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Babbage’s Analytical Engine (1835)

B "We may say most aptly that the
Analytical Engine weaves algebraic
patterns just as the Jacquard-
loom weaves flowers and leaves”
(Ada Lovelace)

}; L
Charles Babbage (1791-1871)
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Other early computers and “computer scientists”

Blaise Pascal Gottfried Leibniz
1623-1662 1646-1716
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Von Neumann machine (c. 1940)

CPU
Input
«—
. . : evice
Memory Arithmetic Logic
Unit (ALU)
(data < P
+ Registers
instructions)
) Output
Control device

Stored
program

concept!

John Von Neumann (and others) ... made it possible Andy Grove (and others) ... made it small and fast.
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Processing logic: fetch-execute cycle

CPU
Input
«—
. . : evice
Memory Arithmetic Logic
Unit (ALU)
(data < P
+ Registers
instructions)
) Output
Control device

Executing the current instruction involves one or more of
the following micro tasks:

e Have the ALU compute some function f(registers)
e Write the ALU output to selected register(s)

e As aside-effect of executing these tasks,
figure out which instruction to fetch and execute next.
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The Hack chip-set and hardware platform

Elementary logic gates Combinational chips Sequential chips Computer Architecture
= Nand = Hal f Adder = DFF = Menory
= Not @ = Ful | Adder " Bit = CPU

= And = Add16 = Regi ster = Conput er
= Or = | ncl6 = RAMB

= Xor = ALU = RAMB4

= Mux = RAMb12

= Drux @ = RAMAK

= Not 16 = RAML6K

= And16 = PC

= O 16

= Mux16 @

= O 8Way

= Mux4\Way16

= Mux8Way16

= DWMux4Way

= DMux8Way
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The Hack computer

16-bit Von Neumann platform
Instruction memory and data memory are physically separate
I/0: 512 by 256 black and white screen, standard keyboard

Designed to execute programs written in the Hack machine language

Can be easily built from the chip-set that we built so far in the course

Main parts of the Hack computer:

m  Instruction memory
= Memory:
a Data memory
a Screen
a Keyboard
m CPU
m Computer (the glue that holds everything together).
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Lecture plan

B Instruction memory
B Memory:

e Data memory

e Screen

e Keyboard
m CPU

B Computer
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Instruction memory

address

15

Function:

ROM32K

out

16

B Pre-loaded with a machine language program

B Always emits a 16-bit number:

out = ROMB2K[ addr ess]

B This number is interpreted as the current instruction.
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Data memory

load

in

out

L 3 RAM16K <y

16

address

——>

15

Reading/writing logic

B Low level: Set addr ess, in, | oad ; probe out

® Higher level (e.qg. OS level): peek(address)

16

poke( address, val ue).
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Lecture plan

\/ B Instruction memory
B Memory:
\/ e Data memory
e Screen
e Keyboard
m CPU

B Computer
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Screen

load
in ¢
T out
Screen +>
address 16
O ~_~

Physical
Screen

B Functions exactly like a 16-bit 8K RAM :
e out = Screen[address]

e |f |oad then Screen[address] = in

B Side effect:

continuously refreshes a 256 by 512 black-and-white screen.
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Screen memory map

Screen \Q/

—
0 /0011000000000000 0123456 7 ... 511

1 /0000000000000000 0

31 /0000000000000000
32 /0001110000000000
33 |0000000000000000

L

row 1

63 |0000000000000000 | 55 I T | |

8129 '0100100000000000, ) Z N

8130 0000000000000000

-~ row
255

refresh several times
each second

8160 '0000000000000000|

Writing pi xel (X, y) to the screen:

B Low level: Set the y%d 6 bit of the word found at
Screen[ x*32+y/ 16]

B High level: Use dr awPi xel (x,y) (OS service, later).
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Keyboard

By E=y =97

mg

Keyboard

Special keys:

Keyboard

out

16

Keyboard chip = 16-bit register

Eey Keyhoard
pressed output
newline 128
backspace 129

left arrow 130

up arrow 131

right arrow 132

down arrow | 133

home 134

Reading the keyboard:

Input: 16-bit value coming from a physical keyboard
Output: the scan code of the pressed key, or O if no key is pressed

Eey Keyboard
pressed output
end 135

page up 136

page down 137

insert 138

delete 139

esc 140
f1-f12 141-152

B Low level: probe the contents of the Keyboard register

® High level: use keyPressed()

(OS service, later).
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The Hack computer

\/ B Instruction memory
B Memory:
\/ e Data memory
\/ e Screen

\/ e Keyboard
m CPU

B Computer
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Memory

load
Memory
0
in
16 RAM
(16K) out
16383 16
address 16384 Screen
+> memory map '\\Q/-b
15 24575 (8K) Screen
24576 Keyboard
memorymap Y N\ [T
[
Keyboard

Function:
B Access to any address from O to 16,383 results in accessing the RAM

B Access to any address from 16,384 to 24,575 results in accessing the Scr een
memory map

B Access to address 24,576 results in accessing the keyboar d memory map
B Access to any address > 24576 is invalid.

Elements of Computing Systems, Nisan & Schocken, MIT Press, www.idc.ac.il/tecs , Chapter 5: Computer Architecture slide 16




The Hack computer

\/ B Tnstruction memory
vV = Memory:

\/ e Data memory

\/ e Screen

v~ @ Keyboard
m CPU

B Computer
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CPU

from . /
data memory InM
16 %» outM
16
/ ) . to data
from ) ) - writeM memory
instruction instruction —<— ol 1
memory 16 O —<X£» addressM
15
/ > pC to instruction
resetﬁL» 15 memory
1

CPU components: ALU+ A, D, PC registers

CPU Function: Executes the i nstructi on according to the Hack language specification:

The Mvalue is read from i nM

The Dand A values are read from (or written to) these CPU-resident registers

If the instruction wants to write to M(e.g. M=D), then the Mvalue is placed in out M, the
value of the CPU-resident A register is placed in addr essM and wr i t eMis asserted

If reset =1, then pc is set to O;
Otherwise, pc is set to the address resulting from executing the current instruction.
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CPU

from
data memory

from
instruction
memory

inM ﬁL»
16 %» outM

16

ﬁL» writeM
1

%» addressM
15

74’ pC
15

instruction —<—

16

CPU

resetﬁL»
1

CH P CPU {
IN inM16], instruction[16], reset;

QUT outM 16], witeM addressM 15], pc[15];
PARTS:

/1 1nplementation m ssing

B CPU implementation: next 3 slides.

to data
memory

to instruction
memory
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The C-instruction revisited

dest = comp; jump

comp

dest jump

binary: 1 1 1 a ¢l c2 ¢c3 c4 c¢5 c6 dl d2 d3j1 j2 j3
y I J J
(when a=0) (rhene=1) di 42 a3 | Muemonic | Destincagtion fwhere to store the computed vediia)
ol cZ 3 [ c5 o -
comp comp 0 0 0| null The walue 15 not stored anywhere
0 1 u 1 o 1 0 o o 1 mu Memory[A] (memory register addressed by A)
! ! ! ! ! ! ! o1 0 D D register
-1 1 1 1 0 1 0 :
o 1 1| D Memaory[A] and D register
D o 0 1 1 0 0 _
i 1 1 a 0 0 0 M i 0 0 i & register
D 0 0 1 1 0 1 1 0 1| in A register and Memory[ A]
Lh 1 1 o a] a] 1 ' i 1 0 AD & register and D register
-D o o 1 1 1 1 i 1 1 LMD & register, Memory[A], and D register
-4 1 1 0 o 1 1 -M
D+1 ] 1 1 1 1 1 Jj1 J2 a3 .
Mnemonic | Effect
Al |1 1 0 1 1 1| e (out <0) itout=0) (out>0]
p-1 | O 0 1 1 1 0 o 0 0 null Mo jump
-1 1 1 0 0 1 o | m-1 Q 0 1 JGT If out > 0 ump
D+h | 0 0 0 0 1 o | p+n o 1 u JEQ If out =0 ump
p-4 | o 1 0 0 1 1 | p-nm o 1 1 JGE If ot 20 qump
0 | o 0 0 1 1 1 | m-p 1 o o JLT If cut <0 jump
peh | O o 0 o o 0 || penm 1 o 1 JHE If out # 0 ump
Dla | o 1 o 1 0 1 | oim 1 1 o JLE If cut =0 mump
1 1 1 JHMFP Iump
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. . dest = C dest '
CPU implementation st S SR, R | oTh I = | jump‘

binary: 1 1 1 a cl c2 ¢c3 c4 c¢5 c6 dl d2 d3j1 j2 j3

Chip diaggrem:
B TIncludes ALU output
most of the 7
exec. logic ®
H Control ? A
logic is ° _
hinted. ? O outM
A O = '
g A —»O—» .
instruction - ( AIM C
. : Mo f
M @—» writeM
v A : » addressM
reset ?
5 -
. > PC » pcC
Cycle: Execute logic: Fetch logic: Reset logic:
® Fetch B Decode If Jump then set PCto A Setreset to 1’
B Execute B Execute else set PC to PC+1 then to O.
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The Hack computer

\/ B Tnstruction memory

‘/ B Memory:
\/ e Data memory
v/ ® Screen

\/ e Keyboard

v_ m cpPU

B Computer
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Computer-on-a-chip interface

Chip Hame:
Input:

Function:

reset ’\Q/ Screen

—> Computer

>

— \ 7=/

|
O Keyboard

Computer S/ Topmost chip in the Hack platform

reset

WMhen reset 1= 0, the program stored in the
computer's BOM executes. When reset is 1, the
execution of the program restarts. Thus, to start a

program’ s execution, reset must he pushed “up” (1)
and “down” (0] .

From thisz point onward the user iz at the wercy of
the software. In particular, depending on the
program'=s code, the screen may show some output and
the user may be able to interact with the computer
wvia the kevhboard.
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Computer-on-a-chip Implementation

Instruction
Memory

(ROM32K)

inM

instruction

CPU

writeM
outM Data
| Memory
addressM
oc (Memory)

CH P Conput er {

I'N

reset;

PARTS:
i npl enent ati on m ssi ng

Il
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The Big Picture

\/ B Instruction memory

\/ B Memory:

‘/ e Data memory

\/ e Screen

\/ e Keyboard
\/ m CPU

\/ B Computer

folks!"

“Ya, right,
but what about
the software?”
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How it actually lI0oks (thank goodness for abstractions!)

o e Extension
iy : slots / ports

I/O board
(graphics card)

DVl port TV-out WGA-port
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Perspective

® I/0: more units, processors

B Special-purpose processors (graphics, communications, ...)
m Efficiency

B CISC/RISC (HW/SW trade-off)

B Diversity: desktop, laptop, hand-held, game machines, ...
B (General-purpose VS dedicated / embedded computers

B Silicon compilers

B And more ...
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