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(color online) Waveform charts of speech signal phoneme samples: (a) Sample 1-phoneme [ail;

(b) sample 2-phoneme [o:]; (c) sample 3-phoneme [a:]; (d) sample 4-phoneme [ou].
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®1 PYEEE SRR XX RE
Table 1. The relationship of average mutual informa-

tion and delay time.

B 195 % [ai]

R P @R PH @R 7B
W OISR R SR MW EEE
1 1.5639 11 1.5061 21 1.6722

2 1.5217 12 1.5256 22 1.5207
3 1.5883 13 1.4780 23 1.5668
4 1.5346 14 1.5205 24 1.5538
5 1.5678 15 1.5634 25 1.5553
6 1.5223 16 1.5363 26 1.5419
7 1.4647 17 1.5323 27 1.5068
8 1.5188 18 1.5613 28 1.4822
9 1.4898 19 1.5548 29 1.5357
10 1.5099 20 1.9764 30 1.5242

FEAR 29 [0
@R P mR P R P
TR R TR M TR
1.6937 11 1.5760 21 1.6171

—_

2 1.5683 12 1.5928 22 1.6168
3 1.5933 13 1.5687 23 1.6230
4 1.7251 14 1.5595 24 1.6029
5 1.6000 15 1.5698 25 1.6162
6 1.5674 16 1.5961 26 1.5985
7 1.5748 17 1.6504 27 1.6038
8 1.6185 18 1.6394 28 1.5908
9 1.5610 19 1.6164 29 1.5921
10 1.5566 20 1.6054 30 1.5760
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Fig. 2. The relationship of average mutual information and delay time: (a) Sample 1-phoneme [ai]; (b) sample

2-phoneme [o:]; (c) sample 3-phoneme [a:]; (d) sample 4-phoneme [ou].

3.2 Cao [KRIEEHER N4 3] Xa(3) BV X NN (3) g d 2R 53 6 1 4 0 A 1) B R
Cao B i) Cao [k 19 A ok fa e ORI RS, X () P XYY (3) 2 d + LA 2

NS, 7 X (RI5F 4 A ) B R E AR e i
| Nomr Xf ¥ AN g B PR A1, A Cao IRiETHEL

Bm)= s > a(im),  (6) MR, M KT HA M mo M, By (m)
= A, U5 AR 6D 1 N SR 7

E(m+1)
Evm) = =gy (T it %5 By () BEAS m BRI AL, Ui
. TSR BERLE B {7 SCRR B, ) (m) B
i) | X1 () — XN (3)] 2 O AR e NI RAE SR R ANTE 5 Fillr,
as (1 = S5 > Mzl e YA
2 1 Xa(i) — XVN(G)| I BN 8 — AN 7 -
F2 WMAYH-E & B WRKRE
Table 2. The relationship of embedding dimension-F; & FEs.
FEAR 1-5 3 [ai] FEAR 2-F & [0
RN ZGEEL FE1 Es RAGERL E4 Es RANGERL FE1 Es RAGERL Ey Es
1 0.4947  0.5296 11 0.9959 0.9895 1 0.4285 0.5462 11 0.9935 1.0012
2 0.3402 0.4723 12 0.9978 1.0076 2 0.2984 0.5836 12 0.9948 1.0076
3 0.4819 0.5853 13 0.9998 1.0058 3 0.4402 0.4899 13 0.9926 1.0025
4 0.7352 0.7638 14 1.0006 1.0300 4 0.7978 0.9027 14 0.9914 1.0112
5 0.8907 0.9065 15 0.9977 1.0021 5 0.9066 0.9847 15 0.9932 1.0153
6 0.9269 0.9155 16 0.9975 1.0201 6 0.9573 1.0447 16 0.9962 1.0125
7 0.9484 0.9356 17 0.9988 1.0008 7 0.9782 1.0400 17 0.9935 1.0316
8 0.9690 0.9492 18 0.9985 0.9975 8 0.9881 1.0375 18 1.0006 1.0384
9 0.9764 0.9840 19 0.9999 1.0109 9 0.9827 0.9970 19 0.9945 1.0296
10 1.0001 1.0195 10 0.9897 1.0161
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Fig. 3. (color online) The relationship of embedding dimension-E; & E3: (a) Sample 1-phoneme [ail;

(b) sample 2-phoneme [o:]; (c) sample 3-phoneme [a:]; (d) sample 4-phoneme [ou].
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x(Nop) x(No+1) e x(N)
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b, z() AP E S — B 2 R FEE, 2(n) A
25 () B R 15 B (A A, X T A SO0 AL 4,
FEIR I [A] 7 HY 2, R AGEE m 437 HX 10, 11, 10, 13.

4 EFET TR R A

AR MIEHZAE T 50 5& B0 T W) U6 5 U
SR W R A B AR, R TR N
T 5 K Lyapunov 8 21, X1 &5 5 /3 41 (R

FEPEREAT IR ).

SR FH /N B O BEE 5 5 P A R R
Lyapunov & £, 8 425 %4 23 7 B 100, 200, 400,
600, 80011000, & 45 RwF 3yl E4H
B 5 43 A2 UREAS 335 2 [a:]) FIFEAR 4-5 2 [ou) 4
B0 Tt AR, R3I/AAMIEEE T
H| ¥ K Lyapunov $8 503 K F %, KIFIEE(ES
75 B A TR R P

#£3 FEA1—45RFPFHIEK Lyapunov %L

Table 3. The largest Lyapunov exponent of samples 1 to 4-phoneme series.

FEA 1-F K [ai] 51 FEA 2-FF [o:] FPA

FEA 3-FH &K [a:] 4 FEA 4-FF [ou] 551

WAL H A AT R A TR A WS H A
100 0.2831 100 3.1065 100 1.1997 100 1.0667
200 0.2932 200 3.3271 200 1.2548 200 0.9541
400 0.3558 400 3.1172 400 1.4182 400 1.0460
600 0.3215 600 3.1283 600 1.4286 600 0.9681
800 0.3405 800 3.3096 800 1.3046 800 1.0023
1000 0.3405 1000 3.2045 1000 1.3255 1000 0.8958

0 100 200 300 400 500 600 700 800
%
4 FEAR 3-H & [a:] AR Lyapunov 551
Fig. 4. The largest Lyapunov exponent of sample 3-

phoneme [a:] series.

0 —
0 100 200 300 400 500 600 700 800
%
El5 A 4-H % [ou] 74K Lyapunov 54
Fig. 5. The largest Lyapunov exponent of sample 4-

phoneme [ou] series.
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a?(n), x(n)z(n —1),---,

@*(n — (m — 1), (12)
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Fig. 6. (color online) DFPSOVF prediction error of sample 2-phoneme [5:] series when m is taken different
values: (a) m is taken 3, 5, 7, respectively; (b) m is taken 9, 11, 13, respectively; (c¢) m is taken 15, 17, 19,
respectively; (d) m is 11.
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Fig. 7. (color online) DEFPSOVF prediction error of sample 4-phoneme [ou] series when m is taken different
values: (a) m is taken 3, 5, 7, respectively; (b) m is taken 9, 11, 13, respectively; (c) m is taken 15, 17, 19,
respectively; (d) m is 13.
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Table 4. Prediction RMSE of sample 2-phoneme [o:]
series and sample 4-phoneme [ou] series when different

memory length is taken.
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15 2.870 x 10~2 15 3.050 x 10~2
17 3.098 x 10~2 17 3.022 x 10~2
19 2.967 x 102 19 2.756 x 10~2
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Fig. 8. Comparisons of prediction value of single-frame speech samples from 1 to 4 when using linear

model and DFPSOVF nonlinear model, respectively: (a) Sample 1-phoneme [ai]; (b) sample 2-phoneme [o:];

(c) sample 3-phoneme [a:]; (d) sample 4-phoneme [ou].
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Table 5. Comparisons of RMSE of single-frame speech samples from 1 to 4 when using linear model and

DFPSOVF nonlinear model, respectively.

EEEAR RMSE1 RMSE2 EEFEAR RMSE1 RMSE2
A1 0.129265 0.0337189 FEA 3 0.166817 0.0289157
FEA 2 0.217397 0.0249918 FEA 4 0.171582 0.0222915

6.3 ZWIEZFES TN

ST B H A A 2 v TR AR Y AE o 24
{55 A BESTIUE. B 5 R ZE ) 92560 50
KEANFFIRFEE, 733 id AFEA 5 (China) £

s SRR S BRI
D e
% 1 1 1 1 1
0 1000 2000 3000 4000 5000
1 . . .
o LRVERTR P B
Z 0
i . ) ) ) )
0 1000 2000 3000 4000 5000
1 e ——
{2 MR TS
Fo
g 0
i . : . . .
0 1000 2000 3000 4000 5000
FEARANEL
(a)
0.20 . . .
—a— BT RMSE
0.16} —=— LRI HIRMSE
9
i
E o0.12f
5
N
= 0.08}
Z 0.08
0.04
0 " " " "
0 5 10 20 25 30

15
FEAREL
(b)
B9 (MTIEE) LP &AM DFPSOVE HE 4 M
R3S Z WA FEA 5(China) TN L (a) BIEXS L,

(b) BTTHRIRZXT H
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model and DFPSOVF nonlinear model, respectively:

(a) Waveform comparison; (b) RMSE comparison.
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Abstract

The given English phonemes, words and sentences are sampled and preprocessed. For these real measured speech
signal series, time delay and embedding dimension are determined by using mutual information method and Cao’s
method, respectively, so as to perform phase space reconstruction of the speech signal series. By using small data set
method, the largest Lyapunov exponent of the speech signal series is calculated and the fact that its value is greater
than zero presents chaotic characteristics of the speech signal series. This, in fact, performs the chaotic characteristic
identification of the speech signal series. By introducing second-order Volterra series, in this paper we put forward
a type of nonlinear prediction model with an explicit structure. To overcome some intrinsic shortcomings caused by
improper parameter selection when using the least mean square (LMS) algorithm to update Volterra model efficiency,
by using a variable convergence factor technology based on a posteriori error assumption on the basis of LMS algorithm,
a novel Davidon-Fletcher-Powell-based second of Volterra filter (DFPSOVF) is constructed and is performed to predict
speech signal series of the given English phonemes, words and sentences with chaotic characteristics. Simulation results
under MATLAB 7.0 environment show that the proposed nonlinear model DFPSOVF can guarantee its stability and
convergence and there are no divergence problems in using LMS algorithm; for single-frame and multi-frame of the
measured speech signals, when root mean square error (RMSE) is used as an evaluation criterion the prediction accuracy
of the proposed nonlinear prediction model DFPSOVF in this paper is better than that of the linear prediction (LP) that
is traditionally employed. The primary results of single-frame and multi-frame predictions are given. So, the proposed
DFPSOVF model can substitute linear prediction model on certain conditions. Meanwhile, it can better reflect trends
and regularity of the speech signal series and fully meet requirements for speech signal prediction. The memory length
of the proposed prediction model may be selected by the embedding dimension of the speech signal series. The proposed
model can present a nonlinear analysis and more valuable model structure for speech signal series, and opens up a new
way to speech signal reconstruction and compression coding so as to improve complexity and process effect of speech

signal processing method.

Keywords: speech signal, chaos, Volterra prediction model, Davidon-Fletcher-Powell algorithm
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