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I. SPEECH PrnWCTIrn 

A* A FOUR-PAFWElER MODEL OF GL#ITAL E'UW 
Gunnar Fant, Johan Liljencrants, and Qi-guaq Lin 

Abstract 
A g l o t t a l  flow model with four independent parameters is described: 

I t  is r e f e r r e d  t o  as t h e  LF-model. Three o f  t h e s e  p e r t a i n  to  the 
frequency, amplitude, and the  exponential growth constant of a sinusoid. 
The fourth parameter is the  time constant of an exponential recovery, 
i.e., r e t u r n  phase, from t h e  po in t  of  maximum c los ing  d i s c o n t i n u i t y  
towards maximum closure. The four parameters are interrelated by a 
condition of net flow gain within a fundamental perid which is usually 
s e t  t o  zero. The f i n i t e  return phase with a t i m e  constant t is part ly  
equivalent t o  a f i r s t  order low-pass f i l t e r ing  w i t h  cutoff &equency Fa 
= (2TCta)-'. 

The LF-model is o p t i m a l  for  non-interactive flow parameterization 
i n  the sense tha t  it ensures an overall  f i t  to commonly encountered 
wave shapes with a minimum number of parameters and is f lexible  i n  its 
a b i l i t y  t o  match extreme phonations. Apart from a n a l y t i c a l l y  com- 
plicated parameter interdependencies, it s b u l d  l e d  i t s e l f  t o  simple 
d i g i t a l  implementations. 

The G m d e l  
The four-parameter model, here referred t o  a s  the LF-model, has 

developed i n  two stages. The f i r s t  stage was a three-parameter model of 
flow derivative, in t rduced  by I i l  jencrants. 

It w i l l  be referred t o  a s  the L-model. It has the advantage of con- 
t inu i ty  whilst  the early Fant (1979) model is composed of two parts, a 
r is ing branch: 

* P a e r  presented a t  the kench-Swedish Symposium, Grenoble, April 22-24, 
1985. 



1 
Ug(t) = PO (1 - msw t) 

9 I 
with 6erivat ive I 

w u  
E~ (t) = 9 s i n w  t 

9 
K+1 a r m s  -jf- 

and a descentling branch a t  5 < t < tP + 

Wg 

(3)  
E2(t) = -wKU sinw (t-t ) 

g 0 5 P 

This F-model has a d i scon t inu i ty  a t  t h e  flow peak which adds a 
secondary weak excitation, see Fant (1979). One potential advantage of 
t h e  L-model, Eq. ( I ) ,  i s  t h a t  it can be  implemented wi th  a standard 
second-order d ig i t a l  f i l t e r  with positive exponent (negative damping). 
The generated t i m e  function is interrupted a t  a t i m e  te when the flow 
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has reached zero. 
The three algebraic parameters of the L-model. Eq. (I), R. a , and 

map on t o  the three basic flow derivative parameters 
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The F- and L-models share  t h e  parameter t o r  F = 1 / 2  tp. A s  
P 9 

shown in  Fig. I. the irmodel displays a more gradual rise than the F- 

model given the constraint of equal te and E ~ / E ~ .  This asymmetry in- 
creases with increasing E ~ / E ~ .  The spectral d i f fe rence~  comparing the 
I, and F-mcdels ~e not great. The L-mcdel exhibits a lower degree of 
spectral ripple which is an advantage. 

It is convenient t o  introduce the dimension-less parameters: 
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H e r e ,  B is the  "negative bandwidth" of t he  Gmodel exponent. % ard R, 
and Ee/Ei a re  mutually dependent shape parameters. The three-parameter G 
model may thus be conceived of having one shape parameter, one temporal 
scale factor,  and one amplitude scale factor. 

The shape factor  of the  F-&el (Fant, 1979) is 

Referring t o  a basic shape parameter, E ~ / E ~ ,  we may thus compare 
the  F- and Gmodels as follows: 

0 0.5 0 1 (sine wave) 
1 0.625 0.12 0.73 

The l m a t i o n  ti of the  flow derivative negative maximum Ei is 

which defines an asymmetry factor 

A t  suff ic ient ly  small K-values i n  the F-model, K < 1, there  is a 
negative smooth turning point pr ior  t o  the  closure step. In  the  Gmodel 
a corresponding negative smooth turning p i n t  occurs at  

which requires F$ > 0.54 o r  % < 0.43. This property allows both the  I?- and 
t he  I r m d e l  i n  a l i m i t  t o  approach a s ine  wave, K = 0.5 and % = 0, which 
is of s o m e  relevance t o  the termination of voicing. 
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The --&el 
The obvious shortcoming of a model with abrupt flow termillation is 

that it does not allow for an incomplete closure or for a residual phase 
of progressing closure after the major discontinuity. Either ard gen- 
erally both of these corditions account for a residual phase of decreas- i 
ing flow after the discontinuity. In voiced h-sounds, i.e., in  breathy 
@honations, the discontinuity may occur in the middle of the descending 1 
brarch at  the flow followed by a less steep descent and a final trail- 
off comer effect (see Fant, 1980, 1982). In less breathy phonations, 
the discontinuity i s  found further down towards the base line of the 
flw. 

Accumulated experimental evidence the last years has shown that 
this  corner effect i s  more a rule than an exception. In his five- 
parameter model, Anantha-ha (1984) has accordirqly included a 
terminal return phase which is modeled as a parabolic function. We have 
chosen to adopt an exponential function 

A s  shown i n  Fig. 2, the time ta is  the projection of the derivativeof%(t) 
a t  tee on the tM axis.For a small tat E = l/ta, and otherwise 

I n  practice it is convenient to  set t = TO, i.e., the complete 
C 

fundamental period. 
The sole remaining independent parameter of the return phase is, 

thus, its experimentally determined effective duration ta. Ihe area 
under the return branch, i.e., the residual flow at te is written: 

When ta is  small, = 2, otherwise an integration of Eq. ( 1 1 ) may 
be approximated by the following procedure. Calculate the parameter 
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Fig. 2. The LF-model of differentiated 
glottal flow. The four wave- 
shape p e t e r s  tfI I tat 
and E, uniquely de ennine the 
pulse (t, = To = 1 /Fo) . 





cursor t h e  s t a r t i n g  t ime to = 0 and t h e  subsequent loca t ions  of  tp, tee 
te+ta = tr and the  complete period length TO. Measure Ee. 

G o  through the procedure above, Eqs. (4)(5), and (13) with normalized 
flow functions ue/(Ee o t p )  Apply an i te ra t ive  solution star t ing from zero 
return flow t o  find % and then Eg and Ei. Synthezize the model curve arrd 
compare it with the inverse f i l te red  curve. I f  E,/E~ does nat f i t ,  t ~ y  to 
s h i f t  the star t ing point by adding a fixed quantity to ard t,. Vp3ate 
the parameters and check the result .  

The resul t s  so fa r  have shown t h i s  procedure to prwide not less reli- 
able resul t s  than the  five-parameter model of Ananthapadmanabha (1984) and 
w i l l  be adopted a s  our standard. It also has the advantage of peak con- 
t inui ty  and tha t  it better matches highly aspirated waveforms and allows a 
sinusoid a s  an extreme l i m i t .  

Properties of the LF-&el 
An introduction of dynamic leakage, i.e., of a f i n i t e  return phase, has 

t o  be compnsated by a decrease of a ,  i.e., of % = 2a/wg ad, thus, also of 
the peak r a t i o  Ae = E,/E~ i n  order t o  maintain the area balance, i.e., the 
zero net gain of flow within a fundamental period. These trading relations 
are apparent from the nomograms of Figs. 3 and 4. which can be used for 
quantifying parameter interdependencies. 

The effect  on the flow derivative and flow pulse shape on the second 
derivative flow spectrum (+12 d ~ / o c t  versus flow spectrum) of a f i n i t e  ta is 
i l lustrated i n  Fig. 5. Here % = (te - tc)/b = 0.5. Increasing ta causes 
an increased high frequency deemphasis, a s  noted by Ananthapadmanabha 
(1984). Due to  the exponential wave shape of the return phase, it may be 
modeled a s  an additional first-order low-pass function of cutoff frequency 

A s  evidenced from Fig. 5, t h i s  is a good approximation for  asses- 
s ing t h e  main s p e c t r a l  consequence of dynamic leakage. Even a very 
small departure from abrupt termination causes a significant spectrum 
roll-off in  addition t o  the standard -12 d ~ / o c t  g lo t t a l  flow spectrum. 
Thus, ta = 0.15 m s  accounts for  a 3-dB f a l l  a t  Fa = 1060 Ek and 12 dB a t  
4000 I-Iz. In general, the loss is 

A variation of A, = E,/E~ a t  constant Ee and ta = 0.1 m s  and % = 

0.5 is i l lustrated in  Fig. 6. Clbserve the significance of the negative 
spike Ee t o  s e t  the spectrum level a t  frequencies abwe G The low- 

g' 
pass f i l t e r  effect  is approximately independent of s. The spectral 
ripple increases with decreasing A, and with increasing ta. Increasing 
A, a t  constant excitation E, is related to a more "pressed" voice which 

I 



Fig. 3. LF&l ragrams relating 
the exponent to the rela- 
tive excitation timing. 

Fig. 4. LF&l namgrams re- 
lating the negative to 
positive peak ratio to 
the relative excita- 
tion timing. 
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Fig. 5. Waveshape and spectral correlates of 
increasing the return time constant ta. 





a t t a i n s  a "thinner" q u a l i t y  due to  t h e  r e l a t i v e  lower low-frequency 
level.  

Fig. 7 shows  a sequence of t w o  complete periods i l lus t ra t ing  typi- 
- cal wave shapes and spectra of breathy phonation a s  in voiced [h] , ta - 

1.3 m s ,  and an  in termedia te  wave shape, t, = 0.2 m s  i n  add i t ion  t o  
abrupt c losure ,  ta = 0. The cons tants  have been chosen t o  provide 
s imilar i ty with the inverse f i l t e r  data of Fig. 7 i n  Fant (1980). 

Results from our present laboratory set-up for  inverse f i l te r*  
and glo t t a l  source analysis developed by Ananthapadmanabha (1984) are 
shown i n  Fig. 8. The object is a male [a] w h i c h  has assimilated some 
breathiness from a following aspirated stop. Here there is a combina- 
t ion  of an extreme large peak r a t i o  A, = 4 and a significant leakage, Ta 
= 0.43 ms ,  s imilar  t o  tha t  of Fig. 7. Under the oscillogram follows a 
five-parameter match w i t h  the A-model and then the four-parameter LF- 
model. In this case the LF-model prwides a better w e r a l l  f i t .  In 
less extreme cases the t w o  models perform equally w e l l .  me i n i t i a l  
LPC-spectrum analysis pr ior  t o  inverse f i l te r ing  does mt f i t  the spec- 
trum very w e l l .  This is in part due to the l o w  sampling frequency i n  
t h i s  special case. 

The LF-model is mainly intended for  a noninteractive modeling of 
the voice source but it could, l ike  the Fant model, a lso be applied t o  
the description of g lo t t a l  area functions. A discussion of interactive 
phenomena is found i n  Ananthapadmanabha & Fant (1982), Fant & Anantha- 
padmanabha (1982), and Fant (1982). A perceptual evaluation of inter- 
action has been reported by Nord, Ananthapadmanabha, & Fant (1984). 
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SPEAKER: GF NT IDENTITY: FIX CT 80 NFR 6 
DATA WD60 FFS .<KHz) 8 1985-01-16 19:06':20 
FIG: VOICE-SOURCE MATCHING B Y  LF-MODEL 

Fig. 8. Waveform matching with A w e 1  and LF-mdel. 


