Lecture 03
Data Representations

Comp_Sci 213
Introduction to Computer Systems
Wednesday, Sept. 30, 2026
Kate Smith — Fall 2026

Slides adapted from:
Ghena, St-Amour, Hardavellas, Bustamente (Northwestern), Bryant, O’Hallaron (CMU), Garcia, Weaver (UC Berkeley)
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Announcement

* |gnore quizzes on Canvas!
e HW 1 has been posted!
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Review: General method for decimal to binary
Continuously divide by 2, keeping track of remainders

Example: convert 26,, to binary.

26 -2 = 13, R=0 Digit position ofnewn_umber_
13+2=6,R=1 | a5 numborcfremaindors
6+2=3,R=0 | noreasostsStatuithionst
3 -~ 2 = 1, R =1 significant)
1-2=0R=1

—
Result: 0011010
Check: 1 x2%* +1 %23 4+ 1 %21 =264,
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Topics

* Memory
* Encoding
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Topics

* Memory
* Encoding
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Bytes

* Asingle bit doesn’t hold much information

o Two values:0and 1

 We organize bits (b) in groups of 8, referring to them as bytes
(B)

o 8 bits = 1 byte = hexits (hex digits)
* Some examples

o 1 byte: 0b01100111 = 0x67 v~ L
Ob” prefix = it’s in binary
o 2 bytes: 11000100 00101111, = OxC42F “Ox” prefix = it’s in hex
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Byte-oriented memory organization

 Sequences of bits can express numbers
o Variables are almost always some multiple of number of bytes (i.e. 1 byte, 2 bytes, 8 bytes, etc.)
o Context is important! Is the value signed, unsigned, etc.

* In acomputer system, bytes can be stored in memory

o Memory is a large array of bytes
o Each byte has its own address (i.e. a pointer)

Q »

Q-
P £
o o

e Compiler and run time system control allocation
o Where different program objects should be stored
o Multiple mechanisms, each with its own region: static, stack, and heap
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Most/least significant bits/bytes

When working with sequences of bits (or sequences of bytes), we
need to be able to talk about specific ones
* Most Significant bit (MSb) and Most Significant Byte (MSB)

o Have the largest possible contribution to numeric value
o Leftmost when writing out the binary sequence

* Least Significant bit (LSb) and Least Significant Byte (LSB)

o Have the smallest possible contribution to numeric value
o Rightmost when writing out the binary sequence

10110110 01101010 10101010 01111100

A‘ Most significant byte Least significant byte A‘
Most significant bit Least significant bit
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Addressing and byte ordering

For data that spans multiple bytes, we must agree on two things:
1. What should the address of the object be?

o Each byte has its own location

o Once we have fixed an address, how do we find relevant bytes that are
all part of a sequence that are united under some context?

2. How should we order the bytes in memory?
o Do we put the MSB or LSB first?
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Multiple answers are possible

* Byte ordering can vary across systems — you must know the
specifics of the system you are using!

o There are tradeoffs associated with what ordering is “correct,” making
context critical — more about this later!

* Different byte ordering is fine across different systems, but all
parts within a given system must agree
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Addr. Bytes 32-bit 64-bit

Addressing data in memory oo

0001 Addr
0002 AT
* All addresses refer to one or more 0003 Addr
bytes, never bits! 0004 0000
_ , 0005 Addr
* For multi-byte object, the lowest 0006 .y
address refers to the entire object 0007
o Addresses of successive object differ 8882 Addr
by 4 (32-bit) or 8 (64-bit) 0010 =
. 0008 Addr
e Systems (almost) universally use 881; -
. 0008
the address of the first byte as the 0013 Addr
address of the whole object 0014 —
0015
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Byte ordering

«  When working with data larger than a byte (i.e. a multi-byte object), we need to be
concerned about how the bytes are ordered in memory

e Conventions

o Big Endian: seen in computer networks and various other historical computer systems. Most
significant byte has lowest address / comes first!

o Little Endian: Intel (x86, x86-64), ARM, and other modern computer systems. Least significant
byte has lowest address / comes first!
Increasing memory addresses

>
Example: B|g Endian 0x100 O0x101 O0x102 0x103
01 | 23 | 45 | 67
* A 4-byte piece of data: 0x01234567
. Little Endian 0x100 0x101 0x102 0x103
 Address of that data is 0x100 e R [ [
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Practice: Reading memory

Assume the memory is Little Endian (LSB comes first!)

1. What is the four-byte value at 0x20107?

2. What is the two-byte value at 0x2014?

3. What is the one-byte value at 0x20167

Northwestern

Address | Value
0x2010 0x37
0x2011 Ox1A
0x2012 OxBE
0x2013 0x98
0x2014 0x0C
0x2015 0x80
0x2016 0x42
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Practice: Reading memory

Assume the memory is Little Endian (LSB comes first!)

1. What is the four-byte value at 0x20107? Address | Value
Ox98BE1A37

0x2010 | 0x37

2. What is the two-byte value at 0x2014? 0x2011  |Ox1A

0x800C 0x2012 OxBE

0x2013 | 0x98

3. What is the one-byte value at 0x20167 0x2014 | OXOC

0x42 0x2015 | 0x80

0x2016 Ox42
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Practice: Reading memory

Assume the memory is Big Endian (MSB comes first!)

1. What is the four-byte value at 0x20107?

2. What is the two-byte value at 0x2014?

3. What is the one-byte value at 0x20167
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Address | Value
0x2010 0x37
0x2011 Ox1A
0x2012 OxBE
0x2013 0x98
0x2014 0x0C
0x2015 0x80
0x2016 0x42
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Note: endianness

Practice: Reading memory doesn’t affect one-byte

values!
Assume the memory is Big Endian (MSB comes first!)

1. What is the four-byte value at 0x20107? Address | Value
Ox371ABE9S8

0x2010 | 0x37

2. What is the two-byte value at 0x2014? 0x2011  |Ox1A

0x0C80 0x2012 OxBE

0x2013 | 0x98

3. What is the one-byte value at 0x20167 0x2014 | OXOC

0x42 0x2015 | 0x80

0x2016 Ox42

Northwestern 16




Notes about endianness

* Most Intel-compatible machines operate in little endian

 Most IBM and Oracle machines (because of an acquisition of Sun Microsystems
in 2010) operate in big-endian
 Some recent microprocessor chips are bi-endian, so they can operate as either

little- or big- endian machines
o Byte ordering becomes fixed when an OS is selected

* Tradeoffs:
o Big Endian: matches how humans write left to right, quick sign/magnitude checks, used as
the standard in network protocols like TCP/IP, less intuitive for pointer casting / truncation

o Little Endian: easier type casting (e.g. changing the apparent size of an integer from 4
bytes to 2 bytes), historically helped smaller processors (8-bit or 16-bit) start arithmetic
faster because lowest byte was fetched first, massively adopted by industry,
counterintuitive for humans while debugging

17
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Tables of memory

Address |0 1 2 3 i} 5 6 7
0x1040 2E E2 BD 62 EF AQ CD 93
0x1048| A4 75 61 2F OF DB 64 A4
0x1050 54 7A F2 60 6E 47 BO 92
0x1058 DA 72 8F A8 ES 15 18 CE
0x1060 86 BF 6A 6A 92 99 CF 6C

« Method of displaying large chunks of memory

o 8 bytes per row (in this example)
o Data values in hexadecimal

« Memory addresses labeled on the left and byte offset on the top
o Note: these are in hexadecimal!

Northwestern 18




Tables of memory

Address |0 1 2 3 i} 5 6 7
0x1040 2E E2 BD 62 EF AQ CD 93
0x1048| A4 75 61 2F OF DB 64 A4
0x1050 54 7A F2 60 6E 47 BO 92
0x1058 DA 72 8F A8 ES 15 18 CE
0x1060 86 BF 6A 6A 92 99 CF 6C

e To find an address: deconstruct into:
o base address (left) + offset (top)

e Remember: addresses are in hexadecimal!
o 0x1048+2 = 0x104A
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Tables of memory

Address |0 1 2 3 i} 5 6 7
0x1040 2E E2 BD 62 EF AQ CD 93
0x1048| A4 75 61 2F OF DB 64 A4
0x1050 54 7A F2 60 6E 47 BO 92
0x1058 DA 72 8F A8 ES 15 18 CE
0x1060 86 BF 6A 6A 92 99 CF 6C

e What value is at address 0x1050°?

e What value is at address Ox105F?
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Tables of memory

Address |0 1 2 7
0x1040| 2E E2 BD 62 EF AQ CD 93
0x1048| A4 75 61 2F OF DB 64 A4
0x1050 7A F2 60 6E 47 BO 92
0x1058| DA 72 8F AS ES 15 18
0x1060| 86 BF 6A 6A 92 99 CF 6C

What value is at address 0x10507?

o 0x54

(0x1050 + 0)

What value is at address Ox105F?

o OxCE

Northwestern

(0x1058 + 7)
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Topics

* Memory
* Encoding
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Key ldea: What do bits and bytes mean in a system?

The answer is: it depends!

Depending on the context, the bits 11000011 could mean
o The number 195
o The number -61
o The number-19/16
o The character ‘ I
o The ret x86 instruction

You have to know the context to make sense of any bits you have!
o Looking at the same bits in different contexts can lead to interesting results
o Information = bits + context!

An encoding is a set of rules that gives meaning / context to bits
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Example encoding: ASCII Characters

ASCII = American Standard Code for Information Interchange
o Standard dating from the 60s

 Maps 8-bit* bit patterns to characters
o (* the standard is actually 7-bit, leaving the 8t" bit unused)
o Each bit pattern maps to a single character

 Examples
o 0100 0001, = 0x41 =65,,= ‘A’
o 0100 0010, = 0x42 = 66,,= ‘B’
o 0011 0000, = 0x30 = 48,,= ‘0’
o 00110001, = 0x31=49,,= ‘1’

* Reference: https://www.asciitable.com/
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https://www.asciitable.com/

Fu II Dec HxOct Char Dec Hx Oct Himl Chr |Dec Hx Oct Himl Chr| Dec Hx Oct Himl Chr

0 0 000 NUL {mall) 32 20 040 &#32; Space| 64 40 100 «#64; B | 96 60 140 &#96;

1 1 00l S0H {(start of heading) 33 21 041 &#33; 65 41 101 &#65; 4 | 97 51 141 &#37; =2

ASCI I Z 2 00Z ST (start of text) 34 22 042 &#34; 66 42 10z &«#66; B | 95 62 142 s#98; b

3 3 003 ETY (end of text) 35 23 043 &#35; # 67 43 103 &#67; C | 99 §3 143 &#99; «©

4 4 004 EOT fend of transmizsion) 36 24 044 &#367 § 68 44 104 «#68; D [100 64 144 &#100; d

5 5 005 ENQ (enquiry) 37 25 045 &#37; % 69 45 105 &«#63; E |10l 65 145 &#101; &

ta ble 6 & 006 ACE [acknowledge) 38 26 046 &#38: & 70 46 106 «#70; F |102 66 146 &#102; €

7 7 007 BEL (bell} 39 27 047 &#39; 71 47 107 &«#71; G |103 67 147 &#103; o

. . § & 0l0 BS (backspace) A0 23 050 &#40; | 7z 45 110 &#72; H |104 68 150 «#104; h

Values ||Sted IN: 9 9 011 TAE (horizontal tah) 41 29 051 s#41l; 73 49 111 #73; I |105 69 151 s#105; 1

10 4 012 LF (NL line feed, new line)| 42 2Zh 052 a#d2; * 74 4k 112 «#74; 7 |106 64 152 &#106; 7

. 11 E 013 ¥T (wertical tah) 43 2B 053 &#43; + 75 4F 113 &#75; E |107 6B 153 s#107:; k

DECIma| 12 C 0l4 FF (NP form feed, new page)| 44 2C 054 «#44: , 76 4AC 114 &«#76; L |105 6C 154 &#103; 1

13 D 015 CE (carriage return) 45 zZD 055 &#45; - 77 4D 115 &#772 M |109 6D 155 &#1l09; D

14 E 016 30 {shift out) 46 2E 056 &#46; . 78 4E 116 &#78; N |L10 6E 156 &#110; n

d . | 15 F 017 3 {shift in) 47 2F 057 &#47; / 79 AF 117 &#79:; 0 [111 &F 157 &#1l1; o

Hexa ecima 16 10 020 DLE {data link escape) 45 30 060 &#43; 0 50 50 120 &«#80; P |11z 70 160 &#112; b

17 11 021 DCl {dewice control 1) 49 31 061 &#43; 1 81 51 121 &#81; 0 |113 71 161 &#113; o

18 12 022 DCZ {dewice control 2) 50 32 062 &#50; 2 82 5z 12z &«#82; B |114 72 162 &#ll4; ¢

Octal 19 13 025 DC3 {dewice control 3) 51 33 063 &#51; 3 83 53 123 &«#83; 5 |L15 73 163 &#115; =

20 14 024 DCA (dewice control 4) 52 34 064 &#52; 4 84 54 124 s#84; T [116 74 164 &#ll6; ©

21 15 025 MiE [(negatiwve ackhnowledge) B3 35 0565 «#53; 5 g5 55 125 &#35; U |117 75 lah &#117: u

HTML 2z 16 026 STN (synchronous idle) 54 36 066 &#54; 6 86 56 126 &«#86; V [L18 76 166 &#lla; v

25 17 027 ETE (end of trans. block) 55 37 067 &#55; 7 87 57 127 &«#87; W [119 77 167 &#119; w

24 15 030 CAN {cancel) 56 33 070 &#56; 8 85 55 130 &#88; ¥ |l20 78 170 &#120; x

25 19 031 EM  (end of medium) 57 39 071 &#57; 2 59 59 131 &#89; T |1zl 79 171 &«#121; ¥

Cha racter 26 14 032 SUE (subatitute) 56 3h 072 &#58; : o0 5A 132 <#90; Z |12z TA 172 s#l22; =

27 1B 033 ESC (escape) 50 3B 073 &#59; ; 9] 5B 133 &#91; [ |123 7B 173 &#123; !

. don’ dtok 25 1C 034 FS (file separataor) 60 30 074 &#60; < 9z SC 134 &#92; % [124 7C 174 &#124; |

You don’t need to know 20 1D 035 G5 (group Separator) 61 3D 075 &#6l; = 93 5D 135 &#93; ] |125 7D 175 &#125; |

the ASCII table. Just 30 1E 036 B%  (record separator) £2 3E 076 &#6Z; > 94 EE 136 &#94; ~ (126 7E 176 &#1Z6; ~
31 1F 037 US  j(unit separator) £3 3F 077 &#63r 7 95 EF 137 &#95: (127 7F 177 &#127; DEL

understand the concept.
Source: www.LookupTables.com
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Miscellaneous Symbols and Arrows!'!2!
Official Unicode Consortium code chartfd) (PDF)

The Unicode standard v o [ o] o [olle] s [o[a]s]e o]l -

b

. _ _ U+2B1x « ~ = @ N N © > & o I R )
*  The ASCIl character set is suitable for English- e 0ol e | @ @ %0 oo *|s]e @lolelo
language documents, but it does not include
. U+2B3x <& | | | € | e | R W M e e
special characters il
o C,é,i, ©, non-Latin alphabets, characters for the Bk S e s | > 2SR 2R fle e
Greek, Russian, and Chinese languages, etc. U+2B5x * « ® 0O O
e The Unicode Consortium devised the most UsBex — 1 — | et
compdr_ehensive and widely accepted standard for Ue2B7x -
enco IngteXt U+2B8x =2
o 100,000+ characters! oG N
. U+2B9x & & | [ & & | & 0 B &
o Even characters for ancient languages of Egypt and
Baby]on aresupported U+2BAx
For more information, check out U+28Bx
https://home.unicode.org/ +2BCx
“Universal Character Set” of Unicode uses a 32-bit U+28Dx
representation Us2BEx
o Alternative coding possible that uses 1 or 2 bytes o

o UTF-8 encodes each character in a sequence of bytes
and matches ASCII encoding

Notes
1.7AAs of Unicode version 18.0

2.AGrey areas indicate non-assigned code points

Chart credits: https://en.wikipedia.org/wiki/Miscellaneous_Symbols_and_Arrows
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Encodings are determined...by people!

* There’s no inherent truth in the design of an encoding

o Encodings are developed for various use cases
o For example: ASCIl encodings put letters in alphabetical order

* Entirely new ways are encoding characters

o Adoption becomes a challenge with new encodings
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What do we need encodings for?

e  Numbers
o Signed and unsigned values
o Real numbers and decimals
o Imaginary numbers
o Mathematical symbols (e.g. = and )
* Languages
o Characters in various languages QU_»A1Jk
« Colors, user actions, control signals, anything!
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  26 ÷ 2 = 13 ,   R = 0


  13 ÷ 2 = 6 ,   R = 1


  6 ÷ 2 = 3 ,   R = 0


  3 ÷ 2 = 1 ,   R = 1


  1 ÷ 2 = 0 ,   R = 1


  1 ∗  2 4 + 1 ∗  2 3 + 1 ∗  2 1 =   26  10

