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ABSTRACT

Vector quantization (VQ) of speech spectral vectors has been
improved by techniques such as split VQ (SVQ), vector trans-
forms and direction switching. This paper proposes Intra-
Predictive Switched SVQ (IPSSVQ) with direction switch-
ing by a Gaussian Mixture Model (GMM), using at the frame
level the prediction-based lower-triangular transform (PLT),
which has lower complexity than the Karhunen-Loève trans-
form (KLT). It is shown that equivalent results to GMM KLT
SSVQ may be obtained in the quantization of line spectral
frequency (LSF) vectors from wideband speech signals, such
as transparent coding throughout the range from 46 bit/frame
to 41 bit/frame, with about three-fourths as much operational
complexity.

Index Terms— vector quantization, intra-predictive
quantization, prediction-based lower-triangular transform,
Karhunen-Loève transform, line spectral frequencies.

1. INTRODUCTION

Vector quantization provides coding advantages over scalar
quantization (SQ) that have been cleverly used for efficient
implementations. The space-filling advantage (Table 1) in-
creases with vector dimension at the expense of search com-
plexity [1], which grows exponentially for full searches [2].

Table 1. Scalar and vector quantization properties and corre-
sponding VQ advantages.

VQ property SQ property VQ advantage

linear dep(*) linear dep(*) memory
nonlinear dep(*) none memory and space-filling
pdf shape pdf shape shape
dimensionality none space-filling

(*) “dep” stands for “dependence”.
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A favorable trade-off of space-filling advantage for re-
duced complexity involves the use of product codebooks,
whose component codes are concatenated to make up the
complete VQ code. A very important subclass of product VQ
for speech spectral parameters such as LSF vectors is split
VQ, introduced by Paliwal and Atal [3].

Split VQ (SVQ) partitions the input vector into a number
of subvectors of smaller dimension which are quantized by
separate quantizers. It is noted that SQ is a limiting case of
SVQ, where each subvector is a single vector component.

However, there is a split loss in SVQ because the depen-
dencies among vector components in different splits go unde-
tected [4]. Both SQ and SVQ improve performance if vec-
tor components are decorrelated prior to quantization since
this removes the linear dependencies or correlations between
them. In fact, an interesting scheme emerges by using SQ for
quantizing the transformed components. Further, if uniform
scalar quantizers are used after companding, a good trade-off
is struck between performance and low complexity [5] with
the additional possibility of scalable coding.

Another procedure that caters for the dependencies among
components, but including their nonlinear part, is clustering
of whole vectors prior to splitting. This initial quantization
may be performed by full-dimension VQ, which leads to
switched SVQ (SSVQ) [6, 7], or it may take the form of joint
probability density function (pdf) modeling through a Gaus-
sian mixture model (GMM) [5]. The latter has been shown to
be a better solution, referred to as GMM-based SSVQ [8].

Nevertheless, in order to keep the complexity manage-
able, the number of clusters or switching directions in SSVQ
is low, typically 8 or 16, which is insufficient to account for
all dependencies among vector components. The correlation
among the vector components lying in a given switching re-
gion is absorbed by their Karhunen-Loève transform (KLT) in
the quantization that has been proposed as GMM-based KLT-
domain SSVQ [9].

But the computation of the KLT involves eigenvalue de-
composition in the training phase and its eigenvectors are
not sparse, demanding more operations in the coding phase.
Thus, a simpler decorrelating transform is desirable such as
the prediction-based lower triangular transform (PLT) [10],
which is proposed here for this application.

The fact that SVQ has been proven to improve quantizer
performance, leading to GMM-KLT-SSVQ [9], and the ad-
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vantages of VQ over SQ have motivated our research on SVQ
for GMM Intra-Predictive quantization.

2. THE PREDICTION TRANSFORM

The prediction-based lower triangular transform diagonalizes
the covariance matrix just as the KLT. However, its basis vec-
tors are sparse, that is, the prediction transformed vector is

𝒚 = 𝑩𝒙 (1)

for random source vector 𝒙, where the direct PLT matrix is
the unit-diagonal lower triangular matrix 𝑩, resulting in the
covariance matrix

𝑹𝑦𝑦 = 𝐸
[
𝒚𝒚𝑇

]

= 𝑩𝐸
[
𝒙𝒙𝑇

]
𝑩𝑇

= 𝑩𝑹𝑥𝑥𝑩
𝑇 , (2)

written as its Cholesky decompostion. The diagonal entries of
𝑹𝑦𝑦 are the backward prediction error variances [𝑹𝑦𝑦]𝑖𝑖 = 𝛽𝑖

for 𝑖 = 0, 1, . . . , 𝑝− 1, where 𝑝 is the dimension of 𝒙.
In [10] the PLT is introduced for sampled data vectors,

whose covariance matrix is Toeplitz symmetric, whereas we
are interested in LSF vectors with covariance matrix which
is just symmetric but not Toeplitz. Therefore, the direct PLT
matrix in Eq. (2) may be obtained by means of the covariance
method of linear prediction (LP) [11], but not by the autocor-
relation method as in the case of sampled data vectors.

The direct transform matrix for a 𝑝-dimensional source is
the 𝑝× 𝑝 unit-diagonal lower triangular matrix

𝑩 =

⎡
⎢⎢⎢⎢⎢⎣

1 0 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 0
𝑏10 1 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 0
𝑏20 𝑏21 1 ⋅ ⋅ ⋅ 0
...

...
...

. . .
...

𝑏𝑝−1,0 𝑏𝑝−1,1 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 1

⎤
⎥⎥⎥⎥⎥⎦

(3)

where the nonzero entries in the 𝑚th row are the coefficients
of the 𝑚th-order backward whitener

𝐵𝑚(𝑧) = 𝑧−𝑚 +

𝑚−1∑
𝑖=0

𝑏𝑚𝑖𝑧
−𝑖, (4)

for 𝑚 = 0, 1, . . . , 𝑝− 1, where 𝑧−1 indicates the unit vector-
component delay operator so that the no-delay component is
𝑥0 and the 𝑝− 1 unit delayed component is 𝑥𝑝−1. So, the
inverse transform matrix

𝑺 =

⎡
⎢⎢⎢⎢⎢⎣

1 0 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 0
𝑠10 1 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 0
𝑠20 𝑠21 1 ⋅ ⋅ ⋅ 0
...

...
...

. . .
...

𝑠𝑝−1,0 𝑠𝑝−1,1 ⋅ ⋅ ⋅ ⋅ ⋅ ⋅ 1

⎤
⎥⎥⎥⎥⎥⎦

(5)

has the same structure, which enables its factorization into

𝑺 = 𝑺1 ⋅ 𝑺2 ⋅ . . . ⋅ 𝑺𝑝−1, (6)

where 𝑺𝑚 is the elementary matrix constructed from the 𝑝×𝑝
identity matrix 𝑰𝑝 by replacing row 𝑚 with the correspond-
ing entries in 𝑺 for 𝑚 = 1, 2, . . . , 𝑝 − 1. These elementary
matrices may be inverted very efficiently by simply changing
the algebraic signs of the entries in the lower triangle, while
the unit values in the main diagonal remain untouched [10].
In this way, the direct transform matrix may be obtained fac-
torized as

𝑩 = 𝑺−1
𝑝−1 ⋅ 𝑺−1

𝑝−2 ⋅ . . . ⋅ 𝑺−1
1 . (7)

However, unlike the KLT, the PLT is not an orthogo-
nal transform and the quantization error gain is greater than
unity for direct filterbank implementations. Still, the factor-
izations (7) and (6) allow the splitting of the analysis and
synthesis filterbanks into a ladder of elementary filterbanks.
If, additionally, the typical scalar quantizer bank is split such
that scalar quantizer 𝑄𝑚 [⋅] immediately follows elementary
analysis bank 𝑺−1

𝑚 for 𝑚 = 1, 2, . . . , 𝑝 − 1 and quantiza-
tion starts by 𝑦0 = 𝑄0 [𝑥0] , then a minimum noise structure
(MINLAB) is obtained as shown in Fig. 1. The analysis-
quantize-synthesis structure just described was originally
proposed as MINLAB(I) [10], which is more efficient than
MINLAB(II) in this case.

It may be easily verified as follows that MINLAB(I) is
a unit coding gain structure despite the fact that the PLT is
nonunitary. Consider the quantization of the 𝑚th component

𝑦𝑚 = −𝑠𝑚0𝑦0 − 𝑠𝑚1𝑦1 − ⋅ ⋅ ⋅ − 𝑠𝑚,𝑚−1𝑦𝑚−1 + 𝑥𝑚 (8)

as 𝑦𝑚 = 𝑄𝑚 [𝑦𝑚] and its reconstruction as

𝑥̃𝑚 = 𝑠𝑚0𝑦0 + 𝑠𝑚1𝑦1 + ⋅ ⋅ ⋅+ 𝑠𝑚,𝑚−1𝑦𝑚−1 + 𝑦𝑚. (9)

By adding Eqs. (8) and (9), we find that

𝑦𝑚 − 𝑦𝑚 = 𝑥𝑚 − 𝑥̃𝑚, (10)

thus confirming that the reconstruction error equals the quan-
tization error. This process may be streamlined if we first ob-
tain the inverse transform matrix 𝑺 by means of the Cholesky
decompostion of 𝑹𝑥𝑥

𝑹𝑥𝑥 = 𝑺𝑹𝑦𝑦𝑺𝑇 (11)

instead of decomposition (2).

3. INTRA-PREDICTION AND SCALAR
QUANTIZATION

At first, the input vector space ℝ
𝑝 is classified by means

of the GMM of its joint pdf into 𝑁 clusters ℂ
(𝑛) for 𝑛 =

1, 2, . . . , 𝑁 , such that ∪𝑁
𝑛=1ℂ

(𝑛) = ℝ
𝑝.

For scalar quantization, intra-prediction as applied in
IPSSQ includes the PLT and the computation of the predic-
tion residual subvector that results from the previous quan-
tized components according to Eq. (8). This procedure is
made possible due to the lower triangular structure of the
prediction transform matrices.
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Fig. 1. Minimum noise structure I – MINLAB(I) – for intra-predictive quantization, including the inverse PLT at the right.

For a frame bit rate 𝐵, the remaining rate after preclassi-
fication is 𝐵𝑞 = 𝐵 − log2 𝑁 . Bit allocation is driven by the
prediction error variances so that the optimal fixed bit rate for
the 𝑖th component is

𝐵𝑞𝑖 =
𝐵𝑞

𝑝
+

1

2
log2

𝛽𝑖(∏𝑝−1
𝑗=0 𝛽𝑗

)1/𝑝
(12)

for 𝑖 = 0, 1, . . . , 𝑝− 1, which are rounded to the nearest inte-
ger and adjusted so that

∑𝑝−1
𝑖=0 𝐵𝑞𝑖 = 𝐵𝑞.

A weighted square distortion 𝑑 (𝒙, 𝒙̃) is computed be-
tween the input vector 𝒙 and its quantized version 𝒙̃ as

𝑑 (𝒙, 𝒙̃) = (𝒙− 𝒙̃)
𝑇
𝑫 (𝒙− 𝒙̃) (13)

where 𝑫 is a diagonal matrix. In LSF vector quantization we
use the sensitivity matrix of the log spectral distortion (SD)
measure 𝑑𝑆𝐷 (⋅, ⋅) with entries

𝑑𝑖𝑗 =
∂2𝑑𝑆𝐷 (𝒙, 𝒙̃)

∂𝑥𝑖∂𝑥𝑗

∣∣∣∣
𝒙=𝒙̃

, (14)

which may be efficiently computed [12] from the predictor
coefficients associated to LSF vector 𝒙. Furthermore, it con-
verges to a diagonal matrix in the high-rate quantization limit.
That is why its diagonal is used in the diagonal matrix for the
weighted measure, in a sense approximating the log SD.

4. INTRA-PREDICTION AND VECTOR
QUANTIZATION

In SVQ the input vector is split into 𝑀 subvectors such that
subvector 𝒙𝑘 lies in subspace ℝ

𝑝𝑘 for 𝑘 = 1, 2, . . . ,𝑀 with∑𝑀
𝑘=1 𝑝𝑘 = 𝑝 and ℝ

𝑝 = ℝ
𝑝1 × ℝ

𝑝2 × ⋅ ⋅ ⋅ × ℝ
𝑝𝑀 .

A further constraint of the PLT is the distribution of scalar
quantizers in order to ensure unity quantization error gain as
shown in Section 2. In order to comply with this condition,
the codebooks are designed for SQ and composed by Carte-
sian products over each split span. For split 𝑘, the codebook
is

퓒(𝑘) = 𝒞(𝑘)
0 × 𝒞(𝑘)

1 × ⋅ ⋅ ⋅ × 𝒞(𝑘)
𝑝𝑘−1. (15)

However, it was found that the component codebooks have
to be designed specifically for SVQ because the optimal bit

allocation specified by Eq. (12) is not the best one for SVQ
when added up over the components in the split. In fact, by
imposing an upper bound on the split bit rate for efficiency,
better results were found as reported in Section 5. Thus, a
dimensionality advantage of SVQ over SQ (see Table 1) has
been unveiled in connection with complexity reduction.

The extension of the analyze-quantize-transform Eq. (8)
of SQ to the SVQ case, given the quantized lower subvec-

tors 𝒖̃(𝑘) =
[
𝒚̃(1)𝑇 𝒚̃(2)𝑇 ⋅ ⋅ ⋅ 𝒚̃(𝑘−1)𝑇

]𝑇
, involves

the computation of the transformed subvector for split 𝑘 as

𝒚(𝑘) = 𝒙(𝑘) − 𝑺(𝑘)𝒖̃(𝑘), (16)

where row 𝑖 in 𝒚(𝑘),𝒙(𝑘) and the 𝑝𝑘×
∑𝑘−1

𝑚=0 𝑝𝑚 matrix block
𝑺(𝑘) are extracted from row

∑𝑘−1
𝑚=1 𝑝𝑚 + 𝑖 in 𝒚, 𝒙 and the

leftmost block of 𝑺, respectively.
Next, the transformed subvector in Eq. (16) is vector

quantized as
𝒚̃(𝑘) = 𝑸𝑘

[
𝒚(𝑘)

]
, (17)

where 𝑸𝑘 [⋅] is the vector quantizer for split 𝑘. The subvector
for split 𝑘 is reconstructed as

𝒙̃(𝑘) = 𝒚̃(𝑘) + 𝑺(𝑘)𝒖̃(𝑘). (18)

Comparison of Eqs. (16) and (18) confirms that the SVQ
structure proposed is a unit quantization error gain imple-
mentation.

5. CODING RESULTS

For the tests, LSF vectors were extracted from the wideband
speech signals in the TIMIT database [13] by the adap-
tive multirate wideband (AMR-WB) speech coder [14] at a
frame rate of 50 Hz and had their mean values subtracted.
So 705,580 training vectors and 257,852 test vectors were
obtained. Mean values were evaluated over the training
database.

All tests have been performed with the weighted square
distortion measure using the log SD sensitivity matrix in the
high-rate approximation as described in Section 3. The frame
bit rates under study range from 46 bit/fr down to 41 bit/fr.
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The criteria for transparent coding established by [3]
for narrowband speech and validated by [15] for wideband
speech are mean SD around 1 dB, no outlying frame above
4 dB and less than 2% of outlying frames with SD in the range
of 2–4 dB. Baseline results for SVQ are referred to [16],
where a transparent coding threshold has been estimated at
46 bit/fr.

Transforms can remove some linear dependence before
splitting but that is not a significant effect on its own. Their ef-
fect is more significant when switching is used first. So trans-
form quantizers are introduced with the KLT after 8-direction
GMM switching and followed by SQ in Table 2, where a great
improvement in average performance is observed by the ex-
tension of coding transparency to the whole rate range. The
equivalent GMM Intra-Predictive SQ results are shown in Ta-
ble 3 with improved outlier performance.

Table 2. Performance of GMM KLT switched scalar quanti-
zation for 16-dimensional LSF vectors.

Bit rate Mean Outliers
Per frame SD 2 – 4 dB > 4 dB
(bit/frame) (dB) (%) (ppm)

46 0.824 0.36 12
45 0.855 0.39 12
44 0.882 0.55 12
43 0.916 0.72 12
42 0.950 0.91 16
41 0.981 1.14 19

Table 3. Performance of GMM Intra-Predictive switched
scalar quantization for 16-dimensional LSF vectors.

Bit rate Mean Outliers
Per frame SD 2 – 4 dB > 4 dB
(bit/frame) (dB) (%) (ppm)

46 0.815 0.32 0
45 0.854 0.32 0
44 0.893 0.56 0
43 0.926 0.69 4
42 0.974 1.03 4
41 1.015 1.39 4

The improvement in performance obtained by using SVQ
in this context can be seen in Table 4, where GMM KLT
SSVQ [9] shows improved outlier and average performances.
Also, the enhancement provided by IPSSVQ, constrained to
a maximum single split rate of 8 bit/fr, can be observed in
Table 5 with superior far outlier performance and improved
average performance, even though it is below that of GMM
KLT SSVQ, but still keeping transparency throughout the rate

range under study.
Operational complexity for encoding GMM SSVQ with-

out transforms is 6𝑀𝑝 +
∑𝑀

𝑖=1

∑𝑆
𝑗=1 (4𝐷𝑗 − 1) 2𝐵𝑖𝑗 in

flop/fr for 𝑀 clusters, transform length 𝑝, 𝑆 splits, dimension
𝐷𝑗 for split 𝑗 and bit rate per frame 𝐵𝑖𝑗 for split 𝑗 in cluster
𝑖. For GMM IPSSVQ an additional analysis-synthesis com-
plexity of 2𝑀𝑝2 − 2𝑀𝑝 applies and for GMM KLT SSVQ
the corresponding additional complexity is 4𝑀𝑝2 − 2𝑀𝑝.
Using the bit allocation for each case, the values for the
complexities are shown in Table 6, where it is important to
observe that the operational complexity for GMM IPSSVQ is
around 3/4 that of GMM KLT SSVQ.

Table 4. Performance of GMM KLT SSVQ for 16-
dimensional LSF vectors in (2,2,2,2,4,4)-dimensional splits.

Bit rate Mean Outliers
Per frame SD 2 – 4 dB > 4 dB
(bit/frame) (dB) (%) (ppm)

46 0.753 0.14 4
45 0.782 0.18 4
44 0.818 0.25 4
43 0.854 0.34 4
42 0.888 0.32 4
41 0.920 0.58 4

Table 5. Performance of GMM Intra-Predictive SSVQ for 16-
dimensional LSF vectors in (2,3,3,3,3,2)-dimensional splits.

Bit rate Mean Outliers
Per frame SD 2 – 4 dB > 4 dB
(bit/frame) (dB) (%) (ppm)

46 0.804 0.21 0
45 0.835 0.26 0
44 0.861 0.34 0
43 0.906 0.36 0
42 0.942 0.61 0
41 0.963 0.65 4

6. CONCLUSION

A novel GMM Intra-Predictive SSVQ has been proposed.
Intra-prediction is performed by the PLT, which has been
conveniently factored for split VQ so that quantization error
gain is unity. The advantages of SVQ over SQ have been
unveiled by combining SQ codebooks designed under a max-
imum bit rate constraint at the split level and by using proper
spectral sensitivity weighting on coding. A lower complexity
of around 3/4 as much as that of GMM KLT SSVQ has been
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Table 6. Operational complexity of GMM Intra-Predictive
SSVQ for 16-dimensional LSF vectors in (2,3,3,3,3,2)-
dimensional splits compared to that of GMM KLT SSVQ for
a (2,2,2,2,4,4)-dimensional partition.

Bit rate IPSSVQ KLT SSVQ Ratio
Per frame Complexity Complexity IP to KLT
(bit/frame) (kflop/frame) (kflop/frame) (%)

46 86 135 64
45 82 117 70
44 75 106 71
43 74 90 82
42 70 86 81
41 63 81 78

achieved while maintaining coding transparent for LSF vec-
tors from wideband speech within the range from 46 bit/frame
through 41 bit/frame.
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