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ABSTRACT

This research proposes an efficient parallel algorithm for constructing Huffman codes on
CREW-PRAM model (Concurrent Read, Exclusive Write PRAM model) using BSR (Broadcasting
with Selective Reduction). This approach presents the efficient memory space as well as simplifies
the coding process. Time complexity of this efficient proposed parallel algorithm is O(log n) time
in the best case when the constructed Huffman tree is nearly balanced and O(n) time in the worst
case when the Huffman tree is in one-sided form. In addition, the Huffman codes of this approach
are generated with theoretical the same as those processed from the original Huffman algorithm.
Thus the results of this coding can be decoded by any efficient algorithm that supports the original

Huffman codes.
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Forall Processors P{1<i<n) pardo
INodes[i].freq < F[i]
INodes[i].leader < -1
CL[i1 <« 0

End Forall
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iNodesFront < 0
iNodesRear « 0
INodesCur < 0
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P; sets
mid €« {0 ,c0,0,00}

If (INodesCur<n-1)
mid[1] €« INodes[INodesCur+1].freq

If (INodesCur<n-2)
mid[2] €« INodes[INodesCur+2].freq

If (iNodesRear>iNodesFront)
mid[3] € iNodes[iNodesFront+1].freqg

If (iNodesRear>iNodesFront+1)
mid[4] €« iNodes[iNodesFront+2].freq

SelectMinimums(mid)

MinFreq € mid[1]+mid[2]
iNodes[iNodesRear+1].freq < MinFreq
iNodes[iNodesRear+1].leader < -1

If (isLeaf(mid[1]))
INodes[INodesCur+1].leader €« iNodesRear+1
CL[INodesCur+1]1++, INodesCur++

Else
iNodes[iNodesFront+1].leader ¢ iNodesRear+1
iNodesFront++

End If

If (isLeaf(mid[2]))
INodes[INodesCur+1].leader < iNodesRear+1
CL[/NodesCur+1]++, INodesCur++
Else
iNodes[iNodesFront+1].leader < iNodesRear+1
End If

A a =) o Ao = 9/ ] A i a
3. m@anauvyn Tﬂﬂmﬂﬂﬁm‘nﬂ%uﬂﬂu INodes.freq NUDEN IR TDVNNUAINUDVUD

Tnuavewlni Tasaudnhassmuion lvezgnaaaon1iluesisd copy

o ] Y
VUABUITN 2.4 Tunouds ludrumshendudn

Forall Processors Pi(INodesCur<i<n) pardo
If (INodes[i].freq < MinFreq)
Copyli-INodesCur].freq € INodesl[i].freq
Copy[i-INodesCur].index < i
Copy[i-INodesCurl.isLeaf €« true
If (i=n || INode[i+1].freg>MinFreq)
CurLeavesNum < i-INodesCur
End If
End If
End Forall
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P; sets
mergeRear ¢ iNodesRear
mergefFront € iNodesFront

If ((CurLeavesNum+iNodesRear-iNodesFront)% 2=0)
iNodesFront € iNodesRear
Else

If ((iNodesRear-iNodesFront!=0)&&
(F[/NodesCur+CurLeavesNum]iNodes[iNodesRear].freq))

mergeRear--
iNodesFront €< iNodesRear-1

Else
iNodesFront ¢« iNodesRear
CurLeavesNum--

End If

End If

INodesCur < INodesCur+ CurleavesNum
iNodesRear++

T ~ ' = o
5. afnlnuanemilmituuumy TasmssiuanuivosgaanFnluezisd Temp

. 1 1 ! 'y o ' "
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Forall Processors Pi(/NodesCur<i<n) pardo
ind € iNodesRear+i
iNodes[ind].freq € temp[2*i-1].freq+temp[2*i].freq
iNodes[ind].leader < -1

If (temp[2*i-1].isleaf)
INodes[temp[2*i-1].index].leader < ind
CL[temp[2*i-1].index]++

Else
iNodes[temp[2*i-1].index].leader < ind

End If

If (temp[2%*i].isleaf)
INodes[temp[2*/i].index].leader < ind
CL[temp[2*i].index]++

Else
iNodes[temp[2*i].index].leader &« ind

End If

End Forall

P; sets
iNodesRear <« iNodesRear+(TempLength/2)
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Forall Processors Py(INodesCur<i<n) pardo
If (INodes[i].leader |= -1)
If (iNodes[INodes[i].leader].leader = -1)
INodes[i].leader < iNodes[INodes[i].leader].leader
CL[/1++
End If
End If
End Forall
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Forall Processors Pi(1<i<n/2) pardo
LocalVariable < CL[i]
CL[n-i+1] €« LocalVariable

End Forall

P; sets
CCL& CLI 1]
CWI[1] <« bit string of CCL zeros
CDPI ¢ 1

While (CDPI<n)
Forall processors P(1<i<n) pardo
If (i>CDPI && CL[i]—-CCL)
CW[i)¢CW[CDPI]+(i-CDPI)
If (i<n && CL[i+1]!=CCL)
CDPI « §
Else be idle
End If
End Forall
End While

P; sets
CLDiff € CL[CDPI+1]-CL[CDPI]
CWI[CDPI+1] «(CW[CDPI]+1)*2~(CLDIff)
CCL ¢ CL[CDPI+1]
CDPI « CDPI +1

Forall Processors P{1<i<n/2) pardo
LocalVariable < CWI/]
CWI[n-i+1] €« LocalVariable

End Forall
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CLDiff < CL|CDPI+1] — CL|CDPI] lAwadnsAn CLDIff < 1=3-2

CW[CDPI+1] <-- (CW[CDPI]+1) * 27(CLDiff) IAHadNTAD CW[2]<—-“10” = 2 =(“00"+1)* 2°(1)
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(Merge BSR 1)

Procedure Merge_BSR_1(A, B: Sy; C:Say);
var j : integer;
procedure sort(k: integer);
var a: array[1..N] of integer;
s :array[1..N] of real;

j . integer;
begin
Forall Processors Pj(j :=1 to N) pardo
aljl+=0;
aljl := Z 1| Clk+i] < C[k+j1;
sl = aljl + (-1)/1;
alj] := X 1| s[il < s[jl;
Clk+alj]] := Clk+j1;
End Forall
end;
Begin

Forall Processors Pj(j :=1 to N) pardo
If j < n/2 Then C[j] := A[jl; CIN+j] := A[N/2 +j];
Else C[j] := B[j- N/2]; C[N+j] := B[j];
End If
End Forall
sort(0); sort(N); sort(N/2);
End;
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(Merge_ BSR_2)

Procedure Merge BSR_2(A, B: Sy; C:Say);
var Ind : array[1l..N] of integer;
j i integer;
Begin
Forall Processors (j :=1 to V) pardo
Ind[j] := 0;
Ind[j] := £ 1| B[i] < A[j];
CU + Ind[j]] := AL,
Ind[j] := 0;
Indlj] := Z1 | A[{] £ B[j1;
Clj+Ind[j]] := B[j1;
End Forall
End;
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Cl4+1]= C[5] := A[4]=6; Cl4+4]= C[8] := B[4]=7;
CI5+4]= C[9] := A[5]=8; C[5+5]= C[10] := B[5]=9;
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While (elements of Temp > 1) do
P; compute t € sum two minimums of Temp.freq
Forall Processors P; (j=1 to length(Temp)) pardo
a €21| t<Temp.freq[j] //number of elements which their value no more than t
End Forall
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End Forall
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//Condition for left sub-tree coding
ParHuffmanCodes(Temp.index, S.index, IntTemp.index, i*2-1,'0")

//Condition for right sub-tree coding
ParHuffmanCodes(Temp.index, S.index, IntTemp.index, i¥2,'1")
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Forall Processors P; (i=1 to la/2]) pardo

IntTemp.index[i] € c_index+i
IntTemp.freql[i] € Temp.freq[i*2-1] + Temp.freq[i*2]

//Condition for left sub-tree coding
ParHuffmanCodes(Temp.index, S.index, IntTemp.index, i*2-1,'0")

//Condition for right sub-tree coding
ParHuffmanCodes(Temp.index, S.index, IntTemp.index, i*2, ‘1")

End For
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End Forall
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Delete all elements in Temp that melded.
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Abstract

In this paper, we propose a new efficient parallel
algorithm for constructing Huffiman codes on CREW-
PRAM model using BSR (Broadcasting with Selective
Reduction). Our approach presents the more efficient
memory space as well as simplifies the coding
process.  Time complexity of our efficient proposed
parallel algorithm is O(log n) time in the best case
and O(n) time in the worst case, which is improved
over the existing parallel algorithm (O(log(log(n-
1))1)) in best case.

Keywords: Parallel Huffman coding algorithm, CREW-
PRAM model, BSR-PRAM.

1. Introduction

D. A. Huffman [1] presented the Huffman algorithm
for constructing the minimum redundancy (binary)
codes, corresponding to the occurrence probability of
each symbol in the (input) data file. Moreover,
Huffman coding has been widely using in compression
data, images, and video [2]. With dominant feature of
the Huffman coding, there are many developed
algorithms in sequential models and parallel models.

In sequential approach, R. Hashemian [3] proposed
an algorithm to speedup the searching process in the
Huffman tree by clustering and combining code-bits
for searching in a smaller look-up table. In [4], the
authors presented an algorithm for balancing of ‘0” and
‘I’ bits in encoded bit-streams for discussing the
problem of Huffman codes and reversible variable-
length codes (RVLCs). In addition, there are many
interesting related work about Huffman coding. A
technique was presented in [5] which define the
condensed Huffman table (CHT) that was smaller than
the ordinary Huffman table, and hence performed the
faster decoding because of the shorter search in the
CHT. The study in [6] and [7] introduced the
development for efficient memory in the single side
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Huffman table (SGHT), corresponding to the single
side Huffman tree (SGH-tree).

However, time complexity of the best sequential
algorithm for the Huffman codes construction was
Ofnlogn) (8], [9]. Therefore, the parallel approach of
Huffman coding was introduced to improve such
time complexity. The ES-ParHuff algorithm which
shown in [8] constructed the Huffman tree in parallel
and required O(n) time in the worst case and
O(log(1/pl}loglogn), where pl=w1/Y w, time in the
best case when the Huffman tfde was nearly
balanced. Y.-K. Lin and K.-L. Chung [10] proposed a
data structure to design a parallel Huffman decoding
algorithm in only O(¢l) time. In [9], the authors
proposed an efficient parallel algorithm for generating
Huffman codes in practical. That algorithm consisted
of two phases. First is to compute codeword lengths
for all symbols by using an innovation direct
parallelism. In the second phase, codewords for all
symbols, corresponding to codeword lengths in
previous phase were generated in parallel. That
parallel algorithm required Oflog(log(n-1))!) time in
the best case and O(n) time in the worst case, which
was smaller than that of the existing study in [1], [2],
and [8]. Both Huffman coding algorithms presented
in [8] and [9] applied the process of searching and
merging algorithms introduced in [11].

In this paper, we propose a new efficient parallel
algorithm for constructing Huffman codes on CREW-
PRAM model. We introduce the more efficient
memory space and simplify the coding process. In
particular, the partial codewords of all symbols are
generated during the construction of Huffman tree
without computing the codeword lengths. Moreover,
we applied the efficient broadcasting, called BSR
(Broadcasting with Selective Reduction) for parallel
merging [12]. Therefore, time complexity of our
efficient parallel Huffman coding algorithm for the
construction is only Olog n) in the best case when
the constructed Huffman tree is nearly balanced and
O(n) in the worst case when the Huffman tree is in
one-sided form.



The rest of this paper is organized as follows. In
section 2, we describe the original Huffman coding
algorithm and mention the related parallel algorithms.
Section 3 illustrates our proposed efficient parallel
Huffman coding algorithm along with a practical
example. Then performance analysis of our algorithm
is introduced in section 4. Finally, conclusion and
future study are mentioned in section 5.

2. Related Work
2.1 Huffman Coding Algorithm

The basic idea of the minimum redundancy code
algorithm, called “Huffman coding algorithm” [13,
[2] is selecting the first two minimum frequencies (or
probability of occurrences) of all (n) symbols in the
input list ({S;, Sy, S;, S4, Ss,..., and Sa}). For any
iteration, a new internal node (or a parent node) is
constructed by merging a couple selected (minimum-
frequency) nodes from the list. The [requency of the
new internal node is computed from the summation
of those two selected nodes. Then, the selected nodes
are removed from the list, while the new internal
node is inserted into the list. The above merging
process is reapplied until there is only one node
remaining in the list that is the root node. Such a
binary tree structure is called the “Huffman tree”. In
order to construct the “Huffman codes™ from this
tree, the coding process assigns the left node of any
internal node with bit ‘0’ and its right one with bit *1°
since the left one is smaller than the corresponding
right one. Finally, the (binary) Huffman code of each
symbol is generated by searching into the Huffman
tree starting from the root until reaching to each leaf
node. The feature key of the Huffman coding is that
the more frequency symbol, the shorter code
assigned.

2 1] 1
0 0 a s 0 1
CIGIGIY [0
S, S, S; Ss Ss Ss

Figure1. An example of the Huffman tree.

For example, a list of all (7 = 9) input symbols are
{S}, S,, S5, S, Ss, Ss, S, Sg, and Sg} and 1its
corresponding ordered frequencies are {2, 3, 3, 4, 4, 4,
8, 10, and 12}. After applying the above Huffman
algorithm, the Huffman tree was constructed as shown
in Figure 1. The corresponding Huffman codes and

their lengths for {S,, S,, S;, S, Ss, Sg, Sv, Ss, and Sy}
are {1000, 1001, 1010, 1011, 1110, 1111, 110, 00, and
01} and {4,4,4,4, 4,4, 3,2, and 2}, respectively.

2.2 PRAM models and BSR model

The purpose of developing parallel algorithms
using more processors is to process in higher speed
and less memory space than those of sequential
algorithms using only one processor. For simplify
parallel algorithms, the PRAM (Parallel Random
Access Machine) model is usually applied as an
abstract parallel computer model. Therefore to create
the generalized parallelism of Huffman coding, most
of parallel algorithms were proposed based on the
PRAM model [8], [9], [10], [11], [12], [13], [14], and
[15]. In general, there are 4 forms of the PRAM
model. The first one is EREW (Exclusive Read
Exclusive Write) PRAM model, which is originally
called Parallel Random Access Computer (PRAC)
[13]. In this model, no two processors can access to
the same memory location whether reading or writing.
The second model is ERCW (Exclusive Read
Concurrent Write) PRAM model. This model allows
many processors can write into the same memory
location at the same time but only one processor can
read, and hence it is not popular for developing
applications. The next model is CREW (Concurrent
Read Exclusive Write) PRAM model, which -is
popular to develop many applications. This model
allows more than one processors to read a value in the
same memory location at the same time but only one
processor can write. The last one is called CRCW
(Concurrent Read Concurrent Write) PRAM model.
In this flexible model, it is possible for several
processors to access (read or write) a value into the
same memory location at the same time [13).
Moreover, the study in [12] and [14] presented the
optimal computing result of some parallel applications
by using BSR (Broadcasting with Selective Reduction)
PRAM model, namely the Broadcast Instruction (BI).
The idea of the BSR-PRAM model was presented in
[15]. This model showed that its time was faster than
that of the CRCW-PRAM model because its relation
is many-to-many correspondence between memory
locations and processors. Then [12] showed optimal
parallel merging algorithm in O(7) time based on BSR
which presented in [15].

3. Proposed Parallel Huffman Coding
Algorithm

We propose a new efficient parallel Huffman
algorithm on CREW-PRAM model. Our algorithm
maximum requires n processors for an input file of »
symbols. In our efficient approach, we can simply
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generate both partial codewords of all symbols during
the construction of the Huffman tree, represented by
using an array. We also use the more efficient memory
space and the simpler coding process since our
approach does not require the computing of the
codeword lengths before generating the codewords.
In addition, in order to improve our time complexity we
apply the efficient broadcasting, called BSR, introduced
in for parallel merging [12] in our approach. Thus, this
new proposed algorithm can process in Oflog n) time in
the best case when the Huffman tree is nearly balanced
since in each cycle all pairs of elements can be melded
in parallel and Of#) time in the worst case when the
Huffman tree is in one-sided form since in each cycle
only one pair of elements can be melded.

Our parallel algorithm consists of two main steps,
which are the initial step and the construction of
codeword step. In the first step “preparing input
data™ in parallel by using n processors (see Figure.
2), the process starts with transferring frequencies
and a sequence number of all symbols into temporary
memory called a Temp queue structure. Then, assign
initial values to S queue structure for keeping codewords.
Create another /ntTemp queue structure, having similar
structure to that of the Temp queue, for keeping detail
of new internal nodes which created in each round.
Finally, assign the value of nto ¢_index. The ¢_index
represents an index (or label) of each of internal
nodes, which is constructed in each round.

The next main step (see Figure. 3) is to create the
Huffman tree (represented in array structure) and
corresponding codewords iteratively until only one
element remaining in the Temp queue that is the root
of the complete construction of the Huffman tree. In
the construction of codeword step, the parallel
generation of each new level in the tree is generated
and the corresponding partial codewords of all
symbols are increased one bit.

In each round, the process consists of two substeps,
which are creating intemal (combined) nodes and
assigning partial codewords. Initially in the first one
(creating internal nodes), processor P, computes a
summation of two minimum values from Temp. freq and
stores the result in a variable # and then broadcasts 7 to
all processors. Next, only processors that have the
number of elements in Temp.freq no more than ¢ arc
active in order to compute the partial codeword of each
symbol in parallel. For simplify the algorithm, assume
that a number of active processors, according to that
condition are equal to a. For all i=I to La/2] of active
processors (P;), new internal nodes are constructed by
computing the summation of Temp.freg at location i*2-
1 and /*2 then store them into /ntTemp freq at location i.
Corresponding indices of all new internal nodes are
¢_index+i, which is the label of each new internal
nodes, and store them into MntTemp. index.
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n € number of symbols
C index € n
Forall Processors P; (i=1 to n) pardo
Temp.index[i1€¢ i
Temp.freq[i] € frequency of symbol[i]
S.index[i] €« 0; S.cw[i] € nil
Create IntTemp queue which its length equal to Ln/2]
End For

Figure 2. The initial step.

While (elements of Temp > 1) do
Py compute ¢t € sum two minimums of Temp
and broadcast t to all processors
Assume a € number of elements which their
values in Temp.freq are not more than t
Forall Processors P; (i=1 to la/2J) pardo
IntTemp.index[i] € ¢_index+i
IntTemp.freq[i]¢Temp.freq(i*2-1]+Temp.freq[i*2]
// construct partial codewords
/[ 1. Assign ‘0’ to the left sub-tree
If (Temp.index[i*2-11<n) // leaf node
S.index[Temp.index[*2-1]}<IntTemp.index[/]
S.cw[Temp.index[i*2-1]] ¢ ‘0’
Else // internal node
Forall Processors Py(x=1 to length(S)) pardo
If (S.index[x] = Temp.index[i*2-1])
S.index[x] < IntTemp.index[/]
S.cw[x] € inserts ‘0" in front of old bits
End If
End For
End If
// 2. Assign 1’ to the right sub-tree
If (Temp.index[i*2]1< n) // leaf node
S.index[ Temp.index[i*2]] €« IntTemp.index[/]
S.cw[Temp.index[i*2]] < ‘1’
Else  //internal node
Forall Processors P,(x=1 to length(S)) pardo
If (S.index[x] = Temp.index[i*2])
S.index[x] € IntTemp.index]i]
S.cw[x] € inserts *1’ in front of old bits
End If
End For
End If
End For
¢ _index € ¢_index+ |la/2]
Delete all elements in Temp that were melded
Temp & Merge_BSR(Temp, IntTemp)
Delete all elements in IntTemp
“End While

Figure 3. The construction of codeword step.

Next in the sccond substep (constructing partial
codewords), the parallel process starts by checking
the indices of concurrent elements, that are melded.
If each combined node is left node and if its
Temp.index is more than n (that node is internal
node) then bit ‘0’ is inserted in front of its (old)
sequence of bits, stored in the S.cw queue and copy
the internal node’s index into its S.index. Otherwise
(or Temp.index < n ), it is a leaf node then we replace
‘0" into its S.cw and copy the internal node’s index
into its S.index. For all concurrent elements that are



right nodes, the similar process is performed accept
assigning ‘1’ bit (for the right node) instead of ‘0’ bit
(for the left node). Finally, all melded elements in the
Temp queue are deleted whereas all elements in the
IntTemp queue are merged into the Temp queue by
applying the optimal merging algorithm on BSR [12],
after that all elements in /ntTemp are deleted.

Input Symbols: S|, Sz, Si, Sa, Ss, Ss, 57, Sg, Se
Frequencies of symbols: 2, 3, 3, 4, 4, 4, 8, 10, 12
Initial Step

Temp.index |1 |2 |3 |4 |5|6|7]8]9
Temp.freq 21313444 (8]10]12
S.index 0Ojojofo|lo]JolofoTo
S.cw nil | nil | nil | nil | nil | nil | ail | il | ni
IntTemp.index n=9
IntTemp.freq Cc_index = 9

Figure 4. An example shows the initial step.

For example, the list of input symbols is the same as
that of the previous example presented in section 2. 1.
Start at initial step (see Figure 4) by transferring all
frequencies of symbols into Temp.freq and assigning an
index for each element in Temp.index. Set all elements’
values of S.index to be 0 and those of S.cw to be “nil’
and construct /ntTemp queue, which its. length is equal
to Ln/2]. Assign the initial value #=9 to c_index.

Temp.index 71819
Temp.freq 8 |10 |12
t=5,a=6,cindex =9 t=5
IntTemp.index 10§| 1 1P N
IntTemp.freq S\l 748 @ @ 5
S.index 1010 (11 (11]12]l12]lo oo
S.cw 1 1 0 1 nil | nil | nil

S Sz S3 Sa Ss Ss S; Sg So

After merged the Temp queue and IntTemp queue

Temp.index [ 10| 11| 7 [ 12| 8 9

Temp.freq 5 7 8 8 [ 10 | 12
C_index = 943 = 12 (a)

Active process = a = 6; (Temp.freq <t (=5))
11

OO

S; Sy Ss Ss

(b)

Figure 5. An example shows the 1% iteration of
construction of codeword step.

In the first round of the construction of codewords
(Figure 5), first processor (P;) computed a summation
of two minimum elements (2 and 3) of Temp.freq and
the result was stored in ¢ (=2+3=5) and t was
broadcasted to all processors. Then, every processor
compared the receiving ¢ with its frequency in
Temp.freg. Assumeg a number of elements, which their
values were no more than ¢ was equal to a, and hence

such a value of  was 5 and a value of a was 6. Next, all
La2] processors combined a couple elements of
Temp.freq for constructed a new internal node and
stored the combined results (2+3=5, 3+4=7, 4+4=8) into
IntTemp freq and assigned corresponding index
(c_index+i), namely, 9+1=10, 9+2=11, 9+3=12 and
stored them into [ntTemp.index. These processors
constructed partial codewords of corresponding symbols
that were melded frequencies, according to the following
conditions. If merged elements are not internal node (or
its Temp.index < n), then replace ‘0’ into S.cw for the
left node and replace ‘17 into S.cw for the right node
and also copy indices of these new internal nodes
(holded in /ntTemp.index[i]) into S.index. Thus in this
example, the contents of S.index and S.cw of the first
symbol (S1) were 10 (c_index+i = 9+1=10) and ‘0’
because it was the left node of the new internal which
its index are 10 and symbol S2 werel0 and ‘1’ because
it was the right node of the same internal node. In this
round, first six elements in S.index were 10, 10, 11, 11,
12, and 12 and its S.ew were “0°,“17,*0°, *1°, “0”,and ‘1"
Finally, elements which melded from Temp. freq and
Temp.index were deleted from Temp and elements of
IntTemp were inserted into Temp for computing in the
next round. All elements in /n/Temp queue were deleted
and updated the value of ¢ _index (since c_index=
c_index+|a/2)).

Temp.index
Temp.freg
t=12,a=6,c index = 12 t=12

IntTemp.index [13 ] 14 | 15 ‘@D_" ;
14 | 14

IntTemp.freq 12§16 | 22
15 .15

S.index 13 [I4SNwey 13 104
S.cw 0 jo1f1oj1t 10|11 ]0]o]1
BNz &S (5 58 s, S5 S

After merged the Temp queue and IntTemp queue
Temp.index | 13 | 14 | 15 | c_index= 12+3 = 15

Temp.freq 12 [ 16 | 22

(a)

Active process = a = 6; (Temp.freq <t (=12))

S; Sy Sy

Figure 6. An example shows the 2" iteration of
construction of codeword step.

In the 2™ round, the process performed the same as
that of the 1% round for leaf nodes; except some

" elements of Temp.freq melded were internal nodes

since their Temp.index were more than n (= 9). Thus,
in parallel for all processors (P,), if each child of each
new internal node is left node (since S.index[x]=
Temp.index[i*2-1]), then the process will insert “0” in
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front of their old bits in S.cw or insert ‘1’ if they are
right nodes (since S.index[x]=Temp.index[i*2]) and
replaced the index of their internal nodes into S.index
(e, 13, 13, 13, and 13 in the 1* to 4™ locations of
S.index). Insert ‘0" in front of old bits of the 1¥ and 2™
elements in S.cw because their parent nodes were left
nodes. Insert ‘1" in front of old bits of the 3 and 4"
elements in S.cw because their parent nodes were right
nodes and hence partial codewords of the 1% to 4%
symbols were “00”, “01”, “10”, and “11”. Similar
process was performed for the 5" to 9™ elements (see
Figure 6).

Temp.index 15 | £=28, a=3, c_index=15
Temp.freq 22 t=28

IntTemp.index | 16 @

IntTemp.freq 28
S.index 16 |16 | 16 | 16 | 16 16 116 115 | 15
S.cw 000001|{010|011|110{111[10 | O 1

5 57 S3 54 Ss Sg Sp Sz S
After merged the Temp queue and IntTemp queue
Temp.index | 15 | 16 | c_index — 15+1 = 16
Temp.freq 22 | 28

(@)

Active process = a = 3; (Temp.freq =t (=28))

Figure 7. An example shows the 3" iteration of
construction of codeword step.

Temp.index t=50,a = 2, c_index=16
Temp.freq t=50
IntTemp.index | 17 N
IntTemp.freq 50 @

S.index [ 17 | 179 W [ 32} 17 717 | BNk |55

S.cw 1000{1001]101011011{1110{1111| 110 00 01
S S; 55 Sa Ss Se 5; Sa Sy

C_index = 16+1 = 17
(a)

Active process = a = 2; (Temp.freq <t (=50))
17

59

Figure 8. An example shows the 4" iteration of
construction of codeword step.
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Next, the same process was reapplied in the 3™
round (see Figure7) until there was only one element
in IntTemp that was the root node in the 4™ round
(see Figure 8). In each iteration, the corresponding
subtrees, performed in parallel with a active process,
were also illustrated (in part (b)) including partial
codewords that are generated.

4. Performance Analysis

This section illustrates the time complexity analysis
of the proposed parallel Huffman coding algorithm, as
shown in the following theorems.

Theorem 1 The initial step (see Figure 2) performs
in parallel in O(/) time.

Proof. In the data preparation step, the process
performs by »n processors for n input symbols.
Clearly, assign the index of each symbol to each
corresponding processor in parallel is Of/) time.
Transfer the trequency of each symbol is also Of/) in
parallel. Finally, assign the initial value in the §
queue (into fields index and cw) can be processed in
parallel and hence they can perform in O¢/) time.

Theorem 2 Each cycle for constructing Huffman
code (see Figure 3) performs in parallel in O(/) time.

Proof. Each cycle of this algorithm contains many
mnstruction sets, which run in constant time. First,
processor P, computes the summation of two
minimum frequencies of Temp.freq and stores in ¢ in
O(1) time. Then ¢ is broadcasted in O(I) time. All
processors compare the receiving ¢ with all elements
in Temp.freg also take O(1) time. Next, all processors
P, (=1 1o Lar2]) process the following operations in
O(1) time, where a represents a number of elements,
which their values are no more than ¢ Such
operations are constructing a new internal node,
assigning 0 into /ntTemp.index, and also making
decision either left or right sub-trees, and inserting
the corresponding bit (‘0” or ‘1°) in front of its old
bit-strings. Also the decision of either leaf or internal
node operation for computing partial codewords is
also O(1) time. Finally, time to update the value of
c_index and time to parallel delete all elements in
IniTemp are O(1). Time to merge /ntTemp into Temp
using BSR algorithm presented in [12] is O(!) time.

Theorem 3 The total time complexity of the
performed parallel Huffman coding algorithm runs in
O(log n) in the best case and O(n) in the worst case.

Proof. Assume the construction of all codewords (in
Figure 3) performs in L cycles, which is equal to the
number levels in the completed Huffman tree. Therefore,



total time complexity is O(L), computed from O(Z(”]
since each level requires O(7) time (proved in Theorem 2).

In the best case, in each cycle all pairs of elements
in Temp can be melded in parallel. Therefore, the
process always has a half of elements (n/2, n/4, n/8, ...,
2, 1) remaining in Temp for the next round or there are
log n rounds to process until only one element
remaining in Temp. In this case, the Huffman tree is
nearly balanced. Thus time complexity of the best case
is Oflog n), derived as follows:

O(Ii‘:(l)ﬂ, +h, 4 o+ '”") (k‘if(lb loanJ

In the worst case, in each cycle there is no more than
one pair elements of Temp can be melded. Hence, the
number of elements in Temp is decreased by one (n-1,
n-2,n-3, ..., 3, 2, 1) for the next round or there are n-1
rounds to process until only one element remaining in
Temp. In this case, the Huffman tree is in one-sided
form. Thus time complexity of the worst case is Ofh)
time.

Finally, we showed the comparison of our algorithm
with existing algorithms in Table 1.

Table 1. The feature of the comparison of 3 algorithms.

Algorithms Space Complexity Time Complexity
ES-ParHuff B O(log(1/p1) loglogn)
Two-phase
practical parallel ¥ aays Oflog(log(n-1)})
Our algorithm 3 arrays O(log n)

5. Conclusion and -future work

We propose a new parallel Huffman coding
algorithm on CREW-PRAM model using BSR. Our
new approach has the following advantages. First,
our parallel algorithm has the more simplified coding
process and the more efficient utilized memory space
than those of the existing parallel Huffman coding
algorithms. Second, improved time complexity is
only Oflog n) in the best case and O(n) in the worst
case for n symbols using n processors.

In the future work, we will apply our parallel
Huffman coding algorithm to speed up the process in
other related applications such as the encryption data
(in the binary-code form) of the security study.
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