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Abstract 

Huffman code [I]  is the most well-known and widely used 
variable-length codes (VLCs) for compressing various 
kinds of data. Conventional table lookup and/or bit-serial 
decoding techniques for realizing VLCs are inefficient in 
memory usage andor compntation'time. In this paper, we 
investigated some existing memory efficient VLC decoding 
methods [2, 3, 4, 51 and gave some comments and 
comparisons among them. We also proposed an SGH-Tree 
based data structure to implement Aggurwul's approach [5 ]  
such that a symbol can be decoded in constant time; 
moreover, the required memory is much smaller than that 
of the original approach. 

1. Introduction 

Since its discovery in 1952, Huffian code [I] has become 
one of the most widely used VLCs and been included in 
almost all image and video coding standards (such as PEG,  
MPEG-I, MPEG-2 and MPEG-4). The advantages of 
Huffman code are its effective compression ratio and 
implementation simplicity. The simplest and most 
well-known data structure used in a Huffman coding 
scheme is the Huffman tree. The Huffman coding usually 
consists of a binary code tree, in which each leaf node 
represents a source symbol and the path from the root to the 
leaf defines the variable length codeword for that symbol. 

Two intuitive Huffman decoding approaches are the 
Bit-serial decoding and the Lookup-table-based decoding. 
The Bit-serial decoding process starts with the root node of 
the code tree and recursively traverses the tree according to 
the hits taken from the compressed input data stream, until 
it reaches a leaf. Thus, the computational complexity of the 
Bit-serial decoding for a symbol is qk), where k is the 
height of the Huffman tree. In Lookup-table-based 
d e c d i g ,  each codeword can he quickly decoded by one 
table referencing. More specifically, if the longest Huffman 
codeword assigned to a set of symbols is of length h-hit, the 
memory size for storing the symbols may easily reach z" 
bits. The major disadvantage of this lookup-table-based 
approach is its memory cost, in the order of O(a, spent on 
storing such a binary tree based on an unstructured array. 

Without doubt, memory and complexity issues are of 

importance in most of real applications, such as complexity 
in real time video and audio applications and memory and 
complexity in realizing multimedia applications on low 
cost hand held devices. The Huffman codes are usually 
decoded one hit at a time. Due to its variable-length nature, 
the Huffman tree is getting sparser progressively as it 
growing from the root. This sparsity of the Huffman tree 
may cause tremendous waste of memory space and requires 
a lengthy search procedure for locating a symbol. 

In recent literatures [2-71 a number of effective schemes 
have been proposed to decode Huffian codes such that the 
memory requirement and decoding complexity can be 
reduced to O(nj and O e j ,  respectively, where n denotes the 
total number of codewords in the Huffian tree. For a 
sparse Huffman tree, n is quite small as compared to z". In 
this paper, some comparisons and analyses among existing 
memory efficient Huffman decoding methods [2-51 are 
made. Most VLC decoding methods proposed specific data 
structure for reducing memory sue effectively, as will he 
discribed and commented in Section 2. Our proposed 
method and experimental results are addressed in Section 3. 
Finally, the conclusions are given in Section 4. 

2. Performance analyses of some 
existing memory efficient Huffman 
decoding methods 

In this section, some existing memory efficient Huffman 
decoding methods and their corresponding performance are 
investigated, according to their published order. 

2.1 Hashemian's Method (HM) - An memory 
efficient and high-speed search Huffman 
coding algorithm [2] 

Hashemian presented an efficient Huffman decoding 
algorithm based on alleviating the affection of sparsity of 
the Huffman tree, and therefore, reduced the search time 
required for looking up the code table. The main idea of 
HM is that by effectively grouping the codewords within 
specified codeword length, the search for a code symbol 
can be conducted by jumping over groups of bits rather 
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than going through the bits step-by-step. To achieve the 
goal, HM needs to construct a special splay Huffman tree 
called the single-side growing Huffman tree (SGH-Tree) 
for representing the source symbols. SGH-Tree is a kind of 2.3 Chen’s Method (CM2) - A 
Huffman trees whose growth is directed toward one side of memory-efficient and fast ~ ~ f f ~ ~ ~  decoding 
the tree. 

this approach, the memory requirement is O(n) while the 
decoding complexity is q h ) .  

algorithm 141 

explains why HM is efficient. However, how to’partition 
the Huffman tree into many smaller subtrees such that the 
memory requirement is minimized is still an open problem. 

Though the time complexity for decoding a symbol is no 
more than O(h), the memory requirement in HM is ranged 
from O(n) to O c a .  In the worst case, this method behaves 
the same as a brute-force decoding process. 

Fig]. An example Huffman tree, in which the 
corresponding SGH-tree TI  is of height 5 and the 3 
subtrees rooted at t,, t2 and t3 for HM 

2.2 Chung’s Method (CM1) 
Huffman decoding algorithm 131 

An efficient 

Chen’s paper defmed the parameters, weighyw,) and 
count(count,) for each symbol to conduct the decoding. The 
weight of symbol si at level 1 is 2h-‘, which is the number of 
leaves of the subtree si (the subtree rooted at si) where si is 
an internal node of a full binary tree with height h. Define 
countO= WO and count, = c o ~ n t , ~ ~  + wj. CM2 can determine if 
the input bitstream, of any length, can be decoded or not 
just by wi and counti. Since CM2 needs to search count 
value of each symbol, the spending time depends on the 
length of the symbol. Decoding process also needs to 
examine bitstream of different lengths, from 1 bit to the 
length that a symbol is decoded. The number of checking 
times depends on codeword lengths of all symhols, so it is 
in the order of O(h). 

From above discussions, the complexity for decoding a 
symbol may be higher than O(h). But CM2 has tried some 
tricks to save memory, successfidly. Comparing with CMI, 
though the decoding complexity is of the same order, CM2 
saves more space. 

2.4. Aggarwal’s Method (AM) - Another 
efficient Huffman decoding algorithm [5] 

Most existing efficient Huffman decoding algorithms tried 
to reduce the memory requirement. However, Aggarwal 
proposed another decoding scheme, which requires only a 
few computations per codeword, independent of the 
number of codewords n, the height of the Huffman tree h, 
and the length of a codeword. Although the memory 
requirement depends on the H u f i a n  tree, for Huffman 
tables used in image and video coding standards (such as 
JPEG, H.263 ,  MPEG-1 and MPEG-2), the size of 
additional memory is reasonably small. 

Consider a Huffman tree shown in Fig.2 (a), which can be 
viewed as subtrees attached to the left branch (LB) or right 
branch (RB) of a node at different levels of the tree. 
Consider any subtree s and let the node at which the subtree 
is attached to the main tree be in level f. The codewords in 
the subtree s have the same first (t+l) bits. In addition, the 
position of the first-bit-change in any codeword belonging 
to subtree s should be t, and this value is unique among the 
left and the right subtrees. Thus the first-bit-change position 

Chung also presented a memory-efficient data structure, the 
H-array, to represent the Huffman tree. For each left edge, 
it recorded the ‘Sump value” which is one plus the number 
of edges and the number of leaf nodes in the subtree of that 
edge. CM1 traverses the Huffman tree in preorder, and 
saves the ‘Sump value” in the H-array when a left edge is 
encountered, a “1” when a right edge is encountered, or the 
source symbol when a leaf node is encountered. The 
memory requirement in this data structure is 3n-2. 
Moreover, this value can be fiuther reduced to 2n-3, as 
shown in [3]. 

Decoding process starts from the first element of the 
H-array and recursively increases the position according to 
the bits reading from the input data st ream and the values 
of the H-array entries until a symbol is reached. Clearly, in 
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alongwith the first hit uniquely determines the suhtree of 
the leading codeword in the hitstream. The codewords in a 
particular partition, as shown in Fig.Z(b), do not have the 
same length, and are not consecutive binary numbers. For 
reducing the decoding complexity, AM modified the 
original Huffman table. The new decoding table is derived 
as follows. For every symbol x of each partition p, AM 
adds all possible words with prefix x and length 
m-lengfh@),  the length of the largest codeword in the 
partitionp, to the new decoding table, and then assign them 
to x. Clearly, the new decoding table is not one-to-one. 
Then, AM adds the missing words to all applicable 
partitions and assigns all of them to a new symbol Null. 
Thus, the modified table may increase memory 
requirement. 

AM 

(a) 0) 
Fig.2 (a) An Example Huffman tree and @) the 
corresponding Huffman Table of Fig.2 (a) for AM. 

Depends on 
O(1) Huffman tree, no 

The new decoding table is shown in Fig.3(a). The “actlen” 
column contains the actual codeword lengths of every 
symbol x in the original Huffman table. Furthermore, AM 
constructed two 2-D arrays Lefthase and Rightbase of sizes 
3xML and 3xRL, where ML and RL are the numbers of left 
and right suhtrees, respectively (c.f. Fig.3@)). The 
modified decoding table with Leftbase and Rightbase 
allows a very efficient decoding. Roughly, AM requires 
constant computational complexity to decode a codeword. 

Tablel summarizes the computational complexities and 
memory requirements of the prescribed algorithms. 

Lookup-table-Based 

Tahlel. The complexity and memory requirement 
comparisons among six different Huffman 
decoding methods. 

lmml 
E 3  D 3  C 3  A 2  8 2  

(h) 
Fig.3 (a) The modified Huffman table of Fig.Z@) and 
(h) The decoding data structures. 

3. The proposed approach and 
experimental results 

An SGH-tree based AM algorithm achieving efficient 
Huffman decoding is proposed in this section. According to 
Tablel, we can choose a suitable coding method depends 
on different implementation environments. Moreover, 
Tablel also provides us some ideas about how to increase 
the efficiency for realizing a VLC. Among prescribed 
methods, we are most interesting in Aggarwal’s approach 
(AM), because it can decode a symbol in constant time. But 
the disadvantage of AM is that the memory requirement 
depends on the corresponding Huffman tree. When the 
difference between the lengths of codewords within the 
same partition gets larger, the waste of memory gets mare 
serious, too. Just like P?in Fig.3.(a), AM uses 8 entries to 
store 4 symbols E, F, G and H. If we can choice an efficient 
tree structure before H u m a n  coding such that the length 
difference within the partition is as small as possible, then 
we can save more space. Since we didn’t change the 
Agganval’s algorithm, the decoding time for a symbol is 
still a constant. 

The proposed approach starts from an SGH-tree structure. 
Hashemian had proposed an algorithm to construct the 
SGH-tree in [2]. Without loss of generality, we assume that 
the SGH-tree is a left splay tree, that is, the growth of the 
SGH-tree is directed toward the left side of the Huffman 
tree. In an SGH-tree structure, the symbols with equal 
codeword length are treated as consecutive binary numbers 
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and the symbols with longer codeword lengths are put to 
deeper left sides of the tree. These steps produce more 
subtrees which attached to the LB or RB are complete. In 
other words, by embedding an SGH-tree structure into a 
Huffman tree difference between the codeword lengths 
within the same subtree can be reduced effectively, so that 
the waste of memory in AM is alleviated. 

We illustrate the effectiveness of the proposed approach by 
the following example. After we changing the Huffman tree, 
as given in Fig.Z(a), into an SGH-tree, as shown in Fig.4(a). 
We observed from the corresponding Huffman table (c.f. 
Fig.4 (h)) that each codeword in the same partition is of the 
same length. Thus, as shown in this example, there is not 
any waste any memory waste during the decoding process. 

f~-bitchange 
position 

Symbol Codeword 

(a) @) 
Fig.4 (a) An SGH-tree embedded Huffian tree, whose 
codeword assignment differ from the original ones, as 
Fig.Z(a), but with identical average codeword length. (b) 
The corresponding Huffian table of FigA(a). 

actlen 

Pi% 22 A I 1  2 

(b) 
Fig.5 (a) An SGH-tree and sIL is a incomplete subtree 
attached to the node ‘0’ of LB, and (b) The corresponding 
modified Huffman table of (a) and we assign two 
codewords, 01 11 and 01 10 to represent. 

However, SGH-tree structure cannot ensure all subtrees 
attached to the LB or RB are com lete For example, 
FigS(a) shows an SGH-tree and sI IS an incomplete 
subtree attached to node ‘0’ of the LB. Fig.5(b) shows the 
corresponding modified Huffian table of FigS(a), in 
which two codewords, 0111 and 0110, are assigned to 
represent symbol D. For this reason, we propose some 
processing steps to improve this shortage as follows. 
Before explaining the details, we give some properties of 
the Huffman tree, fmt. 

Property I: Consider any subtrees sI. sz, which are rooted 
from the main tree at the Same level. The tree afler 
swapping subtrees sI and sz will still be a Huffian tree 
with the same average codeword length. 

From Property I, we can swap subtrees s, and s2 for 
producing more complete subtrees attached to LB or RB, 
and therefore, reducing memory sue. 

Property 2 The codewords in a subtree rooted from the 
main tree at the level f have the same fmt (t+l) bits. 

From Properties 1 and 2, we can derive a way to save 
memory size. We denote the codeword corresponding to the 
symbol x of a Huffian code as c,, the actual length of c, as 
acflen(c,), the partition containing x as px and the longest 
codeword length inp, as /@J. If actlen(c,) < /@J it implies 
px is not complete, and we must use more than one 
codeword to represent a symbol x in the modified Huffman 
Table. The proposed approach involves the following 
processing steps: 

r: . 

Stepl: 

step2 

Step3: 

Construct an SGH-tree and the corresponding 
modified Huffian table which is sorted according 
to “actlen” for representing the source symbols. 
Search for two subtrees sI and s2 and swap them 
such that the required memory size is decreased. 
If the memory can not be reduced then Stop else 
go to Step2. 

The experimental results of applying the above approach to 
AM are shown in Table2. In Table2, we chosen some 
Huffian codeword tables from the MPEG4 sGndard [SI as 
the bench mark and calculated the waste of memory size of 
the three types of Huffman tree: MPEG-I original, 
SGH-based and our proposed Huffman tree. From the 
experimental results, it is easy to fmd that, our approach 
certainly reduces memory waste. Thus, in cooperating the 
Agganval’s ‘algorithm with the proposed data structure is 
not only effective in keeping the decoding time for a 
symbol be a constant but also reducing the memory 
requirement for decoding the Huffman code. 

4. Conclusions 

In this paper, we gave some performance analyses among 
existing efficient VLC decoding methods, and proposed an 
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I I I Memory-waste of Huffmno tables I ~71. 
MPEW Nomberof among three Huffman Trees 
Tables Codewords Propwed 

MPEG-4 SGH-based 
approach 

812 65 22 22 15 

813 I 13 0 
814 1 13 0 1  0 I o  

127 32773 I 22 14 

838 I 16 1 I 0 

839 1 512 I 16005 I 67 I 65 

B 4 o I  512 I 15874 I 140 I 10 

Table2. The comparison of  the memory waste of 
Huffman tables among MPEG-4, SGH-based and our 
proposed Huffman tree. 

SGH-based data structure to obtain a more memory 
efficient decoding algorithm. In cooperating with the 
Aggarwal’s algorithm, the proposed data structure spends 
constant time on decoding each symbol and needs the least 
memory sue  among all existing approaches. Huffian code 
has been included in almost all image and video coding 
standards, therefore, we believed that the proposed 
approach is useful for various multimedia coding 
applications, especially when the applications are 
conducted a memory bound devices. 
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