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Why Data Compression?

Less bits to transfer in 
between devices

Less bits to save/store 
in disk

TransmissionStorage

01 02
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Data Compression Problem

Given a string 𝑋, efficiently encode 𝑋 into a shorter string 𝑌.

How many bits does it take to encode a single character?
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ASCII

● American Standard Code for 
Information Interchange.

● Encodes 128 specified characters 
into 7-bit integers.

● 95 printable characters: digits 0 to 
9, lowercase letters a to z, 
uppercase letters A to Z, and 
punctuation symbols.

● 33 non-printing control codes 
which originated with Teletype 
machines (obsolete).

● A unique binary string (codeword) 
per character.

https://en.wikipedia.org/wiki/ASCII 7
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Example: String Coding in C++

#include <iostream>
#include <bitset>

int main(int argc, char** argv) 
{

char word[] = { 72, 101, 108, 108, 111, 32, 87, 111, 114, 108, 100, 0 };

std::cout << word << std::endl;

for (char c : word) 
{

std::cout << '\'' << c << "': " << std::bitset<8>(c) << std::endl;
}

return 0;
}

Hello World
'H': 01001000
'e': 01100101
'l': 01101100
'l': 01101100
'o': 01101111
' ': 00100000
'W': 01010111
'o': 01101111
'r': 01110010
'l': 01101100
'd': 01100100
'':  00000000
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Example: String Coding in Java

public class Main 
{

public static void main(String[] args) 
{

char word[] = { 72, 101, 108, 108, 111, 32, 87, 111, 114, 108, 100, 0 };

System.out.println(word);

for (char c : word) 
{

System.out.println("'" + c + "': " + Integer.toBinaryString(c));
}

}
}

Hello World
'H': 1001000
'e': 1100101
'l': 1101100
'l': 1101100
'o': 1101111
' ': 100000
'W': 1010111
'o': 1101111
'r': 1110010
'l': 1101100
'd': 1100100
' ': 0
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How Many Bits?

Situation: Let’s encode 𝑋 = “eddddddbc”

Options:
● Extended ASCII (8 bits per character): 72 

bits.

● Length encoding: “eddddddbc” = “e1d6b1c1”, 
then 64 bits (still using 8 bits per character).

● Fixed-length code of 2 bits per letter: 18 bits
(Why do we need 2 bits per character?).

● Variable-length code: 14 bits (optimal).
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0 1

0 1

0 1

Fixed-Length Coding Variable-Length Coding

Character Codeword

e 00

d 01

b 10

c 11

Character Codeword

e 010

d 1

b 011

c 00

Encode(eddddddbc) = 00 01 01 01 01 01 01 10 11 (18 bits) Encode(eddddddbc) = 010 1 1 1 1 1 1 011 00 (14 bits)
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Coding Tree Definitions

A code is a mapping of each character of 
an alphabet to a binary codeword.

A prefix code is a binary code such that no 
code-word is the prefix of another 
codeword.

An encoding tree represents a prefix code:
• Each external node stores a character.
• The codeword of a character is given by 

the path from the root to the external 
node storing the character (0 for a left 
child and 1 for a right child).

a

b c

d e
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𝑋 = “abracadabra”

c

a r

d b a

c d

b r

𝑇1 𝑇2

Which tree encodes 𝑋 with the least number of bits?
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David A. Huffman. "A Method for 
the Construction of Minimum-

Redundancy Codes." Proceedings 
of the IRE, vol. 40, no. 9, pp. 

1098-1101, 1952.
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Huffman Coding

● Encode high-frequency characters with short codewords.

● No codeword is a prefix for another code word.

● Builds an optimal coding tree to determine the codewords.

● Huffman Coding is a Greedy Algorithm.
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Huffman Coding 
Algorithm

algorithm HuffmanCoding(𝑆:string)

𝐶 ← distinctCharacters(𝑆)
𝐹 ← computeFrequencies(𝑆, 𝐶)
let 𝑄 be an empty min-heap

for each 𝑐 ∈ 𝐶 do
let 𝑇 be a new tree node
𝑇.char ← 𝑐
𝑇.freq ← 𝐹[𝑐]
𝑄.insert(𝐹[𝑐], 𝑇)

end for

while 𝑄.size() > 1 do
let 𝑇 be a new tree node
𝑇.left ← 𝑄.getMin()
𝑇.right ← 𝑄.getMin()
𝑇.freq ← 𝑇.left.freq + 𝑇.right.freq
𝑄.insert(𝑇.freq, 𝑇) 

end while

return 𝑄.getMin()
end algorithm
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𝑂 𝑛

𝑂 𝑛 log 𝑛

𝑂 𝑛 log 𝑛

van Emde Boas tree

Huffman Coding is 𝑂 𝑛 log 𝑛 .

Note: Huffman Coding is 𝑂 𝑛 log log 𝑛 if we replace the 
min-heap with a van Emde Boas tree.
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algorithm HuffmanCoding(𝑆:string)

𝐶 ← distinctCharacters(𝑆)
𝐹 ← computeFrequencies(𝑆, 𝐶)
let 𝑄 be an empty min-heap

for each 𝑐 ∈ 𝐶 do
let 𝑇 be a new tree node
𝑇.char ← 𝑐
𝑇.freq ← 𝐹[𝑐]
𝑄.insert(𝐹[𝑐], 𝑇)

end for

while 𝑄.size() > 1 do
let 𝑇 be a new tree node
𝑇.left ← 𝑄.getMin()
𝑇.right ← 𝑄.getMin()
𝑇.freq ← 𝑇.left.freq + 𝑇.right.freq
𝑄.insert(𝑇.freq, 𝑇) 

end while

return 𝑄.getMin()
end algorithm

Let 𝑛 be the length of 𝑆. Then:

https://en.wikipedia.org/wiki/Van_Emde_Boas_tree


1) Build a Huffman Coding tree using the following frequency table:
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algorithm HuffmanCoding(𝑆:string)

𝐶 ← distinctCharacters(𝑆)
𝐹 ← computeFrequencies(𝑆, 𝐶)
let 𝑄 be an empty min-heap

for each 𝑐 ∈ 𝐶 do
let 𝑇 be a new tree node
𝑇.char ← 𝑐
𝑇.freq ← 𝐹[𝑐]
𝑄.insert(𝐹[𝑐], 𝑇)

end for

while 𝑄.size() > 1 do
let 𝑇 be a new tree node
𝑇.left ← 𝑄.getMin()
𝑇.right ← 𝑄.getMin()
𝑇.freq ← 𝑇.left.freq + 𝑇.right.freq
𝑄.insert(𝑇.freq, 𝑇) 

end while

return 𝑄.getMin()
end algorithm

𝑐 E D C O A G

𝑓(𝑐) 17 10 5 3 15 6

56

24 32

14

G 8

O C

D A E

0 1

0 1

0 1 0 1

0 1



2) Use the tree to encode the words DEED, CODE, DECADE, and GEODA.

56

24 32

14

G 8

O C

D A E

0 1

0 1

0 1 0 1

0 1

DEED = 00 11 11 00
CODE = 0111 0110 00 11
DECADE = 00 11 0111 10 00 11
GEODA = 010 11 0110 00 10
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Character Codeword

E 11

D 00

C 0111

O 0110

A 10

G 010



3) Use the tree to decode the bit-strings 01111001011, 0100110011000, 0011011101100011, and 11010010.
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56

24 32

14

G 8

O C

D A E

0 1

0 1

0 1 0 1

0 1

0111 10 010 11 = CAGE
010 0110 0110 00 = GOOD
00 11 0111 0110 00 11 = DECODE
11 010 010 = EGG

Character Codeword

E 11

D 00

C 0111

O 0110

A 10

G 010



For You To Practice

X = the big black bug bit the big black bear but the big black bear bit the big black bug back

c f(c) c f(c)

t 7 a 7

h 4 c 5

e 6 k 5

b 16 u 3

i 6 _ 19

g 6 r 2

l 4 Disclaimer: results may vary depending on how you handle “ties” 
and which order you join trees.
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Do you have any questions?
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