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ABSTRACT 

Described here is釦 improvementof the linear prediction analysis, introducing a weight 
on each predictive equation, according to the amount of prediction residual of the cor-
responding data sample. The proposed method is a k泊dof wei俳句dleast-squ紅白 method
and is called Wei俳句dLinear Prediction (WLP). WLP 'is a generalization of the Sample-
Selective Linear Prediction (SSLP) analysis method proposed by the authors, and SSLP is 
regarded as a special case of WLP with a binary weight 0 or 1. In the proposed WLP scheme, 
the weight is set close to 1 for those predictive equations which yield small prediction 
residuals, and close to 0 for those which yield large residuals, in order也at甘1efinal estima-
tion may not be seriously affected by the distribution curve outliers that correspond to 
source excitation. 
In the present paper the WLP is first formulated in matrix form and then a practical 
computational procedure is presented, employing the Givens’reduction. The performance 
of the WLP on boめ syntheticand natural speech is shown compむedwith that obtained by 
世1econventional linear prediction method. 

1. Introduction 

The authors have developed the Sample-Selective Linear Prediction (SSLP) analysis 

method(l) using the arbitrariness in selecting predictive equations to be evaluated in the 

least-squares scheme<2). It was an application of the Givens’reduction<3) to linear prediction 
analysis, making the most of the row-independency property of the process泊 obtainingthe 

least-squares solution. Thus, the SSLP has improved accuracy in estimating the pole 

frequencies by removing outliers i.e., improper equations from the least-squares estimation. 

Though the actual requirements for analysis accuracy紅enot clear at this moment, 

improvement in analysis accuracy is expected in practical applications. For example, 

methods that yield higher phoneme recognition rates are desirable for realizing practical 

speech recognition systems. Analysis accuracy can be studied only by using syn白eticsignals 

as test signals. It is uncertain, howev巴r，廿iatan analysis method which gives high accuracy 

for synthesis signals also has high potential for natural speech, because the test signals might 

not adequately simulate the features of natural speech sounds. Practical effectiveness of 

a given analysis method can be confirmed by comparing the discrimination results replacing 

the analysis methods from one to another. 

Described in this paper is a Weighted Linear Prediction (WLP) which is a generalized 

version of the SSLP泊 thesense that a weight is introduced as a function of the predic討on

equation泊 accordancewith the correspond泊gresidual value.τ'he WLP would not have 
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emerged if the Givens’reduction had not been introduced to the linear prediction analysis 
as a practical means for solving an over-determined set of linear equations. The principal 

idea of the WLP is that the preferable solution should be optimal in the least-squares sense, 

putting more weight on a large number of representative predictive equations while reducing 

位ieweights on a small number of counte口epresentativeequations. Thus the WLP min加包es

也esum of substantially weighted residuals, rather than minimizing the sum of equally 

weighted residuals as in the conventional linear prediction analysis method. The most 

叩bst組 tialis叩e泊 theWLP is how to determine the weight for each predictive equationぉ

a function of the residual value.百ieweight might best be determined from a statistical 

point of view, but in this paper its effects釘einvestigated using computer simulation because 

白estatistical nature of the prediction residual is not well known. 

In this study, a matrix representation for the WLP is formulated, and its accuracy is, 

位ien, investigated experimentally, using synthetic vowels, and its effectiveness is 

demonstrated by discriminating voiced plosives wi也WLPas the analysis method in place of 

the conventional linear prediction method. 

2. Formulation of the Weighted Linear Prediction Analysis 

2.1 L泊earPrediction by Using the Givens’Reduction 
Linear prediction states that then-th sample Yn is approximated by a linear combina-

tion of the past p samples, as in eq.( 1), where αi is the i-th predictive coefficient. 

p 

~ αiYn-i当Yn・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ (1) 

Collecting these predictive equations for an appropriate period N, the analysis scheme is 

formulated so as to get the least-squares solution (lss) for αm eq.(2). 

Yα 当 y ..................................... (2) 

Nxp pxl Nxl 
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The lssαfor αis obtained as eq.(3), where Y is the generalized inverse of Y. 

品＝（yTyflyTy=y+y, .................................... (3) 
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where T denotes the transpose of a matrix. 

The Givens’reduction<3> is employed hereぉ apractical procedure for eq.(3). It is 
summ釘包edas a triangular包ationprocess of Y by applying卸 or也ogonalma位ixQ to eq.(2) 
as follows: 

Q Yα当Qy. . . . . . . . .................................... (4) 

Equaton (4) is then rewritten as eq.(S), where R is an upper triangul訂 ma仕ixof size 

pxp, 0 is a (N-p )xp zero matrix, and d and e are column vectors of size p and N-p, respec-

tively. 
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The lss for αis obtained as follows: 

品＝R-1d............................................... (6) 

In the actual computation, the process of applying Q to eq.(2) is decomposed into a 

series of operations named plane rotations, applied each time a predictive equation in a form 

like that of eq.( 1) is transcribed into the working area, as described later. 

2.2 百1eWeighted Linear Prediction 

2.2.l Weighting Each Predictive Equation 

Since each predictive equation expressed as eq.(1) can be manipulated independently in 

the Givens’reduction, a weighted linear prediction analysis is easily realized by putting 
weight on each predictive equation before the corresponding plane rotation described in 

2.2.2. This type of linear prediction is formulated in matrix form as eq.(7), where Wis the 

weight matrix defined by eq.(8). 

w Yα考Wy,............................................ (7) 

where 

Wm  。
w，刊＋I

W= . (8) 。
Wm+N-1 

The lssιfor this case is expressed as follows: 

cXw = (WY)+ WY ......................................... (9) 

This analysis scheme is called Weighted Linear Prediction (WLP) analysis method 

because it is based on weighted predictive equations. Since eq.(7) is a weighted form of an 

over-determined s巴tof linear equations, the weighted linear prediction analysis is reg紅白das 

a weighted least-squares estimation. Due to introducing the weight, the residual power (or 
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泊施 squared釦m of the prediction ~rrors) by也ismethod is somewhat l釘ger也組曲at

obtained by the ordinary least-squares method, or the conventional linear prediction 

卸 aly由.This comes from the fact that the proposed method minimizes the squared sum of 

也e駒場itedprediction equations rather也anthat of the raw or equally weighted prediction 

equations. An example for this situation will be shown in section 4.1. 

2.2.2 Practical Computation 

a) Basic Procedure 

The practical computation procedure is eぉ辺yrealized by putting a weight Wn on the 

data sequence co汀espondingto the predictive equation for出esample Yn transcribed to the 

working ma・凶x,depicted泊 Fig.1, in which the Givens' reduction is performed. If the 
weight is 0 or 1, the proposed WLP degenerates to the SSLP, so the WLP C姐 beregarded as a 

generalized version of the SSLP. In c鎚e世ieGivens’reduction is used for the conventional 
linear prediction analysis procedure, data甘anscriptionfor then-th prediction equation into 

the working matrix consists simply of writing the values of data sequence Yn・1.Yn-2.・．．．，
Yn・p.Yn泊tothe bottom row of the working matrix. 

p+I 

Ym-1 Ym-2 Ym-p j Ym 

＝＝ 
乙L と Yn-p 

’ 
Ym+N-2Ym+N-3・・・・ Ym+N・1-p:Ym+N・1

The m甜 ix[ y : y l 

p+J 

x, 
－－－－－－－－－－－・・ー
x, 

・・・・ー・ーー－－－・・ー
同
＋
恥
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ト・ーーーー・ー－－－－・－－
Wp I E 

The working ma位以

Fig. 1. The working area used in曲eGivens’reduction. 
The prediction equation for a組mpleddatum is transcribed onto the bottom row of白ework・
ing matrix multiplied with its corresponding weight value. The plane rotation is performed on 
the working matrix. After a sequence of the plane rotations, the row vector z in the bottom row 
becomes a zero vector and the value e coincides with one element in vector e in eq.(S) in case wn= I. 
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For世teweighted linear prediction, only the sample values to be transcribed into也e

bottom row of the working matrix釘eto be modifiedぉ WnYn・1,WnYn-2＞・・・・＇WnYn-p• 
WnYn. instead of也esequence described above. The rest of the procedure is exactly the 

same as that for the conventional linear predic世on佃 alysis.

The following procedure, called plane rotation, is repeated for every existing row each 

time a new row is transcribed血tothe bottom row from eq.(7), un世lall也erows泊 eq.(7)

釘eexhausted. The vertical size of matrix Y, or甘ienumber of rows in eq.(7) corresponds 

to the window length or the Ieng也ofthe analysis frame. 
The plane rotation for row addition is represented as 

[ ：｝~＝ [ _: ~ ] [: l ・ 
where ’denotes renewed value, and 

c=ru/q l 
s = zifq ~ ................................... (11) 

q = (r;l + z;2)1ρ. J 

b) Frame Shifting 

Frame shifting operation is realized by repeating two types of plane rotations，世ie

above-mentioned one for row addition and the one described below for row deletion. The 

numbers of row addition and row deletion are arbitrary, but for realizing a fixed window-

length frame shifting，位ieyshould be same. In order to maintain analysis stability it is 

preferable for the working matrix to be cleared every tむnea silence appe釘sin the input 

speech. 

The plane rotation for row deletion is represented as 

where 

[ :・.]= [ －~ : J [: ], 

u = ru/q’ 

v = zifq’ 
q’＝ (rJ -z;2)1/2. 

The actual computation is performed with the Gentleman’s algorithm<4> since it speeds 
up the computation process by avoiding square root calculations. Some useful properties of 
the Givens’reduction when it is applied to世間泊施釘 prediction紅ediscussed in reference 
(5). 

3. Determining the Weight 

Since the performance of the WLP can be controlled by adjusting位teweight, the WLP 

is more flexible than the conventional line釘 predictionmethod and even than the SSLP. 
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The m必nproblem here is how to determine the weight on which the perform叩 ceof the 

WLP depends. Unfortunately, no practical way to improve the accuracy of formant 

estimation by putting weights on predictive equations has been developed so far. It would 

be in principle, reasonable, however, to determine the weight for each predictive equation 

according to the prediction error i.e.，仕ieprediction residual for the corresponding sample. 

3.1 Statistical Considerations 

The conventional linear prediction model assumes that the excitation signal to the vocal 

tract is ei出era pulse train or white Gaussian noise. However, this is not true for the real 

speech production system, particularly for voiced speech. In fact, according to our offh佃 d

investigation, the gross features of the distribution of prediction residuals釘efairly well 

approx泊iatedby a single normal dis凶butioncurve if the input speech is differentiated 

with組 appropriatepre-emphasis factor. However, the temporal locations of a small number 

of outliers on the distribution plot often concentrate around the excitation points. This 

indicates the non-Gaussian nature of the excitation signal of出evocal tract, even if its 

dis凶butionis not “heavy-tailed”． 
For heavy-tailed distribution or mixed distribution cases a statistical robustness theory 

is proposed by Huber<6），組da robust estimation of the system p釘ametersof AR models are 

also proposed by Martin<7), where a loss function is designed as the integral of a m泊泊iax

type of Huber’s psi-function. Since the present objective, however, is just to reduce ill-
effects of the outliers related to source excitation, a class of empirical weight functions is 

discussed in世間followingsection from a practical point of view. 

3 .2 Empirical Approach 

Considering仕iedesirable nature of出eweight function, values for wn ought to be a 

function of the absolute value of the prediction residual En, and they should satisfy the 

following conditions. 

(a) w（ーε）= w(e), monotone with w(O) = I and w(00) = 0. 
(b) Its steepness is controllable by a shaping parameter. 

(c) Drastic changes such as threshold characteristics should be avoided on the weight 

function in order to keep the analysis not so sensitive to the shaping par釘neter.

Taking these factors in account, some heuristic functions have been investigated<8），釦d

the normal distribution curve is suggested(9) as in eq.(14) as the most proper candidate for 

世ieweight function, where the standard deviation a is assigned as the shaping p釘ameter.

Wn = w(en) ＝州－＋（子内 （附

where En: prediction residual for sample Yn, 

組 d a: shaping p釘ameterto control the weight function. 

Some examples of the weight functions釘edepicted in Fig. 2, where the prediction 

residual is normalized by its possible maximal value. An appropriate value for a will be 

chosen according to simulation results. 
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Fig. 2. Examples of the weight function using 
the normal dis位ibutioncurve. 

4. Performance of the WLP 

4.1 Estimation Accuracy for Synthetic Vowel-like Sounds 

91 

Synthetic vowels are used to determine仕ieappropriate value for the shaping p紅白neter

O 組 dto reconfirm也eperformance of the proposed WLP. Table I shows the conditions 

for synthesizing test sounds. 

The test sounds釘・eanalyzed by both the conventional LP method and the proposed 

WLP me也odunder the conditions shown in Table 2. In the simulation, pre-emphasis is 

Table 1. Synthesis conditions of the test sounds. 

Synthesis method 

Excitation 

Pitch 

Spectral envelope 

LP of order 10 

One pitch residual wave 

125 and 263 Hz 

50 patterns 

Table 2. Analysis conditions 

Analysis order 12 

Window length (ms) 20 

Pre-emphasis non 
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not employed because the excitation wave here is one pitch residual signal, as described血

Table 1, obtained by也eLP method with pre-emphasis, while pre-emphasis is needed for 

analysis of synthetic sounds excited by the Rosenberg wave or白elike. 

(a) (b) 

sf. Covariance Me th。d3Lo 
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I covariance method 
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Fig. 3. Average errors of pole frequency estimation by using the WLP with the normal 
distribution curves as the weight function. The broken lines indicate曲eaverage error by 
the conventional covariance method. 
(a) Average estimation error for low pitch sounds. 
(b) Average estimation error for high pitch sounds. 
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Fig. 4. Comparison of the residual signals for a 
synthetic vowel. 
(a) The synthetic vowel for performanc唱
evaluation. 
(b) The excitation wave. 
(c) The residual signal obtained by the WLP. 
(d) The residual signal obtained by the conven-
tional LP. 
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The performance is evaluated by the average errors泊 estimatingthe five formant 

frequencies normalized by the coロectvalues. Figure 3 shows the results for (a) low pitch 
sounds and (b) high pitch sounds, where the broken lines represent位ieestimation eロor

by the conventional LP (covariance) method, and the abscissa corresponds to the shaping 

par釘neterσnormalizedby the maximum value of En・

Figure 3 says祖国t也eproposed WLP shows higher accuracy血組曲econventional 

LP method in estimating the pole frequencies of synthetic stationary vowel-like sounds, 

especially for high pitch sounds. The results state血atthe appropriate value for σis 0.3～0.6 
for low-pitch voices and 0.15～0.3 for high-pitch voices. The value 0.5 w狙1be employed as 
the default value for a hereafter. 
The perfoロnanceof也eWLP is shown泊 Fig.4 from a different point of view. A 

synthetic vowel (a), excited by the Rosenberg wave (b), is used as a test signal here. The 

corresponding residual signals es世matedby the WLP and the conventional LP釘ecompared 

in (c) and (d), respectively, where the ordinate is normalized by the m脱出al叫 ueof each 

sequence. From Fig. 4 it c姐 beclearly recognized that the amplitude of the glottal closure 

duration in the residual signal obtained by the WLP is smaller than that obtained by the 

conventional LP method. Of course，甘ieresidual power is larger for (c) th担 for(d), since 

the WLP employs weights to reduce也eresidual power of the closure period rather th佃

the excitation period. 

4.2 Effects on Discrimination of Voi1田dPlosives 

Since analysis accuracy for natural speech cannot be evaluated directly, a phoneme 

discrimination test was employed to confirm the effectiveness of the proposed WLP. 

The test adopted here is the discrimination of也reeJapanese voiced plosive sounds泊

isolated CV syllables composed of a voiced plosive (/b/, /d/ or /g/) followed by one of 

血efive Japanese vowels. Speech samples uttered by 38 male adults were recorded on 

magnetic tape with an electret condenser microphone泊 ananechoic chamber and were 

sampled at the rate of 10 kilo samples/sec with 12 bit accuracy after low-pass filtering 

(-260 dB/oct). 

τ'he discrimination process is depicted in Fig. 5. First, the burst point is detected using 

the spectral difference between a pair of unequal-length frames whose starting points 

coincide. Then, based on the detected burst po泊t,the following vowel is identified using 

decision by majorities in five-nearest neighbors (5・NN)in the four-dimensional Fisher space. 

The phoneme discrimination of the pre回 dingplosives is performed as decision by majorities 

泊 three-nearestneighbors (3・NN）泊 thetwo-dimensional Fisher space obtained from the 

temporal values and the gradients of acoustic pa:τameters. Short-term power回 dLPC 

cepstrum coefficients訂eemployed here as the acoustic p釘ameters.The window length 

and the frame shifting interval for a series of analyses釘edetermined according to the 

identification results of the following vowel. The phoneme templates were prepared for 

each following vowel. Figure 6 shows an example of the phoneme templates in the two-

dimensional Fisher space, where the ordinate and the abscissa correspond to the first and 

the second axes in the multi-dimensional Fisher space. 

In order to obtain an open discrimination score for speakers, a single discrimination 

test was repeated 38 times, assuming one set of samples uttered by a speakerぉ位ietest 

sample and the rest as training samples. 
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Prosive Sound Discrimination 

Discrimination output 

Fig. 5. The schematic flow for discriminating voiced plosives. 

o .. 

x .. 
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Fig. 6. An example of the phoneme 

templates in白eFisher space for 

discrimination of voiced plosives 

followed by vowel /u/. The ordinate 

佃 dthe absci醐 correspondto白e

most and the second s切Jificant皿 es,
respec討vely,in the Fisher space. 
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Table 3ぬows也ecomparison of the discrimination score by the WLP組 d血e

conventional LP (covariance) method for voiced plosives /b/, /d／釦d/g/. The figures show 
the remarkable effects of in仕oducingboth the dynamics of位iefeature p釘ametersand 

following-vowel dependency泊tothe system, while they show only small improvement with 

the WLP. The final score for the WLP is expected to improve a little bit more because the 

total analysis period was optimally adjusted for the conventional LP method, but it was 

fixed for the WLP泊 thepresent experiment. It becomes harder to improve血ediscrim泊a-

tion score as the results approach a perfect score which is unrealizable unless semantics 

is employed. Though也escore improvement by introducing也eWLP is small, it will help 

somewhat to reduce the ambiguity among phoneme candidates. 

Table 3. The comparison of the discrimination score among /bん／d/and /g/ uttered by 38 male adults in 
isolated CV context. 
(*indicates employment of the corresponding feature) 

Discrimination Score (%) 

Following Vowel 

Dynamics Vowel-dependency Analysis a e 。 u Average 
LP 87 62 70 75 69 72.6 
WLP 82 65 76 83 75 76.1 

＊ LP 90 75 90 84 76 83.0 
＊ LP 85 80 84 84 88 84.2 
＊ ＊ LP 95 89 89 95 90 91.6 
＊ ＊ WLP 95 91 93 95 92 93.2 

5. Further Applications 

Some further applications of the weighted line釘 prediction釘ediscussed in this section, 

namely introducing the weight to a non-stationary linear prediction model, to也eARMA 

model and to pitch synchronous組 alysis.

5.1 Appli伺 tionof the WLP to Non-stationary LP Model 
Several non-stationary analysis models(lO・12)have been proposed so f釘泊 orderto 

correctly represent the nonstationary nature of natural speech.’The introduction of世ie
weight to a non-stationary linear prediction model proposed by GrenierC12) which 

approximates the time variations of the AR p釘ameterswithin the analysis frame by means 

of an expansion of the AR p紅ameterswi白血orthogonalset of functions. 

5 .1.1 The Grenier’s ModeI(12) 
The time v釘y泊gAR model proposed by Grenier is summarized in the following 

expression for位ietime-v釘yingAR parameters. 

m 
α；（n）考 Z a;;f;(n) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (l 5) 
’ 1=0 .，’， 
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where m represents the expansion order and ｛五（n))is a set of orthogonal functions which 
sa也fiesthe following orthogonality condition: 

r l 1, j=k 
/f;(n)fk(n)dn = i 」 ・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・・ (16) J i LO, iヂk: 

The linear prediction equations is then expressed as 

P m 
~ 1: a;;f;(n)yn・i考Yn,................................... (17) 
i= 1 j=O 

包idis rewritten as 

[YI.1 ・・・ Y;f.p] 8 = y, .................................. (18) 

where 

Yn = [fo(n)Yn・・・fm(n)YnJT ............................... (19) 
(m+l)xl 

組 d

。= [ a10・・・ a1ma20・・・ a2m• • • apo • • • apm ]. . . ......... (20) 
p(m+l)xl 

Collecting these predictive equations for n = n, n+l, ..... , n+N-1, a matrix representation 

is obtained as follows: 

y 8 竺 y ' ............................... (21) 
Nxp(m+l) p(m+l)xl Nxl 

where 

「Jo＜叩 lYn-p … Im＜叩 lYn-p lo＜叩 ＋l)Yn-p+I … Im＜叩 ＋l)Yn-p叶…ゐ（n・l)Yn-1・・・fm＜川 ）Yn・11

v; I : : : : : : I (22) 

L!o(n・p・N+l)Yn-pN叶…fm(n・p-N叶）Yn・p-N叶fo(n・p・N+2)Yn-p抑 2…fm<n守pN+2)Yn-p-N+2・・・ゐ（n川Yn-N・・・fm<nN)y停N ｜ 

Nxp(m+I) 

Then the Yule-Walker equation for this case is expressedぉ

yTy9 = YTy ........................................... (23) 

However, as the structure of this equation is s泊lil訂 tothe ordinary Yule-Walker 

equation, the same computational procedure described in the previous section can be 

employed again. The number of columns in血isextended Yule-Walker equation is (m+I) 

也neslarger than that of the conventional one. 
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5.1.2 Formulation of the Wei俳句dTime-v釘yingLP Model or the Non-stationary WLP 
Weight is easily introduced to the type of prediction expressed泊 eq.(21)as 

WYO当Wy .......................................... (24) 

叩 dthe weighted extended Yule-Walker equation is expressed as follows: 

T A T 
(W Yド（ WY)8=(WY) y ................................ (25) 

The computational procedure is realized as a two-stage analysis depicted in Fig. 7. 

Speech Input Orthogonal Set of Functions.tj(t) 

Calculate the Coefficient Matrix 

Extended Yule-Walker Equation 
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Residual Si g且a1 

Calculate Weights 

Weight 

Weighted Extended Yule-Walker Equation 

。
Synthesis ofα（t) u s i n g 

α（t) 

Fig. 7. The schematic flow of the non-stationary WLP analysis method. 

1. Choose a set of or位10gonalfunctions and decide the expansion order m. 
2. Calculate the coefficient matrix Y based on the set of orthogonal functions. 

3. Get the preliminary least-squares solution 8 for the expansion coefficient ve伽 Oby 
solving the extended Yule-Walker equation. 

4. Get the preliminary estimate for the AR parameter vector ぽt)as a function of time. 
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5. Calculate the prediction residual by inverse filtering. 

6. Calculate the weight for each extended prediction equation. 

7. Set up the weighted extended Yule-Walker equation. 
8. Get the least-squares solution for 8 by solving the weighted extended Yule-Walker 
equa討on.

9. Get the final es世mateforα(t) as a function of time. 

5.1.3 Performance of the Non-stationary WLP 

In order to investigate the performance of the non-sta討onaryWLP, time v釘ying

synthetic sounds are used. An example of the test sounds is depicted in Fig. 8, which is a 

connected sequence of three vowels. The time-varying part of the test sound is analyzed by 

the conventional LP wi血 frameshif白ig,non-stationary LP and the proposed non-stationary 

WLP, according to the analysis conditions shown in Table 4. 

2 

（

N
E
M）

k
 

。
40ms 

Fig. 8. Formant trajectories of the synthetic sound 
for performance evaluation of the proposed non・ 
stationary WLP method. 

Table 4. Analysis conditions for the time-varying sound. 

Conventional Non-stationary Non-stationary 

LP LP WLP 

Pre-emphasis factor 0.93 0.93 0.93 

Analysis order 12 12 12 

Frame length 20 ms 40 ms 40 ms 

Frame shifting Every 20 ms 

Evaluation point Window center Every 20 ms Every 20 ms 
。 0.5 0.5 

Orthogonal function Legendre Legendre 

Expansion order 2 2 
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The normalized estimation e町orsfor the f出tthree formants for the middle 40 ms-long 

p紅tare shown in Fig. 9, where the weighted version (denoted by o) shows better accuracy 

than the non-weighted version (6) and better也姐 theconventional stationary line釘

prediction method (x). 
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Fig. 9. Normalized estimation errors for the first 
three formants. 
O: Non ・stationaryWLP 
6: WLP 
x: Conventional LP 

40ms 

Application of the WLP to the ARMA Model 

For analysis of nasal sounds and certain other conson釦 tsthe all-pole model or the AR 

model is not sufficient to describe the nature of也osesounds. The pole-zero model i.e., the 

ARMA model has been developed to meet that demand. Discussed in this section is 

in仕oductionof weight泊tothe estimation of the ARMA p釘ametersbased on the ARMA 
model<13>. 

5.2 



100 Masuzo YANAGIDA and Osamu疋AKUSHO

5.2.1 Introduction of Weight to ARMA parameter Estimation 

’The WLP is expected to reduce也eerrors in estimating the MA parameters from the 

residual signal obt剖nedthrough the inverse filter coη・esp on必ngto the AR p訂t.The 
analysis scheme is depicted in Fig. 10, where the weighted high『orderline釘 prediction
method is employed to get more accurate estimates for the AR parameters, and the MA 

parameters鉱eobtained as the coefficients of the inverse polynomial expression based on 

the AR parameters obtained from the residual signal by也econventional LP method. The 
pole and zero frequencies紅ecalculated based on也eAR組 d血eMA p釘ameters,
respectively. 

Input Signal 

High-Order LP 

AR parameters 

Signal 

Calculate Weights 

Inverse Filtering 
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F抱.10. The schematic flow of the MA parameter 
estimation employing the WLP in the first stage 
analysis. 

5.2.2 Performance Evaluation 
Performance of the proposed method on nasalized vowels is compared wi出世間
Cadzow’s me也od(13）泊 Fig.11, where the rigid line repre鈎ntsthe test s抱nal,the dotted 
broken line，世ieestimated spec仕aby也eproposed method, and the broken line, by the 
conventional me也odwithout weigl岨ng.The test sounds are station釘yones synthesized 
with an ARMA filter (P = 8, q = 2) excited by the Rosenberg wave. Additional Gaussian 
noise is added to the test sounds to show the effectiveness of the proposed method even for 
slightly noisy cases. The test sounds釘epre tltered by a pre-emphasis factor of 0.93. The 
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組副ysisis carried out by the correspond泊gme也odswith p = 8, q = 2 through a 20 ms 

window. The estimation errors of pole and zero frequencies釘ecompared in Table 5. Table 

5 also shows也atfurther improvement was obtained by in仕oduc泊gboth the high・order
property＊組dthe over-determination property** together with weight. 

The effect of weighting is most evident泊 es也nationof zero frequencies. It is because 

the estimation accuracy of zero frequencies depends on the es抵mationaccuracy of the 

residual signal waveform which is obtained more precisely by泊位oduc泊gweight泊也e

f出tstage analysis. 

S/N= 24 dB 。「
P1 = 8 

Original 

ー・－Proposed
ー一Cadzow

-60 。 2 3 4 5 

kHz 

Fig. 11. Performance comparison of estimating 
frequency spectra by白eweighted 2・stage
method and the conventional 2・stagemethod on 
a synthetic sound with poles and zeros. 

一一一一： testsi伊al
一・ー： theproposed weiゆted2・stagemethod 
－ーーー： the2・stagemethod by Cadzow(l3) 
p 1 :analysis order in the first stage analysis 
q: assumed order for白eMA process 

Table 5. Estimation errors(%) for pole and zero frequencies of nasalized 
syn酋ieticvowels. 

Cadzow’s method 
Weighted LP 

Hi-order Over-det. WLP 

Pole Frequency Zero Frequency 

1.4 

1.5 

0.4 

12.5 

5.8 

2.9 

* The high-order property is shifting a definite number of rows (d = 2, here) in the Yule-Walker equa-
t10n. 
** The over-determination property is adding a definite number of excess equations (e = 8, here) to the 
Yule-Walker equation. 



102 Masuzo YANAGIDA and Osamu KAKUSHO 

Speech Signal 

Pitch Extraction 

no 

「One-frame LP Analysis 

Use the c。rresponding 
weights of the 
previous pitch 

Calculate 11calculate 
One-pitch WeightllOne-frame Weight 

甲

f o: Fundamental frequency 
s: Frame Shifting Interval 

so: Fixed Value for s for 

n: Integer (1～4) 

HALT 

Fig. 12. The schematic flow of the pitch synchronous WLP. 

5.3 Pitch Synchronous WLP<14> 

Described in this section is a me叩 sto speed up the computation process of the WLP. 
The basic idea is to use the same weight sequence for a series of analysis frames on voiced 

i.e., periodic portions of speech. The validity of this idea comes from the fact血atthe 

prediction residual seems to repeat almost the same patterns pitch-synchronously. 
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5.3.1 Pitch Synchronous Weighted Linear Prediction 

The WLP offers the difficulty that preliminary佃 alysisand inverse filtering釘erequired 

before the f祖al組 alysisfor each analysis frame in order to calculate the weight for 

prediction equatios泊也eanalysis frame concerned. Most of these prep釘atoryprocedures, 

however, can be omitted by assuming位iatthe residual signal repeats simil釘 patterns泊every

pitch period for a speaker even if its fundamental frequency varies. 

If the residual signal can be assumed to repeat the same pattern泊 everypitch period, a 

common weight pattern can be employed for each analysis frame shifted synchronously to 

pitch. Therefore, the calculation for determining the weight is required only for the f泊t

analysis frame. Thus the calculation process of the WLP is drastically reduced. This method 

is called Pitch Synchronous Weighted L也e釘 Predictionanalysis (PSWLP）.’The window 

length for the PSWLP is preferably made one-or integer-pitch period long so that the 

analysis is independent of the mutual position to pitch excitation. In the PSWLP the 

correspondence between sample po卸tson the speech signal and those on the weight pattern 

has great加portance,so the shifting interval should be s凶ctlysynchronized to the pitch 

interval. 

The processing scheme of the PSWLP is depicted in Fig. 12. In the present system 

pitch synchronization is realized by fundamental frequency extraction based on位ieauto-

correlation of the residual signal. The shifting interval for analysis of natural speech is 

synchro凶zedto local maximal points on voiced portions of位協 inputspeech泊 orderto 

avoid mis-matching in correspondence between residual values and weight values. 

5.3.2 Performance Evaluation 

In order to confirm the performance of the PSWLP, accuracy comparison in estimating 

formant frequencies was made among the following methods: 

COV(N〕： Covariancemethod (N: window length). 

SSLP(O): Sample Selective LP, 8: The threshold value for I向上
WLP(a): Weighted LP，。： Theshaping factor. 
PSWLP(a): Pitch Synchronous WLP. 
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Fig. 13. Performance comparison among estimation 
errors among PSWLP, WLP, SSLP and the 
conventional LP on synthetic stationary 
sounds. 
Broken lines represent the estimation error by 
the conventional covariance method of 
window length noted in ( ). 
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An all-pole filter of order 10 was employed to syn the語zevowel-like test sounds excited 

with one-pitch residual sequence of 80 S創npleslong. Fig. 13 shows the results of位1e

comparison with a common analysis order 12 on a non-pre剛emphasizeddata sequence. The 

results釘eevaluated for IO different window locations and for five formants over 50 
syn世1eticsounds of different formant patterns. The abscissa represents世1eshaping 

parameterσfor世1eweight function for WLP and PSWLP, and corresponds to白ethreshold 
value 8 for the SSLP. From Fig. 13, it can be seen that出ePSWLP retains the s創ne

accuracy as the WLP over a broad range of the shaping p釘むneter,although the window 
length is鎚 shortas one pitch period. 

The process.泊gtimes required for the above-mentioned methods釘ecompared in 

Table 6, where the average times required to process one frame釘eshown. The processing 

time required for PSWLP is reduced to one third of that required for WLP. 

Table 6. Comparison of the time required for one frame 
analysis on DG MV /8000 II. 

Analysis method 

Covariance method<15) 

G卸ens’Reduction<4>
WLP例
PSWLP(14) 

Time required (sec) 

0.04 

0.09 

1.22 

0.36 

6. Conclusions 

The concept of the weighted line釘 predictionis described from the view po血tof 

weighted least-squares estimation. The Givens’reduction with the Gentleman’s algorithm 
is employed錨 apractical computational procedure for solving the weighted least-sqaures 
problem concerned. 

The weight is introduced to加proveestimation accuracy of the linear prediction 

method for speech signal analy血 Althoughthe improvement of error in formant frequency 

estimation remain only about 30%, the proposed weighting schemes show stable 
contribution to error reduction. The effect of improvement of formant frequency 

estimation on phoneme discrimination is confirmed by employing the proposed me也odas 

the analysis tool for the plosive sound discrimination system developed by the au血ors,

resulting也adefinite improvement in discrimination rate. 
Applications of the proposed method to a non-stationary model and to pitch 

synchronous analysis釘ediscussed from the view point of constructing a practical model 
and/or seeking computational efficiency with satisfactory results. 
A multi-stage WLP, or a multi-stage we単1ting,is a possible means to refine the analysis 

accuracy. It is under investigation as an extension of the WLP, promising higher accuracy泊
estimating pole frequencies. 

Computational difficulties and practical effects of the proposed method are left for 
fu加re泊.vestigation.
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