Estimation of the spectral envelope in the LSP-HS space by matrix transforms
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Abstract

The coding theory of the forms of spectral envelope of speech
signals of the using linear spectral parameters of the highest splitting
(LSP-HS) is regarded. Advantages of using of LSP-HS parameters
compare with classic LSP parameters are specified. It is
demonstrated that the direct and inverse transform of LSP-HS
method can be regarded as a certain matrices transform from the LPC
coefficients. The formula of estimates of the spectral envelope of the
synthesized speech signal in space LSP-HS is written.

Keywords: Encoding shape of the spectral envelope, linear spectral
parameters (LSP), linear spectral pairs (projection LSPr), linear
spectral frequencies (LSF), linear prediction coefficients (LPC).

1. Introduction

The new original method of encoding of spectral envelope of
speech signal (that had been named as LSP-HS — linear spectral
parameter of the highest splitting) has been described in previous
works [1 — 7]. This method is recommended to using in the speech
transformation devices of the receiving and transmitting equipments,
which are based on the linear prediction (LP) algorithms. The main
idea of method is in that characteristic polynomial A(z) of prediction
filter of M-orded, which represented as one stable polynomial of M-
order,

Az)=1-Qalz’ =1+ qaz’, )
i=1 i=1
is proposed to be represented as M elementary stable normalized
polynomials of 1" order

A™(z)=1+a""z™, ¥
which are the results of step-by-step splitting of original polynomial
A(2), fig. 1.

The roots of  elementary  polynomials 2),
AM™(z)=1+a™z", are the linear spectral projections of the
highest splitting (LSP-HS).

Arccosine from roots of elementary polynomials (2),
A"™(z)=1+a™'z", are the linear spectral frequencies of the

highest splitting (LSF-HS).
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Fig. 1. Structure of LSP-HS inverse transform for stages from 1 to 2

2. Goals of LSPr-HS and LSF-HS compared with classic LSP

It was shown that the classical method of linear spectral
parameters (frequencies and pairs — LSF, LSPr) are to be only the
first stage of regression of the method of linear spectral parameters
(projection and frequencies) of the highest splitting — LSF-HS,
LSPr-HS.

Transition from classical (first stage of splitting) LSP to the
LSP-HS allow retaining the advantage of the classical method and
simultaneously obtaining a number of goals:

1. The process of representing of prediction filter (1),

M _ M _

Az)=1-Qalz" =1+Qaz", by LSP-HS is simplified and
i=1 i=1

acquires strict and logically finished form. Roots of elementary

polynomials (2), A™(z)=1+a"z", are calculated trivially

without using the iterative estimation method since they are equal to
the coefficients a""' with respect to the sign. Elementary
polynomials in case they are obtained at early stages of splitting
remains invariant with respect to the further stages of splitting and do
not depend from the value of M in (1),

M _ M _
AZ)=1-Qalz’ =1+qaz",[1,2,7].
i=1 i=1

2. Methodological estimation error of the linear spectral
parameters, peculiar to the classical method and appearing as a result
of iteration search of the real interleaving roots of polynomials pair
DP(x) and DY), which in case of the 10" order linear prediction
have the form D¥(x) = x> +d,x* +d)x® +d}x* + d;x+d; (here the
v meansany p or g symbol) is eliminated [1, 2].

3. The algorithm of representing the linear prediction
coefficients (LPC) in terms of LSP is accelerated [3, 4].

4. The required computational power is distributed between the
analyzer of the transmitting side and synthesizer on the receiver side
of the speech transformation device more uniformly [5, 6].

5. There exists a simple encoding rule fore the chain of upper symbol

indexes of coefficients 5" (where s;""'© a;"""), that resembling the

history of forming the coefficients in the process stage-wise splitting
M M

from (1), A(z)=1-Qalz"=1+Q{az", to (2), A" (z)=1+a™"z™",
i=1 i=1

which allow making transition to the numerical indexes of

coefficients sy,...,5v, and back to the chain of the upper symbol

indexes [7]. Numerical indexes allow plotting the graph of

coefficients of LSP-HS, fig. 2, and determining the getting of

elementary invariant normalized stable 1th degree polynomials (2),

AM™(z)=1+a"'z", at early stages of splitting for an arbitrary

M M

value of M in (1), A(z)=1- éa,wz“ =1+ ,:'5°1aiz‘i , [7], additionally
i=1 i=1

decreasing the number of performed operation.
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M=16 M=8 M=4 M=2 M=1 numbering of the coefficients, that starts from the one (as
= 9[s" opposed to indexing that starts with zero).
S 1,S 9 @ T An example of a specified value for the first 16 numbers of
457 575 05 13 L coefficients are given in Table 1.
T pq S 13 Said function can be rewritten in a more compact form:
5y 13
— > p g2 s Ma . .
$1,53 - S1s AR a =af,s;, where s,©1 — formal parameter, which is
T o5 p2ls 15 introduced for convenience, M, =10 — order of LP and degree of
3 7 11y
= ——Py[s i Ma )
ANER 11@ T polynomial A(z)=1+Qaz".
S1, S2, -y S16 d ,,,,3 =
q T qq S 4 Table 1. Relationship of character and numeric indices for M, =16
= - = i i p Swlz Chain of Chain of Digital Number, Chain of Chain of Digital Number,
S 4SsgS 12 character binary indices, starts character binary indices, starts
- p S 15 indices indices starts from 1 indices indices starts from 1
S g S 16 @ with from 0 with from 0
— g p q S g weights weights
$2,84 ..,S16 2021273 2021929
s U>(s" qqqq_| 0000 0 1 pqaq_| 1000 1 2
_ > u s gqgp | 0001 8 9 pqgp | 1001 9 10
q $ 2,5 6 S 105 O P qqpq 0010 4 5 papq 1010 5 6
s, S"'m@ S 1 qqpp 0011 12 13 papp 1011 13 14
ql= e apaq 0100 2 3 ppaq 1100 3 4
Stage 0 Stage 1 Stage 2 Stage 3 | Stage 4 4pap 0101 10 1 PPgp 1101 1 12
- - o appq 0110 6 7 pppq 1110 7 8
Fig. 2. Graph of formation of LSP-HS coefficients for A = 16 4PPD 0111 1 15 Dppp 1111 15 16
(it is shown how to changes value of degree M for each stages) — -
The coefficients a, of polynomial
6. There is a simple stability criterion for the synthesized filter 'S
y Y yn AQZ)=1+Qaz” )

in terms of LSP-HS with numerical indexes in coefficients sy,...,Sum,
which is invariant for any M, [7]:
-1<s5;<5<83<...<sy<L

7. LSP-HS provides a less error when executing inter-frame
interpolation compared to other equivalent parameters, including
classical (first stage splitting) LSP, [8].

8. LSP-HS provides a less error vector quantization compared
to other equivalent parameters, including classical (first stage
splitting) LSP, [9].

9. LSP-HS provides lower prediction error of the shape of
spectral envelope of the speech signal on the basis of the known
values at the previous frame, [10].

3. LSP-HS inverse transform

Al operations in the inverse transformation of LSP-HS method
are linear and LPC, which are recovered from LSP-HS coefficients
as a result of the inverse transformation can be determined by using a
generalized linear function of 10 variables:

a = fi(sl’SZ""’Slo) = fi,0 + fi,lsl + fi,zsz ot fi,lOSIO’ where
S, = S/ — ordered LSP-HS

coefficients with index numbers, which correspond to the numbering,

that is started from the one. These coefficients satisfy the rule:

-1 <51 <8y <S3<S4<S5<S5<S7<Sg<Sg<S0<+1. 3)

Digital indexation of the LSP-HS coefficients are clearly related

to their symbolic indexing, which reflects the history of the step-by-

step splitting of polynomials in the direct transform of LSP-HS
method. This relationship can be defined by the rule:

1. Each character index q and p is associated with a logical zero
and a logical one (q=0, p=1).

2. Chain of indices q u p, that reflect the history of the formation
of the coefficients resulting from the step-by-step splitting of
polynomials in the direct transform of LSP-HS method, is seen
as a binary code with the weight of each bit: the weight of the
first stage — 2°, the weight of the second stage — 2%, and so on.

3. For convenience, each digital index, which is calculated by
definition binary code is increased by one, what producing the

= qaaqq = g Pgaq = qapaq
s, =5/, 5, =M g =g |

i=1

can be combined into a vector A=[1 a, a, a,]", and the

value of the complex variable z*, 0£i£10, — into a vector
zZ=4 7t 7 z‘“’HT. Then
AiZ)=ATZ=Z"A. (5)

By analogy, the result of direct transformation of LPC in LSP-

HS space can be combined into a LSP-HS vector
S=[L s, s, .. s,]'- By the linear relationship

a, = f,(s,S,,...,8), O0£i£10, we can write the 10 equations

_i_ f1,0 + f1,151 + fl,zsz ot f1,10510 =

f2,0 + f2,lsl + fZ,ZSZ Tt f2,10810 = aZ

_‘:al = fl(SI‘SZ""‘SIO)

-:,-az = £,(51,85,0418) as :,

T T

{aio = flO(Sl 1521'"1510) ’:\fI0,0 + flO,lsl + flO,ZSZ ot flO,lOSIO = alO

The 11" trivial equation can be added to bring the system to a
11+0xs +0xs, +...+0xs, =1

T fl,U + fl,lsl + fl,ZSZ ot fl,lOSIO = al

quadratic form: :'fzy0 +f,,8 + 1,8, +..+ f,,08,=a, ,whichcan
-
’:‘f10,0 + flO,lsl + flO,ZSZ ot f10,10510 = aiO
be rewrote in a matrix form
é f0,0 fO,l f0,2 fO,lOl\jl é 1 l}l é 1 l}l
g fl,O f1,1 f1,2 f1,10 1l g S 3 g C) 3
g f2,0 f2,1 f2,2 f2,10 8 282 g = gaZ g or
I O S
gflo,o flO,l f10,2 flO,lUH SSIOH SaloH




é foo for foo fozo U

g fo f f, o fi ﬂ foo =1
FS=A,F= @ foo for fop o fop U ) f0,i =0 . (6)

g - . ﬂ 1£i£10

€00 fuos T fo0ll

Abstracting from the stability criteria in terms synthesizer filter
LSP-HP and rule (3), and acting more formal, we can set 11 test

e éLi
80 8,0 84l 8nl
Q0 el el e
vectors LSP-HS: S, =¢€0u, S =¢€Qu, S,=¢1l, ..., S, =¢e0u,
&4 (] ] (]
& g g g
g0t §0H §0H g1f
el 1 1 .. 1lu
0 10 .. 0
which are the columns of the matrix E=80 0 1 .. 00.
8 u
é

fo o o .. 1f

By using algorithm of inverse transform from LSP-HS into
LPC, A =rpt(S), for each testing vectors S,, S,, S,, ..., S,, we
can find 11 corresponding result LPC vectors A,, A,, A,, ...,
A,, , which must satisfy the matrix equation (6), FS=A . Then we
can write:

el éf, f, fo, fow U €10 el
e, 0 @& u &, e, U
é 84 1] é fl,O f1,1 f1,2 f1,10 1] éol] 8 a, 1]
A =ta,0=¢f,, f,, f,, .. f,0 800, A =¢a,l=
e U e ' ' U éu e
g .0 & SR g .0
gao,mH 8 fm,o f10,1 fm,z f10,10H god gamoH
é fo,o fO,l fo,z fo,m U elu
é U é,d
8 fl,O f1,1 f1,2 f1,10 1l éll]
€fo fn fo fo0 U €0U,
e ueu
g 08
8 fm,o f10,1 fm,z f10,10H god
é 1 U éfo,o fO,l fo,z fo,ml:J elu
e, 0 @& N
éaz,l 1] 8 fl,O f1,1 f12 f1,10 1] éol]
A, =Ca,U=¢f, f, f, fool €1,
e u e ueu
R SO
gaz,mH 8 fm,o f10,1 fm,z f10,10H god
é 1 U ? fo,o fO,l fo,z fo,m U elu
e, 0 & U énl
éalo,l 1] 8 fl,O f1,1 f1,2 f1,10 1] éol]
Ap=tag,U=¢6f, f, f, .. f,U eou,
e u e ueu
N SO
S%,mH 8 fm,o f10,1 fm,z f10,10H 814
that can be combined into a single matrix equation
6t for fon o fopuél 1 1 14
é ué U
8 fl,O f1,1 f1,2 f1,10 1l éo 10 Ol]
€fo o fp o fpptu€0 0 1 ou=
e ue u
e e S
gfm,o f10,1 fm,z f10,10H g0 0 0 14

(? 1 1 1 ... 1 u
. Ay &, . Ay
:2302 a, aio,zg- (7
¢ " u
gaUJU al,lU aZ,lU b alU,lU H
(?1 1 1 .. 1[:]
0 10 .. 0
Matrix ﬁzgo 0 1 Og in the resulting matrix equation can
&

g0 0 0 .. 1f

be reduced to a single form. To do this, each of the columns, except
the first should take it away first column. In order matrix equation is
not disrupted, similar operations to execute and with columns of the
matrix, which is the right side of the matrix equation (7). Then we
can get:

é fo,o fO,l fo,z fo,m U él 0 0 . Ol:J

€

8 fl,O f1,1 f12 f1,10 1] SO 1 0. OH

@ fzo f21 fz 2 f2,10 U ?0 01 . O@ =

€ u e u

8 fl0,0 f10,1 f10,2 f10,10H 80 0 0 . 1H
g1 0 0 0 u
é a
8 81 8y 8y, &1~ 8y, Qo1 ~ 8y 1l
gao,z &, ~ 8, Qo =8y - App g, ﬂ :
é a

e - - -
eaO ,10 al,lO aO,lO a2,10 aO,lO alO,lO aU ,10 H

Finally, the matrix inverse transform LSP-HS F , is defined through
the components of the resulting LPC vector is such:

é fo,o fO,l fo,z fo,m U

e

é fl,O f1,1 f1,2 f1,10 1]

F==¢0f,, f, f, . f,l=

e u

e

e fl0,0 f10,1 f10,2 f10,10H
é 1 0 0 0 u
é B B B a
éaO,l &, -8y, &1~ 8, - B~y 1]
gao,z &, ~ 8, 2~ 8, Q2 ~ 82 ﬂ :
e : @
e - - -
§%10 G20 " 810 A0 " S0 Q0,10 ao,mH

Value of the matrix of inverse transform LSP-HS F , that have been
obtained from the above methodic for M, =10 are next:
1|/0|0|0]|0|0O|0O|O|O]O
0 1|11 )1j1)1(1(1]1 1
4519 | 7|5

0 [36(20]| 8 |0|-4|-4/0| 8|20/ 36
21084 | 28| 0

F =| 0 |126(14 |-14|-6|6 |6 |-6|-14| 14 | 126 (8)
210|126|-14|-14|6 | 6 |-6|-6| 14 | 14 |-126

0

45136 |-20| 8 |0|-4/4|/0|-8|20|-36
5
1




4, LSP-HS direct transform

Similarly, the all operation of the direct transform of LPC into
LSP-HS can be analyzed and can be shown that direct transformation
S =dpt(A) is also a linear. Then, the coefficients of LSP-HS can be
determined by using a generalized linear function of 10 variables:
s, =3i(8,8,,.,2y) :ji,o +ji,1al +ji,zaz *o. +ji,1oaio , that produce
the matrix equation

éjo,o jO,l jo,z jo,ml\,J § 1 U § 1 U

€= = = = ue_,u e. u

e.!l,o .!1,1 .!1,2 .!1,10 U §a1 U esl U

g.lz,o Jor Jop o JapoY €U =€s,Uor

g U e u e u

¢ e g

8 100 Jwi Jiw2 JlO,lOH gamﬂ 8510H
gjo,o j01 -02 jo,ml\,J

_ - - - 0 5

éJl,O i IF) 1.2 Jiwo 1l Joo =1

®A =S, where (I):gjz,o Jon Jao jz,mgrjo,izo .9
g . i 1£i£10
gjm,o j10,1 j10,2 le,lOH

Solving the equation in a manner similar to that described
above, you can get the matrix of direct conversion of LSP-HS @,
defined through the components of the resulting LSP-HS vector,
which is the:

(f:_loo Joa Doz .10,10[\,J

e = = = u

éJlO Ju i .ll,lOl]

O=C§,, J Jo Jonl =

e u

¢ a

ey H H i u

gdwoo Jwi Jwz - Jwwg
g1 0 0 0 u
é _ _ o U
éSO,l Si1 7 S0a Sp1 7 S0 o+ Sw01 7 S0n 1]
gso,z Si2 = So2 S22 = So,2 Si0,2 = So.2 u.
e u
¢ a
e - - -
8510 Si10 ~Soa0  S210 T Soao Si0.10 So,mH

The value of the matrix elements of direct transform of LSP-HS @,
which were obtained by computing the above calculations for

M, =10 are next:

1 0 0 0 0 0 0 0 0 0 0

-0.9980|0.00195(0.00195]0.00195(0.00195|0.00195{0.00195|0.00195(0.00195|0.00195(0.00195
46875 | 3125 | 3125 | 3125 | 3125 | 3125 | 3125 | 3125 | 3125 | 3125 | 3125

-0.978510.01757|0.013670.00976|0.00585|0.00195 | -0.0019 | -0.0058 | -0.0097 | -0.0136 | -0.0175
15625 | 8125 | 1875 | 5625 | 9375 | 3125 | 53125 | 59375 | 65625 | 71875 | 78125
-0.8906 |0.07031/0.039060.01562(0.00000|-0.0078 |-0.0078 |0.00000|0.01562|0.03906|0.07031
25000 | 2500 | 2500 | 5000 | 0000 | 12500 | 12500 | 0000 | 5000 | 2500 | 2500

-0.6562 |0.16406|0.054680.00000(-0.0156 |-0.0078 0.00781|0.01562|0.00000|-0.0546 | -0.1640
50000 | 2500 | 7500 | 0000 | 25000 | 12500 [ 2500 | 5000 | 0000 | 87500 | 62500

@ |-0.2460 (0.24609|0.02734|-0.0273|-0.0117(0.01171(0.01171{-0.0117 |-0.0273 |0.02734(0.24609
93750 | 3750 | 3750 | 43750 | 18750 | 8750 | 8750 | 18750 | 43750 | 3750 | 3750
0.24609 (0.24609|-0.0273 |-0.02730.01171{0.01171-0.0117 {-0.01170.02734|0.02734|-0.2460
3750 | 3750 | 43750 | 43750 | 8750 | 8750 | 18750 | 18750 | 3750 | 3750 | 93750
0.65625 (0.16406|-0.0546 |0.00000|0.01562(-0.0078 | -0.0078 [0.01562|0.00000 | -0.0546 |0.16406
0000 | 2500 | 87500 | 0000 | 5000 | 12500 | 12500 | 5000 | 0000 | 87500 | 2500
0.89062 (0.07031/-0.0390 |0.01562|0.00000(-0.0078 |0.00781(0.00000|-0.0156 |0.03906|-0.0703
5000 | 2500 | 62500 | 5000 | 0000 | 12500 | 2500 | 0000 | 25000 | 2500 | 12500
0.97851(0.01757|-0.0136 |0.00976|-0.0058 {0.00195 |0.00195-0.0058 |0.00976 | -0.0136 |0.01757
5625 | 8125 | 71875 | 5625 | 59375 | 3125 | 3125 | 59375 | 5625 | 71875 | 8125
0.99804 (0.00195|-0.0019 |0.00195|-0.0019 {0.00195 |-0.0019 {0.00195|-0.0019 |0.00195|-0.0019
6875 | 3125 | 53125 | 3125 | 53125 | 3125 | 53125 | 3125 | 53125 | 3125 | 53125

(10)

5. Basis vectors of the matrix LSP-HS method

Matrix of direct (10) and inverse (8) transform of LSP-HS
method can be calculated for any degree M, . Direct and inverse

4

matrix LSP-HS transformation can be seen as expansion in the
corresponding basis vectors.
View of the basic functions of direct and inverse matrix LSP-

HS transformation for M, =10 is shown in Figure. 3 and Figure. 4.

Fig. 3. Basic vectors of the inverse matrix LSP-HS transformation
for M, =10

8 PL
S 10 g

Fig. 4. Basic vectors of the direct matrix LSP-HS transformation for
M, =10

6. Estimation of the spectral envelope in the LSP-HS space

Substituting (6) into (5) we can get the expression for
computing polynomial (4) through the coefficients of direct LSP-HS
transformation:

AZ)=A'Z=Z"A=(FS)'Z=S"(F'2) = (Z'F)S, (12)
which can be rewritten as
Aiz)=S"2=2"s, (12)
where
6foo for foo o fopd 610
g fo fiu fo o fip ld gz_lg
z-= (F'2)= § foo fon T2 o fog U ez-z u, (13)
€ ue u
€ ue--u
g flU,U flU,l f10,2 e flU,lU H Sz_lo H

is a vector, rotate the directions of basis vectors of matrix LSP-HS
inverse transform F . Using the substitution z = el = /2™  \where
w, — circular sampling rate, we can be obtained spectral envelope
of the synthesized speech signal for a given frequency w,
K(JW) = L :

A(2) |, <qizoms



-1

=

E @ng foo  for  fou ol ¢ 1 309

e u e _-j W, u'.

gé sl[] Ce fl,O fl,l f1,2 f1,10 1 ée Tz, ':
K(jW) = g‘?sz@ ge fz,o f2,1 fz,z fz,ml:J ?e_“pW/WS U:_ (14)

g "0 vé i e ar.

ey e - R

8 8510 H (é g fl0,0 flO,l f10,2 b f10,10 H ge‘JZOPW/Ws H BB

7. Extractions

It is shown that the direct and inverse transform of LSP-HS
method can be regarded as a certain matrix transformation of
coefficients of the polynomial (4).

The method for determining the matrix of direct and inverse
LSP-HS matrix transformations is described.

Matrix of direct and inverse LSP-HS transform can be

calculated for any degree M  Of polynomial (4).
Matrix of direct (10) and inverse (8) LSP-HS transformation for

M, =10 are defined.

The shape of the basis vectors of direct and inverse matrix LSP-
HS transformations is shown on fig. 3 and fig. 4.

Formula (14) to estimate the spectral envelope of the
synthesized speech signal in LSP-HS space is obtained.

8. Conclusions

The method of LSP-HS can be used in matrix form. The matrix form
of LSP-HS method makes it possible to employ standard
mathematical tools to describe the shape of the spectral envelope of
speech signal not only in LPC space, but in the LSP-HS space, which
can not be done in the space of classical (first stage splitting) LSP.
The matrix form of LSP-HS method allows drawing the alternative
structure of analysis filter of speech synthesis, parameters of which
are not classic LPC, but the coefficients of LSP-HS space, which
reveals the physical meaning of the transition from LPC to the LSP
in speech coding algorithms.
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