Section 3
CSCI E-22

Will Begin Shortly

Big O notation

e Constant multipliers do not “affect” big O
o 600n? and 0.00005n? are both O(n?)

e Lower order terms do not “affect” big O
o 2"+ n'% s still O(2")

e General ordering of functions, from slowest-growing to fastest:
o 0O(1)<O(log n) < O(n) < O(nlog n) < O(n?) < O(n*) < O (¢") < O(n')
¢ > 1, k> 2 constant




Matrix multiplication

e Fortwo n x n matrices A and B, the product C is another n x n matrix where each
element is obtained by multiplying elements of A row-wise with B column-wise,
adding up the individual products:

A col 1 B col 1 C
80,0|90,1|%02|%0,3|F04 bo,o b0,1 bo,z b0,3 b0,4 C0,0|C0,1[C0,2| 03| Co,4
A10|91,1|812|313| 314 b1,o b1,1 b1,2 b1,3 b1,4 C10/€1,1(C12]C13|C14
850|921 |822( 823|824 X bz,o b2,1 b2,2 b2,3 b2,4 = |C20(C21]C22|C23|C24

row3 |83(85183,|835|85, b3,o b3,1 b3,2 b3,3 b3,4 row 3 |C341C311C32|C33|C34
A40|941|842]%3|%4 b4,0 b4,1 b4,2 b4,3 b4,4 C40Ca1(C42|C43|Ca4
C3,1 = a3,0 % b0,1 a3,1 X b1,1 a3,2 X b2,1 aS,3 X b3,1 a3,4 X b4,1

Matrix multiplication

e Fortwo n x n matrices A and B, the product C is another n x n matrix where each
element is obtained by multiplying elements of A row-wise with B column-wise,
adding up the individual products:

A col 1 B col 1 C
85,0|80,1|0,2|30,3| 30,4 bo,o bo,1 bo,z bo,3 b0,4 C0,0{%0,1{%0,2|C03|C04
A10|811]|812|813| 814 b1,o b11 b1,2 b1,3 b1,4 C10[C1,1]{C12(C13(C14
850|821 822| 823|824 X bz,o b2,1 b2,2 b2,3 b2,4 = [C20[C21[C22[C23|C24

row 3 CRYN 83 1835853185, bs,o b3,1 b3,2 b3,3 b3,4 row 3 |C30]C34]C32|C33(C34
A40|941|842|843| 44 b4,0 b4,1 b4,2 b4,3 b4,4 C40[C41(C42(C43[Cs4
c,,=f a,. xb a,,xb a,.xb a,,xb

31 - 3,1 1.1 3,2 2,1 3,3 3,1 34 4.1




Matrix multiplication

e Fortwo n x n matrices A and B, the product C is another n x n matrix where each
element is obtained by multiplying elements of A row-wise with B column-wise,
adding up the individual products:

A col 1 B col 1 C
80,0|90,1|%02|%0,3|F04 boo| P01 [Po2|Pos|Pos C0,0|C0,1[C0,2| 03| Co,4
A10|91,1|812|313| 314 b, o KB D1 5| by 5(P1 4 C10/€1,1(C12]C13|C14
850|851 (32| 823]34 X |Pyg[Pr1|ban(Pos|brs| = |Cr0[Co1[Ca2|Co3[Coa

row3 |83 ICRPN 83,83 5(85, b3,o b3,1 b3,2 b3,3 b3,4 row 3 |C341C311C32|C33|C34
A40|941|842]%3|%4 b, |04 (Psz|Psz|Pss C40Ca1(C42|C43|Ca4
C3,'| = a3,0 X b0,1 a3,2 X b2,1 a3,3 X b3,1 a3,4 X b4,1

Matrix multiplication

e Fortwo n x n matrices A and B, the product C is another n x n matrix where each
element is obtained by multiplying elements of A row-wise with B column-wise,
adding up the individual products:

A col 1 B col 1 C
85,0|80,1|0,2|30,3| 30,4 bo,o b0,1 bo,z bo,3 b0,4 C0,0{%0,1{%0,2|C03|C04
A10|811]|812|813| 814 b1,o b1,1 b1,2 b1,3 b1,4 C10[C1,1]{C12(C13(C14
850|821 822| 823|824 X b2,0b2,2 b2,3 b2,4 = [C20[C21[C22[C23|C24

row 3 83|83 ; CEPY 833185, bs,o b3,1 b3,2 b3,3 b3,4 row 3 |C30]C34]C32|C33(C34
A40|941|842|843| 44 b4,0 b4,1 b4,2 b4,3 b4,4 C40[C41(C42(C43[Cs4
C,,=a,,xb a,,xb a,.xb a,,xb

3,1 3,0 0,1 3,1 1.1 3,3 3,1 3.4 41




Matrix multiplication

e Fortwo n x n matrices A and B, the product C is another n x n matrix where each
element is obtained by multiplying elements of A row-wise with B column-wise,
adding up the individual products:

A col 1 B col 1 C
80,0|90,1|%02|%0,3|F04 boo| P01 [Po2|Pos|Pos C0,0|C0,1[C0,2| 03| Co,4
A10|91,1|812|313| 314 by o|Ps1[P12|P13[P1s C10/€1,1(C12]C13|C14
850|851 (32| 823]34 X |Pyg[Pr1|ban(Pos|brs| = |Cr0[Co1[Ca2|Co3[Coa

row3 |83 185183, KLEY 83 4 b3,o b3,1 b3,2 b3,3 b3,4 row 3 |C341C311C32|C33|C34
A40|941|842]%3|%4 b, |04 (Psz|Psz|Pss C40Ca1(C42|C43|Ca4
C3,'| = a3,0 X b0,1 a3,1 X b1,1 a3,2 X b21 a3,4 X b4,1

Matrix multiplication

e Fortwo n x n matrices A and B, the product C is another n x n matrix where each
element is obtained by multiplying elements of A row-wise with B column-wise,
adding up the individual products:

A col 1 B col 1 C
85,0|80,1|0,2|30,3| 30,4 bo,o b0,1 bo,z bo,3 b0,4 C0,0{%0,1{%0,2|C03|C04
A10|811]|812|813| 814 b1,o b1,1 b1,2 b1,3 b1,4 C10[C1,1]{C12(C13(C14
850|821 822| 823|824 X bz,o b2,1 b2,2 b2,3 b2,4 = [C20[C21[C22[C23|C24

row 3 834|853 11835|83 3 I bs,o b3,1 b3,2 b3,3 b3,4 row 3 |C30]C34]C32|C33(C34
A40|941|842|843| 44 b4,0 b4,1 b4,2 b4,3 b4,4 C40[C41(C42(C43[Cs4
C,,=a,,xb a,,xb a,,xb a,.xb

3,1 3,0 0,1 3,1 1.1 3,2 2,1 3,3 3,1




Matrix multiplication

e Fortwo n x n matrices A and B, the product C is another n x n matrix where each
element is obtained by multiplying elements of A row-wise with B column-wise,
adding up the individual products:

A col 1 B col 1 C
80,0|90,1|%02|%0,3|F04 bo,o b0,1 bo,z b0,3 b0,4 C0,0|C0,1[C0,2| 03| Co,4
A10|91,1|812|313| 314 b1,o b1,1 b1,2 b1,3 b1,4 C10/€1,1(C12]C13|C14
850|921 |822( 823|824 X bz,o b2,1 b2,2 b2,3 b2,4 = |C20(C21]C22|C23|C24

row3|834|8311835/833/85, b3,o b3,1 b3,2 b3,3 b3,4 row 3 |C341C311C32|C33|C34
A40|941|842]%3|%4 b4,0 b4,1 b4,2 b4,3 b4,4 C40Ca1(C42|C43|Ca4
individual multiplications are added together
C3.1 = a3,0 % b0,1®3,1 X b1,1®3,2 X b2,®a3,3 X b3@ a3,4 X b4,1

Matrix multiplication

e Fortwo n x n matrices A and B, the product C is another n x n matrix where each
element is obtained by multiplying elements of A row-wise with B column-wise,
adding up the individual products:

C..=
i3
C0,0 C0,1 C0,2 C0,n-1 ai,ox bO,j + ai,1 X b1,j + ai,2 x b2,j toa t ai,n-1 X
c c c c P14
1,0 1,1 1,2 1,n-1
n-1
C2,0 C2,1 C2,2 CZ,n-‘I
c : i,j - a, X b :
1,9 : ) ik k,j
Cn—1,0 Cn—1,‘] Cn 1,2 Cn—‘I,n—1 / \ k - 0
row col




Matrix multiplication

e In Java, if we represent a matrix as a two-dimensional array, we can determine
the entries of the matrix AB using nested for loops in the following way:

int []1 [] matrixA = new int [n] [n]; // A is an n-by-n matrix
int [] [] matrixB = new int [n] [n]; // B is another n-by-n matrix
int [] [] matrixC = new int [n] [n]; // C will hold the matrix product A * B
for (int i = 0; i < n; i++) {
for (int j = 0; 3 < n; j++) {
int total = 0;

for (int k = 0; k < n; k++) {
total += matrixAl[i] [k] * matrixBI[k] [J];
1

matrixC[i] [j] = total;

Matrix multiplication

e In Java, if we represent a matrix as a two-dimensional array, we can determine
the entries of the matrix AB using nested for loops in the following way:

int [] [] matrixA = new int [n] [n]; // A is an n-by-n matrix

int [] [] matrixB = new int [n] [n]; // B is another n-by-n matrix

int [] [] matrixC = new int [n] [n]; // C will hold the matrix product A * B

for (int 1 ='0; 1 < n; i++) { outer i-loop gets values 0, 1, ..., n - 1
for (int j = 0; j < n; j++) {

int total = 0;

for (int k = 0; k < n; k++) {
total += matrixAl[i] [k] * matrixBI[k] [j];
}

matrixC[i] [j] = total;




Matrix multiplication

e In Java, if we represent a matrix as a two-dimensional array, we can determine
the entries of the matrix AB using nested for loops in the following way:

int [] [] matrixA = new int [n] [n]; // A is an n-by-n matrix
int [] [] matrixB = new int [n] [n]; // B is another n-by-n matrix
int [] [] matrixC = new int [n] [n]; // C will hold the matrix product A * B
for (int 1 ='0; 1 < n; i++) { outer i-loop gets values 0, 1, ..., n - 1
for (int j = 0; 3 < n; j++) { . ]
int total = 0. for each i, inner j-loop gets

values 0, 1, ..., n- 1

for (int k = 0; k < n; k++) {
total += matrixAl[i] [k] * matrixBI[k] [J];
1

matrixC[i] [j] = total;

Matrix multiplication

e In Java, if we represent a matrix as a two-dimensional array, we can determine
the entries of the matrix AB using nested for loops in the following way:

int [] [] matrixA = new int [n] [n]; // A is an n-by-n matrix

int [] [] matrixB = new int [n] [n]; // B is another n-by-n matrix

int [] [] matrixC = new int [n] [n]; // C will hold the matrix product A * B
'

outer i-loop gets values 0, 1, ..., n- 1

for each i, inner j-loop gets
values 0, 1, ..., n- 1

int total = 0;>—

for (int k = 0; k < n; k++) {
total += matrixA[i] [k] * matrixBI[k] [j]; this code runs for every c; 3 matrix element
}

matrixC[lil [j] = total;




Matrix multiplication

In Java, if we represent a matrix as a two-dimensional array, we can determine
the entries of the matrix AB using nested for loops in the following way:

int [] []
int [] []
int [] []

matrixA = new int[n] [n]; // A is an n-by-n matrix
matrixB = new int[n] [n]; // B is another n-by-n matrix
matrixC = new int[n] [n]; // C will hold the matrix product A * B

int total = 0;

how many multiplications are
for (int k = 0; k < n; k++) {

?
total += matrixAl[i] [k] * matrixBI[k] [J]; Clojts iy i) Slipnielil Ci,j'
1

matrixC[i]l [§] = total;

Matrix multiplication

In Java, if we represent a matrix as a two-dimensional array, we can determine
the entries of the matrix AB using nested for loops in the following way:

int (][]
int (][]
int (][]

matrixA = new int [n] [n]; // A is an n-by-n matrix
matrixB = new int [n] [n]; // B is another n-by-n matrix
matrixC = new int [n] [n]; // C will hold the matrix product A * B

int total = 0;

. how many multiplications are
for (int k = 0; k.< 12 ) { . ) done for each elementc, .?
total += matrixAl[i] [k] * matrixBI[k] [j]; 1,7

} n multiplications

matrixC[lil [j] = total;




Matrix multiplication

e In Java, if we represent a matrix as a two-dimensional array, we can determine
the entries of the matrix AB using nested for loops in the following way:

int []1 [] matrixA = new int [n] [n]; // A is an n-by-n matrix
int [] [] matrixB = new int [n] [n]; // B is another n-by-n matrix
int [] [] matrixC = new int [n] [n]; // C will hold the matrix product A * B
-
for (int i = 0; i < n; i++) {
for (int j = 0; 3 < n; j++) {
int total = 0;

how many multiplications are

for (int k = 0; k < nj k++) { , . done for each element c, .?
< total += matrixAl[i] [k] * matrixBI[k] [J]; n multiplications i,j
}

matrixC[i] [j] = total; overgll,_ hqw many .
multiplications are required to
compute the final result?

Matrix multiplication

e In Java, if we represent a matrix as a two-dimensional array, we can determine
the entries of the matrix AB using nested for loops in the following way:

int [] [] matrixA = new int [n] [n]; // A is an n-by-n matrix
int [] [] matrixB = new int [n] [n]; // B is another n-by-n matrix
int [] [] matrixC = new int [n] [n]; // C will hold the matrix product A * B
for (int i = 0; 1 < n; i++) {
for (int j = 0; j < n; j++) {
int total = 0;

how many multiplications are
for (int k = 0; k < n; k++) {
total += matrixAl[i] [k] * matrixBI[k] [j];
}

matrixC[i] [j] = total;

done for each element c; j?
n multiplications ’

overall, how many
} multiplications are required to
} compute the final result?
nxn elmnts x n multiplications =
n x n x n = n® multiplications




General case of nested loops

e Nested loops, both dependent on n: statements inside the inner loop will run
exactly n x n times:

for (int i = 0; i < n; i++) {
for (int j = 0; j < n; j++) {
// statements here are executed n*2 times

General case of nested loops

e Nested loops, both dependent on n: statements inside the inner loop will run
exactly n x n times:

for (int i = 0; i < n; i++) {
for (int j = 0; j < n; j++) {
// statements here are executed n”"2 times

}

e Three nested loops, all dependent on n: statements inside the innermost loop will
run exactly n x n x n times:

for (int i = 0; i < n; i++) {
for (int j = 0; j < n; j++) {
for (int k = 0; k < n; k++) {
// statements here are executed n”3 times
1




General case of nested loops

e What if the outer loop is dependent on n and the inner loop runs a constant
number of times (here, only 3 times)?

for (int i = 0; i < n; i++) {

for (int j = O;j++) {
// statements T&re are executed ??? times

}
}

General case of nested loops

e \What if the outer loop is dependent on n and the inner loop runs a constant
number of times (here, only 3 times)?

for (int i = 0; i < n; i++) {
for (int j = 0; j < 3; j++) {
// statements here are executed 3n times
}
}

n iterations of outer loop x 3 iterations of inner loop = 3n




General case of nested loops

e What if the outer loop is dependent on n and the inner loop runs a constant
number of times (here, only 3 times)?

for (int i = 0; i < n; i++) {
for (int j = 0; 3 < 3; j++) {
// statements here are executed 3n times

}

n iterations of outer loop x 3 iterations of inner loop = 3n

General case of nested loops

e What if the outer loop is dependent on n and the inner loop is dependent on the
current value of i?

for (int i = 0; i < n; di++) {

for (int j = O;j++) {
// statementsS h&Tre are executed ??? times

}
}




General case of nested loops

e What if the outer loop is dependent on n and the inner loop is dependent on the
current value of i? i 3 exec?

for (int i = 0; i < n; i++) { 0o 0 77

for (int j = 0; J++) |
// statements YIere are executed ??? times

} 0 <0, false

when i =0 and j = 0, the inner
loop does not run. no
statements are executed

General case of nested loops
e What if the outer loop is dependent on n and the inner loop is dependent on the

current value of i? i §  exec?
for (int i = 0; i < n; di++) { 0 0 X
for (int j = 0; j++) |

// statements YI&re are executed ??? times

}

when i =0 and j = 0, the inner
loop does not run. no
statements are executed




General case of nested loops

e What if the outer loop is dependent on n and the inner loop is dependent on the
current value of i? i 3 exec?

for (int i = 0; i < n; i++) { 0 0 X

for (int j = O"j++> { 10
// statements T&re are executed ??? times

when i = 0, statements are executed 0 times
when i = 1, statements are executed ??? times

General case of nested loops
e What if the outer loop is dependent on n and the inner loop is dependent on the

w? when i = 1, the inner /oop is i j exec?
allowed to run once
for (int i = 0; i < n; di++) { \\\\5____—- 0 0 35
for (int j = O;?®j++) { 1 0 1 time
// statementS NETe are executed ??? times 0<1, true 1 1 X
} 2 0

when i = 0, statements are executed 0 times
when i = 1, statements are executed 1 time
when i = 2, statements are executed ??? times




General case of nested loops

e What if the outer loop is dependent on n and the inner loop is dependent on the

current value of i? i 3 exec?
for (int i = 0; i < n; i++) { o o0 X
for (int j = 0; j < i; j++) { 1 0 v, 1time
// statements here are executed ??? times 1 1 )(
} 2 0
} 2 1 5 2 times
2 2 X
3 0 V4
when i = 0, statements are executed 0 times 3 1 v 3 times
when i = 1, statements are executed 1 time 3 2 \/
when i = 2, statements are executed 2 times 3 3 x
when i = 3, statements are executed 3 times 4

General case of nested loops

e What if the outer loop is dependent on n and the inner loop is dependent on the

current value of i? i exec?

for (int i = 0; i < n; i++) {
for (int j = 0; j < i; j++) {
// statements here are executed ??? times

1 time

} 2 times

when i = 0, statements are executed 0 times 3 times

when i = 1, statements are executed 1 time

when i = 2, statements are executed 2 times
when i = 3, statements are executed 3 times
when i = 4, statements are executed 4 times

4 times

how many total executions for a given value of n?

;|
0
0
1
0
1
2
0
1
2
3
0
1
2
3
4
0

AR BPBPEPPRARPRPOWOOONDNN-~-~0
FRIXIICIAXSSIXSIXSIX




General case of nested loops

e What if the outer loop is dependent on n and the inner loop is dependent on the

current value of i? i 5 exec?
for (int i = 0; i < n; i++) { o o0 X
for (int j = 0; j < i; j++) { 1 0 v, 1time
// statements here are executed ??? times 1 1 x +
} 2 0 v )
} 2 1 v 2 times
2 2 X
3 0 Vv +
when i = 0, statements are executed 0 times 3 1 v 3 times
when i = 1, statements are executed 1 time 3 2 \/
when i = 2, statements are executed 2 times 3 3 x
when i = 3, statements are executed 3 times 4 0 v +
when i = 4, statements are executed 4 times 4 1 \/
4 2 v 4 times
how many total executions for a given value of n? 4 3 4
1+2+3+4+...+n-1 4 4 X
5 0 v

General case of nested loops
e What if the outer loop is dependent on n and the inner loop is dependent on the

current value of i? i §  exec?
for (int i = 0; i < n; i++) { 0 0 X
for (int j = 0; 3 < i; F++) { 1 0 v 1time
// statements here are executed ??? times 1 1 x +
\ } 2 0 v } o
2 1 v imes
2 2 X
3 0 y) T
when i = 0, statements are executed 0 times 3 1 V4 3 times
when i = 1, statements are executed 1 time 3 2 v
when i = 2, statements are executed 2 times 3 3 X
when i = 3, statements are executed 3 times 4 0 v +
when i = 4, statements are executed 4 times 4 1 Vv
4 2 v 4 times
how many total executions for a given value of n? 4 3 V4
1+2+3+4+...+n-1=n(n-1)/2 4 4 X
5 0 V4




n? versus n(n -1) /2

Both loops dependent on n

for (int i = 0; i < n; i++) {
for (int j = 0; j < n; j++) {
//

}

when i = 0, statements are executed n times
when i = 1, statements are executed n times
when i = 2, statements are executed n times
when i = 3, statements are executed n times

when i =n - 1, statements are excd n times

nxn=n? o(n?)

Outer loop dependent on n, inner loop
dependent on current value of i

for (int i = 0; i < n; i++) {
for (int j = 0; j < i; j++) {
//

}

when i = 0, statements are executed 0 times
when i = 1, statements are executed 1 times
when i = 2, statements are executed 2 times
when i = 3, statements are executed 3 times

when i =n - 1, statements are excd n - 1 times

nin-1)/2

n? versus n(n -1) /2

Both loops dependent on n

for (int 1 = 0; 1 < n; i++) {
for (int j = 0; j < n; j++) {
//

}

when i = 0, statements are executed n times
when i = 1, statements are executed n times
when i = 2, statements are executed n times
when i = 3, statements are executed n times

when i = n - 1, statements are excd n times

nxn=n? o(n?)

Outer loop dependent on n, inner loop
dependent on current value of i

for (int i = 0; i < n; i++) {
for (int j = 0; j < i; j++) {
//

}

when i = 0, statements are executed 0 times
when i = 1, statements are executed 1 times
when i = 2, statements are executed 2 times
when i = 3, statements are executed 3 times

when i = n - 1, statements are excd n - 1 times

nn-1)/2
n?/2-n/2




n? versus n(n -1) /2

Outer loop dependent on n, inner loop

Both loops dependent on n dependent on current value of i
for (int i = 0; i < n; i++) { for (int i = 0; i < n; i++) {
for (int j = 0; j < n; j++) { for (int j = 0; j < i; j++) {
/] ... //
} 1
} 1
when i = 0, statements are executed n times when i = 0, statements are executed 0 times
when i = 1, statements are executed n times when i = 1, statements are executed 1 times
when i = 2, statements are executed n times when i = 2, statements are executed 2 times
when i = 3, statements are executed n times when i = 3, statements are executed 3 times
when i =n - 1, statements are excd n times when i =n - 1, statements are excd n - 1 times
nin-1)/2
— 12 2
nxn=n o(n?) n?/2-n/2 also O(n?)
Yen? - Yan

Sorting algorithms

Selection sort
Insertion sort
Quicksort




private static int smallest ( 0 ! 2 3 4

int [] arr, int lower, int upper

) 7 | 39120 |11 | 16

int indexMin = lower;
for (int i1 = lower + 1; 1 <= upper; i++) {
if (arrl[i] < arr[indexMin])
indexMin = 1i;

}

return indexMin;

}

public static void selectionSort (int[] arr) {
for (int i = 0; i < arr.length - 1; i++) {
int j = smallest(arr, i, arr.length - 1);

swap (arr, i, j);

private static int smallest ( ! 2 3 4
int[] arr, int lower, int upper
) 7 39 |1 20|11 | 16
int indexMin = lower;
for (int i = lower + 1; i <= upper; i++) {
if (arr[i] < arr[indexMin])

indexMin = i;

return indexMin;

}

public static void selectionSort (int[] arr) {
for (int i = 0; i < arr.length - 1; i++) {
int j = smallest(arr, i, arr.length - 1);
swap (arr, i, j);




private static int smallest ( 1 2 3 4

int [] arr, int lower, int upper

) 7 | 39120 |11 | 16

int indexMin = lower;
for (int i1 = lower + 1; 1 <= upper; i++) {
if (arrl[i] < arr[indexMin])
indexMin = 1i;

}

return indexMin;

}

public static void selectionSort (int[] arr) {
for (int i = 0; i < arr.length - 1; i++) {
int j = smallest(arr, i, arr.length - 1);

swap (arr, i, j);

private static int smallest ( ! 2 3 4

int[] arr, int lower, int upper

) 7 | 39120 | 11| 16

int indexMin lower; I

= Y
for (int i = lower + 1; i <= upper; i++) {
i]

if (arr[ < arr[indexMin]) { smallest(arz, 0, 5)
indexMin = i;

}

return indexMin;

}

public static void selectionSort (int[] arr) {
for (int i = 0; i < arr.length - 1; i++) {
int j = smallest (arr, i, arr.length - 1);
swap (arr, i, j);




private static int smallest ( 1 2 3 4

int [] arr, int lower, int upper 7 2 11 1
- 39 | 20 6
int indexMin = lower; \ v
for (int i1 = lower + 1; 1 <= upper; i++) {
if (arrl[i] < arr[indexMin]) Smiiiiiﬁ;ajiéez’55)
indexMin = 1i;

}

return indexMin;

}

public static void selectionSort (int[] arr) {
for (int i = 0; i < arr.length - 1; i++) {
int j = smallest(arr, i, arr.length - 1);

swap (arr, i, j);

private static int smallest ( ! 2 3 4
int[] arr, int lower, int upper
) 5139|2011 16
int indexMin = lower;
for (int i = lower + 1; i <= upper; i++) { ( 0, 5)
if (arr[i] < arr[indexMin]) { swaplarr, O,

indexMin = i;

return indexMin;

}

public static void selectionSort (int[] arr) {
for (int i = 0; i < arr.length - 1; i++) {
int j = smallest(arr, i, arr.length - 1);
swap (arr, i, j);




private static int smallest (
int [] arr, int lower, int upper
) A
int indexMin = lower;
for (int i1 = lower + 1; 1 <= upper; i++) {
if (arrl[i] < arr[indexMin])
indexMin = 1i;

}

return indexMin;

}

public static void selectionSort (int[] arr)
for (int 1 = 0; i < arr.length - 1; i++) {

int j = smallest(arr, i, arr.length - 1);

swap (arr, i, j);

39

20

11

16

private static int smallest (

int[] arr, int lower, int upper
) |
int indexMin = lower;
for (int i = lower + 1; i <= upper; i++) {
if (arr[i] < arr[indexMin])

indexMin = i;

return indexMin;

}

public static void selectionSort (int[] arr) {
for (int i = 0; i < arr.length - 1; i++) {
int j = smallest (arr, i, arr.length - 1);
swap (arr, i, j);

39

20

11

16

smallest (arr,

Y

1,

5)




private static int smallest (
int[] arr, int lower,

) |

int upper

int indexMin = lower;
for (int 1 = lower + 1; 1 <= upper;
if (arrl[i] < arr[indexMin])
indexMin = 1i;

i++4)

}

return indexMin;

}

public static void selectionSort (int[]
for (int 1 = 0; i < arr.length - 1;
int j = smallest (arr, i,
swap (arr, i, j);

arr)
i++4)

{

{

{

arr.length -

) 5

39 | 20 | 11

16

Y

smallest (arr,

returns index 5

1,

5)

private static int smallest (

int[] arr, int lower, int upper
) A
int indexMin = lower;
for (int i = lower + 1; i <= upper; i++)
if (arr[i] < arr[indexMin])
indexMin = i;
1
1
return indexMin;
1
public static void selectionSort (int[] arr) {
for (int i = 0; i < arr.length - 1; i++)
int j = smallest(arr, i, arr.length -

swap (arr, i, j);

{

{

1);

7 | 20|11

16

39

swap (arr, 1, 5)




private static int smallest ( 0 1 3 4

int [] arr, int lower, int upper

) 5 7 |20 | 11| 16

39

int indexMin = lower;
for (int i1 = lower + 1; 1 <= upper; i++) {
if (arrl[i] < arr[indexMin])
indexMin = 1i;

}

return indexMin;

}

public static void selectionSort (int[] arr)
for (int 1 = 0; i < arr.length - 1; i++) {
int j = smallest(arr, i, arr.length - 1);

swap (arr, i, j);

private static int smallest ( 0 1 3 4 5
int[] arr, int lower, int upper
) 5 7 20 | 11 | 16 | 39
int indexMin = lower; I v
for (int i = lower + 1; i <= upper; i++) {
if (arr[i] < arrlindexMin]) { smallest(arz, 2, 5)

indexMin = i;

return indexMin;

}

public static void selectionSort (int[] arr) {
for (int i = 0; i < arr.length - 1; i++) {
int j = smallest (arr, i, arr.length - 1);
swap (arr, i, j);




private static int smallest ( 0 ! 3 4 >

int [] arr, int lower, int upper O
) 5 7 20 l_l 16 | 39
int indexMin = lower; \ v
for (int i1 = lower + 1; 1 <= upper; i++) {
if (arrl[i] < arr[indexMin]) smiiiiiﬁ;aiiéeiIBS)
indexMin = 1i;

}

return indexMin;

}

public static void selectionSort (int[] arr) {
for (int i = 0; i < arr.length - 1; i++) {
int j = smallest(arr, i, arr.length - 1);

swap (arr, i, j);

private static int smallest( 0 ! 3 4 >

int[] arr, int lower, int upper

) 5 7 | 11|20 | 16 | 39

2

int indexMin = lower; \\\\J/
for (int i = lower + 1; i <= upper; i++) { 2 3
if (arr[i] < arr[indexMin]) { swap (arr, 2, 3)

indexMin = i;

return indexMin;

}

public static void selectionSort (int[] arr) {
for (int i = 0; i < arr.length - 1; i++) {
int j = smallest(arr, i, arr.length - 1);
swap (arr, i, j);




private
int []

) A
int
for

}

static int smallest (
arr, int lower, int upper

indexMin = lower;

(int i = lower + 1; i <= upper; i++)

if (arrl[i] < arr[indexMin])
indexMin = 1i;

return indexMin;

}

public static void selectionSort (int[] arr)

for

(int i = 0; 1 < arr.length - 1; i++)

{

{

{

int j = smallest(arr, i, arr.length -

swap (arr, i, j);

1);

11

20

16

39

private
int []

) |
int
for

}

if (arr(

static int smallest (

arr, int lower, int upper

indexMin = lower;

(int i = lower + 1; 1 <= upper; i++)
i] < arr([indexMin]) {

indexMin = i;

return indexMin;

}

public static void selectionSort (int[] arr) {

for

(int 1 = 0; 1 < arr.length - 1; i++)

int j = smallest (arr, i, arr.length -
swap (arr, i, j);

{

{

) 7

11

20

16

39

\

J

smallest (arr,

Y

3, 5)




private
int []

)

{

int
for

static int smallest (
arr, int lower, int upper
indexMin =
(int i =

lower;
lower + 1;

i <= upper;

if

(arr[il]

< arr[indexMin])

{

indexMin = 1i;

return indexMin;

}

public static void selectionSort (int[]

for (int 1 = 0; i < arr.length - 1
int j = smallest (arr, i,
swap (arr, i, j);

i++4)

arr)
;oi++)

{
{

arr.length -

11

20

©

39

{

) 5

\

J

Y

smallest (arr,

returns index 4

3,

5)

private
int []

) |

static int smallest (

arr, int lower, int upper
int
for

indexMin = lower;

(int i = lower + 1; i

if (arr[i] < arr[indexMin])
indexMin = i;

}

return indexMin;

}

public static void selectionSort (int[]
for (int i = 0; i < arr.length - 1;
int j = smallest (arr,
swap (arr, 3) 7

i,
i,

<= upper;

1++)

arr) {

1++)

arr.length -

4

11

16

\

/

20

39

{

{

1);

\/

swap (arr,

3,

4)




private static int smallest ( 0 1 2 3 5
int [] arr, int lower, int upper
) 5 7 11 | 16 | 20 | 39
int indexMin = lower;
for (int i1 = lower + 1; 1 <= upper; i++) {
if (arrl[i] < arr[indexMin])
indexMin = 1i;

}

return indexMin;

}

public static void selectionSort (int[] arr)
for (int 1 = 0; i < arr.length - 1; i++) {
int j = smallest(arr, i, arr.length - 1);

swap (arr, i, j);

private static int smallest ( 0 L 2 3 5
int[] arr, int lower, int upper

- 5 | 7 |11 |16 |(20)] 39

int indexMin = lower; | S —
for (int i = lower + 1; i <= upper; i++) {
i]

( . . smallest (arr, 4, 5)
if (arr[i] < arr[indexMin]) returns index 4
indexMin = 1i;

}

return indexMin;

}

public static void selectionSort (int[] arr) {
for (int i = 0; i < arr.length - 1; i++) {
int j = smallest (arr, i, arr.length - 1);
swap (arr, i, j);




private static int smallest ( 0 1 2 3

int [] arr, int lower, int upper

) 5 7 11 | 16

20

39

int indexMin = lower;
for (int i1 = lower + 1; 1 <= upper; i++) {
if (arrl[i] < arr[indexMin])
indexMin = 1i;

}

return indexMin;

}

public static void selectionSort (int[] arr) {
for (int i = 0; i < arr.length - 1; i++) {
int j = smallest(arr, i, arr.length - 1);

swap (arr, i, j);

private static int smallest ( 0 L 2 3 4
int[] arr, int lower, int upper
) 5 7 11 | 16 | 20 | 39
int indexMin = lower;
for (int i = lower + 1; i <= upper; i++) {
if (arr[i] < arr[indexMin])

indexMin = i;

return indexMin;

}

public static void selectionSort (int[] arr) {
for (int i = 0; i < arr.length - 1; i++) { 5 < 5, false
int j = smallest(arr, i, arr.length - 1);
swap (arr, i, j);




private static int smallest (

) |

int [] arr, int lower, int upper 5

11

16

20

39

int indexMin = lower;
for (int i1 = lower + 1; 1 <= upper; i++) {
if (arrl[i] < arr[indexMin])
indexMin = 1i;
1

}

return indexMin;

}

public static void selectionSort (int[] arr) {
for (int i = 0; i < arr.length - 1; i++) {
int j = smallest(arr, i, arr.length - 1);
swap (arr, i, j);

private static int smallest (

39

20

11

16

39

20

11

16

int[] arr, int lower, int upper
) |
int indexMin = lower;
for (int i = lower + 1; i <= upper; i++) {
if (arr[i] < arr[indexMin])

indexMin = i;

20

11

16

39

}
}

11

20

16

39

return indexMin;

}

11

16

20

39
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public static void selectionSort (int[] arr) {

SN EEN AN BN BN

11

16

20

39

for (int i = 0; i < arr.length - 1; i++) {
int j = smallest(arr, i, arr.length - 1);
swap (arr, i, j);




private static int smallest ( comparisons MmOVes (swap is 3 moves)
int [] arr, int lower, int upper
SR - 3 ?2?? ?2?2?
int indexMin = lower; % [ [
for (int i <= upper; i++) { &)
if GGzz 3 0(?2?) 0(?2?)
indexMin = 1; o)
1
1
return indexMin; %
} ®©
S 0(???) 0(2?2)
public static void selectionSort (int[] arr) ({ g
for (int i = 0; i < arr.length - 1; i++) { =
int j = smallest(arr, i, arr.length - 1);
swap (arr, i, j);
} [0}
} 2
o
o 0(?7?) 0(27272)
[0
—
[}
>
©
private static int smallest( comparisons MOVeS (swap is 3 moves)
int[] arr, int lower, int upper
) A
(0]
int indexMin = lower; @ n(n - 1)/2 ??7?
for (int i = lower + 1; i <= upper; i++) { o
if (arr[i] < arr[indexMin]) ({ dq"’: O(?’??) O(???)
indexMin = i; o)
1
1
return indexMin; 8
} ®
S 0(?7?) 0(2772)
public static void selectionSort (int[] arr) 5
for (int i = 0; i < arr.length - 1; i++) { =
int j = smallest(arr, i, arr.length - 1);

swap (arr,

iy

1) 8

average case

0(?27?)

0(?2?)




private static int smallest ( comparisons MmOVes (swap is 3 moves)
int [] arr, int lower, int upper
) A
[0}
int indexMin = lower; % n(n - 1)/2 ??7?
for (int i1 = lower + 1; 1 <= upper; i++) { o
if (arrl[i] < arr[indexMin]) %‘ O(nz) O(?')’))
indexMin = 1i; o)
1
1
return indexMin; %
} ®
(6]
S 0(???) 0(2?2)
public static void selectionSort (int[] arr) ({ 5
for (int i = 0; i < arr.length - 1; i++) { =
int j = smallest(arr, i, arr.length - 1);
swap (arr, i, j);
1
} ?
8
o 0(?7?) 0(27272)
[0
—
[}
>
©
private static int smallest ( comparisons moves (swap is 3 moves)
int[] arr, int lower, int upper
) A
(0]
int indexMin = lower; @ n(n - 1)/2 3(” - 1)
for (int i = lower + 1; i <= upper; i++) { o
if (arrli] < arrlindexMin]) f{ ki O(n?) O(?77?)
indexMin = i; o)
1
1
return indexMin; 8
} ®
[&]
S 0(?7?) 0(2772)
public static void selectionSort (int[] arr) 5
for (int i = 0; i < arr.length - 1; i++) { =
int j = smallest(arr, i, arr.length - 1);

swap (arr,

iy

1) 8

average case

0(?27?)

0(?2?)




private static int smallest(
arr, int lower,

int []

) A
int
for

}

return indexMin;

}

indexMin =
if (arrl[il]

}

indexMin

int upper

lower;
(int i = lower + 1; i <=

upper; i++)

< arr[indexMin]) {

= dg

public static void selectionSort (int[] arr) ({
i < arr.length - 1; i++)
int j = smallest (arr, i,

for

(int 1 = 0;

swap (arr,

7

i,

1) 8

arr.length -

{

{

1);

best case

worst case

average case

comparisons

nin-1)/2
o(r?)

0(2??)

0(?277)

moves (swap is 3 moves)

3(n-1)
O(n)

0(?2?)

0(???)

private static int smallest (
arr, int lower,

int []

) A
int
for

}

indexMin =
(int i =1
if (arr[i]

int upper

lower;
ower + 1; 1 <= upper; i++)

< arr[indexMin]) {
indexMin = i;

return indexMin;

}

public static void selectionSort (int[] arr)
i < arr.length - 1; i++)
int j = smallest (arr, i,

for

(int 1 = 0

swap (arr,

7

iy

1) 8

arr.length -

{

{

1);

best case

worst case

average case

comparisons

nin-1)/2
o(n?)

o(n?)

O(n?)

moves (swap is 3 moves)

3(n-1)
O(n)
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toInsert [::::]
public static void insertionSort (int[] arr)
for (int i = 1; i < arr.length; i++) { 3 [:::::]
if (arr[i] < arr[i - 1]) {
int tolInsert = arr[i];
int j = i; 1 2 3 4 5
do { 7 39 |1 20| 11| 16 5
arr[j] = arrlj - 11;
=3 -1
} while
j > 0 &&
toInsert < arr([j - 1]
) 8
arr([j] = tolInsert;
}
}
}
public static void insertionSort (int[] arr) {
for (int i = 1; i < arr.length; i++) { j [:::::]
if (arr[i] < arr[i - 1]) {
int tolInsert = arr[i]; arr[1] <arr[0]
int j = i; 0 1 2 3 4 5
do { 7 39120 |11 | 16 5
arr[j] = arr[j - 11; N
=13 -1; arr([1] < arr[0]?
} while
j > 0 &&

toInsert < arr[j

) 8

arr[j] = tolInsert;

_1]




public static void insertionSort (int []
for (int 1 = 1; i < arr.length;
if (arr[i] < arr[i - 1]) {

arr) {
iv+) |

B

tolInsert

- [

int toInsert = arrl[il]; arr[1] <arr[0]

10E 3 = 2p 1 2 3 4

do { 7 39 1 20| 11| 16
allrr[j:] = arr[j - 1]; N
j=3-1; 39<7?

} while any moves necessary to put 39
j > 0 && into sorted order with the already
toInsert < arr([j - 1] sorted subarray {7}?

) 8

arr[j] = tolInsert;

}
1
1
public static void insertionSort (int[] arr) {
for (int i = 1; i < arr.length; i++) { 3 I:I
if (arr[i] < arr[i - 1]) {

int toInsert = arr[il]; arr[1319< 571“1'[0]

. . . <

e g = false 1 2 3 4 5

do { 7 39 |1 20| 11| 16 5

| = - o LN

ajlrr[j.] = arr[j 1]; N
] =13-1; 39<7?

} while any moves necessary to put 39
j > 0 && into sorted order with the already
toInsert < arr[j - 1] sorted subarray {7}?

) no moves necessary

arr[j] = tolInsert;




public static void insertionSort (int []
(int 1 = 1;
if

for

i < arr.length;
(arr[i] < arrl[i - 1]1) {
int toInsert = arr[i];
int j

i++) |

= 1;

do {
arr[j] = arr[j -
j=3-1;

} while
j > 0 &&
toInsert < arr([j - 1]

11;

) 8

arr([j] = tolInsert;

arr)

tolInsert

20 | 11 | 16

public static void insertionSort (int []
(int 1 = 1;

for
if

i < arr.length; i++) {

(arr[i] < arrl[i - 1]1) {

int toInsert = arr[i];

int j = 1i;

do {
arr([j] = arr([j -
J =3 = 1

} while
j > 0 &&
toInsert < arr[j - 1]

1];

) 8

arr[j] = tolInsert;

arr)

toInsert

0 1 2 3 4

7 | 3920 | 11| 16

N
arr[2] < arr([1]?




public static void insertionSort (int[] arr)
for (int i = 1; i1 < arr.length; i++) {
if (arr[i] < arr[i - 1]) {
int toInsert = arr[i];
int § = i; 20 < 39
true
do {
arr[j]l = arr[j - 11;
j=3-1;
} while
j > 0 &&
toInsert < arr([j - 1]

) 8

arr([j] = tolInsert;

arr[2] < arr[1]

tolInsert

=

1 2 3 4
7 391 20|11 | 16
\_/
arr[2] <arr([1]?
20< 39

need to move 20 left into the sorted
subarray (need to end up with
{7, 20, 39})

public static void insertionSort (int[] arr) {

for (int i = 1; i < arr.length; i++) {
if (arr(i] < arr[i - 1]) {
int toInsert = arr[i];
int j = 1i;
do {
arr[j] = arr(j - 11;
J =3 = 1
} while
j > 0 &&
toInsert < arr[j - 1]
) 8
arr[j] = tolInsert;
}
1

toInsert

- LB




. . o , ) i toInsert | 20
public static void insertionSort (int[] arr)

for (int i = 1; i1 < arr.length; i++) {
if (arr[i] < arr[i - 1]) {
int toInsert = arr[i];
int § = i;

il

do { 7 | 39|20 |11 | 16

arr[j]l = arr[j - 11;
=3 -1
} while
j > 0 &&
toInsert < arr[j - 1]

) 8

arr([j] = tolInsert;

public static void insertionSort (int[] arr) {
for (int i = 1; i < arr.length; i++) { j
if (arr(i] < arr[i - 1]) {
5
5

int tolImnsert = arrl[i];

int j = i; 0 1 2 3 4

do 7 |39 }cfg 11 | 16
arr([j] = arr([j - 1];
=13 -1; arr[2] = arr[l]

} while overwrite arr [2] with the current
j > 0 && value of arr [1]
toInsert < arr[j - 1]

) 8

arr[j] = tolInsert;




. . o , ) i toInsert | 20
public static void insertionSort (int[] arr)

for (int i = 1; i < arr.length; i++) { 3
if (arr[i] < arr[i - 1]) {
int toInsert = arr[i];
int j = i; 0 1 2 3 4 5
do { 7 39 13911 | 16 5
arr[j] = arxr[j - 11;
j=3 -1
} while
j > 0 &&
toInsert < arr([j - 1]
) 8
arr([j] = tolInsert;

public static void insertionSort (int[] arr) {
for (int i = 1; i < arr.length; i++) { i
if {
5
5

(arr[i] < arr[i - 11)
int toInsert = arr[i];

ATE g = 0 1 2 3 4

do { 7 |39 (39|11 ] 16
arr[j] = arr[j - 1];
j =3 - 1;

} while
j > 0 &&
toInsert < arr[j - 1]

) 8

arr[j] = tolInsert;




i tolInsert
public static void insertionSort (int[] arr)
for (int i = 1; i1 < arr.length; i++) { i
if (arr[i] < arr[i - 1]) {
int toInsert = arr[i];
int j = i; 1 2 3 4 5
do { 7 39 | 39 | 11 | 16 5
arr[j]l = arr[j - 11;
j=3-1;
} while 1>0, true
j > &&
toInsert < arr([j - 1]
) 8
arr([j] = tolInsert;
}
1
1
i toInsert
public static void insertionSort (int[] arr) {
for (int i = 1; i < arr.length; i++) { i
if (arr(i] < arr[i - 1]) {
int toInsert = arr[i];
int J = i; 0 1 2 3 4 5
do { 7 39 |1 39| 11| 16 5
arr[j] = arr(j - 11;
j =3 - 1;
} while
j > 0 &&
toInsert < arr[j - 1]
X toInsert < arr[j - 1]
arr[j] = tolInsert; 20<7
false
}
1




i toInsert | 20
public static void insertionSort (int[] arr)
for (int i = 1; i1 < arr.length; i++) { j
if (arr[i] < arr[i - 1]) {
5
5

int toInsert = arr[i];
int j = i; 0 1 2 3 4
do { 7 20 | 39 | 11 | 16
arr[j] = arrlj - 11;
j=3 -1
} while
j > 0 &&
toInsert < arr[j - 1]
) 8
arr([j] = tolInsert;

. . Do . . i tolInsert
public static void insertionSort (int[] arr) {

for (int i = 1; i < arr.length; i++) { j [:::::]
if (arr(i] < arr[i - 1]) {
int tolInsert = arrl[i];
int j = i; 0 1 2 3 4 5
do { 7 20 | 39 | 11 | 16 5
arr([j] = arr([j - 1];
=13 -1;
} while
j > 0 &&
toInsert < arr[j - 1]
) 8
arr[j] = tolInsert;




(arr[i] < arrl[i - 1]1) {
int tolInsert = arrl[i];
int j = 1i;

do {
arr[j]l = arr[j - 11;
j=3-1;
} while
j > 0 &&
toInsert < arr([j - 1]

) 8

arr([j] = tolInsert;

public static void insertionSort (int[] arr)
(int 1 = 1; i < arr.length; i++) {

tolInsert

=

1 2 3 4

]
s

20 | 39 | 11 | 16

LN

11 < 39?
any moves necessary to put 11 into
sorted order with the already
sorted subarray?

public static void insertionSort (int[] arr) {
(int 1 = 1; i < arr.length; i++) {
(arr[i] < arrl[i - 1]1) {
int toInsert = arr[i]; arr[3] < arr[2]
int § = i; 11<39
true

do {

arr[j] = arr(j - 11;

j =3 - 1;
} while

j > 0 &&

toInsert < arr[j - 1]

) 8

arr[j] = tolInsert;

SEl

toInsert

[
s ]

1 2 3 4
20 | 39 | 11 | 16
11 < 39?

any moves necessary to put 11 into
sorted order with the already
sorted subarray?
yes




public static void insertionSort (int []
i < arr.length;

(int 1 =
if

for 1;
(arr([i] < arr[i - 11)
int tolInsert =
int § = i;
do {
arr[j] =
j=3-1;
} while
j > 0 &&
toInsert < arr[j
) 8

arr([j] = tolInsert;

arr[i];

arr[j -

11

tolInsert

arr) { i I!IIII

iv+) | i

{

w
o II

39 | 11 | 16

11;

- 1]

public static void insertionSort (int []

i < arr.length; i++) { j -_
< arr[i - 1]) { ’

5

5

(int 1 =
if

for 1;
(arr[i]
int tolInsert =
int j = 1i;
do {
arr([j] = arr([j -
j=3 - 1;
} while
j > 0 &&
toInsert < arr[j
) 8

arr[j] = tolInsert;

i toInsert

arr) |

arr[i];

0 1 2 3 4

39 |39 | 16

15

arr[3] = arr[2]

- 1]




. . o , ) i toInsert |11
public static void insertionSort (int[] arr)

for (int i = 1; i1 < arr.length; i++) {
if (arr[i] < arr[i - 1]) {
int toInsert = arr[i];
int j = 1i; 0 1 2 3 4

do { 7 |20 | 39 | 39| 16
arr[j]l = arr[j - 11;
j =3 -1

} while
j > 0 &&
toInsert < arr[j - 1]

il

) 8

arr([j] = tolInsert;

public static void insertionSort (int[] arr) {
for (int i = 1; i < arr.length; i++) { j
if (arr(i] < arr[i - 1]) {
5
5

int toInsert = arr[i];
ATE g = 0 1 2 3 4
do { 7 20 | 39 | 39 | 16
arr([j] = arr([j - 1];
J =3 = 1
} Whille 2 >0, true
J > &&
toInsert < arr[j - 1]
) 8
arr[j] = tolInsert;
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public static void insertionSort (int[] arr)

for (int i = 1; i < arr.length; i++) { 3
if (arr[i] < arr[i - 1]) {

int toInsert = arr[i];

int j = i; 0 1 2 3 4 5

do { 7 20 | 39 |1 39| 16 5
arr[j] = arrlj - 11;
j=3-1;

} while
j > 0 &&

toInsert < arr[j - 1]
)i

toInsert < arr[j - 1]

arr([j] = tolInsert; 11<20
} true

public static void insertionSort (int[] arr) {
for (int i = 1; i < arr.length; i++) { j
if (arr(i] < arr[i - 1]) {
5
5

int toInsert = arr[i];
ATE g = 0 1 2 3 4
do { 7 20 | 20 | 39 | 16
arr([j] = arr([j - 1];
J =23 = 1p arr[2] = arrl[l]
} while
j > 0 &&
toInsert < arr[j - 1]
) 8
arr[j] = tolInsert;




. . o , ) i toInsert |11
public static void insertionSort (int[] arr)

for (int i = 1; i < arr.length; i++) { 3
if (arr[i] < arr[i - 1]) {
int toInsert = arr[i];
int j = i; 0 1 2 3 4 5
do { 7 20 | 20 | 39 | 16 5
arr[j] = arr[j - 11;
=3 -1;
} while
j > 0 &&
toInsert < arr([j - 1]
) 8
arr([j] = tolInsert;

public static void insertionSort (int[] arr) {
for (int i = 1; i < arr.length; i++) { j
if (arr(i] < arr[i - 1]) {
5
5

int toInsert = arr[i];
ATE g = 0 1 2 3 4
do { 7 20 | 20 | 39 | 16
arr([j] = arr([j - 1];
J =3 = 1
} Whille 1> 0, true
J > &&
toInsert < arr[j - 1]
) 8
arr[j] = tolInsert;
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public static void insertionSort (int[] arr)
for (int i = 1; i1 < arr.length; i++) { i
if (arr[i] < arr[i - 1]) {
int toInsert = arr[i];
int j = i; 0 1 2 3 4 5
do { 7 20 | 20 | 39 | 16 5
arr[j]l = arr[j - 11;
j=3-1;
} while
j > 0 &&

toInsert < arr([j - 1]
) ;

toInsert < arr[j - 1]

arr[j] = toInsert; 11<7
} false

SEl

public static void insertionSort (int []
for (int 1 = 1; i < arr.length;

if (arr(i] < arr[i - 1]) {

int toInsert = arr[i];

int j = i; 0 1 2

arr) |
iv+) |

toInsert

do { 7 11 | 20

39 | 16

arr[j] = arr(j - 11;
J =3 = 1
} while
j > 0 &&
toInsert < arr[j - 1]
) 8

arr[j] = tolnsert;
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public static void insertionSort (int[] arr)

for (int i = 1; i < arr.length; i++) { 3 [:::::]
if (arr[i] < arr[i - 1]) {
int tolInsert = arr[i];
int j = i; 0 1 2 3 4 5
do { 7 11 | 20 | 39 | 16 5
arr[j] = arr([j - 11;
=3 -1
} while
j > 0 &&
toInsert < arr([j - 1]
) 8
arr([j] = tolInsert;

public static void insertionSort (int[] arr) {
for (int i = 1; i < arr.length; i++) { j [:::::]
if (arr[i] < arr[i - 1]) {
5
5

int tolInsert = arrl[i];
int j = i; 0 1 2 3 4

do { 7 11 | 20 | 39 | 16
arr[j] = arr[j - 11; I
=13 -1; 16 < 39?7

} while
j > 0 &&
toInsert < arr[j - 1]

) 8

arr[j] = tolInsert;
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public static void insertionSort (int[] arr)

for (int i = 1; i1 < arr.length; i++) {
if (arr[i] < arr[i - 1]) {
int toInsert = arr[i];
int j = 1i; 0 1 2 3 4

il

do { 7 |11 |20 | 39| 16
arr[j]l = arr[j - 11;
=3 -1

} while
j > 0 &&
toInsert < arr[j - 1]

) 8

arr([j] = tolInsert;

public static void insertionSort (int[] arr) {
for (int i = 1; i < arr.length; i++) { j
if (arr(i] < arr[i - 1]) {
5
5

int toInsert = arr[i];
ATE g = 0 1 2 3 4
do { 7 11 (20 | 39| 39
arr([j] = arr([j - 1];
j=3-1; arr[4] = arr[3]
} while
j > 0 &&
toInsert < arr[j - 1]
) 8
arr[j] = tolInsert;
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public static void insertionSort (int[] arr)

for (int i = 1; i < arr.length; i++) { 3
if (arr[i] < arr[i - 1]) {
int tolInsert = arr[i];
int j = i; 0 1 2 3 4 5
do { 7 11 | 20 | 39| 39 5
arr[j] = arr([j - 11;
=3 -1
} while
j > && toInsert < arr([j - 1]
toInsert < arr([j - 1] 16 <20
) 8 true
arr([j] = tolInsert;

public static void insertionSort (int[] arr) {

for (int i = 1; i < arr.length; i++) { . [:::::]
if (arr(i] < arr[i - 1]) {
int tolInsert = arrl[i];
int J = 1i; 0 1 2 3 4 5
do { 7 11|20 | 20 | 39 5
arr([j] = arr([j - 1];
j=3-1; arr[3] = arrl[2]
} while
j > 0 &&
toInsert < arr[j - 1]
) 8
arr[j] = tolInsert;
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public static void insertionSort (int []
for (int 1 = 1; i < arr.length;

if (arr[i] < arr[i - 1]) {

int toInsert = arr[i];

int :] = i,‘ 0 1 2

arr) {
iv+) |

toInsert | 16

do { 7 11 | 20

20 | 39

arr[j] = arrlj - 11;
j=3-1;

} while
j > && toInsert < arr([j - 1]
toInsert < arr([j - 1] 16 < 11

) ; false

arr([j] = tolInsert;

public static void insertionSort (int []
for (int 1 = 1; i < arr.length;

if (arr(i] < arr[i - 1]) {

int toInsert = arr[i];

int j = i; 0 1 2

arr) |
iv+) |

toInsert

do { 7 11 | 16

20 | 39

arr[j] = arr(j - 11;
J =3 = 1
} while
j > 0 &&
toInsert < arr[j - 1]
) 8

arr[j] = tolnsert;




public static void insertionSort (int []
(int 1 = 1;
if

for

arr)
i < arr.length; i++) {
(arr[i] < arrl[i - 1]1) {
int toInsert = arr[i];
int j = 1i;
do {
arr[j] = arr[j -
j=3 -1
} while
j > 0 &&
toInsert < arr[j - 1]

11;

) 8

arr([j] = tolInsert;
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public static void insertionSort (int []
(int 1 = 1;

for
if

arr)
i < arr.length; i++) {
(arr[i] < arrl[i - 1]1) {
int toInsert = arr[i];
int j = 1i;
do {
arr([j] = arr([j -
J =3 = 1
} while
j > 0 &&
toInsert < arr[j - 1]

1];

) 8

arr[j] = tolInsert;

toInsert

16

20

5<39?
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public static void insertionSort (int[] arr)

for (int i = 1; i1 < arr.length; i++) {
if (arr[i] < arr[i - 1]) {
int toInsert = arr[i];
int j = 1i; 0 1 2 3 4

tolInsert

5

do { 7 11 | 16 | 20 | 39

ul
o II

arr[j]l = arr[j - 11;
=3 -1
} while
j > 0 &&
toInsert < arr([j - 1]

) 8

arr([j] = tolInsert;

. . Do . . i tolInsert
public static void insertionSort (int[] arr) {

r

for (int i = 1; i < arr.length; i++) { i
if (arr(i] < arr[i - 1]) {
int toInsert = arr[i];
ATE g = 0 1 2 3 4
do { 7 11|16 | 20 | 39| 39
arr([j] = arr([j - 1];
j=3-1; arr[5] = arrl[4]
} while
j > 0 &&
toInsert < arr[j - 1]
) 8
arr[j] = tolInsert;
}
1




for (int i = 1; i1 < arr.length; i++) {

public static void insertionSort (int[] arr)
5

]
if (arr[i] < arr[i - 1]) {
int tolInsert = arr[i];
int j = i; 0 1 2 3 4
do | 7 |11 |16 | 20| 39| 39
arr[j] = arrlj - 11;
=3 -1
} while
j > && toInsert < arr([j - 1]
toInsert < arr([j - 1] 5<20
) 8 true
arr([j] = tolInsert;

public static void insertionSort (int[] arr) {
for (int i = 1; i < arr.length; i++) { i
if (arr(i] < arr[i - 1]) {
int toInsert = arr[i];
5

ATE g = 0 1 2 3 4

do { 7 11 {16 | 20 | 20 | 39
arr([j] = arr([j - 1];
j =3 - 1;

} while
j > 0 &&
toInsert < arr[j - 1]

) 8

arr[j] = tolInsert;
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public static void insertionSort (int[] arr)
for (int i = 1; i1 < arr.length; i++) {
if (arr[i] < arr[i - 1]) {
int toInsert = arr[i];
int :] = i,‘ 0 1 2

tolInsert

j

3 4

5

5

do { 7 11 | 16

20 | 20

39

arr([j] = arr([j - 11;
j=3-1;

} while
j > && toInsert < arr([j - 1]
toInsert < arr([j - 1] 5<16

) ; true

arr([j] = tolInsert;

ils |

public static void insertionSort (int []
for (int 1 = 1; i < arr.length;

if (arr(i] < arr[i - 1]) {

int toInsert = arr[i];
int j = i; 0 1 2

arr) |
iv+) |

toInsert

j

3 4

2]

11 | 16

do { 7

16 | 20

39

arr([j] =

j=3-1;
} while

j > 0 &&

toInsert < arr[j - 1]
) 8

arr[j] = tolInsert;




public static void insertionSort (int[] arr)
for (int i = 1; i1 < arr.length; i++) { 3
5

if (arr[i] < arr[i - 1]) {
int tolInsert = arr[i];
int j = i; 0 1 2 3 4
do { 7 11 | 16 | 16 | 20 | 39
arr[j] = arrlj - 11;
=3 -1
} while
j > && toInsert < arr([j - 1]
toInsert < arr([j - 1] 5< 11
) 8 true
arr([j] = tolInsert;

public static void insertionSort (int[] arr) {
for (int i = 1; i < arr.length; i++) { i
if (arr(i] < arr[i - 1]) {
int toInsert = arr[i];
5

ATE g = 0 1 2 3 4

do { 7 11|11 |16 | 20| 39
arr([j] = arr([j - 1];
j =3 - 1;

} while
j > 0 &&
toInsert < arr[j - 1]

) 8

arr[j] = tolInsert;




public static void insertionSort (int[] arr)
for (int i = 1; i1 < arr.length; i++) { 3
5

if (arr[i] < arr[i - 1]) {
int tolInsert = arr[i];
int j = i; 0 1 2 3 4
do { 7 11 |11 |16 | 20| 39
arr[j] = arr([j - 11;
=3 -1
} while
j > && toInsert < arr([j - 1]
toInsert < arr([j - 1] 5<7
) 8 true
arr([j] = tolInsert;

for (int i = 1; i < arr.length; i++) {
if (arr(i] < arr[i - 1]) {
int toInsert = arr[i];

j

public static void insertionSort (int[] arr) {
5

ATE g = 0 1 2 3 4

do { 7 7 11 |16 | 20 | 39
arr[j] = arr[j - 11;
j =3 - 1;

} while
j > 0 &&
toInsert < arr[j - 1]

) 8

arr[j] = tolInsert;




for (int i = 1; i1 < arr.length; i++) { 3
if (arr[i] < arr[i - 1]) {
int toInsert = arr[i];

public static void insertionSort (int[] arr)
5

10E 3 = 2p 0 1 2 3 4

do { 7 7 11|16 | 20 | 39
arr([j] = arr([j - 11;
=3 -1

} while i >0
i > 0 && 0>0
toInsert < arr([j - 1] false

) 8

arr([j] = tolInsert;

for (int i = 1; i < arr.length; i++) {
if (arr(i] < arr[i - 1]) {
int toInsert = arr[i];

j

public static void insertionSort (int[] arr) {
5

ATE g = 0 1 2 3 4

do { 5 7 11|16 | 20 | 39
arr[j] = arr(j - 11;
j =3 - 1;

} while
j > 0 &&
toInsert < arr[j - 1]

) 8

arr[j] = tolnsert;
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public static void insertionSort (int[] arr)
for (int i = 1; i < arr.length; i++) { 3 [:::::]
if (arr[i] < arr[i - 1]) {
int tolInsert = arr[i];
int j = 1i; 0 1 2 3 4 5

do { 5 7 11 | 16 | 20 | 39
arr[j]l = arr[j - 11;
j=3-1;

} while
j > 0 &&
toInsert < arr([j - 1]

) 8

arr([j] = tolInsert;

T o[
public static void insertionSort (int[] arr) {
for (int i = 1; i < arr.length; i++) { i [:::::]
if (arr(i] < arr[i - 1]) {
int toInsert = arr[i];
int J = i; 0 1 2 3 4 5

do { 5 7 11|16 | 20 | 39
arr[j] = arr(j - 11;
j =3 - 1;

} while
j > 0 &&
toInsert < arr[j - 1]

) 8

arr[j] = tolInsert;
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public static void insertionSort (int[] arr)
for (int i = 1; i1 < arr.length; i++) { 3 I:I
if (arr[i] < arr[i - 1]) {
int tolInsert = arr[i];
int j = i; 0 1 2 3 4 5
do { 7 39 | 20| 11 | 16 5
arr[j] = arrlj - 11;
i=3-1; 7 20 | 39 | 11 | 16 5
} while (
j >0 && 7 11 | 20 | 39 | 16 5
toInsert < arr([j - 1]
)i 7 11|16 | 20 | 39| 5
arr([j] = tolInsert; 5 7 11 16 20 39
}
}
}
public static void insertionSort (int[] arr) { comparisons moves (swap is 3 moves)
for (int i = 1; i < arr.length; i++) {
if (arr(i] < arr[i - 1]) { )
int tolImnsert = arrl[i]; § 777 ?7??
int j = 1i; s
E 0(?7?)
do {
arr([j] = arr([j - 1];
=13 -1;
} while ( ©
. n
J > 0 && ]
el @ el = af g 0(27?) 0(?2?)
) 8 S
2
arr[j] = tolInsert;
}
}
}
0(2??) 0(27?)

average case




public static void insertionSort (int [] comparisons moves (swap is 3 moves)
for (int 1 = 1; i < arr.length; i++)
if (arr[i] < arr[i - 1]) { [0
int tolInsert = arrl[il]; § n-1 0
int j = 1i; H
g o(n)
do {
arr[j] = arrlj - 11;
j=3-1;
} while ()
j > 0 && §
toInsert < arr[j - 1] = 0(77?) 0(77?)
) 8 1S
=
arr([j] = tolInsert;
}
1 @
)
o 0(2772) 0(27?)
©
[}
>
©
public static void insertionSort (int [] comparisons moves (swap is 3 moves)
for (int 1 = 1; i < arr.length; i++)
if (arr(i] < arr[i - 1]) { o
int tolInsert = arrl[il; § n-1 0
int j = 1i; s
g o(n)
do {
arr([j] = arr([j - 1];
=13 -1;
} while ( ©
j > 0 && ®
toInsert < arr[j - 1] ; O(nz) O(nz)
)i S
2
arr[j] = tolInsert;
}
1
1
o(r?) o(n?)

average case




Quicksort

e Recursive, divide & conquer

e Achieves better average-case time complexity than O(n?)

e Elements are partitioned into two subarrays

o Elements in left subarray are less than or equal to elements in right
subarray

e To partition, pick a pivot value, then repeatedly swap elements between
subarrays to satisfy above condition

e After partitioning is done, recursively quicksort the subarrays

e Say we wantto call partition () on the array below. What would be the
pivot value?

Quicksort

e Recursive, divide & conquer
e Achieves better average-case time complexity than O(n?)
e Elements are partitioned into two subarrays
o Elements in left subarray are less than or equal to elements in right
subarray
e To partition, pick a pivot value, then repeatedly swap elements between
subarrays to satisfy above condition
e After partitioning is done, recursively quicksort the subarrays
e Say we wantto call partition () on the array below. What would be the

pivot value? , ,
arr[(first + last) /2] first

o |
7 1392011 |16 | 5 ast |5 |




public static int partition(

int[] arr, int first, int last
) |
int pivot = arr[(first + last)/2];
int i = first - 1;

int j = last + 1;

while (true)
do {
i++;
} while (arr[i] < pivot);

do {
j--;
} while (arr[j] > pivot);

if (i < 3)

swap (arr, i, jJ);
} else {

return j;
1
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public static int partition/(
int [] arr, int first, int last
) |
int pivot = arr[(first + last)/2];
int i = first - 1;
int j = last + 1;

while (true) ({
do {
i++;
} while (arr[i] < pivot);

do {
3=
} while (arr[j] > pivot);

if (1 < §) {

swap (arr, i, j);
} else {

return j;
1
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public static int partition(

int[] arr, int first, int last
) |
int pivot = arr[(first + last)/2];
int i = first - 1;

int j = last + 1;

while (true)
do {
i++;
} while (arr[i] < pivot);

do {
j--;
} while (arr[j] > pivot);

if (i < 3)

swap (arr, i, jJ);
} else {

return j;
1
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public static int partition/(
int [] arr, int first, int last
) |
int pivot = arr[(first + last)/2];
int i = first - 1;
int j = last + 1;

while (true) ({

do {
i++;

} while (arr[i] < pivot);

arr[0] < pivot

do { 7 < 20
j--i

} while (arr[j] > pivot);

if (1 < §) {

swap (arr, i, j);
} else {

return j;
1

first IZI pivot
last
i
0 1 2 3 4
7 39 120 | 11| 16
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public static int partition(
) ?nt[] arr, int first, int last last | 5

int pivot = arr[(first + last)/2];
int i = first - 1;
int j = last + 1;

Nl

o
-

while (true) ({ 7 39
do {

20

11

16

i++;
while (arr[i] < pivot);
b

do {
j--;
} while (arr[j] > pivot);

if (i< 9) |

swap (arr, i, j);
} else {

return j;
!
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public static int partition/(

int[] arr, int first, int last

last | 5
) {
int pivot = arr[(first + last)/2];
int i = first - 1;

int j = last + 1;

o
- p- I|j

while (true) ({
do {

~J

39

20

11

16

i++;
} while (arr[i] < pivot);
arr[l] < pivot
do { 39 < 20
j--i
} while (arr[j] > pivot);

if (i < 3) {

swap (arr, i, j);
} else {

return j;
1
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public static int partition(

int[] arr, int first, int last
) |
int pivot = arr[(first + last)/2];
int i = first - 1;
int j = last + 1;

last | 5

Nl

o
-

oald.

while (true) 7
do {

39

20 | 11 | 16

i++;
while (arr[i] < pivot);
b

do {
3j==7
} while (arr[j] > pivot);
if (1< 5)
swap (arr, i,
} else {
return j;
!

j)i
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public static int partition/(

int[] arr, int first, int last

) last | 5
int pivot =
int i =
int j =

arr[(first + last)/2];
first - 1;
last + 1;

o
- p- I|j

oal.

while (true) ({
do {

~J

39

20 | 11 | 16

it+;
} while (arr[il < pivot);

5 ivot
o | arr[5] > pivo

X 5 > 20

3--;
} while (arr[j] > pivot);
if (1 < §) {

swap (arr, i, j);

} else {
return j;
}




public static int partition(
int[] arr, int first, int last
) A
int pivot = arr[(first + last)/2];
int i = first - 1;
int j = last + 1;

while (true)
do {
i++;
} while (arr[i] < pivot);

do {
j--:
} while (arr[j] > pivot);
if (i< g) |
swap (arr, i, jJ);
} else {
return j;
!

first III pivot
last
i 3
0 1 2 3 4 5
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public static int partition/(
int [] arr, int first, int last
) |
int pivot = arr[(first + last)/2];
int i = first - 1;
int j = last + 1;

while (true) ({
do {
i++;
} while (arr[i] < pivot);

do {
j--i
} while (arr[j] > pivot);
if (1 < §) {
swap (arr, i, j);
} else {
return j;
1

first

last | 5

o
- p- I|j

~J
ul

20 | 11 | 16
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public static int partition(

?nt[] arr, int first, int last last
)
int pivot = arr[(first + last)/2];
int i = first - 1;
int j = last + 1;

o
-

N H-

while (true) ({ 7 5
do {

20

11

16

i++;
while (arr[i] < pivot);
b

do {
j--:
} while (arr[j] > pivot);
if (1< 5)
swap (arr, i, jJ);
} else {
return j;
!
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public static int partition/(

int[] arr, int first, int last last
) |
1

int pivot = arr[(first + last)/2];

int i = first - 1; i j

int j = last + 1; 2 3 4 5

while (true) { 7 5 20 11 16 39
do {

i++;

} while (arr[i] < pivot);
arr[2] < pivot

do { 20 < 20
j--i
} while (arr[j] > pivot);
if (i < 3) {

swap (arr, i, j);
} else {

return j;
1
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public static int partition(

int[] arr, int first, int last last
) |

int pivot = arr[(first + last)/2];
int i = first - 1;

int j = last + 1;

o
-

N H-

while (true) ({ 7 5
do {

20

11

16

39

i++;
while (arr[i] < pivot);
b

do {
3j==7
} while (arr[j] > pivot);
if (1< 5)
swap (arr, i, jJ);
} else {
return j;
!

) o o first
public static int partition/(

int[] arr, int first, int last last
) |
1

int pivot = arr[(first + last)/2];

int i = first - 1; i j

int j = last + 1; 2 3 4 5

while (true) { 7 5 20 11 16 39
do {

it+;
} while (arr[il < pivot);

arr[4] > pivot

do { 16 > 20

j--i
} while (arr[j] > pivot);
if (1 < §) {
swap (arr, i, j);
} else {
return j;
1
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public static int partition(

?nt[] arr, int first, int last last
)
int pivot = arr[(first + last)/2];
int i = first - 1;
int j = last + 1;

o
-

N H-

while (true) ({ 7 5
do {

20

11

16

39

i++;
while (arr[i] < pivot);
b

do {
j--:
} while (arr[j] > pivot);
if (i< g) |
swap (arr, i, jJ);
} else {
return j;
!

) o o first
public static int partition/(

int[] arr, int first, int last last
) |
1

int pivot = arr[(first + last)/2];

int i = first - 1; i j

int j = last + 1; 2 3 4 5

while (true) { 7 5 16 11 20 39
do {

it+;
} while (arr[il < pivot);

do {
j--i
} while (arr(j] > pivot);
if (1 < §) {
swap (arr, i, j);
} else {
return j;
}
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public static int partition(

int[] arr, int first, int last last
) |

int pivot = arr[(first + last)/2];
int i = first - 1;

int j = last + 1;

o
-

while (true) ({ 7 5
do {

16

11

20

39

i++;
while (arr[i] < pivot);
b

do {
j--:
} while (arr[j] > pivot);
if (1< 5)
swap (arr, i, jJ);
} else {
return j;
!
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public static int partition/(

int[] arr, int first, int last last
) |
1

int pivot = arr[(first + last)/2];

int 1 = first - 1; ij

int j = last + 1; 2 3 4 5

while (true) { 7 5 16 11 20 39
do {

it++;
} while (arr[il < pivot);

do {
j--i
} while (arr[j] > pivot);
if (i < 3) {
swap (arr, i, j);
} else {
return j;
1
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public static int partition(

int[] arr, int first, int last last

int pivot = arr[(first + last)/2];

int 1 = first - 1; ij

int j = last + 1; 0 1 2 3 4 5

while (true) { 7 5 116 |11 | 20 | 39
do {

i++;
} while (arr[i] < pivot);
arr[4] < pivot
do { 20 < 20
j--:
} while (arr[j] > pivot);

if (i < §) |

swap (arr, i, j);
} else {

return j;
!

first

public static int partition/(

int pivot = arr[(first + last)/2];
int i = first - 1;

int[] arr, int first, int last last
1

int j = last + 1; 2 g i 5
whilZO(Erue) { 7 5 16 11 20 39

} while (arr[il < pivot);

do {
=8
} while (arr[j] > pivot);

if (1 < §) {

swap (arr, i, j);
} else {

return j;
1




public static int partition(
int[] arr, int first, int last last j
) |
int pivot = arr[(first + last)/2];
int i = first - 1; j i
int j = last + 1; 0 1 2 3 4 5
wlieile (e 7 | 5 |16 |11 |20 |39
do {
i++;
} while (arr[i] < pivot);
a arr[3] > pivot
° {_ 11 > 20
==y
} while (arr[j] > pivot);
if (1< )
swap (arr, i, j);
} else {
return j;
!
!
!
public static int partition/(
int[] arr, int first, int last last j 'e,
) | S
int pivot = arr[(first + last)/2];
int i = first - 1; j i
int j = last + 1; 1 2 3 4 5
while (true) { 7 5 16 | 11| 20 | 39
do {
i++;

} while (arr[il < pivot);

do {
3=
} while (arr[j] > pivot);

if (1 < §) {

swap (arr, i, j);
} else {

return j;
} index of last element in
} left subarray




first

private static void gSort (
int[] arr, int first, int last last

) |

int split = partition(arr, first, last);

if (first < split) ({
gSort (arr, first, split);

o
-
N
N
(¢)]

if (last > split + 1) {
gSort (arr, split + 1,

last) ;

} while (arr[j] > pivot);

if (4 < §) |
(arr, i, 3);

return j;

} index of last element in
left subarra
} left subarray
1
private static void gSort (
int[] arr, int first, int last last
) A
int split = partition(arr, first, last);
WX
%
0
if (first < split) { 0 < 3 1 s %3 4 5
gSort (arr, first, split);
if (last > split + 1) { 7 > 16 11 20 39
gSort (arr, split + 1, last); N J
} Y
) gSort (arr, 0, 3)

?

} while (arr([j] > pivot);
if (1 < 3) |

swap (arr, i, j);
} else {

return j;
} index of last element in
} left subarray

gSort (0, 5)




public static int partition(
int[] arr, int first, int last
) A
int pivot = arr[(first + last)/2];
int i = first - 1;
int j = last + 1;

while (true)
do {
i++;
} while (arr[i] < pivot);

do {
j--;
} while (arr[j] > pivot);

if (i < 3)

swap (arr, i, jJ);
} else {

return j;
1

first

what is the pivot value
for this subarray?

last | 3

]

o
=N
N
w
N

39

7 139|20(11|16( 5
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partition(0, 3)

gSort (0, 3)

gSort (0, 5)

public static int partition/(
int [] arr, int first, int last
) |
int pivot = arr[(first + last)/2];
int i = first - 1;
int j = last + 1;

while (true) ({
do {
i++;
} while (arr[i] < pivot);

do {
3=
} while (arr[j] > pivot);

if (1 < §) {

swap (arr, i, j);
} else {

return j;
1

first

o] sl ]
1

S

what are the initial J I:I

values of i and ;?

7 5 16 | 11 | 20

39

7 [39]20|11|16| 5
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partition(0, 3)

gSort (0, 3)
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public static int partition(

int[] arr, int first, int last
) |
int pivot = arr[(first + last)/2];
int i = first - 1;

int j = last + 1;

while (true)
do {
i++;
} while (arr[i] < pivot);

do {
j--;
} while (arr[j] > pivot);

if (i < 3)

swap (arr, i, jJ);
} else {

return j;
1
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partition(0, 3)

gSort (0, 3)

gSort (0, 5)

public static int partition/(
int [] arr, int first, int last

) |

int pivot = arr[(first + last)/2];

int i = first - 1;
int § = last + 1;

while (true) ({
do {
i++;
} while (arr[i] < pivot);

do {
3=
} while (arr[j] > pivot);

if (1 < §) {

swap (arr, i, j);
} else {

return j;
1

where does i stop?

7 [39]20|11|16| 5
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partition(0, 3)

gSort (0, 3)

gSort (0, 5)




public static int partition(

int[] arr, int first, int last
) |
int pivot = arr[(first + last)/2];
int i = first - 1;

int j = last + 1;

while (true)
do {
i++;
} while (arr[i] < pivot);

do {
j--;
} while (arr[j] > pivot);

if (i < 3)

swap (arr, i, jJ);
} else {

return j;
1

first III pivot i IZI
]
i 3
0 1 2 3 4 5
7 5 16 | 11 | 20 | 39

on the first element that is not less
than the pivot value (stopping
condition of do-while loop)

where does i stop?

7 139|20(11|16( 5

partition(0, 3)
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gSort (0, 3)

gSort (0, 5)

public static int partition/(
int [] arr, int first, int last
) |
int pivot = arr[(first + last)/2];
int i = first - 1;
int j = last + 1;

while (true) ({
do {
i++;
} while (arr[i] < pivot);
arr[0] < pivot
do { 7 <5
j--i
} while (arr[j] > pivot);

if (1 < §) {

swap (arr, i, j);
} else {

return j;
1
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N
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16 | 11 | 20 | 39

on the first element that is not less
than the pivot value (stopping
condition of do-while loop)

where does i stop?
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public static int partition(

int[] arr, int first, int last
) |
int pivot = arr[(first + last)/2];
int i = first - 1;

int j = last + 1;

while (true)
do {
i++;
} while (arr[i] < pivot);

do {
J==7
} while (arr[j] > pivot);

if (i < 3)

swap (arr, i, jJ);
} else {

return j;
1

first III pivot
last
i 3
0 1 2 3 4 5
7 5 16 | 11 | 20 | 39

where does i stop?

where does j stop?

on the first element that is not less
than the pivot value (stopping
condition of do-while loop)

partition(0, 3)

gSort (0, 3)

gSort (0, 5)

public static int partition/(
int [] arr, int first, int last

) |

int pivot = arr[(first + last)/2];

int i = first - 1;
int § = last + 1;

while (true) ({
do {
i++;
} while (arr[i] < pivot);

do {
=8
} while (arr[j] > pivot);

if (1 < §) {

swap (arr, i, j);
} else {

return j;
1

g ok
(O] -

16 | 11 | 20 | 39

where does i stop?

where does j stop?

on the first element that is not less
than the pivot value (stopping
condition of do-while loop)

on the first element that is not
greater than the pivot value (stopping
condition of do-while loop)

partition(0, 3)

gSort (0, 3)

gSort (0, 5)




public static int partition(

int[] arr, int first, int last
) |
int pivot = arr[(first + last)/2];
int i = first - 1;

int j = last + 1;

while (true)
do {
i++;
} while (arr[i] < pivot);
arr[3] > pivot

do { 11 > 5

j--:
} while (arr[j] > pivot);

if (i < 3)

swap (arr, i, jJ);
} else {

return j;
1

first

o |
last
i

16 | 11 | 20 | 39

where does 1 stop?

where does j stop?

on the first element that is not less
than the pivot value (stopping
condition of do-while loop)

on the first element that is not
greater than the pivot value (stopping
condition of do-while loop)

partition(0, 3)

gSort (0, 3)

gSort (0, 5)

public static int partition/(
int [] arr, int first, int last
) {
int pivot = arr[(first + last)/2];
int i = first - 1;
int j = last + 1;

while (true) ({
do {
i++;
} while (arr[i] < pivot);

do {
=8
} while (arr[j] > pivot);

if (1 < §) {

swap (arr, i, j);
} else {

return j;
1

i

16 | 11 | 20 | 39

where does i stop?

where does 7 stop?

on the first element that is not less
than the pivot value (stopping
condition of do-while loop)

on the first element that is not
greater than the pivot value (stopping
condition of do-while loop)

partition(0, 3)

gSort (0, 3)

gSort (0, 5)




public static int partition(

int[] arr, int first, int last
) |
int pivot = arr[(first + last)/2];
int i = first - 1;
int j = last + 1;
while (true)
do {
i++;
} while (arr[i] < pivot);
arr[2] > pivot
“{, 16 > 5
==y
} while (arr[j] > pivot);
if (1< )
swap (arr, i, jJ);

} else {
return j;
1

first

o |
last
i

16 | 11 | 20 | 39

where does 1 stop?

where does j stop?

on the first element that is not less
than the pivot value (stopping
condition of do-while loop)

on the first element that is not
greater than the pivot value (stopping
condition of do-while loop)

partition(0, 3)

gSort (0, 3)

gSort (0, 5)

public static int partition/(

int[] arr, int first,

) |

int pivot = arr[(first + last)/2];

int i = first - 1;
int § = last + 1;

while (true) ({
do {
i++;
} while (arrl[i]

do {
=8
} while (arr[j]

if (1 < §) {
swap (arr, i,
} else {
return j;
}

int last

< pivot) ;

> pivot);

j);

i

16 | 11 | 20 | 39

where does i stop?

where does 7 stop?

on the first element that is not less
than the pivot value (stopping
condition of do-while loop)

on the first element that is not
greater than the pivot value (stopping
condition of do-while loop)

partition(0, 3)

gSort (0, 3)

gSort (0, 5)




public static int partition(

int[] arr, int first, int last
) |
int pivot = arr[(first + last)/2];
int i = first - 1;

int j = last + 1;

while (true)
do {
i++;
} while (arr[i] < pivot);
arr[1l] > pivot

do { 5> 5

j--:
} while (arr[j] > pivot);

if (i < 3)

swap (arr, i, jJ);
} else {

return j;
1

first III pivot i
last
i3
0 1 2 3 4 5
7 5 16 | 11 | 20 | 39

where does i stop?

where does j stop?

on the first element that is not less
than the pivot value (stopping
condition of do-while loop)

on the first element that is not
greater than the pivot value (stopping
condition of do-while loop)

partition(0, 3)

gSort (0, 3)

gSort (0, 5)

public static int partition/(
int [] arr, int first, int last
) {
int pivot = arr[(first + last)/2];
int i = first - 1;
int j = last + 1;

while (true) ({
do {
i++;
} while (arr[i] < pivot);

do {
3=
} while (arr[j] > pivot);

if (1 < §) {

swap (arr, i, j);
} else {

return j;
1

first EI pivot i EI
last

i ]
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—\__/ )

rd
EFmm

7 [39]20|11|16| 5

partition(0, 3)
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gSort (0, 5)




first pivot

public static int partition(

) J{.Dt[] arr, int first, int last last

int pivot = arr[(first + last)/2];
int i = first - 1; i j
int j = last + 1; 0 1 2 3 4 5
nEee) (iesneh | 5 | 7 |16 |11 |20 |39
do {
i++; \ v J

} while (arr[i] < pivot);

do {
j--;
} while (arr[j] > pivot);

if (i < 3) {

swap (arr, i, jJ);
} else {

return j;

} 7 139|20(11|16( 5
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partition(0, 3)

gSort (0, 3)

gSort (0, 5)

public static int partition/(
int [] arr, int first, int last last
) |

int pivot = arr[(first + last)/2];

int 1 = first - 1; ij
int j = last + 1; 0 1 2 3 4 5
while (true) 5 7 16 | 11 | 20 | 39
do {
i++; \ Y d

} while (arr[il < pivot);

do {
3=
} while (arr[j] > pivot);

if (i < 3) {

swap (arr, i, j);
} else {

return j;

} 7 [39]20|11|16| 5

rd
} BEEn

partition(0, 3)

gSort (0, 3)

gSort (0, 5)
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public static int partition(
) ?nt[] arr, int first, int last last | 3 j [:::::]

]

int pivot = arr[(first + last)/2];
int i = first - 1; j i
int j = last + 1; 0 1 2 3 4 5
nEee) (iesneh | 5 | 7 |16 |11 |20 |39
do {
i++; \ J

} while (arr[i] < pivot);

do {
3J==7
} while (arr[j] > pivot);

if (i < 3)

swap (arr, i, jJ);
} else {

return j;

} } 7 139|20(11|16( 5
partition(0, 3)

) e
E gSort (0, 3)

gSort (0, 5)

public static int partition/(
) J{.l’lt[] arr, int first, int last last 5

int pivot = arr[(first + last)/2];
int i = first - 1;
int j = last + 1;

Va‘
I
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Ul |oU.

while (true) ({
do {

i++; \ J
} while (arr[il < pivot);

do {
3=
} while (arr[j] > pivot);

if (1 < §) {

swap (arr, i, j);
} else {

return j;

} } 7 139|20(11|16( 5
partition(0, 3)

rd
1
E gSort (0, 3)

gSort (0, 5)




private static void gSort (

int[] arr, int first, int last
) A
int split = partition(arr, first, last);
if (first < split) { 0 <O
aSort (are fiese—sptiTT;
}
if (last > split + 1) {
gSort (arr, split + 1, last);

}
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% 1 2 3 4 5
5 7 16 | 11 | 20 | 39

} while (arr[j] > pivot);
if (i < 3)
swap (arr, i, jJ);
} else { no call to gSort () for subarrays with one element
return j;
- [7 [ss]aofuafus] 5]
) e
7[5 [26[ss] asort (0, 3)
e
Iz‘ gSort (0, 5)
fec[o ] mc[o ]
private static void gSort (
int[] arr, int first, int last last
) A
int split = partition(arr, first, last);
el
if (first < split) 0 1 2 3 4 5
gSort (arr, first, split);
}
if (last > split + 1) { S 7 16 11 20 39
gSort (arr, split + 1, last); N J
Y

}

‘Illlllllllllr!!!llllllllllllllllllllll..’

} while (arr([j] > pivot);

if (1 < 3) |
swap (arr, i,
} else {
return j;
}

j);

gSort (arr, 1, 3)

recurse on the right!
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public static int partition(
int[] arr, int first, int last

) |

int pivot = arr[(first + last)/2];

int i = first - 1; i j
int j = last + 1; 0 1 2 3 4 5
while (true) { 5 7 16 | 11 | 20 | 39
do {
i++; \ Y 4

} while (arr[i] < pivot);

do {
j--;
} while (arr[j] > pivot);

if (i< 9) |

swap (arr, i, j);
} else {

return j;

} } 7 139|20(11|16( 5

partition (1,

3)
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gSort (1, 3)

gSort (0, 3)

gSort (0, 5)

public static int partition/(
int [] arr, int first, int last last
) {

int pivot = arr[(first + last)/2];

int i = first - 1; i J
int j = last + 1; 0 1 2 3 4 5
while (true) ({ 5 7 16 | 11 | 20 | 39
do {
i++; \ 4

} while (arr[i] < pivot);

do {
3=
} while (arr[j] > pivot);

if (i < 3) {

swap (arr, i, j);
} else {

return j;

} } 7 (39(20|11|16| 5

partition(1,

3)
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gSort (1, 3)

gSort (0, 3)

gSort (0, 5)




public static int partition(
int[] arr, int first, int last

) |
int pivot = arr[(first + last)/2];
int i = first - 1; i j
int j = last + 1; 0 1 2 3 2 5
nEee) (iesneh | 5 | 7 |16 |11 |20 |39
do {
i++; \ v J

} while (arr[i] < pivot);

do {
J==7
} while (arr[j] > pivot);

if (i< 9) |

swap (arr, i, j);
} else {

return j;
!
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gSort (1, 3)

gSort (0, 3)

gSort (0, 5)

public static int partition/(
int [] arr, int first, int last last
) {

int pivot = arr[(first + last)/2];

int i = first - 1; i j
int j = last + 1; 1 2 3 4 5
while (true) 5 7 16 | 11 | 20 | 39
do {
i++; \ Y d

} while (arr[il < pivot);

do {
j--i
} while (arr[j] > pivot);

if (i < 3) {

swap (arr, i, j);
} else {

return j;
1

7 [39]20|11|16| 5

partition(1, 3)
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gSort (1, 3)

gSort (0, 3)

gSort (0, 5)




public static int partition(
int[] arr, int first, int last

) |

int pivot = arr[(first + last)/2];
int i = first - 1; i j
int j = last + 1; 0 1 2 3 4 5
nEee) (iesneh | 5 | 7 |11 |16 |20 | 39
do {
i++; \ J

} while (arr[i] < pivot);

do {
j--:
} while (arr[j] > pivot);
if (i< g) |
swap (arr, i, jJ);
} else {
return j;

} } 7 139|20(11|16( 5

partition(1l, 3)
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gSort (1, 3)

gSort (0, 3)

gSort (0, 5)

public static int partition/(
int [] arr, int first, int last last
) {
1

int pivot = arr[(first + last)/2];

int 1 = first - 1; ij
int j = last + 1; 2 3 4 5
while (true) { 5 7 11 {16 | 20 | 39
do {
i++; \ 4

} while (arr[i] < pivot);

do {
j--i
} while (arr[j] > pivot);
if (1 < §) {
swap (arr, i, j);
} else {
return j;

partition(1, 3)

} } 7 (39(20|11|16| 5
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gSort (1, 3)

gSort (0, 3)

gSort (0, 5)




public static int partition(
int[] arr, int first, int last

) |

int pivot = arr[(first + last)/2];
int i = first - 1; j i
int j = last + 1; 0 1 2 3 4 5
nEee) (iesneh | 5 | 7 |11 |16 |20 | 39
do {
i++; \ J

} while (arr[i] < pivot);

do {
J==7
} while (arr[j] > pivot);

if (i < §) |

swap (arr, i, j);
} else {

return j;

} } 7 139|20(11|16( 5

partition(1,

3)
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gSort (1, 3)

gSort (0, 3)

gSort (0, 5)

public static int partition/(
int [] arr, int first, int last last
) |

int pivot = arr[(first + last)/2];

int i = first - 1; j i
int j = last + 1; 1 2 3 4 5
while (true) { 5 7 11 {16 | 20 | 39
do {
i++; \ Y 4

} while (arr[il < pivot);

do {
3=
} while (arr[j] > pivot);

if (1 < §) {

swap (arr, i, j);
} else {

return j;

partition(1,

3)

} } 7 (39(20|11|16| 5
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gSort (1, 3)

gSort (0, 3)

gSort (0, 5)




private static void gSort (
int[] arr, int first, int last

) |

int split = partition(arr, first, last);

if (first < split) { 1<2
gSort (arr, first, split);
}

if (last > split + 1) {
gSort (arr, split + 1, last);
}

‘IlIIIlIIIIlI!!!FIIIIIIIIIIIIIIIIIIIIII-"

} while (arr[j] > pivot);

if (i < 3)

swap (arr, i, jJ);
} else {

return j;
1

7 (39(20|11|16| 5

first split
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5 7 11 |16 | 20 | 39
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gSort (1, 3)

gSort (0, 3)

gSort (0, 5)

private static void gSort (
int [] arr, int first, int last
) A

int split = partition(arr, first, last);

if (first < split) { 1 < 2
gSort (arr, first, split);

if (last > split + 1)
gSort (arr, split + 1, last);
}

‘Illlllllllllr!!!llllllllllllllllllllll..’

} while (arr([j] > pivot);

if (1 < j) {

swap (arr, i, j);
} else {

return j;
}
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public static int partition(
int[] arr, int first, int last

) |

int pivot = arr[(first + last)/2];

int i = first - 1; i j
int j = last + 1; 0 1 2 3 4 5
while (true) { 5 7 | 11|16 | 20 | 39
do {
i++; D —
} while (arr[i] < pivot);
do {
j--;

} while (arr[j] > pivot);

if (i< 9) |

swap (arr, i, j);
} else {

return j;
!

partition(1l, 2)

qgSort (1,

2)

gSort (1,

3)

gSort (0,

3)

gSort (0,

5)

public static int partition/(
int [] arr, int first, int last last
) {
i
1

int pivot = arr[(first + last)/2];
int i = first - 1;

int j = last + 1; 2 4 5
while (true) { 5 7 11 {16 | 20 | 39
do {
i++; D —
} while (arr[i] < pivot);
do {
J==g

} while (arr[j] > pivot);

if (i < 3) {

swap (arr, i, j);
} else {

return j;
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3)

gSort (0,

3)

gSort (0,
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public static int partition(

int[] arr, int first, int last
) |
int pivot = arr[(first + last)/2];
int i = first - 1;

int j = last + 1;

while (true)
do {
i++;
} while (arr[i] < pivot);

do {
J==7
} while (arr[j] > pivot);
if (i < §) |
swap (arr, i, j);
} else {
return j;
1

i j

0 1 2 3 4 5

5 7 | 1116 | 20 | 39
%_I

partition(1l, 2)

gSort (1, 2)

gSort (1, 3)

gSort (0, 3)

gSort (0, 5)

public static int partition/(
int [] arr, int first, int last
) {
int pivot = arr[(first + last)/2];
int i = first - 1;
int § = last + 1;

while (true) ({
do {
i++;
} while (arr[i] < pivot);

do {
j--i
} while (arr[j] > pivot);
if (1 < §) {
swap (arr, i, j);
} else {
return j;
1

0 1 2 3 4 5
5 7 |11 |16 | 20 | 39
%’_I

|7 [3s]a0fa2]as] s |

V'

[+ s el

PR

partition(l, 2)

gSort (1, 2)

gSort (1, 3)

gSort (0, 3)

gSort (0, 5)




public static int partition(
int[] arr, int first, int last
) A
int pivot = arr[(first + last)/2];
int i = first - 1;
int j = last + 1;

while (true)
do {
i++;
} while (arr[i] < pivot);

do {
j--;
} while (arr[j] > pivot);
if (1< 5)
swap (arr, i, jJ);
} else {
return j;
1

0 1 2 3 4 5
5 7 | 11|16 | 20| 39
%{_I

partition(1l, 2)

gSort (1, 2)

gSort (1, 3)

gSort (0, 3)

gSort (0, 5)

private static void gSort (
int [] arr, int first, int last
) A

int split = partition(arr, first, last);

if (first < split)
gSort (arr, first, split);
}

if (last > split + 1) {
gSort (arr, split + 1, last);
}

‘IlllllIIIIII.r!!FIIIIIIIIIIIIIIIIIIIIIII-'

} while (arr([j] > pivot);

if (1 < j) {

swap (arr, i, j);
} else {

return j;
1

995&
0 1 2 3 4 5
5 7 11 |16 | 20 | 39
| S —

|7 [3s]a0fa2]as] s |

V'

gSort (1, 2)

gSort (1, 3)

gSort (0, 3)

gSort (0, 5)




private static void gSort (

int[] arr, int first, int last
) A
int split = partition(arr, first, last);
if (first < split) ({
gSort (arr, first, split);
}
if (last > split + 1) {
gSort (arr, split + 1, last);

}

?

} while (arr[j] > pivot);

if (i < 3)

swap (arr, i, jJ);
} else {

return j;
1

QQ}b
0 1 2 3 4 5
5 7 11 | 16 | 20 | 39
| S —

both of these checks are false, so the one-element
subarrays with 7 and 11 are sorted, and we return back to
gSort (1, 3)

|7 [35]20]32[as] 5 |

Ve

[qSort (1, 2)

[+ [ el

/ N gSort (1, 3)

IE‘ gSort (0, 3)

]

/ 1 \ gSort (0, 5)

private static void gSort (
int [] arr, int first, int last
) A

int split = partition(arr, first, last);

if (first < split) ({
+qSort(arr, first, split);

if (last > split + 1) {

gSort (arr, split + 1, last);
}

‘IIlIlIllIlllr!!!llllllllllllllllllllll."

} while (arr([j] > pivot);

if(i<j){

swap (arr, i, j);
} else {

return j;
}

last
69\},0
1 2 3 4 5
5 7 11|16 | 20| 39

in gSort (1, 3) we were waiting on the left recursive
call... should we do the right recursive call now?
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gSort (1, 3)
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gSort (0, 3)

gSort (0, 5)
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private static void gSort (
int[] arr, int first, int last

) |

int split = partition(arr, first, last);

if (first < split) ({
gSort (arr, first, split);

} , 3 >3
if (last > split + 1) {

gSort (arr, split + 1, last);
}

?

} while (arr[j] > pivot);

if (i < 3)

swap (arr, i, jJ);
} else {

return j;
1

A3

o
=N
w
N
(¢,

in gSort (1, 3) we were waiting on the left recursive
call... should we do the right recursive call now?

no, the right subarray only contains 16, so return from
gSort (1, 3)

|7 [35]20]32[as] 5 |

Ve

[+ [ el

rd N <-qSort(1, 3)
IE‘ gSort (0, 3)

. \ gSort (0, 5)
7 |«
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private static void gSort (
int [] arr, int first, int last

) A

int split = partition(arr, first, last);

if (first < split) ({
gSort (arr, first, split);

if (last > split + 1) ({
> gSort (arr, split + 1, last);

?

} while (arr([j] > pivot);

if(i<j){

swap (arr, i, j);
} else {

return j;
}

% 1 2 3 4 5
5 7 11 | 16 | 20 | 39

in gSort (0, 3) we were waiting on the right
recursive call, no more work to do! return back to
gSort (0, 5)

|7 [3s]a0fa2]as] s |

V'

[+ s [aelss

PR

- <'qSort(O, 3)
S

rd
/\ gSort (0, 5)




private static void gSort (

int[] arr, int first, int last
) A

int split = partition(arr, first, last);
if (first < split) ({

= gSort (arr, first, split);
}
if (last > split + 1) {

gSort (arr, split + 1, last);

}

?

495&
0 1 2 3 4 5
5 7 11 | 16 | 20 | 39

in gSort (0, 5) we were waiting on the left recursive
call, now recurse right

} while (arr[j] > pivot);
if (i < 3)
swap (arr, i, j);
} etse | [+ [os[aala]ie] 2
return j; P

- [ [s ][

} PR
]
{ H
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private static void gSort (
int[] arr, int first, int last last

) A

int split = partition(arr, first, last);

A
. ) . <2
if (first < split) { 1 2 3 4 5
gSort (arr, first, split);
}
if (last > split + 1) { > 7 11 16 20 39
gSort (arr, split + 1, last); \ J

}

?

} while (arr([j] > pivot);

if(i<j){
swap (arr, i,
} else {
return j;
}

j);

gSort (arr, 4, 5)

in gSort (0, 5) we were waiting on the left recursive
call, now recurse right
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public static int partition(

int[] arr, int first, int last j [:::::]
)
int pivot = arr[(first + last)/2];
int i = first - 1; i j
int j = last + 1; 0 1 2 3 4 5
while (true) { 5 7 11 16 | 20 | 39
do {
i++; e a—
} while (arr[i] < pivot);
do {
j--;

} while (arr[j] > pivot);

if (i< 9) |
swap (arr, i, j);

| [+ [os[as[afue]

return j; e N
} k] [k
rd
} } partition(4, 5)
gSort (4, 5)
gSort (0, 5)

public static int partition/(
) J{_nt[] arr, int first, int last last 5 IZI
1

int pivot = arr[(first + last)/2];
int 1 = first - 1;

. i J
int j = last + 1; 2 3 4 5
while (true) { 5 7 11 {16 | 20 | 39
do {
i++; e a—
} while (arr[i] < pivot);
do {
J==g

} while (arr[j] > pivot);

if (i < 3) {
swap (arr, i, j);

} else { |7 [39]20[11[16] 5|

return j; "z N
} [7]5[x6]1] [20]35]
} PR
} partition(4, 5)
-/ N gSort (4, 5)
\ gSort (0, 5)

1




public static int partition(
int[] arr, int first, int last
) A
int pivot = arr[(first + last)/2];
int i = first - 1;

1
int j = last + 1; 0 1 2 3 4 5 J
whilcelo(Erue) { 5 7 11| 16 | 20 | 39
i++; D —

} while (arr[i] < pivot);

do {
J==7
} while (arr[j] > pivot);

if (i< 9) |
swap (arr, i, j);

| [+ [os[as[afue]

return j; e

N

[aal]

| [ [e]eln]
e N
}

partition (4, 5)

gSort (4, 5)

gSort (0, 5)

int[] arr, int first, int last

public static int partition/(
int pivot = arr[(first + last)/2];
int i = first - 1; ij
int j = last + 1; 1 2 3 4 5
while (true) { 5 7 11 16 | 20 | 39
do {
i++; e a—

} while (arr[il < pivot);

do {
j--i
} while (arr[j] > pivot);

if (i < 3) {
swap (arr, i, j);

} else { |7 [39]20[11[16] 5|

return j; I
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} [ Taleelss]

[aa]53]

} <\
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partition(4, 5)

gSort (4, 5)

gSort (0, 5)




public static int partition(
int[] arr, int first, int last

) |
int pivot = arr[(first + last)/2];
int i = first - 1;
int j = last + 1;
while (true)
do {
i++;
} while (arr[i] < pivot);
do {
j--:
} while (arr[j] > pivot);
if (1< 5)
swap (arr, i, jJ);
} else {
return j;
!
!
!

]
1]
0 1 2 3 4 5
5 7 11 |16 | 20| 39
%—I
pEmmme
e N
[a3]
partition(4, 5)
gSort (4, 5)
gSort (0, 5)

private static void gSort (
int [] arr, int first, int last
) A

int split = partition(arr, first, last);

if (first < split)
gSort (arr, first, split);
}

if (last > split + 1) {
gSort (arr, split + 1, last);
}

?

} while (arr([j] > pivot);

if(i<j){

swap (arr, i, j);
} else {

return j;
1

last | 5

A3
2 3 % 5

1

5 7 |11 |16 | 20 | 39
%_I

both of these checks are false, so the one-element
subarrays with 20 and 39 are sorted, and we return back
to gSort (0, 5)

|7 [35]20]13[a¢] 5 |
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private static void gSort (

int[] arr, int first, int last
) |
int split = partition(arr, first, last);
if (first < split) ({
gSort (arr, first, split);
}
if (last > split + 1) {
gSort (arr, split + 1, last);
}

?

} while (arr[j] > pivot);

if (i< 9) |

swap (arr, i, j);
} else {

return j;
!

éQﬁp
0 1 2 3 4 5
5 7 11 | 16 | 20 | 39

gSort (0, 5) was waiting on the right recursive call, so
it has no more work to do, and the array is sorted
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public static int partition/(

private static void gSort(

int[] arr, int first, int last int [Hars, fint £irst, int last
o o )

) | . . . .
T e = el (FheEe & Tese) /o0 § int split = partition(arr, first, last);
}nt 1 = first - 1; if (first < split) {
int j = last + 1; gSort (arr, first, split);

}
while (true) { if (last > split + 1) {
do { gSort (arr, split + 1, last);
i++; }
} while (arr[i] < pivot); }
do { |7 [39[20[12]ss] 5 |
1 P
} while (arr[j] > pivot);
CLEEE |k
if (4 <9 {
swap (arr, i, j);
} else {
return j;
1
7 139]20]11 16| 5 | i |




Quicksort

e What is the time complexity of quicksort
o inthe best case?

Quicksort

e What is the time complexity of quicksort
o in the best case?
Each time we partition, we divide the current subarray in half. The call tree will then have a
height of log, n, since log, n is an upper bound on the number of times we can divide n in half
before reaching 1, and the recursion stops when we get down to subarrays of size 1. At each of
the log, n levels of the call tree, we perform n comparisons. The number of moves per level will
vary, but is still O(n). The overall best-case time complexity is therefore O(n - log, n).
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Quicksort

e What is the time complexity of quicksort
o inthe worst case?

Quicksort

e What is the time complexity of quicksort
o in the worst case?

Each time we partition, we divide the current subarray into a subarray containing just a single
element and another subarray containing all the remaining elements. In this case, the call tree
will have a height of n, since we’re reducing the problem size by only 1 element at a time. The
number of comparisons we perform starts at n and goes down by 1 for each level, giving us
O(n?) comparisons. We perform at most 1 swap per level, so there are O(n) moves, but the
overall worst-case complexity is still O(n?).

| | | | | | | n comparisons & moves

e \
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Quicksort

e What is the time complexity of quicksort
o inthe average case?
We get a mix of balanced and unbalanced partitionings, and so the height
of our call tree will
be > log, n but < n. It can be proved that quicksort is still O(n - log, n) on
average, and that its average case is much closer to its best case than its
worst case.

e How would you characterize the performance of quicksort in the example we
just stepped through? Was it an example of best case, worst case, or average
case performance? Why?

o Ourinput size nis 6 and the height of our call tree was 4. log,(6) = 2.5, so
it is best described as an example of average performance.




