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ABSTRACT

This work presents initial results of a detailed measurement study on singing voice directivity
under various conditions in two- and three-dimensions. Unlike previous studies that have used
average directivity data over sung phrases or crescendos, this work presents results that are
measured and analyzed in finer detail. A professional opera singer (counter tenor) participated
in the experiments. Measurements are based on simultaneous recording using an array of 24
microphones mounted on a movable semi-circular arch in an anechoic room. Video recordings
serve for estimation of the mouth shape and opening. Details of the measurement protocol and
post-treatment processing are presented. Specifically, the variations in directivity relative to
pitch, level (piano, fortissimo, etc.), vowel, and controlled “voice projection” by the singer have
been investigated. The application of directivity patterns to radiating sources in computer
simulations and auralizations is common for loudspeaker models. Few applications include the
directivity patterns of natural sources, partly due to the lack of sufficient data. Results of this
work are applicable to vocal production research, simulator design, room acoustic sound field
prediction, and virtual reality systems with musical applications.

INTRODUCTION

While there have been numerous studies concerned with the directivity of musical instruments,
there have been very few studies concerned with the directivity of the human voice. Human
directivity measurements for 66 spatial positions and 13 frequency bands have been reported in
the pioneering work of Dunn and Farnsworth [1] using one speaker repeating 15s of speech.
The results show a greater variation in directivity patterns at higher frequencies. Directivity
variations linked to the size of the mouth opening occurred above 5600 Hz. Flaganan [2]
proposed new measurements with a calibrated artificial sound source in a mannequin. He also
compared the results obtained with simple analytic models: piston in a sphere, baffled piston.
Using an array of microphones mounted on a double arc Chu and Warnock [3] showed that
similar directivities were obtained for both normal and loud voice levels but significant changes
behind the talker were observed for low voice level. No significant differences in directivity were
detected between male and female talkers although male and female voices had different
spectra. An effect of the aperture size of the mouth has been studied [4]. Open and close
vowels give different patterns above about 1000 Hz. This seemed in agreement with an analytic
model of a piston (corresponding to mouth aperture) radiating on a sphere (with corresponding
head radius). Finally, Kob and Jers [5,6] compared radiation patterns for an artificial singer head
and real singers, showing comparable results for sustained vowels.

MOTIVATION OF THE WORK

In the present work, we investigate several aspects of radiation patterns in singing. A first
question is the difference between loud voice and soft voice, as discussed by Chu and Warnock
[3]. A second question is the effect of the sung vowel as discussed by Halkosaari, Vaalgamaa,
and Karjalainen [4]. A more challenging question arose from discussions with professional
singers who are often called to sing in large rooms. In voice pedagogy, many singers are using
the metaphor of voice “projection” or voice “focusing”. This terminology seems to imply some
sort of spatial effect or voice directionality control. A matter of serious interest with regards to
directivity this metaphor is only a matter of singer’s perception or whether it resulted in actual
changes in voice radiation patterns. These conditions are studies using sustained vowel singing
and 1/3™-octave band analysis. This provides detailed results for these various conditions which
has not previously been presented.



MEASUREMENT PROTOCOL

This study used a protocol previously established for human speech phoneme directivity [7].
Measurements were performed in the anechoic room of the ['Institut de Recherche et
Coordination Acoustique/Musique (IRCAM). A 180° arc with 24 equally spaced microphones on
a motorized arm capable of elevations from -45° to 90° (see Figure 1) was used. A chair was
placed at the center of the arc, and the singer's mouth position was aligned to the exact center
using fixed laser pointers. The chair was equipped with a head rest to assure a stable position
throughout the measurement sessions (see Figure 1).The chair could be oriented either to the
center of the microphone arc or to the end of the arc.

In addition to the 24 microphones along the arc, 2 reference microphones were also included.
These microphones consisted of a calibrated measurement microphone at a fixed position in-
front of the singer, as well as a head-worn vocal microphone and were used for calibration
between repetitions and all spectral analysis. The calibration procedure for the microphone arc
used a small loudspeaker was placed at the signer’s position. The arc was raised to 90°, such
that the arc was coplanar with the diaphragm of the loudspeaker (the two being axis symmetric).
Pink noise was played and the recorded signals were analyzed in 1/3"-octave bands.
Calibration levels were derived to obtain an omni-directional responses for each band.

A video camera at a fixed position, and high contrast lip make-up were used to help analyze lip
forms. The position of the measurement reference microphone and camera are shown in
Figure 1. The lip make-up and head-worn vocal microphone are visible in Figure 2.

To aid the singer in maintaining a constant vocal effort and pitch within the anechoic chamber
two types of feedback were provided. An electric tuner display, located under the camera, was
used to help subject maintain pitch. An audio return over closed headphones (to avoid
contamination of the measurement signal) with which an artificial reverberation was also added
(seen in Figure 2). This audio return was found to be useful by the singer over the 2 day
measurement session. The artificial reverb (Spat, under Max/MSP) used the signal from the
head-worn vocal microphone. The reverberation was adjusted to the comfort of the singer as
being that of a quality large performance space. The reverberation time was approximately
1.7 sec, with a direct-to-reverberant ratio of approximately 19 dB.

Figure 1.— (a) Motorized measurement arc schematic. — (b) Anechoic chamber configuration.
— (c) Signer alignment procedure. —(d) Reference microphone and camera placement.

RESULTS

While measurements were acquired for a large number of conditions, only several singing
conditions have been chosen for presentation in this work to provide examples of effects either
observed or not, as a function of singing parameters.

Figure 2.- Video extract of signer — sung note a, vowel /a/, Piano/Mezzoforte/Forte/Fortissimo.

Vowels

Variations in spectral content for sung vowels are well known. These spectral changes are
linked, at least in some part, to changes in the mouth geometry of the singer. Whether there is
an effect on the directivity is to be examined. Figure 3 shows the spectral analysis for the sung
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note a, vowels /a/i/o/. (The French notation for the note was siB2, and was actually sung a 'z
tone lower due to the baroque tuning used by the singer.) A fine detail spectral analysis is used
to examine these variations which are not as evident in the 1/3™-octave analysis which will be
used for directivity pattern analysis. A noise-floor threshold has been applied to the 1/3"-octave
analysis results based on the signal-to-noise level in the measurement array (not the reference
microphone used for spectral analysis) such that data within 3dB of the measured background
noise-floor was suppressed. The same procedure was applied to all subsequent 1/3"-octave
and directivity results. Figure 4 presents the directivity pattern in the horizontal plane, in 1/3"-
octave bands. The data was measured on one side of the signer only and has been
symmetrized to form a complete circle.

Figure 3.- Spectral analysis for sung note a, vowels /ali/o/, forte.

Figure 4.- Horizontal plane directivity for sung note a, vowels /alilo/, forte.
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It is clearly evident that there are variations in the spectral content. There are a number of
observations that can be drawn from these results. First and foremost, it is clear that the
directivity pattern varies with frequency. The low frequency region is near omni-directional, as
one would expect, until 600 Hz~1000 Hz, or the region where the head dimensions are
comparable to Y2-wavelength. The mid-frequency region (1250 Hz — 4000 Hz) shows a range of
patterns, with the upper frequency bands becoming more cardioid in nature. At the same time,
there are not significant variations between vowels in the directivity patterns. The most marked
differences are around 800-1000 Hz, at 2500 Hz, and somewhat at 4000 Hz. In analyzing the
directivity data, it is often useful to return to the spectral analysis in Figure 3 in order take into
account the amount of energy contained in the respective band. The perceived directivity of a
sung note is a combination of the directivity pattern as a function of frequency and the energy in
each band that contributes to each pattern. For example, the 315 Hz band is of little interest as
there is little energy in this band for the given singing condition.

Intensity

Variations in intensity of a sung note are a basic condition worth examining. In augmenting the
intensity, a singer often changes their mouth geometry. This is seen in the video extracts shown
in Figure 2, for the sung note a, vowel /a/, for four intensities: piano, mezzoforte, forte, and
fortissimo. In addition to the change in intensity, there are also changes to the spectral content
of the note when the intensity is augmented. A spectral analysis (see Figure 5) shows these
variations.

Figure 5.- Spectral analysis for sung note a, vowel /a/ for different intensities.

Figure 6 presents the directivity pattern in the horizontal plane, in 1/3"-octave bands, for the
sung note a, vowel /a/, as a function of sung intensity. It appears that there is little variation in
directivity as a function of intensity. The most noticeable differences occur in the 800 Hz and
1000 Hz bands.

Figure 6.- Horizontal plane directivity for sung note a, vowel /a/, (1/3’d—octave), 20dB scale.
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Note that the harmonic near 1000 Hz is slightly lower in frequency for mezzoforte than for the
other intensities. This could explain why the directivity pattern mezzoforte resemble the 1250 Hz
band more than the others. From Figure 2, it is clear that the mouth geometry for fortissiomo is
different than lower intensities, and could explain the different pattern at 800-1000Hz.

Projection

The term “projection” or “projected voice” is often used in singing for expressing a vocal gesture,
or voice quality, aimed at filling large concert space. The singer focuses his attention on the last
rows of a concert hall with the idea of projecting the sound of his voice in order to obtain
maximal power. Whether a projected voice actually exhibits different radiation patterns is
investigated in this study. Our subject produced different sustained vowels with and without
voice projection. Results for sung note g1 (French notation laB3) are reported in Figures 7 and
8. The main observed effect of projection appears to be an increase in energy at higher
frequencies. Radiation patterns with and without projection are almost identical. For frequencies
above 5000 Hz, only the project voice conditions contained sufficient energy above the noise
floor for showing measurable radiation patterns. There is a visible increase in energy in the
spectrum for the /a/-projected in the region 5000-6300 Hz, and for /o/-projected in the region
6300-10000 Hz. In the spectrum for projected voice, two additional peaks are visible between
the first and second hoarmonic and also between the second and third harmonic. More
investigation seems necessary in order to decide if this is a significant feature of projected
voice.

Figure 7.- Spectral analysis for sung note g1, vowels /a/o/, style : normal / projection.

Figure 8.- Horizontal plane directivity for sung note g1, vowels /a/o/
style : normal / projection (1/3’d—octave), 20dB scale.
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Focusing

One of the main problems for singers in large rooms is voice projection, i.e. the ability to deliver
a convenient sound level far from the scene. However, in other situations the singer is
performing in relatively small rooms for a restricted audience, like chamber music or Lieder
performed in music rooms. In this situation, the singer puts more attention on the voice quality
and expressive nuance rather than to power and projection. The voice is "focused", with the
idea of delivering the most exquisite timbre and the most excellent nuances, to a chosen and
close audience. A spectral analysis of normal and “focused” for sung note g1, vowels /a/o/, is
shown in Figure 9. The differences are very subtle. At most, the third harmonic for /a/-focused
has more energy than the corresponding /a/-normal. In terms of directivity, there differences
were equally subtle, and were similar enough to those presented previously that they are not
shown here.

Figure 9.- Spectral analysis for sung note g1, vowels /a/o/, style : normal / focused.

CONCLUSIONS

A striking feature of the results is the invariance of radiation patterns across different conditions.
For instance, the 1250 Hz and 1600 Hz bands always show similar characteristic patterns.
Contrary to previous studies, we did not found a significant difference for the different vowels.
An analysis of phoneme dependant radiation patterns in speech is currently under study, and
will be compared to the singing data. This more variations were for the 2500 Hz band. It is not
yet clear why this measurement band is so affected.

Acoustic theory predicts that radiation patterns for vocal production depend mainly on the head
radius and mouth aperture. This seems to be confirmed by our results. Despite the singer's
sensation of projection or focusing, vocal gestures aimed at directing the sound in space, only
minimal effect on the radiation patterns are noticeable. A combined spatial-frequency analysis
could be used in an effort to interpret the perceived directivity of a sung condition.

The consistency of directivity patterns could be a feature related to the specific geometry of the
singer's morphology. To the best of our knowledge, no detailed investigation or model on the
face geometry or even on the mouth shape (rounded like in /o/ vs. stretched like in /i/) are
currently available. More detailed models and measurement of the singer related radiation
transfer functions could explain the invariance of radiation patterns across conditions.

References:

[11 H. K. Dunn, D. W. Farnsworth: “Exploration of Pressure Field Around the Human Head During Speech,”
Journal of the Acoustical Society of America v.10(3) (1939).

[2] J. L. Flanagan: “Analog measurements of sound radiation from the mouth,” JASA v.32(12) (1960).

[3] W.T. Chu, A.C.C. Warnock: Detailed Directivity of Sound Fields Around Human Talkers, NRC-CNRC
Report IRC-RR-104 (2002).

[4] T. Halkosaari, M. Vaalgamaa, M. Karjalainen: “Directivity of Artificial and Human Speech,” J. Audio
Eng. Soc., Vol. 53, No. 7/8, 2005 July/August.

[5] Malte Kob, Harald Jers: "Directivity measurement of a singer," Journal of the Acoustical Society of
America, v.105(2) (1999).

[6] Malte Kob: Physical modeling of the singing voice. Dissertation University of Technology Aachen.
Logos-Verlag, Berlin (2002).

[71 B.F.G. Katz, F. Prezat, C. d'Alessandro: “Human voice phoneme directivity pattern measurements.”
Fourth Joint Meeting: ASA and ASJ, Honolulu, November 2006, Journal of the Acoustical Society of
America, v.120(5), Pt. 2, November (2006).

[8] F. Bozzoli, A. Farina: “Directivity balloons of real and artificial mouth simulators for measurement of the
Speech Transmission Index,” Presented at the 115th convention of the AES, New-York (2003).

6

19" INTERNATIONAL CONGRESS ON ACOUSTICS — ICA2007MADRID




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


