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The tessitura of the human voice covers an astonishingly wide range, going from several Hertz up to 2000. This impressive gamut is not the result of one sole, unique vibratory mechanism. To adapt itself to the exigencies of making sound in the low, medium, high, and very-high ranges, the larynx is equipped with four known vibratory mechanisms, each one of them being adapted to the emission of sounds in a given frequency range. These ranges are themselves elastic and overlapping; more often than not one finds that the majority of frequencies in a mechanism's range can be attained by using adjacent mechanisms. Why then does the singer choose to use one and not the other? How does he transition between the two? The object of this study is to show, by means of acoustical analyses matched up against vocal art forms of various cultures, how singers beginning from a position of physiological parity can develop radically different vocal techniques and thus produce extremely diverse vocal sounds.

Vocal sound

An instrument able to change in both pitch and timbre, the human voice allows one, for example, to sing a sustained note of constant pitch while changing between diverse vowels (mute, clear, nasal). Inversely, one can retain a single sonority and produce it from the lower to upper extremes of one's register. The point of this vocal production is found in the larynx. The manner by which the singer controls his fundamental pitch and the potential harmonic richness of said pitch are determined by the manner in which the glottis vibrates. One's vocal character, on the other hand, come from transformations that sound waves, emitted from the glottis, undergo as they move through various resonators stationed between the glottis, lips, and nasal cavities. The present study focuses essentially on the pitch variations that take place when one changes one's glottal vibratory mechanism. For more detailed reading on the physical aspects of vocal sound's production, we suggest that the reader consult specialized studies on the subject (Le Huche & Allai 1984; Cornut 1983).

Modes of vocal emission or mechanisms

Known now for a long time, it was not until recently that the communities of researchers concerned with the human voice based on observational data. The first descriptions date from the second half of the 19th century (Behnke 1880). Everyone can do the following experiment: starting from the lowest sound in one's voice, make a rather loud noise, and allow your voice to rise like a siren. As this upwards progression becomes difficult and demands more and more intensity, one must relax the entire vocal organ and continue to sing. In doing so, one hears "a sort of hiccup" (Garcia 1884: 12), and the voice then continues to rise easily. The above-described process is a change in vocal mechanism. In many subjects, the transition between two given modes sounds like a veritable rupture. With others, one hears a rapid variation in the pitch. In every case, however, this change is easily seen using a visual audio analysis (Castellengo et al. 1983). In Figure 1, we see the analysis of a spectrogram of a sung glissando starting at 30 Hz and going to 2000 Hz. In doing so, the singer uses all four of the previously mentioned vocal mechanisms. The passage from one to the other produces a sort of jump, which is very visible when looking at the figure. For the purposes of this study, we will not consider in any detail the extreme-most modes of production (low and very-high), preferring instead to study in greater depth the first and second mode, both of which allow for more interesting means of vocal production. Before moving on, it must be stated that in discussing the vibratory modes, this study only looks at the actual functioning of the glottis, ignoring the full process by which singers shape their sound. This process consists of two elements: the glottal production on which the present study focuses as well as the subsequent transformation of these sounds by the cursorily mentioned resonators. This is the reason for which we deliberately avoid any discussion of "register" and why we have designated these mechanisms by means of numbers as opposed to terms such as "head voice, "chest voice", or "falsetto" which evoke widely different sensory experiences across different subjects. In older works written by physiologists, the first and second mechanism are called "thick register" and "thin register" respectively (Behnke 1880), making reference to the way that the vocal chords look when producing low and high sounds. The corresponding terms in English are "heavy" and "light" mechanisms, which are still in use today (Vennard 1967).

Tessitura of the two principal modes: their zone of overlap

In a given vibratory mode and with respect to their thickness, tension, and length the vocal chords have acoustical characteristics adapted to frequency zones whose limits are not strict and whose range can be extended with work. More concretely, Figure Two represents these limits on a musical staff, putting side-to-side observations of men and women. One sees straightaway that these two modes cover the entire range of a piano grand staff. What is even more remarkable, however, is the significant zone of overlap between these two modes. Excepting all sounds close to the modes' extrema --- sounds that are forced in towards the upper end of mode 1 and weak towards the bottom end of mode 2 --- one is still left with an octave, G3-B4, in which it is possible speak and/or sing in one or the other mode. What criteria, then, guide us in using one mode instead of the other? Is it ease of use, the vocal norms of a society that surrounds us, or on the contrary, the necessity for one to affirm and assert oneself vocally? After his voice changes, a man in the West only speaks using the first vocal mechanism. He has nonetheless conserved the second mechanism which, unused, atrophies. This is not the case, however, in Africa or Asia, where men use this mechanism abundantly. With respect to women, they use one or the other (or both) according to their personality and the effect that they wish to achieve.

Changes of mode

The transition from one mode to another, which requires important postural changes of the larynx, is physiologically complex and can be called a sort of vocal destabilization. During a period that is more or less short depending on the person in question, the pitch, the timber and the sonority and difficult to control (Castellengo and Roubeau 1991). Take the aforementioned example of a singer emitting a regularly-ascending glissando in the first mode. At the instant he changes, and in spite of any wishes to the contrary, he utters a vocal jump followed by a readjustment of pitch in order to continue the glissando. The spectrographic analysis of this phenomenon is given in Figure 3a. The second example is that of a singer changing modes while holding one note constant. This requires, of course, that said note belong to the previously-discussed range of overlap. Let us take, for example, D4 (Figure 3b). The pitch inflection that is characteristic of the transition from the first towards the second mode is produced as expected, while one sees its inverse when going in the opposite direction. In both examples, one sees a spectral "???" at the moment of the transition. It is important to note here, with respect to this diagram and to Figure 1, that contrary to what one reads in much of the contemporary literature, harmonic richness is not a salient characteristic of one vibratory mode with respect to another. This richness depends primarily on the aptitude and training of the singer in a given vocal mechanism and secondarily on the vowel being sung. The acoustical traits produced at the change between two modes are general: they are common to men and women and depend neither on the origin of the singer nor, as far as well can tell, the era during which he or she sang. However, with respect to the varying aesthetic norms of different cultures, one sees singers adopting radically different attitudes with respect to the manner in which this transition should be used. The next sections will examine several examples that we have grouped into three classes --- continuity, rupture, or ornamentation --- each of which describes the desired technical goal towards which the singer works.

Continuity

"The voice, which is the most perfect of all instruments, must have only one string that it uses to produce notes of homogeneous quality, one attracted to the other, each having the same attributes as its lower and higher neighbor" (Masset 1886). This quote, extracted from a singing treaty from 1886, is a good recapitulation of the aesthetic that, first having appeared in 19th century Europe, is the dominant standard taught in schools of European classical singing. The equilibrium of sonorities and of dynamics as well as the legato of pitches are the basis of a demanding technique in which the previously-described transitions between modes are "imperfections" to be avoided at all costs. The first consequence of this technical stance is the use of only one vocal mode depending on the vocal part: basses, baritones, and tenors work exclusively in mode 1 while sopranos work in mode 2 in the great majority of cases. There exist, however, some exceptions. Certain altos, for example, have a vocal tessitura that lies in the zone of overlap (D3-D5), and thus employ mode 1 to attain low notes while employing mode 2 to attain higher ones. It should be noted, however, that this dual-employment is a choice: the majority of altos who are able to use this overlap decide nevertheless to rest in one vocal mode. For those who decide to use this transition, by force of will and hard work, their change of modality becomes so well mastered that it is inaudible. The example in Figure 4 shows the eloquence with which one singer has perfected all of the salient parameters to equalize said transition.

Rupture

We have seen that, "naturally", the voice jumps when one attempts to pass continually from one mode to another. Depending on the individual, this jump can range from a third to an octave. In several cultures, and in contrast to the previously-discussed aesthetic, singers develop virtuosic control of this jump and of the opposition between vibratory modes, which is generally designated by the term "yodel". Yodeling requires the rapid and clean passage from one mode to another, controlling with precision the interval of each jump. The melody alternates between both modes, with low notes being sung in mode 1 and high notes in mode 2. This technique is employable as well by men as by women and children, and it is part of many singing cultures on several continents. Figure 5 shows the spectrographic analysis of a Pygmy singer. One sees that all of the melodic fragments separated by silences begin and end in mode 2. As numerous studies have been consecrated to yodeling, here we wish only to focus on the contrasting sonorities that accompany this vocal technique. Said contrast is made between two vowel groups:

    * Posterior vowels, such as o and a for the sounds in mode 1

    * Anterior vowels, such as the Latin i for the sounds in mode 2

Because the first formant of anterior vowels is lower than that of posterior vowels, at the moment of the vowel change there is upward spectral motion that is in contrast to the downward melodic motion, which may seem odd or off to one who is not familiar with spectrograms. This is why we have represented the melodic line on a staff at the bottom of the the figure, drawn at the scale of the spectrograph. One finds this characteristic in all of the singers that alternate vowels at the moment of a jump between mechanisms: all of the high sounds emitted in mode 2 have an intense fundamental, while all of the sounds emitted in mode 1 have an intense second harmonic. The document testifies to the aural result: namely, that the change of intensity contributes to the perceived rupture and certainly does not mitigate it. Other studies (see Large et al. 1980) have shown that this change of vowel makes said modal changes easier, giving physiological weight to an aesthetic in which leaps between pitches are of fundamental importance.

Ornamentation

The diverse phenomena that arrive at the moment of a transition between two vocal mechanisms can be used to create ornaments. Several domains, such as pitch, dynamics, and sonority, provide ample parameters from which these fleeting ornaments may be created. Amongst the examples that we have analyzed, three principal techniques can be discerned. The first, which is common across many cultures, uses mode 1 towards its upper extrema, making short passages into mode 2 from time to time. The jump is certainly noticeable, but it seems that the intervallic leap, often a quarter-tone upwards, is of trivial importance. The foray into mode 2, which lasts between 40 and 60 milliseconds, cannot be perceived as a precise note. The effect is rather that of an ornament that flickers about and embellishes the principal melody in mode 1. Figure 6 shows an example of this technique, practiced by a Mongolian woman. In the Iranian tradition, the singer Zabihi provides us with a superb example of this technique at its perfection in the style of tahrir, which strings together several of these ornaments in a row (Caton 1974, see also Figure 7). The second example of ornamentation based on vibratory-mode transitions is equally stunning and also comes from the Iranian tradition. A Syrian singer, Tadj, gives us the example in Figure 8. On a held note in mode 1, here G#4, the singer rapidly approaches mode two several times without ever fully transitioning into it. The approach of this change produces a stoppage of the sound, but by controlling this motion, the singer is able to retain continuity in the first three harmonics in spite of the clear changing of sonority and dynamic. The frequency of this phenomenon is seven times per second, as in a vibrato, but the large interval renders the aural result more like a continual "trill" between the two modes. The third example comes from Japanese music. In Figure 3b, we see that when one changes mechanism on a sustained note, there is an abrupt variation of the fundamental frequency. Through technical work, this variation becomes a melodic ornament in the example shown in Figure 9.

Conclusion

At the transition between the two principal vibratory mechanisms of the human voice, one sees laryngeal modifications that result in a rupture of frequency as well as changes in dynamic and sonority. These phenomena are common to all singers, men or women, and happen mostly in a frequency range from 200 to 600 Hz. We have seen that, as a function of the aesthetic criteria that govern a singer's work, one can attain extremely different vocal results, from the perceptual "eraser" brought to jumps between mechanisms in European singing to the musical mastering of these jumps and their resultant opposing sonorities in yodeling. Between these two extremes, one finds several traditions of ornamentation that can only be practiced in the zone of overlap discussed above. In all of the known examples, these ornaments involve a rapid transition into and out of mode 2 from a base in mode 1. But there surely exists, somewhere on the planet, a singer whose ornamental practice would yield an example of the opposite!
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