
CSE 100: 
HUFFMAN CODES



Doing data compression the right way…



The Data Compression Problem

Digitize      Store     Communicate



But alas this lovely text must 
be decomposed to bits.

Good news is: if we 
decompose well, we can 
recover it 

How to represent in bits?



How to represent in bits?
• Encoding with ASCII
• Symbols and dictionaries

How many bits do we need?
The ASCII table



Fixed length encoding

Symbol Code word
s 00
p 01
a 10
m 11

• Fixed length: each symbol is represented using a fixed number of bits

• For example if the symbols were  ‘s’, ‘p’, ’a’, ‘m’ we might define the 
following encoding:

For a dictionary consisting of M symbols, what is the minimum number of 
bits needed to encode each symbol (assume fixed length binary codes) ?

A. 2M B. M C. M/2 D. ceil(log2 M) E. None of these

spamspamspam
spamspamspam

Text file Encoded file



Binary codes as Binary Trees

0 1

0 01 1

s p a m

Symbol Codeword
s 00
p 01
a 10
m 11

Code A

Symbols are leaf nodes
Root to leaf node gives the codeword for each symbol



Encoding with Binary Trees

0 1

0 01 1

s p a m

Given the above binary tree, encode the string “papa”



Encoding a symbol- think implementation!

A B
C

G H

A very bad way is to start at the root and search down the tree until you 
find the symbol you are trying to encode.  



Encoding a symbol

A B
C

G H

A much better way is to maintain a list of 
leaves and then to traverse the tree to 
the root (and then reverse the code)

0 1

0
0

0

1
1

1

… 

65 66 67

… 

71 72
vector<HCNode*> leaves;
…
leaves = vector<HCNode*>(256, (HCNode*)0);



Traversing a list, with recursion
class LNode {
int data;
LNode* next;

}
first:

data:
next:

1 data:
next:

2 data:
next:

3

void traverse(LNode* n) {
// 1
if (n == nullptr) return; 
// 2
traverse(n->next);
// 3

}

Where should I put the line to print n->data to print the list in reverse order?
std::cout << n->data << std::endl;
A. 1 B. 2 C. 3



Encoding a symbol

A B
C

G H

A much better way is to maintain a list of 
leaves and then to traverse the tree to 
the root.  If you use recursion, there’s no 
need to reverse the list!

0 1

0
0

0

1
1

1

… 

65 66 67

… 

71 72
vector<HCNode*> leaves;
…
leaves = vector<HCNode*>(256, (HCNode*)0);

Use recursion to easily 
write a symbol’s code in 
the correct order!



Decoding on binary trees
0 1

0

0

0

0 0 0

1 1

1111

s p a mroc k

Decode the bitstream 110101001100 using the given 
binary tree
A. scam
B. mork
C. rock
D.korp



Is there an alternative to fixed length encoding?

• Can we go beyond fixed length 
encoding?

• What if certain symbols appeared 
more often than others?



Variable length codes

Is code B better than code A?
A. Yes
B. No
C. Depends

ssssssssssssssss
ssppppaampamm

Symbol Frequency
s 0.6
p 0.2
a 0.1
m 0.1

Symbol Codeword
s 0
p 1
a 10
m 11

Symbol Codeword
s 00
p 01
a 10
m 11

Code A Code B

Text file

Symbol Counts
s 18
p 6
a 3
m   3



Comparing encoding schemes

Average length (code A) =  2 bits/symbol
Average length (code B) = 0.6 *1 +0.2 *1 + 0.1* 2+ 0.1*2

= 1.2 bits/symbol

Symbol Frequency
s 0.6
p 0.2
a 0.1
m 0.1

Symbol Codeword
s 0
p 1
a 10
m 11

Symbol Codeword
s 00
p 01
a 10
m 11

Code A Code B

ssssssssssssssss
ssppppaampamm

Text file



Decoding variable length codes
Symbol Frequency

s 0.6
p 0.2
a 0.1
m 0.1

Symbol Codeword
s 0
p 1
a 10
m 11

Symbol Codeword
s 00
p 01
a 10
m 11

Code A Code B

Decode the binary pattern 0110 using Code B?
A. spa
B. sms
C. Not enough information to decode

ssssssssssssssss
ssppppaampamm

Text file



Variable length codes

Symbol Codeword
s 0
p 1
a 10
m 11

Symbol Codeword
s 00
p 01
a 10
m 11

Code A Code B

Variable length codes have to necessarily be prefix codes for correct 
decoding

A prefix code is one where no symbol’s codeword is a prefix of 
another

Code B is not a prefix code



Variable length codes

Symbol Codeword
s 0
p 1
a 10
m 11

Symbol Codeword
s 00
p 01
a 10
m 11

Code A Code B

Is code C better than code A and code B? (Why or why not?)
A. Yes
B. No

Symbol Codeword
s 0
p 10
a 110
m 111

Code C

Symbol Frequency
s 0.6
p 0.2
a 0.1
m 0.1



Variable length codes

Symbol Codeword
s 0
p 1
a 10
m 11

Symbol Codeword
s 00
p 01
a 10
m 11

Code A Code B

Symbol Codeword
s 0
p 10
a 110
m 111

Code C

Symbol Frequency
s 0.6
p 0.2
a 0.1
m 0.1

Average length (code A) =  2 bits/symbol
Average length (code B) = 0.6 *1 +0.2 *1 + 0.1* 2+ 0.1*2

= 1.2 bits/symbol
Average length (code C) = 0.6 *1 +0.2 *2 + 0.1* 3+ 0.1*3

= 1.6 bits/symbol



What is the advantage of thinking of codes as 
trees?

Symbol Codeword
s 0
p 1
a 10
m 11

Symbol Codeword
s 00
p 01
a 10
m 11

Code A Code B

Symbol Codeword
s 0
p 10
a 110
m 111

Code C



Problem Definition

Given a frequency distribution over M 
symbols, find the optimal prefix binary code 
i.e. one that minimizes the average code 
length

mapsmppam
ssampamsmam
…

TEXT FILE

In short:
I give you frequencies, you give me the best tree!

Symbol Frequency
s 0.6
p 0.2
a 0.1
m 0.1

Huffman coding is one of the 
fundamental ideas that people 
in computer science and data 
communications are using all 
the time ‐ Donald Knuth

David Huffman



Problem Definition (reworded for trees)
Input: The frequency (pi) of occurrence of each symbol (Si)

Output: Binary tree T that minimizes the following objective 
function:

L(T )  pi Depth(Si  in T )
i1:N


Solution: Huffman Codes 



Huffman’s algorithm: Bottom up construction

• Build the tree from the bottom up!
• Start with a forest of trees, all with just one node

A: 6; B: 4; C: 4; D: 0; E: 0; F: 0; G: 1; H: 2

A

6

B

4

C

4

D

0

E

0

F

0

G

1

H

2



Huffman’s algorithm: Bottom up construction

• Build the tree from the bottom up!
• Start with a forest of trees, all with just one node
• Choose the two smallest trees in the forest and merge 

them

A: 6; B: 4; C: 4; D: 0; E: 0; F: 0; G: 1; H: 2

A

6

B

4

C

4

G

1

H

2



Huffman’s algorithm: Bottom up construction

• Build the tree from the bottom up!
• Start with a forest of trees, all with just one node
• Choose the two smallest trees in the forest and merge 

them

A: 6; B: 4; C: 4; D: 0; E: 0; F: 0; G: 1; H: 2

A

6

B

4

C

4

G H

3

T1



Huffman’s algorithm: Bottom up construction

• Build the tree from the bottom up!
• Start with a forest of trees, all with just one node
• Choose the two smallest trees in the forest and merge 

them
• Repeat until all nodes are in the tree

A

6

B

4

C

7

G H

T1

T2



Huffman’s algorithm: Bottom up construction

• Build the tree from the bottom up!
• Start with a forest of trees, all with just one node
• Choose the two smallest trees in the forest and merge 

them
• Repeat until all nodes are in the tree

A B

C

7

G H

T1

T2

T3

10



Huffman’s algorithm: Bottom up construction

• Build the tree from the bottom up!
• Start with a forest of trees, all with just one node
• Choose the two smallest trees in the forest and merge 

them
• Repeat until all nodes are in the tree

A B
C

17

G H

T1

T2
T3

T4



PA2: encoding/decoding
ENCODING:
1.Scan text file to compute frequencies
2.Build Huffman Tree
3.Encode: Find code for every symbol (letter) 
4.Create new compressed file by saving the entire code at the top of 

the file followed by the code for each symbol (letter) in the file

DECODING:
1. Read the file header (which contains the code) to recreate the tree
2. Decode each letter by reading the file and using the tree

This is the logical flow of what needs to happen, it need not be the 
way you develop the code: Brainstorm in class and in section to see 
how you can design in a modular way


