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Processor P time

Minimize average waiting time
Jun

user 6Need to maintain remaining Ur
5µs

processing time of all unfinished 2ms 3µs
jobs at any point of time

Need to find job with the shortest remaining time

When a job finishes need to remove it from the list

new job arrives need to add it to the list



Priority Queue maintains a set of elements with some associated

priority

Supports the following operations

Insert x insert an element X in the set S S Su

Minimum return element with the smallest priority
Delete min return and remove elements in S with

smallest priority

Naiveimplementton

Maintain a sorted array



logn

Insert x
find correct location

shifting

O n

Minimum OCT

Deletemine OCI

Maintainunsortedarray

Insert x 01

Minimum Oln

Deletemine O n



Ccpproah Heap data structure arrayobject that we can view as
nearly complete binarytree

A binary tree that stores priority at nodes

All levels except the last are full
Last level is left filled

Priority of a mode should be smaller than its children

18T
1290 310



NOT a heap
tree

1290

NOT a heap
tree



E hE.in n Yest
priority always sits at the root of

the heap

Prove by
contradiction

41919

Compute the minimum in 0 1 time

Heightfffala
heap over n nodes has height h

2 1 1 n 2ⁿᵈ 1 a

Ffodes
n

level



height of a node in a heap no edges on the longest

simptownwardpath from node to the leaf

heightoftheheape height of the root

6.12 Show that an n element heap has height lgn
0 h 0

n 1

ii i iii

i am a
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I no 2h n 2ⁿ 1 361

n 2h 1 k 1 k 2h

lg n k 1 h o lgk an



2h 1

h lg n k 1

1 k 2h

1 k 2h
0 K 1 3 2 1

n n k 1 2 1 n

Lg n h lg n 2 1



2 n 24ᵗʰ 1

h 0 login

11 79
Do

7 level 1

return Li 21

g
btfladea

left i 1 2 3 a s 6 7 8 9 10

return 21 0 143123126111711318121119 17

Ido T1 level 2 level 3

right i n o 1

return 21 1
h 1 To 2 to 3

4 2 11Th 4 to 7

h 3 III 8 to 15



N C LR Rt 1 2h to 2h 1

Insertionindheap.gg
insert
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1tf.fmesTe whose content changes are on the

path from newly inserted node to root

We swap nodes if required on this path



Heap property is not violated

Timecomplexity.io log

9ft be the index into array A

Binary tree rooted at left i and

right i are heaps L R are heaps

Ali may be bigger than its children violating heap

property



swap with
smaller

I child

d.tt 8 dd
3 6 9 2 901

heap
heap

160
Running time O log n

2 1 1



Min heapify A i

e left i

r right i O 1

if e A heap size A e A i

gas p a am a mm
smallest r

if smallest i

swap A i A smallest

Min heapify A smallest



Worst case recurse all the way to a leaf

Assume left is complete binary tree of height h 1

right is complete binary tree of height n 2

n 1 2 1 2ⁿᵈ 1

nnbsebte.EE 1
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log n k



T n 0 1 logan T n r log n

worst case go all theT n O log n

way upto leaf

Baea
Correctness induction on i

Build heap A all trees rooted at m i

for i 1 121 down to 1 are heaps

heapity A i

Onlog n tighter bound

possible



Assume n 2h 1 a complete binary tree

For the n 2 nodes of height 1 at most 1 swap

for the 1 4 nodes of height 2 at most 2 swaps

For the n 2 nodes of height i at most i swaps

TCR 0 7 hit 2 It 3 1 k

ima É
I E n

a
In at

In

E in Imp
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construct a data structure to answer queries

Is y ES U set of alphabets
s some subset of porkT.atftcannotpEfalphabet

again

aes 1 fi



Data structure should be Isolution

space efficient array shadanfrom

if duplicate
fast don'tadd

T.IE ectos
8 51 of 1 bit foreach

possible streamBitrector One bit for element
each possible elements of a

141

hashing
very primitive

Space complexity 0 1U1

Time complexity 0 1

BSTapprech Create a BST of elements in S Assume ordering in
141

space complexity IS log121 O n log121 Ignore duplicates



Query time complexity
Time complexity O log n

Bit vector faster
but space

B fitter 1970
complexity

We need less space
Universe 2 set S U 151 n complexity with

Maintain a bot vector array that stores 0 1
similar time

complexity

of size m

Initialize bit vector to all zeroes

A 1T
m

k universal hash functions ha hr U

1 m



In hi a j 4m
i e 1 k

je 1 m

a e S U

ex dot product hash family

ToinsertXES ALh.fr 1

A h x 1

A him 1

Imeaqueryyes
Check whether A hi y 1 i 1 k

if Alhild
then report y E S
otherwise report y S



Example m 10 k 3 Outputting

no sure that

1 2 3 4 5 1 7 8 9 10 98What

yes maybe

H k ha n helm h3 n incorrect

H a 1,4 a o

HCM 4 5 3

comeup with

Query 41 expression for
H Ye 2 4,8 No no offalse positives

use calculus to

094 1 5,8 yes mayfa.geposfs
minimise



Want to choose parameters such that F P probability

is minimized
Once all elements are hashed then probability for hash to

that a particular bit remains zero In 1

P 1 12 e In
each element is
hashed k times
and there are
n elements

Probability of false tve from prob that a

set of k specific bits are 1

f 1 p 1 e kYmJk

IgE
r



f

Émjk

exp R

LTE
f and g are

monotonic

Bloom filter8 0
k Mn In 2 browsing history

web crawler

8 2 0 ML applications


