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Abstract. In most parallel agorithms, inter-processor communication cost is
much more than computing cost within a processor. So, it is very important to
reduce the amount of inter-processor communication. This paper presents the
design and experiment of a new communication-aware parallel quicksort
scheme for distributed-memory multiprocessor systems. The key idea of the
proposed scheme is the weighted partition of processors, which enables not
only less inter-processor communication but also better load balancing among
the participating processors during the quicksort. The proposed scheme was
designed and experimented on the Cray T3E parallel computer. According to
the comparative performance measurement, for up to 64 processors, the pro-
posed scheme results in about 40 ~ 60 percent shorter run time compared to
the conventional parallel quicksort. That is mainly due to the small amount of
inter-processor communication that results from the weighted partition and al-
location of processors. The performance improvement is more substantial as
the number of processors, the input size, and the input item size increases.

1 Introduction

Sorting is a fundamental operation that appears in many computing applications; it
rearranges a list of input numbers in non-decreasing (or non-increasing) order. In
any sequential sorting, the best performance is bounded to O(n log n) which is
achieved by two well-known algorithms: mergesort and quicksort [1]. Quicksort [2-
3] is often the best practical choice for sorting because it is remarkably efficient on
the average and the constant factors hidden in the O(n log n) notation are quite small.
The best-case performance of quicksort is O(n log n) and it is proven to be the same
as the average performance while the worst-case performance of quicksort is O(n?)

(1.



Since O(n log n) is optimal for any sequential sorting algorithm that does not use
any special properties for the input patterns, the best parallel time complexity we can
expect for a sequential algorithm using n processors is O(n log n) / n = O(log n).
Leighton [4] demonstrated an O(log n) sorting algorithm with n processors based on
an algorithm by Ajtai, Komlos, and Szemeredi [5], but the constant hidden in the
order notation was extremely large. Bitton et a. [6] published an extensive survey
paper on paralle sorting. Akl [7] wrote a book devoted entirely to parallel sorting
algorithms, which describes 20 different parallel sorting algorithms. The outcome of
al thisinvestigation isthat arealistic O(log n) algorithm with n processors is a goa
that will not be easy to achieve [8].

For parallel computer systems, some parallel sorting algorithms have been newly
developed. On the other hand, the parallelized version of the sequential sorting algo-
rithms has been also researched and used more actively than the newly devel oped
parald sorting algorithms [8]. We also focus on the parallelized algorithm of
sequential sorting. In particular, our work concentrates on quicksort, which is
popular and effectively used in many computing areas. It has been implemented on
several well-known architectures such as hypercubes [9-10]. Jelenkovic and Omecen-
Ceko [11] presented some experiments with multithreading in paralld quicksort. In
order to speed up the computation-intensive tasks of sorting, a dedicated hardware
solution was researched [12].

In most parallé algorithms, inter-processor communication cost is much more
than computing cost within a processor. So, it isvery important to reduce the amount
of inter-processor communication. This paper proposes a communication-aware
parallel quicksort scheme that is suitable for distributed-memory multiprocessor
systems. The key idea of the proposed scheme is the weighted partition of processors,
which enables not only less inter-processor communication but also better load bal-
ancing among the participating processors during the quicksort. We implemented
the proposed scheme in C language using MPI APIs and ran it on the Cray T3E
parald computer. We then measured the performance of the proposed scheme and
compared it with that of the conventional parallel quicksort [8]. According to our
extensive performance measurement, for up to 64 processors, the proposed scheme
resultsin about 40 ~ 60 percent shorter run time than the conventional scheme. This
improvement is primarily due to the small amount of inter-processor communication
that results from the wei ghted partition and allocation of processors, compared to the
conventional approach. The performance improvement is more substantial as the
number of processors, the input size, and the input item size increases. In addition, a
more balanced partition of input numbers to participating processors is achieved.

The rest of the paper is organized as follows: Conventional parallel quicksort is
reviewed in the following section. Section 3 presents the proposed communication-
aware parallel quicksort scheme with examples. Experiment and performance results
are discussed in Section 4. Finally, conclusion is covered in Section 5.



2 Reated Work

Quicksort divides a list of input numbers into two sublists by choosing a pivot and
moving the numbers smaller than the pivot into one list and the larger numbers into
the other list. The algorithm then recursively sorts the sublists by choosing a new
pivot and subdividing each of the sublists. If an input number is smaller than the
pivot, it is placed in the left sublist. Otherwise, it is placed in the right sublist. The
pivot could be any input number in the list, but often the first number in the list is
chosen.

Quicksort is based on the divide-and-conquer concept, which consists of partition-
ing and merging. The partitioning is the major time-consuming part of quicksort,
whereas the merging phase is very smple. The procedure is repeated on the parti-
tioned sublists recursively. By repeating the procedure recursively, we are left with
sublists of one number each. With proper merging (combining) of the sublists, a
sorted list is obtained.

The code of quicksort can be formed as follows:

qui cksort(list, start, end)

if (start < end) {
partition(list,start, end, pivot);
qui cksort(list, start, pivot-1);
qui cksort(list, pivot+l, end);

}

}
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Fig. 1. Examples of the conventional parallel quicksort.

The function parti ti on() moves numbersin the list between start to end
so that those less than the pivot are before the pivot and those equal to or greater
than the pivot are after the pivot.

One obvious way to parallelize quicksort isto start with one processor and pass on
one of the recursive calls to another processor while keeping the other recursive call
to perform. In the tree structure of parallel quicksort, the pivot is carried with the | eft
list until the final sorting action. The conventional parallel quicksort algorithm is
well described in [8], and two examples of this algorithm are shown in Fig. 1.

As Fig. 1 revedls, in general, the tree structure in quicksort may not be perfectly
balanced. The sort tree becomes unbalanced if the pivots do not divide the lists into
equal sublists. When we choose the first number in a sublist as the pivot, the original
ordering of the numbers being sorted is the determining factor in the speed of the
quicksort.

3 Design of a Communication-Aware Parallel Quicksort

As mentioned earlier, the key idea of the proposed scheme is the weighted partition
and allocation of processors, which enables not only less inter-processor communica-
tion but also better load balancing among the participating processors during the
quicksort. Initially, the master processor takes the input list. By default, the master
processor has the lowest processor identifier (i.e., Py) among the participating proc-
eSs0ors.

Let the number of input items that are less than the pivot and the number of input
items that are greater than the pivot be N. and Ng, respectively. Let the partition
composed of input items that are less than the pivot and the partition composed of
input items that are greater than the pivot be P_ and P, respectively. Then, at each
level of recursive partitioning (tree operation), the proposed parald quicksort oper-
ates asfollows:



(1) Partition the processors into two subpartitions by
the ratio of N to Ngz in the non-decreasing order of
processor identifiers;

(2) Send the smaller of P. and Pg to the first processor
in the other subpartition w thout the current proces-
sor.

The rest parts of the proposed scheme are the same as the conventional parallel
quicksort [8], that is, the proposed scheme partitions the participating processors into
two groups by the ratio of the size of two sublists and assigns (sends) the smaller of
the two sublists to the other group without the current processor. We implemented
the proposed scheme in C language using MPI APIs on the Cray T3E parallel com-
puter, and the experiment results are discussed in Section 4.

Given an input list and processors, the proposed scheme minimizes the amount of
inter-processor communication. As Fig. 2(a) shows, in the worst case, this scheme
remarkably reduces the number of messages transferred between processors. More-
over, due to the weighted partition and allocation of processors, the communication
cost is reduced and the parallelized computation is more balanced among participat-
ing processors. It results in the shorter run time of the proposed paralel quicksort
compared to the conventional one.
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(b) For ahighly balanced input pattern
Fig. 2. Examples of the proposed communi cation-aware parallel quicksort.

Fig. 2 reveals the following: (i) for the worst-case input patterns, the proposed
scheme outperforms the conventional one, (ii) for the best-case input patterns, the
proposed scheme has the same performance as the conventional one, and (iii) for
most of general input patterns, the proposed scheme also outperforms the conven-
tional one. Thus, we can conclude that our approach is better than the conventional
paralld quicksort.

For aworst-case input pattern, in the conventional parallel quicksort in Fig.1, the
inter-processor communication cost is 18 and four out of eight processors are effec-
tively used during the sorting, where the inter-processor communication cost repre-
sents the normalized amount of data transferred among processors. On the other
hand, in the proposed parallel quicksort, the inter-processor communication cost is 7
and all the eight processors are effectively used, resulting in better performance.

4 Experiment and Performance Evaluation

In order to evaluate the performance of the proposed scheme and compare it with
that of the conventional scheme, we implemented and ran both schemes on the Cray
T3E parallel computer system in C language using MPI APIs. We then measured the
run time of the two parallel quicksort schemes.
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Fig. 3. Performance of parallel quicksort schemes (input item size = 4 bytes).

In our practical measurement, the input patterns were randomly generated and
then the execution time was measured by an in-line timing check function inserted
into the quicksort programs. Since both quicksort schemes used randomized input
patterns, we can conclude that a reasonabl e average performance was obtained in our
measurements. Note here that, during the run time, the inter-processor communica-
tion cost could not be measured separately from run time; however, it is inherently
included in the run time.

Fig. 3 shows the execution time of the two parale quicksort schemes, which were
measured for input sizes of 5,000,000 and 10,000,000, where each input item is 4
bytes long. As the figure shows, the proposed parallel quicksort sorts the same size
problem in shorter time than the conventiona parallel quicksort. For instance, for 64
processors, the proposed scheme is faster than the conventional scheme by factors of
1.35 and 1.50 for the input sizes of 5,000,000 and 10,000,000, respectivey. When
few processors (up to 4) are used, the performance gain is small, because the differ-
ence between the two schemesis negligible for a small number of processors.
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Fig. 4. Performance of parallel quicksort schemes (input item size = 8 bytes).



Fig. 4 shows the same performance metric as depicted in Fig. 3 except that each
input item is 8 bytes long. In this case, for 64 processors, the proposed scheme is
faster than the conventional one by factors of 1.43 and 1.61 for the input sizes of
5,000,000 and 10,000,000, respectively. From Fig. 3 and 4, it is clear that the per-
formance s better astheinput item size increases. Thisis mainly due to the fact that
the communication cost increases as the input item size increases but the proposed
scheme is more communication-efficient than the conventional one. Conclusively,
the performance improvement is more substantial (i) as the number of processors
increases, (ii) astheinput sizeincreases, and (iii) the input item size increases.

5 Conclusion

In this paper, a new communication-aware parallel quicksort scheme has been pre-
sented and discussed, which was implemented on the Cray T3E parallel computer in
C language using MPI APIs. The key idea of the proposed scheme is the weighted
partition of processors, which enables not only less inter-processor communication
but also better load balancing among the participating processors during the quick-
sort. According to the extensive experiment results, the proposed scheme reduces the
sorting time by 40 ~ 60 percent for up to 64 processors and is more communication
efficient than the conventional scheme. The performance improvement is more sub-
stantial asthe number of processors, the input size, and the input item size increases.
This effect is mainly due to the weighted partition and allocation of processors. In
addition, a more balanced partition of input numbers to participating processors is
achieved.

In the near future, the proposed scheme will be implemented on a Linux-based PC
cluster system using the MPI interface. In cluster systems, since most interconnec-
tion networks (i.e., clustering networks) are much sower than the dedicated proprie-
tary interconnection networks used in massively parallel multicomputers, it can be
easily inferred that the performance gain is more improved.
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