Analysis of a Fast Algorithm for Look-up Table
based Variable-length Decoding

Ove Edfors Per Ola Borjesson Alex Erendi

Div. of Signal Processing
Lulea University of Technology
Sweden

Abstract

In this paper, an algorithm for the fast decoding of binary variable-length codes
is analysed, both regarding the decoding speed, relative to a traditional tree-search
decoder, and with regard to the memory space. The algorithm is based on a look-
up table, which will allow blocks of compressed data to be decoded in one cycle.
Upper and lower bounds on the decoding speed are presented, in terms of decoded
source symbols per cycle of the algorithm. Apart from the analysis, a hardware
implementation is proposed. The price for achieving the increased decoding speed
is an exponentially growing look-up table. However, the rapid development of
memory circuits is compensating for the memory growth.

1 Introduction

Variable-length coding, based on Shannons Source Coding Theorem [1], is a common data
compression technique. Pure variable-length coding is mostly of theoretical interest, since
the optimality of a variable-length code, designed using e.g. Huffman’s algorithm [2], is
based on the assumption that the source is time-invariant and memoryless. However, in
combination with different types of pre-processors which reduce the inter-symbol depen-
dence, e.g. a prediction filter, a variable-length coder can be of use on many types of
sources. This is one of the reasons for the widespread use of variable-length coding.

We have performed an investigation [5] on the speed performance of look-up table
based decoders for binary variable-length codes. The analysis in this paper is extracted
from that investigation, and it deals with a decoder structure where large blocks of the
code sequence are decoded instantaneously, by using a look-up table. Variations on the
theme have been known for some time, see e.g. A. Sieminski [4], where short blocks of
compressed data are decoded, using a set of connected look-up tables. Regarding the
look-up table algorithm analyzed here, no published scientific material has been found,
so far, by the authors.

2 System description and notations
The decoder analyzed is a component of a coding system shown in Figure 1, where the

source is defined by a pair (S, P) of source symbols S = {sg, s1,--+, Sn-1} and a set of
probabilities P = {po, p1,*-*, Pn-1}. The binary variable-length code is defined by a set
C ={Cs, Ci,---, Cn-1}, where the code word C; is a sequence of binary digits from the

set {0,1}. The variable-length codes referred to are also limited to be instantaneously
decodable, or in other words prefix free codes. The channel/storage is assumed to be
error-free. Further, in Figure 1, A is a sequence of symbols from the source, and V¢(A) is
the binary sequence of concatenated code words produced by the encoder, when encoding
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Figure 1: Encoding/decoding system

We consider the speed performance of the decoder, i.e. the speed at which the trans-
formation Vz(A) — A is made. A concept frequently used throughout our analysis is
algorithm cycle, which is defined below.

Definition 1 For a variable-length decoder, one algorithm cycle is defined as the follow-
ing pair of operations;

i) Get bit(s) from the input sequence V¢(A).
1) Change the algorithm state, and output decoded source
symbol(s), if the end of a code word is reached.

In order to analyze the decoding speed, an appropriate speed measure is needed.
Different types of implementations might change the value on a time-based measure,
therefore the chosen measure is based on decoded source symbols per algorithm cycle.

Definition 2 Let O, = 0,(X,(S,P),C) be a discrete stochastic process describing the
number of decoded source symbols at algorithm cycle n of decoding algorithm X, using the
code C, on the source (S,P). The speed of decoder X, under these conditions, is defined
as the following asymptotic number of decoded source symbols per algorithm cycle:

m-1
8x((5,P),C) = lim — 3 O,

3 Decoding algorithm

In the analysis below, the decoding speed performance will be examined, and it is there-
fore important that a well known point of reference is included. We have chosen to
compare the look-up table decoder with the traditional tree-search decoder.

The tree-search decoder is well known, and can be found in most texts concerning
variable-length coding/decoding. The decoding is performed essentially by moving from
the root of the binary tree representation of the code, directed by the bits in the code
sequence Vz(A), and output a decoded symbol if a leaf is reached. An efficient decoder
of this type was derived by H. Tanaka in [3]. In terms of algorithm cycles, this type of
decoder will complete one algorithm cycle per bit in the code sequence V¢(A), see [3].

The look-up table decoder is based on a look-up table, where L bits from the code
sequence V¢(A) are used as an index to a look-up table. We require the look-up table
decoder to be able to decode all code words in one indexation of the look-up table, hence
L must be greater than or equal to the length of the longest code word in C. The look-up
table is constructed by decoding as many bits as possible of every binary sequence of
length L. The table entries are defined as pairs dtabc [B] = (Dp,rg), where B is a binary
sequence of length L, Dp is the sequence of source symbols obtained when decoding B,
using the code C, and rp is the number of bits successfully decoded. The L —rp last bits
of B is the beginning of a code word, longer than L — rp, which was not decoded. The
look-up table will consist of 2L entries in all, since there are 27 different Bs. Algorithm
1 below, uses this look-up table for decoding.

Algorithm 1 Given a look-up table dtabe[], according to the above description, the
decoding of the binary code sequence Vo(A) = vov v, - - into A can be performed by the
following operations:

1) Initialize A to be an empty sequence, and set d = 0.

2) Let B = VdVd+1 ** * Vd+L-1-

3) Access dtabc[B], append Dp to A, and increment d by rp.
4) Goto step 2.
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The steps 2 and 3 of Algorithm 1 are the algorithm cycle, according to Definition 1.

This algorithm is not particularly suitable for a standard software implementation,
because of the intense use of shifting operations, therefore we propose a hardware imple-
mentation of the type shown in Figure 2.

Memory address B =
R T o
Lbit shift

register TYVYY YYyyy

dtab[B] RAM
Decoded
sequence, Bits to shift, 7;

Dp

Figure 2: Schematic hardware layout

4 Speed performance

Let W((S,P),C) be the average code word length, i.e. W((S,P),C) = T N5 p; length(C;),
where length(C;) is the length of code word C; in bits. Using this notation, the decoding
speed for the tree-search algorithm can be shown [5] to be

1
= 1
W(5.7).0 g
by observing the fact that one bit from the code sequence is processed per algorithm

cycle. Further, the following bounds can be shown [5] for the decoding speed of the
look-up table decoder:

q)TS((S? P) ’ C)

L+1 L
(L s are) S e P O S g O

where the upper bound is a result of the fact that, in the most favorable situation, the
look-up table decoder will process L bits per algorithm cycle, i.e. it will be L times
faster than the tree-search algorithm. The lower bound of (2) is derived by taking two
observations into consideration; i) the look-up table decoder will decode at least one
source symbol per algorithm cycle, and ) if k£ bits are decoded during one algorithm
cycle, the next code word must be of a length greater than or equal to L — k + 1 bits,
hence at least L + 1 bits are decoded every two algorithm cycles.

Originating from (1) and (2), the relative speed performance of the look-up table
decoder, compared to the tree-search decoder, will have the following bounds:

L+1) < ®pra((S,P),C) <

5 L

rs((5,P).0) = )

It should be noted that the bounds in expression (3) will have to be weighted by
a factor describing the relative cycle time of the two decoders, if it is to be used with
specific implementations for decoding time comparisons.

We have implemented the look-up table decoder in a standard programming language,
on a personal computer [5]. Using this software, an experiment was performed where the
number of symbols was set to NV = 256, and the length of B was set to L = 16. The
experimental values on the relative decoding speed can be found in Figure 3.

max (W((s, P).0),

5 Look-up table size

Let us assume that the decoder is implemented according to Figure 2. Further, as-
sume that the decoded sequence Dp of dtabc [B] is stored in a structure of the type
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Figure 3: Experimental values on the relative speed.

[dOBdlB c-d5 | n B], where the djs are storage spaces for source symbols and np is the

number of valid symbols within d3d} - - - dg~*. Under these conditions the memory space
of the look-up table decoder is given by [57

Mprap = 25 (L [log 2N + 2 [log 2(L — 1)]) [bits] (4)

In the software implementation, described in the previous section, we used N = 256
and L = 16, hence the memory space was Mprap ~ 9 Mbit, or Mprap = 1.1 MByte.
Other structures for storing the look-up table can be considered, but are not evaluated
in this paper.

6 Conclusions

The look-up table decoder is shown to have the potential to increase the decoding speed
for variable-length codes, but at the cost of an exponentially growing memory space.
Bearing in mind the rapid development of memory circuits, the achievable values on L
will increase over time. One application area, where the look-up table decoder might be
an interesting option, is high speed transmission in combination with real-time decoding
as a critical point.
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