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How PROCESS ECONOMY AND UNIVERSALITY
How do we build a machine to perform these What if we only have a small number of gates?
operations? OR ... how many physical gates do we really

From Digital Samples - compressed digital data > need?

Digital Samples How do we perform computation with minimal hardware?

With simple gates and registers How do we change the computation performed
can build a machine to perform any digital computation by our hardware?

...if we have enough of them.
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QUICK REMINDER

MULTIPLEXER GATE s

MUX 0
When S=0, output=i0 i
When S=1, output=i1

4~ a4 4 s 000 o
. 2 00 =~ 20 o
- o~ Bl = e = B
4~ 0 20 =~ 20 o
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STATE ELEMENT

Latch or Register is a state element
Allows circuit to remember a value
Build computations that

Depend on past inputs
Reuse hardware in time

input

clock

output
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Mux cAN BE A PROGRAMMABLE GATE

Programmable Gate
Can be programmed to act as any gate
Use state (e.g. FF) to “program” truth table of a gate

E output

select
inputs

L
11

N el =)
- O = O
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UNIVERSALITY

Can implement any combinational logic
function out of a collection
AND, OR, NOT gates

Or Programmable MUX gates
Can program as AND, OR, NOT...

12
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PRECLASS 1

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

How many gates?

13 14
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RANDOM AcCESS MEMORY (RAM)

A Memory:
Series of locations (slots)
Can write values a slot (specified by address, WA)
MEMORY Read values from (by address, RA)
Return last value written

WA —
Notlatiﬁn: ] RA ——
means multiple bits wide Dout
. ]
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 WA TN
Memory cells share RA ——x—

inputs and outputs
Dout

17 18
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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

19
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BASIC IDIOM

Repeat:

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

ESE1500 Spring 2023

Memory

In0

Function

/'

Physical, Programmable Gate

20
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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 o

Physical, Programmable Gate

OPERATION SEQUENCE

[0]1]2][3]4
‘a]b|c‘tl‘t2

Tastruction Fields
Description Type [FunctionIn0fin1Ont

a—g

etInput(0); read input 0 and put in slot 0 READ|NONE|[0]0] 0

etlnput(1); || vead input 1 and put in slot 1 READ| NONE | 1 [

c=getTnput(2);

0
read input 2 and put i slot 2 READ|NONE 20 2
T

23

tl=akb; read value in slot 0 and value in || GATE| AND
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
ti=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; !\/hssmci description? GATE| AND |0 ]2 4

OPERATION

ESE1500 Spring 2023

0]
‘a‘b

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

In0

S L WN

22

OBSERVE

24

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?)

ESE1500 Spring 2023

Function
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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
what to perform

on

ESE1500 Spring 20

o
op RA RA £wA
o 1 =
— int —
no H
Function

26
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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)

In0

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

Function

value

ESE1500 Spring 2023

EXPANDED CONTROL = INSTRUCTION

writeback enable, address, value
(ifom bottom) —— goes to both memories

Group the full
control into
instruction

Set of bits that
tells the structure
what to do

Data Memory
(Siots)

(In1 bits are read address

= of right memory only)

(In0 bits are read address
of left memory only)

Function

(registers)

writeback  enable  address value

EXPANDING THE STRUCTURE: OUTPUT

Add way to load a
designated output
register

Function

ESE1500 Spring

writeback enable, address, value
(irom bottom) —-'goes to both memories

Data Memory
(Siots)

ESE1500 Spring 2023

Tastruction Ficlds _ —
c Description Type [FunctionTofuioue [0 [T]2]3 T4 [5T6 7]
a—getlnput(0); || read input 0 and put in slot 0 READ|NONE o]0 0 [a|b|c|tl[t2]ol 02| |
read input L and put inslot 1 |READ|NONE 1[0 1
vead input 2 and put in slot 2 READ | N 2l0 2
Toad valte i slot 0 and value n | GATE| AN 1
slot 1, perform an AND on the val-
wes, and store info slot 3
read value in slot 1 and value in | GATE| AND | 1[2 4
slot 2, perform an AND on the val-
nes, and store into slot 4
timeilez; Tead value T slot 3 and valie i | GATE| OR 3[4 3
slot 4, perform an OR on the val-
ues, and store info slot 3
t2=akc; GATE| AND 0|2 4
ol=t1[t2; read value in slot 3 and value in [GATE|[ OR 345
slot 4, perform an OR on the val-
ues, and store info slot 5
ti=ab; read value in slot 0 and value in | GATE| XOR 0[1 3
slot 1, perform an XOR on the val-
02=t1°c; id value in
‘ rform an XOR on the val
ues, and store info slot 6
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GATE| AND 1 010001000001

ESE1500 Spring

INSTRUCTION BITS INSTRUCTION BITS EXAMPLE

writeback anable, Hddress, value
(irom bottom) — goes to both memories
In0 In

Instructions are ™ = Fillin Missing GATE | WAND 10112 010001000001
. . s
just a set of bits

T 2 bit I (ot it aroroad s READ=00; GATE=01; WRITE=11;
ype — Its I

ﬁ (ngie s e e AND=0001; OR=0111; XOR=0110; NONE=0000; SEL0=0101
GateOp — 4 bits |

t1=t1lt2; read value in slot 3 and value in [GATE| OR |34 3 [ 0101101110001
In1 — 3 bits slot 4, perform an OR on the val-
ues, and store into slot 3
Assume 8 slots
In2 - 3 bits t2satic; GATE| AND |02 4 | 010001000010100
ol=t1[t2; read value in slot 3 and value in || GATE| OR [3|4 5
Out — 3 bits slot 4, perform an OR on the val-
ues, and store into slot 5
(registers)
witeback  enable addess vl
31 32
31 32
ESE1500 Spring 2023 ESE1500 Spring
NOTE WRITE INSTRUCTION SEQUENCE CONTROL
acoss, vaiuo \ihadk onable, acress, valuo
AT SOTOM 2= oes fo o emries
00 int

(irom bottom) —- goes to both memories
In0 In1
Type GateOp

Note write enable

Fed back for next
cycle

Also address, value

Data Memory

f How provide the
sequence of

B of right mermory only)

g s s instructions?

Type GateOp
Data Memory
(Siots)

(In1 bits are read address
I of right memory only)
(In0 bits are read address
of left memory only)

Input0 Input0
input 1 Input 1
Input2 Fonction nput2
Input3 nput 3
Input 4 Input
Input 6 Input 6
Input nput S
Input 7 nput7
Output 0 Output 0
Output 1 Output 1
A ouput2 Ouput 2
9 Output 3 Output 3
Ouputa Ouiputs
Output 5 Output 5
(registers) - Output & (registers) - Output &
Output 7 Output 7
witeback adess vave witeback  enably address vae
33

34

ESE1500 Spring 2023

Spring 2023
Insiruction Memory

INSTRUCTION 0GTERE0003

Address | 010110000001011
(Program | 010110011010110
Counter) | 100101110000001

100101101000000

AAAAAAAAAAAAAA e ANIMATE —
EMORY 010001001010100 N

000"
0
writeback enable, address, value 010001001010100
(from bottom) - goes to both memories. 1

writeback enable, address, value
bottom) -- goes 1o Both memeries

vess | ot0110000001011

s | oottt

Date Memory (oo | Saptaido00nss
gt

Add Memory to

Bl Start at PC=0 AN

hold set of == £
Instructions -, m H e
Note contents match Funcion oz

— pherk
table on p. 2 of

Function

i
preclass on

ter t ot 1 -

ounter to oy

sequence o o

H H (egisters) o Qupute : Output 5

instructions s b Ll
writeback enable address value 2

35 36

35 36



ANIMATE

Start at PC=0

Read Instr. Mem at
0

(also compute next
PC by adding 1)

37

wiiteback

Instruction Memory

0000000000000
000000001000001
000000010000010
010001000001010

010001000010100

ve: 0101000000101 1
(Program | 010110011010110
Counter) | 100101110000001

100101101000000

I

ESE1500 Spring 2

writeback enable, address, value
(from bottom) -~ goes to Both memries

Data Memory
RA (Slots)

[] (in1 bits are read address

of right memary only)

It read address

00 bi
of left memory only)

0000]| *

000

unction

Input7

Ouputo

Output 1
Ouput2
Ouput3

Ouput4

(registers) -

enable _address

Ouputs
Ouput &
Ouput7

vae

37

ANIMATE

Frogram
Coontery

Start at PC=0

Read Instr. Mem at
0

Decode

writeback

38

Instruction Memory

0000000000000

38

1001000010100

0101000000101
010110011010110
100101110000001
100101101000000

I

writeback enable, address, value
trom bot

m) -~ goes 1o Both memaries

Data Memory
(Slots)

[ (1n1 bits are read acdress

of right memory only)

(In0 bits are read address
of eft memory only)

000

Function

put0 @

Input 7

Output 0
Ouput 1

(registers)

ensble _address

valve

ANIMATE

(Program
Counter)

Start at PC=0

Read Instr. Mem at
0

Instruction Memory
0000000000000
o 0001

010001000010100

0101100000101 1
0101100101010
100101110000001
100101101000000

E1500 Spring 202

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

Oata amery
T X (Slots)
1 = = P—
o ey o
(o0t s rasd svess
o = 1 R memory on)

Inputo @
Decode 0000]| Freen nput 2
a
From input o
1 Input 7
Output 5
a Output 6
39
ESE1500 Spring 20
ERRTE
T
e
2 | oto111011100011
1 ramotom < goe 1o 5oh mamaries
e (R
PC=1 i 8
W 000 " [ o s e s s
Read Instr. Mem at o o
1 ino [T]  of left memory only)
001 rpsed
Input1 b
0000 | Funcion Input2
00 o
[pmrino -4
o
. o Output 0
bl Output 1
0 Output 3
a Output 6
41

41

40

ANIMATE

(Program
ounter)

Start at PC=0

Read Instr. Mem at
0

Decode

From input
Write Back
Update PC

writeback

0d

[ro-reno -4
o

Instruction Memory

000000000000000.
000000001000001

010001000010100.
0101000000101
010110011010110
100101110000001
100101101000000

writeback enable, address,

; IR
M owof?-2

I

alue
tom) - goes to Both memaries

[T (1nt bits are road address

of right memory only)

o

(In0 bits are read address
[ "ot lft memory ony)

000

Function

Inputo @
Input 1
Input 2
a Input 3
Input 4
Input &
Input§
Input 7

(registers)

Tn

ensble _address

Ouputo

Output 1

Ouput2

Ouputa

Output &

Ouput s

a Ouput 6
Output 7

valve

42

ANIMATE

!

(Program
Counter)

Instruction Memory

0000000000000
000000001000001
000000010000010.
010001000001010
010001001010100
0101101110001

010001000010100.

0101000000101
010110011010110
100101110000001

100101101000000

PC=1

Read Instr. Mem at
1

Decode

I

writeback enable, address, value
9

(Int bits are read address

Both mamories

Data Memory
(Stots)

of right memory anly)

(In0 bits are read address
of eft memory only)

001

Function

From Input 00

[opemsero |4

Type. “u o

(registers) -

writeback

ou

Input0 @
input 1 b

00

enable _address




ANIVMATE

2

(Program
Counter)

ESE1500 Spring 2023

Instruction Memory

0000000000000

010001000010100

0101000000101 1
010110011010110
100101110000001
100101101000000

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

PC=1

Data Memory
(Siots)

Read Instr. Mem at
1

Decode
From Input

Writeback and
update PC

wiiteback

43

(registers)

memory only)

(1n0 bits are read address
[7] "ot eft memory only)

no

001

Function

Ouputo

enable _address

Output 1
Oupu2
ouputs
Oupt4
ouputs
b Ouput 6
- Oupa 7

vae

43

ANIMATE

2
PC=2
Another read

44

Instruction Memory

010001000010100.

o 010110000001011
(Program | 0101100110101 10
Counter) | 100101110000001

100101101000000

0000000000000

ESE1500

writeback enable, address, value

I

rom botiom) - goes 1o both memaries
Data Memory
_5 (Stots)
a

0002 B

(Int bits are read addrass

of right memory only)

I are read address

00 b
0 = [ "ot it memory o)

000

put0 @
input 1 b

010
—

Function

00
=y

Input 7

Output 0

(registers)

ou
1
0
To

writeback

ensble _address

valve

47

ANIMATE

Instruction Memory
0000000000000
000000001000

0101110100011
010001000010100

ESE1500 Spring 2023

writeback enable, address, value
trom bottom)

Counter) | 0161109500000
PC=2 5 g
I
W 000f¢
Another read e o
0 [ [ "ot left memory only)
, Up 010 nputo@
PC [T Input 1 b
0000, | Fereten | c npua €
—
E——H
00l o
[rwo-rero |4 S———
=
Type--WRITE | Output 1
Output 5
c Output 6
e
T
4 ramotom < goe 1o 5oh mamaries
PC=3 )
| e s
Writeback and —
pdate PC
Inputo @
Input1 b
0007 | Funcion Input2 ¢
&b —— Input3
(registers) a&b Outpune
47

ANIMATE

PC=3

46

(Program | 01011001 1010110
Counter) | 100101110000001
100101101000000

Instruction Memory
000000000000000.

000000001000001
000000010000010.
1008 ot

0101110111001
010001000010100.

0101000000101

writeback enable, addr
tom)

alue
‘9085 10 Both memaries

Data Memor
(Siots)

(I bits are read acdress

[

of right memory only)

(In0 bits are read address
[ "ot lft memory ony)

000

Function

T
Type--\

Inputo @
b et b
npurz ¢
b Inputa
Input 4
nputs
oputs
Input 7

(registers)

writeback

ensble _address

Output0

Output 1

Output2

Outputa

Output 4

Output s

a&b Ouiput &
Output 7

PROCESSOR

Continue this
sequence
Given PC
Read from Instruction
Memory
Instruction bits control
the datapath (memories,
function, muxes)
Read from data memory
Perform operation
Write results back to
memory; update PC

Address
(Program
Countor)

Instruction Memory.

1500 Spring 2

000000000000000
000000001000001
000000010000010
010001000001010
0100100101010
0101110110001
0100010001010 witeback enable, address, value
{{rom botiom) -~ goes to both memories
0101000000101 1
010110011010110.
100101110000001
1010110100000 Data Memory
(Siols)
1™ [ nt bits are read address
o oniy)
(0 bis are read address
0 | [ ot it memory oniy)
Input o
nput 1
Funciion nput 2
Input 3
nput 4
input 6
e Input 5
Type=-READ nput 7
- Output0
Type=-WRITE P
Ouput2
Output 3
Output 4
Output'5
Outputs
(registers) " o

witeback  enable address

48
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BAsIC IDIOM

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

In0

Function

49

ESE1500 S

Instruction Memory
0000000000000
0000000100001
000000010000010
010001000001010
1000100101010
0101110110001
010001000010100

010110000001011

REVIEW

writeback enable, address, value
(irom bottom) — goes 1o Both memories

Single active
compute element

100101101000000

(programmable
gate)
Sequence in time
Store state in
memory P
Use Instruction on
memory to select iput 7
and sequence oty
operations Ovouts
Can compute a prot
large number of fesses) | oupa?
ates ‘writeback enable address value
51
ESE1500 Spring 2023
BIG IDEAS

Can implement large computations on small
hardware by reusing hardware in time

Storing computational state in memory
Can store program control in instruction
memory

Change program by reprogramming memory

Universal machine: Stored-Program Processor

53
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UNIVERSAL
:
LKOCFEF220K 010001000010100 ‘writeback enable, address, v:
{from bottom) -~ goes to both memories.
T (Slots)
Can change H
computation
w O
simply be
changing contents it
of instruction s
memory a7
(ragistors) N g::s:: ¢

50
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NEXT LAB

Look at Instruction-Level code for ARM

Understand performance from instruction-level
code

52
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LEARN MORE

CIS2400 - processor organization and

assembly

CIS4710 - implement and optimize processors
Including FPGA mapping in Verilog

ESE3700 — implement memories (and gates)

using transistors

54
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REMINDERS

Feedback
Including Lab from Monday

55
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