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Data representations in binary (Introduction)

Conversions between hexadecimal, decimal, octal, and binary

Binary data type representations
ASCII characters
unsigned integers
signed integers
floating-point

Byte Layouts
padding
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Writing/Reading binary files, Hexedit



Binary and Data Representation

Data is stored as binary signals

e.g. they can either be on or off

Each signal corresponds to a single bit

All data can be represented with bits

more complicated data -> needs more bits



Binary and data representation

Smallest unit of addressable memory is a byte

Memory address 0:  01010101
Memory address 1:  10101010
Memory address 2:  00001111

A byte is 8 bits

A word is the default size of memory that the hardware moves around

either 32 bits or 64 bits



Why define variables? Why have types?



Variable types in C

• Different Types have different number of bytes:

1 byte:  char, unsigned char (no negative values)

2 bytes: short, unsigned short

4 bytes: int, unsigned int, float

8 bytes: long long, unsigned long long, double

4 or 8 bytes: long, unsigned long

NOTE: On a 64 bit machine, pointers are ___ bytes



Example: Memory can be interpreted in 
different ways depending on the context
Consider the data

0b010011000110111101001100 (0x4C6F4C)

The above bits can mean any of the following

LOL 5,009,228 



Example: ASCII
American Standard Code for Information Interchange 

What is decimal number 1 in 
binary?

What is the ‘1’ in binary?



Example: Simple image 

Figure 2. The (a) image representation, (b) two-bit cell representation, and (c) byte representation of a 
simple fish image. Dive Into Systems



Number bases and unsigned integers

Recall: Decimal numbers

  5163 = 5 * 103 + 1 * 102 + 6 * 101 + 3 * 100

What is the general formula?



Notation

0b (zero-b) denotes a binary number, e.g 0b 1001

0x (zero-x) denotes a hexadecimal number, e.g. 0xE3

0 (zero) denotes an octal number, e.g. 0644

d0 denotes the lowest order bit

dN-1 denote the highest order bit

Other popular notation: 7410 = 7 * 101 + 4 *100 



Hexadecimal

Base 16

Compact way to represent binary numbers

 Octal (base 8) is sometimes used

Dec Bin Hex Dec Bin Hex Dec Bin Hex Dec Bin Hex

0 4 8 12

1 5 9 13

2 6 10 14

3 7 11 15



Exercise: Hexadecimal

Convert this binary number to hexadecimal

  0b010011001100111101000100 

Convert this hexadecimal number to binary

  0x80A5E2 



Hexadecimal to decimal

Convert 0x1203 to decimal



Octal (Base 8)

Convert this binary number to octal

  0b010011001100111101000100 

Convert this octal number to binary:  04513

Convert 01203 to decimal



Decimal to hexadecimal

Idea: Compute digits from highest order to lowest order

Example: divide by 164, then 163, then by 162, etc

 Each step i from N-1 to 0 do

  ith digit = floor(input/16i)

  input = input % 16i



Exercise: Convert 54210 to hexadecimal

Digit Place Input Divisor Digit (/) Remainder (%)

d4 164

d3 163

d2 162

D1 161

d0 160



Decimal to binary

Can use the same approach, but there is an easier way: repeated 
division

Idea: Repeatedly divide by 2 and check the parity

 Each step i from 0 to N-1 do

  ith digit = input % 2 

  input = floor(input / 2) 



Exercise: Convert 54210 to binary



Unsigned integers

Numbers ranging from 0 to a positive max value

What is the largest number that can be stored in 4 bits?

What is the largest number that can be stored in N bits?



Overflow

When we try to store a value too large to fit into a data type, we get 
overflow



What is the output of this program?

#include <stdio.h>

int main() {
   unsigned int a = 0;
   for (a = 5; a >= 0; a--) {
      printf("Message!\n");
   }
   return 0;
} 



Signed integers

Modern systems use a method called two’s compliment

 highest order bit encodes the sign (0 -> positive; 1 -> negative)

 

 advantage: allows pos/neg numbers to be treated the same in 
 hardware



Two’s compliment

Suppose we have N bits to represent a signed integer. The formula is

Example: What is 0b1001 interpreted as a signed integer? As an unsigned integer?



Exercise

Convert the following signed integer to decimal: 0b 0110

Convert the following signed integer to decimal: 0b 1111



Two’s-compliment: 4 bits



Question

If we use 4 bits, what is the range of unsigned integers we can 
represent?

If we use 4 bits, what is the range of signed integers we can represent?

If we use N bits, what is the range of signed integers we can represent?



Negation

To negate a two’s compliment signed integer

 flip the bits

 add one

Example: Compute -5 from 5 in binary



Signed extension

What happens when you perform an arithmetic operation on numbers 
with different sizes? signed extension

For unsigned values, prepend 0

For signed values, prepend the leftmost bit 



Example: Signed extension

Add 5 and -5 as 8 bit numbers 



Signed extension: example

0b 1011

0b 1 1011

0b 11 1011



Floating point

Goals of representation
Need to encode the sign

Need to encode both very large and very small numbers

Idea: We let the placement of the decimal point change



Floating point

NOTE: e-127 called the bias, range is [-126,127]



Floating point example

What is the value of this binary floating point number in decimal?

1100 0001 1011 0100 0000 0000 0000 0000



Byte layouts: data type padding

Rule: data is always on a 1/4/8-byte boundary (depending on type size)

sizeof(mystery} = 20 bytes
mystery.c    - 0x7ffcddd3f0e0
mystery.q[0] - 0x7ffcddd3f0e4
mystery.q[1] - 0x7ffcddd3f0e8
mystery.q[2] - 0x7ffcddd3f0ec
mystery.q[3] - 0x7ffcddd3f0f0

struct mystery {
  char c;
  float q[4];
};



Byte order

The smallest addressable unit of memory is a byte

If a type is larger than 1 byte, how should we store it?



Byte order: demo

#include <stdio.h>

int main() {
  int value = 0xAABBCCDD;
  char* p = (char *) &value;

  int i;
  for (i = 0; i < sizeof(value); i++)  {
    printf("Address %p: %02hhX\n", p, *p);
    p += 1;
  }
}



Writing Binary Files
#include <stdio.h>
struct Data { 
  int size;
  float p[3];
  char buff[16];
};

int main()
{
  struct Data data = {10, 1.0, -2.0, 0.5, "carrot"};
  FILE* fp = fopen("data.bin", "wb");
  fwrite(&data, sizeof(struct Data), 1, fp);
  fclose(fp);
}



Using hexedit

Left Column: line numbers in hex
Middle Column: File data in hex
Right Column: File data in ASCII

/ <keyword>: search

Tab: Switch between binary and ASCII mode

Ctrl-C: exit



Reading Binary Files

struct Data data;
  FILE* fp = fopen("data.bin", "rb");
  fread(&data, sizeof(struct Data), 1, fp);
  fclose(fp);



Helpful binary file commands

FILE* fp = fopen(filename, “rb”);

// Write binary data

size_t fwrite(const void *ptr, size_t size, size_t nmemb, FILE *stream) 

// Read binary data

size_t fread(const void *ptr, size_t size, size_t nmemb, FILE *stream) 



Exercise: Writing binary files

struct point {
  int x;
  int y;
};

int main() {
  struct point p[3];
  for (int i = 0; i < 3; i++) {
    p[i].x = i;
    p[i].y = 2*i;
  }

  FILE* fp = fopen("points.bin", "wb");
  fwrite(p, sizeof(struct point), 3, fp);
  fclose(fp);
}

Draw the stack diagram

What are the contents of the 
written file?



Reading binary files

struct point {
  int x;
  int y;
};

int main() {
  struct point p[3];

  FILE* fp = fopen("points.bin", "rb");
  fread(p, sizeof(struct point), 3, fp);
  fclose(fp);

  for (int i = 0; i < 3; i++) {
    printf("p[%d] = (%d,%d)\n", i, p[i].x, p[i].y);
  }
}



Discuss: How are binary files different from 
text files?
struct point {
  int x;
  int y;
};

int main() {
  struct point p[3];
  for (int i = 0; i < 3; i++) {
    p[i].x = i;
    p[i].y = 2*i;
  }

  FILE* fp = fopen("points.bin", "w");
  fprintf(“%.2f %.2f, %.2f\n”, p[0][0], p[0][1], p[0][2]);
  fprintf(“%.2f %.2f, %.2f\n”, p[1][0], p[1][1], p[1][2]);
  fprintf(“%.2f %.2f, %.2f\n”, p[2][0], p[2][1], p[1][2]);
  fclose(fp);
}

Draw the contents of the text file
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