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This presentation Is based on:

MIT Open course ware "Computation Structures”
oy Dr. Christopher J. Terman.

e References:

Chris Terman. 6.004 Computation

Structures. Spring 2017. Massachusetts
- MIT Open course ware Institute of Technology: MIT
OpenCourseWare, https://ocw.mit.edu.
- MIT6.004 2020 License: Creative Commons BY-NC-SA.

- Slides by Prof. Shmuel Wimer Technion/BIU

In particular we will discuss material from:

https://ocw.mit.edu/courses/electrical-engineering-and-computer-science/6-004-computation-
structures-spring-2017/c9/c9s1/#1

See 9.2.1,9.2.2 @ MIT open course ware site


https://ocw.mit.edu/courses/electrical-engineering-and-computer-science/6-004-computation-structures-spring-2017/index.htm
https://ocw.mit.edu/courses/electrical-engineering-and-computer-science/6-004-computation-structures-spring-2017/index.htm
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 We shall concentrate first on this.
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S Status Control S’ Out
Current input one L L, ALU Next Register
state Func state output
IDLE 0 X 1 0 - IDLE X
IDLE 1 X 1 0 - START X
START X 0 0 1 A SUM A+B
START X 1 0 1 A DONE A
SUM X 0 0 1 A+B SUM A+B
SUM X 1 0 1 A+B DONE A+B
DONE o) X 1 0 - IDLE A+B
DONE 1 X 1 0 - START A+B
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Next

|| State “ State
Registers
Combinational
T U1 Clock P4 Logic
In f" i
Input Output

* Engineered cycles

* Acyclic graph

 Works only if dynamic . L el
discipline obeyed Obeys static discipline

 Can be exhaustively enumerated
by a truth table of 2k*™ rows and

k+n output columns

e Remembers k bits for a
total of 2K unique
combinations



Main Components of a Finite State Machine
Mealy Machine — The output(s) depend on both the current state and system input(s).
Next L
State | state Output
Next State ’ utpu
W pe—y : — Output(s
Input(s) Logic > Memory | Current Logic PR
Vs 1 State 5
Clock // | \
The next state logic creates The state memory holds the The output logic creates the
the signal “next state” based current state. The current state system outputs. The output
on the current state and any is updated with “next state” on logic always depends on the
system inputs. This block is the rising edge of the clock. current state of the machine
implemented with This block is implemented with and optionally (Meally vs.
combinational logic. D-Flip-Flops. Moore) the inputs of the
system.
Moore Machine — The output(s) depends only on the current state.
Next
State
» State Output
Next S_tate M P — QOutput(s)
Input(s) Logic > emory | Current| Logic
State
Clock

Credit: Brock J. LaMeres, "INTRODUCTION TO LOGIC CIRCUITS & LOGIC DESIGN WITH VERILOG"
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BASIS OF

COMPARISON

Description

States

Output

Value Of
Output
Function

Reaction To
Inputs

Output And
State

States
Requirement

Hardware
Requirement

Counter

Design

MEALY MACHINE

Mealy machine changes its
output based on its current input
and present state.

Mealy machine will have same or
fewer states than Moore
machine.

Output is placed on transition.

The value of the output function
is a function of the transitions
and the changes, when the input
logic on the present state is
done.

Mealy machines react faster to
inputs. They generally react in
the same clock cycle.

Asynchronous output generation
through the state changes
synchronous to the clock.
Generally requires fewer states
for synthesis.

Requires less hardware to
design.

A counter is not a Mealy

machine.

Mot necessarily easy to design.

MOORE MACHINE

Output of Moore machine only
depends on its current state and
not on the current input.

It has more states than Mealy
machine.

Qutput is placed on transition.

The value of the output function
is a function of the current state
and the changes at the clock
edges, whenever state changes
occur.

More logic is required to decode
the output resulting in more
circuit delays. They generally
react one clock cycle later.

Both output and state change
synchronous to the clock edge.

Generally requires more states
for synthesis.

More hardware is required to
design.

A counter is a Moore machine.

Easy to design.
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FSM Example: Smiling Snail s cn s s o, 200

https://safari.ethz.ch/digitaltechnik/ g2022/lib/exelfetch.php?media=digita ign-comparch-2022-lecture7-hdl-verilog-afterlecture.pdf

A snail crawls down a paper tape with 1's and O's on it

The snail smiles whenever the last four digits it has crawled
over are 1101

Design Moore and Mealy FSMs of the snail’s brain

Moore
L
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D flip flop M1
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(a) Logic diagram with Nand gates

(b) Graphic Symbol
fig. Clocked D flip flop

QD Q(t+1)
00 0
01 1
10 0
11 1

A1}



Example: Factorial
factorial(N) = N! = N¥*(N-1)*.*1

C:
a = 1; NNNINN NIX 70 a
b = N; nLN 1972 NP b
do {
a=a ¥ b;
b=b = 12
} while (b != 0)
initially: a = 1, b=95
aftter iter 1: a = Byl = 8
atter iter 2: a = 20, b = 3
after iter 3: a = 606, b = 2
after iter 4: a = 120, b = 1
after iter 5: a = 120, b = ©

Done!



Example: Factorial
factorial(N) = N! = N¥(N-1)*.*1

C: High-level FSM:
a =1;
5 = N b’1-0
do { b? ==
®@ 00
b=b - 1;

} while (b != 9) a €1 a€a*b a € a
start: a< 1, be<s5 b € N b&b-1 b < b
loop: a <« 5,b<«4 — Helpful to translate into hardware
loop: a <« 20, b«3 — D-registers (a, b)
logps & ¥ B, A S — 2-bits of state (start, loop, done)
loop: a « 120, b « 1 i , ,
loop: a « 120, b « @ — Boolean transitions (b’==0, b’=0)
done: — Register assignments in states

(e.g.,a € a*b)



Datapath for Factorial

b 1= 0 ,
* Draw registers

b == Draw combinational
circuit for each
assignment

a €1 a€a*hb a € a . ;
b € N b & B - b e b Connect to input muxes
N
32»|’
Wasgi—4» WhsE— e\t 27
1 32
a b
[~ 132




Control FSM for Factorial

b’!=0 « Draw combinational logic for

transition conditions

O O e O « Implement control FSM:

— States: High-level FSM states

3 & 1 3 & 3 *b a3 & 3 — Inputs: Transition logic outputs
b & N b &b -1 b & b — Outputs: Mux select signals
1 N
Control [— wasg (2 bits)
l v FSM — WbSEL (2 bH‘S)
Waser—\o 7 27 Whser—\To 7 27 T »
¥ 1 Z 5 Z wdgg | whg, | S’
> a > b 00 0 10 00 0l
0 00 | 10 00 ol
‘ -1 1 0l 0 0l 0l 0l
* y 3 __ o [ 1 | o1 [ o1 | 10
+ 10 0 00 10 v
é— 10 | 00 10 10

MmN Z
XD N

IRV ARS!

nx
novnn
"2" ANNY7



Control FSM Hardware

In: 2"3 =8
Out:2+2+2=6 ROM
Total ROM size: 48 bits 8 locs x 6 bits ROM contents
IN o A[O] D[5:4] —— WaggL A[2:0] | D[5:0]
000 | 10000l
D|[3:2] f—— Wbgg|
00| 10 00 0|
> A[2:1] D[1:0] ol0 | o1 010l
Current Next o1 | oror10
state state 100 | 001010
10l | 001010
‘\\ 2 \.\\ )
inputs = ROM F——ocutputs
or
gates k
STATE NEXT
3 A \\
X S I |
A initial /
-l .
reset




So Far: Single-Purpose Hardware

* Problem—> Procedure (High-level FSM)->
Implementation

* Systematic way to implement high-level FSM as a
datapath + control FSM
— Is this implementation an FSM itself?
— If so, can you draw the truth table?

 How should we generalize our approach so we can
solve many problems with one set of hardware?
— More storage for operands and results
— A larger repertoire of operations
— General-purpose datapath



A Simple Programmable Datapath

asEL « Each cycle, this datapath:
T—ILE RO — Reads two operands (a, b)
> - from 4 registers (RO-R3)
"ILE — Performs one operation of
Wsg; R1 +, -, *, NAND on operands
— | 1'. . O . B
ptionally writes result to
. S R2 a register
P  Control FSM:
. R3
N B @ \_"aSEL
bse, — b
>Control _FOSEL
FSM _PWpSEL
1 ! I I SEL
+ . NAND =2 |\ e
| 2
OPse 0 2 3 / z




A Control FSM for Factorial

« Assume initial register contents:

* Control FSM:

©

asel=0
bsel = 1
opsel =2 (%)
wen = 1
wsel =0

RO € RO * R1

z::

O

asel = 1
bsel = 2
opsel =0 (+)
wen = 1
wsel = 1

R1 € R1 + R2

RO value
R1 value
R2 value

R3 value =

nn
[

|
|
Y

6 O

asel = 1
bsel =3
opsel = X
wen =0
wsel = X

asel = 1
bsel = 3
opsel = X
wen =0
wsel = X

N! in RO



New Problem = New Control FSM

You can solve many more problems with this
datapath!

— Exponentiation, division, square root, ...

— But nothing that requires more than four registers

By designing a control FSM, we are programming
the datapath

Early digital computers were programmed this way!
— ENIAC (1943):
« First general-purpose digital computer

* Programmed by setting huge array of dials and switches
* Reprogramming it took about 3 weeks



The von Neumann Model

 Many approaches to build a general-purpose
computer. Almost all modern computers are based
on the von Neumann model (John von Neumann,

1945)
« Components:

Central Processing Unit

- address status Input f
| e———— —
Main Control ¢ > Outpu

Méioti Datapath FSM

data control L

» Central processing unit:
Performs operations on values in registers & memory
* Main memory:
Array of W words of N bits each
* Input/output devices to communicate with the outside world



Anatomy of a von Neumann Computer

o 9
e

Internal storage

Datapath

«control

status

Control
Unit

address

F

d

k J

ata

F 3

address instructions

Main Memory

dest ﬂ

registers

asel

n—™

operations

bsel

status

o]

1101000111011

R1 «—R2+R3

nstructions coded as binary data

* Program Counter or PC: Address
of the instruction to be executed

* Logic to translate instructions into

control signals for datapath
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U.S. Army Photo.
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