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ABSTRACT 

 

In speech perception, identification of place of articulation is often dependent 

upon formant transitions (frequency changes in vocal resonances). A number of 

experiments have shown that the alveolar and velar place distinction in initial 

stop consonants (/d/ and /g/) can be cued by the slope of the third formant (F3) 

transition. Previous studies have established that these place distinctions can be 

made with both actual and “virtual” transitions. However, the question remains 

as to the place at which this auditory processing takes place: Does it occur in the 

auditory periphery or as a function of central auditory processing? The 

experiment presented here addressed the extent to which the perception of 

synthetic /da/-/ga/ syllables could be cued by virtual transitions in both diotic 

and dichotic conditions. Both virtual and actual F3 transitions produced similar 

identification functions but the efficacy of the virtual transition was somewhat 

reduced in the dichotic condition. 
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I. INTRODUCTION AND LITERATURE REVIEW 

 

The ability to produce and understand speech is often taken for granted and little 

thought is given to the underlying complex cognitive processes that allow 

communication to occur. Our ability to share experiences, transmit knowledge, 

and exchange thoughts and ideas has unquestionably been largely dependent 

upon speech throughout the development of human culture. Speech has proven 

to be the most convenient form of communication for human society at large, and 

a great deal of research has sought to gain a more thorough understanding of how 

speech is produced, perceived, and understood. 

 

Production of Speech 

The production of the individual sounds that comprise speech is an intricate 

combination of specialized movements of vocal organs, beginning with the 

respiratory system pushing air out of the lungs. In nearly all speech sounds, the 

basic source of power is the lungs, which send an air stream flowing through the 

trachea and the larynx, and into the pharynx and the oral cavity. Upon entering 

the larynx, the airstream passes between the two small muscular folds, called the 

vocal folds. If the vocal folds are adjusted so that there is only a comparatively 

narrow passage between them, the airstream sets the vocal folds into rapid 

vibration, producing their characteristic buzz. In general, sounds produced when 

the vocal folds are apart are referred to as voiceless sounds, while those produced 

when the vocal folds are vibrating are referred to as voiced sounds. 
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The acoustic energy that emerges from the vocal folds is modified by the acoustic 

properties of the vocal tract, which depend primarily on its size and shape. While 

the size of the vocal tract remains constant within each speaker, the shape of the 

vocal tract (consisting of the pharynx, mouth, and nose) can be varied extensively 

by moving the soft palate, tongue, lips and jaw; referred to as the articulators. 

This process of adjusting the vocal tract shape to produce distinctive, varying 

speech sounds is called articulation. During speech, the movement of these 

articulators continually alters the shape of the vocal tract and its acoustic 

characteristics, which enables us to produce the different sounds of speech. 

Combining these movements with the dynamic action of the vocal folds produces 

a wide variety of consonant sounds, which are typically classified according to 

three major dimensions: place of articulation, manner of articulation, and voicing.  

 

The action of the vocal folds is responsible for converting the energy of the 

airstream into acoustic energy, before it is subjected to the various modifications 

of the articulators, as it progresses through the vocal tract. The vocal folds’ 

frequency of vibration is known as the fundamental frequency (F0), and is the 

lowest frequency component present in a spectrum of speech sounds. 

Fundamental frequency is a factor of the tension and length of the vocal folds, as 

well as the air pressure from the lungs, which are continually being modified 

during speech. As the acoustic energy progresses toward the lips, the vocal tract 

acts as a resonator, meaning that it has certain natural frequencies of vibration, 

or resonant frequencies. The vocal tract responds more readily to a component of 

the vocal folds’ vibration whose frequency is similar to its own resonant 
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frequency, than to a sound wave of another frequency. These components will be 

emphasized and the spectrum of the sound emerging from the lips will “peak” at 

the resonant frequencies of the vocal tract (Denes and Pinson, 1993). The 

spectrum of the speech wave will have a peak at a number of different frequencies 

because the vocal tract emphasizes the harmonics of the vocal fold wave at each 

of the vocal tract’s resonant frequencies. Since the values of the resonant 

frequencies are determined by the shape and size of the vocal tract, there will be 

spectral peaks at different frequencies as the shape of the vocal tract is changed.  

 

These resonances of the vocal tract are called formants, and they are particularly 

important in our understanding of speech perception and the ability of the 

human auditory system to distinguish between various speech sounds. Formant 

frequencies depend greatly on whether and where the articulatory movements of 

the tongue and lips obstruct the oral cavity; every configuration of the vocal tract 

has its own set of characteristic formant frequencies. These characteristics of the 

acoustic signal are important in providing the information necessary to 

distinguish between the various places and manners of articulation.  

 

Examination of the acoustic characteristics of speech waves has proven successful 

in producing a great deal of information about formants. While we are able to 

effectively describe the ways in which the vocal tract and oral cavity move in 

order to produce the various sounds of speech, there is still much to be learned 

about the complex mechanisms involved in the perception of speech. Of interest 

is how the human listener processes these complex sounds. There has been a 
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great amount of research attempting to answer the question of what the human 

ear pays attention to in order to accurately distinguish between different speech 

sounds and, further, to successfully understand speech. 

 

Formant Averaging: the Center-of-Gravity Effect 

Early research investigating the importance of formants in speech perception was 

conducted by Delattre et al. (1952), addressing the role formant frequencies play 

in vowel perception. This study showed that the phonetic quality of back vowels 

synthesized with only the first two formants could be matched to a vowel 

containing only a single formant. The success of the match proved to be 

dependent upon the relationship between the frequencies and amplitudes of the 

two close formants and the peak frequency of the single formant vowel. Variation 

in the relative intensity ratio between the two close formants in these synthetic 

back vowels produced a change in the frequency of the single formant to which it 

was best matched. More specifically, as the ratio of the level of F2 to F1 was 

increased, a significant systematic raising occurred for the center frequency of the 

single-formant vowel whose quality was being matched. It was proposed that an 

auditory mechanism must effectively average two formants that are relatively 

close in frequency in order to achieve this effect. This phenomenon, known today 

as formant averaging, spectral integration, or the center-of-gravity (COG) effect, 

suggests that the auditory system performs an additional filtering of vowels 

beyond the cochlea. 
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A further exploration of this COG effect led to several studies investigating the 

integration of formants during vowel identification in vowel matching 

experiments. A number of experiments conducted by Chistovich and colleagues 

(Bedrov et al., 1978; Chistovich and Lublinskaja, 1979; Chistovich et al., 1979) 

showed that the predictable shift in the matching frequency of the single formant 

occurred when the two close formants fall within a “critical distance” or “critical 

formant separation” of about 3.5 bark. What is referred to as one bark is an 

empirically-derived common value that is thought to represent the width of one 

of the presumed bank of adjacent filters used to model basilar membrane 

mechanics (Scharf, 1972). This 3.5 bark critical distance is interpreted by some to 

denote the spectral resolving power of the auditory periphery. It was proposed 

that within this critical distance the changes to the relative amplitude ratios 

between the two formants changed their combined spectral center of gravity 

(COG) and it was to this spectral COG that the frequency of the single formant 

was being matched. This work showed that when two vowel formant peaks are 

separated by less than 3.5 bark, they are perceptually integrated into a single 

perceived peak (“perceptual formant”), with a frequency that is closer to that of 

the stronger formant (Chistovich et al., 1979). The amplitudes of the two 

formants play an important role insofar as a change in their ratio is equivalent to 

a frequency change of a single-formant vowel which approximates their quality 

(Chistovich and Lublinskaja, 1979). The 3.5-bark critical distance indicates a 

possible limit on spectral integration in that the COG effect disappears with 

larger formant separation. 
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Psychoacoustic studies of Virtual Pitch                                                               

Insights into this type of auditory filtering can be drawn from early 

psychoacoustic work by Feth (1974) and Feth and O’Malley (1977). This research 

investigated the spectral pitch of complex tones using two-component complex 

tone pairs that had identical envelopes but differed in fine structure (Voelcker 

1996a; b). The results were consistent with the COG hypothesis of Chistovich et 

al., showing decreasing discriminability as the separation of the two components 

increased to 3.5 bark. The similarity of the two-tone resolution results of Feth 

and O’Malley (1977) to the critical distance observed in vowel matching tasks 

serves to further demonstrate the possibility of a common mechanism, i.e., an 

auditory spectral resolving power. Recently, Xu et al. (2004) confirmed both the 

results of Chistovich and Lublinskaja (1979) and Feth and O’Malley (1977) with a 

set of American English listeners responding to the same two types of signals 

(two-formant synthetic vowels and complex two-tones). In their study, Xu et al. 

concluded that both the complex-tone discriminability and the spectral 

integration limits reflect the same auditory spectral resolving power, and 

therefore further suggests that the auditory processing of complex auditory 

signals at the intermediate stage is the same for speech and nonspeech signals. 

Spectrally Dynamic COG Effects                                                                                    

An important limitation of the past research was that the signals used were 

spectrally static; that is the parameters of the signals remain constant for the 

entire duration of the sound. These stationary sounds are unnatural, as they 

normally do not occur in speech. Real speech signals are typically dynamic, with 

 9



formant frequencies and amplitudes changing, sometimes rapidly, over time. It 

became evident that since dynamic signals are more prevalent in the natural 

speech environment, they would be more appropriate for studying integration 

effects. In a landmark study, Lublinskaja (1996) used two Russian diphthongal 

vowels to investigate the auditory system’s ability to attend to a dynamic spectral 

COG. The ratios of the amplitudes of two relatively closely spaced formants were 

modified over time to attempt to produce the perception of a non-stationary, 

diphthongal vowel. Lublinskaja reported that these virtual formant changes did 

in fact produce a diphthongal-vowel percept when the critical distance between 

the modified formants (F2 and F3) was less than 3.5 bark. However, when the 

distance between F2 and F3 was greater than the critical distance of 3.5 bark the 

percept was that of a stationary vowel. In addition, moving the frequency 

separation from 3.5 to 4.5 bark produced systematically more stationary percepts 

as the size of the separation increased. Accordingly, it can be concluded that the 

spectral integration limit for this type of dynamic vowel is between 3.5 and 4.5 

bark, which is somewhat larger than the value determined for static vowels. 

Building on this research, Xu et al. (2004) extended the investigation of the COG 

effect observed in diphthongal vowels to consonant-vowel (CV) transitions.  The 

study sought to analyze whether virtual frequency (VF) and frequency modulated 

(FM) transitions are processed in a way that makes them perceptually equivalent 

to that of a synthetic formant transition, looking specifically at the CV transitions 

in /da/ and /ga/. The results showed no significant difference in the 

identification responses between stimulus types, revealing that the dynamic 
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change caused by amplitude modulation is a phenomenon comparable to a 

frequency change. Xu et al. concluded that this “virtual” frequency change is 

processed similarly in speech and nonspeech signals and appears to occur more 

centrally in the auditory system. 

Also of interest is a study by Fox et al. (2006) which assessed the extent to which 

the perception of synthetic /da/-/ga/ and /ta/-/ka/ syllables could be cued by 

virtual formant transitions or virtual bursts brought about by spectral COG 

effects. The results showed that listeners were able to accurately identify 

consonants along a /da/-/ga/ continuum using these stimulated, virtual formant 

transitions, and further that the dynamic cues to place of articulation in these 

syllables were perceived and interpreted in a near equal fashion by the auditory 

system regardless of the transition type. 

 

One important unanswered question is whether auditory spectral integration 

occurs in the auditory periphery (within the cochlea prior to central auditory 

processing), or within higher auditory processing centers as a part of central 

auditory processing. In order to answer this question and further investigate the 

COG phenomenon, the present study attempted to determine the extent to which 

spectral integration of auditory signals corresponding to the third formant 

transition (which produces a /d/-/g/ contrast) occurs. The existence of dynamic 

cues to place of articulation, found in synthesized transitions along an actual 

/da/-/ga/ continuum, as well as along a /da/-/ga/ continuum using simulated, 

virtual formant transitions, was further investigated; extending the investigation 
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to dichotic listening paradigms. Of particular interest is the contrast between 

diotic presentation (identical auditory stimuli presented to both ears) and 

dichotic presentation (presentation of different parts of the stimuli, 

simultaneously, to each ear) of the stimuli. The experiment was designed with 

both diotic and dichotic presentations of stimuli in an attempt to substantiate the 

claims that central mediation is required to arrive at a unified percept. If the 

diotic and dichotic presentation conditions produce similar identification 

functions, this would argue that the human auditory system is able to integrate 

different sounds from both ears to arrive at a unified percept, suggesting that this 

type of processing is happening at central levels of the auditory system. As with 

the previous studies investigating dynamic consonant-vowel transitions, selecting 

/da/ and /ga/ as CV units for the present investigation is particularly appropriate 

because it has been well demonstrated that the direction of the F3 transition can 

effectively cue the place of articulation (Mann and Liberman, 1983; Whalen and 

Liberman, 1987; Fox et al., 1997). The direction of the F3 transition is responsible 

for the auditory distinction between /da/ and /ga/: a rising transition leads to the 

perception of /g/ and a falling transition specifies /d/. 

 

Therefore, since it is this formant transition characteristic of the acoustic signal 

that provides the information necessary to distinguish between various places 

and manners of articulation, a more thorough understanding of how the auditory 

system processes this information will provide new insight into the peripheral 

and central mechanisms underlying human speech perception.  
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II. METHODS 

 

A. Stimuli 

 

The stimuli were designed so that there were six different /da/-/ga/ 

series sets whose steps differed in terms of two variables; the method 

of presentation of the tokens (diotic or dichotic) and the type of F3 

transition within each token (actual or virtual F3 transition).  

 

Diotic, Actual F3 Transition Series 

These stimuli were created using the parallel branch of the Klatt 

synthesizer using the .kld option in HLSYN (Sensimetrics, 1997) with a 

sampling rate of 11025 Hz. Each token had a duration of 250-msec, 

consisting of a 50-msec transition portion (corresponding to the 

consonant-vowel formant transitions) and a 200-msec steady-state 

vowel portion. The 50-msec transition portion of F1 and F2, as well as 

the 200-msec steady-state portion for all three formants (F1, F2, and 

F3) were identical in each token in the series. Over the first 50 msec, F1 

increased from 443 Hz to 700 Hz and F2 decreased from 1520 Hz to 

1220 Hz. The frequencies of F1 and F2 then remained unchanged at 

700 Hz and 1220 Hz, respectively, over the final 200 msec steady-state 

vowel portion of the token. The frequency of F3 for the steady-state 

portion of the vowel was a constant 2600 Hz. The tokens differed in 

terms of the 50-msec transition portion of F3. These nine F3 
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transitions had different onset frequencies that were equally spaced, 

ranging from 1800 Hz to 2600 Hz, each with an offset frequency of 

2600 Hz. The onset and offset frequencies of these nine F3 transitions 

are shown in Table 1. In addition, Figure 1 is a schematic 

representation of the diotic, actual F3 transition series. 

 

 

 

Series 

Step 

Transition 

Onest  

Transition 

Offest 

1 1800 2600 

2 1900 2600 

3 2000 2600 

4 2100 2600 

5 2200 2600 

6 2300 2600 

7 2400 2600 

8 2500 2600 

9 2600 2600 

 

Table 1. Onset and Offset frequencies of Actual F3 Transitions 
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 Figure 1. Schematic Representation of the diotic, actual F3 transition series; note that the 

frequency of the F3 onset varies from 1800 Hz to 2600 Hz, as outlined in Table 1. 

 

Diotic, Virtual F3 Transition Series 

The construction of these stimuli consisted of two separate processes, 

involving creating a virtual F3 transition and inserting it into the first 

50 msec of a base consonant-vowel token. The base token was created 

using the parallel branch of the Klatt synthesizer, again using the 

HLSYN with the .kld option and a sampling rate of 11025 Hz. The base 

token consisted of a 50-msec transition portion and a 200-msec 

steady-state vowel portion. The transition portion of the base consisted 

of the F1 and F2 transitions only, whereas the steady-state portion 

contained the first three steady-state formants of the vowels. The 50-

msec transition portion of F1 and F2, as well as the 200-msec steady-

state portion for all three formants (F1, F2, and F3) were again 

identical in each token in the series. Over the first 50 msec, F1 

increased from 443 Hz to 700 Hz and F2 decreased from 1520 Hz to 
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1220 Hz. The frequencies of F1 and F2 then remained unchanged over 

the final 200 msec steady-state vowel portion of the token. The 

frequency of F3 for the steady-state portion of the vowel was a constant 

2600 Hz. The tokens differed in terms of the 50-msec transition 

portion of F3. 

 

The virtual F3 transitions were created by changing the relative 

intensities (intensity ratios) of two 50-msec sinewave pairs. The 

frequencies of the sinewaves were multiples of the fundamental 

frequency (F0=120 Hz), and were just above and just below the 

frequencies where the actual F3 transitions occurred (see Table 2). 

These sinewave pairs were created using the tone generator option in 

Adobe Audition, and were created with equal amplitudes. The relative 

intensities of these pairs of sinewaves were then adjusted in nine 

different steps, and then combined, so that the movement of the 

spectral center-of-gravity of the tokens changed in the same fashion as 

the frequencies of the F3 transition in the tokens with an actual F3 

transition. The relative intensities of the onsets and offsets are shown 

in Table 2. The spectral center-of-gravity at each temporal location in 

the F3 transition was based on the intensity ratio between the lower 

and higher sinewave pairs. The overall mean rms of the combined pairs 

of sinewaves was adjusted to within 1dB of the average rms value of the 

actual F3 transitions. 
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Series 

Step 

Relative 

Intensity 

Onest (P1) 

Relative 

Intensity 

Offest (P1) 

Relative 

Intensity 

Onest (P2) 

Relative 

Intensity 

Offest (P2) 

1 93.75% 10.42% 6.25% 89.58% 

2 83.33% 10.42% 16.67% 89.58% 

3 72.92% 10.42% 27.08% 89.58% 

4 62.50% 10.42% 37.50% 89.58% 

5 52.08% 10.42% 47.92% 89.58% 

6 41.67% 10.42% 58.33% 89.58% 

7 31.25% 10.42% 68.75% 89.58% 

8 20.83% 10.42% 79.17% 89.58% 

9 10.42% 10.42% 89.58% 89.58% 

 

Table 2. Relative intensities of onsets and offsets of sinewave pairs. (Lower pair, 

harmonics used = 1680 Hz and 1800 Hz, mean = 1740 Hz; Higher pair, harmonics used = 

2640 Hz and 2760 Hz, mean = 2700 Hz). 

 

The 50-msec virtual transitions were then inserted into a copy of the 

base token using Audition, with the onset of the transitions 

synchronized with the onset of the F1 and F2 formants in the base 

token. Figure 2 is a schematic representation of the final three-formant 

tokens. 
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Figure 2. Schematic representation of the diotic, virtual F3 transition series; note that the 

center frequencies of the two 50-msec sinewave pairs remain constant, with the variation lying 

in the modified relative intensities, as outlined in Table 2. 

 

Dichotic, Actual F3 Transition Series 

In order to present the stimuli dichotically it was necessary to create 

two separate channels, which could be used to simultaneously present 

different parts of the token to each ear. These stimuli were constructed 

with a base token (containing F1 and F2 with the same frequencies and 

durations previously used) in one channel, and the nine different F3 

steps (containing both the 50-msec transition portion and the 200-

msec steady-state vowel portion) in the other channel. Figure 3 is a 

schematic representation of the dichotic, actual F3 transition series. 

The stimuli were created using the parallel branch of the Klatt 

synthesizer using the .kld option in HLSYN with a sampling rate of 

11025 Hz, and the F3 portion was then inserted into a copy of the base 
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token using Audition, with the onset of the F3 formant synchronized 

with the onset of the F1 and F2 formants in the base token. The nine F3 

formant transitions were identical to those created in the diotic files, 

with different onset frequencies that were equally spaced, ranging from 

1800 Hz to 2600 Hz. Each of the nine F3 transitions had an offset 

frequency of 2600 Hz, and the frequency of F3 for the steady-state 

portion of the vowel was a constant 2600 Hz. 

 

Figure 3. Schematic Representation of the dichotic, actual F3 transition series. Channels 1 and 2 

were presented simultaneously to separate ears. 

 

Dichotic, Virtual F3 Transition Series 

The dichotic virtual stimuli were created, similarly to the dichotic 

stimuli with an actual F3 transition, with separate channels for the 

presentation of separate pieces of the token to each ear. There were 

three dichotic virtual series versions, differing by the ways in which the 

stimulus was divided between the ears. 
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Version one was constructed with the base token in one channel and 

the F3 steps and steady-state portion in the other channel. The base 

token contained F1 and F2. Over the first 50 msec, F1 increased from 

443 Hz to 700 Hz and F2 decreased from 1520 Hz to 1220 Hz. The 

frequencies of F1 and F2 then remained unchanged over the final 200 

msec steady-state vowel portion of the token. The F3 portion of each 

stimulus consisted of a 50-msec virtual transition, created in the same 

manner as those previously described, with the relative intensities of 

two sinewave pairs being manipulated in order to change the spectral 

center-of-gravity in the same fashion as the frequencies of the F3 

transition in the tokens with an actual F3 transition. Again, the final 

200-msec of the F3 remained constant at 2600 Hz. Figure 4 is a 

schematic representation of version one of the dichotic, virtual F3 

transition series. 

Figure 4. Schematic representation of the diotic, virtual F3 transition series, version 1; note that 

the the two 50-msec sinewave pairs remain constant, and are in the same channel. Channels 1 and 2 

were presented simultaneously to separate ears. 
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Versions two and three were different from version one in that the two 

sinewave pairs necessary to create a virtual F3 transition were split 

between the two channels. Version two had the entire 250-msec F1 and 

F2 in one channel, as well as the lower frequency (mean = 1740 Hz) 50-

msec sinewave pair, while the other channel contained the higher 

(mean = 2700 Hz) frequency 50-msec sinewave pair and the 200-msec 

steady state portion of F3. Version three was constructed in a similar 

manner, the key difference being that the sinewave pairs were split so 

that they were opposite the arrangement used in version two. The 

entire 250-msec F1 and F2 was in one channel along with the higher 

frequency (mean = 2700 Hz) 50-msec sinewave pair, and the lower 

frequency (mean = 1740 Hz) 50-msec sinewave pair and the 200-msec 

steady state portion of F3 were in the other channel. Figures 5 and 6 

are schematic representations of versions 2 and 3, respectively, of the 

dichotic, virtual F3 transition series. 

Figure 5. Schematic representation of the diotic, virtual F3 transition series, version 2; note that 

the the two 50-msec sinewave pairs remain constant, and have been split between the two channels. 

Channels 1 and 2 were presented simultaneously to separate ears. (F3 Sinewave mean frequencies = 

Channel 1: 1740 Hz, Channel 2: 2700 Hz.)  
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Figure 6. Schematic representation of the diotic, virtual F3 transition series, version 3; note that 

the the two 50-msec sinewave pairs remain constant, and have been split between the two channels 

(opposite version 2). Channels 1 and 2 were presented simultaneously to separate ears. (F3 

Sinewave mean frequencies = Channel 1: 2700 Hz, Channel 2: 1740 Hz.)  

 

B. Listeners 

 

Fourteen listeners (five men and nine women) with no known history 

of hearing impairment participated in the experiment. The listeners 

ranged in age from 19 to 28 years, and were paid volunteers. All 

subjects were native speakers of American English. They were paid 

$16.00 ($8.00/hour, for two one-hour sessions) for their participation. 

Two additional listeners were unable to complete the listening task; 

their results were not included in the analyses. 
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C. Procedure 

 

All signals were presented with TDH-49 headphones at a comfortable 

listening level to a subject seated in a sound-attenuating booth. A 

single-interval two-alternative forced choice identification task was 

used with the response choices “da as in ‘dot’”  and “ga as in ‘got’”  

displayed on two separate halves of a computer monitor. Subjects were 

asked to indicate whether they heard a da or a ga for each token 

presented by clicking a mouse on the appropriate section of the display. 

There were 135 stimuli presented randomly in each of six sets (9 tokens 

x 15 repetitions) blocked by the token type. Each subject participated in 

two separate one-hour sessions, with three sets of 135 stimuli 

presented in each session. The presentation order of sets was 

counterbalanced across listeners. The sets were: 

1) Diotic, actual transition 

2) Diotic, virtual transition 

3) Dichotic, actual transition 

4) Dichotic, virtual transition, version 1 

5) Dichotic, virtual transition, version 2 

6) Dichotic, virtual transition, version 3 

 

In order to familiarize the subject with the stimulus set and the task, prior 

to the listening task for each blocked set of stimuli the subject heard each 

endpoint stimulus for that stimulus series (step 1 and step 9) eight times. 
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As each stimulus token was played, the appropriate response area turned 

red on the computer display. Then, the subject was presented with a nine-

item randomized self-check, instructed to guess the right answer, and the 

appropriate response again turned red on the computer display. Following 

the presentation of these examples, the subject had a fifteen-item practice, 

with no feedback. After the practice was completed, the experimenter 

answered any questions the subject had. The subject was then presented 

with the endpoint examples and the randomized self-check again before 

the actual listening task began. Each of six sets lasted approximately 

twenty minutes. 
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III. RESULTS AND DISCUSSION 

 

Diotic Condition 

Shown in Figure 7 are the identification functions of the responses to the actual 

F3 transition series and the virtual F3 transition series, both presented diotically. 

The two identification functions have a similar shape, although it is clear that the 

slope of the identification function for the virtual F3 transition series is more 

gradual than that of the actual F3 transition series. 

 

The locations of the /da/-/ga/ category boundary (the 50% cross-over point) 

along the F3 onset axis for each individual step were calculated using a one-way 

between-subject Probit Analysis with the F3 transition type (actual or virtual) as 

the factor. This test showed that there was a significant difference in the mean 

category boundary (F(1,12)=13.183, p=0.003, η2=0.523) between the actual F3 

transition series and the virtual F3 transition series. Listeners provided slightly 

more da responses to the virtual F3 transition series (mean category 

boundary=2121 Hz) than to the actual F3 transition series (mean category 

boundary=2229 Hz). The results indicate that listeners demonstrated some bias 

toward da in the virtual F3 transition series, while no bias was demonstrated in 

the actual F3 transition series. 

 

Next, the number of da responses were analyzed using a two-way within-subject 

analysis of variance with the factors F3 transition type (actual or virtual) and F3 

onset frequency (series step). There was a significant main effect of transition  
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Figure 7. Identification functions of responses to the actual F3 transition series and the virtual F3 

transition series, presented diotically. Values along the abscissa represent the onset frequency used in the 

synthesis of the actual formant transition or, for the virtual transitions, the effective onset frequency of the 

spectral center-of-gravity for the two intensity-modulated sinewave pairs. 
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type (F(1,13)=5.250, p=0.039,  η2=.288), and, as expected, a significant main 

effect of F3 onset frequency (F(8,104)=115.88, p<0.001, η2=0.899). There was 

also a significant F3 transition type by F3 onset frequency interaction 

(F(8,104)=16.45, p<0.001, η2=0.559). This interaction stems from the fact that 

the slope of the identification function is somewhat more shallow in the virtual 

F3 transition series than in the actual F3 transition series. 

 

In comparing the slopes of the two identification functions, a paired-samples t-

test showed that there was a significant difference in the percent da responses 

given to the two different series (t(13)=5.55, p<0.001). The slope of the actual F3 

transition identification function (mean=0.127) was greater then that of the 

virtual f3 transition (mean=0.076). It is clear that the actual F3 formant 

transitions are more salient than the virtual F3 formant transitions in the diotic 

condition. These results support the claim that the virtual F3 transitions do not 

provide as strong a cue for the /da/-/ga/ consonant distinction as do the actual 

F3 formant transitions. 

 

Dichotic Condition 

Shown in Figure 8 are the identification functions of the responses to the actual 

F3 transition series and the virtual F3 transition series, both presented 

dichotically. The two identification functions approximate the same general 

shape, however it is clear that the slope of the identification function for the 

virtual F3 transition series is much more gradual than that of the identification 

function for the actual F3 transition series. The slope of the identification  
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Figure 8. Identification functions of responses to the actual F3 transition series and the virtual F3 

transition series, presented dichotically. Values along the abscissa represent the onset frequency used in the 

synthesis of the actual formant transition or, for the virtual transitions, the effective onset frequency of the 

spectral center-of-gravity for the two intensity-modulated sinewave pairs. 
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function of the actual F3 transition series shows a significantly more abrupt shift 

from primarily ga responses to primarily da responses, indicating that the actual 

F3 transitions are more salient in cueing the /da/-/ga/ distinction. 

 

The locations of the /da/-/ga/ category boundary (the 50% cross-over point) 

along the F3 onset axis for each individual step were again calculated using a one-

way between-subject Probit Analysis with the F3 transition type (actual or virtual) 

as the factor. This test showed that there was no significant difference in the 

mean category boundary (F(1,9)=0.326, p=0.582) between the actual F3 

transition series and the virtual F3 transition series (actual F3 transition 

mean=2273 Hz, virtual F3 transition mean=2206 Hz). 

 

Next, the number of da responses were analyzed using a two-way within-subject 

analysis of variance with the factors F3 transition type (actual or virtual) and F3 

onset frequency (series step). There was a significant main effect of transition 

type (F(1,13)=23.160, p<0.001, η2=0.640) and, as expected, a significant main 

effect of F3 onset frequency (F(8,104)=47.082, p<0.001, η2=0.784). There was 

also a significant F3 transition type by F3 onset frequency interaction 

(F(8,104)=20.85, p<0.001, η2=0.616). This interaction stems from the fact that 

the slope of the identification function is significantly more shallow for the virtual 

F3 transition series than in the actual F3 transition series. 

 

In comparing the slopes of the two identification functions, a paired-samples t-

test showed that there was a significant difference in the percent da responses 

 29



given to the two different dichotic series (t(12)=8.183, p<0.001). The mean slopes 

of the identification functions (actual F3 transition series=0.116, virtual F3 

transition series=0.033) further illustrate this difference. It is clear that the 

actual F3 formant transitions are more salient than the virtual F3 formant 

transitions in the dichotic condition, as well, again showing that the actual F3 

formant transitions are better able to cue the /da/-/ga/ consonant distinction. 

 

A Closer Look at the Dichotic Virtual Conditions 

Shown in Figure 9 are the identification functions of responses to the three 

versions of the dichotic virtual transition series. One can notice that while version 

one has a positive slope, versions two and three appear to be much more flat. As 

previously described, the three versions of the dichotic stimuli with virtual F3 

formant transitions differ in terms of which pieces of the acoustic signal are being 

presented to each ear. While version one has the entire third formant in one ear, 

in versions two and three the sine wave pairs that comprise the virtual F3 

transition are oppositely split between ears. The results show that listeners were 

able to more accurately identify the virtual transition, and therefore the /da/-

/ga/ consonant distinction, in version one, where both sine wave pairs were 

presented to the same ear. It seems, in the cases of versions two and three, as 

though the auditory system could not effectively integrate the sine wave pairs 

when they were presented to separate ears. This suggests that the integration of 

these pieces of the signal may be occurring at a more peripheral level. 
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Figure 9. Identification functions of responses to the three versions of the dichotic, virtual transition 

series. Values along the abscissa represent the effective onset frequencies of the spectral center-of-gravity. 

 

 

 

 

 

 

 

 31



Summary and General Discussion 

The experiment presented here addressed the extent to which the perception of 

synthetic /da/-/ga/ syllables could be cued by virtual transitions brought about 

by spectral COG effects, in both diotic and dichotic conditions. The results show 

that both actual and virtual dynamic cues to place of articulation in these 

syllables are perceived and interpreted in a similar fashion by the auditory system, 

although it is noteworthy that the virtual F3 formant transitions were not as 

salient as the actual F3 formant transitions in cueing the /da/-/ga/ distinction. In 

addition, listeners were better able to correctly identify the dynamic /da/-/ga/ 

consonant transition in the diotic condition than in the dichotic condition. It can 

be concluded that the stimuli with the actual F3 transitions were much more 

salient in cueing this consonant distinction, in both the diotic and the dichotic 

conditions, although the difference between the actual F3 transition and the 

virtual F3 transition was much more significant in the dichotic condition.  

 

It is interesting to consider the process known as auditory streaming, or more 

specifically auditory stream segregation, whereby different sound elements are 

thought to be separated into different auditory objects in the auditory system’s 

analysis of complex sounds. This process provides a potential explanation for why 

the dichotic condition was less salient than the diotic condition; it is possible that 

when the dichotic stimuli were played repeatedly for the listeners, their auditory 

systems separated the different components and processed them as separate 

streams, potentially lessening the effects of auditory spectral integration. In 
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future experiments, this can be further investigated by modifying the overall 

relative intensity of the formant transition in the dichotic condition. 

 

Also of interest are the comparisons between the three sets of virtual F3 

transitions in the dichotic condition. The results show that version one was 

significantly better than either version two or version three at cueing the 

consonant place distinction. While version one seems to be consistent with 

previous research, providing evidence for auditory spectral integration and 

arguing that central mediation is responsible for this integration, the results of 

versions two and three indicate that there may be more going on than previously 

recognized. These results suggest that a fusion of the two pairs of sine waves 

occurs monaurally and is not able to be effectively integrated between both ears. 

The extent of the auditory system’s ability to binaurally integrate separate 

portions of the virtual signal will be the topic of future investigation in our lab. 

 

While the results of this study provide interesting insight into the mechanisms 

underlying human speech perception, further studies are necessary to better 

determine the level of auditory processing responsible for auditory spectral 

integration. The results of this research may have implications for the 

development of assistive listening devices and cochlear implants, and are 

important in furthering our understanding of how the auditory system perceives 

and identifies the characteristics unique to dynamic speech sounds. 
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