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ABSTRACT - We consider mean squared error (MSE) between original and synthesized speech signals in
terms of length of frame and size of stochastic codebook of CELP coder. A theoretical approximation of MSE
has been found in terms of length of frame and size of stochastic codebook. It is shown that MSE depends
on not only the length of frame, but also correlation properties of speech signal when the size of stochastic
codebook is fixed. Moreover, relationship between MSFE and correlation properties of speech signal is observed
using the number of effective dimensions of speech signal. For example, uncorrelated speech signal which has
large number of effective dimensions has larger MSE than those of correlated speech signal which has small
number of effective dimensions. In addition, two applications of MSE are considered to reduce stochastic
codebook search time. One application can be also used for reduction of number of bits to encode codeword
of stochastic codebook.

INTRODUCTION

Speech signal has been compressed by various coders, e.g., adaptive differential pulse code modulation (AD-
PCM), linear predictive coder (LPC), and, recently, code excitation linear prediction (CELP) coder {4]. The
CELP coder can be characterized by utilization of excitation signal. In general, two excitation signals have
been used [1]. One is self-excitation signal and the other is stochastic excitation signal. Each excitation
signal, codeword, can be generated from codebook. For self-excitation and stochastic excitation codewords,
adaptive self-excitation and stochastic codebooks are used, respectively. The quality of synthesized speech
can be enhanced by increasing the size of each codebook. Since the computational complexity of encoding
heavily depends on the size of codehook, we cannot use large size of codebooks, i.e., there is trade off between
the quality of synthesized speech and computational complexity. In [3][6], fast methods to determine code-
word from codebook have been proposed without decreasing quality of synthesized speech. Using structured
codebook, another CELP coder, vector sum excited linear predictive (VSELP) coder [5], has been established
and it is shown that VSELP coder has small computational complexity to determine codeword. In addition,
to minimize coding delay of CELP coder, low delay CELP (LD-CELP) coder has been developed in [2]. Since
computational complexity and coding delay of CELP and LD-CELP coders depend on the size of stochastic
codebook, the determination of size of stochastic codebook is of importance.

Suppose that speech signal can be modeled by autoregressive (AR) model. For AR(Q) model, signal y(n) has
the relationship which is given by

Q
wn) + Zﬂw(" — k) = e(n), ®

where {az} are AR coeffments and e(n) is independent identically distributed (iid) random sequence with
mean zero and variance o2

We will now formulate analysis-by-synthesis procedure using matrix notation. By ignoring initial values and
error dues to finite impulse response (FIR) approximation, the filter output of the mth codeword, ym € RNx1
(where RV*1 is the space IV x 1 real valued column vectors) with its nth component given by ym(n), in the
present frame is given by
Ym = amHen, m=12..L,

where H € R¥*N is an lower triangular matrix with the term of Apnn = hym_n, and {h(k)} is FIRof A*(2) =
1/(1+2  aiz=F). Here, e, which is assumed to be el e, = constant (e.g., constant = w? > 0) for all
m denotes excitation vector of the codeword y,, and a, is the gain of Hey,. The conditional MSE, which is
denoted by D, between the desired vector y € RV*1 (with its nth component given by y(n)) and the vector
¥m is given by

D = Eminl|H(e - amen)|’ | o]
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= Blyinlle - amenlly | o, @

where {[x]|? = xTx, |[x]||}, = x"Wx, and W = HTH.

MEAN SQUARED ERROR ANALYSIS

In general, if the size of stochastic codebook L becomes large, MSE becomes smail. The length of frame N
becomes large, it is expected that MSE is increased. Thus we observe that there is important refationship
between MSE, N, and L. In this section, we investigate this relationship.

Observation 1. Suppose that
D = Blminlle ~ amen? | . 3)

Then we have an approximation of D which is given by

D= [lelPQ(N, L) &)
Where (N-DA[  (N-1)A?
- - ! U=
WD ="Hm—" "1 ) ®)
and e
N/2 L
=27 (6)
LT(N/2)
Proof: See Appendix.
Let us consider more general case that
D = Blmially-yal? |e]
= Elmin|le - amenliy | <, Q)

where W 3 I. In general, it is not easy to obtain I in (7), because we cannot use uniform pdf approximation
to obtain distance between two vectors, e and ey, because W # I. We can, however, obtain D for special
W, and the result is the following.

Observation 2: Suppose that {A1,As,...,Ax} are the eigenvalues of the matrix W. Assume that \; o
Az Apr > Aprg1 = Amga ...~ Ay, Then we have an approximation that

D

E[n"lrin”e_ amem”%l’ | e

llell@(M, L). ®

R

Proof: Suppose that {gi,g3,...,gn} are the eigenvectors of W. Then we have
W = GAGT,

where A = diag[Ai,Az,...,An] and G = [g1,g,...,8n]. Since G is an orthonormal matrix, geometrical
properties between GTx and x do not differ from each other. Thus we simply use A instead of W without
loss of generality, i.e., we have

E[Ix}"}n”e——- "‘mem“%v | e]= E[n}'én”e—— amem“.lz\ | e].

Let us denote that e = [e;, e3,.. ., en]T and e = [em1, emz, - -, emn]T, m=1,2,..., L. Then we have

lle — amemll} = A(er — amem1)® + Aaler — ameme)? + - -+ Anlerr — ememar)?,

because Ay > Ay o oo dpr > Aypyg o~ Apr42 > ... = An. In this case, only M elements of N elements
of e and ey, play dominant role in determination of codeword. Thus we can use the result of Observation
1 by changing N to M.

It is observed that dimension reduction has been occurred, i.e., M dimensions are emphasized by M largest
eigenvalues and the other dimensions are not contributed, because corresponding eigenvalues are relatively
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quite smaller than the Mth largest eigenvalue, Apr. Hence we can define the quantity number of effective
dimensions M. Since the number of effective dimensions M is determined by eigenvalues of the matrix W,
it depends on correlation properties of signal y(n). Let us consider an extreme case that signal y(n) is a
constant for all n or quite correlated, then the matrix W becomes a rank one matrix. It implies the number
effective dimensions M = 1. On the other hand, it is clear that if signal y(n) are close to white process, the
number of effective dimensions M becomes N. it is noteworthy that the number of effective dimensions M
is closely related to the power spectrum of y(n).

Let us now consider the case that Ay > Apr41 is not satisfied, i.e., we cannot find M significantly large
eigenvalues. In this case, it is not easy to determine the number of M. iIn the next section, we consider a
method to determine the number of M when the condition Aar 3> Apryy is not satisfied.

DETERMINATION OF NUMBER OF EFFECTIVE DIMENSIONS M

Let us consider determination of the number of M of the matrix W. When we cannot find significantly large
M eigenvalues of W, it is not easy to determine the number of effective dimensions M of N. In saction, we
consider a method which is based on threshold approach to determine the number of effective dimensions M.

One of easy method to determine the number of effective dimensions M is threshold approach. Let us define
threshold T' and consider a method which can determine the number of effective dimensions M:

N

P
M= anrgmgn{l;/\zg 2 Tk l)ue}, 9

where 0 < T < 1 and the value of T should be close to 1. With this approach, threshold T should be
determined in a priori.

APPLICATIONS OF MSE FORMULA

In this section, we consider two applications of Eq. (8). One application is for adaptive size of stochastic
codebook and the other is for stopping rule to reduce codebook search time.

Adaptive size of stochastic codebook

For large number of effective dimensions, the improvement by increasing the size of stochastic codebook is not
significant. For a frame of which the number of effective dimensions is large, the size of stochastic codebook
can be decreased without significant performance degradation. From this observation, both codebook search
time and number of bits for encading of codewords can be reduced using adaptive size of stochastic codebook
depending on the number of effective dimensions for each frame.

Stopping rule for stochastic codebook search

Let us now consider stochastic codebook search of CELP coder. When the size of stochastic codebook is L,
to find the best codeword, L iterations should be performed. Utilizing (8), we can make a stopping rule which
can be used for reducing codebook search time.

We now briefly consider a stopping rule which is based on (8): while stochastic codebook is searched, if the
squared error of the kth codeword is smaller than given threshold T(D) which is a function of D in (8), we
use the kth codeword to excitation vector and stop iteration. Of course, this stopping rule does not provide
the best codeword, however, squared error can be close to MSE D when T(D) = D. if one wants to reduce
codebook search time with relatively small increment of squared error, larger than MSE D, threshold T'(D)
can be slightly greater than D. Some examples of implementation of the stopping rule in CELP coder are
shown in the next section.

SIMULATION RESULTS

in this simulation, we use CELP coder with frame of length N = 60, linear predictor of order @ = 10,
and the self-excitation codebook of length 128. The stochastic codebook contains sparse, overlapping, and
ternaly valued pseudo randomly generated codewords. This CELP coder is quite similar to, but simpler than
DoD CELP coder [1]. With this CELP coder the two applications in Section 5 have been applied to reduce
stochastic codebook search time.

in Figure 1, with this CELP coder we obtain a sequence of squared errors for each frame. The solid and dotted
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Figure 1: Sequences of theorstical approximation of and actua! squared errors of a speech signal.

lines represent theoretical approximations of and actual squared errors, respectively. It is seen that theoretical
approximation of squared error is smaller than actual squared error. This comes from that the stochastic
codebook of the CELP coder contains overlapping and teraly valued codewords of stochastic codebook.
Thus actual squared error can be larger than that of theoretical approximation.

When we apply adaptive size of stochastic codebook, the stochastic codebook search time is reduced to
approximately 41% of full search time of stochastic codebook with sacrifice of increment of squared error by
1.063 time. Moreover, we can have over 25% reduction of number of bits for encoding codewords of stochastic

codebook.

CONCLUDING REMARKS

Mean squared error of finear prediction coder with excitation from stochastic codebook has heen considered
in this paper. It is seen that mean squared error depends on both size of stochastic codebook and length of
frame. Moreover, it is observed that the correlation properties of desired signal affect mean squared error. It
is often observed that when desired signal is close to uncorrelated signal, mean squared error becomes large.
On the other hand, desired signal is quite correlated signal, mean squared error becomes small. Using the
number of effective dimensions, the relationship between mean squared error and correlation properties of
desired signal can be obtained. When desired signal is close to uncorrelated signal, it is shown that number
of effective dimensions becomes large and it yields large value of mean squared error. When desired signal is
quite correlated signal, it has small number of effective dimensions and it leads small value of mean squared
error.

in this paper, we use threshold approach to determine number of effective dimensions. Other parametric and
rodel based approach, however, are desired and should be considered as further study. We only consider
analysis of mean squared error in terms of stochastic codebook. Analysis of mean squared error in terms of
the codebook of self-excitation as well as of vector sum excited finear prediction coder are highly desired and
‘considered as further study.

Two applications of mean squared error formula have been considered to reduce stochastic codebook search
time with sacrifice of small increment of squared error in CELP coder. One of two can be used for reduction
of number of bits to encode codewords of stochastic codebook.

APPENDIX
Part A
Let us assume that
efem = uw?, (10)
and define
8% = lle]|2.
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It is noteworthy that the vectors {e,} can be represented by points on the hypersphere of radius w in
N-dimensional vector space. Using s% and w?, the vectors e and e, can be normalized which are given by

_ 1 -
e= —e and &y = —en,
s w

then we have
n}’%n lle = amem||® = s> min(1 — (87 &m)?),
m

where the gain is determined by

. = eTen,
™ elTen
to minimize ||e — amem||? itself.
Suppose that & ~ &; and
e=28& + V. (11)
Since |{&]}* = ||8:]|?> = 1, we have
2vgék = —v,;_Tv;, (12)
and 1
Efmin{1 - (87&,)%} | & = & + vi] = Elf|val[’] - ZEllIvl["]. (13)

It is noteworthy that the random vector v can be represented by a vector in (N —1)-dimensional vector space
from (12) and can be approximated by a vector in the hypersphere of radius 1 in N-dimensional vector space,
i.e., we can have

N-1
vivy = E &, (14)
i=1

where {£;} are independent random variables.

If L is sufficiently large and {&,} are placed with equi-distance over the hypersphere of radius 1 in N-
dimensional vector space, we can assume that {£;} are random variables which are independent each other
and of common uniform pdf U[—A/2, A/2], where determination of the value of A is in Part B. Thus we
have

N-1
B[y &)

=1

w-n4 (15)

Elvivi]

it

and

N-1
E[(viv)] = El3_ &)
i=1
A2
- e 19)
The approximation in (16) comes from that E[¢*] = A*/80 ~ (A?/12).
Consequently, using (13), (15), and (16), we have

- 2 — 2
p= e ml)A (1—(1"4';? ) an

R

Part B: Determination of A

Let us denote S the area of the hypersphere of radius 1 in N-dimensional vector space, it is given by [4]

27 N2
T I/
Since we assume that the codewords are placed with equi-distance on the hypersphere, we can determine A

which is given by
LAN-t =§
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