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ABSTRACT
Sorting and searching are the most fundamental problems in computer science. Sorting is used for most of the
times to help in searching. One of the most well known sorting algorithms that are taught at introductory
computer science courses is the classical selection sort.  While such an algorithms is easy to explain and grasp
at the introductory computer science level, it is far from being an efficient sorting technique, since it requires
0(n?) time to sort a list of n numbers. It does so by repeatedly finding the minimum. In this paper we explore
the benefit of reducing the search time for the minimum on each pass of the algorithm, and show that we can
obtain a worst case time bound of 0(n%/n) by making only minor modifications to the input list. Thus our
bound is a factor 0(3/n) of faster than the classical selections sort and other classical sorts such as insertion
and bubble sort.
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l. INTRODUCTION

Ever since the first computer was built the use of computers has multiplied many times and
respectively the size of data handled by these computers increased even more. In their manipulation of data
stored in these computer programmers had to find the most efficient way to retrieve these data. Sorting plays a
major role in this area. Few decades ago, sorting amounted to about half the time spent on data manipulations in
commercial applications. Indeed, sorting and searching are fundamental problems in computer science, and
nowadays there are thousands of sorting techniques and variations of these techniques in various guises.

The two main ordering of data is in ascending and descending order, but in doing so there may be other
criteria of importance [1], in addition to the running time efficiency. Such as:
e  Stability of the sort techniques: A sorting technique is stable if given a list of values, say a;, a, as, ..., a,
withsay a; = a; and i < j, then in the sorted list a; would appear before a; .
Sorting is performed in situ or an extra array is used.
Sorting is comparison based or not.
Space efficiency of the sort technique.
Best, Average, and Worst case time complexity of the algorithm used.
Amount of data movement, and data comparisons.

Some of the oldest techniques for sorting and still a favorable subject to teach an introductory
computing or programming courses are the Selection, sort, Bubble sort, and Insertion sort.  These sort
techniques share between them simplicity of implementation, sorting in place without using more than 0(1)
extra memory space, and gross inefficiency in the running time on large sets of data ( 0(n?) time in the worst
case.)

In bubble sort [2] adjacent elements are compared and swapped if they violate the required ordering.
The process is continued until no more swaps become necessary and the data is sorted. Insertion [3, 4] and
selection sorts [5] rely on the idea of sorted and unsorted lists. In insertion sort we start with the sorted list
containing only the first item in the list and the others are in the unsorted list. The items in the unsorted list are
inspected one by one and inserted into the right position in the sorted list. This process is continued until all
items have been sorted. In selection sort the sorted list is initially empty. We select the minimum of the
unsorted list and place it as the next item in the sorted list. Again, this process is continued until all data have
been sorted.
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Sort Properties

selection insertion bubble

Not stable Stable Stable

O(1) extra space O(1) extra space O(1) extra space

®(n®) comparisons 0(n®) comparisons 0O(n®) comparisons

B(n) swaps 0O(n?) swaps 0O(n%) swaps

Not adaptive Adaptive: O(n) time | Adaptive: O(n) when
when nearly sorted nearly sorted

Therefore, in general these techniques work by performing about n-1 passes in the worst case and in
each pass the largest or smallest element in the list is found and placed in the right position. In particular, for
selection sort the process of finding the minimum of the unsorted list keeps inspecting “almost” the same
elements that we inspected in a previous pass to find the largest or the smallest of these. Such time
inefficiency can be reduced by restricting the search in each pass to relatively small number of potential
minimum/maximum elements for that pass, depending on the required sort order. Moreover, the improved
Selection sort can sort the elements of the list in place without the need to use another array as may occur in
sorting techniques that use recursion.

In this paper, we present an improved worst case running time selection algorithm. We prove that it is
substantially better and with 0(v/n) factor of time improvement than the classical Selection sort technique.
Section 2 gives a brief background of the classical Selection sort and time analysis. It also presents the concept
of Improved Selection Sort (ISS) and the pseudo code as well as the theoretical time analysis of the algorithm.
Section 3 gives a comparison of time in the implementation of the classical Bubble, Insertion, and Selection sort
and the Improved Selection Sort algorithm.

1. CLASSICAL SELECTION SORT.
As mentioned earlier Selection Sort operates by having two lists one is the sorted list which is initially
empty and the other is the unsorted list which initially contains the input list of items. Selection sort performs a
maximum of n-1 passes over the unsorted list of n items, each time finding the minimum and appending it to the
sorted list. Selecting the minimum of the unsorted list of items and places it at the end of a sorted list of items.

selection_sort(int a[], int n) {
int aSize, minpos, i, tmp;
1| for (aSize = 0; aSize < n; aSize ++) { n+1
2 minpos=aSize n
3 for (i =1+ aSize; i <n; i++){ n(n+1)
2
4 minpos = a[i] < a[minpos] ? i : minpos; nn—1)
2
5 tmp = a[minpos]; n
6 a[minpos] = a[aSize - 1]; n
7 a[aSize - 1] = tmp; n
T}

Time Analysis of the Classical Algorithm.

The for loop in step 1 in the algorithm is used to build the sorted list where in the body of the loop the
minimum in the unsorted list is found and is placed at the end of the sorted list. This loop will be repeated n
times (actually one more to exit the loop).

The for-loop in step 3 will be repeated on the unsorted list to find the minimum item in the list. The
size of the list will decrease each time we find the min as it will be appended to the sorted list. Therefore, the
number of times this loop is repeated is:
M+-D]+1+n=-2]+[1+n-=-D]+[1+n-D]+[1+®n=5)]...+4[1+(n—n)] =

=11+ (m—Jj) = @ (Note: the extra 1 in the summation is to account for the iteration that breaks the
loop.
Step 4 is the body of the inner for loop and is thus executed }.7_;(n — j) = ”("T_l) times.

Steps 5, 6, and 7 are used to swap the minimum found by the inner for loop with the element in the
current position. These statements will be executed once in each iteration of the outer for loop and thus will be
executed n times each.
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Therefore, if we assume each instruction requires a constant time to execute, we see that the overall
running time of the algorithm is < c(1 + 5n + n?) for some constant ¢ > 0. It follows therefore that the
running time of the algorithm is 8(n?).

1. IMPROVED SELECTION SORT
While the original Selection sort requires 0(n?) operations in the best-average-worst case, we can
improve this bound substantially by the treating the array of n elements to be composed of 3/n consecutive
blocks each of size 3/n elements. We shall refer to these blocks as level 0 or L, blocks. More formally:

Definition: given an array, A[1..n], holding n elements,

1. We shall refer to all consecutive locations in the array starting from location 1 + i * n'/2 to (i + 1) * n/?,
for0 < i < n'/2 asthe ith level 0 (or L,) block.

2. The first element after all the elements of the sorted lists in the selection sort algorithm, or the leftmost
element of the unsorted list is referred to as the current element and the L, block to which it belongs is
called the current block.

3. All elements in the current L, block but not yet in the sorted list are referred to as right elements to the
current element.

4. All blocks in the unsorted list but not the current are referred to as the right blocks to the current block.

In selection sort we have two partitions: one sorted and the other unsorted. The use of blocks can
significantly improve the time for the selection of the minimum element of the unsorted list during each iteration
of Selection sort algorithm. The method we use to achieve this improvement requires that we always keep the
minimum of a block in the first location of that block. During each iteration we only search thru the current and
right items of the current block and the first element of each right block. We record the location of the
minimum element and its block number. After the iteration is completed we swap the minimum item with the
current item. We also find the new minimum of the block where the iteration minimum was found and swap it
with the first item in that block. Such an action guarantees that all right blocks contain the minimum of their
elements in the first position prior to the start of each iteration of the improved selection sort algorithm.

Algorithm:

Selection Sort (a[1..n])

Here a is the unsorted input list and n is the size of array. After completion of the algorithm array will become
sorted. Variable min keeps the location of the minimum value.

0. for crnt = 1 to no of blocks: find minimum of each block and interchange with first location of that
block.
/linitialize the blocks.
1. for crnt=1to n-1 /Isort the array starting from location 1.
{
2. Set min=a[crnt] /I find the min of the value at the current location
3. Repeat for count= 1+crnt to end of current block
if (a[count]<a[min]) /I and all right elements of the current block
Set min=count
End if
4. Repeat for each right block /l'and all right blocks
5. loc = first location of block
If (a[loc]<a[min])
Set min=loc
End if
/[at the end of the loop we have the min of unsorted list
6. locBlk =1 + min/ size of block; /lobtain the block number of location min
7. Interchange data at location crnt and min. / the minimum was found and is swapped with the item
8. min = element location of block locBIk /[ in current position.
9. Repeat for each element in the block whose number is locBlk after min
10. loc = element location in block /I make sure that the block from which the minimum
if (a[loc]<a[min]) // was obtained contains the minimum of the block
Set min=Iloc /I in its first location, by finding the minimum and
End if /l interchanging it with the element in the 1% location

/1 of the block.
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11. Interchange data at location min and the first location of the block locBIk
12.}

Brief description of the algorithm

Step 0 finds the minimum element in each block and interchanges it with the first element in that block.
Therefore, prior to step 1 all the blocks in the array would contain in the first position of the block the
minimum of that block.

Step 1 the main loop of the minimum selection in the selection sort algorithm

Steps 2 and 3 find the minimum element in the current block. Note that first position of a block contains the
minimum element of the block. When any of the other elements in the current block becomes the
current element block, it may not have the minimum of the block in that position initially.

Steps 4 and 5 find the minimum element in the entire unsorted list. The loop only inspects the first element in
each block to compare it with the minimum of the unsorted list so far.

Step 6 finds the number of the block where the minimum of the unsorted list was found. This value can be
easily obtained by dividing the location by the size of a block. The quotient is incremented by one to
allow the block numbers to start from 1.

Step 7 now we have the location of the minimum element of the entire unsorted list and therefore, we can swap
it with the current element.

Steps 9 to 11 now that the minimum of the entire unsorted list was swapped with the current element, the block
which contained that element before the swap may not have the minimum of the block in the first
position. Steps 9 to 11 find the minimum of the block and interchange it with the first element of the
block if need be.

Correctness of the ISS algorithm

Proposition 1. Before the start of each iteration of the main loop, each of the right blocks, if any, contains the
minimum of the block in the first position.

Proof. As explained earlier step 0 takes care of this proposition prior to the start of the sort process. The
proposition is violated only by a swap between the current element and the minimum of the entire
unsorted list. However, this possible violation is corrected by steps 9 to 11. ]

Proposition 2. At the end of each iteration of the main loop the current position contains the minimum of the
unsorted list.

Proof. The minimum of the entire unsorted list can only be in the first position in one of the right blocks or
one of the right elements in the current block or the current element itself. These are the only elements
the algorithm searches through to find the minimum. If we assume that it is another element in the
unsorted list then it must in a right block but not in the first position of that right block. However, this
would lead to a contradiction as per proposition 1 and the rule of maintaining the minimum element of
a block in the first position of that block. ]

Lemma 1. The improved Selection Sort algorithm correctly sorts the entire list in ascending order.

Analysis of algorithm

Step O iterates on all the blocks and for each block it finds the minimum and swaps it with the first
element of that block. The overall time is (number of blocks)*(size of each block)= (3/n)* (¥/n) = 0(n).
Step 3 would iterate for at most the size of a block = 0(¥/n)
Steps 4 and 5 only search through the first element of the right blocks. As there are at most 3/n right blocks, it
follows, therefore, that these steps require at most O (3/n) time in the worst case.
Step 6 is a mere swap and is performed in O (1) time.
Steps 8 to 11 search the block where the minimum of entire unsorted list was found. This time is at most
0(Vn).
It follows therefore, that each iteration of the main loop in the algorithm requires at most 0(¥/n) time.
Repeating the loop for n times gives us an upper bound of 0 (ni/n) operations.
Thus we have.

Theorem 1. The Improved Selection sort algorithm runs in 0 (ni/n) time in the worst case.

V. RESULTS AND DISCUSSIONS
The classical selection sort together with insertion and bubble sort were implemented and their
performance on the input was compared to obtain a “feel” of the time improvement of the modifications made in
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the Improved Selection Sort that was the subject of this paper. The algorithms were implemented in java. Prior
to the start of the sorting process the time was recorded, and similarly at the end of the process the time was
recorded. The difference of the two times was recorded for each of these sorting techniques.

Two types of inputs were used. The first was random numbers generated and the second was by
inputting numbers in reverse order to the required sort ordering, which should result in the worst case
performance for all the aforementioned sort techniques. The sample size was ranged from 5000 to 30000 in
steps of 5000. However, we expected the system’s time not to be highly accurate and therefore, an average of
the five executions was taken for each result.

The results are as follows:

a) Random Data b) Data in reverse order (worst case)
n 0SS | INS | 1SS | BBL n OSS | INS | ISS
5000 | 22 20 |1 64 5000 | 22 20 |1
10000 | 130 | 100 | 2 350 10000 | 146 | 100 | 4

15000 | 215 | 230 | 5 | 600 15000 | 223 | 200 | 53

20000 | 350 | 340 | 8 | 960 20000 | 354 | 300 | 10
25000 | 520 | 510 | 10 | 1420 25000 | 530 | 500 | 14
30000 | 780 | 800 | 14 | 2000 30000 | 820 | 750 | 18

The time is in milliseconds, and n is the size of the input data. It was obvious from the performance of
the sorting algorithms that Bubble sort had much worse performance time than the other methods for the
randomly generated data. It was therefore, not considered in the comparisons of the sorting techniques in the
worst case scenario.

It is obvious from the results that the improved selection sort is superior to the classical selection,
insertion, or bubble sort, supporting the theoretical results obtained earlier.

Performance of the classical selection sort (OSS), insertion sort (INS), and the improved selection sort
(1SS) is exhibited in the above diagram for data obtained using random number generator. The x-axis gives the
size of the data sorted and the y-axis gives the time in milliseconds.
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The second graph displays the performance of the sort algorithms in the worst case scenario.

V. CONCLUSION
An improved selection sort algorithm was presented and its performance was proved to be 8(ni/n).
This is 0(¥n) factor of improvement over the classical selection sort, insertion sort and bubble sort in the
worst case. A small sample of data was also obtained and the performance of these algorithms was analyzed.
The results supported the theoretical findings.
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