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What Is Sorting?

o HSY0SE (HSH) () + "t #,+ (I, &HI" (#10() -, (1#"% 1 (%2
| 34.(%,)$*# %L (YoH
| 5(6,)"%$07,)$*#'%1(%
L 1"#$%&equence <!, !., ..., !> of numbers.
o 'HS"HY0(%0. 4+$+,"QHRGISLHS HSI00 [A)THHTSIRH I,
|l 12
*: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?

L HNGR"H () %48, =" R — (0, )4, 4,1

o <$+$HY(=A(/+(LH,&H"Yo+(1H" %1 (%
J121880'80/4, 08" " H) 08 . 2"56 1'%)4,)

7,048 .2

o 1" QIHSEH(*((&+H,EHSEHSYYS>H -HSH. "8 (*(.(&+]
', U)'&, W)#8:"%: ,)%2,"500,000 #*— (%)'&* _&
< U0)="8, W)HB:">*)0HAG, "20 #*— (%)'&* &

o <$+$2S/(@HAT &(H?"B

28— U0 2"A7 (SN, "R (8" S, B R R #0) 48

A4 288" 2" 8, —, . BUCIB".
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Sorting Algorithms

1"H'$9%8& ()1 % + - #")10g
("%8& ()% 10" #)1"* 0%
| I"HS%& S 1"HSYHE () Yo+, &-
C "HS%&S H()+
10,000 3 sec 20,000 17 sec
50,000 77 sec 100,000 5 min

- "HI%&' (), - +(0&

,  1&23($%&'5302% ¢ #+367#(89%#)02)2;2$%&
. L%=&*#+',-'>?." +(0&

, <00 @&@W5&8#53(")32=&+A&B2:C

. DA2=&+E" 3"5+&BA2%=&8A"E +"*5"B#8& 3"5+&Bl#%%'
5&3#%+
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Divide and Conquer

>@ F23&'823& +A&*5"$%&0'(3'302%Y4t;A 63"%=8(5&8+%:

H@!(=(B& +A&™*5"$%&0+" +E" "5'0"5&' 3(0(%23)B'302%%&5
3#$*5"$%&03

|@ J&8#53(=&98"%=&A&'3#$*5"$%&03'

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

I <,C1(#$&1#)"&=4(%#$*""%,+7.
' D"%/+#)3/(E#&G &H
L 1+$?2%(
l.$,&+3,&#+7 (#% (*$+,C(#H"%1(%#"-#%()"Y1/#I,+ T#(=4%*;
C*4(/
| K&O4+E#LNIQ # NG Q#
 [+$?7*(E#N@R#LM @#LP @#MQ#
| 3"+#|+$?7*(EN@#LM @#LP @#MQ#
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Stable Sort Example

(Dave, A)

(Alice, B) Sort

(Ken, A) by

(Eric, B) e

(Carol, A)

Now, sort by section

(Carol, A)
(Dave, A)
(Ken, A)
(Eric, B)
(Alice, B)

M"+'L+2%%&
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(Alice, B)
(Carol, A)
(Dave, A)
(E'mc B)
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Merge Sort: Idea

FirstPart

SecondPart

(=(B&()+" A:
+E""A2%=&3
FirstPart

\

SecondPart

J&8#53(:&%:'3"5W

"HSYHY& () +
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Merge-Sort: Merge

Sorted

merge

Sorted Sorted
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Merge Example

1
=0
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Merge Example
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Merge Example
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Merge Example cont.
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Merge sort algorithm

MERGESORT Aa[l.. 1

L2 K-#RA@#1"&(2

M2 S()4%/, C(*>#/"YoFHL#281THNS&LHT #
" QU WV L# B2

- L&) " T %+(1#*, /42

Key subroutine: MERGE
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Merge sort (Example)

3
I - l\
V4 . s N\
V4 - s’ S
F 4 \ ’ N\
- —— - AN
| Yo Yo Yo 1
fF N F A | f N f N\
F A ¥ A\ F A F s\

F % F Y F 4 s ¥ L 3
Pl SV L T Ll Ll S L ra~ s~ s
| ' ) ) ) L L I \
\-# \-# \-d’ \J--ll’ \q-dll" \-#’ \-d" \l-cll'
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Merge sort (Example)

96
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Merge sort (Example)
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(1 7 31 96 5(@

¥ |
s N\
’ N
’ \
g o
[ Yo 1
f N f N
F Y F s\
F s F %
wd — — —
=™ ™ s V
) i 1 o :
\q--d’ \q-d’ \q-ill" \n--l’
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Merge sort (Example)

(l 7 31 96 5 ()))

¥

T ey, e e, e e e

& Y
’ Y
’ Y
- e

/--- -—— '-- -——

i Vo 1

F b Y F A\
F 4 % ¥ 4 %
[~ 4 — ~ | =9
r ] ] p - ,r ™~
[ LI | LI LI i
‘q-#’ \q-#’ \-lll' \n-c'
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Merge sort (Example)
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(l 7 31 96 S(-D

\~~~
\\
'-——————*———————\
i |
¥ |
LT L L L L L L
’ \
& Y
I’ \\
,---ﬁ--‘ ’---‘---‘
] 1
f i
f N f N
F i b Y 4 A
F 4 s F i %
i -— wd -
r= ™ ro ™ Y Y
1 | | ]
| I | I
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Merge sort (Example)

26
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Merge sort (Example)
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¥ 4
s S
s A
s A
A —
i Yo 1
f N fF A\
F Y F LY
F 4 s F L 3
wd — wd —
5™ ™ F F B
) L ' L \
\q-d’ \q--d' \q-d" \Q-ill'
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Merge sort (Example)

(l 7 31 96 S(D)

¥ 4
s’ N\
’ A
’ N\
a A
[ Yo 1
f N ¥ N
F Y F 4 s
F s\ ¥ 4 %
wd — — —
Y Y B ¥ B F B
[ L L | Yo i
\q-#’ \q--ll’ \A-al’ \l—-’
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Merge sort (Example)
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Merge sort (Example)

( (1 7 31 96 S(D)

((24 \w) ) I\ ;

& N\
s N\
s N\
: N\
[ Yo A
f N ¥ N
F Y F 4 s\
F 4 s\ F L 3
[~ 4 uh wdl =9
=™ F F F B
| L L Yo i
\q-d’ \q--l’ \A-lll' \Q-a'
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Merge sort (Example)

CD, ) T |

i

~
“®)
&
’-
-
’—
|
Y
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Merge sort (Example)

( (l 7 31 96 5(@

'-------—‘---—---—\

D PR :

U4 A Y
’
’ A Y
K4 S
t v i
i A\ £ O
I ! 7 s
! ‘ 4 )
-— i -— —
Y S Y S Y Y S
I Yo Yo Yo %
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Merge sort (Example)
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Merge sort (Example)

( (l 7 31 96 S(D

-
~~
‘\
-~
I--------"—-------\
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-,
U4 N\
’ S
V4 %
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Merge sort (Example)

)
@ }
T4 A
¥ 4 \
’ S
‘, \h
- . - -— ’--- - .y
( [ I\ ]
S o e e e e . L --,
7"\ 77 %
r ’ N
F % 7 %
-y ,-*q ’-" ’-f-.
" | 1 " | !
o - L \l-- L
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Merge sort (Example)
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(l 7 31 96 S(D)

Y
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Merge sort (Example)
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Merge sort (Example)

¥
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Merge sort (Example)




Merge sort (Example)

ofefeteYeteYete



Analysis of merge sort

T( 1) MERGESORT 2[1.. 1]
o) " #3%& %0%()*+"
27( nl2) S -+./0123+45%1)06%%6" %%
o( 1) *(%"' 7 %8 ,#!1%"WHI
" 'Merge 76<+94)06+(%42161
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Analyzing merge sort

O1) if n =1;
T( n) = {
2T(nl2) + O(n)if n >1.

$4 >%R% 47! >%%%%%%%=*%@%!>%
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Recursion tree

Solve T(n)=2 T(n/2)+ cn,where ¢ >0 Isconstant.

cn cn
C’I]/Z / \ Cn/2 _____________________ cn

h =log n 4 N / N
cnl4 cnl4 cnl4 cnl4d cn

/
‘LL/ \LLI
/

o1 L #leaves = n J ______________________________ O( n)
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Memory Requirement

S((L/#$11,+,"&S&F")S+,"&I#? () D4/ (#,+#,/#1,-- ) A*+H#+"#
(%0 (H+0"#"Yo+(L# (+1#,&#0*$)(

A:
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Merge Sort Conclusion

N 0&5:&L"5+®Q "#$! R
N 23:0%+"+(82%%:'$&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"% "5'3"
N L*28&'5&7#(5&08)+G'
N PQ R6)"+()*%28&
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CMSC 132 Summer 2020

40



Heapsort

Y DHYE& (H(S0)HSYH 12 3&/# AH#56(H%($33#')76$') % 8#
()09&''$3:8# )<(:#%(&'"/)H3&=:($&>%

COHS%&'() *&)VoH>&(H)TES > HB(S&>: 3HY(&")

. "OOHS(YoH>:0)HS093$)%08#?):0%8&, (H6%) Yo #?): O (&HY% (&)
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Heapsort Algorithm

>@ D)3&5+'&28A'=206#8&'45"0'+A&'2552:'+"$&'3"5+&B' ()+" 2 *5 ("5 (+: THEHE
Q0(),A&2*R@

H@ LE2* +A&'4(53+'&%&0&)+"4'+A&'%(3+'E(+A'+A&'4()2%'8%8&08&) +@'1 &8
+A&'8")3(B&5&B'52):&"4'+A&'%(3+'S:")&@'

1@ K2%%'+A&'3()9QR'4)8+(")")+A&'%(3++"3()9'+A&)&E'4(53+ &% &08&)-
255218 (\B&T' () +AL'A&2* @'

@ U"+"3+&*QHR'#)%&33'+A&'8")3(B&5&B'52);&"4'+A& ' %(3+'(3")&.
89%&0&)+@
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Trace of Heapsort

89

76 74

37 32 39

20 26 18 28 29 6

(] (1] (2] (3] (41 ([s] (6] (71 (8] ([9] [10] [11] ([12]

89 76 | 74 37 32 39 66 20 26 18 28 29 6
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Trace of Heapsort (cont.)

@

76 74

37 32 39

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

@

76 74

37 32 39

20 26 18 28 29 6
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()*+,-./-1,*01.)2-

(cont.)

76

37 32

20 26 18
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74

39

66
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()*+,-./-1,*01.)2-

(cont.)

37 32

20 26 18
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76

39

74

66
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Trace of Heapsort (cont.)

76

37 4

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

76

37 4

26 32 39

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

76

66

37 4
26 32 39
20 6 28 29
(0] [1] (2] (3] [4] [5] (6] (7] (8] [9] [1e] ([11] ([12]
76 | 37 | 74 | 26 | 32 | 39 | 66 | 20 | 6 | 18 | 28

-
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Trace of Heapsort (cont.)

@

37 4

26 32 39

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

@

37 4

26 32 39

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

29

37 4

26 32 39

20 6 18 28
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Trace of Heapsort (cont.)

74

37 29

26 32 39

20 6 18 28
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()*+,-./-1,*01.)2-

(cont.)

37

26 32

20 6 18
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74

39

28

66

29
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()*+,-./-1,*01.)2-

(cont.)

37

26 32

20 6 18
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74

39

28

66

29
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()*+,-./-1,*01.)2-

(cont.)

37

26 32

20 6 18
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39

28

66
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()*+,-./-1,*01.)2-

(cont.)

37

26 32

20 6 18
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@

39

28

66

29
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O*+,-./-1,*01.)2- (cont.)

28

37 66

CMSC 132 Summer 2020

29

59



O*+,-./-1,*01.)2- (cont.)

K")+(H#&'H#)+(%'&=&5:

@

@@
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' 341456-27,--1,*01.)2-#86.)4279

(e (11 (21 (31 (4] ([s1 (6] (71 (8] [9] [10] [11] [12]
89 76 | 74 37 32 | 39 66 20 26 18 28 29 6

(0] (1] (2] (3] (4] (5] (6] (7] (8] ([9] [10] [11] [12]
76 | 37 | 74 26 32 39 66 20 6 18 28 29 -

(] [1] (2] (3] (4] (s] (6] (7] (8] [9] ([10] [11] ([12]

74 37 | 66 26 32 39 29 20 6 18 28 -

(] [1] (2] (31 (4] (5] (6] (7] (8] (9] ([1e] [11] ([12]

N V28A'&%&08&)+580"=8&B'E(%%'$&*%288&B'2+'+A&'&)B"4'+A&'2552
N WA&'A&2**25+"4'+A&'2552:'B&85&2383'$:") &' &%&0&)+
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Analysis of Heapsort

@)=:6%)#:#7?):9#$%#:#=&093) J#5$>:":#() ) SHS(#?: Ya#3&/#
3)A)3%

. @6$3*$>/#:#7): 91 &BHUIPTRS ) Vot BS>*$>/#(?)#H=&")=(#
3&=:($&>HB&'#:>#S()O#S>#:#7?): 9#DS(?BPRY2Y%
E:=?2#$>%)"(#2&'#') 0&A ) AHIR0BAE /4

. FS(?# $()0%8#5633*$>/#.#7).948%B&/H# 4

. G&H)<(:#% (& #HPY#H>))*)*
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4+<1.)2

H)A)3&9)*#$>#IIJKL
. MB3=N%&'(#%)3)=(%##%9)=IBS=#A:36)#=:33)*#.#9FA& (7
N SN%H(2)HHSS (&#(DE&H: (%#2=:33)*80$()+'1+!,4
o 33#(?)#)3)0)>(%#I>#(?)#3)B(#%65:":;#:")#3)%%#H(?:>#&
)76:3#(&H(?)HIOPA&(
o 33#(?)#)3)0)>(%HI>H(?)#'S/?(#%65:":;#:.V#3: ) #(?:>#
(?)#IPA&(
o O?)#H9PA&#HIWHI3:=)*#5)(D))>#(?)#(D&#%65:":;%
. O?)#9'&=)%%#$%#)9): ) *#6>($3#(?2)#: " #$%H#%&'()*
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Merge sort vs Quick Sort

0&5;&'3"5+

m#S & |t |0 D& |$% "% |&& |#"
/ 3*%(+\

#S | %& 0 )& | $# |"% |&& |#"
3"5+'5&8#53(=&%:

%& | () #$ )& |[$# |"% | && | #"

0&5;&

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

" #S | %& 0 D& |$# |"wn |&& |#"
L*06(403025+6'&T+52'E"59'A&5&R
XY'Z] 7]
%& |" |0 |"% # )& | $H# | && |#"
3"5+'5&8#53(=&%:
"% | %& | () && )& |# |#$ |$#
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()*+,-./-:;4+<1.)2

44 75 23

CMSC 132 Summer 2020
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55

12

64

77

33
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()*+,-./-:;,4+<1.)2-

(cont.)

44 75 23 43

CMSC 132 Summer 2020

55

12 64 77 33

move i if a[i] > pivot
move j if a[j] < pivot
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()*+,-./-,;,4+<1.)2-

(cont.)

CMSC 132 S

mmmmm

2020

| |

44 33 23 43 55 12 64 77 U5

i — ]

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

*(:“+
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()*+,-./-:;,4+<1.)2-

(cont.)

44 33 23 43

CMSC 132 Summer 2020

55 12 64 77 75

( \

Move i if a[i] > pivot
Move j if a[j] < pivot
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()*+,-./-,;,4+<1.)2-

(cont.)

CMSC 132 S

mmmmm

2020

|

44 33 23 43 12 55 64 77 75

*(:“+

( \

Swap(a[i],a[]])
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()*+,-./-:;,4+<1.)2-

(cont.)

44 33 23

CMSC 132 Summer 2020

.

12 55 64 77 75

\

_—>

Move i if a[i] > pivot
Move j if a[j] < pivot
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()*+,-./-,;,4+<1.)2-

(cont.)

CMSC 132 S

mmmmm

2020

|

44 33 23 43 12 55 64 77 715

*(:“+

Vo

Break if i >= j
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()*+,-./-:;4+<1.)2-  (cont.)
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|

12 33 23 43 44 55 64 77 75
Vo

Swap(pivot,alj]

One iteration is done
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()*+,-./-:;4+<1.)2-  (cont.)

12 33 23 43 44 55 64 77 75

L ] o ]
1 1

J&BH#53(=&%:'3"5+'4(53+'2)B'3&8")B'3#$2552:"
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()*+,-./-:;4+<1.)2-  (cont.)

|

12 33 23 43

Ar i ( \
FE Move i if a[i] > pivot

Move j if a[j] < pivot

CMSC 132 Summer 2020

75



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

(cont.)

CMSC 132 S

mmmmm

2020

|

12| 33 | 23 | 43
— \] (

—

*(:"+

Break if i >= j
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()*+,-./-:;4+<1.)2-  (cont.)

|

12 33 23 43
—\]

—

Swap(pivot,alj]

*(:"+

Second iteration for left half is done
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()*+,-./-:;4+<1.)2-  (cont.)

12 33 23 43

J&8#53(=&%:'3"5+'3&8")B'3#$2552:
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()*+,-./-:;4+<1.)2-  (cont.)

33 23 43

T

Move i if a[i] > pivot
Move j if a[j] < pivot
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(O)*+,-./-;4+<1.)2-  (cont.)
i \ (

CMSC 132 S

mmmmm

2020

*(:"+

Break if i >= j
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()*+,-./-:;4+<1.)2-  (cont.)

*(="4 Swap(inOt,a[j]

Another iteration is done

CMSC 132 Summer 2020
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()*+,-./-:;,4+<1.)2-

(cont.)

23 | 33

CMSC 132 Summer 2020

43

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

12 23 33 43 44 55 64 77 75

L"5+&B

J&8#53(=&%:'3"5+'+A&'3&8")B'3#$2552:"
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Quick Sort Algorithm

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

void sort(Comparable[] a, int o,
If (ni <=1o) return;
Int j= partition (a, lo, hi);
sort(a, lo, | - 1);
sort(a, J+1, hi);

CMSC 132 Summer 2020
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Partition

I partition the subarray a[ lo..hi ] so that aJlo..|
afj+1..hi]
// and return the index |.
int  partition (Comparable[] a, int lo, int hi){
int 1 =lo;
int j=hi+1;

Comparable v = a[lo];
while (true) {
// find item on lo to swap
while ( less(a[++ i],v ))
if (1 ==hi) break;
/* find item on hi to swap */
while ( less(v, a| =)
if (j ==lo) break;
Il check if pointers cross
if (1 >=j)break;

exch(a, 1,));
}
// put partitioning item v at a[j]
exch (a, lo, j);
Il now, aflo .. j - 1] <=alj] <= a[j+1 .. hi]
return j;

}

CMSC 132 Summer 2020
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#5*8=141-./-:;4+<1.)2

. PB#(?)H#OSA&(H#A:36)#SYok #':>*&O#A: 36)#%6)3)=()*#B'8&0#("
=6")>(#%065:":;8
o (?2)>#%(:($%($=:33;#?:3B#&B#(?)#$() 0%#$>#(?)#%65:":

5)#3) %Yot (?:>#(?)#OSA&(#:>*#72:3B#D$I3#5)#/'):()'

. PB#5&(?#%65:"::%#7?: A)#(?)#%:0)#>605) #&B#)3)0)>(%#
25)%(#=:%)48#(?)" ) #D$33#5WIMBY#&BH#)=6'%$&>

L U(H)=7H)=6'%$&>#3)A)38#(?)#9: ($($&>$>/#9'8=) % %HS>A
0&AS>/#)A)':#)3)0)>(#(&H#S(Yo#=&")=(#9& YR $83&A) %
MBS=N%&' (AEY6RE&/# ATREY (HISN)H#0)' /) H%E&. (
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#5%8=141-/-::4+<1.)2- (cont.)

. "HTBS=NE (HDSIHISA)A) HO&S HE)?: AS& HEBBH): =2#($
o H#S00H: ($($&>)*8H:H%65: " #SYoH) 09 (;-##

P>#(?:(#=.%)8#(?)#%&' (#DEZ3#8)#

L SSF)'H(2)%)H=$'=60%(:>=)%8H#(?)H&A)'?) *H&BH)=6'%$A)#
=:330%#: >*#(?)#)<(:#'6RS0)#%(:=N#Y6(&' /) #') 765 ) H#5;#
(?)%)#=:33%#0:N)%#(?$%#A) %$&>H&BHT6$=NY& (#:#9&
0)'B&'0)'#)3: (SAVH(8H(?)HT6:*:($=HY%&' (%-
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If Pivot Is the largest or smallest
value

pivot [first] [last]

down up
pivIndex
pivot [first] [1ast]

- 85160 (40 | 75 | 81 | 80 | 50

up
down
After swap
pivot [first] [1ast]
- 50 | 60 |40 | 75 | 81 80!
up
down

CMSC 132 Summer 2020 :
pivIndex



' 341,>-$%)2424.5-#86.)4279

. H5)(()'HY&36($ESHSYH(8HOS=N#(?)HOSAL (HA: 36)#S>#:H#T
3)%%#3BN) 3;#(&#3): *#( & #5:*#%93%H(
o S%)#(?N)#)B))>=)%U#irst, middle, last
o V)3)=(H#(?)H0)*$:>H&BH(?)%)#S()0%#: Yott(?)HOISA&(
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O*+,-./-',341,>-$*)2424.5456

CMSC 132 S

mmmmm

2020

10

75

23

43

90

12

64

77

50

90
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(cont.)

CMSC 132 S

mmmmm

2020

first

middle

last

i

75

23

43

90

12

64

77

50

91



O*+,-./-',341,>-$*)2424 .5456-

(cont.)

CMSC 132 Summer 2020

first

middle last
50 | 75 | 23 | 43 10 | 12 | 64 | 77 | 90

029&'+A&'0(BB%E& ) #0$&5*(="+

92



Sorting Algorithm Comparison

Name

*+,,-./0123

0.-.63718/
0123

985.23718/
0123

:.2:./0123
<+76=/0123
> ?2@/0123

CMSC 132 Summer 2020

Best

nlogn
nlogn
nlogn

nlogn
nlogn
nlogn

Worst

nlogn
82
nlogn

Memory

log n

Stable

4.5
81

4.5

4.5
81
81

93



