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Appendix 

A.1 Formant extraction using LPC - Matlab 

A.I.1 Autocorrelation 

From Rabiner[l] we have: 

If we have a windowed frame s of size N samples then the autocorrelation(with order 

P) is defined as: 

N-l -i 

R(i) = 	 L s(n)s(n + i) i=O,I, ... , P. (A.I) 
n=O 

In Matlab this can be coded as: 

% [R] = autocorr(s,P) 

% where s is the input vector, and P is the order of prediction. 

% Function to compute the autocorrelation of the data 

% computes autocorrelation R( i) for i=l, .. ,P+l. 
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function [R] = autocorr(s,P) 

N=max(size(s)) ; 
for i=O:P 

R ( i +1 , 1) =sum ( s (1 : N - i) .*s ( i +1 : N) ) ; 
end 

A.1.2 Durbin recursion 

Durbin recursion (where we have L frames) is defined in Rabiner[l] as: 

Solve recursively for i = 1,2, ... , P : 

E(O) = R(O) (A.2) 

(A.3) 

ai(i) = ki (A.4) 

aj(i) = aj(i - 1) - kiai- j(i -1) (A.5) 

E(i) = (1 - kl)E(i - 1) (A.6) 

In Matlab this can be coded as: 

% [a]=durbin(R); 

% Function to calculate the linear predictive coefficients a, from 

% autocorrelation lags R. 


function [a] = durbin(R) 

P = max(size(R))-l; 

a = ones(P,l); 

E(1)=R(1) ; 

for i=l:P 

for j=l:i-l 

a_past Cj) =a (j) ; 

end 

sum_term=O; 

for j=l:i-l 
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sum_term = sum_term + a_past(j)*R(i-j+l); 
end 
k(i) = (R(i+l) - sum_term) / E(i); 
aU) =k(i); 
for j=l : i-l 
a(j) = a_past(j) - k(i)*a_past(i-j); 

end 

E(i+l) 
end 

A.1.3 Formant extraction 

Utilising the functions above we can determine the formants for a frame of speech. 

The program simply utilises the LP coefficients (determined with the above functions) 

and a root finding algorithm to determine the resonance frequencies(formants) of the 

speech segment. 

% [fJ = formants(x,RO,NUM_FORMANTS,LPC_ORDER) 

% Function to estimate the NUM_FORMANTS formants of voiced speech x, 

% with LPC_ORDER order LPC analysis and peak picking. RO is a 

% parameter that varies between 0 and 1 and it is multiplied by each 

% LP coefficient to make the peaks clearer. It is usually 0.6. 


function [fJ = formants(x,ro,num_formants,LPC_ORDER,SAMP_FREQ); 

x=filter([l -lJ ,1,x); 


Ipc=ro*durbin(autocorr(x,LPC_ORDER)) ; 

f=roots([l -lpc'J); 

b=abs(SAMP_FREQ/2/pi*log10(abs(f))) ; 

f=SAMP_FREQ/2/pi*angle(f) ; 

f=f.*(f>200); 

index=find(f) ; 

f=f(index) ; 

b=b(index) ; 

[b,indJ=sort(b); 

f=f(ind) ; 

f=sort(f(l:num_formants)) ; 


end 

Electrical, Electronic and Computer Engineering 113 



AppendixA 	 Appendix 

A.2 Pitch extraction using autocorrelation 

• 	 Step 1. Preprocessing: to remove the side-lobe of the Fourier transform of the 

Hanning window for signal components near the Nyquist frequency, a soft up­

sampling is performed as follows: an FFT is performed on the whole signal; 

filtering is done by multiplication in the frequency domain linearly to zero from 

95% of the Nyquist frequency to 100% of the Nyquist frequency; an inverse FFT 

of order one higher than the first FFT is then performed . 

. • Step 2. The global absolute peak value of the signal is computed(see Step 3.3) . 

• 	 Step 3. Because the method is a short-term analysis method, the analysis is 

performed for a number of small segments (frames) that are taken from the signal 

in steps given by the TimeStep parameter (default is 0.01 seconds). For every 

frame at most MaximumNumberOfCandidatesPerFrame (default is 4) lag-height 

pairs are found that are good candidates for the periodicity of this frame. This 

number includes the unvoiced candidate, which is always present. The following 

steps are taken for each frame: 

Step 3.1. A segment is taken from the signal. The length of this segment (the 

window length) is determined by the MinimumPitch parameter, which stands for 

the lowest fundamental frequency that you want to detect . The window should be 

just long enough to contain three periods (for pitch detection) of MinimumPitch . 

E.g. if MinimumPitch is 75 Hz, the window length is 40 ms. 

Step 3.2 . The local average is subtracted. 

Step 3.3. The first candidate is the unvoiced candidate, which is always 

present. The strength of this candidate is computed with two soft threshold 

parameters. E.g. , if VoicingThreshold is 0.4 and SilenceThreshold is 0.05 , this 

frame bears a good chance of being analysed as voiceless (in step 4) if there are 

no autocorrelation peaks above approximately 0.4 or if the local absolute peak 

value is less than approximately 0.05 times the global absolute peak value , which 

was computed in step 2. 
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Step 3.4. The segment is multiplied by a window function (e.g. Hanning). 

Step 3.5. Half a window length of zeroes is appended (because autocorrelation 

values up to half a window length are needed). 

Step 3.6. Zeroes are appended until the number of samples is a power of two. 

Step 3.7. A Fast Fourier Transform is performed. 

Step 3.8. The samples are squared in the frequency domain. 

Step 3.9. A Fast Fourier Transform is performed. This gives a sampled 

version of Ta (T). 

Step 3.10. This is then divided by the autocorrelation of the window, which 

must be computed once with steps 3.5 through 3.9. This gives a sampled version 

of T x(T). 

Step 3.11. The locations and heights of the maxima of the continuous 

version of T x (T) are then found. The only locations considered for the maxima 

are those that yield a pitch between MinimumPitch and MaximumPitch. The 

MaximumPitch parameter should be between MinimumPitch and the Nyquist 

frequency. The only candidates that are remembered, are the unvoiced candidate 

which has a local strength equal to 

(localabsolutepeak) ) 
_ .. (globalabsolutepeak)

R = VozcmgThTeshold + max 
( 

0.2 - (SilenceThreshold) (A.7) 
(1 +VoicingTheshold) 

and the voiced candidates with the highest local strength 

R == T(Tmax) - OctaveCost· log2(lVIinimumPitch . Tmax)· (A.8) 

The OctaveCost parameter favours higher fundamental frequencies . One of the 

reasons for the existence of this parameter is that for a perfectly periodic signal 
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all 	the peaks are equally high and we should choose the one with the lowest lag. 

Another reason for this parameter is unwanted local downward octave jumps 

caused by additive noise. 

After performing step 3 for every frame , a number of frequency-strength paIrs 

(Fni ,Rni ) are left, where the index n runs from 1 to the number of frames, and i is 

between 1 and the number of candidates in each frame. The locally best candidate 

in each frame is the one with the highest R. But as several approximately equally 

strong candidates can exist in any frame, a global path finder is utilised, the aim 

of which is to minimise the number of incidental voiced-unvoiced decisions and 

large frequency jumps. 

• 	 Step 4. For every frame n, Pn is a number between 1 and the number of candidates 

for that frame. The values Pn 11 ::; n ::; numbero f frames define a path through 

the candidates: (Fnpn ) RnPJ 11 ::; n ::; numberof frames. With every possible 

path a cost 

numberO fFrames numberO fFrames 

cost( {Pn}) = L transitionCost(Fn_I ,Pn_l) FnpJ - L Rnpn 
n=2 n-I 

(A.9) 

is associated, where the transitionCost function is defined by 

o 	 if Fl unvoiced and F2 unvoiced 

transitionCost(Fl, F2) ~ { V ",,,dUnwi"dCo,t if Fl unu,i"d '" F2 unu,i"d 

OctaveJumpCost·llog2 ~~ I if Fl voiced and F2 voiced 

(A.I0) 

where the VoicedUnvoicedCost and OctaveJumpCost parameters could both be 

0.2. The globally best path is the path with the lowest cost. This path might 

contain some candidates that are locally second-choice. The cheapest path can 
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be found with the aid of dynamic programming, e.g., using the Viterbi algorithm 

described for Hidden Markov Models by Van Alphen and Van Bergem[44]. For 

stationary signals, the global path finder can easily remove all local octave errors, 

even if they comprise as many as 40% of all the locally best candidates. This is 

because the correct candidates will be almost as strong as the incorrectly chosen 

candidates. For most dynamically changing signals , the global path finder can 

still cope easily with 10% local octave errors. 

A.3 Pitch trajectories 

A.3.1 Vowel pitch trajectories 

The figures in this section are the complete graphs of the pitch trajectories determined 

for the long vowels studied. 

A.3.2 Diphthong pitch trajectories 

The figures in this section are the complete graphs of the pitch trajectories determined 

for the diphthongs studied. 

A.4 Expanded formant plots 

AA.l Expanded vowel formant plots 

The graphs given in this section are the complete versions of the graphs shown in 

Figures 3.4 and 3.5. The individual utterance means are shown in addition to the 
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AppendixA 	 Appendix 

global mean and variance as in the the simpler figures. 

A.5 Compact Disk Contents 

The attached compact disk contains the following: 

• The data recorded, labelled and used in the study. 

• This dissertation in GZipped PostScript form. 

• 	 C Programmes 

Wyre: The programme used to segment and label the data. 

DataPlay: The programme used to play back the segmented sections for 

audio verification. 

DataSort: The programme used to split the data from speakers into language 

groups. 

Pitch: The programme used to convert Praat style pitch trajectory files into 

files suitable for GPlot . 

GPlot: The programme used to plot the mean vowel locations, variance 

bu bbles, diphthong trajectories and perform analysis of variance comparisons. 

• 	 Matlab Programmes 

General: A number of programmes used to plot the results from research 

done in previous studies. 

SPTool: The programme used to verify that the extracted formants are 

correct when compared to the spectrograms. 
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