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ABSTRACT

The glottal model is based on a mechanical system with two ba
degrees of freedom and is a variationtbe classicatwo-mass
model of Ishizaka and Flanagan (1972). A distinctive
characteristic is that thisvo resonatorsare hereorganized as a
translational systerand a superimposed rotational syst&uath
resonator systems use one dahe same mass element. The
resonators are separately driven by therodynamics, the
translational by the spaewerage pressure the glottal passage,
and the rotational by the pressure gradient inflthe direction.
The resonators are thus indirectigupled bythe aerodynamics.
Experiences in static andynamic approximations tmatural
voices using an analysis by synthesis strategy are summarized.

1. THE PHYSICAL GLOTTAL MODEL ansy. + k.

The modeling is performed in four bassteps, relating to Fig. 1. The basic mechanical elements of the glottal model.
different domains. The first of these is the mechaniahain  Both sides have translational and rotational components, for
which  describes the mechanical movements of simple clarity only one kind per side is shown here.

mass/spring systems under influencehdir driving forces, fig.
1. The second is a geometrical domain whigpresents a
specific shape dfhe glottalslit, and this shape iderivedfrom
the instantaneous displacements of the mechasysiém. The
third is theaerodynamicstep where pressures afidws in the B is the amplitude of an elliptical bulge shape offtiid surface
glottal slit are derived from the detailedgeometry. Finally an that also enters to definehypothetical crossover volume when
acoustic fourthstep deliversboundary conditions in form of the folds collide. This volume is in the physical reality
subglottal and supraglottal pressures, as influenced by thansformed into a deformation. Ithe model it is used to
acoustic loads othe trachea and theocal tract. When the compute a displacement flow whichay beadded to the main
pressure in the glottalit has beerderived it defines théorces  glottal flow under control othe weightingfactorj . Furthermore
and torques that act on timeechanical system. This closes thethe geometrical stage allows for computation of twmall
loop and thus the simulation afne time sample involves the corrective flows, namelyhe ‘lateral’ pumping flow induced by

Rotational

string and implies that thenodel is extended to contain two
interconnected resonator systems for each fold.

sequential application of all four steps. the lateralmotion of the free glottal surfaces, and the ‘axial
pumping flow induced bythe x displacement. These are
1.1 Control parameters optionally included using the weighting factdraindL.

The rather considerable number of parameters usspetfy the A second parametgrouprelates to glottal articulation. Here the
modelare enumerated in Table 1. Theymbolsare given here tension measurk pertains to théold modeled as aideal string
with boldface characters amertain to the particulazodes used of lengthl and total massn which would havets fundamental
with the modeling computer program. resonance at a frequenfey(f /ml)®%2. In abasic mass-stiffness
) resonator with the same resonafreguencythis corresponds to
Amongthe parameters a firgiroup relates to thdold anatomy a stiffnes=(2rto)2m=Tef /1 . In conjunctionwith this a ratior of
such as the length measuresand D, and the massn The | oiational to translational resonance frequencies defines a
complete model also includes other parameters, not Ygisional stiffness assigned to the rotation. Thegapsy andv
extensively usedfor instanceS which accounts for left-right \efiect anduction gestureg.is a ‘parallel’component ofhe fold
asymmetryands for the mass ratio between tfrent andback  (og¢ placementound at the frontal cord end, andv is an

halves of a cord. An imbalance here#{) will introduce a .4nqjar component givinghe additional distance at the other
second harmonic movement when we looklmavocal fold as a cord end



symb | typ dim. meaning

g 100 | ps sample interval

Glottal anatom

I 11 mm vocal fold length

D 1 mm vocal fold thickness/2

m 70 mg vocal fold mass

i 0.8 mm gyration radius.

I 0 mm center of gravity offset

B 0.3 mm contact surface bulge

C 0 mm chink width

k 1 mm crit. yc open fold stiffness

K 0.5 mm crit. y. closed fold stiffness
n 0.5 rad critical rotational excursion
d 0.05 | - open fold damping ©

e 0.5 - closed fold damping factor
E 1 - factor of rotational damping
S 1 - longitudinal tuning skew

S 1 - lateral tuning skew

L 0.5 - factor for axial pumping

J 0.5 - factor for lateral pumping

] 0.5 - fac. f. surf. wave pumping
Glottal articulation

P 600 Pa lung pressure

f 0.05 | N fold longitudinal tension

F 1 - abduction factor

r 1.7 - rot. to trans. res. freq. ratio
y 0 mm rest gap/2

\Y 0 mm rest angular gap/2

V 0 rad rest divergence angle/2
Vocal tract articulation

A 2 cme area of trachea

H 600 | Hz 1st tracheal res. frequency
Q 01 |- 1st tracheal res. damping
a 3 cn? area of vocal tract

h 500 | Hz 1st vocal res. frequency F1
G 1500 | Hz 2nd vocal res. frequency F2
g 0.1 - vocal res. damping factor
R 0 Ns/nP | vocal DC resistance

Table 1 Parameters of the glottal model.
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Fig. 2. Traces of divergence angle vs. opening displacement
(solid) for one oscillating fold and the scaled excitation driving
the fold (light shade). Left is normal chest register oscillation,
right is a form of creaky oscillation.

A third parameteigroup describes oral articulation terms of
first formant frequencyand bandwidth, complemented with an
oral area to define the load impedance level. Additional similar
parameters are specifiefibr trachea to introduce a source
impedance for the lung pressure.

2. OPERATING THE MODEL.

The non-linear properties of theerodynamical asvell as the
mechanical systenare very important, especially withvoice
qualities that deviatdrom ‘normal’. Such voicesare often
difficult to synthesize (as well as to produce by a human speaker)
since theymay require rather accurate parameter tuning, and
moreover it may beimportant to follow specific combined
parameter changes rather than changes in single parameters.

The mechanical model acts as nonlinear second-order lowpass
filters on theforce and torque inputs whichre derivedrom the
aerodynamics. Usindhe proper scaling these inputsn be
shown at commensurate scaleghia same diagram - the output
excursiony may bedirectly compared tthe inputforcef divided
by the stiffnesk. The inputs arshown in fig. 2 aghe irregular
traces in lighter shadeThey are generally much more
complicated indetail structure than are the resultilgvpass
smoothed movements of the folds. This is due partthedighly
nonlinear behavior ofhe aerodynamics, partly tthe pressure
variations of higher frequendypat are inflicted by thecoustic
systems othe trachea and theocal tract. The left example of

The lung pressure should also be included in this parametefig. 2 shows a number of minor loopsthe lower right part of

group. Liliencrants (1994) introduced an abduction variablehe input tracewhich are due to theacoustic resonance in the
additional toy andv, which is interpreted as a (muscular) forcerachea.

operating to compress or separdte folds. Thisforce is
normalized with respect to the lung pressure andntiveinal
cord contactarea, suchthat the abduction force isfar=(F-1)
The valueF=0 represents that theordsare pressed
together with the samferce asthe lung pressureould develop
on thecord area. This is witrsome margin enough teeep the
glottis constantly closed, causing a toflaw cutoff. F=1 is a
neutral valuegiving zero adduction forceyhile higher values of

(p2D0.

F correspond to active abduction.

The right part of fig. 2 represents an examplecrefaky voice
which can be fabricated making delicate adjustments of several
parameters, specifically a high closed fold dampingnd an
abduction effected by an increasesbst position y. Here the
ellipse has been much deformed and indeed split up into a double
loop. The corresponding glottBbw exhibits atypical pattern of
alternate higher and lower pulses. The specific mechanism in
operation is that when tHelds close a majopart of the kinetic
energy isdissipated sucthat oscillation willhave torestartfrom



almost quiescent. The nexiycle will then have such low very small, if too large the cords are easily trapped in a constantly
amplitude that the folds barely close, if at all. divergent or convergent position.

2 1. Static matching of glottal waveforms The abduction parametéris useful to adjust the magnitude of
the flow at given pressurep and fold tensionf. Another

The model has been used interactively with manaatrol of its consequence df is to modify the open quotient othe glottal
parameters. Attempts were made to matcHetail the shapes of cycle. Conceivably aimilar actioncould be expected from a
human glottal flow waves for variowsice qualities, obtained by manipulation of the rest positions and v which define the
inverse filtering. Data obtainefbr a number ofsamples with spacing betweethe cord supports. The latter parametesisould
different glottal articulation typesire given by Karlsson and however rather be used tocontrol the steepness of the
Liliencrants (1994), and by Karlsson (1995). differentiatedflow at vocal closure, the point of maiacoustic

excitation, and where most thfe highfrequency components are

As general comment ihust be stated that because of the larggenerated. Withy=v=0 there is a distinct transition intero
number of controlling parameters there is a severe demand on izl area at closure. while at greater values therealithys
operator to use a conservative strategy tie analysis by pe a certain leak amne or both ends dhe cords. An additional
synthesis process. Since a specific feature in the glottal wave Mfallel passage tmodel a glottal ‘chink’ is supplied by the
often be modified or controlled by matigan one parameter there parameterC. This has been suggested Bfivegérd and Fant

is an obviousrisk the operator is lead into unjustified (1994) and by Cranen and Schroeter (1995) to hevme
conclusions. It appears to begaod approach to match several aqgitional influence at high frequencies, but this is small and has

samples of speech of vastly differing qualibyt from one and ¢ yet been fully evaluated in the present model.
the same speaker. primary strategy would then be to hold as

many parameters as possible at identical valfeesall speech The damping factord ande are in generahot critical unless
samples, especially, of course, théseanatomicmeasures. The oscillation isonly marginally maintained. It should be notttht
secondanstep is to identify a small number of parameters, aniie dampinge for the closed case catake rather high values -
perturb those in small steps toward the various individome this then means amajor part of the oscillatingenergy is
qualities. dissipated in thelosed interval, anthat eachcycle to alarge

extent becomes independent of the previous ones. However, since

Initially most ofthe anatomical parameters describing the glottal i further modulated by the relativeossoverrea (theEGG’
dimensions have to be decided on. If no measurements on Mgna)) itsinfluence is on theaverageless than the parameter
speaker exist one can infer reasonable values for the lergitld a1y might suggest. For further flexibility an extra multipEer

the driving pressurgp from gender, age, and speaking stylesq the rotational damping was added, but has not proven to be of
These parameters are well behaved in the sensethiatin particular interest.

general do not drastically influence the oscillatlwehavior but
rather operate as scale factagkssuming a fold thicknessthe = The acoustic loadsom the vocaltract and the trachea cause an
massmcan be given some reasonable value, perhaps guided bynt¢eraction ripple’ on theflow and some fine structure,
nominal cord volume @)ZI . Now generally a foldensionf can specifically in the 1 kHz range, and can be shaped by
be found, suchthat the correct pitch is approximated. An manipulating the tracheal parametars$d, andQ. This appears to
empirical matrix formula by Liliencrants (199#)ay behelpful be a convenientvay to estimate the tracheal dimensions on
to go from desired pitch, level and pressedness specifications imtbich data is rather hard to find otherwise. @oasequence of
approximately corresponding f , andF parameters. the tracheal load is a characteristic dip in flesv spectrum,
usually in the 800 Hz range, andnitay benoted that this dip

In attempting to contrahe vibrationmodethe tuningfactorr of generally is located at a higher frequeritan the tracheal
the rotational resonance is essential, and here the display of figo@nant.

is helpful. In general a lowering of toward 1 will make the

ellipse more eccentric (translation and rotatitemd tocome in  The non-linear properties of theerodynamical asvell as the
phase) and slope less (rotation decreasesaarmtlynamic drive mechanical systermare very important, especially withvoice
is less efficient)Increasingr toward 2 often makethe ellipse qualities that deviatefrom ‘normal’. Such voicesare often
more upright and eventually may cause falsetto-like vibration. difficult to synthesizgas well as tgroduce in a stationary way

] ] ) by a human speaker) sinteyrequire rather accurate parameter
Since theaverage pressure nstantly higher athe subglottal tuning, andmoreover it may bemportant to follow specific

side there is aendencythe cords experience a mean torqu_ecombined parameter changeather thanchanges in single
toward convergence gfiottis, not always offset by the Bernoulli n5ameters. A simple example is when the vibratioweakly
effect. This isobvious inthe graph of fig. 2 left where the input gyciteq suctihat thestationary amplitude is smathough to stay
trace is mostly below the horizontal axis. In typical ‘chest \yithin an essentially linear stiffness range - theaen minute
register’ oscillation the ellipse crc_)ss'dfss axis, i. e. the shape parameter changesay cause the oscillation to die osfowly. A
alternates betweesonvergenand divergent. The divergentest  more frustrating one is whethe nonlineareffects are crucial,
angle paramete¥ may beused to provide an angulaffset  shecifically whenthe folds close and bounce. Oscillation may
between input and output. This is a critical adjustment, usualfyqp, stopguickly when aparameter value is changed, and it will



not start again if the same parameter is restoregutrh cases differing quality, butfrom oneand the same speaker.pfimary
you mayhave torestart bydoing somegesture’,for instance in  strategy would then be to make many parameters as possible
form of a temporanjincrease in lung pressure ort@mporary convergeinto identical valuegor all speech samples, especially

opening of glottis with thg parameter. those for anatomianeasures. Thesecondarystep is then to
o ) identify a small number of parameters, and perturb those in small

2.2. Dynamic simulations steps toward the various individual voice qualities.
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because of the large number of controlling paramétbatsare set
manually, there is a severe demand on the operator to use a
conservative strategy the analysis by synthesis process. Since a
specific feature inthe glottalwave may often be modified or
controlled by morghan one parametéhere is ambviousrisk

the operator is lead into unjustified conclusions. It appears to be a
good approach to match several samples of speechasfly



