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ABSTRACT

Line Spectrum Pair (LSP) representation is used for spectral
quantization in the CELP FS1016 speech coder, where the
LSPs are first calculated, and then quantized using 34-bit
non-uniform scalar quantization. In the algorithm proposed
in this paper, computational complexity is decreased by
searching the zero-crossings on the grid formed by the
values of the quantization tables. As the actual LSPs are not
calcdated, two criteria to select th “closest” quartized
LSPs are propogd. Thes criteria tak into accoumt the
interaction between swccessie LSPs. The efficiercy and
reliability of the propo®d algrithm are inproved sing the
interlacing propery of the LSPs ard knowledge of the
direction of the sign-charge at ewery zero<crossig. The
propo®d agorithm is conpared vith the exsting Kabals
algaithm (followed by quantization), showing similar
guantization performance. The camputational camplexity
on a fixed-point DSP56001 inplemertation is rediwced by
66 %, using the proposed algorithm.

1. INTRODUCTION

Line Spectrum Pair (LSP) repregnation of 10-th order
LinearPredctive Coding (LPC) parameters is videly used
in narrowband geechcoders such asthe FS1016 CELP
coder [1]. The definition of LSP paraneters, as wl as an
explaration of Kabal's eficient algorithm for conputing the
LSP parameters, are given in Section 2

In the CELP FS1016, he LSPsare frst cakulated, ard
then quartized wsing 34-bit non-uniform scalarquartization
[1]. The guartized LSPs that are closest to ¢hactal L SPs
aredeternined wsing an “horizontal-distarce” criterion[2],
which is explained in Section3. Inthe fast directcorversion
from LPC to quartized LSP proposd byWolovitz [2] the
zero<rossimys aresearcled on a gid formed bythe values
of the quartization tables. A& the acta LSPs are ot
known, the closest gartized LSPs are deteriimed wsing a
“verticaldistarce” criterion (see§3). This method is
computationally more eficient than Kabl's algaithm
followed by quantization, at the cet d degradation in the
speech gality. In [2], it is suggestedhatthe degradation in
speechquality is due to the caarse gid used in the zero

crossirg search The wse oftwo interpolated @ues betveen
each gantizedvalue is suggestetb avdd missing zero-
crossims [2], but this would greatly increasethe conputa-
tional complexity.

We have bund that the dgradation in quality is na due
to missing zerecrossings, bt to the criterion used for
selectimg the closestquartized LSP ard to the fact that the
interaction between successive 3Ps is nd taken into
account. In Section3, two selectiorcriteriathatimprove the
guality with a snall increase in amputational canplexity
are propo®d. The interlacing propery of the LSPsaswell
as kowledee of the directionof the sign-charge at every
zerocrossimg are also sed for improving efficiercy ard
reliability of the proposed algorithm.

Experimental evaluatio of this algeithm is shown in
Secion 4. The implementation of the proposd agorithm
on a D56001 $ explained in Secion 5, where the
complexity of this inplementation is canparedto Kabal's
algaithm followed by quantizatiom. Canclusians are given
in Section 6

2. LSP CALCULATION

The stating point for deriving the 10-th order LSPsis the
10-th order LPC analysis filtdB]:
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The polynomials, By(z) and Qyo(z), are given by:
Puo(2) = Ago(2) +Z " Ay(z ) = (1+27) Fio(2)

Quo(2) =A@ -Z AR =1L-z7H W2 ()

The zeros oF 4(z) ard Q'1o(z) are onthe wnit circle ard
interlaced[3]. The argles ofthese zeros fper seritircle
of the z-plane) are the 10 LSP parameters, denotead s {

A surveyof existing algoithms for LSP calculation was
dore [5], and three algorithms that were found prormising
for efficiert realtime inmplementation were selectedard
compared from the point of view of accuacy, reliaklity
and computational canplexity. Kakal’s algaithm [3] was
foundto be the nost efficientandsuitable for application in
the CELP FS1016.



2.1. Kabal's Algorithm

/P'lo (8k-1)

In Kabal's algorithm [3], two 5-th order polynomials,

/P’lo(zm)
P1o(X) and Qio(x), are obtained by evaluatind,§fz) and

actual LSP, xi

Q'10(z) on the unit circle (z ='9, and using the mapping Vk-lé : (unknown)
X = cos(v). The roots of Ry(x) and Qyy(x) are the LSPs in l ; : /
the "x-domain", denoted asxwith x; = cos{s). f . | .

In the numerical solution proposed in [3], the zero- fk-1 g :

crossings are searched starting at x = +1, with decrements of
A =0.02. Once a zero-crossing is found, its position is
refined by four successive bisections and a final linear
interpolation. The maximum number of polynomial
evaluations is 150. An efficient recursion for polynomial : .
evaluation, requiring only 4 multiplications and 9 additions, Hk-1 " Hk”

is also proposed in [3]. Decreasing Value of x

P’10(Ek)

3. THE PROPOSED ALGORITHM Figure 1: lllustration of a zero-crossing of the polynomial
P 10(x) from positive to negative.

In the CELP FS1016, the LSPs are first calculated, and then

quantized using a 34-bit non-uniform scalar quantization

[1]. A different quantization table is used to quantize each allowed value of the quantization table, gx; can be "single-

of the 10 LSPs.

To speed up the calculation and quantization processes, a.
guantized-search technique is used, obtaining the algorithm
referred to as "quantized-search Kabal'. The quantize
LSPs are denoted as {#xand the interlacing property,
which is a necessary condition for stability of the synthesis

filter upon quantization is given by:
+1>0gx1 >0xp >...>0xg0 > -1 3)

To locate the quantized value (gef thei-th LSP (¥),
the corresponding zero-crossing of eithégg(R) or Q1(X)
is searched. This search uses the values of iitme
guantization table. Once the intervéj}_,¢,) containing the
zero-crossing is found (see Figurel), first the quantized
LSPisselected as &, and then its position is corrected using
either the "single-correction” or the "coupled-correction”
criterion, explained in the next sub-sections. Once a
quantized LSP, gx;, is determined, the search for the next
quantized LSP, gxi.1, is done using the values of the i+1-th
guantization table, starting from the first "allowed" value
that would ensure the ordering property of Equation (3).

As the direction of the sign-change at every zero-crossing
is known [5], it is possible to detect if the zero-crossing has
aready occurred at the first allowed value, improving
efficiency and reliability of the agorithm. If the zero-
crossing has already occurred at the first allowed value, the
"coupled-correction” criterion is used to correct the position
of the quantized LSP. Otherwise, the "single-correction”
criterion is used.

3.1. «Single-Correction»

The "single-correction” criterion is explained with the help
of Figure 1. If the interval (€,_1,&x) contains the i-th zero-
crossing, gx;= & is selected. Then, if & is not the first

corrected”, choosing §,._; if it is closer to ;.
When the LSPs are first calculated and then quantized, X;
is known, and the following "horizontal single-correction”

d (H-SC) criterion isused [2]:

if Hk 2Hk-1 O oxi =&k-1
else O gxi =&k (4)

where H,_; and Hy are the horizontal distances from &,_; and
& to the actual LSP value x;, as shown in Figure 1.

In the case of a quantized domain search, only the values
of P'1o(&k-1) and P'1o(§x) are known, but not x;. In the fast
conversion from predictor coefficients to quantized LSPs
proposed by Wolovitz [2], gx; is selected using the "vertical
single-correction" (V-SC) criterion:

if Vk 2Vk-1 O oxj =&k
else O gxi =&k (5)

where V,_; and V| are the vertical distances from P'1o(&y_1)
and P'1¢(&x) to the x-axis, as shown in Figure 1. This V-SC
criterion does not necessary choose the closest value to x;,
depending on the concavity of the polynomia P'1o(X) or
Q'1o(x) a the zero-crossing. We propose the following
criterion, which is equivalent to the H-SC criterion and can
be used in a quantized domain search, at the cost of 10 extra
polynomial evaluations. The polynomial P1o(x) is evaluated
a the center of the interval containing the zero-crossing
(&m). If the zero-crossing is from positive to negative:

if Plo(€m)<0 0O gxi =&k-1
else O oxi =&k (6)

else, if the zero-crossing is from negative to positive:
if Plop(€m)20 O axj =&k-1

else a gX; :Ek . (7)
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Figure2: lllustration of two successive zero-crossings, from positive to negative, of the polynomials P 1o(X) and Q'1¢(x).

3.2. «Coupled-Correction»

This criterion considers the interaction between two
consecutive LSPs. In Figure 2, the interval (§,,-1,&,) contains
the i-1-th LSP, X1, and the interval (§,_1,&x) contains the
i-th LSP, x;. In the previous search, as &, is closer to x_;
than §,_1, gx;-1=¢, was sdlected (i.e., gx_; was not "single-
corrected”).

If & is the first alowed value of the i-th quantization
table, then (§,-1,€,) and (&k-1,&k) overlap, with &, > &, and
the choice of gxi_; =&, would force the choice gx; = &, to
preserve the interlacing property. In this case, the "coupled-
correction” criterion is used to decide which choice is
better:

(O%i-1,0%i)=(&nr€k) OF (OXi-1,0%i)=(En-1.E1-1) -

When the LSPs are first calculated and then quantized, X;
and x;_; are known, and the "horizontal coupled-correction”
(H-CC) criterionis used [2]:

if Hn+Hk2Hna+Hk-1 O (9xi-1,0xi ) = (§n-1,Ek-1)
else 0 (axi-1,0xi )= (&n. &)
©)

where H,,_; and H,, are the horizontal distances from ¢,,_; and
&, to Xi_1, and H,_; and Hy are the horizontal distances from
&1 and & to x;, as shown in Figure2. In the case of a
guantized domain search, the values of x; and x;_; are not
known, thus the criterion of Equation (8) cannot be used.

The fast conversion proposed by Wolovitz [2], does not
use "coupled-correction”. A "vertical coupled-correction”
(V-CC) criterion analogous to the V-SC criterion, could be
used:

if Vn+Vk2Vna+Vk1 O (oxi-1,0%i )= (En-1,Ek-1)
dse O (axi-1,0%i)=(&n,&k)
9)

where V,,_; and V,, are the vertical distances from P'1o(&,-1)
and P'1¢(&,) to the x-axis, and V,_; and V, are the vertica
distances from Q'1o(§k-1) and Q'10(&x) to the x-axis.

By simulation using the TIMIT database [5], it was found
that this criterion differs significantly from the H-CC
criterion. Thus, we propose the following "enhanced
vertical coupled-correction” (EV-CC) criterion, whose
performance is very similar to the H-CC criterion:

If the zero-crossing is from positive to negative:

if Qup(Em2)=00

and Vo >V E - (qu_l’qu):(En_llzk_l)
else 0 (ai—1.9%i)=(En.8k)  (10)
elsg, if the zero-crossing is from negative to positive:
if QupEm)=200
andVrlr?z :\liml E 0 (a%i-1,0%;) = (§n-1.Ek-1)
else O (axi-1.9¢) = (En.8k)  (10)

where &1 and &, are the centers of the intervals (§,-1,&,)
and (&x_1,&x), respectively, and V,,; and V., are the vertical
distances from P 1o(§m1) and Q'10(&§mo) to the x-axis.

We aso found that, in the search for the 6-th quantized
LSP, gxe, if the previous quantized LSP, gxs, takes one of
these three values. gxs=§,=0.2563, Qxs=¢,=0.0393, or
gxs=¢§,=—0.1175, a " coupled-correction" would not preserve
the interlacing property. In these three particular cases, the
"coupled-correction” is skipped.



4. EXPERIMENTAL EVALUATION

Several versions of the "quantized-search Kabal" algorithm
(with different correction criteria) as well as Kabal's algo-
rithm followed by quantization, were evaluated [5] by
measuring spectral distortion on the whole TIMIT database.

The resulting average spectral distortion and percentage of

outliers are given in Table 1.

It is observed that the algorithm which uses both "hori-
zontal single-correction" (H-SC) and "enhanced vertical
coupled-correction" (EV-CC) criteria has a performance
which is very close to the performance of Kabal's algorithm
followed by quantization. Hereafter, the name "quantized-
search Kabal" refers to this version of the algorithm.

Soectral Distortion

Criteria average (dB) | % 2-4dB | % >4dB
V-SC 1.55552 13.8885¢ 0.22244
V-SC + V-CC 1.55218 13.7876[L  0.19226
H-SC 1.53495 12.43227 0.1933b
H-SC + V-CC 1.53368 12.36321 0.19008
H-SC + EV-CC 1.53295 12.35014 0.18946
Kabal + quant. 1.53288 12.34532 0.18884

Table 1: Comparison, using spectral distortion, of different
versions of the "quantized-search Kabal" algorithm, and
Kabal's algorithm followed by quantization.

5. COMPUTATIONAL COMPLEXITY

It can be shown that the maximum possible number of
polynomial evaluations required by "quantized-search
Kabal" is 71 [5]. In practice, the maximum number of
evaluations found by simulation on the whole TIMIT

database was 68. The total number of operations required

by Kabal's and "quantized-search Kabal" algorithms is
given in [5].

The control flow of the "quantized-search Kabal"
algorithm is greatly simplified by using two flags to keep
track of the conditions tested in the correction criteria [5].

To avoid expensive comparisons, the quantization tables

30 ms is given in Table 2. It is observed that the proposed
"guantized-search Kabal" algorithm needs 66% fewer
cycles than Kabal's algorithm followed by quantization.

Algorithm Cycles | Time[us] | MIPS
Kabal + quantization| 12708 635.4 0.2118
"Q.-search Kabal" 4262 213.1 0.0710

Table2: Computational load, of "quantized-search Kabal"
and Kabal's algorithm followed by quantization, when
implemented on a DSP56001.

6. CONCLUSIONS

In this paper, we have proposed a new algorithm for fast
direct conversion from LPC to quantized LSP, with
application to the CELP FS1016. This algorithm was named
"quantized-search Kabal", and it is based on two new
criteria for selection of the closest quantized LSP, to be
used in a quantized domain search, in which the actual LSPs
are not calculated.

Although the poposed algorithm is more efficient than
Kabal’s algorithm (followed by quantization), its utilization
is tied to the 34-bits scalar quantization of the CELP
FS1016. Nevertheless, this algorithm could find application
in spectral quantization systems in which this 34-bit scalar
guantization is used as preprocessing, for improving
efficiency of further scalar or vector quantization [6].

REFERENCES

[1] "Federal Standard 1016, Telecommunications: Analog
to Digital Conversion of Radio Voice by 4,800
bit/second Code Excited Linear Prediction (CELP)",
National Communications Systems, Office of
Technology and Standards, Washington, DC 20305-
2010, 1991.

[2] The US FS1016 based 4800 bps CELP voice coder,

Fortran and C simulation source codes, version 3.2a
(CELP 3.2a). Available by ftp from ftp.super.org and
other sites.

are modified to include, with each quantization level, an [3] P. Kabal and P. Ramachandran, "The Computation of

index (offset) to the first allowed value of the next
guantization table. Also, some flags indicating conditions
such as "first element of the table", "last element of the
table" and "particular case of jxare stored together with
the quantization tables, to simplify the control flow of the
algorithm [5].

5.1. DSP56001 I mplementation

Kabal's algorithm followed by quantization and "quantized-

[5]S. Grassi,

Line Spectral Frequencies Using Chebyshev
Polynomials”", IEEE Trans. on Acoust.,, Speech and
Signal Proc., Vol. 34, No. 6, pp. 1419-1426, 1986.

[4] S. Grassi et al. , "A Study of a VLSI Implementation of

a Noise Reduction Algorithm for Digital Hearing Aids",
Proc. EUSIPCO’94, Vol. 3, pp. 1661-1664, 1994.
"Optimized Implementation of Speech

Processing Algorithms”, Ph.D. Thesis, IMT, University
of Neuchétel, Switzerland, 1998.

search Kabal" were implemented on a DSP56001 (fixed- [6] H. S. Mohammadi and W. Holmes, "Low Cost Vector

point commercial DSP processor, with fck=20 MHz). The
word-length and scaling required at every node of the
algorithms was found following the methodology explained
in [4]. The computational load for processing a frame of

Quantization Methods for Spectral Coding in Low Rate
Speech Coders", Proc. ICASSP'95, Vol. 1, pp. 720-723,
1995.



