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Abstract

:

Featured Application


The findings of this study can be applied to speech processing systems that communicate urgency by speech to cochlear implant users.




Abstract


We previously investigated the perception of noise-vocoded speech to determine whether the temporal amplitude envelope (TAE) of speech plays an important role in the perception of linguistic information as well as non-linguistic information. However, it remains unclear if these TAEs also play a role in the urgency perception of non-linguistic information. In this paper, we comprehensively investigated whether the TAE of speech contributes to urgency perception. To this end, we compared noise-vocoded stimuli containing TAEs identical to those of original speech with those containing TAEs controlled by low-pass or high-pass filtering. We derived degrees of urgency from a paired comparison of the results and then used them as a basis to clarify the relationship between the temporal modulation components in TAEs of speech and urgency perception. Our findings revealed that (1) the perceived degrees of urgency of noise-vocoded stimuli are similar to those of the original, (2) significant cues for urgency perception are temporal modulation components of the noise-vocoded stimuli higher than the modulation frequency of  6  Hz, (3) additional significant cues for urgency perception are temporal modulation components of the noise-vocoded stimuli lower than the modulation frequency of  8  Hz, and (4) the TAE of the time-reversal speech is not likely to contain important cues for the perception of urgency. We therefore conclude that temporal modulation cues in the TAE of speech are a significant component in the perception of urgency.
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1. Introduction


Speech is a natural and vital means of human communication in terms of expressing linguistic as well as non-linguistic and para-linguistic information. Humans typically utilize non-linguistic information such as vocal emotion and speaker individuality to enhance their speech and use linguistic information (speech intelligibility) to convey messages. They also utilize para-linguistic information such as emphasis and intention to convey greater nuance. Speech communication is also directly related to the behavior of the listeners. When a disaster occurs, for example, the sense of urgency can be conveyed through speech to properly facilitate the evacuation procedures. However, it is not yet clear which specific components of speech promote the perception of para-linguistic information as urgent.



Speech signals often redundantly contain key acoustical features pertaining to linguistic, non-linguistic, and para-linguistic information, and it is easy for people to recognize this information even if some of the features (fundamental frequency, vocal-intensity, spectral characteristics, etc.) are difficult to distinguish as a result of noise or reverberation. Important acoustical features have been studied in both time and frequency domains based on the source filter model related to the speech production system. These features are spectral and temporal fine structures (harmonicity and periodicity) related to the fundamental frequency, formants, spectral tilt, and temporal power fluctuation, and are essential for speech perception.



On the other hand, the temporal amplitude envelope (TAE) and temporal fine structure (TFS) play important roles in auditory perception [1]. In particular, the role of TAE and TFS information was reviewed from aspects of auditory perception such as modulation perception and pitch perception. Drullman et al. reported that the cue of the TAE is more important for speech perception than that of the TFS [2]. A recent study by Atlas et al. also reported that the TAE or its modulation spectrum conveys linguistic information of speech [3]. We are, therefore, interested in understanding how the TAE of speech contributes to perception of non-linguistic information.



Recent psychoacoustical studies based on a noise-vocoded speech (NVS) scheme have demonstrated that the TAE of speech is an important cue for speech recognition (speech perception regarding linguistic information, i.e., speech intelligibility) [4,5,6,7]. NVS is generated by replacing the TFS of speech with band-limited noise while preserving the temporal amplitude envelope of speech, which enables the temporal characteristics to be preserved while drastically reducing the number of spectral characteristics.



Several prior works have investigated the NVS scheme in the context of speech recognition. A work by Shannon et al. demonstrated that NVS with just four bands is sufficient to achieve a good speech recognition (vowel, consonant, and sentence recognition) [3]. Drullman et al. investigated the importance of modulation-frequency bands for speech recognition by applying low- and high-pass filtering on the TAE [8,9], and Atlas et al. also reported that the TAE (or its modulation spectrum of speech) conveys the linguistic information of speech [3]. Xu et al. attempted to elucidate the importance of temporal cues for phoneme recognition using NVS [10]. These studies have indicated that modulation frequency components ranging from  4  to   16   Hz are key in speech recognition [8,11], which suggests that people can utilize the TAE of speech signals as a primary temporal modulation cue for the successful perception of linguistic information.



Our previous experiments in which we systematically varied the number of channels in the NVS scheme and the upper limitation of the modulation frequency components [11,12] demonstrated that temporal modulation cues play a key role in the recognition of both vocal emotion and speaker individuality, particularly at modulation frequencies lower than  8  Hz. Our research has also demonstrated that these features are robust to noise and reverberation [13,14]. However, we have still not clarified the influence of temporal modulation cues in non-linguistic information such as that used in emergency situations.



We have performed preliminary and experimental investigations to determine whether or not the TAE of speech affects the perception of urgency [15]. To ensure the results are exhaustive, in the current work, we performed four psychoacoustical experiments in which we investigated (1) whether the TAE of speech contributes to the perception of urgency when original and noise-vocoded stimuli are used individually, (2) whether the TAE of speech contributes to urgency perception when these stimuli are used simultaneously, (3) which temporal modulation component in a TEA of speech is a temporal modulation cue of urgency perception, where we restricted the lower or upper modulation frequency of the TAE, and (4) whether a temporal modulation cue in the TAE of time-reversal speech also contributes to the perception of urgency.




2. Stimulus Generation Based on Noise-Vocoded Speech


2.1. Speech Data in Evacuation Announcements


We utilized the recorded speech data from actual evacuation announcements in our experiments. These were recorded when a tsunami (tidal wave) was predicted after an earthquake off the coast of Fukushima, Japan on 22 November 2016 [16]. The announcements were spoken by multiple professional announcers with various speaking styles on different TV channels. We selected one real speech dataset (the same speaker, the same sentence) by a professional male speaker (the same used by Kobayashi & Akagi [16]) as the original stimuli, which was/i/ma/su/gu/ni/ge/te/ku/da/sa/i/(“Please evacuate now” in English). This announcement was made at four different levels of urgency (“A,” “B,” “C,” and “D”, corresponding to noise-vocoded stimuli labeled “a,” “b,” “c,” and “d”) to determine how the urgency was perceived for each.




2.2. Noise-Vocoded Speech


The process flow of the speech analysis/synthesis method we utilized to generate NVS as noise-vocoded stimuli is shown in Figure 1. In the NVS scheme, a speech signal can be re-synthesized by replacing the temporal fine structure of speech in the sub-bands with band-limited noise carriers while preserving the TAE. This scheme is therefore suitable for investigating the role of the TAE in urgency perception.



First, we reduced the effect of the average intensity by normalizing the active speech levels of all speech signals to   − 26   dBov with a P.56 speech voltmeter [14]. We then implemented band-pass filters (BPF) (essentially functioning as a band-pass filterbank) to divide the signals into several frequency bands. Next, we defined the bandwidth and center frequencies of the band-pass filterbank utilizing equivalent rectangular bandwidth (ERBN) and ERBN-number scales in Cam [17]. The ERBN-number scale is similar to a distance scale from the basal side to the apical side of the cochlea, so it is fairly straightforward to replicate the frequency selectivity of the auditory system by simply decomposing the frequency bands on the basis of the ERBN-number.



We respectively define the ERBN and ERBN-number as


   ERB N  = 24.7   4.37 f / 1000 + 1   ,  



(1)






   ERB N  - number = 21.4   log   10     4.37 f / 1000 + 1   ,  



(2)




where f refers to the center frequency in Hz. We define the center frequencies of the band-pass filterbank from  3  to   35   Cam with the bandwidth set to   2 ×   ERBN, resulting in a band-pass filterbank with 16 channels. The band-pass filterbank was implemented using 6th-order Butterworth infinite impulse response (IIR) filters.



We extracted the TAE of each channel signal from the output of the filterbank by utilizing the Hilbert transformation and a low-pass filter (LPF). The LPF was implemented using a 2nd-order Butterworth IIR filter and then, on the basis of its cut-off frequency, we set the upper limit of the modulation frequency to   64   Hz. This upper limit is related to the temporal resolution in that the higher the upper limit, the higher the obtained temporal resolution.



In the final step, the TAE in each channel was utilized to modulate the temporal amplitude with the narrow band-limited noise (NBN) generated by band-pass filtering white noise at the same channel (band-frequency). The noise-vocoded stimuli were generated by summing up all amplitude-modulated NBNs.





3. Experiment I: Urgency Perception of TAE of Speech


The objective of experiment I was to determine whether the TAE of speech contributes to the perception of speech urgency.



3.1. Stimuli


We utilized the four original stimuli of the evacuation announcement and the corresponding noise-vocoded stimuli. Two randomly paired stimuli were used for paired comparison and 0.5 s of silence was added between the first and second stimuli. The total number of paired stimuli was   12   and the total execution time was approximately 10 min.




3.2. Participants


The participants were ten native Japanese speakers (three women and seven men) ranging in age from 22 to 25 years old. The absolute threshold of all participants measured through a standard audiometric tone test with a RION AA-72B audiometer was the hearing level of 12 dB or less for both ears at octave frequencies between 125 and 8000 Hz (i.e., all had normal hearing).




3.3. Procedure


The participants sat in a soundproof room and stimuli were simultaneously presented to both ears through a PC, an audio interface (RME Fireface UCX), and a set of headphones (Sennheiser HDA 200). We utilized a head and torso simulator (B&K type 4128) and sound level meter (B&K type 2231) to calibrate the sound pressure to the same level for all participants.



Scheffé’s paired comparison method [18] was used to evaluate the degree of urgency of the stimuli. We instructed the participants to indicate whether the first or second stimulus was more urgent on a five-point scale (  − 2  : second stimulus is significantly more urgent,   − 1  : second stimulus is somewhat more urgent,  0 : both are the same,   + 1  : first stimulus is somewhat more urgent, and   + 2  : first stimulus is significantly more urgent).




3.4. Results


Figure 2 and Figure 3 depict the degrees of urgency for the original stimuli and noise-vocoded stimuli, respectively, as based on Scheffé’s paired comparison method, where the horizontal axis shows the degree of urgency (positive values mean higher urgency). As we can see, the degrees of urgency from lowest to highest were A, B, D, and C for the original stimuli and a, b, d, and c for the noise-vocoded stimuli.



Analysis of variance (ANOVA) indicated a significant main effect (  F   3 , 77   = 34.42 ,   p < 0.01  ) of the urgency perception of the original stimuli and significant differences between all pairs except A and B (  p < 0.01  ). We also found a significant main effect (  F   3 , 77   = 125.8 ,   p < 0.01  ) of the urgency perception of the noise-vocoded stimuli and significant differences between all pairs (  p < 0.01  ).




3.5. Consideration


The order of the degrees of urgency from highest to lowest matched up perfectly for the noise-vocoded stimuli and the original stimuli (C (c), D (d), B (b), and A (a)), which confirms that the TAE contributes to the perception of urgency. We also clarified that the degrees of urgency for both types of stimuli were different.





4. Experiment II: Effect of Noise-Vocoded Stimuli on Urgency Perception


The objectives of experiment II were to corroborate the results of experiment I and to determine whether the TAE of speech contributes to the perception of urgency.



4.1. Stimuli


We utilized eight stimuli: the four original stimuli and the four corresponding noise-vocoded stimuli. As in experiment I, two randomly paired stimuli were used for comparison and 0.5 s of silence was added between the first and second stimuli. The total number of paired stimuli was   56   and the total execution time was approximately   20   min.




4.2. Participants


The participants were ten native Japanese speakers (two women and eight men) ranging in age from 22 to 25 years old. All had normal hearing as determined through the same testing as experiment I.




4.3. Procedure


The participants sat in a soundproof room and were presented with the same stimuli as experiment I. We again carried out Scheffé’s paired comparison method to evaluate the degrees of urgency of the original and noise-vocoded stimuli.




4.4. Results


The results are shown in Figure 4, where the horizontal axis indicates the degree of urgency. As we can see, the degrees of urgency from lowest to highest are ordered as A, a, B, b, D, d, C, and c. ANOVA analysis indicated a significant main effect of the urgency perception of these stimuli (  F   3459   = 100.8 ,   p < 0.01  ) and significant differences between all pairs except a & B, a & b, D & d, D & C, d & C, d & c, and C & c (p < 0.01).




4.5. Consideration


The order of the degrees of urgency from highest to lowest was c, C, d, D, b, B, a, and A. We found that the order here is consistent with that derived in experiment I.



We found that the degrees of urgency of the original stimuli were lower than those of the noise-vocoded stimuli when the same stimulus pair of the same urgency level (e.g., A and a) was compared. In the process of generating NVS, the TAE of the original stimuli was preserved and driven by band-limited random noise as a carrier signal, which is presumably why the spectral centroid differed slightly from that of the original stimuli.



Our findings suggest that the shape of the frequency spectrum in the middle and higher ranges is related to the sense of urgency perception [19]. Therefore, we investigated why there is a difference in urgency perception between the original and noise-vocoded stimuli by utilizing sharpness [20], which is a common sound-quality metric.



The results of our analysis are listed in Table 1, where we can see that the sharpness of the noise-vocoded stimuli was somewhat higher than that of the original stimuli when the sharpness differed between stimuli of the same level of urgency (see difference in the fourth row). It is also clear that the difference was almost constant regardless of the level of urgency. These results suggest that the difference in sharpness may have affected the difference in the perception of urgency between the original and noise-vocoded stimuli observed in experiments I and II.





5. Experiment III: Effect on Restricting Temporal Modulation Components of TAE


The objective of experiment III was to determine which temporal modulation component in the TAE of speech acts as a temporal modulation cue of urgency perception. We compared noise-vocoded stimuli consisting of TAEs that were identical to those of the original stimuli and that were restricted using LPF or a high-pass filter (HPF).



5.1. Stimuli


We utilized four corresponding noise-vocoded stimuli and set seven cut-off frequencies (  2 ,   4 ,   6 ,   8 ,   12 ,   16 ,   and   32   Hz) for the modulation frequency components of the restricted TAEs. Scheffé’s paired comparison method was utilized to randomly generate two stimulus pairs with each speech stimulus, for each of the LPFs and HPFs. We utilized a total of 756 paired stimuli and set 0.5 s of silence between the first and second stimuli. All paired stimuli were divided into 14 sessions containing 54 judgements each. We scheduled a 90-min break after the first seven sessions to give the participants a chance to rest, which brought the total execution time to approximately   180   min.




5.2. Participants


The participants were ten native Japanese speakers (three women and seven men) ranging in age from 22 to 25 years old. All had normal hearing as determined through the same testing as experiment I.




5.3. Procedure


The participants sat in a soundproof room and were presented with the same stimuli as experiment I. We again carried out Scheffé’s paired comparison method to evaluate the degrees of urgency of the stimuli.




5.4. Results


The results under the LPF condition are shown in Figure 5, where the horizontal axis indicates the cut-off frequency of the LPF, and the vertical axis shows the urgency scale (positive values indicate a higher degree of urgency). As we can see, the degrees of urgency from lowest to highest are ordered as the same as the results of experiments I and II. The degrees of urgency for stimuli c and d decreased as the cut-off frequency decreased. ANOVA analysis indicated a significant main effect of urgency perception (  F   24 , ∞   = 200.1 ,   p < 0.01  ) and significant differences among all stimuli in c and d, where the cut-off frequencies ranged from  4  to   32   Hz (  p < 0.01  ). With the cut-off frequency of 2 Hz, significant differences were observed among all stimulus pairs except b & d and d & c (  p < 0.01  ).



The results under the HPF condition are shown in Figure 6, where the horizontal and vertical axes are the same as in Figure 5. We can see here that the degrees of urgency from lowest to highest are ordered and the degrees of urgency for stimuli c and d decreased as the cut-off frequency increased. ANOVA analysis indicated a significant main effect of urgency perception (  F   24 , ∞   = 1.517 ,   p < 0.01  ). There were no significant differences between all stimuli in c and d with regard to the cut-off frequency, although there were significant differences between all stimuli in b, in which the cut-off frequencies were from  2  to  8  Hz (  p < 0.01  ). With the cut-off frequencies of  8  and   12   Hz, significant differences were observed among all stimulus pairs except c & d (  p < 0.01  ).




5.5. Consideration


The orders of urgency perception among the four stimuli regarding the LPF cut-off frequency (Figure 5) and HPF cut-off frequency (Figure 6) are in good agreement. The significant difference between the degrees of urgency at the cut-off frequencies of 4 and 6 Hz in Figure 5 suggests that the temporal modulation components of the noise-vocoded stimuli upwards of  6  Hz are significant cues for urgency perception. Similarly, the significant difference between the cut-off frequencies of  8  and   12   Hz in Figure 6 indicates that those downwards of  8  Hz are significant cues. These findings demonstrate that temporal modulation cues in a TAE from  6  to  8  Hz have a key role to play in the perception of urgency.





6. Experiment IV: Effect on Temporal Amplitude Envelope of Time-Reversed Speech


The results of experiment III indicate that the modulation frequency components between 6 and 8 Hz in the TAE of speech are key elements in the perception of urgency as para-linguistic information. Moreover, since para-linguistic information is independent of linguistic information, the modulation frequency components between  6  and  8  Hz are also presumably important. To confirm this, we conducted an urgency-perception experiment on time-reversed noise-vocoded stimuli utilizing LPFs and HPFs, the same as in experiment III.



6.1. Stimuli


We utilized time-reversed versions of the four noise-vocoded stimuli from experiment III. The modulation frequency components of the TAE were restricted using LPFs and HPFs at seven different cut-off frequencies (  2 ,   4 ,   6 ,   8 ,   12 ,   16 ,   and   32   Hz). Two stimulus pairs were randomly generated using Scheffé’s paired comparison method with each speech stimulus for both the LPFs and HPFs. We utilized a total of 756 paired stimuli and set 0.5 s of silence between the first and second stimuli. All paired stimuli were divided into   14   sessions containing   54   stimulus pairs each. We scheduled a   90  -min break after the first seven sessions, so the duration of the experiment was approximately 180 min.




6.2. Participants


The participants were 12 native Japanese (two women and ten men) ranging in age from   22   to   25   years old. All had normal hearing as determined through the same testing as experiment 1.




6.3. Procedure


We conducted the experiment in a soundproof room using the same stimulus presentation, experimental setup, and procedures as experiment I.




6.4. Results


In this experiment, we set the upper and lower limits of the modulation frequency component of the TAE of time-reversed speech by using an LPF and HPF, respectively. Figure 7 shows the results for the LPF condition and Figure 8 for the HPF condition, where the formatting is the same as in experiment III.



As we can see here, in contrast to the results of experiment III, the degree of urgency was almost the same for all four stimulus conditions, and the degree of urgency was near zero regardless of the LPF and HPF cut-off frequencies.




6.5. Consideration


The LPF cut-off frequency of   32   Hz in Figure 7 and the HPF cut-off frequency of  2  Hz in Figure 8 correspond roughly to the perceived urgency in the time-reversed noise-vocoded stimuli demonstrated in experiments I and II. Both the different order in the degrees of urgency for each stimulus condition and the fact that the degree of urgency was almost zero indicate that the temporal ordering and changes in the TAE of speech information are key factors influencing the perception of urgency. Of course, the orderliness of the temporal direction of the TAE and its changes are also necessary for the perception of the linguistic information of speech.





7. General Discussion


The NVS scheme has been used as a cochlear implant (CI) simulator to simulate the poor spectral cue and enough temporal cues provided by a CI device [21,22]. Since CIs are known to lack the information necessary for recognizing non-linguistic and para-linguistic information [23], the results of our study could be helpful for improving the non-linguistic and para-linguistic information recognition of CI users by increasing or decreasing specific modulation frequency components of a TAE.



Our previous studies in which we systematically varied the number of channels in the NVS scheme and the upper limitation of the modulation frequency components [11,12] demonstrated that the TAE plays an important role in the recognition of both vocal emotion and speaker individuality as non-linguistic information. These studies found that significant cues for perception of non-linguistic information are temporal modulation components of the noise-vocoded stimuli lower than the modulation frequency of 8 Hz. These studies also suggested that recognition of vocal-emotion and speaker individuality using the NVS scheme with NH listeners can be used to predict the response from CI listeners as CI simulators [24,25,26].



In this paper, we found with experiments I and II that NVS contains features that contribute to a sense of urgency as para-linguistic information. The perception of urgency might also involve human perceptual mechanisms of amplitude modulation. Additionally, according to the results of experiment III, the modulation frequency component of a TAE that contributes to the perception of urgency is from 6 to 8 Hz. Din et al. previously showed that the modulation frequency of speech peaks near 4 Hz regardless of language [21], which suggests that the modulation frequency of linguistic information is near 4 Hz. Our own findings thus indicate that the modulation frequency component of contributing to urgency perception is higher than that of linguistic information.



Our experimental findings indicate that even para-linguistic information might not be completely unrelated to linguistic information. For example, the results of experiment IV suggest that the sense of urgency may also be lost due to the loss of the linguistic information of speech stemming from the use of reversed speech. However, the modulation frequency components at the core of linguistic information and those important for the perception of urgency differ, as noted above [23]. Therefore, it is unlikely that the loss of a sense of urgency observed in experiment IV is related to the loss of linguistic information of speech.



We should mention that the modulation frequency observed in experiment III was calculated in the sense of a long-time average. Therefore, if the modulation frequency component in a TAE of speech plays an important role in the perception of urgency, it should be possible to perceive urgency even in a speech where the temporal direction is reversed. The results of experiment IV suggest that this was not the case, however, which leads us to suspect that the instantaneous modulation frequency (e.g., temporal variation of modulation frequency, asymmetry of its variation pattern, the difference between rising and falling edges, etc.), as well as the modulation frequency component calculated in the sense of a long-time average, are important cues for the perception of urgency. This is our future work.




8. Conclusions


In this work, we comprehensively examined whether temporal modulation cues in the TAE of speech contribute to the perception of urgency. To this end, we performed experiments in which noise-vocoded stimuli containing TAEs identical to those of the original stimuli were compared with those in which the components were changed by low-pass or high-pass filtering. We derived the degrees of urgency from a paired comparison of the results and then used them as a basis for clarifying the relationship between the temporal modulation components and urgency perception. Our key findings are as follows.



	(i)

	
The perceived degrees of urgency of noise-vocoded stimuli are similar to those of the original stimuli.




	(ii)

	
Significant cues for urgency perception are temporal modulation components of the noise-vocoded stimuli higher than the modulation frequency of Hz.




	(iii)

	
Additional significant cues for urgency perception are temporal modulation components of the noise-vocoded stimuli lower than the modulation frequency of Hz.




	(iv)

	
A TAE of time-reversal speech is not likely to contain important cues for the perception of urgency.







In other words, the instantaneous modulation frequency (or asymmetry of the time-varying pattern of modulation frequency, etc.) is presumably more important than the modulation frequency in the long-time average sense.



Overall, our findings demonstrate that temporal modulation cues in the TAE significantly contribute to the perception of urgency.
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Figure 1. Process flow of speech analysis/synthesis method utilized to generate noise-vocoded stimuli (BPF: band-pass filter, LPF: low-pass filter, and NBN: narrow-band noise). 
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Figure 2. Results of experiment I: Degrees of urgency perception of original stimuli. 
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Figure 3. Results of experiment I: Degrees of urgency perception of noise-vocoded stimuli. 
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Figure 4. Results of experiment II: Degrees of urgency perception of all original and noise-vocoded stimuli presented in experiment I. 
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Figure 5. Results of experiment III: Urgency perception of noise-vocoded stimuli with the upper temporal modulation component of TAE restricted using LPF. 
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Figure 6. Results of experiment III: Urgency perception of noise-vocoded stimuli with the lower temporal modulation component of TAE restricted using HPF. 
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Figure 7. Results of experiment IV: Urgency perception of time-reversed noise-vocoded stimuli with the upper modulation component of TAE restricted using LPF. 
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Figure 8. Results of experiment IV: Urgency perception of time-reversed noise-vocoded stimuli with the lower modulation component of TAE restricted using HPF. 
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Table 1. Sharpness differences between original and noise-vocoded stimuli. The unit of sharpness is [acum].
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	Stimulus Label
	A (a)
	B (b)
	C (c)
	D (d)





	Original
	1.45
	1.55
	1.55
	1.51



	Noise-vocoded
	1.73
	1.84
	1.82
	1.77



	Difference
	0.28
	0.29
	0.27
	0.26
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