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ABSTRACT

In this paper, several algorithms for the calculation of
ternary excitation signals for CELP coders are analyzed.
A new suboptimal algorithm for placing non-zero compo-
nents in a sparse ternary excitation vector is proposed.
This algorithm consists of successive minimizations of the
angle between the perceptual speech vector and its model.
It has been compared with the optimal algorithm, in which
each permissible excitation vector is tested. The new algo-
rithm offers a substantial complexity reduction with a very
small decrease of speech quality. It can be also used in a
CELP coder with orthogonalization of the ternary excita-
tion vector relative to the long term prediction vector.

Keywords: Speech coding, CELP, algebraic excita-
tion, ternary excitation.

1. INTRODUCTION

Algebraic excitation is often used in CELP coders be-

cause of the reduction of computational complexity and
memory requirements [1},[2],[3],[4]. Algebraic excitation vec-
tors (binary or ternary) don’t have to be stored and a fast
codebook search may be used, especially for sparse ternary
vectors.
The codebook consists of L N-dimensional vectors. In the
case of binary excitation any subset of 2V possible vec-
tors may be used. The codebook vectors have to be uni-
formly distributed on the N-dimensional sphere, e.g. the
Reed-Muller or Nordstrom-Robinson codes [2],[3]. In the
case of ternary excitation there are 3V possible vectors.
The spherical lattice codebook [4] is often used, consisting
of sparse vectors having M <« N non-zero components.
The codebook size L may be reduced by imposing constra-
ints on the positions of non-zero components. With equidi-
stant non-zero components the regular ternary excitation
is obtained [5],[6],{12]. Sometimes constraints may be im-
posed on the positions as well as on the signs [8]. In this
paper we shall deal with the spherical lattice codebook
with no constraints.

The following remark stems from source coding theory:
in order to meet the quality requirements at r bits per sam-
ple one has to augment the dimension N of the excitation
vectors and, at the same time, the size L of the codebook
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since L = 2V7. The dimension N is often chosen to be equal
to the length of the vector used for long term prediction
(LTP), commonly about 40 (5ms). Thus at medium bit ra-
tes one has to deal with rather large codebooks (L > 10°).
The complexity of the search algorithm may be reduced
if an algebraic character [6],[7],[8], sparsity [7], regularity
[5],[6] or special structure [10] are imposed on codebook
vectors. Nevertheless, with L ~ 10° it is not possible to go
through the whole codebook in a search for the optimum
vector in real time. Several suboptimal search algorithms
have been proposed, consisting either in simplifying the se-
arch criterion [10],[14] or in choosing a subset of vectors to
be tested {4],[6),(8]. In this paper, a new suboptimal algori-
thm is proposed, consisting in successive minimizations of
the angle between the perceptual vector and its model. A
similar algorithm has been used by the authors to obtain
the excitation vector by concatenation of several short co-
debook vectors using the same gain coefficient [15]. This
algorithm offers a substantial reduction of complexity and
it gives results very close to the optimal algorithm (thoro-
ugh search).

This algorithm has been also tested in a 9.6 kbit/s CELP
coder with orthogonalization of the filtered ternary exci-
tation with respect to the LTP vector. The complexity is
slightly increased but speech quality is improved by about
0.5 dB.

2. TERNARY CODEBOOK SEARCH
ALGORITHMS

In the CELP coder the N-dimensional perceptual spe-
ech vector p; is modeled as a sum of the following vectors:

o theringing po of the perceptual synthesis filter R;WF’

¢ the long term prediction vector grrp g, where q is
the delayed excitation signal filtered by A—(._le';j and
grrp is the long term prediction gain,

¢ the innovation gfy = gHc;, where ci is a vector co-
ming from the excitation codebook {cx},k =1,..., L,
where the matrix H represents the filter
g 1s the excitation gain.

1
e *nd

Let us consider the last stage of this modeling proce-
dure, where the vector to be modeled equals p = ps — pg —
grrp q and the innovation vector ¢; is to be selected from
the codebook {c;}. If there is no gain quantization (this
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problem will be considered in section 5), the following cri-
terion is to be minimized:

(p'Hey)?

P Tok) 1
ctH'Hey, (1)

Ey =||p—gHe ||*=p'p -
where t denotes transposition. For each codebook vector

the following term has to be calculated and maximized:

(P'Her)?  (Tler)?
ctH'Her,  ct®cr

()

where ¥ = H'p and ® = H'H. In the case of the sphe-
rical lattice codebook [4], the vector ¢x has M non-zero
components b1, ..., by and (2) may be expressed as

[0, 50 (my)]
Sy it bibi®(mi, m;)

The calculation of the denominator may be simplified if
the symmetry of ® is exploited [8]. Further reduction of
complexity may be obtained if there is only a small dif-
ference between consecutive codebook vectors (Gray code
[6], sparse delta codebook [10]). Moreover, only one of the
colinear vectors (c¢;, —c;) has to be tested, because they
yield the same criterion value. The vector corresponding
to the negative gain value is skipped. Despite all this,
the codebook size is too big to allow a thorough search.
The size of the spherical lattice codebook consisting of
N-dimensional vectors with M non-zero components equ-

als: N
MT(N = M) )

For N=40 (typical vector dimension, equal to the length
of the LTP vector) the following sizes are obtained: for
M =4L=1510% for M = 5,L = 2.1107, for M =
6,L = 25108 for M = 7,L = 2.410°. To allow real time
implementation, suboptimal search algorithms have to be
used.

)

L=2M

The complexity is significantly reduced if the denomi-
nator of (3) is not calculated and the suboptimal vector ¢y
maximizing the numerator is selected [10],[14]. In fact there
is no search at all, because the non-zero components of c;
correspond to the maximal absolute value components of
the vector ¥ and

bj = sgn [¥(m;)] (5)

This approach is quite successful if regular ternary exci-
tation is used (loss of quality about 0.6 dB in comparison
with the full search algorithm [14]). In the case of uncon-
strained spherical lattice codebook the loss of quality is
significant (tab.1}. The other suboptimal algorithms select
the subset of codebook vectors to be searched. In {6] this
subset contains vectors close to the vector maximizing the
numerator of (3). This approach is successful in the case
of regular excitation. In [4] an iterative procedure is pro-
posed. In every iteration a subset of 2M (N — M) vectors
is searched surrounding the vector which maximized (3) in
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Figure 1: Successive angle minimizations for ternary exci-
tation

the previous iteration. At least 3 iterations are necessary
to obtain acceptable results. In [8] a subset of variable size
is defined. The complexity reduction factor is about 103
but it is variable, which may not be convenient for some
applications. In the next section a new suboptimal algori-
thm will be described, in which there are less than 2N M
vectors to be tested.

3. SUCCESSIVE ANGLE
MINIMIZATIONS

Maximization of the criterion (2) is equivalent to the
minimization of the angle ¢; between the vector p and its
model fi = Hcy since

(p'Hep)? _ (P fx)?
(Hep)'Her  [Ifell?

If the codebook vectors corresponding to negative gains
t
g = fkf . are skipped (as explained in the previous sec-

= |lpll* cos® ¢ (6)

tion), then cos¢y = ﬂi(ﬁ'_lfl').‘?ﬁ > 0 and the vector with
minimum ¢; is optimal. This property holds, under cer-
tain conditions, if the gain is quantized (sect. 5). On the
other hand, the CELP coder with ternary excitation may
be regarded as a multipulse (MP) coder with one-bit for-
ward-adaptive quantization of pulse amplitudes (the gain
g plays the role of the quantizer’s adaptation parameter).

The pulses may be placed successively, as in the MP coder.

The proposed angle minimization algorithm consists of
M iterations. In the j-th iteration we start with the exci-
tation signal consisting of j —1 pulses. Then N —j+1 posi-
tions m; and 2 amplitudes b; = %1 are tested, in order to
find a pulse which, when added to the previous excitation,
minimizes the angle ¢; (fig.1). Thus, the criterion (3) has
to be evaluated no more than 2M N times. The angle may
not diminish monotonically, but iterations cannot be stop-
ped if M pulses are to be placed. Placing M < M pulses
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Table 1: SN R, [dB] for the 9.6 kbit/s CELP coder with
three ternary excitation algorithms

Algorithm phrase

1 2 3 4
min. angle 13.4 | 11.3 | 14.1 { 10.9
full search 1361115} 14.2 | 11.1
max. numerator | 11.6 | 9.9 | 11.9 | 9.3

increases the codebook size and the bit rate. Moreover, the
increase of ¢; usually has a local character and generally a
decrease follows in the next iterations. Two versions of the
algorithm were tested for different M and different speech
phrases: the first one with exactly M iterations and the
second one with M’ < M iterations. The difference in spe-
ech quality was less than 0.3 dB mainly in favour of the
first version.

The angle minimization algorithm was tested in a 9.6
kbit/s CELP coder with the following parameters: length
of the LPC analysis window 160 samples (20 ms), length of
the vectors for LTP and ternary excitation N = 40 samples
(5ms), M = 4 pulses per vector. The results were compared
with the full search algorithm (731120 vectors tested) and
with the suboptimal algorithm based on the maximization
of the numerator of (3). Four phrases of 6 seconds each
were tested. The results are shown in Tab.l. The succes-
sive angle minimization algorithm produces speech quality
very close to that of the optimal (full search) algorithm -
differences are not greater than 0.2 dB. The complexity re-
duction factor is about 2.4103 - there are only 308 criterion
evaluations. The complexity reduction increases with M.
However, for the numerator maximization algorithm there
is a loss of speech quality of about 2 dB.

4. ANGLE MINIMIZATION WITH
ORTHOGONALIZATION

Let now p denote the perceptual speech vector p, —
after subtraction of the ringing. In the CELP coder p is
modeled as a linear combination of two vectors: the filtered
LTP vector ¢ and the filtered ternary excitation vector f5.
The optimal model is the orthogonal projection of  on the
plane (g, ft) span by the vectors ¢ and f. In order to find
this model, we may orthogonalize f; with respect to ¢ and
then calculate the sum of orthogonal projections of 5 on ¢
and f2** [15],(11]. The vector f{"** may be expressed as
follows:

= fe = (@' f2) 3= fr — 37 fr = Pfr (7)

where § = ﬂ'gﬂ is the normalized LTP vector, P = I — g¢t
the projection matrix and I the identity matrix. Given g,
the filtered codebook vector fi that minimizes the angle
between § and the plane (g, fi) is to be found. Minimiza-

tion of this angle is equivalent to the minimization of the
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Table 2: SN R,y [dB] for the CELP coder with and wi-
thout orthogonalization (M is the number of non-zero en-
tries in the 40-dimensional ternary excitation vector)

M phrase 1 phrase 3

no orth. | orth. | no orth. | orth.
9.7 10.0 10.2 10.4
11.3 11.8 11.8 12.3
12.8 13.1 13.0 13.7
13.4 13.9 14.1 14.5
13.8 14.6 14.6 15.2
14.4 14.9 15.2 15.9
14.9 15.4 15.6 16.1
15.1 15.8 15.9 16.4

QO ~3 O U b W N =

angle between p and f¢"** which leads to the maximization
of the criterion:

[ﬁtf{;rth] 2 _
(f,g”h)tf;:rth

since P'P = PP = P. Let ¥ denote the vector H'Pp =
Hp—H'G3'p and <I>’ the matrix H'PH = H'H-H'¢i'H =
H'H—H'q(H')". The criterion (8) may be now rewritten
in a form similar to (3):

_ EPHal” _ [HPHl o
ctH'P'*PHc, ¢ H'PHc

2
[Zﬁx bj ‘I"(mj)]
ML S bibi @ (mi, mj)

Using the criterion (9) instead of (3) results in some in-
crease of complexity, since & (depending on g) has to be
calculated more often than ® (depending only on the pre-
diction coefficients). The simulation results are shown in
Tab.2. Orthogonalization improves speech quality by 0.1 -
0.7 dB.

©)

5. INFLUENCE OF GAIN
QUANTIZATION

In the previous sections the problem of gain quantiza-
tion was left out of consideration. Now let us consider the
gain codebook {g;},7 = 1,...,J. The pair fi, g; is now se-
arched, which minimizes the squared Euclidean distance:

Ey;=llp—giHer [’=ll p—g; fi I’ (10)
The criterion (10) may be rewritten in the following way:

Ey; = |lpll* ~ 20; (0 fi) + g} 11 fell?

L 2 (Pfk) pfk _ 2
E’”‘[””” uf||2]+”f”2(||fuz g’)

= (p' fr) 2
Brs = [l = EIE] 4 [ (ob -] a1
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The first term in (11) is the error due to the orthogonal
projection of p on fi. The second term is the error due to
the gain quantization. Given fi, the gain g; that maximi-
zes Ig’;p, - gjl should be selected from the gain codebook.
Thus, for each fi, the optimum gain should be computed
and quantized and the criterion {10) should be evaluated.
This codebook search algorithm is rather complex and may
be simplified, if the gain is quantized relative to the nor-
malized vectors fi = ﬁ'fL:ﬂ In this case the criterion (10)
may be expressed as

g' -
Ev;=lp- m];nfk IP=llp—gi fe lI?

Ey; = llplP* — 2¢; (0 fi) + o7 (12)
Now the search algorithm is similar to that of the shape-gain
vector quantizer [16]: The optimal vector f; maximizes
p'fr i.e. minimizes the angle ¢; between p and fi, inde-
pendently of the gain codebook used. This property results
from (12): The vector fi with its best gain g; > 0 cannot be
optimal if there exists a vector fn, such that ptfn > p'fi.
For fn, with the same gain g;, Ep ; < Ei; is obtained. If
g; is not optimal for fm, there exists some other gains g
for which Epn < Ep j < Eg,j. Thus it may be concluded
that the same vector selection criterion ( i.e. maz (p'fi) =
maz ﬁ—;{ﬁ = min ¢x) and the same vector selection algori-
thm may be used with and without gain quantization.

6. CONCLUSIONS

The successive angle minimization algorithm yields a
low-cost suboptimal solution to the shape-gain coding pro-
blems, where the shape vector is the sum of other vectors.
Several implementations of this algorithm are possible:

o First it has been used in a CELP coder, where the
excitation vector was obtained as a concatenation of
several short vectors issued from a small codebook
(15].

e In this paper it was implemented in a ternary exci-
tation CELP coder, where the sum of pulses formed
the excitation vector. At 9.6 kbit/s the loss of speech
quality was smaller than 0.2 dB as compared to the
full search algorithm.

o The previous case may be regarded as a multipulse
coder with one-bit forward-adaptive quantization of
pulse amplitudes. This may be extended to a for-
ward-adaptive quantization of pulses in many bits,
1.e. the classical multipulse coder. In this case the
successive angle minimization algorithm may also be
used - for any pulse position there are many ampli-
tude values b; to be tested. This implementation will
be a topic for further study.

REFERENCES

1. Adoul,J.P.; Lamblin,C.; Le Guyader,A.: Baseband
speech coding at 2400 bps using spherical vector qu-
antization. ICASSP’84

EUROSPEECH 93, Berlin, Germany, September 1993

10.

11.

12.

13.

15.

16.

. Adoul,J.P.; Mabilleau,P.; Delprat,M.; Morissette,S.:

Fast CELP coding based on algebraic codes.
ICASSP’87, pp.1957-1960

. Adoul,J.P.; Lamblin,C.: A comparison of some alge-

braic structures for CELP coding of speech.
ICASSP’87, pp.1953-1956

. Ireton,M.A.; Xydeas,C.S.: On improving vector exci-

tation coders through the use of spherical lattice co-
debooks. ICASSP’89, pp.57-60

. Salami,R.A.; Hanzo,L.; Appleby,D.G.: A computa-

tionally efficient CELP codec with stochastic vector
quantisation of LPC parameters. ISSSE’89 (URSI)
pp.140-143

. Salami,R.A.; Wong,K.H.H.; Steele,R.; Appleby,D.G.:

Performance of error protected binary pulse excita-
tion coders at 11.4 Kb/s over mobile radio channel.
ICASSP’90, pp.473-476

Leflamme,C.; Adoul,J.P.; Su,H.Y.; Morissette,S.: On
reducing computational complexity of codebook se-
arch in CELP coder through the use of algebraic co-
des. ICASSP’90, pp.177-180

Laflamme,C.; Adoul,J.P.; Salami,R.A.; Morissette,S;
Mabilleau, P.: 16 kbps wideband speech coding tech-
nique based on algebraic CELP. ICASSP’91, pp.13-16

. Ribeiro,C.M.; Trancoso,l.M.: A 4.8 kbps CELP co-

der with post-processing. Eurospeech’91 pp.817-820

Taniguchi, T.; Johnson,M.; Ohta,Y.: Pitch sharpe-
ning for perceptually improved CELP and the spar-
se-delta codebook for reduced computation.
ICASSP’91, pp.241-244

Johnson,M,; Taniguchi, T.: Pitch-orthogonal code-exci-
ted LPC. Globecom’90, pp.542-546

Le Guyader,A.; Lozach,B.; Moreau,N.: Embedded al-
gebraic CELP coders for wideband speech coding.
Eusipco’92

Di Francesco,R.: Codage algébrique de la parole: pré-
diction linéaire a excitation par code ternaire. Ann.
Télécom. 47, 5-6, 1992, pp.214-226

. Salami,R.A.; Appleby,D.G.: A new approach to low

bit rate speech coding with low complexity using bi-
nary pulse excitation. IEEE Workshop on Speech Co-
ding for Telecommunication, Vancouver, 1989

Moreau,N.; Dymarski, P.: Mixed excitation CELP co-
der. Eurospeech’89, pp.322-325

Gersho,A.; Gray,R.M.: Vector Quantization and Si-
gnal Compression. Kluwer Acad. Publ. 1992

244



