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Abstract

Vector quantization of speech audio data increasingly uses algebraic codebooks, such as the popular
unit-pulse codebook used in the Algebraic Code-Excited Linear Prediction (ACELP) algorithm [1]. While
the simple encoding ACELP uses for the codebook indices is suitable for its relatively small codebooks,
the existing encodings for larger codebooks either waste bits or require expensive operations, such as
extended-precision multiplications and division. We propose CWRS, a simple enumerative algorithm for
encoding these codebook indices that does not require multiplications or divisions. Although the basic
implementation uses a lookup table, we give an alternate version that eliminates this table for a moderate

speed penalty.
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A Multiply-Free Enumeration of Combinations

With Replacement and Sign

I. INTRODUCTION

Alebraic codebooks for vector quantization offer two important advantages over stochastic codebooks.
First, they do not to need store the entire codebook in memory, allowing them to scale to much higher
dimensions than a stochastic codebook. Second, the inherent structure in the codebook can greatly
accelerate the search for an optimal codeword. Speech coding algorithms such as ACELP [1] have
long employed them for quantizing unit vectors. Under some mild assumptions, the data is uniformly
distributed [2], making it well-suited for representation by an algebraic codebook. Even in more recent
codecs, like CELT!, where these assumptions may not necessarily hold, the complexity reduction in time
and space makes them a practical tool where a stochastic codebook would be completely infeasible.

CELT partitions the audio signal multiple bands of varying sizes, and codes one unit vector per band,
with as many as 100 dimensions per vector. Even though CELT is CBR, the number of bits assigned
to a band varies with each frame, allowing allocations as high as 64 bits for a single vector. Every
combination of vector size and rate allocation requires a separate codebook, meaning that CELT uses a
very large number of codebooks. The large storage requirments of stochastic codebooks would impose
much greater limits not only on the codebook size, but also on the number of codebooks, restricting the
sizes of each band and how bits are allocated to them. The impairment from this loss of flexibility would
be much larger than any potential gain from a more efficient codebook.

The unit-pulse codebook consists of n-dimensional code vectors y formed by adding a fixed number,

m, of signed unit pulses:

m—1
Y= Skeu, - )
k=0

Here s;, is the sign of the kth pulse, z is the position in the code vector, and ¢, is the elementary basis
vector for dimension z;. The signs are constrained so that if there is more than one pulse in a given
position, they all have the same sign. That is, if x; = xj , then s; = s;. The resulting code vector y is

not generally a unit vector, but one can easily obtain a unit vector by normalizing by 1/ ||y||.

"http://wuw.celt-codec.org/
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This codebook does not provide an optimal tessellation of the n-dimensional unit sphere when m > 1,
but such tessellations are not known for arbitrary dimension. Good tessellations can be found by solving
large energy minimization problems, but at high rates the resulting stochastic codebooks do not fit in
memory. They can be constructed from a regular tessellation of a circular section of the n— 1 dimensional
plane [3], but enumerating the points in such a section faces similar problems in higher dimensions.
Some good solutions are known for specific dimensions, such as n = 24 [4], [5]. Subdivision of the
convex regular polytopes (higher-dimensional analogs of the Platonic solids) provides another alternative,
but makes quantization more computationally expensive and severely restricts the possible sizes of the
codebooks [6]. This limits the granularity of rate allocation between bands and makes extremely low
rates more difficult to achieve.

We propose new, simple, O(n+m) algorithms for encoding and decoding the vectors in the unit-pulse
codebook, outlined in Section II. In their basic form, these algorithms require O(nm) storage for a lookup
table, though multiple codebooks with different values of n and m can share a single table. Section III
describes an alternate, O(nm) version of the algorithm which does not require a lookup table. Unlike
previous algorithms, discussed in Section IV, our algorithms waste no bits and use no multiplications or

divisions. This makes them suitable for very large codebooks, which require extended-precision arithmetic.

II. ENCODING

Under the uniform distribution assumption, every possible code vector must be encoded with the
same number of bits. If there are V' (n,m) unique code vectors of dimension n with m pulses, then the
easiest approach is to assign every code vector a unique index and store a single integer between 0 and
V(n,m) — 1. Two procedures are then required: one to translate a given code vector into an index, and

one to translate an index into a code vector.

A. Counting the Number of Pulse Vectors

We start by counting the number of possible code vectors. This is like counting the number of
combinations of m items taken from a set of size n with replacement, except that every unique element
also has a sign bit associated with it. This last condition eliminates the chances of finding a simple

closed-form expression, however we can write down a simple recurrence relation:

V(n,m)=V(n—1,m)
)
+Vn,m—-1)+V(n-1m-1).
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The V(n—1,m) term corresponds to the number of code vectors that do not have any pulses in the first
dimension; this is just the number of ways of distributing the pulses into the remaining dimensions. The
V(n,m — 1) term corresponds to the number of code vectors that do have at least one pulse in the first
dimension; this is the number of ways of distributing the remaining pulses into any of the dimensions.

The last term, however, double-counts the number of code vectors that have exactly one pulse in the
first dimension. V(n — 1,m — 1) is the number of ways of distributing the remaining pulses into the
remaining dimensions. If one or more of the m — 1 remaining pulses also lie in the first dimension,
then the first pulse must keep the same sign. However, if none of the remaining pulses lie in the first
dimension, then there are two choices: one for the positive sign, and one for the negative sign. One of
these choices is already accounted for in the V' (n,m — 1) term. The V(n — 1, m — 1) term accounts for
the second one.

Two base cases limit the recursion. There is exactly one way to place zero pulses in any number
of dimensions, so V(n,0) = 1. Similarly, there is no way to place a non-zero number of pulses in a
zero-dimensional vector, so V' (0,m) = 0 for all m > 0. The closed-form solution to this recurrence for

m > 0 is given by
V(n,m)=2n-9F1 (1 —m,1—n;2;2), 3)
where 2 F} (a, b; ¢; z) is the hypergeometric function

oF(a,byc;2) = R 4)
— !

and a* is the rising factorial: a(a + 1)(a + 2)...(a + k — 1). This yields the number of combinations

with replacement and sign (CWRS). This function is not easy to evaluate directly.

B. Pulse Vector to Index

To translate a code vector into an index, we partition the the total number of vectors according to
the possibilities described above. Let ¢ be the index we are computing, j be the index of the current
dimension we are considering, k£ be the number of pulses already considered, and s; and xj be the sign
and position of the kth pulse. We require that pulses be sorted in ascending order by position, so that

T < xp41. Now let

Umn,m)=V(nm-1)+V(n—-1m-—1) ®)
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be the number of vectors that include at least one pulse in the first dimension. It is easy to see that
n—1
V(n,m) =) Uln—jm), (©)
j=0

since this sums the number of vectors with no pulses in the first j dimensions, but at least one pulse in
the next dimension. Thus U(n — j, m) provides a convenient means of partitioning V'(n, m). Also, since

U is the sum of two values of V/, it obeys the same recurrence relation:

U(n,m)=U(n—1,m)
(7
+Un,m—-1)4+Un—-1,m-1),

with the base cases U(n,1) =U(1,m) = 2.

We build the index by considering each pulse in turn and locating the partition in which it lies. Let
p be the size of the current partition. If the current pulse comes after this partition, we add p to ¢ and
move on to the next partition. Otherwise, we further subdivide the current partition using the next pulse.

Pseudocode is given in Algorithm 1. At the start of the first iteration, ¢ = j = k = 0. We have not
placed any previous pulses, so we always require a sign. In this case we let p = U(n, m). On subsequent
iterations, we will start with j = z;_;, and thus we have already determined the sign of any further
pulses in that position. In that case, p = %U (n — j,m — k). Now, if j < xj, then there are no more
pulses in dimension j, so we must advance to the next partition. Therefore we add p to ¢, set j = j + 1,
and update p = U(n — j, m — k). This process is repeated until j = xy. If ;1 # xp (or if this is the
first pulse), then we need to encode a new sign for this position. We split the partition in half, with the
top half associated with the positive pulses and the bottom half associated with the negative. That is,
if s = —1, then we add %p to 4. This allows the decoder to determine the sign associated with each
position as soon as it encounters the first pulse in that position. Now we set k = k + 1 and return to the
beginning to encode the next pulse. When all the pulses have been processed, ¢ will be a unique index
between 0 and V(n,m) — 1. Fig. 1 shows how the entire code space is partitioned for a 3 dimensional

vector with 3 pulses.

C. Index to Pulse Vector

To recover the code vector corresponding to a given index, we simply reverse the process. Let ¢ be
an index computed by the above procedure, and again start with j = k£ = 0. For the first pulse, we let
p=U(n—j,m—k). When k > 0, we start with p = %U(n — j,m — k), and if ¢ < p, then we have

another pulse in the same position as the previous pulse. In this case we set xp = xr_1, S = Sk—1,
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Algorithm 1 Convert a pulse vector (xg, sx) to an index i

Require: zj < x4
1:i<=0

2:7<=0

3: for k=0tom—1do
4 p<Um—jm-—k)
5. if kK > 0 then

6: p<=t

7 end if

8:  while j < x; do

9: 1<=1+0p
10: jej+l
11: p<=Un—jm-—k)

12:  end while

13: if (k=0 or z; > x;_1) and s = —1 then
14: i<=i+h

15:  end if

16: end for

17: return ¢

k = k41, and move on to the next pulse. Now while ¢ > p, there must be no more pulses in dimension
Jj, so we subtract p from i, set j = j + 1, and update p = U(n — j,m — k). Finally, when i < p, we
know that the code vector must contain at least one pulse in dimension j, so we set x = j. If 7 < %p,
then we set s, = 1. Otherwise s, = —1, and we subtract %p from 4. Finally we set £k = k + 1 and return
to the beginning to decode the next pulse. Eventually, we will have decoded m pulses and ¢ will be 0.
See Algorithm 2 for details.

Higher dimensions and larger numbers of pulses are possible so long as the total number of code
vectors can fit in an integer register. Larger codebooks require extended-precision arithmetic. However,
since the basic algorithms require only addition, subtraction, and comparison, such arithmetic is still

relatively inexpensive.
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Algorithm 2 Convert an index 4 to a pulse vector (z, si)
1: 7«0

2. for k=0tom—1do

33 p<Un—jm—k)

4 ifk>0and (§ <iors,_; =—1) then
5: i<=i+g

6: end if

7. while p < i do

8: 1<=1—0p
9. jejtl
10: p<=U(n—jm-—k)

11: end while
12: Tp <]

13:  if § < then

14: sp <= —1
15: i=i—§
16:  else

17: s <=1
18:  end if

19: end for

20: return (xg, k)

ITI. EVALUATING U(n,m)

If O(nm) space is available, one can pre-compute a table of the required values of U(n,m) directly
from the recurrence, yielding an O(n+ m) algorithm. Using U (n, m) requires only half as much storage
as V(n,m), since U(n,m) is symmetric: U(n,m) = U(m,n). It also saves m lookups when decoding
or encoding a vector, but requires an extra n additions to compute the size of the codebook, which is
needed to pack or unpack the resulting index.

However, small embedded devices may make even this amount of storage impractical. One can compute
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0 {+0, 0, 0}
1 {+0, 0,+1}
2 {+0, 0,-1}
3 {+0, 0,+2}
4 {+0, 0,-2}
5 {+0,+1, 1}
6 + {+0,+1,+2}
7 {+0,+1, -2}
8 {+0,-1, 1}
9 {+0,-1,+2}
10 {+0,-1,-2}
11 {+0,+2, 2}
12 3.3 =2 - {+0,-2, 2}
13 {-0, 0, 0}
14 {-0, 0,+1}
15 {~0, 0,—1}
16 {-0, 0,+2}
17 {-0, 0,-2}
18 {-0,+1, 1}
19 - {=0,+1,+2}
20 {-0,+1,-2}
21 {-0,-1, 1}
22 {-0,-1,+2}
23 ) {-0,-1,-2}
2 j=27 {-0.+2, 2}
_ U(1,2) =2 H=m=mmmmmmmmmmmm oo

25 - {-0,-2, 2}
26 =1 @1 =1 {+1, 1, 1}
27 w22 =3 U(M)J;;t 777777777777 {+1, 1+2}
28 + . —| {+1, 1,-2}
2 U(u;:zt ,,,,,,,,,,,,,,,,,,,,,,,,, {+1,42, 2}
30 - {+1.-2. 2}
) U(2,3) =10 ==========-f=qro s

31 e =1 {-1, 1, 1}
32 3U(2,2)=3 U P I {-1 1+?}
33 - iy - {1, 1,-2}
3 V(12 2 o] (-1+2 2)
35 iz - {-1,-2, 2}
3? U(L3) L {+2, 2, 2}
37 - {-2, 2, 2}

k=0 k=1 k=2

Fig. 1. Partitioning of the code space for a 3 dimensional vector with 3 pulses. Each column shows the decision levels for
the kth pulse. Solid horizontal lines indicate where the position of the next pulse, 7, is incremented. Dashed horizontal lines
separate the positive and negative halves of each region. The left column indicates the index associated with each pulse vector.
The right indicates the pulse vectors using the list of positions xx, with the signs s; attached to the first occurrence of each

unique position.

V(n,m) in O(m) time using O(1) storage by grouping the possibilities by the number of unique positions:
m

V(n,m) =Y 2'C(n,d)C(m—1,d—1), m>0, (8)
d=1

where C'(n,m) is the binomial coefficient. See the discussion of FPC in Section IV for details. How-
ever, (8) requires 3m multiplications and 2m divisions to evaluate and yields an O(nm +m?) algorithm.
A much better alternative uses n words of temporary storage to hold a single column of U, denoted

Up. Column 4,41 can be computed from wu,, directly via (7). Similarly, u,,—; can be computed from
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column wu,, using the recurrence

U(n,m—1) =U(n,m) o)
—Umn—-1,m)—Umn—-1,m-—1).

Encoding or decoding pulse & only uses values from column wu,,,_. Thus we compute u,,, from u; before
the algorithm begins in O(nm) time and replace it with w,,_;_1 in O(n) time at the end of each iteration.
Further operations can be saved by noting that j never decreases, so only the first n — j entries of the
column need to be updated. The total algorithm is O(nm), but requires no multiplications or divisions.
Hence, the complexity scales linearly with the number of machine words required to represent an index,
1. For practical values of n and m, it runs at about 2.5 time slower than a table lookup implementation,

a penalty that is dwarfed by the complexity of the rest of the codec.

IV. RELATED WORK

The interleaved single-pulse permutation (ISPP) coding method used in the AMR-WB codec encodes
the signs of the pulses by varying the order the pulse positions xj, are transmitted [7]. A permutation of
the pulse indices can easily save m — 1 sign bits, but this becomes inefficient as the total number of pulses
grows large, since the number of possible permutations, m/!, grows much faster than 2. Therefore the
exact encoding uses a complicated set of rules for each possible value of m to mitigate this inefficiency.
This makes it hard to extend to an arbitrary number of pulses. Even using these rules, with 6 pulses it
still wastes about 1.5 bits.

The factorial pulse coding (FPC) method [8] eliminates these problems by using an exact enumeration
algorithm, as we do. It enumerates the same possibilities as CWRS, but in a completely different order,
based on (8). FPC partitions the code space according to the number of unique, non-zero pulse positions,
d. That is, the locations of the d unique pulses are identified with an index F into the C'(n, d) possibilities
(combinations without replacement). The magnitudes of the pulses are identified with an index D into
the C'(m — 1,d — 1) possibilities (combinations with replacement). Finally, 2¢ bits are used to indicate
the signs.

Translating a pulse vector to an index and back with FPC requires three separate stages and a total
of O(n + m) values of C'(n,m). There is no reason these cannot be computed with O(nm) additions
and subtractions using the same technique we used in Section III. However, to identify d from the index
when decoding, one must skip past each of the terms of the sum in (8) until the correct one is located.

This requires at least O(min(m,n)) multiplications, and separating D and F' out of the combined index
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requires one additional division. The multiplications are required even in a table lookup implementation?.
In contrast, CWRS computes a unified index in a single stage, which allows for smaller code size, and
does not require any multiplications or divisions, which can be very expensive for large codebooks where

extended-precision arithmetic is needed.

V. CONCLUSION

We have developed a new enumeration algorithm for a popular algebraic codebook used in various
speech codecs. Every code vector is represented with the same number of bits, and that number is
the smallest possible for the size of the codebook. The translation from vector to codeword and back
is accomplished with two simple algorithms that run in O(n + m) time with a small lookup table. All
possible codebooks can share the same lookup table, allowing great flexibility in varying n and m without
requiring excessive storage. When table storage is not available, we have given O(nm) alternatives that
still require no multiplications or divisions. Since the cost of the arithmetic scales linearly with the

maximum codeword size, CWRS scales well to very large codebooks.
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