

of the boxes are the first and the third quartiles of the IS distributions, the central, bold line is 

the median value, and the circle is the mean value; 99% of the IS lay within the whiskers. The 

outliers are shown as points outside the whiskers. 

 

Figure 7. Boxplots of the onset Response Time (RT) for listening condition A (anechoic 

speech signal, no noise) and listening condition B (speech in reverberated noisy conditions). 

The results refer to the Diagnostic Rhyme Test (DRT), the Matrix Sentence Test (MST), and 

the Words Sequence Test with a sequence of four words (WST-W4). The bottom and the top 

of the boxes are the first and the third quartiles of the RT distributions, the central, bold line 

is the median value, and the circle is the mean value; 99% of the RT data lay within the 

whiskers. The outliers are shown as points outside the whiskers. 

 

Figure 8. Mean values and standard deviations across participants of the response time (RT) 

as a function of the word position, for the Matrix Sentence Test (MST). Results refer to the 
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listening conditions A (anechoic speech signal, no noise) and B (speech in reverberated noisy 

conditions).  
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Table 1 

Base word matrix of the words sequence test (WST). The first row of the matrix reports the 

sequence of the vowel contexts; words within each column differ for the initial consonantal feature, 

but have the same vowel context. In bold characters the words composing a randomly built up 

sequence of six words.  

�

/a/ /i/, /e/ /o/, /u/ /i/, /e/ /o/, /u/ /a/ 

giara desto dopo biro bozzo banca 

lacci lire due giglio doccia falla 

mare nesso nocca melo muffa naso 

nano nino notte netto pura panna 

palla secca rupi tino tutto rari 

rame silo soglie vile volge tasto 

varo sisma sonda zeppa zuffa zappa 

 

�
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Table 2 

Standard deviations (%) of the IS results averaged across participants for the Words Sequence Test 

(WST); the corresponding mean values are depicted in Figure 3. The data are detailed for each 

listening condition (A vs B) and word serial position (word 1 to word 6) within the sequence (W2 to 

W6).  

 

 

 
 word 1 word 2 word 3 word 4 word 5 word 6 

W2 

A 0.0 0.0 - - - - 

B 1.9 2.6 - - - - 

W3 

A 0.0 1.9 2.6 - - - 

B 3.1 2.6 4.9 - - - 

W4 

A 4.6 5.6 4.6 1.9 - - 

B 8.6 8.2 16.6 10.5 - - 

W5 

A 9.0 6.7 12.9 15.3 11.4 - 

B 13.9 14.3 20.6 17.7 12.2 - 

W6 

A 8.6 12.5 17.3 16.3 13.6 6.3 

B 9.9 12.2 16.2 18.1 17.5 13.2 
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Table 3 

Standard deviations [ms] of the RT results averaged across participants for the Words Sequence 

Test (WST); the corresponding mean values are depicted in Figure 5. The data are detailed for each 

listening condition (A vs B) and word serial position (word 1 to word 6) within the sequence (W2 to 

W6).  

 

 

 
 word 1 word 2 word 3 word 4 word 5 word 6 

W2 

A 230 152 - - - - 

B 297 250 - - - - 

W3 

A 501 129 175 - - - 

B 383 140 255 - - - 

W4 

A 411 305 262 226 - - 

B 624 335 411 481 - - 

W5 

A 776 346 535 515 364 - 

B 949 462 684 578 447 - 

W6 

A 526 507 553 388 444 265 

B 704 311 525 454 287 398 
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Table 4 

Number and age of the listeners participating in the experiments, divided according to the type of 

listening test performed: words sequence test (WST), diagnostic rhyme test (DRT), matrix sentence 

test (MST). In parenthesis, the mean and the standard deviation of the participants’ ages are 

indicated. 

 

 sample size M F age 

WST 16 7 9 18-35 (m: 27.0, σ: 5.0) 

DRT 18 13 5 19-29 (m: 23.9, σ: 2.9) 

MST 18 12 6 21-40 (m: 26.2, σ: 5.3) 

all 52 32 20 19-40 (m: 25.7, σ: 4.6) 
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