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The Search Prlob\em

*Given an array A storing n numbers, and a target
number v, locate the position in A (if it exists) where
Ali] =v

* Example
* Input: A={3,8,2,15,99,52}, v=99
* OQutput: position 4

* Notes

* Array positions (indexes) go from 0..n-1

* When the target does not exist in the array, return an
undefined position, such as -1



&) s ) LK ol o dadls
2y Sl Sala agial
Ol ama dhias pa hald) M Claulall agle aud

Linear Search
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Linear Search

e Start from the leftmost element of array A and one by one

compare v with each element of A
* |f v matches with an element, return the index.

e |f vdoesn’t match with any of elements, return -1.
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Algorithm 1: \Lmear Search
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Algorithm LinearSearch(A,v):

Input: An array A of n numbers, search target v
Output: position i where Ali]=v, -1 if not found

fori<—0ton-1do
if Ali] = v then
return i
return -1
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Linear Search example

e Start from the leftmost element of array A and one by one compare v

(101) with each element of A
* |fvmatches with an element, return the index.

* If vdoesn’t match with any of elements, return -1.

1 2 3 4 5 6
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Linear Search: example
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e Start from the leftmost element of array A and one by one compare v

(101) with each element of A

* |f v matches with an element, return the index.

* If vdoesn’t match with any of elements, return -1.

1 2 3 4

5 6

2 35 12

101 S
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Linear Search

e Start from the leftmost element of array A and one by one compare v

(101) with each element of A
* |f v matches with an element, return the index.

* If vdoesn’t match with any of elements, return -1.

4 S 6

12 101 S
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Linear Search

e Start from the leftmost element of array A and one by one compare v

(101) with each element of A
* |f v matches with an element, return the index.

* If vdoesn’t match with any of elements, return -1.

5 6

77 101 S
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Linear Search

e Start from the leftmost element of array A and one by one compare v

(101) with each element of A
* |f v matches with an element, return the index.

* If vdoesn’t match with any of elements, return -1.

1 2 3 4 S 6

77 42 35 01 S




&) s ) LK ol o dadls
2y Sl Sala agial
Ol ama dhias pa hald) M Claulall agle aud

Linear Search

e Start from the leftmost element of array A and one by one compare v

(101) with each element of A
* |f v matches with an element, return the index.

* If vdoesn’t match with any of elements, return -1.

1 2 3

77 42 35
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Linear Search

Start from the leftmost element of array A and one by one compare v

(101) with each element of A
* |f v matches with an element, return the index.

* If vdoesn’t match with any of elements, return -1.

1 2 3 4 5 6
o o oo L] 5

return the index 5
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Linear Search tlme complexity

* Worst-case: O(n)
* If vdoes not exist or if v is the last element in the array

* Best-case: O(1)
* When the target element v is the first element in the
array

* Average-case: O(n)
*e.g., if the target element is somewhere in the middle of
the array, the for-loop will iterate n/2 times. Still O( n)
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Binary Search
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Searching in sorted arrays

* Suppose the array is arranged in increasing or non-
decreasing order

e Linear search on a sorted array still yields the same
analysis
* O( n ) worst-case time complexity

*Can exploit sorted structure by performing binary
search

e Strategy: inspect middle of the search list so that
half of the list is discarded at every step

*Binary Search Algorithm is a searching
algorithm used in a sorted array by repeatedly
dividing the search interval in half. The idea of
binary search is to use the information that the
array is sorted and reduce the time complexity to



https://www.geeksforgeeks.org/searching-algorithms/
https://www.geeksforgeeks.org/searching-algorithms/
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O(log N).
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Algorithm 2: Bmary Search

Algorithm BinarySearch(A,v):
Input: A SORTED array A of n numbers, search target v
Output: position i where Ali]=v, -1 if not found

low <— 0, high < n-1
while low <= high do
mid <— (low+high)/2
if A[mid]=v then
return mid
else if Almid] < v then
low <— mid+1
else
high <— mid-1
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return -1
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Binary Search t|me complexity

* Time complexity analysis: how many iterations of
the while loop?

(assume worst-case)

* Observe values for low and high
* Note that before loop entry,

size of search space = n = high-low+1.
* On each suceeding iteration, search space is cut in half

* Loop terminates when search space collapsestoOor 1
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Binary Search t|me complexity

* search space size  iteration number

n 1
n/2 2
n/4 3
1 X

* X = number of iterations
* Observe 2*=n, log 2* = log n,
= |log n iterations carried out

* Binary Search worst-case time complexity:
O(logn)
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Binary Search t|me complexity

* Worst-case: O(logn)
e If vdoes not exist

* Best-case: O(1)
* When the target element v happens to be in the middle
of the array

* Average-case: O(logn)
* Technically, some statistical analysis needed here (beyond
the scope of this course)
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Binary Sea rchm(ver5|on 2)
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e Can use recursion instead of iteration

* BinSearch(A,v):
return BinSearchHelper(A,0,n-1,v)

* BinSearchHelper(A,low,high,v):

if low > high then
return -1

mid < (low+high)/2
if Al[mid] = v then
return mid
else if Almid] < v then
return BinSearchHelper(A,mid+1,high,v)
else
return BinSearchHelper(A,low,mid-1,v)
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Binary Search example
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Example: sorted array of integer keys. Target=7.

[0] [1] [=2] [3] f[4] [5] [6]
3 | 6 | 7 | 11 | 32 | 33 | 53
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Binary Search: example
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Example: sorted array of integer keys. Target=7.

[5] [6]
33 | 53

[0] [1]
3 6

Find approximate midpoint
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Binary Search: example
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Example: sorted array of integer keys. Target=7.

[5] [6]
33 | 53

[0] [1]
3 6

Is 7 = midpoint key? NO.
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Binary Search: example
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Example: sorted array of integer keys. Target=7.

[5] [6]
33 | 53

[0] [1]
3 6

Is 7 < midpoint key? YES.
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Binary Search: example
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Example: sorted array of integer keys. Target=7.

(0] [1] [2] [3] [4] [5] [6]
3 | 6 | 7 | 11 | 32 | 33 | 53

\ J
Y

Search for the target in the area before midpoint.
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Example: sorted array of integer keys. Target=7.

[3] [4] [5] [6]
11 32 33 53

Find approximate midpoint



&) s )
2bily sl Bala
ul.d.uua.mu.ikm o palal) M

Binary Search: example
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Example: sorted array of integer keys. Target=7.

[3] [4] [5] [6]
11 32 33 53

Target = key of midpoint? NO.
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Binary Search: example
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Example: sorted array of integer keys. Target=7.

[3] [4] [5] [6]
11 32 33 53

Target < key of midpoint? NO.
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Binary Search: example
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Example: sorted array of integer keys. Target=7.

[3] [4] [5] [6]
11 32 33 53

Target > key of midpoint? YES.
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Binary Search: example
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Example: sorted array of integer keys. Target=7.

[0] [1] [2] [3] [4] [5] [6]
3 | 6 | 7 | 11 | 32 | 33 | 53

\_Y_l

Search for the target in the area after midpoint.
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Binary Search: example
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Example: sorted array of integer keys. Target=7.

[0] [1] [2] [3] f[4] [5] [6]

3 6 . 11 32 33 53

A

Find approximate midpoint.
Is target = midpoint key? YES.
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summary

e Linear search on an array takes O( n ) time in the
worst-case

*|If the array is sorted, can perform binary search in
O(logn) time
* [terative and recursive versions

* Both algorithms run in O( 1) time in the best-case

* Case where the first element inspected is the target
element
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Lecture 1

Bubble Sor




Sorting

e Sorting takes an unordered collection and
makes it an ordered one.

1 2 3 4 5 6
»

1 2 3 4 3 6
1




"Bubbling Up" the Largest Element

e Traverse a collection of elements
— Move from the front to the end

— “Bubble” the largest value to the end using
pair-wise comparisons and swapping

1 2 3 4 5 6
»




"Bubbling Up" the Largest Element

e Traverse a collection of elements
— Move from the front to the end

— “Bubble” the largest value to the end using
pair-wise comparisons and swapping

12 101 3




"Bubbling Up" the Largest Element

e Traverse a collection of elements
— Move from the front to the end

— “Bubble” the largest value to the end using
pair-wise comparisons and swapping

101 S




"Bubbling Up" the Largest Element

e Traverse a collection of elements
— Move from the front to the end

— “Bubble” the largest value to the end using
pair-wise comparisons and swapping




"Bubbling Up" the Largest Element

e Traverse a collection of elements
— Move from the front to the end

— “Bubble” the largest value to the end using
pair-wise comparisons and swapping

1 2 3 4 S 6
35

No need to swap




"Bubbling Up" the Largest Element

e Traverse a collection of elements
— Move from the front to the end

— “Bubble” the largest value to the end using
pair-wise comparisons and swapping

42

35

12




"Bubbling Up" the Largest Element

e Traverse a collection of elements
— Move from the front to the end

— “Bubble” the largest value to the end using
pair-wise comparisons and swapping

1 2 3 4 5 6
-

Largest value correctly placed




The “Bubble Up” Algorithm

index <- 1
last compare at <- n -1

loop
exitif (index > last compare at)
if(A[index] > A[index + 1]) then
Swap (A[index], A[index + 1])
endif
index <- index + 1
endloop




No, Swap isn’t built in.

Procedure Swap(a, b isoftype in/out Num)

t isoftype Num

t <- a
a <-b
b <- t

endprocedure // Swap

LB




ltems of Interest

* Notice that only the largest value is
correctly placed
* All other values are still out of order

« SO we need to repeat this process

1 2 3 4 5 6
-

Largest value correctly placed




Repeat “Bubble Up” How Many Times?

 |f we have N elements...

 And if each time we bubble an element,
we place it in its correct location...

 Then we repeat the “bubble up”
process N — 1 times.

* This guarantees we’ll correctly
place all N elements.
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“Bubbling” All the Elements

1 2 3 4 S) 6

42 35 12 (7 S 101

1 2 3 4 S 6
---
---
---

N\




Reducing the Number of Comparisons

1 2 3 4 5 6
77 | 42 | 35| 12 | 101 | 5
1 2 3 4 5 6
42 |35 | 12 | 77 | 5 101
1 2 3 4 5 6
35 | 12 | 42 | 5 77 101
1 2 3 4 5 6
12 | 35 | 5 42 101
1 2 3 4 5 6

12 | 5 | 35 101




Reducing the Number of Comparisons

« On the N “bubble up”, we only need to
do MAX-N comparisons.

 For example:
— This is the 4t “bubble up”
— MAXis 6
— Thus we have 2 comparisons to do

1 2 3 4 5 6
12 | 35| 5 42 101
H_J

H_J




Putting It All

ogether




N is .. // Size of Array
Arr Type definesa Array[l..N] of Num

Procedure Swap(nl, n2 isoftype in/out Num)
temp isoftype Num
temp <- nl
nl <- n2
n2 <- temp
endprocedure // Swap




procedure Bubblesort (A isoftype in/out Arr Type)
to do, index isoftype Num
to do <- N -1

loop <«
exitif (to _do = 0)
index <- 1

loop <

exitif (index > to do)
if(A[index] > A[index + 1]) then

Swap (A[index], A[index + 1])
endif

index <- index + 1

Inner loop

endloop <
to do <- to do -1
endloop <

endprocedure // Bubblesort

QOuter loop




Already Sorted Collections?

« What if the collection was already sorted?

« What if only a few elements were out of place and

after a couple of “bubble ups,” the collection was
sorted?

« We want to be able to detect this
and “stop early”!

1 2 3 4 D 6




Using a Boolean “Flag”

We can use a boolean variable to determine if any
swapping occurred during the “bubble up.”

If no swapping occurred, then we know that the
collection is already sorted!

This boolean “flag” needs to be reset after each
“bubble up.”




did swap isoftype Boolean
did swap <- true

loop
exitif ((to_do = 0) OR NOT (did swap))
index <- 1
did swap <- false
loop
exitif (index > to do)
if(A[index] > A[index + 1]) then
Swap (A[index], A[index + 1])
did swap <- true
endif
index <- index + 1
endloop
to do <- to do -1
endloop




An Animated Example

N n did swap ‘ true ‘

98]23]45[14] 6 ]67[33]42
1 2 3 4 56 7 8




An Animated Example

N n did swap ‘ false ‘

98]23]45[14] 6 ]67[33]42
1 2 3 4 56 7 8




An Animated Example

n did swap ‘ false ‘

98]23]45[14] 6 ]67[33]42
1 2 3 4 56 7 8




An Animated Example

n did swap ‘ true ‘

23]o8]45[14] 6 ]67[33]42
1 2 3 4 56 7 8




An Animated Example

N n did swap ‘ true ‘

23]98]45[14] 6]67[33]42
1 2 3 4 56 7 8




An Animated Example

N n did swap ‘ true ‘

23]98]45[14] 6 ]67[33]42
1 2 3 4 56 7 8




An Animated Example

N n did swap ‘ true ‘

E 8 Kl Kl G G E2 £
1 2 3 4 5 6 7 8




An Animated Example

N n did swap ‘ true ‘

) £ O B KA G EE £
1 2 3 4 5 6 7 8




An Animated Example

N n did swap ‘ true ‘

‘ Swap ‘

[ ]
I K E G G
1 2 3 4 5 6 7 8




An Animated Example

N n did swap ‘ true ‘

‘ Swap ‘

[ ]
EE EE B B2 G G E2
1 2 3 4 5 6 7 8




An Animated Example

N n did swap ‘ true ‘

E 5 B ED KA G ES £
1 2 3 4 5 6 7 8




An Animated Example

N n did swap ‘ true ‘

‘ Swap ‘

[ ]
EEE GG EE
1 2 3 4 5 6 7 8




An Animated Example

N n did swap ‘ true ‘

‘ Swap ‘

[ ]
21 K5 X G KR G EE
1 2 3 4 5 6 7 8




An Animated Example

N n did swap ‘ true ‘

»
= 5 ) G EQ G ES £
1 2 3 4 5 6 7 8




An Animated Example

N n did swap ‘ true ‘

‘ Swap ‘

[ ]
E (8 B Gl ED G ES
1 2 3 4 5 6 7 8




An Animated Example

N n did swap ‘ true ‘

‘ Swap ‘

[ ]
21 K5 X G K R E
1 2 3 4 5 6 7 8




An Animated Example

N n did swap ‘ true ‘

M
) £ ) G ) EC EE
1 2 3 4 5 6 7 8




An Animated Example

N n did swap ‘ true ‘

‘ Swap ‘

[
51 K51 ) G ) T EEN £
1 2 3 4 5 6 7 8




An Animated Example

N n did swap ‘ true ‘

‘ Swap ‘

[
51 K51 X N 1 EE E
1 2 3 4 5 6 7 8




An Animated Example

N n did swap ‘ true ‘

]
) K5 X G G X1 E
1 2 3 4 5 6 7 8




An Animated Example

N n did swap ‘ true ‘

‘ Swap ‘

[ ]
=1 £ ) G I E E
1 2 3 4 5 6 7 8




An Animated Example

N n did swap ‘ true ‘

‘ Swap ‘

[ ]
21 £ ) G 1 EEN EEA
1 2 3 4 5 6 7 8




After First Pass of Outer Loop

N n did swap ‘ true ‘
to do] 7
index n Finished first “Bubble Up”

.
21 K5 X1 G G EEN CEA
1 2 3 4 5 6 7 8




The Second “Bubble Up”

N n did swap ‘ false ‘

) K5 X G G S EE
1 2 3 4 5 6 7 8




The Second “Bubble Up”

'8 did_swap |false]
1

‘No Swap ‘
Vo

) K51 X G G EE1 D
1 2 3 4 5 6 7 8




The Second “Bubble Up”

N n did swap ‘ false ‘

) K1 X G G EE A
1 2 3 4 5 6 7 8




The Second “Bubble Up”

N n did swap ‘ false ‘

) K51 X G G S A
1 2 3 4 5 6 7 8




The Second “Bubble Up”

N n did swap ‘ true ‘

FE) 150 £ G G EE) A
1 2 3 4 5 6 7 8




The Second “Bubble Up”

N n did swap ‘ true ‘

23]14]45[6 [67]33[42]08
1 2 3 4 56 7 8




The Second “Bubble Up”

N n did swap ‘ true ‘

‘ Swap ‘

Vo
23[14]45]6 [67]33]42[98
1 2 3 4 5 6 7 8




The Second “Bubble Up”

N n did swap ‘ true ‘

‘ Swap ‘

]
) 50 G K5 G EE) CE
1 2 3 4 5 6 7 8




The Second “Bubble Up”

N n did swap ‘ true ‘

23]14]6 [45]67]33[42]98
1 2 3 4 56 7 8




The Second “Bubble Up”

N n did swap ‘ true ‘

‘No Swap ‘

Vo
23[14]6 J45[67]33]42[98
1 2 3 4 5 6 7 8




The Second “Bubble Up”

N n did swap ‘ true ‘

P
23]14]6 [45]67]33[42]98
1 2 3 4 5 6 7 8




The Second “Bubble Up”

N n did swap ‘ true ‘

‘ Swap ‘

Vo
23[14]6 J45[67]33]42[98
1 2 3 4 5 6 7 8




The Second “Bubble Up”

N n did swap ‘ true ‘

‘ Swap ‘

Vo
23[14]6 J45[33]67]42[98
1 2 3 4 5 6 7 8




The Second “Bubble Up”

N n did swap ‘ true ‘

P
23]14]6 [45]33]67[42]08
1 2 3 4 5 6 7 8




The Second “Bubble Up”

N n did swap ‘ true ‘

‘ Swap ‘

Vo
23[14]6 J45[33]67]42[98
1 2 3 4 5 6 7 8




The Second “Bubble Up”

N n did swap ‘ true ‘

‘ Swap ‘

]
2] 5 G £ ) K (G
1 2 3 4 5 6 7 8




After Second Pass of Outer Loop

N n did swap ‘ true ‘
to do
index Finished second “Bubble Up”

) 53 G £ EE) CE G
1 2 3 4 5 6 7 8




The Third “Bubble Up”

N n did swap ‘ false ‘

23]14]6 [45]33]42]67]08
1 2 3 4 56 7 8




The Third “Bubble Up”

'8 did_swap |false]

23]14]6 [45]33]42[67]08
1 2 3 4 56 7 8




The Third “Bubble Up”

n did swap ‘ true ‘

14]23]6 [45]33]42[67]08
1 2 3 4 56 7 8




The Third “Bubble Up”

N n did swap ‘ true ‘

14]23]6 [45]33]42[67]08
1 2 3 4 56 7 8




The Third “Bubble Up”

N n did swap ‘ true ‘

14]23]6 [45]33]42[67]08
1 2 3 4 56 7 8




The Third “Bubble Up”

N n did swap ‘ true ‘

1 G E5) £ ES EE G
1 2 3 4 5 6 7 8




The Third “Bubble Up”

N n did swap ‘ true ‘

X0 N £ £ EE) EE G
1 2 3 4 5 6 7 8




The Third “Bubble Up”

N n did swap ‘ true ‘

‘ No Swap ‘

I
0 G E5) £ ES K G
1 2 3 4 5 6 7 8




The Third “Bubble Up”

N n did swap ‘ true ‘

X0 G £ £ EE) EE G
1 2 3 4 5 6 7 8




The Third “Bubble Up”

N n did swap ‘ true ‘

‘ Swap ‘

]
1 G E5) £ ES EE G
1 2 3 4 5 6 7 8




The Third “Bubble Up”

N n did swap ‘ true ‘

‘ Swap ‘

]
X0 G ) ES K K G
1 2 3 4 5 6 7 8




The Third “Bubble Up”

N n did swap ‘ true ‘

1—1
X0 N £ B3 £ ) G
1 2 3 4 5 6 7 8




The Third “Bubble Up”

N n did swap ‘ true ‘

‘ Swap ‘

]
I G E5) SN K K G
1 2 3 4 5 6 7 8




The Third “Bubble Up”

N n did swap ‘ true ‘

‘ Swap ‘

]
X0 G £ 3 K K G
1 2 3 4 5 6 7 8




After Third Pass of Outer Loop

N n did swap ‘ true ‘
to do] 5
index n Finished third “Bubble Up”

X0 G £ E £ E G
1 2 3 4 5 6 7 8




The Fourth “Bubble Up”

N n did swap ‘ false ‘

X0 N X B3 53 K G
1 2 3 4 5 6 7 8




The Fourth “Bubble Up”

'8 did_swap |false]

X0 G ) ES 3 K (G
1 2 3 4 5 6 7 8




The Fourth “Bubble Up”

n did swap ‘ true ‘

I 53 ) E K3 K (G
1 2 3 4 5 6 7 8




The Fourth “Bubble Up”

N n did swap ‘ true ‘

[ 53 £ B3 £ K G
1 2 3 4 5 6 7 8




The Fourth “Bubble Up”

N n did swap ‘ true ‘

[ 53 E5) ES 3 K (G
1 2 3 4 5 6 7 8




The Fourth “Bubble Up”

N n did swap ‘ true ‘

[ 53 £ B 53 K G
1 2 3 4 5 6 7 8




The Fourth “Bubble Up”

N n did swap ‘ true ‘

‘ No Swap ‘

I
[ 53 ) ES K K (G
1 2 3 4 5 6 7 8




The Fourth “Bubble Up”

N n did swap ‘ true ‘

[ 53 £ £ £ K G
1 2 3 4 5 6 7 8




The Fourth “Bubble Up”

N n did swap ‘ true ‘

‘No Swap ‘

I ]
[ 53 E5) ES 3 K Gl
1 2 3 4 5 6 7 8




After Fourth Pass of Outer Loop

N n did swap ‘ true ‘
to do
index Finished fourth “Bubble Up”

P
6 |14]23]33]42]45]67]9%8
1 2 3 4 5 6 7 8




The Fifth “Bubble Up”

N n did swap ‘ false ‘

[ 53 £ ) £ K G
1 2 3 4 5 6 7 8




The Fifth “Bubble Up”

'8 did_swap |false]

[ 53 £ ) £ K G
1 2 3 4 5 6 7 8




The Fifth “Bubble Up”

N n did swap ‘ false ‘

[ 53 £ ) K3 K G
1 2 3 4 5 6 7 8




The Fifth “Bubble Up”

N n did swap ‘ false ‘

I 53 ) E K K (G
1 2 3 4 5 6 7 8




The Fifth “Bubble Up”

N n did swap ‘ false ‘

[ 53 £ ) £ K G
1 2 3 4 5 6 7 8




The Fifth “Bubble Up”

N n did swap ‘ false ‘

‘ No Swap ‘

I
[ 53 ) E5 K K (G
1 2 3 4 5 6 7 8




After Fifth Pass of Outer Loop

N n did swap ‘false‘
to do] 3
index n Finished fifth “Bubble Up”

|
6 |14]23]33]42]45]67]9%8
1 2 3 4 5 6 7 8




Finished “Early”

N n did swap ‘ false ‘

_ We didn’t do any swapping,
index| 4 so all of the other elements
must be correctly placed.

We can “skip” the last two
passes of the outer loop.

I 3 5 ) 3 £ I
1 2 3 4 5 6 7 8




Summary

* “Bubble Up” algorithm will move largest
value to its correct location (to the right)

 Repeat “Bubble Up” until all elements are
correctly placed:

— Maximum of N-1 times
— Can finish early if no swapping occurs

« We reduce the number of elements we
compare each time one is correctly placed




Truth iIn CS Act

Nobody ever uses bubble sort
Nobody
Not ever

Because it is extremely inefficient

LB
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Quicksort
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Quicksort Algonthm

Given an array of n elements (e.g., integers):
* If array only contains one element, return

e Else
* pick one element to use as pivot.

* Partition elements into two sub-arrays:
* Elements less than or equal to pivot
* Elements greater than pivot

* Quicksort two sub-arrays
e Return results
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Example

S ) b dadla
pod
QL'MN\ ? 319 (wé

We are given array of n integers to sort:
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Pick Pivot EIe\ment

There are a number of ways to pick the pivot element. In this
example, we will use the first element in the array:
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Partitioning Array

Given a pivot, partition the elements of the array
such that the resulting array consists of:
1. One sub-array that contains elements >= pivot
2. Another sub-array that contains elements < pivot

The sub-arrays are stored in the original data array.

Partitioning loops through, swapping elements
below/above pivot.
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pivot_index =0 100

0] [1] [2I [3] [4] [5] [6] [7] [/8]

too_big_index too_small_index
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1. While data[too_big_index] <= data[pivot]
++t00_big_index

S ) b dadla
psd
QL)MN‘ ? 319 fwé

v 8] 20 0 80 60 |50 7 |30 100

01 [1] [2] [3] [4] [5] [6] [7] [/8]

too_big_index too_small_index
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1. While data[too_big_index] <= data[pivot]
++t00_big_index

S ) b dadla
psd
QL)MN‘ ? 319 fwé

v @] 20 o oo 60 50 7 |30 oo

[0 [1] [2] [3] [4] [5] [6] [7] [/8]

too_big_index too_small_index
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1. While data[too_big_index] <= data[pivot]
++t00_big_index

v @] 20 [0 50 60 [s0] 7 |30 100

[0 [1] [2] [3] [4] [5] [6] [7] [/8]

too_big_index too_small_index
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1. While data[too_big_index] <= data[pivot]
++100_big_Index

2. While data[too_small_index] > data[pivot]
--too_small_index

v @] 20 [0 50 60 [s0] 7 |30 100

O] [1 [2 3] [4 [51 [6] [7] [8]
/ /

too_big_index too_small_index
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1. While data[too_big_index] <= data[pivot]
++100_big_Index

2. While data[too_small_index] > data[pivot]
--too_small_index

dead O Kl

O] [1 [21 3] [4 [51 [6] [7] [8]
/ /

too_big_index too_small_index
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1. While data[too_big_index] <= data[pivot]
++100_big_Index

2. While data[too_small_index] > data[pivot]
--too_small_index

3. Iftoo _big_index <too _small index
swap data[too_big_index] and data[too_small_index]

pivot_index =0

O] [1 [2 [3] [4 [51 [6] [7] [8]
/ /

too_big_index too_small_index
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1. While data[too_big_index] <= data[pivot]
++100_big_Index

2. While data[too_small_index] > data[pivot]
--too_small_index

3. Iftoo _big_index <too _small index
swap data[too_big_index] and data[too_small_index]

pivot_index =0

O] [1 [2 [3] [4 [51 [6] [7] [8]
/ /

too_big_index too_small_index
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1. While data[too_big_index] <= data[pivot]
++100_big_Index

2. While data[too_small_index] > data[pivot]
--too_small_index

3. Iftoo _big_index <too _small index
swap data[too_big_index] and data[too_small_index]

4. While too_small_index > too _big_index, go to 1.

.= | N =0 RIS -~ |6

O] [1 [21 3] [4 [51 [6] [7] [8]
/ /

too_big_index too_small_index
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—> 1. While data[too _big_index] <= data[pivot]
++100_big_Index
2. While data[too_small_index] > data[pivot]
--too_small_index
3. Iftoo _big_index <too _small index
swap data[too_big_index] and data[too_small_index]
4. While too_small_index > too _big_index, go to 1.

.= | N =0 RIS -~ |6

O] [1 [21 3] [4 [51 [6] [7] [8]
/ /

too_big_index too_small_index
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—> 1. While data[too _big_index] <= data[pivot]
++100_big_Index
2. While data[too_small_index] > data[pivot]
--too_small_index
3. Iftoo _big_index <too _small index
swap data[too_big_index] and data[too_small_index]
4. While too_small_index > too _big_index, go to 1.

o= | ORNONERY o SN o [0

O] [1 [2 [3] [4 [5] [6] [7] [8]
/ /

too big_index too_small_index
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1. While data[too_big_index] <= data[pivot]
++100_big_Index
—> 2. While data[too_small_index] > data[pivot]
--too_small_index
3. Iftoo _big_index <too _small index
swap data[too_big_index] and data[too_small_index]
4. While too_small_index > too _big_index, go to 1.

o= | ORNONERY o SN o [0

O] [1 [2 [3] [4 [5] [6] [7] [8]
/ /

too big_index too_small_index
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1. While data[too_big_index] <= data[pivot]
++100_big_Index
—> 2. While data[too_small_index] > data[pivot]
--too_small_index
3. Iftoo _big_index <too _small index
swap data[too_big_index] and data[too_small_index]
4. While too_small_index > too _big_index, go to 1.

o @] 20 1030 @[50 1 80100

O] [1 [2 [3] [4 [5] [6] [7] [8]
/ N\

too big_index too_small_index
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1. While data[too_big_index] <= data[pivot]
++100_big_Index
2. While data[too_small_index] > data[pivot]
--too_small_index
—> 3. Iftoo _big index <too small index
swap data[too_big_index] and data[too_small_index]
4. While too_small_index > too _big_index, go to 1.

S ) b dadla
s

pivot_index =0

O] [1 [21 3] [4 [51 [6] [7] [8]
/ N\

too big_index too_small_index
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1. While data[too_big_index] <= data[pivot]
++100_big_Index
2. While data[too_small_index] > data[pivot]
--too_small_index
—> 3. Iftoo _big index <too small index
swap data[too_big_index] and data[too_small_index]
4. While too_small_index > too _big_index, go to 1.

S ) b dadla
s

pivot_index =0

O] [1 [21 3] [4 [51 [6] [7] [8]
/ N\

too big_index too_small_index
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1. While data[too_big_index] <= data[pivot]
++100_big_Index
2. While data[too_small_index] > data[pivot]
--too_small_index
3. Iftoo _big_index <too _small index
swap data[too_big_index] and data[too_small_index]
—> 4. While too_small_index > too big_index, go to 1.

o @l 20 1030 7 (50 60 80100

O] [1 [2 [3] [4 [5] [6] [7] [8]
/ N\

too big_index too_small_index
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—> 1. While data[too _big_index] <= data[pivot]
++100_big_Index
2. While data[too_small_index] > data[pivot]
--too_small_index
3. Iftoo _big_index <too _small index
swap data[too_big_index] and data[too_small_index]
4. While too_small_index > too _big_index, go to 1.

o @l 20 1030 7 (50 60 80100

O] [1 [2 [3] [4 [5] [6] [7] [8]
/ N\

too big_index too_small_index
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—> 1. While data[too _big_index] <= data[pivot]
++100_big_Index
2. While data[too_small_index] > data[pivot]
--too_small_index
3. Iftoo _big_index <too _small index
swap data[too_big_index] and data[too_small_index]
4. While too_small_index > too _big_index, go to 1.

ivo incex =0 |RGNNSONMONSONNAN 0 | 60

[0 [1] [2] [3] [4] [5] [6] [71 I8]
N

too big_index too_small_index
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1. While data[too_big_index] <= data[pivot]
++100_big_Index
—> 2. While data[too_small_index] > data[pivot]
--too_small_index
3. Iftoo _big_index <too _small index
swap data[too_big_index] and data[too_small_index]
4. While too_small_index > too _big_index, go to 1.

ivo incex =0 |RGNNSONMONSONNAN 0 | 60

[0 [1] [2] [3] [4] [5] [6] [71 I8]
N

too big_index too_small_index
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1. While data[too_big_index] <= data[pivot]
++100_big_Index
—> 2. While data[too_small_index] > data[pivot]
--too_small_index
3. Iftoo _big_index <too _small index
swap data[too_big_index] and data[too_small_index]
4. While too_small_index > too _big_index, go to 1.

o s~ | O = S

0] [1] [2] [3] [4] [5] [6] [7] [8]
/ \

too big_index too_small_index

S ) b dadla
s
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1. While data[too_big_index] <= data[pivot]
++100_big_Index
—> 2. While data[too_small_index] > data[pivot]
--too_small_index
3. Iftoo _big_index <too _small index
swap data[too_big_index] and data[too_small_index]
4. While too_small_index > too _big_index, go to 1.

pivot_index = 0 7150

0] [1] [2] [3] [4] [3] [6] [7] [8]
}\

too big_index too_small_index
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1. While data[too_big_index] <= data[pivot]
++100_big_Index
2. While data[too_small_index] > data[pivot]
--too_small_index
—> 3. Iftoo _big index <too small index
swap data[too_big_index] and data[too_small_index]
4. While too_small_index > too _big_index, go to 1.

pivot_index = 0 7150

0] [1] [2] [3] [4] [3] [6] [7] [8]
}\

too big_index too_small_index
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1. While data[too_big_index] <= data[pivot]
++100_big_Index
2. While data[too_small_index] > data[pivot]
--too_small_index
3. Iftoo _big_index <too _small index
swap data[too_big_index] and data[too_small_index]
—> 4. While too_small_index > too big_index, go to 1.

pivot_index = 0 7150

0] [1] [2] [3] [4] [3] [6] [7] [8]
}\

too big_index too_small_index
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1. While data[too_big_index] <= data[pivot]
++100_big_Index

2. While data[too_small_index] > data[pivot]
--too_small_index

3. Iftoo _big_index <too _small index
swap data[too_big_index] and data[too_small_index]

4. While too_small_index > too_big_index, go to 1.

— 5. Swap data[too_small index] and data[pivot_index]

pivot_index = 0 7150

0] [1] [2] [3] [4] [3] [6] [7] [8]
7\

too big_index too_small_index
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1. While data[too_big_index] <= data[pivot]
++100_big_Index

2. While data[too_small_index] > data[pivot]
--too_small_index

3. Iftoo _big_index <too _small index
swap data[too_big_index] and data[too_small_index]

4. While too_small_index > too_big_index, go to 1.

— 5. Swap data[too_small index] and data[pivot_index]

pivoLindox=4 7
0] [1] [2] [3] [4] [5] [6] [7] [8]
}\

too big_index too_small_index
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Partltlon Result

[0 [1] [21 [3]) 4] [5] [6] [71 I8]

< >

<= data[pivot] > data[pivot]
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[0]

<

[1] [2] [3]

<= data[pivot]

[4]

[5] [6] [7] I[8]

>

> data[pivot]
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Lecture 2

erge Sor




Sorting

e Sorting takes an unordered collection and
makes it an ordered one.

1 2 3 4 S 6
(7 42 35 12 101 3
1 2 3 4 D 6
S} 12 35 42 (7 101




Divide and Conquer

* Divide and Conquer cuts the problem in
nalf each time, but uses the result of both
nalves:

— cut the problem in half until the problem
IS trivial

—solve for both halves

—combine the solutions




Mergesort

A divide-and-conquer algorithm:

 Divide the unsorted array into 2 halves until the
sub-arrays only contain one element

« Merge the sub-problem solutions together:
— Compare the sub-array’s first elements

— Remove the smallest element and put it into
the result array

— Continue the process until all elements have
been put into the result array

137 [ 23] 6 |80 |15 [12 | 2 | 10




Algorithm

Mergesort (Passed an array)
if array size > 1
Divide array in half
Call Mergesort on first half.
Call Mergesort on second half.
Merge two halves.

Merge (Passed two arrays)
Compare leading element in each array
Select lower and place in new array.

(If one input array is empty then place
remainder of other array in output array)




More TRUTH In CS

We don’t really pass in two arrays!

We pass In one array with indicator variables which
tell us where one set of data starts and finishes and
where the other set of data starts and finishes.

@ T

Honest.




Algorithm

Mergesort (Passed an array)
if array size > 1
Divide array in half
Call Mergesort on first half.
Call Mergesort on second half.
Merge two halves.

Merge (Passed two arrays)
Compare leading element in each array
Select lower and place in new array.

(If one input array is empty then place
remainder of other array in output array)

LB
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14‘23'45'98 ‘6‘33‘




08 23‘45‘14 6 |67 33‘42‘

|98 (23]45(14] 6 [67[33]42

|98 23| |45|14| |6 |67 |33]42]
=[] = = EF E E
|23 (98| 14|45 |6 |67| [33]42]

14‘23'45'98 ‘6 33 42‘




08 23‘45‘14 6 |67 33‘42‘

|98 (23]45(14] 6 [67[33]42

|98 23| |45|14| |6 |67 |33]42]
=[] = = EF E E
|23 (98| 14|45 |6 |67 [33]42]

14‘23'45'98 ‘6 33 42‘67‘




08 23‘45‘14 6 |67 33‘42‘
‘98 23 45‘14‘ 6 67‘33‘42
‘98‘23‘ ‘45‘14‘ ‘6‘67‘ ‘33‘42‘

o8] [22] [22] [z4] [ ][e7] [33] [42]

‘23‘98‘ ‘14‘45‘

‘ 6 ‘67‘ ‘33‘42‘

14‘23'45'98

33 42‘67‘




08 23‘45‘14 6 |67 33‘42‘
‘98 23 45‘14‘ 6 67‘33‘42
‘98‘23‘ ‘45‘14‘ ‘6‘67‘ ‘33‘42‘

o8] [22] [22] [z4] [ ][e7] [33] [42]

‘23‘98‘ ‘14‘45‘

‘ 6 ‘67‘ ‘33‘42‘

14‘23'45'98

33 42‘67‘




08 23‘45‘14 6 |67 33‘42‘
‘98 23 45‘14‘ 6 67‘33‘42
‘98‘23‘ ‘45‘14‘ ‘6‘67‘ ‘33‘42‘

o8] [22] [22] [z4] [ ][e7] [33] [42]

‘23‘98‘ ‘14‘45‘

14‘23'45'98

L6 ]24]

‘ 6 ‘67‘ ‘33‘42‘

33 42‘67‘




08 23‘45‘14 6 |67 33‘42‘
‘98 23 45‘14‘ 6 67‘33‘42
‘98‘23‘ ‘45‘14‘ ‘6‘67‘ ‘33‘42‘

o8] [22] [22] [z4] [ ][e7] [33] [42]

‘23‘98‘

|14 fa5| |6 [67| |[33[4a2]
14‘23&& | 6 [33]42]67]
ﬂ14‘23
""""""""" Merge 1




08 23‘45‘14 6 |67 33‘42‘
‘98 23 45‘14‘ 6 67‘33‘42
‘98‘23‘ ‘45‘14‘ ‘6‘67‘ ‘33‘42‘

o8] [22] [22] [z4] [ ][e7] [33] [42]

‘23‘98‘

|14 fa5| |6 [67| |[33[4a2]
14‘23&& | 6 [33]42]67]
ﬂ14‘23 33
""""""""" Merge 1




08 23‘45‘14 6 |67 33‘42‘
‘98 23 45‘14‘ 6 67‘33‘42
‘98‘23‘ ‘45‘14‘ ‘6‘67‘ ‘33‘42‘

o8] [22] [22] [z4] [ ][e7] [33] [42]

‘23‘98‘

|14 fa5| |6 [67| |[33[4a2]
14‘23&& | & [33]42]67]
ﬂu‘zs 33[ 42|
""""""""" Merge 1




08 23‘45‘14 6 |67 33‘42‘
‘98 23 45‘14‘ 6 67‘33‘42
‘98‘23‘ ‘45‘14‘ ‘6‘67‘ ‘33‘42‘

o8] [22] [22] [z4] [ ][e7] [33] [42]

‘23‘98‘

|14 fa5| |6 [67| |[33[4a2]
14‘23&& | & [33]42]67]
ﬂu‘zs 33| 4245
""""""""" Merge 1




08 23‘45‘14 6 |67 33‘42‘
‘98 23 45‘14‘ 6 67‘33‘42
‘98‘23‘ ‘45‘14‘ ‘6‘67‘ ‘33‘42‘

o8] [22] [22] [z4] [ ][e7] [33] [42]

‘23‘98‘

|14 fa5| |6 [67| |[33[4a2]
14‘23&& | & [33]42]67]
ﬂu‘zs 33 42|45‘67‘
""""""""" Merge 1
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ﬂ14‘23 33

42|45‘67‘98




Summary
Divide the unsorted collection into two

Until the sub-arrays only contain one
element

Then merge the sub-problem solutions
together




Questions?
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Graphs

What is a graph?
= Graphis a non-linear data structure. It contains a set of points known as nodes (or
vertices) and a set of links known as edges that relate the nodes to each other.
O ds gamag (ol o) Aiall (Bya3 blaU! (0 degazee (o Sy Adas A& Ol &y 52 (Gl ouo
andl ganss Aiall a3 (@) Gl (305 Lyl .
= The set of edges describes relationships among the vertices. B ¢ @B Caal Clgdl de gann

il

/> e L/\ Edge
Vertices \®
\> C o

Formal definition of Graphsas. ssal el i,
Generally, a graph G is represented as G=(V, E ), where V is set of verticespc<a)| and

E is set of edges /s> .. In the above figure the following is a graph with 5 vertices and 7 edges.
Q! eyl JdiaS o eple S0 G JW 9ol (Je: G = (V, E e ¢ V 9 podl (093l dcgaze (o

E d\ﬁ} 739 L)“’lé.) 5 ULC g L}l:-"’ ) S g2 w)ksi M\ ‘3 Loalsdl ;'9\521\ Ztsyo.zm L?{b
V ={A,B,C,D,E} and E = {(A,B),(A,C)(A,D),(B,D),(C,D),(B,E),(E,D)}.

Directed vs. undirected graphs

Directed Undirected graphs

When the edges in a graph . ) .
have a direction, the graph is When the edges in a graph have no direction,

called directed (or digraph) s the graph is called undirectele Blg=d 00 Y badie
ol (0l Gl eyl Clgd 5550 drge b Gl puodl (o 0l ST Gledl o))l
(Bl o) Gz ge Sl

Warning: if the graph is directed, the
order of the vertices in each edge is
important dg=ge 3Ll gl OF13] 2 podoes
g B> (S § ol (133 O
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directed graph

(D=——1C)

V(Graph2)={1,3,5,7,9,11}

Directed Graph|

O

E(Graph2) = {(1,3) (3,1) (5,9) (9,11) (5,73), (9, 9), (11, 1)

V(Graphl
E(Graphl

)
)

=
=

AI B/ CI D }
(A, B), (A, D), (B, O), (B, D)
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Graph terminology i e cixians

A8 ) b daala
potd
CIL)M‘A.“ p Jlﬁ ?ug

Adjacent nodessl=dl 502l : two nodes are
adjacent if they are connected by an edge. 0555
B> dawlg uidsaie WE 13| obylaie GBAE)

5is adjacentto 7

7 is adjacent from 5

Path: a sequence of edges connect
a sequence of vertices. ¢ dudes

oadll cyo ks Jas s Colganll,

Complete graph: a graph in which every
vertex is directly connected to every other
vertex.csysl ded J 8 alke dad JS 4d bad o ey .

The number of edges in a complete directed
graph with N vertices are: N * (N-1)

The number of edges in a complete undirected
graph with N vertices are:  paw)ll § Slg=llsue
ool 2o Jol dzgall e QLI N ga: NV * (N-1) /2
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A8 ) b daala

Weighted graph: a graph in which each edge

carries a value. 4@ Jo=s 3lo w1095 9001 Jld! ouey)!
dagd B> 5.

Austin

potd
Clawlall p Jlﬁ ?ug
Dallas
%
7
(8) Washington
61 6
Denver 4y % 0
\ 0
Atlanta
\)
o
®

Houston
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Trees vs graphs
Trees are special cases of graphsasbu! pguwl oo dols- Y~ @)L‘enfup)"

Directed graph

g P&
® © ®

V(Graph3) ={A,B,C,D,E EG,H,1]J}
E(Graph3) — l (G/ D), (Gr .I)/ (Dr B)I (D/ F) (ll H)I (II J)I (BI A), (B/ C), (F/ E) ;

Graph Representing 3! puy) Juies
The two most common ways of representing graphs are:

1. Adjacency matrix 1. ,lg=x)l 39240
2- Adjacency List)lg=l 458

In Adjacency matrix way use array.
e A 1D array is used to represent the vertices. pad)l Jeai) sladl Gool>T 48 gasne pldssiul @i,
e A 2D array (adjacency matrix) is used to represent the edges. ® dgans plasuiul ok
Slgodl Jukas) (Hlgael 48 ganan) bl &5L3
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(0] ["Atlanta " [0] 0 0 0 0 0| 800| 600 -« . .
(1] ["Austin " [1] 0 0 0| 200 0| 160 0 -« . .
(2] |"Chicago " [2] 0 0 0 0| 1000 0 0 -« . .
(3] | "Dallas i [3] 0 200| 900 0| 780 0 0 -« . .
[4] ["Denver " [4] | 1400 0| 1000 0 0 0 o . .
(5] ["Houston " [51| 800 0 0 0 0 0 0] . .
[6] | "Washington" [6]| 600 0 0| 1300 0 0 0 -« . .
(7] 71] . . . . . o . . .
8] 8] e . . . . . . . . .
[9] 9] e . . . . . . . . .
o1 (11 [21 (381 (4 681 [6] (71 (8 [9]

(Array positions marked "' are undefined)

In Adjacency list way use Linked-list

e A1D arrayis used to represent the vertices ® pail! (s} slal Ll 43 gm0 plusil wiy

o 408 SJ das

e Alicticiised tor each vertex v which containg the vertex which are adiacent

Dallas
QQ w
Washington
6
0\ %
0

Houston




(0]
(1]
(2]
(3]
(4]
(5]
[6]
(7]
8]
[9]

Pointer
s | gt | e | o o
edge node
graph ~ A ~
"Atlanta "| e+—| 5| 800 [ e+— 600
"Austin o— 3| 200 | e+—> 160
"Chicago "| e4+—| 4 | 1000
"Dallas "| e——| 1| 200 | e+—» 900 | o 4| 780
"Denver "| e4—| 01400 | e4— 1000
"Houston "| e4+——| 0| 800
"Washington"| e4+——|[ 0 | 600 | e—> 1300

fadla

pod
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Example
Consider the graphs below.

&S ) b dadla
pod
CIL.\MB.“ A 319 ?ug

@

@

o @

Graphl

Graph2

1. Use an adjacency list to represent this graph.
2. Use an adjacency matrix to represent this graph

Answer:
Adjacency matrix Adjacency list
012345 o] <t H-dE
0 0o01/10]/0 e
1100/ 010 t| et
£l 2 0000/ 010 2] =l
S| 3/ 0 olofol1]0 3| 30
4l olofofofo1] | «] <=D
5 010/000 s | i
012345
olo/1/1/1/0]0
1/ 1/ ololol1 |1
2 1{o0/o/0l1|0
3/ 1/0/olol1]0
4/ 0/1/1]1]012
5/ 0(1/0/0[1|0]




A s
ity Jsba s
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&S ) b dadla
potd
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Graph2
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Graph traversal L ewy yoie

Graph traversal (also known as graph search) refers to the process of visiting
(checking and/or updating) each vertex in a graph. Such traversals are classified by the
order in which the vertices are visited. gyl ¢ pab Ll Qg aall) GLadl punyl ! s
G 00 Lzl Oldas Ll 0% - bl puoll § 403 5 (s 9l/5 pamd) B3 e ] (3Ll
M.E.H 5)[3)' D Cad g:S..:U\ uy"ﬂ‘

There are two graph traversal techniques and they are as follows:
1. DFS (Depth First Search) 1. DFS (Jo! 3es)l )

2. BFS (Breadth First Search) 2. BFS (JsY! (o, )

DFS (Depth First Search)

In DFS traversal, the stack data structure is used, which works on the LIFO (Last In First Out)
principle. In DFS, traversing can be started from any node, or we can say that any node can be
considered as a root node.

In this algorithm one starting vertex is given, and when an adjacent vertex is found, it moves
to that adjacent vertex first and try to traverse in the same manner.liz! § DFS 4 pliasuiwl ok ¢
Tuee de Jos3 @l ¢ uiSl @ble LIFO @ -(m3e YsT ds Lo ,3T) DFS WSy of cude ST oy gundl s oS ¢
JJ..?- dldc Lb)l{id OSAQ Blac (§T Qi dﬁi”

Brglmall datdl Gl J] J&ilS P8 cByglome dad (Jo Hghall oy Lodicg By Dol dad sllac] @iy dra))lgsdl 0o (§
Adylall pudiy ksl Jyloxis Yol
Steps:

. Define a Stack 1. _»uSal douss
. Set current vertex V 2. JidJ o)l s 03 V
. Add current vertex V to stack 3. 4 Casl V (eiSal J] adll
. Print current vertex V 4. J\=J odldclb V
. Add any 1 neighbor (unvisited i.e. not in stack previously) of V to stack 5. @i o)) 4>g jl> T Casl
I (sl (oSl 3 135290 60 o (ST eyl V (pwaSall
6. If current vertex has all its neighbors already visited, pop it from stack & backtrack 6. 4.a)l ci§13)

e lily GodSall (o Ll 088 (Jadlb @il qpexr Wyl 8 ALl
7. Check remaining vertices in the stack for any unvisited vertices. 7. v (wiSaJl 3 Al medll (o (3853

L) (8 o peb 5T o
8. Repeat from step 4 till stack empty 8. &) dc gaxmall ol (> 4 Bglasdl (po el ) S

u prWNRE

Example 1 : What is the possible DFS traversal for this graph? (Start with A). : jliz! 92 b DFS Jeizel!
(12101) S AL pan)dl 19y,
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Stack After backtrack
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Example 2: What is the possible DFS traversal for this graph? (Start with 0). : jli>! 9o L DFS 1dg) Jeizwl!
(02 14) SGLdl s

6
2 a 4
3 3 2 3
1 1 2 L
2
0 o 0 o e
Output : 0 Output:013 Output: 0132 Output:01324 | Output:
013246
4 2 5
2 3 2
3 1 f backtrack
1 0 o
0
Output:01324 6 Output:01324 6 Output:013246 5
2
3 3 1
1 1 0 0
0 0
Empty
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BFS (Breadth First Search)

Stands for BFS. It is also known as level order traversal. The Queue data structure is used for the
Breadth First Search traversal.

In this traversal algorithm one node is selected and then all of the adjacent nodes
are visited one by one. After completing all of the adjacent vertices, it moves further to
check another vertex and checks its adjacent vertices again. e 2&J BFS. oewb Lol (o ya
Sl Uiyl desld bl duds plusuul @i (S giunedl <35 3| Broadth First Search.

.LSJ.';)”}U B9 8yg9lxall il o 8)L) @0 (03 Bl>lg Blde WdS @k c0d jlazxVl daw)ylgs L}

4 Byglmall potdl g Bamilly 53T (oly (o Bzl ol 2oty 4318 ¢8)glomall @alt)] punr (o slgisYl s

)3 80

Steps:

1. Define a Queue 1. jUaisYl 436 wuss

2. Set current vertex V 2. JdJ o)l s 03 V

3. Add current vertex V to queue 3. (ly)l ded Casl V Uasyl 43 J) ddlsdl

4. Print current vertex V 4. J=Jl )l delo V

5. Add all neighbors (unvisited i.e. previously not in queue) of V to queue (in any
order) 5. Ol aeer il V' (sb) HUaidl Aa36 J) (Gl 5Uan1 da38 (3 195550 o) (6 ¢yl o5 o)

6. Repeat from step 4 till queue empty 6. &) ,UaEYI 456 muas s> 4 sghasdl (o lld ),
Example 1: What is the possible Breadth First traversal for this graph? (Start with A).

(1 T01) S 3l ) 1) Jaiomall U5 oyl i 53 Lo,




Output -

[ale|c[OfE [F] (afe[c]O] | | ‘**“‘*«’““‘:;:

-

Example 2: What is the possible Breadth First traversal for this graph? (Start with 0).
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5 |6 | 4

output:0 1 3 2

output: 0
X3
output: 0 1
3 2 | 5
v
2 |5

output: 0 1 3

6 | 4

output:0 1 3 2 5

4

output:0 1 3 25 6

output:0 1 3 25 6 4
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Maps and Hash Tables
What is Maps?
Maps (sometimes called associative arrays) are an abstract data structure (ADT)
= |t stores a collection of (key-value) pairs.
= Each key is unique and allows for quick access to values.
=  There cannot be duplicate keys.
= The key is used to decide where to store the value in the structure. In
other words, the key associated with value can be viewed as the
address for that value.
=  Maps provide an alternative approach to searching.
B Byme Wbl A e Bl (Al Al Ol gaiadl Bl oud lg) dasly>
= (Reddlly glael) glol o ds gazme 0359
"o el dl ol dsiosll ey Ay o W) Flike S
w5y S rlie Jla 055 Of oS Y@l
P OlgaS Al hadyall Zliaall pase oSer 663 Bl Al (§ Aandll (335 O i Zlaall plasil @iy
o)l @l
= .

Gl Sy g L1yl 43550

Operations on map
= get(k) : return the value associated with key k if exits in the map
= put(k,k): map the key k to the value v.
= remove(k): remove key k and its value from the map

= size()Returns the number of elements present in the map
* isEmpty()method return True if no key-value is present in the map else return false.

Example: suppose key=integer, value=letter

Operation M={}

put(5,A) M={(5,A)}

put(7,B) M={(5,A), (7,B)}

put(2,C) M={(5,A), (7,8), (2,C)}
put(8,D) M={(5,A), (7,8), (2,C), (8,D)}
put(2,E) M={(5,A), (7,8), (2,E), (8,D)}
get(7) return B

get(4) return null

get(2) return E
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remove(5)

M={(7,B), (2,E), (8,D)}

size()

return 3

isEmpty()

return false

remove(2)

M={(7,8), (8,D)}

get(2)

return null
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Hashing

The purpose of hashing is to achieve search, insert and delete an element in complexity O(1)
[in constant time]. In this technique, convert a range of key values into a range of indexes in the
hash table by using a hashing function. (§ 48d>9 d>1)sly raic e Coxdl 3= 90 Bizidll o (23!
43 O(1) dodr § owled)) oo degame ] ZUkall 08 (0 degazme Jogod iy dudill oda (§ [l <y 3]

350 Al plasiiunly B30,

Main concepts of hashing
* The hash table
= The hash function
350 Gyl ot liell
5yl Jgu=
Byl Al
Hash Table
A hash table is a data structure that provides a mapping from keys to values (also called hash
values) using a technique called hashing.
= Keys must be unique but the values may be repeated.
We refer to these values as key-values pairs.
key-values pairs can be any type as integer, string .., they are need to hashed by using
hash function.
855 s A5 plinly (855291 008 Ll (ns) il ) quoliall cpm Gend 5355 lr &k 99 25501 g
o)) HSS Sy o809 838 laal) 055 Of
- lie 193l i e wadl oda J) Akl
Bl Al plasuinl Wi Comsg oo dladdan 9l mrases dde Jio £95 ST o @eltdl-zliaall 1931 0555 OF ey

N M ®

Hash function
A hash function (h(k) ) is a function that maps a key ‘k’ to number in a fixed range.

A good hash function satisfies two basic properties:
1) It should be very fast to compute.
2) It should reduce (not prevent) the number of collisions.

Notes: The size of the table N and the hash function are decided by the user
B2l Al (h(k)) zlial Jasy peis dls (o K" ol @las § @35,

ol ol Bl &yl Al (45:

1) Clusdl § 1 dasw 095 OF G,

2) ©lesbatl sue (gl uls) JUa5 Of o

Jouzdl x> dadod @i tolasdle N puseiue]| dawlgy &5l dlsg
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In the following different methods to find a good hash function:

1. Division Method
If kisakeyandm isthe size of the hash table, the hash function h() is calculated as:
h(k) = k mode m (best for m is prime)

2. Multiplication Method

h(k) = |[m(kA mod 1)| , (best for m = 2")where
= kisakeyandm isthe size of the hash table
= | ] gives the floor value

= A lies between O and 1
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How does Hashing in Data Structure Work?
Hash Table

Hash Function

Input Keys

H(x) = [x% 7]

Hash table size

By "size" of the hash table we mean how many slots or buckets it has.

Choice of hash table size depends in part on choice of hash function, and collision
resolution strategy.

But a good general is:

[The hash table should be an array with length about 1.3 times the maximum number
of keys that will actually be in the table, and Size of hash table array should be a prime
number.]

If you underestimate the number of keys, you may have to create a larger table and
rehash the entries when it gets too full; if you overestimate the number of keys, you will
be wasting some space

leke gtz (1 I of olowiall sue Byl Jodar " 5 (s

platl o dmsilinly B35l Dl Hls) e Gsr 50l Jgaor pm 5Lt daay,

P el dalall Bae il (S

[(3 058w 3! gilandl suad (9Bl usl o B 1.3 Jlg> Jghas Aginan oye Hlue Byl Jgdr 0950 O s
o 3 &5l Jour A 5hsma pn> 0550 O g cJadll Jgucnl ]

£40Ll) Blias gy bodie cYaY &850 Balely 5T Jgur £lad) ) lasas did (zlanll sue s e B 13)
doLuwall Gamy g B guad csiliall s s § el 13)

Why prefer table size is prime number?SWoi laus 09 Ol Jgdael! x> Jeady 13k

If size of hash table is prime number will produce the most wide-spread distribution of keys
in hash table.

But if it not prime, every key that shares a common factor with the table size will be hashed
into a value that is a multiple of this factor

Ll oo @ gesilial) ajgi ATl 3 (6550md Wgl 13ae &5l Jgdr @n> OS'13),

Jaladl i) el dad J] dgdd) oo o S jis Jisle (§ ik o S 8325 tad il o0 o) 13] 05,

Why use mod in hash function?pliseiw! 13 mod §d53=il dis §
Generally, hash functions calculate an integer value from the key, to ensure this integer value is
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within the length of the hash table. The result will range somewhere from 0 to the table_size-1.
s domoall daddill 04 0555 Of Olasa) by (liaedl (e Ao Lode dad 8ol Ll g s cple S
90 o Al ol &yl Jgu> Jgbtable_size-1.
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Hash Collisioni il aduas

Hashing in data structure falls into a collision when the hash function generates the same
location (hash value) for two keys. The collision creates a problem because each location in a
hash table is supposed to store only one value.

pabiatll 3l . cnm-lided (@55l dogd) adgell uits Bl Al Wb Ladie pabial § bldl dxiy § B3l ay
1add B>y dasd O350 OF (2Rl (e Bl Jsur § @90 S OY Alise,

Collision Resolution Techniquespsbad! Jo> il
= |tis process of finding an alternate location.
= The collision resolution techniques can be named as-
1. Open Hashing (Closed Addressing)
Separate Chaining)
2. Closed Hashing (Open Addressing)
A. Linear Probing
B. Quadratic Probing
C. Double Hashing
B Jos @850 (6 Sl didas g3l
JUWI g=dl e pobiad]l Jo> Olods duod OKes-
1. (haoll 4l - giball 53

Braiiall Jedeall)

2. (zorael! duzgill) daliell d55eill
ol pamill

A9yl &5l .z

Open Hashing - Separate Chaining

In chaining, if a hash function produces the same location for multiple elements, these
elements are stored in the same location by using a linked list.
Example 1: Use division method and opened hashing (closed addressing)(chaining) to insert the
elements below into a hash table of size 10 .
3,2,42,4,12,14,17,13,37

Hash Table
J‘.l' mull

—{a2] |—]12

rull
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0 Key(k) | Location(h(key)) | probe
3 [3%10=3 1
1 2 [2%10=2 1
42 [42%10=2 2
2 | 2 12 |12%10=2 3
— 14 |14%10=4 1
17 |17%10=7 1
31 3 | — 13 [ 13%10-3 2
37 [37%10=7 2
4 | 14
5
6
7 | 17
8
9
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Example 2:
Use opened hashing (chaining) to insert the elements below into a hash table of size 9.
7,42,25,70, 14, 38, 8, 21, 34, 11, 48, 26, 93, 125

Open Addressing

Unlike chaining, open addressing doesn't store multiple elements into the same location. Here,
each location is either filled with a single key or left null.
A. Linear Probing

In this technique search the next empty location in the hash table by looking into the next
location until we find an empty location.

Probe: The list of locations which a method for open addressing produces as alternatives in
case of a collision.

[next location = (collision location) % table_size , i=0..table_size-1]

Example 1: Use division method and closed hashing (opened addressing)(Linear Probing) to
insert the elements below into a hash table of size 10.

3,2,42,4,12,14,17,13,37

11asi11 1awvic Key(K) Location{h(key)) probe
0 3 3%10 = 3 1
2 2%10 =2 1
1 42 42%10=2 3
12 12%10=2 4
2 2 14 14%10=4 3
> 17 |17%10=7 1
3 3 | 13 13%10=3 6
Q 1 37 37%10=7 3
4 42 |
g 5 12 | )
Q 6 14
g 7 (17

(o] [0}e]
[y
(§8]
U

37
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Example 2:
Use closed hashing (Linear Probing) to insert the elements below into a hash table of size 9.
7,42,25,70, 14,38, 8, 21, 34,11, 48, 26,93, 125

B. Quadratic Probing

It works similar to linear probing but the spacing between the location is increased (greater
than one) by using the following relation:

[next location = (collision location+i?) % table_size, i=0..table_size-1]

Example 1: Use division method and closed hashing (opened addressing)( Quadratic Probing) to
insert the elements below into a hash table of size 10.

3,2,42,4,12,14,17,13,37

Hash Table Key(k) | Location(h(key)) | probe

0 12 3 3%10 = 3 1
2 2%10 = 2 1

1 42 42 % 10= 2 3
12 12%10= 2 4

2 2 14 14%10= 4 1
17 17% 10=7 1

3 3 13 13%10= 3 5
37 37% 10= 7 2

4 | 14

5

6 | 42

7| 17

8 | 37

9 | 13

Example 2:

Use closed hashing (Linear Probing) to insert the elements below into a hash table of size 9.
7,42,25,70, 14, 38, 8, 21, 34, 11, 48, 26, 93, 125
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Non-linear Data Structure (Abstract Data
Structure-ADT):

Data structures where data elements are not arranged sequentially or linearly are called
non-linear data structures. In a non-linear data structure, single level is not involved. Therefore,
we can’t traverse all the elements in single run only. Whereas in non-linear data structure,
multiple levels are involved, then, we can traverse all the elements.

Examples of none-linear data structure are trees and graphs.

J«subb.d\b&&d M\J@ubwltﬁh@ubjlwﬂw@aubw\ﬂauwy@d}’@lubultﬁww
R ¢ M\ﬁubw\g@éw Mb\gwéﬂow\w)ysm)’uﬂﬂ Ay Ggime L&) e Y u‘a:dl
ol o Y& LS cdl.dl,\j Badasie ul:\gw &),

ALl pgenylly sl dudasl e ULl Sk il o9

ADTs are entities that are
definitions of data and ndex postion
operation but not have
implements details.

ADTs olayss Jiad @ULS e Byle
Je gyges Y Sy Juradly obld)

1008

Abstract/logical view Implementation View

- ‘.1." r © '."l c‘ ! "1‘.‘:.’1"- 'J‘ f T -
o " o int arr[5] = {1,2,3,4,5);
nt! type

couvt<<arr(l};

read elements } ~astion X
; e arr{2]=10;

Tree Data Structure

A tree (upside down) is a nonlinear
hierarchical data structure that consists of
nodes connected by edges with parent-child
relationship. 4w, ©Ulo 4k e Bylke (glaall) 8yzidl
gl d8May lg> dlaulgy duaie die (po 0955 duas pe
Jakly

= Each node (except the top node) has a
parent and zero or more children
nodes. (slal sudall sliiul) Bade S (Sgims
Lyall atall oo ST ol Siiog Aty Bie e

= Each node has data in any type as char,
number, and string. Js 84dic S Sgixi
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Je £95 Sb wlle char snumber sstring.
= First node that starts with the tree

called root. izl e 8, adls L\.u Bldc d_gi i
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Tree Terminologies

Node is an entity that contains a value and pointers to
its child nodes. saall J] ©lgag dad de Sgion OLS (p 84dall
d dolsdl dusyall

9

Root

Leaf node (also called as external nodes) is the node which Edge
does not have a child. Node

Non-leaf (also called as internal node) is a node with at least
one child.
[The root node is also said to be Internal Node]

leaf nodes
Edge is the link between any two nodes.cxiuae i o ol (» 23l

Root is the topmost node of a tree (without any
parent).(f &l 09w) Bymidl § Dglall Buaall 2

Sibling Nodes: nodes that have the same parent.Jlg)l ua () Il ddall 1daaidl adall

Ancestor node (N): any predecessor node on a
path from node N to root. [The root node doesn't
have any ancestors. [2,1 are ancestor of 5]

dualed) Baaall (N): 8aisdl o slws de Ayl Biie ST N )
5J s (p 2¢1] Ml T e Dyl Blaall gz V] L ydadl]

Subtree
Subtree

CI\ld node

Child node

]

Descendant node (N): any successor node on a Sibling Nodes

path from node N to leaf [6, 7, 8 are descendant of Ny )

5]6pauiall 8aall (N): 8udall (po Hluedl e dads- saae GTN )
[5 Jud o (2 8 7 6] 9!

Child nodes

Child node: If the node is a descendant of any
node, then the node is known as a child node.
Bia)l OB dude ST Juwd po Bl O 13) tdus,all Badall
due,ya)l Buiall ol C3yad,
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Parent: If the node contains any sub-node,
then that node is said to be the parent of that
sub-node. [5 is parent of 6,7,8] g 84dxll I8 13)
Budiall ) eI Budall (o Badall ods OF JUid cdasyd Sie (ST e
[6¢7:8J e;)’l Budall R 5] -dusya)l

Subtree : tree consisting of a node and its
descendants oslaxTg slie oo 39555 By 1usy By

|

Path: the sequence of nodes from one node
(source node) to another node(destination node).

Al (Laell Budc) Buxlg Bude o daadl Judad 9o il
(Agz )l Bae) 5y Base,
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Height of a Node N: is the longest path from node N to leaf.
[Height of leaf node = 0]

Depth of a Node N: is the number of edges from the root to

the node N. In other words: it is the number of nodes it passes
from root through down to node N. [depth of root node = 0]

Height of a Tree: is height of the root node.

Depth of a Tree: the total number of edges from root
node to a leaf node in the longest path.[ maximum depth of
any node]

Degree of a Node N: number of children of that node.
[degree of leaf =0]

Degree of a Tree: maximum degree among of nodes.

S ) b dadla
psd
QL.MN\ p 3.‘9 e-ué

Level

the root node is said to be at Level 0 and
the children of root node are at Level 1 and
the children of the nodes which are at Level
1 will be at Level 2 and so on...

Depth of each node in any level equal to that
level number.
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Question: Consider the trees below.
1. Which node is the root? 1. )dd! (» sude
What are the internal nodes? 2. $dds-lul uiall P
How many descendants does node (?) have? 3. §() saaall slaxf sue
What is the depth of node (?)?4. (%) 84a)l Gac g2 b
What are the internal nodes? 5. 4zl uaall Pb
How many descendants does node (?) have? 6. () 84as)l sla> sas (.
How many ancestors does node (?) have?saaall Ml sis o
What is the depth of node (?)?
What are the siblings of node (? saa)l slai o b
10 What are the siblings of node (?)?
11. Which nodes are in the subtree rooted at node (?)?11. 84&all (§ §ydemiall daeyall 8yl (§ B39 g0ll diall (2 Lo
12. What is the height of the tree? 12. o=l glai)l 32 o
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A Linked Structure for Tree

The tree data structure can be created by creating the nodes dynamically with linked list.
Atree node is represented by an object storing plisuiwl Belos ddall slid] Gyl (e 8ymadl bl &y slad] oSe
Ayl da3lal,
Bade (Lol oy Atree 03w 55 dawlg
1 Element
1 Aparent node
1 Asequence of children nodes ® LYl uaall Judud

Binary Tree

Binary tree is a tree data structure in which each parent node can have at most two
children. [Children ordered pair (left and right].


https://www.programiz.com/dsa/binary-tree
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Abinary tree is a tree with the following
properties:

Each internal node has at most two
children (left child and right child)

The children of a node are an ordered
pair (left and right)
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Applications of Binary Tree
1. To build Arithmetic Expression Tree
2. To build Decision Tree
Binary tree associated with an arithmetic
expression
' internal nodes: operators
1 external nodes: operands
Example : arithmetic tree for the expression :
(2X(a-1)+(3XDb))

Binary tree associated with a decision process
' internal nodes: questions with
yes/no answer
1 external nodes: decisions
Example: dining decision

Proper Binary Treesiaaual) 4l jady)

Each internal node has exactly 2
children ¢plab g ddsls Base (S
Lall

' n:number of total nodes Properties:

v e :number of external nodes l.e=i+1

' i:number of internal nodes 2.n=2e-1

1+ h:height (maximum depth of a node) 3.h<=i
4.h<=(n-1)/2
5. e<= 2h
6. h>=logy e
7.h>=logy(n+1)-1
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from the two tress:
n=7,e=4,i=3,h=2
e=i+1
n=2e-1

h <=i
h<=(n-1)/2

5.e<= 2h

6. h >=log; e=2
7.h>=log, (n+1)-1=2

AR N NN NN

Binary Tree Representations

A binary tree data structure is represented using two methods. Those methods are as
follows: b S (& cadldl elliy . cpiinylo plasuil 45681 8ymad) lily b Jeded o2

1. Array Representationdssacal Jies .1
2. Linked List Representationiks,cll deslal Juies

Array Representation
Consider the following binary tree:

In array representation of a binary tree, we use one-dimensional array (1-D Array) to
represent a binary tree. slul @13 &8 4a4m0) dadl 3l>T A3 ga4a0 i (A5US Byl d89asmall a3 §
4505 By Judad) (54l

Consider the above example of a binary tree and it is represented as follows: 8, odel Jladl HlaeYl cpa S
:JW1 ol e alitas ooy &L

AlBlc|D|FlGgH|T|J]-fJ-J-TK}-f-]-J-fJ-0/-]-9-]|

= A[0] is always empty
= A[i] is empty if there is no node in the ith position B 0sS: Afi] gl @ sade s oS5 @I 131 &)
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= Thearraysize Nis 2(h+1)
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Consider the following binary tree:

10 11

0 1 2 3 10 11

Linked List Representation
We use a double linked list to represent a binary tree. In a double linked list, every node
consists of three fields. First field for storing left child address, second for storing actual data
and third for storing right child address.
In this linked list representation, a node has the following structure... 8yz& Jiwd 439350 dladyo da3 pusvund
UL i3 (W9 ol Jalall Olgie o3 JodI il .J gl B cpe Bdde JS 095 cdzrgapell dladyall da3al (§ 4503
oo Jaall ol gie eyl EIWIg ddadl )
AU &dl (e Budall Sgiod s dlad el S s (§

Left Child Right Child
I Address Data I ddress

The above example of the binary tree represented using Linked list representation is shown as
follows:

/1B AEN

/N

I |NL|lL| J

F |NUI.L|

NULL

NULL

|Nuu

NULL
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Operations of Tree

1. Insert
2. Delete
3. Search
4. Traversal

Tree Traversal

S ) b dadla
pod
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In order to perform any operation on a tree, you need to reach to the specific node.
Traversing a tree means visiting every node in the tree. ® clde y=i e ddas Gl elyz] J=T 50

Badomell Bazall J) Jguos).

1. inorder
2. preorder
3. postorder.

Inorder traversal

Pre-order traversal

Post-order traversal

1. visit all the nodes in the left subtree

2. Visit the root node
3. Visit all the nodes in the right subtree

\vC

1. Visit the root node

2. Visit all the nodes in the left subtree
3. Visit all the nodes in the right
subtree

1. Visit all the nodes in the left subtree
2. Visit all the nodes in the right subtree
3. Visit the root node

Root
2
A
1 / \
‘B c
12 =Y 1 3

Left Subtree Right Subtree

inorder D - B ESASF-SC—>G

Root

- AL
o AN

Left Subtree Right Subtree

preorder A—-B D - E-C—-F—-G

Root

VR
& &

Left Subtree Right Subtree

post-order D - E—+-B +F -G —-C—A

Consider the trees below.

1. What s the preorder traversal of the tree?
2. What is the inorder traversal of the tree?
3. What s the postorder traversal of the tree?
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Dijkstra’s Algorithm
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Slngle -Source Shortest Path Problem

Single-Source Shortest Path Problem - The
problem of finding shortest paths from a source
vertex v to all other vertices in the graph.
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Appllcat|ons

- Maps (Map Quest, Google Maps)
- Routing Systems

From Computer Desktop Encyclopedia
= 1998 The Computer Language Co. Inc.

g j g 7/ \,,d((}f
e ST 0 CT \ A
g i H 2 7 N /s Router A
. TR FL RN 0 Routing Table
£ gl By o @ Togoto Routevia hul:_| ar
o= 5 A NS & t ke e switch
s Z N 7 4 network: port & 10.0.0.0
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Dljkstr'as algorithm

Dijkstra's algorithm - is a solution to the single-source
shortest path problem in graph theory.

Works on both directed and undirected graphs. However,
all edges must have nonnegative weights.

Input: Weighted graph G={E,V} and source vertex VeV,
such that all edge weights are nonnegative

Output: Lengths of shortest paths (or the shortest paths
themselves) from a given source vertex VEV to all other
vertices
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Aproach

* The algorithm computes for each vertex u the distance to u
from the start vertex v, that is, the weight of a shortest path
between v and u.

* the algorithm keeps track of the set of vertices for which the
distance has been computed, called the cloud C

* Every vertex has a label D associated with it. For any vertex u,
D[u] stores an approximation of the distance between v and
u. The algorithm will update a D[u] value when it finds a
shorter path from v to u.

* When a vertex u is added to the cloud, its label D[u] is equal
to the actual (final) distance between the starting vertex v and
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vertex u.
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Dijkstra pseudocode

Dijkstra(v1, v2):
for each vertex v: // Initialization
v's distance := infinity.
v's previous := none.
v1's distance := 0.
List := {all vertices}.

while List is not empty:
v := remove List vertex with minimum distance.
mark v as known.
for each unknown neighbor n of v:
dist := v's distance + edge (v, n)'s weight.

if dist is smaller than n's distance:
n's distance :=dist.
n's previous :=v.
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reconstruct path from v2 back tovl,
following previous pointers.
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Dijkstra\s Pseudo Code

* Graph G, weight function w, root s

DIJKSTRA(G, w, s)
1 foreachv e V

2 do d[v] « oo

3 d[s] —0

4 S —( > Set of discovered nodes

5Q«V

6 while Q +# ()

7 do u — EXTRACT-MIN(Q)

8 S—Sudu}

9 for each v € Adju] -
10 do if djv] > du] + w(u, v) relaxing
11 then dv] — d[u] + w(u, v) edges
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Distance(source) = ~ Distance (all vertices
0 A 2 [ B but source) = oo
4 1 3 0
< 2 2 > (e%)
co | C ) D » E
5 8 ©0 4 6
F ) 1 G
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Pick vertex In List with minimum
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distance.
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Example: Update neighbors'
distance

Distance(B) = 2
Distance(D) = 1
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Example: Remove vertex with
minimum distance
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Pick vertex in List with minimum distance, i.e., D

19
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Distance(C)=1+2=3
Distance(E)=1+2=3
Distance(F) =1+8=9 9 5
Distance(G) =1+4=5
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Exampl‘e Contlnued
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Pick vertex in List with minimum distance (B) and update neighbors

Note : distance(D) not

updated since D is

already known and

9 5 distance(E) not updated
since it is larger than
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previously computed

S ) b dadla
pod
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Exampl‘e Contmued

Pick vertex List with minimum distance (E) and update neighbors

No updating
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Exampl‘e Contmued

Pick vertex List with minimum distance (C) and update neighbors

Distance(F) =3+5=8
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Exampl‘e Contmued

Pick vertex List with minimum distance (G) and update neighbors

Previous distance
¥ 6 5

Distance(F) = min (8, 5+1) =6




&) s )
ity Jsba s
Gualu e dhas aa Balal) A

S ) b dadla
pod

24



&) s )
ity Jsba s
ul.d.uua.mu.ikm p.p bl i

S ) b dadla
potd

Exple (end)

Pick vertex not in S with lowest cost (F) and update neighbors
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Time Complexity: Using List

The simplest implementation of the Dijkstra's algorithm
stores vertices in an ordinary linked list or array
— Good for dense graphs (many edges)

|V | vertices and |E| edges

Initialization O(|V|)

While loop O(|V|)

— Find and remove min distance vertices O(|V|)

Potentially |E| updates
* Update costs O(1)

Total time O(| V2| + |E|) = O(]|V?| )
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Time CompIeX|ty Priority Queue

For sparse graphs, (i.e. graphs with much less than |V?| edges)
Dijkstra's implemented more efficiently by priority queue

* |[nitialization O(|V|) using O(|V|) buildHeap
 While loop O(|V])

* Find and remove min distance vertices O(log |V|) using O(log |V|)
deleteMin

e Potentially |E| updates
e Update costs O(log |V|) using decreaseKey

Total time O(|V|log|V]| + |E|log|V]|)=0O(|E|log|V])
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« |V]|=0(|E|)assuminga connected graph

S ) b dadla
pod
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Heap Data StructuredssSi bl dd

A heap is a tree-based data structure that allows access to the minimum and maximum
element in the tree in constant time. The constant time taken is O(1)). This is regardless of the
data stored in the heap.

Heap is a special case of balanced binary tree data structure where the root-node key is
compared with its children and arranged accordingly. If a has child node B then :

3y § Bynidl § paiall (9289 aslly 31 asdl ] Jguoglb e Bymidl (e o3l wlle dy e Ble dagSUl
92 @yl Coldl cigll .ol O(1)). degSIl (3 Ljseadl WL e Hladl ais o,

04539 Bl o dyydand! Biall lide &lie @36 Cum Ljlginll 43U 8ymad! ULy duds o Aol Al> 2 dogS|
OS13) .l Bdg o dusyd Blic o) BlSuiad c:

key(a) = key(B)

A heap can be of two types: Min-heap and Max-heap.
*= Ina min-heap, the value of the parent (root) node is less than or equal to its children.
= |n a max-heap, the value of the parent (root) node is greater than or equal toits
children.
e (e degSIl 0585 O Sau: Min-heap sMax-heap.
Ledlial (§9Ld o ¢y JBT () o) Bkl G 03955 e il ZagSII 3.
L3l (3Ll ol ¢y ST (Ldn)l) Aol Budall dasd 9SS cSguadll A gSUI .
Q: Consider the elements given below. “
35, 33, 42, 10, 14, 19, 27, 44, 26, 31
1. Construct a min-heap (as a tree) from the above elements. Then show how the
heap will be stored in the array. 1. @3 .o3el85S0all soliadl co (Byomds JS& (Ae) Bpine dagS il
dghanll § dogSUl (2335 pines oS 5B,
Tree:
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Array:
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| 10 | 14 | 19 26 31 42 27 44 35 33
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2. Construct a max-heap (as a tree) from the above elements. Then show how the
heap will be stored in the array. 2. 8)sS3a)l_solall oo (Byds JSi Ae) dogSU a8V dx)l sl 03
Wgasnnll § dogSl cpisi winew S yoll o5 odlel,

Tree

| 42 ) £ 35 ‘
| 33 ( 31 | ( 19 | 27
H PO €
10 ) , 26 ‘
N N

14

Array:
| 44 | 42 | 35 | 33 | 31 | 19 | 27 | 10 | 26 | 14 |

Add and remove element to heap
= Add 4 to max heap

9
/A A /\
.%;;—_. 8\ /6 /8\ /6 /\ /\
5/ 2 1 5 21 |\ 5 21 4
. Add4tomaxheadr.)u |
'/1 1 1
Add 4 3 \6 /1\ / \ 7 \4
/\ [ /\ / /\ /\ A I\
5 98 5 ‘\ 5 98

min heap 3

6



A A )
2ciily Jsba sl
ul.duua.mu.ikm p.p “palad) i

= Remove from max heap

root(9) is romved and
replaced with 4

= Remove from min heap

1 P
VRN
/\ /\ /\ I\
5 98 6 5 98

root (1) is romoved
and replace with 6

s\ /\ [
5 98 6

S ) b dadla

pod
Q@N\eﬁﬁaﬂg
8 8
7/ \ 7\
4 6== 5 6
/\ / 7\ /
5 21 4 21

5 and 4 are switched,
and heap is stable

8 and 4 are switched

/3 '/3\

9 8

5 and 6 are switched,
and heap is stable

3 and 6 are swithched



