
CMSC 132:  Object-Oriented 
Programming II

Sorting
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What Is Sorting?

• !"#$%%$&'(#$#)"**()+,"&#"-#,+(./#,&#/".(#/0(),-,(1#"%1(%2
! 34.(%,)$*#"%1(%#
! 5(6,)"'%$07,)$*#"%1(%

! !"#$%&sequence  <! ! , ! " , …, ! ! >  of numbers.
• !"#$"#%0(%.4+$+,"&##8!"1#$!"2#$9 #$!%! : /4)7#+7$+##!"1 ! !"2

! … ! !" !"2
• ;6$.0*(

• Start ! 1   23   2   56    9     8    10    100
• End  ! 1    2    8   9   10   23   56   100
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Why Sort?

• A classic problem in computer science.

• <$+$#%(=4(/+(1#,&#/"%+(1#"%1(%
• e.g., list students in increasing GPA order

• Searching

• !"#-,&1#$&#(*(.(&+#,&#$&#$%%$>#"-#$#.,**,"&#(*(.(&+/
• Linear search:  average 500,000 comparisons
• Binary search: worst case 20 comparisons

• <$+$?$/(@#A7"&(#?""B
• Eliminating duplicate copies in a collection of records
• Finding a missing element, Max, Min
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Sorting Algorithms

! !"#"$%&'()!'*% +,--#")!'*%
! .(/"*%&'()!'*% !0"##)!'*%
! !"#$%&"#2$ !"#$%#&'()*%+,&-
! !"#$%&$'#()*+

• !"#$%&'()*#+',-'./' +(0&
, 1&23($%&4"5302%%()*#+36'7#(89%:#)02)2;2$%&

• <2%=&()*#+',-'>?.' +(0&
, <00 @@@'82) 5&8#53(")32=&+A&B2:C
, D4A2=&+E" 3"5+&BA2%=&36'A"E +"'*5"B#8& 3"5+&B4#%%'

5&3#%+C

10,000 3 sec 20,000 17 sec

50,000 77 sec 100,000 5 min
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Divide and Conquer

>@ F23&'823&G+A&'*5"$%&0'(3'302%%'&)"#;A 6'3"%=&B(5&8+%:

H@!(=(B& +A&'*5"$%&0'()+" +E" "5'0"5&' 3(0(%252)B'302%%&5
3#$*5"$%&03

I@ J&8#53(=&%:3"%=&+A&'3#$*5"$%&03'

.@ K"0$()& 3"%#+(")3'+"'+A&'3#$*5"$%&03
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Merge Sort

! <,C,1(#$&1#)"&=4(%#$*'"%,+7.
! D"%/+#)$/(E#FG&*"'&H
! I+$?*(

! .$,&+$,&#+7(#%(*$+,C(#"%1(%#"-#%()"%1/#J,+7#(=4$*#
C$*4(/

! K&04+E#LM@#N@#O@#LP@#O@#MQ#
! I+$?*(E#N@#O@#O@#LM@#LP@#MQ#
! 3"+#I+$?*(EN@#O@#O@LM@#LP@#MQ#
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Stable Sort Example
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Sort 
by 
name

Now, sort by section

L+2$%&M"+'L+2$%&



Merge Sort: Idea

MergeJ&8#53(=&%:'3"5+

!(=(B&'()+"
+E"'A2%=&3

FirstPart SecondPart

FirstPart SecondPart

A:

"#$%#%&'()*+
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Merge-Sort: Merge

Sorted Sorted

merge

A:

L: R:

Sorted
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Merge Example

L: R:1 2 6 8 3 4 5 7

A:
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i =0 j=0



Merge Example

L: R:

1

1 2 6 8 3 4 5 7

A:
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i =1 j=0



Merge Example

L: R:

21

1 2 6 8 3 4 5 7

A:
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i =2 j=0



Merge Example cont.

1 2 3 4 5 6 7 8

L:

A:

3 5 15 28 6 10 14 22

R:
1 2 6 8 3 4 5 7

i =4 j=4

k=8
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Merge sort algorithm

MERGE- SORT A[1 . . n]

L2 K-#&R#L@#1"&(2
M2S()4%/,C(*>#/"%+#' T#L#2#2#"&UM#V$&1#' T#

"&UM#WL#2#2#&$V#2
,- ! &'()' " +7(#M/"%+(1#*,/+/2

Key subroutine: MERGE
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Merge sort (Example) 
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Merge sort (Example) 

CMSC 132 Summer 2020 16



Merge sort (Example) 
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Merge sort (Example) 
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Merge sort (Example) 
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Merge sort (Example)
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Merge sort (Example)
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Merge sort (Example)
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Merge sort (Example)
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Merge sort (Example)
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Merge sort (Example)
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Merge sort (Example)
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Merge sort (Example)
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Merge sort (Example)
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Merge sort (Example)
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Merge sort (Example)
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Merge sort (Example)
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Merge sort (Example) 
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Merge sort (Example)
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Merge sort (Example)
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Analysis of merge sort

MERGE- SORT A[1 . . n]

!" #$%! &%!'%()*+"
," -+./0123+45%1)06%" 7%!%"%"%"! 8,# 9

:*(%" 7%"! 8,#;!%"%"%!#9%"
!" “Merge” 6<+%, 1)06+(%42161

T( n)

Q(1)

2T( n/2)

Q( n)
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Analyzing merge sort

T( n) =
Q(1) if n = 1;

2T( n/2) + Q( n) if n > 1.

$=! >%&%Q=! 4?! >%%%%%%%=*%@%!>%
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Recursion tree

Solve T( n) = 2 T( n/2) + cn, where c > 0 is constant.

cn

cn/4 cn/4 cn/4 cn/4

cn/2 cn/2

Q(1)

É

h = log n

cn

cn

cn

#leaves = n Q( n)

Total = Q( n log n)

É
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Memory Requirement

3((1/#$11,+,"&$*#&*")$+,"&/#?()$4/(#,+#,/#1,--,)4*+#+"#
.(%'(#+J"#/"%+(1#/(+/#,&#0*$)(

L: R:1 2 6 8 3 4 5 7

A:
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Merge Sort Conclusion

N O&5;&'L"5+G'PQ! "#$ ! R

N 23:0*+"+(82%%:'$&2+3'()3&5+(")'3"5+'()'+A&'E"53+'823&

N D)'*528+(8&6'0&5;&'3"5+'$&2+3'()3&5+(")'3"5+'4"5'! -'IS "5'3"

N L*28&'5&7#(5&0&)+G'

N PQ! R6')"+'(),*%28&
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!"#$%&'(
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Heapsort

• .)'/)#%&'(#($0)#$%#12! 3&/#! 4#56(#%($33#')76$')%8#
()09&':'$3;8#! )<(':#%(&':/)#3&=:($&>%

• "#$%&'() *&)%#>&(#')76$')#:>;#:**$($&>:3#%(&':/)
• "%#$(%#>:0)#$093$)%8#?):9%&'(#6%)%#:#?):9#(&#%(&')#(?)#

:'':;
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Heapsort Algorithm
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>@ D)3&5+'&28A'=2%#&'45"0'+A&'2552:'+"'$&'3"5+&B'()+"'2'*5("5(+:'7#&#&'
Q0(),A&2*R@

H@LE2*'+A&'4(53+'&%&0&)+'"4'+A&'%(3+'E(+A'+A&'4()2%'&%&0&)+@'!&85&23&'
+A&'8")3(B&5&B'52);&'"4'+A&'%(3+'$:'")&@'

I@ K2%%'+A&'3()9QR'4#)8+(")'")'+A&'%(3+'+"'3()9'+A&')&E'4(53+'&%&0&)+'+"'(+3'
2**5"*5(2+&'()B&T'()'+A&'A&2*@'

.@ U"'+"'3+&*'QHR'#)%&33'+A&'8")3(B&5&B'52);&'"4'+A&'%(3+'(3'")&'
&%&0&)+@



Trace of Heapsort

89

76 74

37 32 39 66

20 26 18 28 29 6
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Trace of Heapsort (cont.)

89

76 74

37 32 39 66

20 26 18 28 29 6
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Trace of Heapsort (cont.)

89

76 74

37 32 39 66

20 26 18 28 29 6
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()*+,-./-!,*01.)2- (cont.)

6

76 74

37 32 39 66

20 26 18 28 29 89
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()*+,-./-!,*01.)2- (cont.)

76

6 74

37 32 39 66

20 26 18 28 29 89
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Trace of Heapsort (cont.)

76

37 74

6 32 39 66

20 26 18 28 29 89
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Trace of Heapsort (cont.)

76

37 74

26 32 39 66

20 6 18 28 29 89
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Trace of Heapsort (cont.)

76

37 74

26 32 39 66

20 6 18 28 29 89
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Trace of Heapsort (cont.)

76

37 74

26 32 39 66

20 6 18 28 29 89
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Trace of Heapsort (cont.)

76

37 74

26 32 39 66

20 6 18 28 29 89
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Trace of Heapsort (cont.)

29

37 74

26 32 39 66

20 6 18 28 76 89
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Trace of Heapsort (cont.)

74

37 29

26 32 39 66

20 6 18 28 76 89
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()*+,-./-!,*01.)2- (cont.)

74

37 66

26 32 39 29

20 6 18 28 76 89
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()*+,-./-!,*01.)2- (cont.)

74

37 66

26 32 39 29

20 6 18 28 76 89
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()*+,-./-!,*01.)2- (cont.)

74

37 66

26 32 39 29

20 6 18 28 76 89
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()*+,-./-!,*01.)2- (cont.)

74

37 66

26 32 39 29

20 6 18 28 76 89
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()*+,-./-!,*01.)2- (cont.)

28

37 66

26 32 39 29

20 6 18 74 76 89
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()*+,-./-!,*01.)2- (cont.)

6

18 20

26 28 29 32

37 39 66 74 76 89
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K")+()#&'#)+(%'&=&5:+A();'3"5+&B



',341456-27,--!,*01.)2-#86.)4279
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N V28A'&%&0&)+'5&0"=&B'E(%%'$&'*%28&B'2+'+A&'&)B'"4'+A&'2552:@
N WA&'A&2*'*25+'"4'+A&'2552:'B&85&23&3'$:'")&'&%&0&)+



Analysis of Heapsort

• @)=:6%)#:#?):9#$%#:#=&093)()#5$>:';#('))8#$(#?:%#3&/#!*
3)A)3%

• @6$3*$>/#:#?):9#&B#%$C)#! ')76$')%#B$>*$>/#(?)#=&'')=(#
3&=:($&>#B&'#:>#$()0#$>#:#?):9#D$(?#3&/#! 3)A)3%

• E:=?#$>%)'(#2&'#')0&A)4#$%#123&/#! 4

• F$(?#! $()0%8#56$3*$>/#:#?):9#$%#12! 3&/#! 4
• G&#)<(':#%(&':/)#$%#>))*)*
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:;4+<1.)2

• H)A)3&9)*#$>#IJKL

• M6$=N%&'(#%)3)=(%#:#%9)=$B$=#A:36)#=:33)*#:#9$A&(#:>*#
'):'':>/)%#(?)#:'':;#$>(&#(D&#9:'(%#2=:33)*#%$()+'!+!,4
• :33#(?)#)3)0)>(%#$>#(?)#3)B(#%65:'':;#:')#3)%%#(?:>#&'#

)76:3#(&#(?)#9$A&(

• :33#(?)#)3)0)>(%#$>#(?)#'$/?(#%65:'':;#:')#3:'/)'#(?:>#
(?)#9$A&(

• O?)#9$A&(#$%#93:=)*#5)(D))>#(?)#(D&#%65:'':;%

• O?)#9'&=)%%#$%#')9):()*#6>($3#(?)#:'':;#$%#%&'()*
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Merge sort vs Quick Sort
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!" #$ %& '' () )& $# "% && #"

!" #$ %& '' () )& $# "% && #"

3*%(+

!" '' %& () #$ )& $# "% && #"

3"5+'5&8#53(=&%:

!" '' "% %& () && )& #" #$ $#

0&5;&

O&5;&'3"5+'



Merge sort vs Quick Sort
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!" #$ %& '' () )& $# "% && #"

!" %& '' () "% #$ )& $# && #"

L*%(+''Q3025+6'&T+52'E"59'A&5&R

!" '' "% %& () && )& #" #$ $#

3"5+'5&8#53(=&%:

O&5;&'(3')"+')&8&3325:

XY'Z[ -'Z[



()*+,-./-:;4+<1.)2

44 75 23 43 55 12 64 77 33
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()*+,-./-:;4+<1.)2- (cont.)

44 75 23 43 55 12 64 77 33

*(="+
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i j

move i if a[i] > pivot
move j if a[j] < pivot



()*+,-./-:;4+<1.)2- (cont.)

44 33 23 43 55 12 64 77 75

*(="+
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i j

Swap(a[i],a[j])



()*+,-./-:;4+<1.)2- (cont.)

44 33 23 43 55 12 64 77 75

*(="+
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( \

Move i if a[i] > pivot
Move j if a[j] < pivot



()*+,-./-:;4+<1.)2- (cont.)

44 33 23 43 12 55 64 77 75

*(="+
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( \

Swap(a[i],a[j])



()*+,-./-:;4+<1.)2- (cont.)

44 33 23 43 12 55 64 77 75

*(="+
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(\

Move i if a[i] > pivot
Move j if a[j] < pivot



()*+,-./-:;4+<1.)2- (cont.)

44 33 23 43 12 55 64 77 75

*(="+
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(\

Break if i >= j



()*+,-./-:;4+<1.)2- (cont.)

12 33 23 43 44 55 64 77 75
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(\

Swap(pivot,a[j]

One iteration is done



()*+,-./-:;4+<1.)2- (cont.)

12 33 23 43 44 55 64 77 75
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J&8#53(=&%:'3"5+'4(53+'2)B'3&8")B'3#$2552:'



()*+,-./-:;4+<1.)2- (cont.)

12 33 23 43
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*(="+

( \

Move i if a[i] > pivot
Move j if a[j] < pivot



()*+,-./-:;4+<1.)2- (cont.)

12 33 23 43
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*(="+

(\

Break if i >= j



()*+,-./-:;4+<1.)2- (cont.)

12 33 23 43
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*(="+

(\

Swap(pivot,a[j]

Second iteration for left half is done



()*+,-./-:;4+<1.)2- (cont.)

12 33 23 43
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J&8#53(=&%:'3"5+'3&8")B'3#$2552:



()*+,-./-:;4+<1.)2- (cont.)

33 23 43
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*(="+

( \

Move i if a[i] > pivot
Move j if a[j] < pivot



()*+,-./-:;4+<1.)2- (cont.)

33 23 43
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*(="+

(\

Break if i >= j



()*+,-./-:;4+<1.)2- (cont.)

23 33 43
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*(="+

(\

Swap(pivot,a[j]

Another iteration is done



()*+,-./-:;4+<1.)2- (cont.)

23 33 43
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Subarray to sort



()*+,-./-:;4+<1.)2- (cont.)

12 23 33 43 44 55 64 77 75
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J&8#53(=&%:'3"5+'+A&'3&8")B'3#$2552:'

L"5+&B



Quick Sort Algorithm
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/* quicksort the subarray from a[lo] to a[hi] */

void sort(Comparable[] a, int lo, int hi) {
if (hi <= lo) return;
int j = partition (a, lo, hi);
sort(a, lo, j - 1);
sort(a, j+1, hi);    

}   



Partition

CMSC 132 Summer 2020 85

// partition the subarray a[ lo..hi ] so that a[lo..j - 1] <= a[j] <= 
a[j+1..hi]    
// and return the index j.    
int partition (Comparable[] a, int lo, int hi) {

int i = lo;
int j = hi + 1;
Comparable v = a[lo];
while (true) {

// find item on lo to swap
while ( less(a[++ i ], v ))

if ( i == hi) break;
/* find item on hi to swap */
while ( less(v, a[ -- j]))

if (j == lo) break; 
// check if pointers cross
if ( i >= j) break;
exch (a, i , j);        

}        
// put partitioning item v at a[j]
exch (a, lo, j);        

// now, a[lo .. j - 1] <= a[j] <= a[j+1 .. hi]        
return j;    

}



#5*8=141-./-:;4+<1.)2

• PB#(?)#9$A&(#A:36)#$%#:#':>*&0#A:36)#%)3)=()*#B'&0#(?)#
=6'')>(#%65:'':;8

• (?)>#%(:($%($=:33;#?:3B#&B#(?)#$()0%#$>#(?)#%65:'':;#D$33#
5)#3)%%#(?:>#(?)#9$A&(#:>*#?:3B#D$33#5)#/'):()'

• PB#5&(?#%65:'':;%#?:A)#(?)#%:0)#>605)'#&B#)3)0)>(%#
25)%(#=:%)48#(?)')#D$33#5)#3&/#! 3)A)3%#&B#')=6'%$&>

• "(#):=?#')=6'%$&>#3)A)38#(?)#9:'($($&>$>/#9'&=)%%#$>A&3A)%#
0&A$>/#)A)';#)3)0)>(#(&#$(%#=&'')=(#9&%$($&>Q ! 0&A)%

• M6$=N%&'(#$%#12! 3&/#! 48#R6%(#3$N)#0)'/)#%&'(
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#5*8=141-./-:;4+<1.)2- (cont.)

• "#76$=N%&'(#D$33#/$A)#A)';#9&&'#5)?:A$&'#$B8#):=?#($0)#(?)#
:'':;#$%#9:'($($&>)*8#:#%65:'':;#$%#)09(;-##

• P>#(?:(#=:%)8#(?)#%&'(#D$33#5)#12! 24

• S>*)'#(?)%)#=$'=60%(:>=)%8#(?)#&A)'?):*#&B#')=6'%$A)#
=:33%#:>*#(?)#)<(':#'6>T($0)#%(:=N#%(&':/)#')76$')*#5;#
(?)%)#=:33%#0:N)%#(?$%#A)'%$&>#&B#76$=N%&'(#:#9&&'#
9)'B&'0)'#')3:($A)#(&#(?)#76:*':($=#%&'(%-
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If Pivot is the largest or smallest 
value
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',341,>-$*)2424.5-#86.)4279

• "#5)(()'#%&36($&>#$%#(&#9$=N#(?)#9$A&(#A:36)#$>#:#D:;#(?:(#$%#
3)%%#3$N)3;#(&#3):*#(&#:#5:*#%93$(
• S%)#(?'))#')B)')>=)%U#first, middle, last

• V)3)=(#(?)#0)*$:>#&B#(?)%)#$()0%#:%#(?)#9$A&(
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()*+,-./-',341,>-$*)2424.5456

10 75 23 43 90 12 64 77 50
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()*+,-./-',341,>-$*)2424.5456- (cont.)

10 75 23 43 90 12 64 77 50

middlefirst last
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()*+,-./-',341,>-$*)2424.5456- (cont.)

50 75 23 43 10 12 64 77 90

middlefirst last
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O29&'+A&'0(BB%&')#0$&5'*(="+



Sorting Algorithm Comparison

Name Best Averag
e

Worst Memory Stable

*+,,-./0123 n n2 n2 ! 4.5

0.-.63718/
0123

n2 n2 n2 ! 81

985.23718/
0123

8 n2 n2 ! 4.5

:.2;./0123 nlogn nlogn nlogn n 4.5

<+76=/0123 nlogn nlogn 82 log n 81

>.?@/0123 nlogn nlogn nlogn ! 81
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