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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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LECTURE TOPICS

Setup

Where are we?
Memory

One-gate processor
Next Lab
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ECONOMY AND UNIVERSALITY

need?

by our hardware?

7,89

COURSE MAP

What if we only have a small number of gates?
OR ... how many physical gates do we really

How do we perform computation with minimal hardware?

How do we change the computation performed
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COURSE MAP — WEEK 9
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QuICK REMINDER
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MULTIPLEXER GATE ©

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

4~ a4 4 s 000 o
. 2 00 =~ 20 o
.~ 0~ 0 =~ 0 =~ o
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 o

Depend on past inputs
Reuse hardware in time
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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

output

select
inputs

- 2 o o
- o =~ o
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NAND UNIVERSALITY

Can implement any combinational logic
function out of a collection of NAND2 gates
Or AND, OR, NOT combination
Or Programmable MUX gates




3/18/21

ESE150 Spring 2021

PRECLASS 1

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

How many gates?

MEMORY
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KEY ENGINEERING PROPERTY

Store state compactly in memory

A(memory cell) small Din
A(mem) < A(gate)
Write
Depends on few
inputs/outputs WA N1
Memory cells share e

inputs and outputs
Look inside next time

Dout
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PRECLASS 1 IN GATES
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RANDOM ACCESS MEMORY

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

Write'
[ p——
Notation: RA ———
slash on wire
means multiple bits wide Dout

ONE-GATE PROCESSOR
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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 value from memory
Perform operation on gate
Write result back to memory

In0

Function

Physical, Programmable Gate —
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OPERATION

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

In0

U WN
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OPERATION SEQUENCE

[O[L1]2][3T4[5]6]
‘a‘b‘c‘ﬂ‘t?‘nl‘(ﬁ‘ ‘

Instruction Fields

C Description Type [Functionn0fin1
a=getInput(0); read input 0 and put in slot 0 READ|NONE [0 |0
b=getInput(1); | read input 1 and put in slot 1 IREAD|NONE |10
c=getInput(2); read input 2 and put in slot 2 READ|NONE [ 2|0 2
ti=akb; ["read value in slot 0 and value in | GATE| ANI

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 |12
C step? slot 2, perform an AND on the val-

ues, and store into slot 4
ti=t1t2; read value in slot 3 and value in | GATE| OR |3|4]:

slot 4. perform an OR on the val-

ues, and store into slot 3

t2=ac; Il Missini description? |GATE| AND |0]2 |4
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OBSERVE

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
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INSTRUCTION

Call this specification an instruction

Instructs the programmable,
reusable operators on what to perform

Function
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INSTRUCTION

o
op RA RA 2wa

Call this specification an o 12
instruction
Instructs the
programmable,
reusable operators on =l
what to perform

Function
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EXPANDING THE STRUCTURE: OUTPUT

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

Add way to load a
designated output
register

Data Memory
(Slots)

Function
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FILLIN MISSING INSTRUCTION

Instruction Fields

Description Type Functionnolioud |0 [ 1[2[3 4[5 6[7]
read input 0 and put in slot 0 READ|NONE 0(0]0] [a|[bc[tl[t2]ol[02] |
[ read input 1 and put in slot | |READ|NONE |10 1

read input 2 and put in slot 2 READ|NONE |20 2
0 and value in | GATE| AND

on the val-

read value in

1 and value in | GATE| AND |1[2]4

AND on the val-
ot 4 S
ti=t1lt2; [ 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; GATE| AND |02 4
ol=t1|t2; read value in slot 3 and value in | GATE OR 31415
slot 4, perform an OR on the val
ues, and store into slot 5
ti=a'b; read value in 1 value in | GATE| XOR [0[1]3
s he val-
u
02=t1%c; re 1 value in
sl on the val
ue

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

EXPANDING THE STRUCTURE: INPUT
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Data Memory
(Slots)

Ino

Function

value

Group the full e
control into
instruction

Set of bits that

tells the structure
what to do

EXPANDED CONTROL = INSTRUCTION

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

wiiteback

GateOp

Data Memory
(Sots)

(In1 bits are read address.
B of ight memory only)

(In0 bits are read address.
of left memory only)

(registers)

enable  address value

INSTRUCTION BITS

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

(registers)

writeback

Type GateOp
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l| l U 010001000001
witchack dnabie, Horess, valve

(irom bottom) - goes to Both memories

GATE| AND

Data Memory
(Siots)

(In1 bits are read address.
B of right memory only)
(In0 bits are read address
of eft memory only)

enable address value
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INSTRUCTION BITS EXAMPLE NOTE WRITE

Jacress, value
foes to both memories.

ricback enabic

Fillin Missing GATE| AND 1 010001000001

Type GateOp

Note write enable

READ=00; GATE=01; WRITE=11; Eegleback for next
AND=0001; OR=0111; XOR=0110; NONE=0000; SEL0=0101 Y
Also address, value

Data Memory
(Stots)

(Imt bit o read adress
= of right memory only)

(In0 bits are read address

of left memory only)

t1=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 |02 |4 | 010001000010100 Quto
ol=t1]t2; read value in slot 3 and value in | GATE| OR [3 4|5 Output 2
o) 6 v Output 3

slot 4, perform an OR on the val- Output 4

ues, and store into slot 5 Output 5

(registers) Output &
Output 7

r— adtess vaus

INSTRUCTION SEQUENCE CONTROL INSTRUCTION
bl
o Behom = gos to bt memories M EMORY Slo0000010100
. Type GateOp agoss | 0101100000101 {irom botom) -~ goas o both memries
How provide the ol Cogan | onoonoie
sequence of S——
q Int lots)
: R F1H] e e Add Memory to Hw
instructions? 10 bis ao ead acress s iarerozg a«av§ss
o momoyany) hold set of s L
at Instructions -
Funcion o2 st
o Note contents match Functon iz
s table on p. 2 of - e
Output 0 preCIaSS e
Output 1 Type==WRITE Output 0
ooz Counter to oo
oot sequence oot
o instructions R
writeback enable  address value writeback enable address value
33 34
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Instructon Memory

ANIMATE | ANIMATE |

0D000DODOD000D.

0000000010000
000000010000010
010001000001010 010001000001010
010001001010100 010001001010100
010111011100011 0101110111001
010001000010100 value 0 010001000010100 writeback enable, address, value
from botiom oth mem from bott
010110000001

‘9085 1o both memories
A 01 010110000001011
ogram | giotiooTioiot n 010110011010110
Counter) | 1001011100

0000 100101110000001
160101 107050600

Start at PC=0 = Start at PC=0 ‘
| read 000 [ [ (1 bis ave read acarass
— Read Instr. Mem at S=EaT G
ot 0 000 1 T
s (also compute next 0000)| Fcen
= = PCbyadding 1) ool i =
- IT . J ouuro J Ot 0
+ foe + .
) ] o 35 ‘ " - o 36
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Instructon Memory Instruction Memory

000000000000000 | 0000000000000
000000001000001
0000000

Smmenoroo0ey
ceeehos Simeataseth
Smeeoree et
Rt it
1 | SerTienoses 1 | Sieee et
Siobtansororo R —— ibiarcssston T ——
0 o ka2 o s b amores 0
asess | ororsoooonos

‘g0s 10 both memaries.
010110000001011
(Program | 010110011010110

(Program 1
Counter) | 100101110000001

Start at PC=0 - £ g Start at PC=0 : H b
000 [T [ (1nt bis ave read acress

Memary

. 000 [ [ (1 bis ave road acarass
Read Instr. Mem at = Koo Read Instr. Mem at

(100 bits ave read address
0 wo H Dl e o a0 0 no [ o eft memory oniy)

000 &7 4 inputo@ 000
Decode 000Q)| Fcin o Decode 000 i_T ]
ol o From input i -

T T |
o) Ouput 0 0
L il Ouput 1
Output 2
Ouput 3
Forerts oo |
Ouput 5
. Output 6 a
(regisers) T ot (registers)
\
wriback _enable _aaress vaive witeback .
37

ng 2021 ing 2021

Instructon Memory

ANIMATE e ANIMATE

Instruction Memory

§16001000016100 wibeck onsble, adiress. ol witoback snsbl, addros, valoe
1 (vom Sohom, - gocs o So memaries 1 oo et 1o b memories
Program 0 {Program
&afen | Toptortiogoooor
1851311375000%0

Start at PC=0 P A g PC=1 ﬂ f
000 [77'* [7] (1t bis ave road acsress
Read Instr. Mem at o menc

oy ony) 000 [ [ it bis e read acress

ot Read Instr. Mem at

=M 4t memory only) w H H “”;.;l:lls:;&mv;i’dhlnﬁvess
0 1
000 I wosoa
Decode 0000!| Feeson s s .
- | Input 4

From input ool e ' s 00

Type--ErD |4 Input 7 \y.pe,,zm 1
Write Back [ Y —— o

L | Ouput 1 P
Update PC o et )

. a Osas a
0
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Instructon Memory

e Mamory

cooo000ooooeen | ooo0000000oneo

C | Gommeneotoone? ot

S0000010 Smmmatacets

Bt S baetnibio

Rttt ettt

SN taars oo onee

BRI T —— 1 6obtboobision B ——
1 et s 2 e Sotam o= G s b e

s | oronoooeorons ororsamooonons

Son | Sloriconsonatty | Seliaenerts

it - {6bioHorapenee
— Pt & {Siots) —
PC=1 & PC=1

e L 11l 0008 B o e
Read Instr. Mem at 1 i Read Instr. Mem at |

1 o [ "ofieft memory only)

001

o :W?% 001
Decode 0000 fucton ) _: Decode 0000)| rtn
From Input O ' oes From Input ol o

”

1
10 Writeback and |0
o) update PC

of left memory anly)

1 o | (n0 bis e read acress

Output
(registers) B

wrieback _enable address

\
wieback enable _address
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ANIMATE

PC=2
Another read

ANIMATE

Instructon Memory

000000¢

Coomeny

100101

000000000

010111011100011
0100010001010

0101100000101
010116011010110

110000001

100101101000000

|

0002 = B

wiiteback enable, address, value
drom bottom) - goes 10 both memaries

Data Memory
,& (Stots)
a

(In1 bits are read address

o

its are read address
laft memory only)

000

o010 L U]

Function

—

00

Type--READ |

TT

Type-WRITE

writeback

out

1

0

Instruction Memory

900000000000000
00010¢

00001

25050001 0000010

enable _address
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Inputo @

input1 b

Input7

Ouput0
Output 1
Output 2
Output3
Ouput4
Ouput§
Ouput &
Ouput7

43

10001001
010001001010100
0101110111
0100010001010 witeback snabie, adoress, value
rom batam) o both memaries
Adaress | 0101000001011
(Program | 010110011010110
Comten | 1381811005000
Data Memos
- 7 1 Sow)
- a @
bl
001 /" [& 1ead sdress
memany only
read aadress
sl 2mory only)
000 5 input0 @
a_I, Input 1 b
0001!| Foncton Input2 ¢
a&b nput 3
! Input 4
Inputs
01 Ow s
Type. Input 7
T
e-WRITE [—) Output 0
[ Pt
Ouput2
ot Ouputa
Ouput 4
Ouputs
(rogisters) a&b, Output
egiste e oupa?
wrieback _enable_address value

PROCESSOR

Instruction Memory

0000000000000

000000010000010
010001000001010
010001001010100
0101110110001
1000100001010
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writeback enable, address, value
tom) —— goes o Both memories

Continue this o | BeS
e aooooott T
sequence b e
Given PC [ 1 v s s
. no | (In0 bits are read address
Read from Instruction " o et memary oly)
Memory o
o
Instruction bits control foton o
the datapath (memories, - 332535
function, muxes) Typo-—rERD | o7
Read from data memory | mpe—ware Quo
Perform operation s
Ouprd
Write results back to oo vt
s b b
memory; update PC Oupn?
wicback  anae aness e
47

ANIMATE

PC=2
Another read

Writeback, update
PC

ANIMATE

PC=3

Writeback and
update PC

BAsIC IDIOM

Repeat:

Read gate value from memory

Perform operation

00
35300010
010001000001010
010001001010100
0101110111001

4 010001000010100.

Instruction Memory

0000000000000

000000010000010

010001000001010

010001001010100

0101110111001

010001000010100
Adar

010110000001011

0101100110101

0010111000000
0010101000000

Counter)

writeback enable, addvress value
‘g0s 10 both memaries.

I

00087 B 1o s
night only)

L] (oo pis o eau sares

010 put0 @
—J 1 b
| rose . o ©
: iputs
s
fherh
t u nput 7

Instruction Memory

$00000000000000

Adaress | 010110000001011
(Program | 010110011010110
Counter) | 100101110000001

100101101000000

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

vale

sback ensble, adrese. value
goes 1o Both memaries

I

d addrass

ight memary only)

(1 bt are ead adress
4t memory only)

000

Function

01l

Inputo @
-y o1 b
o2 o

&b ot

ot

phont

s

opa?

[ |6
Y
il

(registers)

writeback

on gate

Write result back to memory

Ouputo
Output 1
Output 2
Output 3
Output 4
Output s
a&b Output s
Output 7

valve

In0

Function
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Instruction Memory

UNIVERSAL
PROCESSOR

0000000000000

010001000010100 writeback enable, address, value

(Irom bottom) ~- goes o Both memories
Address

(Program
Counter)

0101000000101

100101101000000 Data Memory
T Siots)

Can change
computation
simply be
changing contents
of instruction
memory

(It bits are read address
of ight memory only)
(In0 bits are read address

of left memory only)

Input 0
Input 1
Function Input 2
Input 3
Input 4
Input §
Input 5
Input 7.

Type==READ

oupuo
o
oupu2
Oupaa
oupu 4
Oupu's
et e

Type==WRITE

witeback  enable addross value
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NEXT LAB

Look at Instruction-Level code for ARM

Understand performance from instruction-level
code

Lab 8 posted on syllabus

=
LEARN MORE

CIS240 — processor organization and assembly
CIS471 — implement and optimize processors
Including FPGA mapping in Verilog

ESE370 — implement memories (and gates)
using transistors

REVIEW

Single active

(programmable
gate)

Store state in

BIG IDEAS

memory

compute element

Sequence in time

Instruction Memory

0000000000000
0

010001000010100.

0101100000101
010110011010110.
1001011100000
100101101000000

Address
(Program
Counter)

3/18/21
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writeback enable, address, value
(Irom bottom) - goes to both memories.

Data Memory
(Slots)

(Int bits are read address

of right memory only)

(In0 bits are read address
of left memary only)

memory Focten vt
Use Instruction ‘,,:
memory to select TyponREAD o7
and sequence Tpe-owRe Supo
operations onpas
Can compute a E;’:G
large number of (egses) g ouput7
ates witoback  onale abses vako

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

Storing computational state in memory
Can store program control in instruction

Change program by reprogramming memory
Universal machine: Stored-Program Processor

REMINDERS

Feedback

Lab 7 due today
Lab 8 Monday
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