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Abstract— In this paper, we describe improve-
ments to the CELP excitation model for speech cod-
ing at medium-low bit rates. The innovation sig-
nal in our coder is modeled by addition/subtraction
of two codewords derived from the same stochastic
codebook. An extremely efficient pre-selection pro-
cedure allows to choose the ’best’ candidate code-
words. The best couple of codewords is then selected
among the pre-selected ones. The proposed method
is amenable to the implementation of low complexity
CELP coders based on stochastic excitation.

1. INTRODUCTION

SUALLY , CELP coders need a high computa-

tional load in order to identify the parameters
of the synthesizer excitation.
In particular, in traditional CELP coders, the com-
putational burden associated to the fixed codebook
search is dominant.
Many attempts have been made to design particu-
lar structured fixed codebooks, in order to obtain
effective general-purpose codebooks and fast search
algorithms. As an example, fixed-amplitude, pulse-
like sparse "algebraic’ codebooks have been devised
[1]. Also, semi-overlapping sparse codebooks (i.e.
codebooks with partially overlapping words, each
word being constituted of few nonzero samples) and
fast recursive search routines have been introduced
[3].
Nevertheless, it has been ascertained recently [2]
that the best performance can be obtained, in prin-
ciple, by using codebooks composed of white gaus-
sian noise sequences; in fact, fixed codebooks with
these features seem to better satisfy important re-
quirements like the capability to correct eventual
smooth changes in the excitation periodic structure
(during stationary voiced sounds), to track the ex-
citation transients, and to provide "noisy” excita-
tions during stationary unvoiced sounds.
In this paper, new complexity reduction methods
in stochastic excitation driven CELP coders are in-
troduced. In particular, we show that a significant
bit rate can be adopted for the innovation sequence
representation, while maintaining a low computa-
tion load.

EUROSPEECH ’95, Madrid, Spain, September 1995

II. THE STOCHASTIC CODEBOOK AS THE
SELF-CARTESIAN PRODUCT OF A
REDUCED-DIMENSION CODEBOOK

The stochastic excitation is obtained by com-
bining two different stochastic codewords from a
unigque small codebook; a unique gain is used for
both codewords. In particular, the codebook is cir-
cular and consists of M N-sample vectors of ran-
dom samples.

In principle, the overall stochastic codebook index
should consist of two logaM-bit indexes plus the
codeword combination sign. However, since the
codeword couple is derived from the same code-
book, symmetry can be exploited to save one bit.
Therefore, this way an ’equivalent’ stochastic code-
book of 221°92M~1 yectors can be searched for.

Let e;(n) and e;j(n) be the generical ¢ — ¢th and
j—th stochastoc codewords respectively. The 7 and
J indexes, the codeword combination sign and the
unique codeword gain can be found by minimiz-
ing the usual preceptually-weighted mean square
error,according to the following expression:

E=Y [rs(n) - Gu(n) £u;(n)? (1)

where u;(n) and uj(n) are the zero-memory
weighted LPC filter responses due to e;(n) and
e;(n) respectively and r,(n) is the reference signal
for the stochastic codebook search.
Taking the derivative of £ with respect to G, we
obtain the following expressions for the gain G and
the objective function (to be maximized) O, respec-
tively:

G = S ms(nfui(n) £ SN 7 (n)us(n)
o Hx)iwmn

(2)

[N ) £ SIS ()]
Yoo [wi(n) £ uj(n))?
3)

The optimal ¢ and 7 indexes must be found in
order to maximize the objective function (1).
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III. A FAST SEARCH PROCEDURE

For the 2 and 7 index determination a suboptimal

search procedure can be devised, in order to allow
a dramatic computation load reduction.
The best J codevectors (out of M) of the codebook
are pre-selected, according to the usual minimum
MSE criterion evaluated with respect to a single-
codeword contribution. In particular, the following
objective function must be maximized:

2

(S0 ronyus(n)] )

SR Shi Ty “

Therefore, the following computation steps must

be carried out: .

1. Computation of the LPC filter output for each
codeword; obtain u;(n). (1 < < M).

2. Evaluation of each filtered codeword energy

E; =T ui(n)

3. Evaluation of the squared cross-product be-

tween the reference signal rs(n) and each

vector u;(n); obtain the cross-term X? =

2
[Eﬁ:ﬁ Ts (n)uz(n)] (Simulations have shown
that this computation may be carried out in
a sub-sampled fashion with no significant per-
formance decrease).

The best J codevectors are pre-selected, that maxi-

mize the objective function O; = X2 /E;. This pre-

selection step can be carried out very efficiently, by
performing the following operations:

1. Partition the Ej; vector (1 < ¢ < M) in K
adjacent sectors, each sector containing M/K
elements. Repeat the same operation for the
X2 vector.

2. For each k — th sector, (1 < k < K), in-
dividuate the best index iop,, that is, the
index corresponding to the maximum ratio:
Oipe, = X2, [EBipye,

3. Initialize a K-element table , each k — th el-
ement being a structure that contains the fol-
lowing informations about the k — th corre-
sponding sector:

e The k — th sector current best index Topty
o The related F; and X? . terms.

opty lopt
The following two steps arg then repeated J
times:

e The table elements are scanned in order to
identify the best index among all the sector
current best indexes. That is, the maximum
value of the objective function: O
X2, /iy 15
sponding index %op¢, be found in the k — tfz
table element. Its value is then stored in
the next available position of the best-index
stack. '

e The current best index topt, and the related
E and X?  terms of the k — th sector

topty, Lopty,

iopt:k,
is searched for. Let the corre-

Lopty,
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must be updated and stored in the k — th

table element. To this goal, the 'next’ best

index ,p¢, of the k—th sector must be found.
This concludes the pre-selection step.

Upon completion of the pre-selection step, a ’best-
index’ stack is available. The objective function (3)
can then be computed by combining each possible
couple of the preselected codewords, checking for
both the plus and the minus combination sign. This
is the final selection step: a codeword couple and
the related combination sign are chosen. After the
final selection step, the 'winning’ codeword couple
is combined according to the related combination
sign.

IV. FAST COMPUTATION OF THE ENERGY TBRMS

Referring to the previous paragraph, the first two
steps of the pre-selection procedure consist in eval-
uating the LPC filter output for each codeword (i.e.
u;(n)) and the related energy term E;.

If the codebook consists of partially overlapped
codewords, a novel approach can be employed, that
significantly reduces the computation load.

In the literature, it is generally found that a viable
approach to exploit the semi-overlapping nature of
a codeword set is to truncate the LPC filter impulse
response and to compute the convolution between
this impulse response and each codeword. Due to
the partially-overlapped structure of the codebook,
the response to a generical j-th codeword may be
recursively computed from the one of previous (j-1)-
th codeword making use of the so-called "end-point
correction” algorithims (e.g. see [3]). An alternative
approach is described in the following:

e A circular codebook is adopted, that is, if we
use a codebook of M codewords (each code-
word being composed of N samples) and if the
overlapping length between two codewords is
N — O, the ’last’ codebook samples coincides
with the (L — 1 — O)-th one. It can be ver-
ified that the codebook constructed this way
contains M{(N — O) samples.

o The LPC filter response to the entire codebook
is computed first. This is done by simply per-
forming an IIR filtering procedure (with zero
initial state) on the overall codebook. This
implies no truncation of the impulse response.
An unique filtered codebook is then obtained.
Each u;(n) vector is obtained by selecting the
appropriate chunk of the corresponding filtered
codebook.

» The evaluation of each filtered codeword en-
ergy E; can then be performed with great ef-
ficiency, due to the partially overlapped struc-
ture of the filtered codebook. In particular, if
we denote:
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(i-1)O+N-1
Bia= Y, uisn) (5)
n=(1—1)0O
end
i0+N -1
Bi= ) wi(n) (6)
n=t0

it is immediate to verify that E; can be com-
puted recursively from F;_; by discarding the
first O samples of u?_; and adding the last
samples of u?.
After selection of the codeword indexes, the win-
ning cadevector must be modified before being in-
put (denormalized by the gain) to the LPC syn-
thesis filter and before being used for updating the
excitation memory (i.e. the adaptive codebook).
In fact. during the search procedure, each filtered
codeword u;{n) that is used for determining the
objective function contains the contribution of the
past filtered codebook samples.
As an example, refer to figure la. Let the j-index
be the selected one. Then, the LPC synthesis filter
input must be determined from the samples e;(0},
e;(1), ..., ¢;{N — 1) (N being the codeword length)
of the stochastic codebook, as well as from the fil-
tered codebook state samples u(j — 1), u(j —2), ..
u{j —p) (p being the predictor order).
Therefore, the zero-state LPC synthesis filter out-
put should be computed by pre-loading the filter
memory with the samples u(j — 1),..., »(j ~ p) and
feeding the filter input with the codebook samples
e;(0), e;(1).....e; (N — 1), as shown in Figure 1b.
It can be verified that this corresponds to compute

b

time
' } 5

ufj-1) e,(0)

0 5(1) e ey (N-1)
u (.) : filtered codebook
samples
Selocted codeword index j (a

- ej(1) ejw)

(N
i d '
271 w6
-,
P—<—
Z7] w2
a,
f
uG-p)
-8
0 ®

Fig. 1. Evaluation of stochastic excitation: a) time diagram,
b) equivalent filter structure
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an "equivalent” stochastic excitation epqg,{n),n =
0...N — 1, determined in the following way:

)4
eng,(0) = €;(0)= Y au(j —k)
k;l
ep;(1) = ¢;(1)~) amulj—k+1)
k;_
epg;(2) = €i(2) =) awu(j—k+2)
k=3
epq,(p~1) = €(2-Dapulj - (p)+@-1))
epq;(n) = ejn), p<n<N-1

er;{(n) is just the modified stochastic excitation
that is used for both the stochastic codebook con-
tribution to the synthetic speech and the adaptive
codebook (i.e. excitation memory) update.
Note that the "equivalent” excitation computation
must be performed at the decoder side too. This
implies filtering the stochastic codebook until the
j-th sample (j being the winning codeword index).
This causes some increase in the computation load
of the decoder; however, this fact is of no councern,
since the computation load of the decoder is usually
very low.

V. REsuLts

The proposed codebook search procedure was
employed in the development of a 4800 bps CELP
coder.

An analysis frame of 30 ms and 4 subframes of 7.5
ms each (i.e. 60 samples at a sampling frequency
of 8 kHz) were used.

Specifically, the coder bit allocation was as follows:

e The LPC parameters were trellis-coded quan- .

tized with 26 bits in the line-spectral-pair do-
main.

« The pitch lag was encoded with 8 bits in the
first subframe and with {4,5,5) bits in the other
subframes (differential encoding).

« Tn each subframe, 2'7 bits were allocated for
the stochastic codebook (i.e. 2! bits for the
codebook index, 1 bit for the codeword couple
combination sign and 1 bit for the overall sign).

o The pitch gain and the stochastic codebook
gain were vector quantized, in each subframe,
with a 7-bit codebook.

With reference to the previous paragraphs, an
*equivalent’ stochastic codebook of 2'® vectors was
obtained, by using the following parameter values:
M = 256,N = 60,0 = 2. For the pre-selection
stage, a value J = 10 was employed.

The codec was implemented in assembler using a
TMS320C5X processor. The overall computation
load in a full-duplex configuration was 18 Mips.
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Different LPC parameters were used in each sub-
frame, using standard LPC parameter linear inper-
polation procedures (in the LSF domain); there-
fore, for the stochastic codebook search all the
above steps had to be repeated at each subframe;
the computation load for the stochastic codebook
search (worst case) was 5.8 Mips only.

In particular, the computation load for the various
stochastic codebook evaluation steps was:

1. About 1.22 Mips for the IIR filtering of the
256-element circular codebook.

2. About 0.46 Mips for the filtered codebook en-
ergy computation (i.e. the terms E; of equa-
tion (6)).

3. About 1.45 Mips for the evaluation of the ob-
jective function O; (i.e. see eq. (4)) numera-
tors.

4. About 0.96 Mips for the codeword pre-
selection step, as described in paragraph III.

5. About 1.60 Mips for the combination of each
possible preselected codeword couple

6. About 0.07 Mips for the equivalent excitation
erqQ,;(n) computation.

It is clear that the computation load of the above
steps 1. and 2. could be decreased by acting on the
overlapping length of two consecutive codewords of
the circular codebook.

Similarly, the computation load of the above steps
4. and 5. could be decreased by reducing the num-
ber J of pre-selected codewords.

VI. CONCLUSIONS

A novel approach for fast codebook search in

CELP coding applications has been presented. It
relies on an almost unconstrained codebook struc-
ture, the only bond being the semi-overlapped
nature of consecutive codewords. The proposed
method was applied in the development of a 4800
bps CELP coder; informal listening tests revealed
that comparable performance with respect to the
GSM standard at 13000 bps was obtained.
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