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Introduction: In this study, the development of a social robot, capable of giving speech simultaneously in more than one language was in mind. However, the negative effect of background noise on speech comprehension is well-documented in previous works. This deteriorating effect is more highlighted when the background noise has speech-like properties. Hence, the presence of speech as the background noise in a simultaneously speaking bilingual robot can be fatal for the speech comprehension of each person listening to the robot.
Methods: To improve speech comprehension and consequently, user experience in the intended bilingual robot, the effect of time expansion on speech comprehension in a multi-talker speech scenario was investigated. Sentence recognition, speech comprehension, and subjective evaluation tasks were implemented in the study.
Results: The obtained results suggest that a reduced speech rate, leading to an expansion in the speech time, in addition to increased pause duration in both the target and background speeches can lead to statistically significant improvement in both sentence recognition, and speech comprehension of participants. More interestingly, participants got a higher score in the time-expanded multi-talker speech than in the standard-speed single-talker speech in the speech comprehension and, in the sentence recognition task. However, this positive effect could not be attributed merely to the time expansion, as we could not repeat the same positive effect in a time-expanded single-talker speech.
Discussion: The results obtained in this study suggest a facilitating effect of the presence of the background speech in a simultaneously speaking bilingual robot provided that both languages are presented in a time-expanded manner. The implications of such a simultaneously speaking robot are discussed.
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INTRODUCTION
The world has never been as interconnected as it is today (Steger, 2017). Thanks to the advance in fast and reliable international transportation, borders are losing their value both from an economic and cultural perspective (Mohanty et al., 2018). At any given moment, around half a million people are in the air, traveling from one place to another (Spike, 2017). This provides a great opportunity for people of different countries, and language backgrounds to communicate, interact, and share their thoughts and ideas in international social spaces. Such social spaces can include exhibitions, airports, conferences, Expo events, museums, amusement parks, etc. Social robots have already been introduced to such social spaces around the world (Mubin et al., 2018). From food recommender robots to museum guides, and teaching assistants, to customer engagement and hotel receptionists (Herse et al., 2018; Duchetto et al., 2019; Yoshino and Zhang, 2020; Holthaus and Wachsmuth, 2014).
Considering the necessity of having social robots capable of serving people in their own preferred language, attempts have been made in the past to create social robots that can speak more than one language. Translator robots to help tourists in Japan (Nova, 2015), Tokyo Olympic guide robots (Srivastava, 2017), and Mitsubishi receptionist robot Wakamaru (Hanson and Bar-Cohen, 2009) are all examples of such an attempt to optimize robots for international settings. All the currently existing multilingual social robots, however, work in a one-to-one manner. Meaning that although some of them can speak more than 5 different languages (Xu et al., 2020), they can speak each of the languages in a different session. For instance, if the robot in hand can speak both English and Spanish, each of the clients should wait for the other person’s conversation with the robot to finish before they start a new talk in their preferred language. Despite the noticeable cost-efficiency of the currently existing multilingual robots considering the high cost of having several multilingual attendants to help people in international gatherings, the current situation can be further improved.
By making multilingual social robots capable of speaking with more than one client at the same time, which we hereby refer to as the Simultaneously speaking Bilingual Robot, we can increase the time efficiency of such robots significantly. The above-mentioned scenario is depicted in Figure 1.However, one of the basic problems to be tackled in designing such a Simultaneously speaking Bilingual Robot is the well-documented deteriorating effect of background noise on speech comprehension. A large body of evidence exists supporting the negative effect of different types of background noise on the comprehension and retrieval of the presented auditory information. The investigated noises range from white noise (Jafari et al., 2019) to instrumental and vocal music (Smith, 1985), babble noise, and human speech (Salamé and Baddeley, 1982; Tremblay et al., 2000; Brännström et al., 2018). This negative effect is more enhanced when using human speech as background noise, also referred to as a competing talker scenario. This observed adverse effect is suggested to be due to our brain’s special sensitivity to the spectral properties of human speech (Albouy et al., 2020).
[image: Figure 1]FIGURE 1 | Depiction of how a simultaneously speaking bilingual robot (A) is more time-efficient than a conventional bilingual robot (B).
One way to take care of the negative effect of background noise on speech comprehension in a competing talker scenario is the adjustment and optimization of paralinguistic factors. Paralinguistics refers to the study of vocal cues that can facilitate communication of meaning through non-lexical means (Lewis, 1998). Such Paralinguistic factors include voice gender, fundamental frequency (pitch) of voice, speech rate, pauses during the speech, and intonations (Sue and sue, 2016). In a previous study, the effect of the robot’s voice gender and voice pitch on the speech comprehension of subjects listening to a simultaneously speaking bilingual robot has been investigated by the authors (Pourfannan et al., 2022). In the current study, the effect of speech rate and pause duration on the speech comprehension of subjects listening to a simultaneously speaking bilingual robot is in mind.
In general, the nature of the relationship between speech comprehension and the rate of speech is relatively clear (Weinstein-Shr and Griffiths, 1992). A slower speech rate is suggested to be easier to follow and understand (Picheny et al., 1986). A fast speech rate has been shown to harm speech processing if it exceeds a certain limit (around 400 words per minute) and is almost unintelligible when over 1,200 wpm (Du et al., 2014). When considering the subjective evaluation of subjects into account as well, things get more complicated as a slower speech rate can reduce the positive evaluation of subjects about the speaker by rating it more “passive,” and less trustworthy (Apple et al., 1979). Previous research investigating speech rate in the human-robot conversation suggests that the trend seems different when dealing with robot speech. While in human-human interaction, slow speech is usually rated lower, in human-robot interaction, moderately slow speech results in higher comprehension and subjective evaluation of subjects in comparison with faster speech rates (Shimada and Kanda, 2012).
To change the speed of speech, however, is not the only way to change the impression of subjects about the speech rate. Previous works suggest that adding to the duration, and frequency of pauses inside the speech can change the subjective evaluation of participants on the speed of speech without changing the actual speech rate (Liu et al., 2022). It is suggested that increased pause duration results in a perceived decrease in the speech rate in the subjects. The pause duration of o.6 s within the sentences and 0.6–1.2 s between the sentences is suggested to result in the highest naturalness of speech (Lin et al., 2021). In a clever work by Tanaka et al., it was shown that speech comprehension did significantly improve by a relatively short expansion in the speech time (as short as 100 m) if there were long enough pauses (300–400 m) between the phrases of the speech (Tanaka et al., 2011). They showed that both younger and older adults experienced a boost in their speech comprehension in noisy conditions when both the speech and pause duration were expanded. Furthermore, the same work suggests that the best performance is obtained when the effect of pause duration expansion and speech expansion is combined. As they put it this way “Intelligibility in sentences with 200 m pause and 200 m expansion was higher than those with 400 m pause and 0 m expansion”.
This is not the only work that shows the positive effect of expansion in speech time and pause duration on speech comprehension in noise. In another study, researchers have shown how by using a method called the “Clear Speech Technique” they managed to increase the speech comprehension of older adults listening to a challenging speech in noise (DiDonato and Surprenant, 2015). Clear speech is defined as a kind of speech that is spoken by a speaker who regards his/her audience as individuals with a hearing impairment or non-native to the spoken language (Ferguson and Kewley-Port, 2007). In this work, they show that expansion in the speech time and pause duration in addition to other acoustic modifications (e.g., increased size and duration of vowels) can turn an otherwise challenging listening task into a “relatively effortless” one.
Research rationale
Considering the large body of evidence in hand, we know that speech comprehension tends to deteriorate in noisy conditions and this effect is stronger in multi-talker situations when the background noise is human speech, even if the individual does not understand that language (Klatte et al., 2007). Speech rate and pause duration as two main paralinguistic factors have been shown to facilitate speech comprehension in noise, and their accumulative effect is higher than the effect of each one of them on its own. A model of presenting the speech material is suggested based on previous works that promise to increase speech comprehension using an expansion in the speech time and pauses duration in the speech. The current work applies this method to increase speech comprehension in a bilingual competing talker scenario where the aim is to boost the understanding of both parties when listening to the robot’s speech in their own language at the same time.
With this purpose in mind, we designed a set of four experiments. We compared standard-speed monolingual speech with the standard-speed bilingual speech in the first experiment. The hypothesis was that the score of subjects in the monolingual condition will be higher than the bilingual condition. The reason behind this hypothesis was the large body of evidence in support of the negative effect of background speech on the comprehension of the target speech in a dual-talker speech scenario. We compared standard bilingual speech with the expanded bilingual speech in the second experiment. The hypothesis was that the expanded bilingual speech will outperform the standard speed bilingual condition. This would be in accordance with previous studies on the positive effect of speech expansion on speech comprehension in noisy conditions. In the third experiment, we compared standard-speed monolingual speech with expanded bilingual speech. It was hypothesized that the relative effort imposed by the presence of background speech, in addition to the extra cognitive resources introduced by the expansion of speech may in fact be able to improve the performance of subjects in an expanded bilingual speech in comparison with the standard monolingual speech. And, in the fourth experiment, the expanded monolingual speech was compared with the expanded bilingual speech. It was hypothesized that the extra cognitive resources provided by speech expansion, in addition to a relative amount of effort imposed by the presence of another expanded language in the background may be able to outperform the expanded monolingual condition where there is no extra effort required to trigger the utilization of the extra cognitive resources provided for the participant.
MATERIAL AND METHODS
Participants
A total of 182 participants between the age of 20–40 years old (M = 32, SD = 6.5) were recruited using the Prolific online research participant requirement platform to participate in the four experiments of the current study shown in Table 1. All participants were monolingual English-speaking individuals currently residing in the United States. Prolific’s “balanced sample” option was chosen to distribute the study to male and female participants evenly. To decide the proper sample size for this study we conducted an a priori power analysis utilizing G⋆ Power 3.1 Faul et al. (2007) with the following input parameters: Effect size f = 0.25, α error probability = 0.05, and Power 1-β error probability) = 0.90. The above analysis suggested a total sample size of 46 participants would be suitable for each experiment. All participants were screened by Prolific to have normal hearing. All participants were required to use reliable headphones during the experiment. 10 participants’ data were excluded from the analysis due to failing the attention checks.
TABLE 1 | Conducted experiments.
[image: Table 1]Material
For the sentence recognition task, 20 sentences were randomly chosen from the standardized “test of speech intelligibility in noise using sentence material” developed by Kalikow and Stevens (Kalikow et al., 1977) for the English language. All the sentences were thoroughly investigated by Kalikow and Stevens for the effect of phonetic and prosodic factors. Furthermore, the effect of learning was controlled so that “when successive test forms are presented, or even within a given test form” the effect of learning on the performance of subjects did not exceed 1.2 percent. Sentences were chosen from the low predictable form so that the last word could not be inferred from the context of the sentence. As all the original sentences had one clause, to be able to add pause within the sentences, a second clause was added to all the sentences which always was a verb + “ing” using a connecting word (while, as, since, when, by). The verbs were controlled to not have any connections with the first clause in terms of meaning (see the sentences list in the appendix).
Final sentences were shuffled and randomly assigned to 4 forms of 5 sentences each. The participant’s task was to recognize the last word of each clause from 4 options, resulting in 2 questions for each sentence (10 questions for each sentence form). Two reading passages with the same difficulty level were chosen from the book “Master the TOEFL” for the speech comprehension task. Each passage was summarized to be equal in length (each containing 240 words). Nine multiple-choice questions were asked about each passage that included both main ideas and memory of details. All the prepared text materials were translated to Japanese by an experienced Japanese translator to be used for the background language. The text material in both languages was then converted to audio format using the Murf Studio’s AI voice generator. For the target language “English,” the voice of Ava, a young female American adult character was used. For the background language “Japanese,” the voice of Sakura, a young female Japanese adult character was used. The sound characteristics of each condition are shown in Table 2.
TABLE 2 | Sound characteristics.
[image: Table 2]The loudness of all voices was normalized to the standard -23 Loudness Unit Full Scale (LUFS) using the Audacity software. The Long-Term Average Spectrum (LTAS) of all the clean speech excerpts was controlled using Praat software to have the same overall long-term spectrum. For the standard monolingual and bilingual conditions, no modification was applied to the generated voices. The standard speed and pause duration implemented by the AI voice generator was kept intact. For the time-treated monolingual and bilingual conditions, the speed of the voice generator was set to 0.6 of the standard speed. In addition, 1 s of pause was added between each sentence (12 pauses in total), and 0.6 s of pause was added between the clauses of each sentence (8 pauses in total). The sounds were mixed using the open-source software Audacity with a 3dBs gain for the target language “English.” The experiments were designed and conducted using the Psychopy software, a GUI Python-based platform for psychological and neuroscientific experiments.
Procedure
In the beginning, participants started the experiment by reading a written consent form describing the flow of the experiment and were told they are free to leave the experiment at any time by double-pressing the escape button. Then they were instructed how to respond to questions. The experiment consisted of 3 main parts shown in Figure 2. A Backward Digit Span test at the beginning served both as an attention check and exclusion criteria for effortless responses. A single practice trial of the Backward Digit Span test with 3 digits was played for them before the main test, followed by displaying the correct answer of the trial with two intentions. First, to make sure that participants have understood the instructions on how to perform the tasks, and secondly so that participants can adjust the computer volume to their liking so that they can hear every detail of the voice clearly.
[image: Figure 2]FIGURE 2 | Task flow of each experiment. (A) shows the task flow of the experiment, and (B) shows the content of each block.
The backward digit span test is a well-documented measure to estimate the working memory capacity of subjects (Hilbert et al., 2015). They went through 4 trials in the main test in each of them a list of digits (4, 5, 6, and 7 digits respectively) was played for the subject, and they were asked to write them in the opposite order right after the list finished being played and a star appeared at the middle of the screen in the location [0, 0]. Only responses where all the digits were remembered in the exact order were counted as the correct answer. 10 subjects with a score of 0 in the working memory task were excluded from the data analysis.Then participants proceeded to the main experiment which consisted of two blocks with identical structures. In each block, first, two lists of five sentences were played for them. After each list, they were asked to answer 10 multi-option questions recognizing the last word of each clause of the sentences. Afterward, they listened to a short lecture and were asked to listen carefully as some questions about the content of it will be asked later. After the lecture finished, they answered 9 multi-option questions about the gist of the lecture and its details. The order of the blocks and the order of the sentence lists were counterbalanced so each block, and each sentence list had an equal chance of being played at any given sequence during the task. Each block was followed by a subjective evaluation question where subjects were asked to rate the ease of listening and likability of the recent block on a Likert scale from 1 to 6 where 1 means very easy and 6 means very difficult.
RESULTS
Experiment 1
In the first experiment, the score of subjects in standard monolingual (English only) versus standard bilingual (unmodified Japanese language as the background language) conditions was tested. Shapiro-Wilk test of normality revealed that the score of subjects departs significantly from normality in both sentence recognition and speech comprehension tasks in both monolingual (W = 0.86, p-value = 0.00, W = 0.92, p-value = 0.00), and bilingual groups (W = 0.96, p-value = 0.02, W = 0.94, p-value = 0.04) respectively. As a result, Wilcoxon signed-rank tests were used to analyze the score of subjects in the sentence recognition, and speech comprehension tasks in monolingual and bilingual settings.The score of subjects in the sentence recognition task was higher in the monolingual condition (M = 7.27, SD = 2.08) compared to the bilingual condition (M = 4.82, SD = 1.95); there was a statistically significant decrease when the speech was presented bilingually (W = 232.5, p = 0.00, r = 0.84). The speech comprehension score of subjects was also higher in the monolingual condition (M = 6.63, SD = 1.87) compared to the bilingual condition (M = 4.52, SD = 2.26); there was a statistically significant decrease when the speech was presented bilingually (W = 100.5, p = 0.00, r = 0.75). Figure 3 illustrates the score of the subjects in both tasks respectively.
[image: Figure 3]FIGURE 3 | Experiment 1: Standard Monolingual and Standard Bilingual. The score of subjects in the Sentence recognition (A) and Speech comprehension (B) tasks.
Experiment 2
In the second experiment, the performance of subjects in standard bilingual (English and Japanese with no modification) versus time-expanded bilingual (English and Japanese both expanded in time) conditions were tested. Based on the Shapiro-Wilk test of normality the score of subjects did not follow a normal distribution in both sentence recognition, and speech comprehension tasks in standard bilingual (W = 0.96, p-value = 0.00, W = 0.94, p-value = 0.00), and expanded bilingual groups (W = 0.93, p-value = 0.00, W = 0.94, p-value = 0.00) respectively. Hence, Wilcoxon signed-rank tests were used to analyze the score of subjects in the sentence recognition, and speech comprehension tasks.
The score of subjects in the sentence recognition task was higher in the expanded bilingual condition (M = 7.58, SD = 1.72) compared to the standard bilingual condition (M = 5.18, SD = 1.93); there was a statistically significant increase when the speech was presented in an expanded bilingual manner (W = 196, p = 0.00, r = 0.89). Furthermore, the speech comprehension score of subjects was also higher in the expanded bilingual condition (M = 6.4, SD = 1.77) compared to the standard bilingual condition (M = 4.95, SD = 1.75); there was a statistically significant increase when the bilingual speech was presented in an expanded manner (W = 116, p = 0.00, r = 0.74). Figure 4 shows the score of subjects in this experiment.
[image: Figure 4]FIGURE 4 | Experiment 2: Standard Bilingual and Expanded Bilingual. The score of subjects in the Sentence recognition (A) and Speech comprehension (B) tasks.
Experiment 3
In the third experiment, the performance of subjects in standard monolingual (English only) versus time-expanded bilingual conditions was tested. Shapiro-Wilk test of normality showed that the score of subjects departs significantly from normality in both sentence recognition and speech comprehension tasks in both monolingual (W = 0.91, p-value = 0.00, W = 0.94, p-value = 0.00), and expanded bilingual conditions (W = 0.87, p-value = 0.00, W = 0.9, p-value = 0.00). As a result, Wilcoxon signed-rank tests were used to compare the score of subjects in the sentence recognition and speech comprehension tasks in the monolingual and bilingual settings respectively.
The score of subjects in the sentence recognition task was higher in the expanded bilingual condition (M = 8.2, SD = 1.69) compared to the standard monolingual condition (M = 7.43, SD = 2.01); there was a statistically significant increase when the speech was presented in an expanded bilingual manner (W = 612.5, p = 0.00, r = 0.41). Furthermore, the score of subjects in the speech comprehension task was also higher in the expanded bilingual condition (M = 6.8, SD = 1.86) compared to the standard monolingual condition (M = 5.7, SD = 1.79); there was a statistically significant increase in the speech comprehension of subjects when the speech was presented in an expanded bilingual condition (W = 104, p = 0.00, r = 0.58). Figure 5 shows the score of the subjects in the sentence recognition task and speech comprehension task respectively.
[image: Figure 5]FIGURE 5 | Experiment 3: Standard Monolingual and Expanded Bilingual. The score of subjects in the sentence recognition (A) and Speech comprehension (B) task.
Experiment 4
In the fourth experiment, the score of subjects in time-expanded monolingual (Expanded English only) versus time-expanded bilingual (English and Japanese both expanded) conditions was tested. As the score of subjects departs significantly from normality in both sentence recognition and speech comprehension tasks in expanded monolingual (W = 0.96, p-value = 0.00, W = 0.93, p-value = 0.00), and expanded bilingual conditions (W = 0.91, p-value = 0.00, W = 0.9, p-value = 0.00), Wilcoxon signed-rank tests were used to compare the score of subjects in sentence recognition and speech comprehension tasks in the monolingual and bilingual settings respectively.
The score of subjects in the sentence recognition task was higher in the expanded bilingual condition (M = 8.02, SD = 1.56) compared to the expanded monolingual condition (M = 5.48, SD = 2.03); there was a statistically significant increase when the speech was presented in an expanded bilingual manner (W = 79, p = 0.00, r = 0.95). Furthermore, the score of subjects in the speech comprehension task was also higher in the expanded bilingual condition (M = 6.91, SD = 1.78) compared to the expanded monolingual condition (M = 5.12, SD = 1.9); there was a statistically significant increase in the speech comprehension of subjects when the speech was presented in an expanded bilingual condition (W = 82.5, p = 0.00, r = 0.79). Figure 6 shows the score of the subjects in the sentence recognition task and speech comprehension task respectively.
[image: Figure 6]FIGURE 6 | Experiment 4: Expanded Monolingual and Expanded Bilingual. The score of subjects in the Sentence recognition (A) and Speech comprehension (B) tasks.
DISCUSSION
In this line of study, we first tried to see if we can repeat the previous findings regarding the negative effect of the presence of background speech on the comprehension of the target language in a competing talker scenario. This step would be crucial to justify the necessity of further research on how to reduce or eliminate this adverse effect in the case of a simultaneously speaking bilingual robot. For this aim, we used two cognitive tasks with different difficulty levels. Sentence recognition, which relies mostly on the immediate recognition of the presented material and hence, is considered a lower-level task that does not impose a high cognitive load on the subject while still shown in previous works to be sensitive to subtle changes in the sound qualities (Hanley and Morris, 1987). Speech comprehension, on the other hand, is considered more cognitively demanding as it requires subjects to follow the story while keeping the key points in mind for a longer time.
In the first experiment, we could confirm the previous findings indicating that the score of subjects in both tasks significantly dropped in presence of a second language even though all the subjects were monolingual English-speaking individuals who were requested to listen to the English speech and did not have any knowledge of the Japanese language (the background language). This is in accordance with the previous body of evidence and suggests that participants find it significantly more difficult to stay focused on the presented content when there is an irrelevant speech present in the background (Oswald et al., 2000; Boman, 2004; Har-shai Yahav and Zion Golumbic, 2021).
Both the results of previous research as well as what we observed in the first experiment of this study indicate that if the presentation of a piece of information in more than one language in a simultaneous manner is in mind, special measures should be taken to ensure intact comprehension and comfortable interaction. There are solid works in favor of a positive effect of time-expansion in speech for the speech comprehension and memory performance of subjects both in older adults with hearing impairment (DiDonato and Surprenant, 2015), as well as younger adults with learning disabilities (Bradlow et al., 2003). Hence, we proceeded with the second experiment where we tested the effectiveness of using time expansion in both the target and background languages as a technique to compensate for the negative effect of the background noise in a simultaneously speaking bilingual robot.
The result of our second experiment indicates that when the speech in both languages is time-expanded, the score of subjects in both tasks significantly increases in comparison with the standard-speed bilingual speech where neither the target speech nor the background one is modified in terms of the time expansion. The result of this experiment suggests that an expansion in the speech time and pause duration can compensate for the negative effect of strong background noise in a simultaneously presented bilingual speech. This can be backed up by works that suggest in an adverse listening condition, using slower speech can improve intelligibility (Haake et al., 2014; Tanaka et al., 2011).
To make matters clear on how the time-expanded bilingual speech can compare with the standard-speed monolingual speech, another experiment was conducted. In this experiment, the performance of subjects in the standard monolingual speech as a baseline was compared with that of a time-expanded bilingual speech. Interestingly, however, the time-expanded bilingual speech outperformed standard monolingual speech in both sentence recognition, and speech comprehension tasks. Based on previous works, the presence of background noise in general results in reduced comprehension by increasing the perceptual effort of listening (Peelle, 2018). This negative effect is explained by researchers as when the to-be-attended and to-be-ignored speeches compete for cognitive resources and this results in reduced comprehension of the presented content (Har-shai Yahav and Zion Golumbic, 2021).
There are a few exceptions, however, like a study that shows children with attention deficit hyperactivity (ADHD) benefit from the presence of a moderate level of background noise (Soderlund et al., 2007). The observed noise-induced improvement in the mentioned study has been justified by a model called “Moderate Brain Arousal.” In this model, it is suggested that moderate levels of noise can result in an increased release of dopamine in the brain which as a result improves differentiation between the target signal and the background noise in ADHD individuals who otherwise suffer from not being able to sustain their attention on the target signal for a long time. Non-etheless, due to fundamental differences between the work by Soderlund et al., and the current study due to the fact that they used white noise as their background noise which is a continuous noise with completely different properties in comparison with the human speech which was used in our study as the background noise, in addition to their participants being diagnosed with ADHD, obtained pattern of results in that experiment is not easy to generalize to the current study. But in general, what can be inferred from the results we obtained in this experiment is that under certain conditions, not only the background noise does not disturb speech processing, but it may be able to improve it, which is a counter-intuitive notion at the first glance. This notion is supported by participant feedback we received like: “Somehow when there are two languages, I can remember everything!” which We only got in the expanded bilingual condition but not in the standard-speed bilingual condition.
However, still, one can speculate that the observed improvement in the time-expanded bilingual speech in comparison with standard-speed monolingual speech might be merely due to the time expansion in the expanded bilingual speech. The logic, in this case, would be that time expansion provides more time for the participant to process the incoming speech signal, or as (Picheny et al., 1986; Tanaka et al., 2011) put it, more cognitive resources would be provided for the subjects of the expanded condition. As a result, one can expect that the time-expanded monolingual speech would result in even higher performance in the participants. To make this matter clear another experiment was conducted that compared time-expanded monolingual speech with time-expanded bilingual speech so that the effect of time expansion is kept constant in both conditions and therefore, the effect of the presence of an expanded background speech is highlighted.
As expected, the score of subjects in the time-expanded bilingual speech was shown to still be significantly higher than in time-expanded monolingual speech. This suggests that the observed improvement in the time-expanded bilingual speech cannot be merely explained away by the time expansion, as then the same effect must have been observed in the expanded monolingual speech as well. The results obtained in this study suggest that the observed facilitating effect is induced in the expanded bilingual condition is induced by the combination of both factors, namely time expansion and presence of an expanded background speech. Previous works that have shown the positive effect of speech expansion mostly have implemented this technique to compensate for a secondary cause of disturbance either caused by hearing impairments due to aging, or a secondary source of background noise Bradlow et al. (2003); DiDonato and Surprenant (2015); Tanaka et al. (2011). The result of this study suggests that when there is no such factor that could disturb speech comprehension, and subjects enjoy a normal hearing, expanding the speech in time not only does not seem to improve the performance of subjects, but can harm it by creating a boring and under-stimulating listening atmosphere for the subjects. The feedback authors received from one of the subjects of the expanded monolingual condition who referred to this condition as “boring” can be another indication that the observed drop in the score of subjects in the expanded monolingual condition might happen due to under-stimulation in the participants listening to this type of speech. This finding can be interpreted by the Yerkes-Dodson law which implies that “the quality of performance in any task is an inverted U-shaped function of arousal” Yerkes Dodson (1908). In this model both under-stimulation and over-stimulation can lead to a deterioration in the performance of subjects in a given task.
Based on what we observed in this study, it seems like there are certain situations where the presence of the background speech can have a positive effect on how much information participants can remember from the target speech as long as both the target language and the background language are time-expanded. The observed improvement in the score of subjects in an expanded bilingual speech is suggested to be due to the collective effect of speech expansion, and the presence of an expanded speech in the background. The positive effect of speech expansion is suggested in previous studies to be due to the extra cognitive resources it provides for the subject to process what they hear by giving them more time while listening Tanaka et al. (2011). On the other hand, regarding the direct relationship between increased arousal, and increased attention in the existing literatureKahneman (1973), it is suggested in this study that the presence of an expanded background speech in the expanded bilingual condition may provide an optimal level of arousal while listening, which in return results in an increased attention to what is being said, while the speech expansion gives subjects enough cognitive resources to process what they are hearing.
One of the limitations of the current work is that the observed results are obtained only from English-speaking participants. As the simultaneously speaking bilingual robot is intended to talk to two people simultaneously in different languages, a future experiment will consider the same effect in people who speak other languages as well. Another limitation of the current work is that it does not investigate the effect of the embodiment of the talking robot on subjects’ performance in a simultaneously speaking bilingual robot. So far, our experiments have tried to cover the paralinguistic factors involved in speech comprehension in noise, however, more parameters can influence the cognitive, and psychological experience of users working with a simultaneously speaking bilingual robot. Non-verbal behaviors that can affect our understanding and impression of the talker and their speech content can be divided into three main domains (Lewis, 1998). In future works, we will try to understand the effect of these parameters namely kinemics which considers the effect of factors like gaze behavior, gestures, and expressive behaviors, as well as proxemics which evaluates factors like conversational distance and body impressions. However, the current finding on the positive effect of speech expansion on speech comprehension in a simultaneously presented bilingual speech can be used in its current form in public address systems (PAS) where the announcement of a piece of information in two languages in a public space is intended. In such a scenario as the results of this study suggests, presenting both languages at the same time in an expanded way not only does not harm the speech intelligibility of the audience of such an announcement, but also can improve their memory of the presented content, and save time conveying urgent announcements in more than one language.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by the Osaka University’s Research Ethics Committee. The patients/participants provided their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS
HP created the task designs, conducted the experiment, and wrote the manuscript HM and YY supervised the project, edited the manuscript, helped with the data analysis, and edited the task designs. HI and YY conceptualized the project, supervised the task design and the flow of the project, provided the funding, and helped with editing the manuscript.
FUNDING
This study was partially supported by JST Moonshot R&D Grant Number JPMJPS 2011 (development), and JSPS KAKENHI Grant Number JP20H00101 (experiment).
ACKNOWLEDGMENTS
We are grateful to all those who helped us in conducting this study.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Albouy, P., Benjamin, L., Morillon, B., and Zatorre, R. J. (2020). Distinct sensitivity to spectrotemporal modulation supports brain asymmetry for speech and melody. Science 367, 1043–1047. doi:10.1126/science.aaz3468
 Apple, W., Streeter, L., and Krauss, R. (1979). Effects of pitch and speech rate on personal attributions. J. Personality Soc. Psychol. 37, 715–727. doi:10.1037/0022-3514.37.5.715
 Boman, E. (2004). The effects of noise and gender on children’s episodic and semantic memory. Scand. J. Psychol. 45, 407–416. doi:10.1111/j.1467-9450.2004.00422.x
 Bradlow, A., Kraus, N., and Hayes, E. (2003). Speaking clearly for children with learning disabilities. J. speech, Lang. Hear. Res. JSLHR 46, 80–97. doi:10.1044/1092-4388(2003/007
 Brännström, K. J., von Lochow, H., Åhlander, V. L., and Sahlén, B. (2018). Immediate passage comprehension and encoding of information into long-term memory in children with normal hearing: The effect of voice quality and multitalker babble noise. Am. J. audiology 27 (2), 231–237. doi:10.1044/2018_aja-17-0061
 DiDonato, R., and Surprenant, A. (2015). Relatively effortless listening promotes understanding and recall of medical instructions in older adults. Front. Psychol. 6, 778. doi:10.3389/fpsyg.2015.00778
 Du, A., Lin, C., and Wang, J. (2014). Effect of speech rate for sentences on speech intelligibility, 233–236. doi:10.1109/ICCPS.2014.7062261
 Duchetto, F., Baxter, P., and Hanheide, M. (2019). Lindsey the tour guide robot - usage patterns in a museum long-term deployment, 1–8. doi:10.1109/RO-MAN46459.2019.8956329
 Faul, F., Erdfelder, E., Lang, A., and Buchner, A. (2007). G*power 3: A flexible statistical power analysis program for the social, behavioral, and biomedical sciences. Behav. Res. methods 39, 175–191. doi:10.3758/bf03193146
 Ferguson, S., and Kewley-Port, D. (2007). Talker differences in clear and conversational speech: Acoustic characteristics of vowels. J. speech, Lang. Hear. Res. JSLHR 50, 1241–1255. doi:10.1044/1092-4388(2007/087
 Haake, M., Hansson, K., Gulz, A., Schötz, S., and Sahlén, B. (2014). The slower the better? Does the speaker’s speech rate influence children’s performance on a language comprehension test?Int. J. Speech-Language Pathology 16, 181–190. doi:10.3109/17549507.2013.845690
 Hanley, J. R., and Morris, P. (1987). The effects of amount of processing on recall and recognition. Q. J. Exp. Psychol. Sect. A 39, 431–449. doi:10.1080/14640748708401797
 Hanson, D., and Bar-Cohen, Y. (2009). The coming robot revolution. doi:10.1007/978-0-387-85349-9
 Har-shai Yahav, P., and Zion Golumbic, E. (2021). Linguistic processing of task-irrelevant speech at a cocktail party. eLife 10, e65096. doi:10.7554/eLife.65096
 Herse, S., Vitale, J., Ebrahimian, D., Tonkin, M., Ojha, S., Johnston, B., et al. (2018). Bon appetit! robot persuasion for food recommendation. doi:10.1145/3173386.3177028
 Hilbert, S., Nakagawa, T., Puci, P., Zech, A., and Buehner, M. (2015). The digit span backwards task. Eur. J. Psychol. Assess. 1, 174–180. doi:10.1027/1015-5759/a000223
 Holthaus, P., and Wachsmuth, S. (2014). The receptionist robot. Recept. robot . doi:10.1145/2559636.2559784
 Jafari, M., Khosrowabadi, R., Khodakarim, S., and Mohammadian, F. (2019). The effect of noise exposure on cognitive performance and brain activity patterns. Open Access Macedonian J. Med. Sci. 7, 2924–2931. doi:10.3889/oamjms.2019.742
 Kahneman, D. (1973). Attention and effort. 
 Kalikow, D., Stevens, K., and Elliott, L. (1977). Development of a test of speech intelligibility in noise using sentence materials with controlled word predictability. J. Acoust. Soc. Am. 31, 1337–1351. doi:10.1121/1.381436
 Klatte, M., Meis, M., Sukowski, H., and Schick, A. (2007). Effects of irrelevant speech and traffic noise on speech perception and cognitive performance in elementary school children. Noise health 9, 64–74. doi:10.4103/1463-1741.36982
 Lewis, J. (1998). Cross-cultural Clin. Interv. Compr. Clin. Psychol.
 Lin, M., Nakajima, Y., Liu, S., Ueda, K., and Remijn, G. (2021). The influence of comma- and period-pause duration on the listener’s impression of speeches made in Mandarin Chinese, 209–216. doi:10.22492/issn.2435-7030.2021.15
 Liu, S., Nakajima, Y., Chen, L., Arndt, S., Kakizoe, M., Elliott, M. A., et al. (2022). How pause duration influences impressions of English speech: Comparison between native and non-native speakers. Front. Psychol. 13, 778018. doi:10.3389/fpsyg.2022.778018
 Mohanty, S., Biswal, S., Moreira, A., and Polonia, D. (2018). Irrelevant borders: Perspectives of globalization. 
 Mubin, O., Ahmad, M., Kaur, S., Shi, W., and Khan, A. (2018). “Social robots in public spaces: A meta-review,” in 10th international conference, ICSR 2018 (Qingdao, China. November 28 - 30, 2018, Proceedings. doi:10.1007/978-3-030-05204-1_21
 Nova (2015). Translator robots. 
 Oswald, C., Tremblay, S., and Jones, D. (2000). Disruption of comprehension by the meaning of irrelevant sound. Memory 8, 345–350. doi:10.1080/09658210050117762
 Peelle, J. E. (2018). Listening effort: How the cognitive consequences of acoustic challenge are reflected in brain and behavior. Ear Hear. 39, 204–214. doi:10.1097/aud.0000000000000494
 Picheny, M., Durlach, N. I., and Braida, L. D. (1986). Speaking clearly for the hard of hearing. ii: Acoustic characteristics of clear and conversational speech. J. speech Hear. Res. 29 (4), 434–446. doi:10.1044/jshr.2904.434
 Pourfannan, H., Mahzoon, H., Yoshikawa, Y., and Ishiguro, H. (2022). Toward a simultaneously speaking bilingual robot: Primary study on optimal voice characteristics. In press
 Salamé, P., and Baddeley, A. (1982). Disruption of short-term memory by unattended speech: Implications for the structure of working memory. J. Verbal Learn. Verbal Behav. 21, 150–164. doi:10.1016/S0022-5371(82)90521-7
 Shimada, M., and Kanda, T. (2012). What is the appropriate speech rate for a communication robot?Interact. Stud. 13, 408–435. doi:10.1075/is.13.3.05shi
 Smith, A. P. (1985). The effects of different types of noise on semantic processing and syntactic reasoning. Acta Psychol. 58, 263–273. doi:10.1016/0001-6918(85)90025-3
 Soderlund, G., Sikström, S., and Smart, A. (2007). Listen to the noise: Noise is beneficial for cognitive performance in adhd. J. child Psychol. psychiatry, allied Discip. 48, 840–847. doi:10.1111/j.1469-7610.2007.01749.x
 Spike (2017). How many passengers are flying right now?
 Srivastava (2017). Olympic robots. 
 Steger, M. B. (2017). Globalization: A very short introduction. England: OXFORD. 
 Sue, D., and Sue, D. W. (2016). Counseling the culturally diverse: Theory and practice. 
 Tanaka, A., Sakamoto, S., and Suzuki, Y.-i. (2011). Effects of pause duration and speech rate on sentence intelligibility in younger and older adult listeners. Acoust. Sci. Technol. 32, 264–267. doi:10.1250/ast.32.264
 Tremblay, S., Nicholls, A., Alford, D., and Jones, D. (2000). The irrelevant sound effect: Does speech play a special role?J. Exp. Psychol. Learn. Mem. cognition 26, 1750–1754. doi:10.1037/0278-7393.26.6.1750
 Weinstein-Shr, G., and Griffiths, R. E. (1992). Speech rate and listening comprehension: Further evidence of the relationship. TESOL Q. 26, 385–390. doi:10.2307/3587015
 Xu, R., Cao, J., Wang, M., Chen, J., Zhou, H., Zeng, Y., et al. (2020). Xiaomingbot: A multilingual robot news reporter. 
 Yerkes, R. M., and Dodson, J. D. (1908). The relation of strength of stimulus to rapidity of habit-formation. Psychol Neurosci. 18 (5), 459–482. doi:10.1002/cne.920180503
 Yoshino, K., and Zhang, S. (2020). Evaluation of teaching assistant robot for programming classes. Int. J. Inf. Educ. Technol. 10, 327–334. doi:10.18178/ijiet.2020.10.5.1384
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Pourfannan, Mahzoon, Yoshikawa and Ishiguro. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/frobt-09-1032811-g005.gif





OPS/images/frobt-09-1032811-g006.gif





OPS/images/frobt-09-1032811-g003.gif





OPS/images/frobt-09-1032811-g004.gif





OPS/images/frobt-09-1032811-t001.jpg
Experiment

Standard Monolingual versus Standard Bilingual
Standard Bilingual versus Expanded Bilingual
Standard Monolingual versus Expanded Bilingual

Expanded Monolingual versus Expanded Bilingual

44

49

41

48





OPS/images/frobt-09-1032811-t002.jpg
SPS | Pitch (Hz) LTAS (dB)

English Original 188 43 220 28
English Time-expanded 154 | 34 220 28

Japanese Original 210 | 65 184 278
Japanese Time-expanded 171 47 184 278





OPS/xhtml/nav.xhtml
Contents

		Cover

		Expansion in speech time can restore comprehension in a simultaneously speaking bilingual robot		Introduction		Research rationale





		Material and Methods		Participants

		Material

		Procedure





		Results		Experiment 1

		Experiment 2

		Experiment 3

		Experiment 4





		Discussion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		References









OPS/images/cover.jpg





OPS/images/frobt-09-1032811-g001.gif
0






OPS/images/frobt-09-1032811-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Robotics and Al





