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How PROCESS

How do we build a machine to perform these
operations?

From Digital Samples > compressed digital data >
Digital Samples

With simple gates and registers
can build a machine to perform any digital computation
...if we have enough of them.

=
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ECONOMY AND UNIVERSALITY

What if we only have a small number of gates?

OR ... how many physical gates do we really
need?

How do we perform computation with minimal hardware?

How do we change the computation performed
by our hardware?
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LECTURE TOPICS

Setup

Where are we?
Review
Memory

One-gate processor
Simplified warm-up of idea and key components

Next Lab
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MULTIPLEXER GATE ° STATE ELEMENT
MUX o Latch or Register is a state element
When S=0, output=i0 i Allows circuit to remember a value
When S=1, output=i1 Build computations that i

Depend on past inputs
Reuse hardware in time

[ < == =)

- a2 00 =~ =~ 0O O
- O - O = O = O
- O = O = = O O

Mux CAN BE A PROGRAMMABLE GATE UNIVERSALITY
Programmable Gate Can implement any combinational logic
Can be programmed to act as any gate function out of a collection
Use state (e.g. FF) to “program” truth table of a gate AND, OR, NOT gates

Or Programmable MUX gates

Can program as AND, OR, NOT...
output

select
inputs

- a2 o o
- O = O
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PRECLASS 1 PRECLASS 1 IN GATES

What Function?
o1=a&b | b&c | a&c;
o02=a’\b’\c;

How many gates?

13
RANDOM ACCESS MEMORY (RAM)
A Memory:
Series of locations (slots)
Can write values a slot (specified by address, WA)
MEMQRY Read values from (by address, RA)
Return last value written
WA —S ]
Notation: RA ——
slash on wire
means multiple bits wide Dout
T
15 16
KEY ENGINEERING PROPERTY
Store state compactly in memory
A(memory cell) small Din
A(mem) < A(gate) ONE-GATE PROCESSOR
Write?
Depends on few
inputs/outputs A S
Memory cells share RA ———=t

inputs and outputs
Dout
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IDEA

Store logical (simulated) register and gate
outputs in memory

Compute one gate at a time
Using a single physical gate
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BAsIC IDIOM

Memory
Repeat:
Read gate values from memory
Perform operation on gate
Write result back to memory

In0

Function

Physical, Programmable Gate —
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Two MEMORIES

Memory
Why two memories?
2-input gate requires two
binary inputs
Want to supply both — two values

Simple memory only allows
one read per cycle

Two memories to supply

two values Function
Write into both, so both have
same set of values -

Physical, Programmable Gate
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OPERATION

a=getInput(0);
b=getInput(1l);
c=getInput(2);
tl=a&b; //
t2=bs&c; //
tl=tl|t2; //
t2=a&c; //
ol=tl|t2; //
tl=a"b; //
o2=tl*c; // 7 T
putOutput(1,02);
putOutput(0,01);

22

In0

o Uk WN =
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OPERATION SEQUENCE

Instruction Fields

C Description Type |[FunctionIn0In1/Out
a—getlnput(0); || read input 0 and put in slot 0 READ|NONE |00 0

b=getInput(1); read input 1 and put in slot 1 READ[NONE[1]0] 1
c=getInput(2); read input 2 and put in slot 2 READ[NONE[2[0]2
t1=akb; read value in slot 0 and value in | GATE| AND 1
slot 1, perform an AND on the val-
ues, and store into slot 3

Missing read value in slot 1 and value in |GATE| AND [1[2]4
C step? slot 2, perform an AND on the val-

ues, and store into slot 4
t1=t1]t2; read value in slot 3 and value in |GATE| OR |[3|4]3

slot 4, perform an OR on the val-
ues, and store into slot 3

t2=akc; Missing description? GATE| AND |0]2] 4
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OBSERYE

We can sequentialize operations,
reusing the single gate

As long as we can specify the
operation to be performed

What are we specifying?
(break it down, what information need?)

Function

24
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INSTRUCTION

Call this specification an instruction

Instructs the programmable,
reusable operators on what to perform

Function

INSTRUCTION

Call this specification an
instruction

Instructs the
programmable,

reusable operators on
what to perform

ESE150 Spring

o
op RA RA £WA
[
= In1
n0 H
Function
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EXPANDING THE STRUCTURE: INPUT

Add a multiplexer
to bring in inputs
Allow as option to
write into data
memory

Data Memory
(Slots)

0

Function

value
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EXPANDED CONTROL = INSTRUCTION

‘wiiteback enable, address, value
(irom bottom) —— goes to both memories.

Group the full
control into

instruction

Set of bits that
tells the structure
what to do

Data Memory
(Slots)

(int bits are read address
B of right memory only)

(In0 bits are read address
of left memory only)

Function

(registers)

witback  enable  address value

29

Add way to load a
designated output
register

EXPANDING THE STRUCTURE: QUTPUT

Function

ESE150 Spring 2022

writeback enable, address, value
(irom botiom) -~ goes to both memories

Data Memory
(Siots)

ESE150 Spring 2022

30

Instruction Fields
c Description Type joug [O[T]273[4[5]6]7]
Toad input 0 and put in slot 0 READ|NONE |0 0]0| [a[b[c[tl[t2]ol [02] |
read input 1 and put inslot 1 | READ| NONE|1 0 1
Tuput(2); | read input 2 and put inslor 2 | READ|NONE | 2 0] 2
ti=aib; toad value 1n slot 0 and value i | GATE| AND |01
slot L. perform an AND on the val-
ues, and slore into slot. 3
read value in slot 1T and value in | GATE| AND [1 2
slot 2, perform an AN on the val-
ues, and store info slot 4
Timeiles; Toad value 1o slot 3 and value i | GATE| OR |31
slot 4, perform an OR on the val-
wes, and store into slot 3
t2maic; GATE| AND |0 2
ol=tilt2; Toad value T slot 3 and value i | GATE| OR |31
slot 4, perform an OR on the val-
wes, and store into slot 5
ti=a’b; read value in slot 0 and value in | GATE| XOR |0 1
slot 1, perform an XOR on the val-
ties, and store into slot 3 —
= u Tue i slot 3 and value
perform an XOR on the va
wes, and store into slot 6




Instructions are
just a set of bits

Type — 2 bits

GateOp — 4 bits

In1 — 3 bits
Assume 8 slots

In2 — 3 bits

Out - 3 bits

31

INSTRUCTION BITS

ESE150 Spring

o
Type GateOp

(registers)

witback  enable  address

GATE| AND J
i

010001000001

ack dnable, Hdress, value
bottom) —— goes to both memories.

Data Memary
(int bits are read address
of right memory only)
(In0 bits are read address
of left memory only)

Function

value

3/16/22
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INSTRUCTION BITS EXAMPLE

Fillin Missing GATE| AND 1 010001000001
READ=00; GATE=01; WRITE=11;

AND=0001; OR=0111; XOR=0110; NONE=0000; SEL0=0101

tl=t1]t2; read value in slot 3 and value in | GATE| OR |3 ]4] 3 || 010111011100011

slot 4, perform an OR on the val-

ues, and store into slot 3
t2=akc; GATE | AND |0 2| 4 | 010001000010100
ol=t1]t2; read value in slot 3 and value in [GATE| OR |3 4[5

slot 4, perform an OR on the val-

ues, and store into slot 5

32
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NOTE WRITE

Note write enable

Fed back for next
cycle

Also address, value

33

INSTRUCTION
MEMORY

000000010000010
010001000001010
010001001010100
0101110111001

010001000010100

Address | 010110000001011
(Program | 010110011010110
Counter) | 1001011100001

In0 In1
Type GateOp

ESE150 Spring 2!

Jacress, value
s 1o both memories

rieback enabie
Data Memory
(Siots)

(i bt ae road acdress
B f right memory only)

(In0 bits are read address
of left memory only)

(registers) oo

witeback adaress

Instruction Memory
0000000000000

100101101000000

Output 0
Output 1
Output 2
Output 3
Output 4
Output 5
Output &
Output 7

value

ESE150 Spring

writeback enable, address, value
(rom bottom) -~ goes 1o Both memories

35

Add Memory to N

hold set of T aE R
Instructions
Note contents match Fari e
table on p. 2 of - ons
preclass a7
Counter to e
sequence
instructions (o9se 9 a7
35
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INSTRUCTION SEQUENCE CONTROL

writeback enable, address, value
(from bottom) — goes to both memories
1n0 In
Type GateOp

How provide the
sequence of
instructions?

Data Memory
(Siots)

(In1 bits are read address
I of right memory only)

(Ing b a road acdress
 left memory only)

Function

Input 4
Input 6
Input 5.
Input 7.

Output 0
Output 1
Output 2
Output 3
Output 4
Output 5
(registers) g ouats

witeback  enable  address

value
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Instruction Memory

ANIMATE

000000000000000

writeback enble, address, value
bottom) -~ goes 1o both memaries

3
(Program ‘
Start at PC=0 b
=
0 = ot ieft memory only)
-
—

vaue

36
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Instruction Memory

e
Feey
e
S
1 | otottiorirocots
0 e ] oo =
|
Start at PC=0 B e
Read | M ‘ 000 [ [7] oy i o road ackress
ead Instr. Mem at (et s
0 o~ left memory only)
(also compute next
PC by adding 1) oo
,
Type Output 1
(regisers) s
37

ANIMATE —

Address
(Program
ounter

Start at PC=0

Read Instr. Mem at
0

Decode

[ore

writeback

38

00 ou

Typenwe |
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Instruction Memory

0000000000000 |

010001000010100 witaback enble, address, val
tom) - goss fo
0101100000101 ‘

Data Memory
X (Slots)

100101101000000

of nght memory only)

o —

000
0000)| Foncien

READ } 1 —
o
o
00
00
(regiters)
ok ensble_address vave

o Boih memaries

1Y = = P—

(1n0 bits are read address
ot left memory only)
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Inputo @

Outputo
Output 1
Output 2
Output 3
Output &
Output'§
Output &
Output 7

ANIMATE

(Program
Counter)

Start at PC=0

Read Instr. Mem at
0

Decode

39

From input 00

=

writeback

0 Spring 2022

Instruction Memory
0000000000000

supeomntos
T R A (Siots)
000" H
o 1 H o
Inputo @
39
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ANIMATE

(Program
Counter)

300000000000000

Instruction Memory

1000100001010 reback ensble, adess, value

ftom) - g0as fo Both memries.

010110000001011 ‘

Start at PC=0

Read Instr. Mem at
0

Decode

From input
Write Back
Update PC

40

writeback

1601611070000 Oata Memory
1 _a} Slots)
] ggoH=H

o —

000
0000)| Fncien a

memory only)

registers)

enable _address vaue
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(it arerad ackimns

| u~on are read address

euta a

Outputo
Output 1

ANIMATE

Nt

Adaress
(Program
Counter)

PC=1

Read Instr. Mem at
1

0f

[om

=

41

writeback

Instruction Memory

0000000000000
000000001000001
000000010000010
010001000001010
010001001010100
0101110110001

010001000010100

writeback enable, add
o botom o goca o boi memores

0101000000101
0101100110101 1

100101110000001
100101101000000
10

[l oooH=F

1] (1m0 bits are read address
left memary only)

Data Memory
(Slots)

gtk arerad ackiwss

0

]
--READ
J
I
]

Input 7

Ouputo

= 0
R Ouput 1
Ouput2
00 Output 3
O — Ouput4
Output 5
a Ouput6
(registers) Ouput 7

enable _address value

ANIMATE

N

Address
(Program
Counter)

300000000000000

Instruction Memory

016001000010100 witeback enabl, address. valu
ttom) - goss 1 Both mamadis

0101000001011

1010011010110 |

100101110000001

PC=1
Read Instr. Mem at
1

Decode

T ,.k (Siots)
W @ la
0005~

[ (1n0 bits are read address
of mory only)

(1nt bits are read address
of gt )

o —

001
0000)| Fncien b

From Input

42

(registers)

writeback

enable _address vaue

Input0 @
b




ANIMATE

43

ANIMATE

(Program
Counter)

PC=2
Another read

Writeback, update
PC

45

ANIMATE

Adaress
(Program

Counter)

writeback
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Instruction Memory
0000000000000
000000001000001
000000010000010
010001000001010
010001001010100
0101110111001

2 om bottom) ~- goes to both memories.
pomo |
Caflrl | soortiooooet -
PC_1 AN | o)
I3
H 000 [71 " [ (1 bits ave read acress
Read Instr. Mem at ey
1 o = " e memory ony)
\nguluab
Decode it
s
From Input porkd
Writeback and 0 o
update PC o o}
. b oot
43
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Instruction Memory

0000000000000
000000001000001

010001000010100 writeback enable, addess, value

from bottom) -~ goes to both memaries

Data Memory
(Slots)

h
2

0101000000101
010110011010110
100101110000001
100101101000000

B ot

L] 000

(Int bits are read address
of y

(1n0 bits are read address
ofleft memory only)

Input 7

0 Outputo
Output 1

Ouput2

0 Output 3
Output 4

Output 5

c Ouput6

Output 7

enable _address value

(registers)
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Instruction Memory

0000000000000

0
0101110110001
010001000010100 writeback enable, addess, val

lue
from bottom) -~ goes to both memaries
0101000000101

1011001101010

47

PC=3 T 1 % ot
. ‘ Ul 001 s [r—
Writeback and i
update PC —
Inputo @
Ty 1 B
000 b oo ©
0 o7
(registers - adb, Qupre
47

ANIMATE
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Instruction Memory

0000000000000 |

w!

010001000010100 writeback enble, address, valus

2 from bottom) - goes to Both memaries
Adaress | 010110000001011
(Program

Sountar

010110011010110 ‘
100101101000000

PC=2

Another read

g Lo
H 000 [ 1 1 e st atres

of nght memory only)

(1n0 bits are read address
[] ot et memory ony)

o

010

Function

writeback

44

ANIMATE

o
0
c
(regisers) -

1000100001010

enable _address vaie
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Instruction Memory
0000000000000 |

writeback enable, addess, value
from bottom) - goes to Both memaries

Counter) 100101110000001
Pc_3 wre) ,.é (Siots)
= & A
1| o018~ B
L F—
no [T]  of left memory only)
000 muoa
b b
0001]| e
&b
o
o
0
o
(registers) T - ad&b

46

Instruction Memory
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sooa00000000000
oy
PROCESSOR goosasceioosest
o
giseeioeteigios
010001000010160 oo 2 et 2 b memories
. . acess | ot tooontons
Continue this B |
P—
sequence Lo e
Given PC " it it s g acress
- o [ ] gt ot aiaos
Read from Instruction e
Memory o
ok
Instruction bits control Forcton et
the datapath (memories, o s
function, muxes) T nput 7
Read from data memory ot
onpa2
Perform operation gusgugi
Write results back to g Gt
memory; update PC i oues?
whehak  enahl aies e

Output 7

3/16/22
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BAS'C ID'QM UNIVERSAL Instcton Wermory

'300000000000000

PROCESSOR & b
Repeat:

010001000010100. ‘writeback enable, address, valuo

(irom bottom) — goes 1o both memories
Data Memory
(Slots)

[ (in1 bits are read address
o1 ight memory anly)

Address | 0101000000101
(Program | 010110011010110
Counter) | 1001011100000

100101101000000

Read gate values from memory
Perform operation on gate
Write result back to memory

Can change
computation ] (o e s rendagss
simply be
changing contents o

of instruction

|
memory

o
oo b S

Function

witeback

enable address value

49
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Instruction Memory

200000000000000

010001000010100.
0101000000101
0

writeback enable, address, value
(irom bottom) —— goes o both memories

Single active
compute element

Look at Instruction-Level code for ARM

100101101000000

(programmable a8\ Understand performance from instruction-level
gate) / (In| bits e read address Code
Sequence in time 4H H “"j,i‘z‘"s*‘m“:"“’ff“s
Store state in oo
memory e i s
. 1 Input4.
Use Instruction o s
memory to select o7
and sequence vt
operations Ovouts
Oas
Can compute a oupus
large number of BN o7
ates b erabs s
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BIG IDEAS LEARN MORE

Can implement large computations on small CIS240 — processor organization and assembly

hardware by reusing hardware in time CIS471 — implement and optimize processors
Storing computational state in memory Including FPGA mapping in Verilog

Can store program control in instruction ESE370 — implement memories (and gates)

memory

using transistors
Change program by reprogramming memory

Universal machine: Stored-Program Processor
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REMINDERS

Feedback
Lab 7 today

55
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