
1

Fundamental Data Types:
Binary representation and Operators

Lecture 5
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• Data types 

• Integer representation

• Floating point representation

• Literals and variables

• Operators in C

Lecture overview
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Data type

• A data type (or simply type) is an attribute that classifies 
what type of data a variable can hold.

• Used to let the compiler know how the programmer 
intends to use the data, what operations can be applied, 
etc.
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(Select) Fundamental data types in C

• Signed integers:
short
int
long (int)
long long (int)

• Floating point numbers:
float

double

long double

• Signed types are more commonly used than unsigned types. 

• Each of the 3 categories has its binary representation.

• Different types within category vary in the space required to store it 
and in what it can hold.

• Other types (e.g., strings) are implemented using pointers (which we 
discuss in 2-3 weeks).

• Unsigned integers:
char (discussed in 2 slides)

unsigned (int)

unsigned long (int)

unsigned long long (int)
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Data size
• Different data types take up a different amount of space

• The space required to store a type is machine dependent

• Use operator sizeof(datatype) to get # bytes.

• Default (integer) type in C is int

• Default floating point type in C is
double 

char:     1 byte

           short:     2 bytes

               int:     4 bytes

    unsigned:     4 bytes

            long:     8 bytes

    long long:     8 bytes

            float:     4 bytes

        double:     8 bytes

long double:   16 bytes

On our Linux server:

code to produce this printout in /share/classes/class05/type-sizes.c
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Data type “char”

• ASCII = American 
Standard Code for 
Information 
Interchange

• char is an unsigned 
integer that holds 
ASCII values 
0-255

• requires 1 byte

• Just like any other 
integer type, so
you can apply any 
integer operation (e.g., 
'c'+1  (='d'))
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Lecture overview

• Data types

• Integer representation 

• Floating point representation

• Literals and variables

• Operators in C
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Binary representation

7 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1

Unsigned integer types are used to hold non-negative numbers

• unsigned short int: (2 bytes)

64 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0

125 0 0 0 0 0 0 0 0 0 1 1 1 1 1 0 1

1000 0 0 0 0 0 0 1 1 1 1 1 0 1 0 0 0

128,000 1 1 1 1 0 1 0 0 0 0 0 0 0 0 0 0

overflow bit  (not recorded anywhere in memory !!)(=  62,464)

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

byte

bit

1
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Integer representation intervals

• An unsigned integer type that takes k bytes represents integer 
numbers in 0 … 28k-1 (only non-negative values)

• Examples: (assuming type size that’s on our server)
char:   numbers in 0 … 28-1     (max=255)
unsigned short:  numbers in 0 … 216-1   (max=65,535)
unsigned int:  numbers in 0 … 232-1   (max≈4e+9)

0 28k-1

Unsigned interval:
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Integer representation intervals

28k-1-1

Signed interval:

-28k-1

• Examples: (assuming type size that’s on our server)
signed short:  numbers in -215 …  215-1   (max=32,767)
signed int:  numbers in -231 … 231-1   (max≈2e+9)

By default, integer types are signed; unsigned types are typically 
avoided

• An unsigned integer type that takes k bytes represents integer 
numbers in 0 … 28k-1 (only non-negative values)

• Negative integers can be represented in signed types by 
“shifting” the range of representation:

0 28k-1

Unsigned interval:
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Binary representation

125 0 0 0 0 0 0 0 0 0 1 1 1 1 1 0 1

1000 0 0 0 0 0 0 1 1 1 1 1 0 1 0 0 0

• Positive numbers are represented as in unsigned types 
with the most significant bit (MSB) = 0

• Negative numbers are represented with MSB = 1. But 
what values are put into the other bits? Answer: 
negative numbers are represented in 2’s complement.

MSB
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Two’s complement for negative numbers

We require that x + (-x) will result in 0 in regular binary 
vector addition:

1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

-1
+

? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1

1
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Two’s complement for negative numbers

We require that x + (-x) will result in 0 in regular binary 
vector addition:

1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1

-1
+

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
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Two’s complement for negative numbers

We require that x + (-x) will result in 0 in regular binary 
vector addition:

-125
+

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

125 0 0 0 0 0 0 0 0 0 1 1 1 1 1 0 1

? ? ? ? ? ? ? ? ? ? ? ? ? ? ? ?
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Two’s complement for negative numbers

We require that x + (-x) will result in 0 in regular binary 
vector addition:

+

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

125 0 0 0 0 0 0 0 0 0 1 1 1 1 1 0 1

• A vector’s complement is obtained by flipping all bits 
(0→1, 1→0)

• A vector + its complement equals -1

-1

1 1 1 1 1 1 1 1 1 0 0 0 0 0 1 0-126
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Two’s complement for negative numbers

We require that x + (-x) will result in 0 in regular binary 
vector addition:

+
125 0 0 0 0 0 0 0 0 0 1 1 1 1 1 0 1

• A vector’s complement is obtained by flipping all bits 
(0→1, 1→0)

• A vector + its complement equals -1

➔ -x   =   (complement of x) +1

0

1 1 1 1 1 1 1 1 1 0 0 0 0 0 1 1-125

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
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Binary representation

125 0 0 0 0 0 0 0 0 0 1 1 1 1 1 0 1

1000 0 0 0 0 0 0 1 1 1 1 1 0 1 0 0 0

• Positive numbers are represented as in unsigned types 
with the most significant bit (MSB) = 0

• Negative numbers are represented in 2s complement

-1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

overflow!

-125 1 1 1 1 1 1 1 1 1 0 0 0 0 0 1 1

64,000 1 1 1 1 1 0 1 0 0 0 0 0 0 0 0 0

(= -1,536) overflow into sign bit
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Integer representation intervals

28k-1-1

Signed interval:

-28k-1

• An unsigned integer type that takes k bytes represents integer 
numbers in 0 … 28k-1 (only non-negative values)

• Negative integers can be represented in signed types by 
“shifting” the range of representation:

0 28k-1

Unsigned interval:

• Overflow in both unsigned and signed types results in 
“wrapping” around the representation interval
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Alternative bases

It is sometimes useful to express the bit content of an 
integer type directly using power-2 bases

1000 0 0 0 0 0 0 1 1 1 1 1 0 1 0 0 0

Base 8 (octal):

• Each octal digit (0-7) captures 3 bits

057101750

leading zero indicates 

octal representation
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Alternative bases

It is sometimes useful to express the bit content of an 
integer type directly using power-2 bases

1000 0 0 0 0 0 0 1 1 1 1 1 0 1 0 0 0

8e30x3e8

leading 0x indicates 

hex. representation

Base 16 (hexadecimal):

• Each octal digit (0-9,a-f) captures 4 bits

• Hex representation is useful because each byte is captured by 2 hex 
digits
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Online poll

What is the octal 
representation of 
decimal 40?

• 40

• 101000

• 50

• 28

What is the 
hexadecimal 
representation of 
decimal 40?

• 40

• 101000

• 50

• 28

What is the 
hexadecimal 
representation of 
decimal 30?

• 30

• 36

• 1E

• 1D

What is the 
character value 
of 'G'+3?

• 'j'

• 'J'

• Syntax error

• 59

• 3

What is the 
character value 
of 'G'+250?

• 't'

• 'G'

• 'A'

• Syntax error

• 250
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Online poll – solutions

What is the octal representation of decimal 40?

• 40

• 101000

• 50

• 28  

 ( 40 = 5x81 + 0x80 )
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Online poll – solutions

What is the hexadecimal representation of decimal 40?

• 40

• 101000

• 50

• 28  ( 40 = 2x161 + 8x160 )
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Online poll – solutions

What is the hexadecimal representation of decimal 30?

• 30

• 36

• 1E

• 1D  

 ( 30 = 1x161 + 14x160

        and 14 is represented by hex digit E  )  
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Online poll – solutions

What is the character value of 'G'+3?

• 'j'

• 'J'

• Syntax error

• 59

• 3

   ( ASCII values of letters are consecutive)
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Online poll – solutions

What is the character value of 'G'+250?

• 't'

• 'G'

• 'A'

• Syntax error 

• 250

 ( 250 is equivalent to -6 in char, since
            representation has 8 bits and 28=256)
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Lecture overview

• Data types

• Integer representation

• Floating point representation 

• Literals and variables

• Operators in C
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Floating point representation
Recall scientific notation in decimal base:

1.940 x 10-7

7.345 x 103

    mantissa x 10exponent

when using e=1 digits for exponent

  and m=4 digits for mantissa

exponent – integer in range [-N, N]   where N=10e-1 (e.g., N=99 if e=2)

• Determines the range of represented numbers:
- Largest number is   9.999x10N ≈ 10N+1

- Smallest number (>0) is  1.000x10-N = 10-N

mantissa – number in the range [1,10)

• Determines relative precision, which is constant (10-m)
regardless of the scale of number

• Can be represented by integer in range [10m-1 , 10m) (divided by 10m-1)
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Floating point representation
Scientific notation in binary base:

mantissa x 2exponent when using e bits for exponent

  and m bits for mantissa

exponent – integer in range [-N, N]   where N=2e-1-1 (e.g.,  N=127 if e=8 )

• Determines the range of represented numbers:
- Largest number is   ≈ 2N+1

- Smallest number (>0) is  = 2-N

mantissa – number in the range [1,2)

• Determines relative precision, which is constant (2-m)
regardless of the scale of number

• can be represented by integer in range [0 , 2m) (divided by 2m plus 1)
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mantissa bits                                           (m) 23 

exponent bits                                           (e) 8

largest exponent                            (N=2e-1-1) 127

relative precision                                    (2-m) 1.19 e-07 

largest number                                     (2N+1)  3.40 e+38

smallest number in range                  (2-N+1) 1.18 e-38 

smallest number > 0                     (2-N+1-m) 1.40 e-45

Floating point numbers (IEEE 754)

Type float:
m m m m m m m mm m m m m m m me m m m m m m ms e e e e e e e

sign

0 – pos
1 – neg

mantissaexponent

float



31

mantissa bits                                           (m) 23 52 

exponent bits                                           (e) 8 11

largest exponent                            (N=2e-1-1) 127 1023

relative precision                                    (2-m) 1.19 e-07 2.22 e-016 

largest number                                     (2N+1)  3.40 e+38 1.80 e+308 

smallest number in range                  (2-N+1) 1.18 e-38 2.23 e-308 

smallest number > 0                     (2-N+1-m) 1.40 e-45 5.00 e-324 

Floating point numbers (IEEE 754)

Type float:
m m m m m m m mm m m m m m m me m m m m m m ms e e e e e e e

sign

0 – pos
1 – neg

mantissaexponent

float double
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Lecture overview

• Data types

• Integer representation

• Floating point representation

• Literals and variables 

• Operators in C
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Literals

Literal

'c'

178

0262  (=178)

0xb2  (=178)

178L

178U

178UL

178.2

178.0

1.78e2

178D

178.2F

178F

Data Type

char

int

int

int

long

unsigned

unsigned long

double

double

double

double

float

float

- single character in ' '

- integer number

- octal representation (prefix zero)

- hex. representation (prefix zero+x)

- use suffix (L / U / UL)

- number with decimal point

- scientific notation

- number followed with D

- number followed with F

• A literal represents an explicit value of a certain type
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Variables
• In C, when variable is defined then it is associated with specific type

• Define variables in the beginning of code block (e.g., function, loop)

• Can have one statement to define multiple vars of same type and 
initialize their values
int main() {

   int i, numIter=100;

   for(i=0;i<numIter;i++) {

      float x;

      printf("Enter a real number: ");

      while(1 > scanf("%f",&x))

        ;

      printf("%f^2 = %f\n",x,x*x);

   }

   return 0;

}

• Note: should not define iterator variable inside for statement
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Lecture overview

• Data types

• Integer representation

• Floating point representation

• Literals and variables

• Operators in C 
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Operators

C supports the same operators as Java:

• Bitwise &, |, ~, ^, << , >> 

• Relational and logical >, >=, <, <=, ==, !=, &&, ||

• Arithmetic +, -, *, /, %

• Assignment =, +=, -=, *=, /=, %=, &=, |=, ^=, <<=, >>=

• Increment / decrement ++, --



37

Bitwise operators

• Logical operators on bits   (0 – FALSE    1 – TRUE)
- and (&) x&y == 1   iff  x==y==1  binary

- or    (|) x|y == 0   iff  x==y==0  binary

- not (~) ~x == -x-1    unary

- xor  (^) x^y == 0   iff  x==y   binary

• Bitwise logical operators  (&, |, ~, ^)  perform bit operations 
on corresponding bits of two integers (bit vectors)

&, |, ~, ^, << , >> 
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Bitwise operators – examples

5 & 1

&, |, ~, ^, << , >> 

5 0 . . . 0 1 0 1

1
&

. . .

0 . . . 0 0 0 1

0 . . . 0 0 0 1

6 & 1

6 0 . . . 0 1 1 0

1
&

. . .

0 . . . 0 0 0 1

0 . . . 0 0 0 0
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Bitwise operators – examples

x & 1

&, |, ~, ^, << , >> 

x xN-1 . . . x1 x0

1 0 . . . 0 1
&

0 . . . 0 x0

. . .

• Conclusion: x & 1 → gets least significant bit (LSB; or parity bit)

LSB
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Bitwise operators – examples

x ^ 0x26

&, |, ~, ^, << , >> 

x

0x26
^

• Flip 2nd, 3rd, and 6th bits
• Conclusion: x ^ y → flips x’s bits, in the places where y has a 1 bit

• x ^ 0 = x

. . . x7 x6 x5 x4 x3 x2 x1 x0

0 0 1 0 0 1 1 00 . . .

x7 x6 ẍ5 x4 x3 ẍ2 ẍ1 x0. . .

If x1 = 1  :   ẍ = 0
If x1 = 0  :   ẍ = 1

5 ^ 9 = 12 (0xC)
5 0 . . . 0 1 0 1

9
^

0 . . . 1 0 0 1
. . .

0 . . . 1 1 0 0
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Bitwise operators

• Logical operators on bits   (0 – FALSE    1 – TRUE)
- and (&) x&y == 1   iff  x==y==1  binary

- or    (|) x|y == 0   iff  x==y==0  binary

- not (~) ~x == -x-1    unary

- xor  (^) x^y == 0   iff  x==y   binary

• Bitwise logical operators  (&, |, ~, ^)  perform bit operations 
on corresponding bits of two integers (bit vectors)

• Bit shift operators shift all bits in vector left (<<) or right (>>)

&, |, ~, ^, << , >> 
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Bitwise operators – examples

• Shift all bits four positions to left
➔ multiply by 16=24 (could overflow)

x << 4

x >> 3

&, |, ~, ^, << , >> 

• Shift all bits three position to right 
➔ divide by 8   (without remainder)

0 0 0 0 0 0 0 0 0 1 1 1 1 1 0 1

x << 4 = 2000

x =    125

0 0 0 0 0 1 1 1 1 1 0 1 0 0 0 0

0 0 0 0 0 0 0 0x >> 3 =   15

x = 125

0 0 0 0 1 1 1 1

0 0 0 0 0 0 0 0 0 1 1 1 1 1 0 1
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Bit shift operators

Efficient implementation of multiplication and division  by 
powers of 2

<< , >> 

Left shift << (mult by 2n):

• Inserted LSB is 0

• Overflow of MSB occurs when product exceeds max value

Right shift >> (div by 2n):

• Overflow of LSB occurs when division has remainder

• Inserted MSB is 0 when operator is applied to unsigned types

• Inserted MSB is copied from original vector when operator is applied 
to signed types.

Example: -2 >> 1 yields -1 (sign is preserved)
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Online poll
What is 
the value 
of 3&6 ? 
(bitwise 
AND)

• 1

• 2

• 3

• 5

• 6

• 7

What is 
the value 
of 3|6 ? 
(bitwise 
OR)

• 1

• 2

• 3

• 5

• 6

• 7

What is 
the value 
of 3^6 ? 
(bitwise 
XOR)

• 1

• 2

• 3

• 5

• 6

• 7

What is 
the value 
of (-3)&6 ? 
(bitwise 
AND)

• -2

• -1

• 1

• 2 

• 4

• 6

What is 
the value 
of 3<<4 ? 
(shift left)

• 7

• 12

• 48

• 81

What is the 
value of 
7>>2 ? 
(shift right)

• 1

• 3

• 5 

• 7

What is the 
value of
(-7)>>2 ? 
(shift right)

• -2

• -1 

• 0

• 1

• 3
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Online poll – solutions

What is the value of 3&6 ? (bitwise AND)

• 1

• 2

• 3

• 5

• 6

• 7

3 = 0 … 0 0 1 1

  6 = 0 … 0 1 1 0

3&6 = 0 … 0 0 1 0 = 2 


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Online poll – solutions

What is the value of 3|6 ? (bitwise OR)

• 1

• 2

• 3

• 5

• 6

• 7

3 = 0 … 0 0 1 1

  6 = 0 … 0 1 1 0

3|6 = 0 … 0 1 1 1 = 7 


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Online poll – solutions

What is the value of 3^6 ? (bitwise XOR)

• 1

• 2

• 3

• 5

• 6

• 7

3 = 0 … 0 0 1 1

  6 = 0 … 0 1 1 0

3^6 = 0 … 0 1 0 1 = 5 

( Note that a^b + a&b = a|b) 


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Online poll – solutions

What is the value of (-3)&6 ? (bitwise AND)

• -2

• -1

• 1

• 2 

• 4

• 6

-3 = 1 … 1 1 0 1

   6 = 0 … 0 1 1 0

-3&6 = 0 … 0 1 0 0 = 4 

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Online poll – solutions

What is the value of 3<<4 ? (shift left)

• 7

• 12

• 48

• 81

3 = 0 … 0 0 0 0 1 1

3<<4 = 0 … 1 1 0 0 0 0 = 48

                      ( =  3x24 )


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Online poll – solutions

What is the value of 7>>2 ? (shift right)

• 1 

• 3

• 5 

• 7

7 = 0 … 0 0 0 1 1 1

7>>2 = 0 … 0 0 0 0 0 1 = 1

                      ( =  7/22 )


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Online poll – solutions

What is the value of (-7)>>2 ? (shift right)

• -2

• -1 

• 0

• 1

• 3

-7 = 1 … 1 1 1 0 0 1

-7>>2 = 1 … 1 1 1 1 1 0 = -2

                      ( =  (-7)/22 )


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Relational operators
• Operations compare values of same type

• Return value is of type int
- 0  -  FALSE

- 1  -  TRUE

There is no Boolean type in C !!

>, >=, <, <=, ==, !=

char c='C', d='D';

int  a = (c>d);  variable a equals 0
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Logical operators &&, ||, !

• Return value is of type int
- 0  -  FALSE

- 1  -  TRUE

• Receive int operands
- 0  -  FALSE

- any non-zero value (including negative values)  -  TRUE

char c='C', d='D';

int  a = (c>d) || 3;  variable a equals 1

Note: Conditional statements (e.g., if , while) receive an int value 

and evaluate to TRUE iff value != 0

• if (i!=0) same as if(i)
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Logical operators – short circuits
As in Java, short circuiting is applied when evaluating logical 
operators && and||

• 2nd, 3rd . . . terms of composite logical expression may not be 
computed    (and side effects may not take place)

• Often used to implement series of validity tests
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Logical operators – short circuits
Example: write an if statement’s condition that tests if 
i/j is odd and j!=0 (otherwise i/j is undefined)

if(((i/j)%2==1) && (j!=0)) { ... }

• Option 2: (short circuits when j==0)

(these 2 are equivalent)

if((j!=0) && ((i/j)%2==1)) { ... }

• Option 1: (triggers runtime error when j==0)

if((j)    && ((i/j)%2))    { ... }
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Arithmetic operators +, -, *, /, %

• Each type has its own version of each arithmetic operator

• In particular, operations on integer types are not the same as 
operations on floating point numbers

• Division '/' is actually a different operation in integers and 
floating-point numbers

 ➔ 3/4 returns 0

 ➔ 3.0/4.0 returns 0.75
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Complexity of arithmetic operators
Integer arithmetic implementation:
• sum / difference is linear in size of representation (number of bits)

• product / division / modulo are quadratic in size or representation

• Keep in mind possible overflow and loss of information

0 0 1 0 1 1 0 1

0 1 1 0 1 0 1 1
+

1 0 0 1 1 0 0 0

1 1  1 1 1 1

0 0 1 0 1 1 0 1

0 1 1 0 1 0 1 1
x

0 0 1 0 1 1 0 1

0 0 1 0 1 1 0 1

0 0 1 0 1 1 0 1

0 0 1 0 1 1 0 1

0 0 1 0 1 1 0 1

Floating point arithmetic is more complicated (we don’t see here)
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Operator complexity – summary 

• Relational operators (e.g., >) involve simple comparisons that 
can be done in linear time or less

• Logical operators (e.g., &&) involve comparing a series of 
integers to (linear or less)

• Bitwise operators (e.g., |) typically involve linear scans of the 
bit vector

• Integer arithmetic operators are linear (e.g., +,-)
or quadratic (*,/)

• Floating point arithmetic operations are more complex
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Assignment operators
• Assignment operators are binary

• Left operand must be a variable (target of assignment)

• Operator has side effect – variable value changed

=, +=, -=, *=, /=, %=, 

&=, |=, ^=, <<=, >>=

int a=3;

a *= a;

 side effect: a’s value is changed to 3

 side effect: a’s value is changed to 9 (a = a * a;)

int a=3;

a <<= 1;

 side effect: a’s value is changed to 3

 side effect: a’s value is changed to 6 (a = a << 1;)

int a=3;

a |= 3;

 side effect: a’s value is changed to 3

 side effect: a’s value is changed to 3 (a = a | 3;)
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Increment/decrement operators ++,--

double x = 1.2;

double y = ++x;

double z = x++;

• Inc/dec operators are unary

• Single operand must be a variable

• Operator has side effect – value inc/dec by 1

• What is the difference between ++x and x++?

• Example 1:

 y = 2.2
 z = 2.2
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Increment/decrement operators ++,--

int a = -1;

if (a) ;

if (a++) ;

if (++a) ;

• Inc/dec operators are unary

• Single operand must be a variable

• Operator has side effect – value inc/dec by 1

• What is the difference between ++x and x++?

• Example 2:

     vs.
int a = -1;

if (a) ;

if (++a) ;

if (a++) ;
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Increment/decrement operators ++,--

int i;

i = 7; if (i==3 && ++i); //i = 7

i = 7; if (i==7 && ++i); //i = 8

i = 7; if (i==3 || ++i); //i = 8

i = 7; if (i==7 || ++i); //i = 7

• Inc/dec operators are unary

• Single operand must be a variable

• Operator has side effect – value inc/dec by 1

• What is the difference between ++x and x++?

• Example 3 (involving short-circuit evaluation):
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Multiple operators
• General question: how do we parse expressions that involve 

multiple operators?

int a = 3 / 4.0;

float f = 3/4; 

a = c<d << 3;

y = ++x;

printf ("%d\n", a<a<<2 && a-7);

if(a<c || --b); vs. if(a < c||--b);

int a = b -= 2;
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At home…

• Lecture #6 will be given by Zoom:
• Ilan’s groups (both of them) – Tuesday, May 9

• Sara’s group – Tuesday, May 16

• 3rd homework due Sunday, May 12, @ 9 p.m.

• 4th homework will be published on May 16.

• Review guide on control flow statements in C by next week.
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