
P S O 6
Linear-{Sorts,Hashing}

PrePSOGeoGussr: Guess the city



Announcements

Hw due this week

Midterm next week

There is a practice exam on Ed







6 0 2 0 1 3 4 6 1 3 2

Initialize our C array

k 0 1 2 3 4 5 6

freq 0 0 0 0 0 0 0



6 0 2 0 1 3 4 6 1 3 2

Initialize our C array

k 0 1 2 3 4 5 6

freq 0 0 0 0 0 0 0



6 0 2 0 1 3 4 6 1 3 2

Initialize our C array

k 0 1 2 3 4 5 6

freq 0 0 0 0 0 0 0

i



6 0 2 0 1 3 4 6 1 3 2

Initialize our C array

k 0 1 2 3 4 5 6

freq 0 0 0 0 0 0 0

i

A[i] = 6



6 0 2 0 1 3 4 6 1 3 2

Initialize our C array

k 0 1 2 3 4 5 6

freq 0 0 0 0 0 0 0

i

A[i] = 6

C[A[i]] = C[6]



6 0 2 0 1 3 4 6 1 3 2

Initialize our C array

k 0 1 2 3 4 5 6

freq 0 0 0 0 0 0 1

i

A[i] = 6

C[A[i]] = C[6]

C[6] += 1



6 0 2 0 1 3 4 6 1 3 2

Initialize our C array

k 0 1 2 3 4 5 6

freq 0 0 0 0 0 0 1

i



6 0 2 0 1 3 4 6 1 3 2

Initialize our C array

k 0 1 2 3 4 5 6

freq 0 0 0 0 0 0 1

i

A[i] = 0



6 0 2 0 1 3 4 6 1 3 2

Initialize our C array

k 0 1 2 3 4 5 6

freq 1 0 0 0 0 0 1

i

A[i] = 0

C[0] += 1



6 0 2 0 1 3 4 6 1 3 2

Initialize our C array

k 0 1 2 3 4 5 6

freq 1 0 0 0 0 0 1

i



6 0 2 0 1 3 4 6 1 3 2

Initialize our C array

k 0 1 2 3 4 5 6

freq 1 0 1 0 0 0 1

i



6 0 2 0 1 3 4 6 1 3 2

Initialize our C array

k 0 1 2 3 4 5 6

freq 1 0 1 0 0 0 1

i



6 0 2 0 1 3 4 6 1 3 2

Initialize our C array

k 0 1 2 3 4 5 6

freq 2 0 1 0 0 0 1

i

Going faster..



6 0 2 0 1 3 4 6 1 3 2

Initialize our C array

k 0 1 2 3 4 5 6

freq 2 1 1 0 0 0 1

i



6 0 2 0 1 3 4 6 1 3 2

Initialize our C array

k 0 1 2 3 4 5 6

freq 2 1 1 1 0 0 1

i



6 0 2 0 1 3 4 6 1 3 2

Initialize our C array

k 0 1 2 3 4 5 6

freq 2 1 1 1 1 0 1

i



6 0 2 0 1 3 4 6 1 3 2

Initialize our C array

k 0 1 2 3 4 5 6

freq 2 1 1 1 1 0 2

i



6 0 2 0 1 3 4 6 1 3 2

Initialize our C array

k 0 1 2 3 4 5 6

freq 2 2 1 1 1 0 2

i



6 0 2 0 1 3 4 6 1 3 2

Initialize our C array

k 0 1 2 3 4 5 6

freq 2 2 1 2 1 0 2

i



6 0 2 0 1 3 4 6 1 3 2

Initialize our C array

k 0 1 2 3 4 5 6

freq 2 2 2 2 1 0 2

i



6 0 2 0 1 3 4 6 1 3 2

Initialize our C array

k 0 1 2 3 4 5 6

freq 2 2 2 2 1 0 2

Next up



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 2 2 2 1 0 2

i



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 2 2 2 1 0 2

i

C[1] = C[1] + C[0]



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 4 2 2 1 0 2

i

C[1] = C[1] + C[0] = 2 + 2



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 4 2 2 1 0 2

i



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 4 2 2 1 0 2

i

C[2] += C[1]



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 4 6 2 1 0 2

i

C[2] += C[1] = 6



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 4 6 2 1 0 2

i

C[2] += C[1] = 6

C[i] = # of elements <= i in the sorted array 



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 4 6 8 1 0 2

i



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 4 6 8 9 0 2

i



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 4 6 8 9 9 2

i



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 4 6 8 9 9 11

i



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 4 6 8 9 9 11

B



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 4 6 8 9 9 11

B

i



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 4 6 8 9 9 11

B

i

A[i] = 2



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 4 6 8 9 9 11

B

i

A[i] = 2
C[A[i]] = 6 



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 4 6 8 9 9 11

B

i

A[i] = 2
C[A[i]] = 6 



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 4 6 8 9 9 11

B

i

A[i] = 2
C[A[i]] = 6
B[C[A[i]] - 1] = B[5] 



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 4 6 8 9 9 11

2
B

i

A[i] = 2
C[A[i]] = 6
B[C[A[i]] - 1] = B[5] Set B[5] = A[i] = 2



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 4 6 8 9 9 11

2
B

i

A[i] = 2
C[A[i]] = 6
B[C[A[i]] - 1] = B[5] Set B[5] = A[i] = 2 why?

C[i] = # elements less than or equal to i 



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 4 6 8 9 9 11

0 0 1 1 2 2
B

i

A[i] = 2
C[A[i]] = 6
B[C[A[i]] - 1] = B[5] Set B[5] = A[i] = 2 why?

C[i] = # elements less than or equal to i 
When sorted, elements before B[5] look like.. 



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 4 6 8 9 9 11

0 0 1 1 2 2
B

i

A[i] = 2



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 4 6 8 9 9 11

0 0 1 1 2 2
B

i

A[i] = 2
C[A[i]] = C[2]



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 4 5 8 9 9 11

0 0 1 1 2 2
B

i

A[i] = 2
C[A[i]] = C[2]      C[2] -= 1



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 4 5 8 9 9 11

0 0 1 1 2 2
B

i

A[i] = 2
C[A[i]] = C[2]      C[2] -= 1

Intuition: We placed the first 2 down, only one 2 left



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 4 5 8 9 9 11

0 0 1 1 2 2
B

i

A[i] = 2
C[A[i]] = C[2]      C[2] -= 1

Intuition: We placed the first 2 down, only C[2] - C[1] 2 left



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 4 5 8 9 9 11

0 0 1 1 2 2
B

i



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 4 5 8 9 9 11

0 0 1 1 2 2
B

i

A[i] = 3



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 4 5 8 9 9 11

0 0 1 1 2 2
B

i

A[i] = 3
C[A[i]] = C[3] = 8



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 4 5 8 9 9 11

0 0 1 1 2 2
B

i

A[i] = 3
C[A[i]] = C[3] = 8
Set B[8 - 1] = 3



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 4 5 8 9 9 11

0 0 1 1 2 2 3
B

i

A[i] = 3
C[A[i]] = C[3] = 8
Set B[8 - 1] = 3 why?



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 4 5 8 9 9 11

0 0 1 1 2 2 3 3
B

i

A[i] = 3
C[A[i]] = C[3] = 8
Set B[8 - 1] = 3 why?



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 4 5 8 9 9 11

0 0 1 1 2 2 3 3
B

i

A[i] = 3
C[A[i]] = C[3] 



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 4 5 7 9 9 11

0 0 1 1 2 2 3 3
B

i

A[i] = 3
C[A[i]] = C[3]
C[3] -= 1 



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 4 5 7 9 9 11

0 0 1 1 2 2 3 3
B

i



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 4 5 7 9 9 11

0 0 1 1 2 2 3 3
B

i

This should be B[3] from our picture



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 4 5 7 9 9 11

0 0 1 1 2 2 3 3
B

i

This should be B[3] from our picture
A[i] = 1, C[A[i]] = 4, so true



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 4 5 7 9 9 11

0 0 1 1 2 2 3 3
B

i

This should be B[3] from our picture
A[i] = 1, C[A[i]] = 4, so true



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 3 5 7 9 9 11

0 0 1 1 2 2 3 3
B

i

This should be B[3] from our picture
A[i] = 1, C[A[i]] = 4, so true
Then decrement the count



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 3 5 7 9 9 11

0 0 1 1 2 2 3 3
B

i



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 3 5 7 9 9 11

0 0 1 1 2 2 3 3
B

i

C[6] = 11



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 3 5 7 9 9 11

0 0 1 1 2 2 3 3 6
B

i

C[6] = 11



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 3 5 7 9 9 11

0 0 1 1 2 2 3 3 4 6 6
B

i

C[6] = 11



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 3 5 7 9 9 10

0 0 1 1 2 2 3 3 4 6 6
B

i



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 3 5 7 9 9 10

0 0 1 1 2 2 3 3 4 6 6
B

i



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 3 5 7 9 9 10

0 0 1 1 2 2 3 3 4 6 6
B

i



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 3 5 7 8 9 10

0 0 1 1 2 2 3 3 4 6 6
B

i



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 3 5 7 8 9 10

0 0 1 1 2 2 3 3 4 6 6
B

i



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 3 5 7 8 9 10

0 0 1 1 2 2 3 3 4 6 6
B

i



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 3 5 6 8 9 10

0 0 1 1 2 2 3 3 4 6 6
B

i



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 3 5 6 8 9 10

0 0 1 1 2 2 3 3 4 6 6
B

i



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 3 5 6 8 9 10

0 0 1 1 2 2 3 3 4 6 6
B

i



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 2 5 6 8 9 10

0 0 1 1 2 2 3 3 4 6 6
B

i



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 2 5 6 8 9 10

0 0 1 1 2 2 3 3 4 6 6
B

i



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 2 5 6 8 9 10

0 0 1 1 2 2 3 3 4 6 6
B

i



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 1 2 5 6 8 9 10

0 0 1 1 2 2 3 3 4 6 6
B

i



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 1 2 4 6 8 9 10

0 0 1 1 2 2 3 3 4 6 6
B

i



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 0 2 4 6 8 9 10

0 0 1 1 2 2 3 3 4 6 6
B

i



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 0 2 4 6 8 9 9

0 0 1 1 2 2 3 3 4 6 6
B

i

Done!





Wait! Sounds familiar..



6 0 2 0 1 3 4 6 1 3 2

k 0 1 2 3 4 5 6

freq 2 4 6 8 9 9 11

0 0 1 1 2 2 3 3 4 6 6
B

A

The counting array kept track of C[i] = # elements less than or equal to i 



k 0 1 2 3 4 5 6

freq 2 4 6 8 9 9 11

0 0 1 1 2 2 3 3 4 6 6
B

The counting array kept track of C[i] = # elements less than or equal to i 



k 0 1 2 3 4 5 6

freq 2 4 6 8 9 9 11

0 0 1 1 2 2 3 3 4 6 6
B

The counting array kept track of C[i] = # elements less than or equal to i 



k 0 1 2 3 4 5 6

freq 2 4 6 8 9 9 11

0 0 1 1 2 2 3 3 4 6 6
B

The counting array kept track of C[i] = # elements less than or equal to i 

# elts in range [0,0] = C[0]



k 0 1 2 3 4 5 6

freq 2 4 6 8 9 9 11

0 0 1 1 2 2 3 3 4 6 6
B

The counting array kept track of C[i] = # elements less than or equal to i 



k 0 1 2 3 4 5 6

freq 2 4 6 8 9 9 11

0 0 1 1 2 2 3 3 4 6 6
B

The counting array kept track of C[i] = # elements less than or equal to i 

# elts in range [0,1] = C[1] 
   = 4 



k 0 1 2 3 4 5 6

freq 2 4 6 8 9 9 11

0 0 1 1 2 2 3 3 4 6 6
B

The counting array kept track of C[i] = # elements less than or equal to i 



k 0 1 2 3 4 5 6

freq 2 4 6 8 9 9 11

0 0 1 1 2 2 3 3 4 6 6
B

The counting array kept track of C[i] = # elements less than or equal to i 

# elts in range [0,2] = C[2] 
   = 6 - 2  + 2 = 6



k 0 1 2 3 4 5 6

freq 2 4 6 8 9 9 11

0 0 1 1 2 2 3 3 4 6 6
B

The counting array kept track of C[i] = # elements less than or equal to i 

# elts in range [1,2]



k 0 1 2 3 4 5 6

freq 2 4 6 8 9 9 11

0 0 1 1 2 2 3 3 4 6 6
B

The counting array kept track of C[i] = # elements less than or equal to i 

# elts in range [1,2] = C[2] - C[0] 
                         = 6 - 2 = 4



k 0 1 2 3 4 5 6

freq 2 4 6 8 9 9 11

0 0 1 1 2 2 3 3 4 6 6
B

The counting array kept track of C[i] = # elements less than or equal to i 



k 0 1 2 3 4 5 6

freq 2 4 6 8 9 9 11

0 0 1 1 2 2 3 3 4 6 6
B

The counting array kept track of C[i] = # elements less than or equal to i 

# elts in range [1,3] = 



k 0 1 2 3 4 5 6

freq 2 4 6 8 9 9 11

0 0 1 1 2 2 3 3 4 6 6
B

The counting array kept track of C[i] = # elements less than or equal to i 

# elts in range [1,3] = C[3] - C[0]  



k 0 1 2 3 4 5 6

freq 2 4 6 8 9 9 11

0 0 1 1 2 2 3 3 4 6 6
B

The counting array kept track of C[i] = # elements less than or equal to i 

# elts in range [a,b] = C[b] - C[a - 1]  



k 0 1 2 3 4 5 6

freq 2 4 6 8 9 9 11

0 0 1 1 2 2 3 3 4 6 6
B

The counting array kept track of C[i] = # elements less than or equal to i 

# elts in range [a,b] = C[b] - C[a - 1]  

C[b] - C[a - 1] = (# elts <= b) - (# elts <= a - 1) = # elts in [a,b]



k 0 1 2 3 4 5 6

freq 2 4 6 8 9 9 11

0 0 1 1 2 2 3 3 4 6 6
B

The counting array kept track of C[i] = # elements less than or equal to i 



k 0 1 2 3 4 5 6

freq 2 4 6 8 9 9 11

0 0 1 1 2 2 3 3 4 6 6
B

The counting array kept track of C[i] = # elements less than or equal to i 



k 0 1 2 3 4 5 6

freq 2 4 6 8 9 9 11

0 0 1 1 2 2 3 3 4 6 6
B

The counting array kept track of C[i] = # elements less than or equal to i 



What is n here?

12 5 17 13 15 4 100 4

What are the two linear sorts we learn and how do they work

-

4 ↑
-

Ocal 03)
D- 9

cother)

selection , radix
=

bubbl
S bucket
=



Why not just use radix sort?
12 5 17 13 15 4 100 4
-

,
--

b



Sorting in O(n) time

1. “Bucket” by lengths

2. Sort each length bucket

12 5 17 13 15 4 100 4

5 4 4 12 17 13 15 100

4 4 4 12 17 13 15 100

"by pso Welknow-
now to sortOn)"

8

-
O(n) broklet NRadix (A) ;

-
-

length 1 Length 2 length3
-

↑. 2 .
W extra stuff,

Cradix Sort)

- *1315 m /7
-



Linear Probing: If collision, check next box

E

↑ -
aradrat
Chaining

- 2

-
1*
Y



k h(k) = k mod 12

16

17

28

28

8

31

What has no collisions !

- 4 16 , 17
,
8

5

4

↳ 6

Y

7



k h(k) = k mod 12

16 4

17 5

28 4

18 6

8 8

31 7

Which ones are in the right place?

16
, 17
, 8



k h(k) = k mod 12

16 4

17 5

28 4

18 6

8 8

31 7

Which ones are in the right place?

Insert 16,17,8 first

-
--

insert 20 next

I collisions



k h(k) = k mod 12

16 4

17 5

28 4

18 6

8 8

31 7

Which ones are in the right place?

Insert 16,17,8 first

Next, 28

-

-

Next 18



k h(k) = k mod 12

16 4

17 5

28 4

18 6

8 8

31 7

Which ones are in the right place?

Insert 16,17,8 first

Next, 28, 18



k h(k) = k mod 12

16 4

17 5

28 4

18 6

8 8

31 7

Which ones are in the right place?

Insert 16,17,8 first

Next, 28, 18, 31





k h(k) = k mod 12

16 4

17 5

28 4

18 6

8 8

31 7

Which ones are in the right place?

Insert 16,17,8 first



k h(k) = k mod 12

16 4

17 5

28 4

18 6

8 8

31 7

Which ones are in the right place?

Insert 16,17,8 first

Next, 28



k h(k) = k mod 12

16 4

17 5

28 4

18 6

8 8

31 7

Which ones are in the right place?

Insert 16,17,8 first

Next, 28, 18



k h(k) = k mod 12

16 4

17 5

28 4

18 6

8 8

31 7

Which ones are in the right place?

Insert 16,17,8 first

Next, 28, 18, 31



k h(k) = k mod 12

16 4

17 5

28 4

18 6

8 8

31 7

Which ones are in the right place?

Insert 16,17,8 first

Next, 28, 18, 31

I can enter 16,17,8 in any order

8 , 17 116 ,
28 , 18, 31



Load factor = 

mDry↳-
-

Ye== 1+ 2 +-
->

a collisions likely (cirstens
=Anz)

- for inserts
↓ On) amorti





Insertion order: 16, 17, 28, 18, 8, 31

k h(k) = k mod 12

16 4

17 5

28 4

18 6

8 8

31 7

------- -

->

2

If 17 12 3/8
D
28


