Introduction to Computer Science
Shimon Schocken
IDC Herzliya

Lecture 6-1

Hardware Fundamentals

Overview

Goals:
B Understand basic hardware principles

B Explore low-level programming

B Explore the road from the low-level to the high level

Approach:
B Play with a simple computer model

B Extrapolate from the model to real computer systems.
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Hardware Fundamentals

:> B The Visual Computer (Vic)
e Architecture

e Commands
B Programs
B Branching
B Fetch-execute cycle
B Looping
B Symbolic languages

B  From Vic to a real computer
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Vic: a simplified computer architecture (www.idc.ac.ilivic)

The Visual Computer
Input:
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12 (Instructmn Register 01 490 65
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Vic: a simplified computer architecture (www.idc.ac.ilivic)

Inside view:

e visua

Outside view:
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The Vic Machine
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Hmmm ... How can T Commands:
use these commands
to make the machine do read
something useful? .
write
load
store
add
sub
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Data bus
The Visual Computer
Input:
55 [ : _ _ © oof soo |2] a4 ||
! Instruction Register !
12 : ! 01 490 85
171 | . o2 800 86
20 : : 03| 491 87
- P o04] 190 88
: _ i 03l 900 -] 80
+| | read from input Data Register 0 0| 55
o1 110
Qutput: 7
12 write to output 92
67 : i *
Program Counter 10 o4
11 95
: [ o] I ¥ 96
: R K 97
14 95 0
15 - Q9 1 [+
/0 Units CPU Memory
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d . Symbolic Numeric Semantics
Rea Operatlon Syntax Syntax (meaning)
The Visual Computer .
read 800 D=input
Input Main Memory
55 |-] i
12 .
= (D means “the data register")
20
— - read
Qutput
12 The Visual Computer
67
Input:
Prograt Counter = 0o 800 |~ 84 B
12 01 490 85
171 02| 800 86
20 03 491 87
- 04 190 88
- 03900 89
Y0 Units CPU 1. Data Register - —0 0 55
Qutput: UZ— o1 /110
12 oo | o |
o7 oo | oo |
Program Counter o o
il 05
12 %
13 o7
14 % 0
15 S 9 1[5
\ /0 Units crU Memory |
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. . Symbolic Numeric Semantics
Write operation Syntax Syntax  (meaning)
. 800  Deinput
Main Memo .
nput il write 900  output=D
55 [~ oo
12 o1
n (b means “the data register”)
Output
12
R
Program Counter
Input
55 || oo 800 |4 &4 5
=1 Instruction Register 1 —
12 01| 490 85
17 02) 800 86|
20 03] 491 a7
/0 Units cPU I 04| 190 8
05 900 [ =9
g o 0 % &5
07| 91l 110
Output: P —
2 08 92
67 09 93]
171 Program Counter I
117 957
2 o8 |
= o |
' o 0|
13 o 9 1[5
I 10 Units cPU Memory |
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d . Symbolic Numeric Semantics
Loa Operatlon Syntax Syntax (meaning)
read 800 D=input
Input Main Memory write 900 output=D
55 |=f nstruction Reist 00| 800 84 -
Instruction Register
12 01490 85 Toad xx 3xx D = M[xx]
171 0z 800 86
20 03| 4N 87
= Joad 90 04| 190 88
05 900 89
- D: o0& 0 90 55
07 91] 110
Qutput 08 92
12
o
171 Program Counter Input: —_— —_—
55 [ ool 800 || a4 ||
1 Instruction Register 1 | —
12 01 490 85
171 02 800 86
20 03] 491 87
= 04 190 88
05 900 [ 89
Y0 Units CPU — Data Register o8 0| 0| 88
12 08 92
67 09 93
171 Program Counter 0 o
1 95
12] 96
13| 97
14] HI
15| ~ 99 1[5
I /0 Units cPU Memory |
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i Symbolic Numeric Semantics
Store Operat|on Syntax Syntax (meaning)
e L
Input: write 900 output=D
55 ||
12 Toad xx 3xx D = M[xx]
171
20 store xx 4xx M[xx] = D
] store 91
Qutput:
12
67
17 Program Counter
oo[ 800 ]| e |
01| 490 83
170 Units CPU 02| 800 86
03| 491 87|
e 04 190 88,
5| 900 | L oo N
= Data Register 08 0 / ool 85
07 \ a1 171
Output: 08 N2 /]
12 09 E
67 10 2
7 Program Counter " 9
12 95|
13 97|
14 a5 0
18 - 99| 1 [+]
I /0 Units cPU Memory |
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. Symbolic Numeric Semantics
Ad d (0] p e I’atl on Syntax Syntax (meaning)
read 800  D=input
Input: write 900 output=D
56 [-]
12 r— Toad xx 3xx D = M[xx]
171
20 store xx 4Axx M[xx] = D
— add 87
L - add xx Ixx  D=D+M[xx]
Qutput:
12
67 O e 0 s 1
i
Input:
55 [~ ) o[ 800 |4 4 12
12 Instruction Register o1 490 as 720
171 02| 800 B6|
/0 Units cPU 20 03] 491 a7 5
= o4 190 83
05| 900 [ | a9
- 06| 0 a0 55
07| 91 171
Qutput: 0 37|
12 09| kX
67 10 94
171 Program Counter 1" 95
12] 96
13 87
14 8| 0
15| - 99 15
[ 10 Units cPU Memory
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H Symbolic Numeric Semantics
SUbtraCt Operatlon Syntax Syntax (meaning)
read 800  D=input
Input; write 900 output=D
55 |~
12 Toad xx 3xx D = M[xx]
171
20 store xx  4xx M[xx] =D
sub 85
add xx 1xx D=D+M[xx]
- Data Register
sub xx 2XX D=D-M[xx]
Output:
12
67
17 Program Counter
Input:
55 | oo0f 800 =4 84
12 01|40 85| 20
17 02| 800 BE
'O Units cPU 20 03| 491 87 5
H 4] 190
05| 900 89
- 06 1] 90 55
o7 91 171
Qutput: 08 92
12 09 93
67 10 94
7 Program Counter | 95 |
12 96
13 97
14 98 0
18 - 93 1
[ /0 Units cPU Memory
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Hardware Fundamentals

B The Visual Computer (Vic)
e Architecture

e Commands
|:> B Programs
B Branching
B Fetch-execute cycle
B |ooping
B Symbolic languages

B  From Vic to a real computer

(Cartoon by Gary Larson)
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Program: add two numbers

Task: Read two humbers from the input and write their sum.

Algorithm Symbolic program Executable code
read a number (let's call it x) 00| read 00| 800
read a number (let’s call it y) 01| store 90 01| 490
add xtoy 02 | read 02| 800
write the result 03| store 91 03 491
stop 04| add 90 04 190
05 | write 05 900
06 | stop 06 000
Implement Translate

Design

B We can write programs in some agreed-upon symbolic language, and then translate
them into executable code

B Since commands can be expressed as numbers, the translated code can be loaded
into the machine and cause it to do what we wish.
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Program: add two numbers

The Visual Computer

"add 2 numbers"
program

Input:
Sis Instruction Registt -
i3 Instruction Register
After the
- Data Register pr‘ogr‘am
E 07 91 . .
Output: o o terminates:
The Visual Computer
Input
program Co 5 [-] o[ goo || ss B
|y Instruction Register | —
0 12 o1 490 85
= =
03491 57
H 04190 58
05| 900 [ 80
\ 1/ Units cPU e ) w5
I Gutput oL e 12
17 08 a2
a| > : ) = | 44| F|E| Clear g S i N
Program Counter ‘07 947
——— 1 95
12| 96
137 a7
14] a8 0
15 o e 1[5
I 10 Units cPU Memory |
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Fetch—execute cycle (basic, will be revised later)

PC=0
FETCH:
IR = M[PC]
if IR = 0 goto end
execute IR
PC++
goto fetch
END:
do nothing

The Visual Computer

Input:
e 0o| 800 | 84 =
2 Instruction Register 01| 490 85
— IR: 02| 800 8
I 03| 491 a7
] M: | o[ 190 88
[— os| 900 || |89
1 Data Register 06 0 0
Qutput: o8 =
09 93
10 a4
Program Counter " %
PC: 2 o
14 98 0
15 < 99 1 [+
‘ 10 Units cPU Memory ‘

Q: Where is the fetch-execute logic implemented?

A: It is hard-wired into the computer hardware.

Speed

I
= L@L‘ 44 | F|E| Clear l‘mm ._)_ Holp | About
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Hardware Fundamentals

B The Visual Computer (Vic)
e Architecture

e Commands
B Programs
:> B Branching
B Fetch-execute cycle
B Looping
B Symbolic languages

B From Vic to a real computer
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Branching

Branching commands:

In low level programming languages, branching logic is implemented
using "goto label" commands

e Labels are used fo mark various program locations

e goto label commands are used to transfer the flow of
control to labeled program locations

The Vic language features three goto commands:

Task: read and write

Symbolic Numeric  Semantic until O is read.
Syntax Syntax  (meaning)
LOOP:
goto xx 5xx goto Xxx read
. gotoz END
gotoz xx  6xx if D=0 goto xx TPl
gotop xx  7xx if D>0 goto xx goto LOOP
END:
stop
I
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Branching

Task: Read two inputs and write their maximum.

Algorithm

read x
read y
subtract x
if D>0 goto END
write X
stop
END:
write y
stop

00
01
02
03

o
05

06
07
08
09
10
11

Vic goto commands (documentation).

Machine language

read
store 90
read
store 91
sub 90
gotop 09
Toad 90
write
stop
Toad 91
write
stop

Il x is in M[90]

/'y is in M[91]
IID=y-x
/I if D>0 goto 09

/I write x

Il write y

goto xx 5xx

gotoz xx  6xx

gotop Xxx 7XX

goto xx
if D=0 goto xx

if D>0 goto xx

Executable
code

00
01
02

03
iiﬂ!aag’b 04
05

06
07
08
09
10
11

800
490
800
491
290
709
390
900
000
391
900
000

B A symbolic machine language is also called
"assembly language”

B The assembly-to-executable code translator
is called "assembler".
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Branching “max of two
numbers"
program
Input:
154 |-] | ) i |oo[ Boo 4] e <]
38 Instruction Register o1 490 85
e =0 o
03| 491 87
e 04| 290 88
os| 709 || |sg
i Data Register 06| 390 90
07| 900 a1
Output: i 0 92 After the
o3| 391 93 program
i | 10[ s00 94 terminates:
Program Counter I O B O e  —————IS
Input:__ ]
[ 154 [<] o[ 800 |2 s[4
= Instruction Reister ™ o
- i
o3[ 491 87
[ 1/ Units cPU H w20 | s |
os[ 709 89
| — Data Registor 06| 390 0| 154
P " 07| 900 91 38
nimatisn: Output:
- @ m | w4| F|E| clear| [Fugamats B e e
10| 900 84|
Program Counter " ] 95 |
12| 96|
| —
14] 98 0
15 | 99 1 [~
[ 1/0 Units cPU Memory |
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Hardware Fundamentals

B The Visual Computer (Vic)
e Architecture

e Commands
B Programs
B Branching
I:> B Fetch-execute cycle
B Looping
B Symbolic languages

B From Vic to a real computer
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Fetch—execute cycle (modified, to accommodate branching commands)
Pc=0 Input Main Memory
FETCH: 10 [-] o ¢ ool 398 [+l w4 2]
75 Instruction Register E 01 450 a5
IR = M[PC] 130 IR: i 02 800 56
if IR = 0 goto end o 5 Ej fg; 2;
if (IR = Bxx or (I . 05| 450 1 as
. D=0 = b Data Register M: 08| 502 an
= 6xx and D=0 or : 350
|
IR = 7xx and D>0) - -
PC = xx 10 94
| Program Counter oo 95
else H
pe: e
execute IR P o—
PC++ 15 o @ 1 [+
goto fetch ‘I /0 Units cPU ’ Memory |
END: Anim ation: Speed
goto end cad o (on])om e el ] PR T ] s
And that's it! The description of the Vic computer is now complete.
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The Vic computer architecture: overview

Symbolic Numeric ~ Semantics
Syntax Syntax (meaning) Conventions:
10| read 800 D = input o Each command is represented as a
3-digit number
commands write 900 output = D 9
o D data register
Mem: = -
Com;qu Toad xx 3xx D = M[xx] 0 xx: a two digit number
store xx 4Axx M[xx] = D
a M[xx]: contents of RAM cell
Arithmetic add xx 1xx D = D + M[xx] whose address is xx
commands ol 55 2xx D =D - M[xx] o M[98] = 0, M[99] = 1 always
goto xx 5xx goto xx
Control gotoz xx 6XX if D=0 goto xx
commands gotop xx  7xx if D>0 goto xx
stop 000 stop

o

utput

Q: Why is the Vic IS (instruction set) so simple?

A: Because we couldn't make it any simpler.

|-

[
Lo o] o2 Lm | ) el st
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Side note: Pascal on brevity

This letter is a bit
long because I didn't
have time to make
it shorter.

The "Pascaline™:
a calculator
built by Pascal.

He also developed the theory of hydrostatics, invented the binomial coefficients
(Pascal's triangle), laid the foundations of probability theory, and wrote a
fundamental philosophical treatise called Pensées

The programming language Pascal is hamed in his honor

Died at the age of 39.
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Hardware Fundamentals

e Architecture

e Commands
B Programs

B Branching

B Fetch-execute cycle

I:> B Looping

B Symbolic languages

B The Visual Computer (Vic)

B From Vic to a real computer
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Looping Task: sum up a series of inputs that ends with a zero.
Algorithm Machine language Executable code
sum=0 00: load 98 00 398
read x 01: store 90  // sum in M[90] 01| 490

Program

NEXT: 02: read 02| 800
if x = 0 goto END 03: store 91 03| 491
add x to sum 04: 04 611
read x 05: 05 391
goto NEXT 06 190
END: 07| 490
write sum 08 800
stop 09 491
um // write sum 10 504
11: write 11 390
12: stop 12 900
13 000

Writing programs in machine language is no fun

B Can we express the algorithm more directly, in some higher-level language?
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Sym bolic |anguage Task: sum up a series of inputs that ends with a zero.
Algorithm Symbolic Machine language Executable code
load zero ]
sum =0 What's new? 00 398
Program store sum = Symbolic variables Wl e
read x [ ] read = Symbolic labels
NEXT: store x = No command (Assume *Za; the coded 02 800
. 5 numbers. starts at address O an
if x =0 goto END NEXT: variables are allocated e
0] 52 (0 ST gotoz END to memory address 90 04| 611
ead x load X and onward) 05 391
add sum // sum = sum + X
goto NEXT 06| 1%
store sum Symbol table 07 490
END: d 4
: rea
. 08| 800
write sum store x LR
S goto NEXT one 99 e
END: sum 90 10 504
load sum x 9 11 390
write NEXT 04 12 900
END 11
stop 13 000
Translation process
B First pass: resolve labels; allocate memory to variables; create a symbol table
B Second pass: use the symbol table to translate the program to executable code
Mazel Tovl No more command numbers; no more physical memory addresses.
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Hardware Fundamentals
B The Visual Computer (Vic)
e Architecture
e Commands
B Programs
B Branching
B Fetch-execute cycle
B Looping
B Symbolic languages
|:> B From Vic fo a real computer
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From Vic to the real thing

B Suppose we have unlimited supplies of
a Money
o Time
Q Creativity

B How can we evolve Vic into a real computer?

1 memory unit
No secondary storage .........

Linput port s

1 computer”.....oooiniccins

1 program

1 output port.....eceecennnne

RAM, ROM, cache
Disk

Keyboard, mouse,
disk, modem, ...

Screen, speakers,
disk, modem, ...

Each I/0 device
has a dedicated
processor and
memory space

several programs

running “simultaneously”.
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From Vic to a real computer system: hardware
Vic: Typical PC:
1 Processor ... several processors, working simultaneously
1instruction per cycle ......... several instructions execute in parallel
1 data register ... 32 data registers
100 memory cells ... Billions of memory cells o cPU RAM

Implementing any one of
these improvements is
(conceptually) a
straightforward
extension of the basic
Vic architecture.
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Von Neumann machine (1945)
input
device
v John V. Neumann
1903 - 1957
short
term long term
processor (main) [ ] (external) . Other people who
v HAEER memory contributed to this model no
less than Von Neumann:
a  Alan Turing
output 0 Konrad Zuse
device
Q Presper Eckert
a John Mauchly
a And more
All (practical) modern computers are Von Neumann machines!
o — = =
 e—
Processor: Processor: Processor: Processor: Vic
RISC ARM 946E Intel Xeon TI OMAP 1710 IBM PowerPC
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Extending the basic architecture
1/0 devices main memory external network
storage backbone
I system programs
mouse flash
input
keyboard device . [ [ hard disks
pssing — I
¢ devices 1
‘ L L
| — short —
term long term
processor (main) (external)
rocessors memory memory
= : N n |
TS OUtPUt B B network
printer device interface —1-’—
card
screen
unused area
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How it actually 100KsS (thank goodness for abstractions!)

Extension
slots / ports

1/0 board

(graphics card)
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