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This presentation Is based on:

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

* References:

Chris Terman. 6.004 Computation
Structures. Spring 2017. Massachusetts

- MIT Open course ware Institute of Technology: MIT
' OpenCourseWare, https://ocw.mit.edu.
- M |T6004 2020 License: Creative Commons BY-NC-SA.

- Slides bdy 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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n'AX»NN N'7120

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 0 X 1 0 - IDLE A+B
DONE 1 X 1 0 - START A+B
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k 147
State j{ State
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Registers cCurrent
State Combinational
m Clock ;:}‘ Logic
m - I < "

Input

* Engineered cycles

e Acyclic graph

* Works only if dynamic . o 1imin]s
discipline obeyed Obeys static discipline

 Can be exhaustively enumerated

e Remembers k bits for a by a truth table of 2™ rows and

total {?f 21‘_ unique k+n output columns
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

Next State s State Output
, Wpe—y : — Output(s
Input(s) Logic > Memory | Current Logic put(s)
Pa 1 State a4
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 S
’ tate Output
et S_tate M L P — Output(s)
Input(s) Logic > emory | Current ogic
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

OQutput 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.

Qutput 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 cutput 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 ana vutu 107, 2022

https://safari.ethz.ch/digitaltechnik/spring2022/lib/exe/fetch.php?media=digitaldesign-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
o o
fﬁé%i 7y NIN 07770
A\ .
QF A\ .0'N'NN
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— D'710YN N2
C—p
(= Mealy
C—0
C—M :0'N'NN 7Y
C—M0 input/output
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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
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Example: Factorial

factorial(N) = N! = N¥(N-1)*.*1

C:
a =1 NNXINN NX 70N a
b =N; non '97> nan b
do {
a =a ¥ b;
b=>b-1;
} while (b != ©)
initially: a = 1, b =5
after iter 1: a 5, b 4
atter iter 2: a 20, b 3
aftter iter 3: a 60, b 2
aftter iter 4: a 120, b 1
after iter 5: a 120, b 0

Done!



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

C: High-level FSM:
a =1;
b = N: b’ 1=0
do { b? ==
© 09O
b=>b-1;

} while (b != 0) a €1 a€a*b a € a
start: a< 1, b<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)
loop: a < 60, b« 2 — 2-bits of state (start, loop, done)
loop: a « 120, b « 1 . ) ,
loop: a « 120, b « @ — Boolean transitions (b’==0, b1=0)
done: — Register assignments in states

(e.g.,a € a*b)



Datapath for Factorial

b l=0 _
* Draw registers

b == Draw combinational
circuit for each
assignment

a €1 a € a*b a € a . :
b € N b & b - b & b Connect to input muxes
N
SE»t
2 2 L ¥
Wagse—— Wbsg——+\"0 1 27
1 32
a b
132 132
-1
3 4




Control FSM for Factorial

b’!=0 « Draw combinational logic for
transition conditions

D™ == « Implement control FSM:
— States: High-level FSM states

3 & 1 5 & a * b 3 & 3 — Inputs: Transition logic outputs
b €« N b &b -1 b & b — Outputs: Mux select signals
1 N \
Control |— wasg, (2 bits)
l | 1 FSM — Whgg, (2 bits)
Wagser—\10_1 Whser—\To 27 T 7
¥ ! 7 S Z |wag |wbgy | S
> a > b 00 0 10 00 0l
0 00 | 10 00 0l
1 | 1 | ol | o | ol | ol | ol
x y 4 __ ol | 1 ot | o |10
+ 10 0 00 10 10
i.— 10 | 00 10 10

|
J

7 Z
[ND 70
D
1yn7
NN
noynn
"2 axn7



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 — A[0] D[5:4] —— WaggL A[2:0] D[5:0]
000 | 100001
D[3:2] f—— Wbgg
001 | 100001
> A[2:1] D[1:0] 010 | 01010l
Current Next ol | orol10
state state 100 | 001010
101 | 001010
2 2
inputs = ROM F——gcutputs

or
gates

STATE NEXT
/\

\\S

‘44///'




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

« Each cycle, this datapath:

— Reads two operands (a, b)

from 4 registers (RO-R3)

— Performs one operation of

+, -, *, NAND on operands

-

>

(&

Control
FSM

o

— Optionally writes result to

)

aseL
AFV—lLE
RO
L> R
"LE
WserL R1
— [t
WEN < R2 a register
NN  Control FSM:
TE R
N B
bSEL
+ * NAND —
OPse 0 2 3/ J z

| 2



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::

©

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

R1 € R1 + R2

R@ value
R1 value
R2 value
R3 value

nnu
=

in
S 1
=

e 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 1nput f

- b — >

Main Control ¢ > Outpu
t

Mamory 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

PR . I
_/(u\ﬂ() g «_control Control
A ®
( E Datapath | . . . Unit
g
I=
address data address instructions
Main Memory
> PC 1101000111011

dest A[I

registers

asel

operations

| l
fn —"\_AJV.U_/L'status

R1 «+—R2+R3

 Instructions 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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The Snail smiles if he detects

the sequence: 01
* Reference: H&H Chapter 3, Example 3.7

Figure 3.30 FSM state transition diagrams: (a) Moore machine, (b) Mealy machine



The Snail's truth tables

Table 3.11 Moore state transition table

Current State Input Next State
\) A S’

Table 3.12 Moore output table

SO 1 SO
Current State  Output
S1 0 S1
S1 1 S2
S2 0 S1 S1 0

S2 1 SO 52 1




Moore's FSM implementation in
Verilog



Cyclone-1V FPGA dev. board

e




The happy Snail likes “1101”



Code develobpment in Ouartus

File Edit View Project Assignments Processing Tools Window

0= d h»c b= 1/ ESO D> FrOOADHE 9

Project Navigator| «\ Hierarchy v |QR@®| | ¢ snailv % & compilation Report - snail 3 IP Catalog 1@ ®E

ch Intel FPGA [ ]

Entity:instance = — — 267 @ — LY x| =
4% Cyclone IV E: EPACEGE22C8 . & {} D Iﬂi B @ (- .D 268 = - Jlnstalted P
B pattern_fsm_moore & 1 // smiling Snail FSM derived from David Harris & Sarah Harris chapter 3 - ~ Project Directory
2 // Ref: https://www.silicon-russia.com/2015/03/28/verilog-fpga-first-round-of-student-projects/ + Basic Functions
3 /7 Guy Tel-Zur, April 2023
4 module pattern_fsm_moore + DSP
5 ( »+ Interface Protocols
6 input clock, » Memory Interfaces and Controllers
7 input resetn, + Processors and Peripherals
8 input a, b, ¢, // a = input is 1, b = input is @ } University Program
9 output led_1, led_2, led 3, led 4 * Library
18 )
11
12 parameter [1:0] S8 = 8, SL = 1, S2 = 2; © search for Partner IP
13 wire aa, bb, cc;
14
15 reg [1:0] state, next_state;
7 5 16
17 // state register
Tasks Compilation ~=l@x 18
19 always @ (posedge clock or negedge resetn)
U 20 if {! resetn )
- b 21 state == 50;
o 22 else
y » 23 state == next state;
24
[ 4 25 assign aa = ~a; // «click on 1
» 26 assign bb = ~b; // click on 0
' > 27 assign cc = ~c¢; // a special click only for state s2
28
W Edit Settings 29 always @*
3 Program Device (Open Programmer) 30
31 B case (state) I+
1 QK ¥
® o _@®
Al| ||| A A A BBFind.. | A8Find Next
i Type ID Message =
[ i ] Quartus Prime Timing Analyzer was successful. © errors, 6 warnings
o e e
r O Running Quartus Prime EDA Netlist Writer
(i ] Command: gquartus _eda --read settings files=off --write settings files=off spail -c snail

i, 18236 Number of processors has not been specified which may cause overloading on shared machines. Set the global assignment NUM_PARALLEL PROCESSORS in your QSF to an appropriate value for best performance.
@ 204019 Generated file spail.ve in folder "/mnt/038d7f89-5713-462a3-a96b-aa%afa3f6f93/opt/intelFPGA lite/22.1std/simulation/questas" for EDA simulation tool

[ i ] Quartus Prime EDA Netlist Writer was successful. @ errors, 1 warning
@ 293000 Quartus Prime Full Compilation was successful. @ errors, 21 warnings

1 ¥

Messages

System (31) Processing (125)
100% 00:00:27



Pins assianment

Eile Edit View Processing Tools Window Help

Report la=

T Mg > gl

Groups Report

- Early Pin Planning
W Early Pin Planning...
P Run IfO Assignment Analy
| | Export Pin Assignments...
W Pin Finder..
- Highlight Pins
E= 1/0 Banks
B VREF Groups
FH Edges
Clock Pins
EE Clock
EE PLL/DLL Input
EE PLL/DLL Qutput

wen
2O
HirH

4

Seom

» Clock Region Input
- Memory Pins
u
o 4 Do/Das
"
) 3 Differential Pins -
10 ] G
-
. | @ Mamed:* v |<» |Edit:
»>io
»- I Node Name Direction
(g Input
1 » D Input
B C Input
- clock Input
G led 1 Output
e led 2 Output
e led 3 Output
2 |5 led 4 Output
& g resetn Input
T <<new node>>

Tasks la=

Location

PIN_20
PIN_89
PIN_91
PIN_23
PIN_87
PIN_86
PIN_85
PIN_84
PIN_88

[E R T T T R A Y

1/0 Bank

VREF Group
B6_NO
B5_NO
B6_NO
B1_NO
B5_NO
B5_NO
B5_NO
B5_NO
B5_NO

144 143 12

® a a s

Fitter Location
PIN_90
PIN_89
PIN_91
PIN_23
PIN_87
PIN_86
PIN_85
PIN_84
PIN_88

141 140 138 138 137

o o oo

1/O Standard
25V
25V
25V
25V
25V
25V
25V
25V
25V

6 136 134 133 132 131 130 129 128 127 126 125 124 123

a 18 G ep anspan 0D

Top View

122 121 120 118 T1E 177 116 115 114 113 112 117 110 108

ose a g o /I (a)a)(LiLiib) 6

Wire Bond, with Exposed Pad

Cyclone IVE

EP4CE6GE22C8

o 9 o Qepenepan O Q

47 48 g3 50 51 52 53 54 55 56 57 B

Qi) 10 BFAGIOIS

55 B0 81 B2 B3 64 B5 65 E7 68 B9 7D 71 72

=

Reserved Current Strength  Slew Rate Differential Pair :trict Preservatiol
8mA (default)
8mA (default)
8mA (default)
8ma (default)
8mA (default) 2 (default)
8mA (default) 2 (default)
8mA (default) 2 (default)
8mA (default) 2 (default)

8mA (default)

Pin Legend
Symbol Pin Type

D] User I/O
® User assigned...
. Fitter assigne...
[} Unbonded pad
® Reserved pin
(© Other ...
DEV_OE
DEV_CLR
DIFF_n
DIFF p
DQ
DQs
CLK_n
CLK_p
Other PLL
Other dual ...
MSELO
MSEL1
MSEL2
CONF_DONE
nCE
nCONFIG
TDI
TCK
™S
TDO
NnSTATUS
a VREF
: VCCP/VCCR/...
VCCA
VCCINT
VCCio
GND

ANMDA Pl

@ @) &)

@
B)

Filter: Pins: all

100%

00:00:27



Flash the code to the dewce

File Edit View Processing Tools Window Help

Search Intel FPG
& Hardware Setup... US B-Blaster [1-3.3.3] | Mode: |JTAG - Progress: [ 100% (Successful) l
Enable real-time ISP to allow background programming when available
% File Device Checksum  Usercode  Program/ Verify Blank- Examine
hStart Configure Check
iy output_files/snail.sof EP4CEBE22 000953C1 000953C1 v

ﬁﬁum Detect

U Add File...
i
‘ b
)
.Add DEVICE"‘ EEEEEEEEN
hy ™ =
—: ) —
Ly H H
EP4CEGE22
, TDO
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Watch the video on
Youtube:

https://youtu.be/K3Er9pF
CKQ



https://youtu.be/K3Eri9pFCKQ
https://youtu.be/K3Eri9pFCKQ

Harris & Harris - The Snail Challenge

Exercise 3.25 Alyssa P. Hacker’s snail from Section 3.4.3 has a daughter with a
Mealy machine FSM brain. The daughter snail smiles whenever she slides over the
pattern 1101 erthepattern1110. Sketch the state transition diagram for this

happy snail using as few states as possible. Choose state encodings and write a
combined state transition and output table using your encodings. Write the next

state and output equations and sketch your FSM schematic.



Implementation on Tang Nano 9k
FPGA

This time we use a shift register that holds the a
‘pattern’ which is the last 4 values the snall traversed.

When the pattern is ‘1101’ the LED lit.
The Verilog code is in the next slide.



module smiling_snail(
input clk,
input btn0, //0input
input btn1,  //1input
output reg LEDO, // 0 pressed
output reg LED1, // 1 pressed
output reg LED3 // snail smiles (1101 reached)
);
reg [3:0] pattern;
reg btn0O_prev, btn1_prev;
initial begin
pattern = 4'b0000; // pattern is a shift register
LEDO = 1'b0;
LED1 =1'b0;
LED3 = 1'bO0;
btn0_prev = 1'b0;
btn1_prev =1'b0;

end

always @(posedge clk) begin

// Detect button presses
if (btn0 && 'btn0_prev) begin
pattern <= {pattern[2:0], 1'b0}; // am 0 no'oim 0 Oy nX'N7
end else if (btn1 && !'btn1_prev) begin
pattern <= {pattern[2:0], 1'b1}; // am 1 noom 1 7y nx¥xN7
end
// Check for 1101 pattern
LED3 <= ~(pattern ==4'b1101);
// Update button states
btn0_prev <= btn0;
btn1_prev <= btn1;
// Update LEDO and LED1
LEDO <= btnO;
LED1 <= btn1;

end

endmodule a short video about that is in

the next slide...
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EXPLORER

o Wa_TANG_MAND
M makefile
E readme_guy.bxt
@ emiling_snail.fs
£ smiling_snail.v

£ tangnanofk.cst

» DUTLINE
» TIMELINE
£ L

= smiling_snaily * M makefils

= tangnanodk.cst

= smiling_snail.v

29

module smiling snail(
input clk,
input btne, f
input btnl,
output reg LED®, // €
output reg LED1, //
output reg LED3 // snail smiles (1181

I

reg [3:0] pattern;
reg btnd_prev, btnl_prev;

initial begin

pattern = 4'h0000; // pattern is a shift

LEDB = 1'b8;

LED1 = 1'bG;

LED3 = 1'b:

btnd prev = 1'b0;

btnl_prev = 1'b0;
end

always @(posedge clk) begin
// Detect button presses

if (btn@ &% !btn@_prev) begin

pattern <= {pattern[2:@8], 1'b8}; //

end else if (btnl && !btnl prev| begin

pattern == {pattern[2:8], 1'bl};: // pmm

end

{/ Check for 1101 pattern
LED3 == ~(pattern == 4'b1181);

// Update button states
btnd_prev <= btn@;
btnl prev <= btnl;

// Update LEDB and LED1
LEDG <= btnd;
LED]1 == btnl;

end

reached





Similar code on an IceBreaker FPGA

Folder:
/home/telzur/science/Teaching/CPU/lectures/04/code/Harris_Snail/ICE40
Files:

smiling_snail.v, smiling_snail.pcf, makeit.sh

Pin Pin Pin Pin
3

F:.GA e Pin Pin
in Number  Number
Number Pin Pin Pin Pin

4 2 41 45

70@.0..12 7000..
1@ ¢ 9ees 1E°.0.

7 - o
12MHz Oscillator o PMODM =-| = +5V PMOD1B zl-la
Pin 35 CLK =

S see. saaQICEBreaker
Power LED slm; ) Q aaa:u |°V1 Ob

usB

‘v
Programmer & \[‘

USB to Serial
Pin9 UARTTX
Pin6 UARTRX

Pin 10 User Button:

P2 Pin

Pin 37 Green LED -' 9 20
Eint) \ i SCK 10870 102 103 6N A,
(L XXX Jja P2 e

3
PMOD Pin

LED MOSI MISO #WP #RST| D £, £,
2|;EDAB BLU #6S SCK ‘oo 101 102 103 B 2 L8z 8
mA Leo Pin Pin Pin Pin Pin Pin Pin Pin  Pin SESE
max  GrN 6 15 17 14 12 13 ci/ g 2D 4 25 £2g82
Pin Pin FPGA Pin Number Pin
FPGA 59 41 21
Pin e m
Pin FPGA Config Done Keep FPGA in FPGA Pin
Ry 7y Reset Jumper Number

GPIO Standard Programmable I0 Pin  FLASH Bitstream Flash Interface Pins === Differential Comparator Input Pair

o S https://www.crowdsupply.com/1bitsquared/icebreaker-fpga

GPIO Standard Programmable IO Pi
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Part 2: Pipeline Design

Computer Architecture
Dr. Guy Tel-Zur
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This presentation Is based on:

* MIT Open course ware "Computation Structures" by
Dr. Christopher J. Terman.

* References:

Chris Terman. 6.004 Computation

- MIT O[)el’] course ware Structures. Spring 2017. Massachusetts
) Institute of Technology: MIT
MIT6.004 2017 OpenCourseWare, https://ocw.mit.edu.
_ License: Creative Commons BY-NC-SA.
- Slides 13-15:

Slides b¥ Prof. Shmuel Wimer Technion/BIU
In particular we wil diScuss ma er_l'from—

https://ocw.mit.edu/courses/electrical-engineering-and-computer-science/6-004-computatio
n-structures-spring-2017/c7/c7s1/#1 _
See 7.2.2,7.2.3,7.2.4 @ MIT open course ware site



https://ocw.mit.edu/courses/electrical-engineering-and-computer-science/6-004-computation-structures-spring-2017/index.htm
https://www.eng.biu.ac.il/wimers/courses/Logic-Design-and-Computer-Introduction/
https://ocw.mit.edu/courses/electrical-engineering-and-computer-science/6-004-computation-structures-spring-2017/c7/c7s1/#1
https://ocw.mit.edu/courses/electrical-engineering-and-computer-science/6-004-computation-structures-spring-2017/c7/c7s1/#1

Forget circuits... Let’s Solve a Real Problem

INPUT:
dirty laundry

OUTPUT:
6 more weeks

Device: Washer
Function: Fill, Agitate, Spin

Washerpp = 30 mins

Device: Dryer
Function: Heat, Spin

Dryerpp = 60 mins

PD = Propagation delay, Period



One Load At a Time

o] [t
LAY AR

Everyone knows that the real Step 1: N
reason that we put off doing ]

laundry so long is not because
we procrastinate, are lazy, or
even have better things to do.

The fact is, doing one load at a
time is not smart.

Totalpp = Washerpp + Dryerpp

o R




Doing N Loads of Laundry

Step 1:
Here’s how they do laundry at P
Harvard, the “combinational” way.

Step 2:
Of course, this is just an urban

legend. No one at Harvard

actually does laundry. The Step 3:
butlers all arrive on Wednesday
morning, pick up the dirty
laundry and return it all pressed
and starched in time for
afternoon tea. e

Step 4:

@h [OfF Mh [ofF

Totalpp = N*(Washerpp, + Dryerpp)
= N*90 mins




Doing N Loads... The 6.004 Way -

6.004 students

“pipeline” the laundry
process.

That’s why we wait!

Actually, it’s more like N*60
+ 30 if we account for the
startup transient correctly.
When doing pipeline
analysis, we’re mostly
interested in the “steady
state” where we assume we
have an infinite supply of
inputs.

Step 1:

Step 2:

Step 3:

Totalpp = N * Max(Washerpp, Dryerpp)

_ N*60

mins




Performance Measures

Latency:
The delay from when an input is established until the
output associated with that input becomes valid.

Harvard Laundry = 90 mins Assuming that the
_ 120 . wash is started as
6.004 Laundry mMins - soon as possible and

waits (wet) in the
washer until dryer is

Throughput: available.

The rate at which inputs or outputs are processed.

Harvard Laundry = 1/90 outputs/min
6.004 Laundry = 1/60 outputs/min




Okay, Back To Circuits...

latency = tpp,
throughput = 1/tpp

We can’t get the answer faster,

| but are we making effective use
GX) of our hardware at all times?

For combinational logic:

X 2
F(X) 2
G(X) 2
P(X) WOOE:

F & G are “idle”, just holding their outputs
stable while H performs its computation



o Pipelined Circuits

use registers to hold H’s input stable!

Now F & G can be working on

I input X;,; while H is performing
15) * its computation on X;. We've
X— ' I px) created a 2-stage pipeline: if we
25 have a valid input X during clock
G I cycle j, P(X) is valid during clock
20) © j+2.

Suppose F, G, H have propagation delays of 15, 20,
25 ns and we are using ideal zero-delay registers:
latency throughput

unpipelined 45 1/45
2-stage pipeline 50 1/25

worse \K better \i




Pipeline Diagrams

w0 Clock cycle

1 i+1 1+2 i+3

3 FX) |FXi) [F(Xis2)
%ﬂ F&G
0 G(Xj) |GXi1) |G(Xis)
Q
5
E H H(X) |H(Xi) [HXs2)
.D.:
X1 P(Xi)
stable X available
here here

The results associated with a particular set of
input data moves diagonally through the
diagram, progressing through one pipeline
stage each clock cycle.



Input Data

Pipeline Diagrams

w0 Clock cycle »

1 it1 1+2 1+3
F(X) R
X, H(X) | e
I el
F(Xi1) H
X. i+1
i+1 G[Xm]
X‘«Y; ) F(Xir2)
sTable -
Xi+2 here | G(Xis2) b

The results associated with a particular set of
input data moves diagonally through the
diagram, progressing through one pipeline
stage each clock cycle.



Pipeline Conventions

DEFINITION:
A well-formed K-Stage Pipeline (“K-pipeline”) is an acyclic circuit
having exactly K registers on every path from an input to an output.

a COMBINATIONAL CIRCUIT is thus an O-stage pipeline.

COMPOSITION CONVENTION:

Every pipeline stage, hence every K-Stage pipeline, has a register on
its OUTPUT (not on its input).

ALWAYS:
The CLOCK common to all registers must have a period sufficient to

cover propagation over combinational paths PLUS (input) register tpp
PLUS (output) register tsgryp.

The LATENCY of a K-pipeline is K times the
period of the system’s clock.

The THROUGHPUT of a K-pipeline is the
frequency of the clock.




Ill-formed Pipelines

Consider a BAD job of pipelining:

For what value of K is the following circuit a K-Pipeline?
ANS: none

Problem:

Successive inputs get mixed: e.g., B(A(Xi;,), Y;). This
happened because some paths from inputs to
outputs have 2 registers, and some have only 1!

This CAN’T HAPPEN on a well-formed K pipeline!



fixed Pipeline

This is mainly a 4-pipeline with a twist of 3-pipeline to allow
mixing A(X,,,) and Y, at the input of B.
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A Pipelining Methodology

Step 1:

Draw a line that crosses every
output in the circuit, and mark
the endpoints as terminal
points.

Step 2:

Continue to draw new lines
between the terminal points
across various circuit
nections, ensuring that

These lines demarcate pipeline
stages.

Adding a pipeline register at
every point where a separating
line crosses a connection will
always generate a valid pipeline.

STRATEGY:

Focus your attention on
placing pipelining registers
around the slowest circuit
elements (BOTTLENECKS).

INPUTS

A




A pipelining methodology

Step 1:
Add a register on each output.

Step 2:

Add another register on each
output. Draw a cut-set contour
that includes all the new
registers and some part of the
circuit. Retime by moving regs
from all outputs to all inputs of
cut-set.

Repeat until satisfied with T.

STRATEGY:

Focus your attention on
placing pipelining registers

around the slowest circuit

elements (BOTTLENECKS).

—
e

4 nS 3nsS
D

T =1/8ns
L =24ns

7y

Ref: https://web.mit.edu/6.111/www/f2016/handouts/L09.pdf
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Pipeline Example

[

Y
LATENCY |THROUGHPUT
O-pipe: 4 1/4
1-pipe: 4 1/4
2-pipe: 4 1/2
3-pipe: 6 1/2

OBSERVATIONS:

* 1-pipeline improves
neither L or T.

* T improved by breaking
long combinational
paths, allowing faster
clock.

* Too many stages cost L,
don’t improve T.

* Back-to-back registers
are often required to
keep pipeline well-
formed.

+ increase throughput
- increase latency
- “bottleneck” problem
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Pipelined Components

Pipelined systems
can be hierarchical:

* Replacing a slow
combinational component
with a k-pipe version may
let us decrease the clock
period

C * Must account for new
4-stage pipeline, throughput=1 pipeline stages in our plan

but... but...
_— How can I pipeline
a clothes dryer???



How Do 6.004 Students Do Laundry?

They work around the bottleneck. First, they find a
laundromat with two dryers for every washer. Then they use
dryer #1 for odd-numbered wash loads and dryer #2 for even-
numbered wash loads.

#1 #2 #3 #4
|I l ' ﬁ -Iflﬁ\lk |Ir.ﬁ\||
| | __% | ~=_.=|-_ L |
A A A
Washer | Load #1 | Load #2 | Load #3 | Load #4 | Load #5 | Load #6
Dryer #1 Load #1 Loagl #3 Loafl #5
Dryer #2 Load #2 Load #4
- | I ] | ] | I
. 0 30 60 90 120 150 180
Step 1 Step 2 Step 3 Step 4 Step 5 Step 6

Throughput = 1 [ 30 loads/min, Latency = 90 mins/load



How Do 6.004 Students Do Laundry?

They work around the bottleneck. First, they find a
laundromat with two dryers for every washer. Then they use
dryer #1 for odd-numbered wash loads and dryer #2 for even-
numbered wash loads.

#1 #2 #3 #4
._'":I_':'L::'I:. — —I .I = : _'——n_:'-’—":flr
4\
Load #1 Dryerl - load #
%)
'% Load #2 Wash #2 Dryer2-load #2
5 Load #3 Wash #2 Dryerl1 - load #
Ioad #4 | Wash #4 Dryer2 - load #4
: | | | | | ] |
v minutes ; 30 60 90 120 150 180
Step 1 Step 2 Step 3 Step 4 Step 5 Step 6

Throughput = 1[ 30 loads/min, Latency = 90 mins/load



Back To Our Bottleneck...

Recall our earlier example...

* C — the slowest
component — limits
clock period to 8 ns.

* HENCE throughput

limited to 1/8ns.

We could improve throughput
by
* Finding a pipelined
version of C;

OR ...

* interleaving multiple
copies of C!



Circuit Interleaving

We can simulate a
pipelined version of a

X;
slow component by
replicating the critical
element and alternate
inputs between the
various copies.

DQr—
G

- C(Xi.)

This is a simple
2-state FSM 6'
that alternates
between 0 and

1 on each clock CIL/_\_/_\J
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Click for animation

- ©) f ) 12 ®) f/a

/\

Credit: https://en.wikipedia.org/wiki/Frequency_divider


https://upload.wikimedia.org/wikipedia/commons/thumb/a/a0/Frequency_divider_animation.gif/375px-Frequency_divider_animation.gif

Y Y

Circuit Interleaving

: (X, )
E"'; e 2tox = (r D upsreamkiG ¥ pp aren Flpcc Hlppyux + r&'.":']"U.".REG)
> r A \
= Cycle #1 Cycle #2 Cycle #3 Cycle #4
aw [ [ \_ [ T
FSMQ / \ / \
X input L X L X LoX 1 X X
C, input X X X X3 X
Cooutput KRNI e
C, input X X5 X X4
C, output AXKIRRXXKKROOXKK el RXXXKUXXKKRROXX
reg input KRROKRXXKXee< N0k XXX AL
reg output )( C(X,) )( C(Xy) >( ClXs)



Circuit Interleaving

X;
[ 2-Clock Martinizing}

“In by t;, out by t,.,”

Throughput = 1/clock
Latency = 2 clocks

N-way interleaving
is equivalent to

N pipeline Stages...

| )

N-Wway
intérleave

> D >
Q Co 1
- G
—>C(Xi.5)
DO~ L
—o<l—~|G
DQ
= C’
N registers
—



Combine Techniques

We can combine interleaving
and pipelining. Here, C’
interleaves two C elements
and has an effective tCLK of 4
ns and a latency of 8 ns.

—3 A B ¢ |

— 4ns 3ns Ix4hs
Since C’ behaves as a 2-stage L
pipeline, two of our pipelining E }5?
contours must pass through — —
the C’ component. E

2ns

By combining interleaving
with pipelining we move
the bottleneck from the C T=1/5ns
element to the F element. L =25ns

L = 717X D0 N1 7190 O"712'Vin NND =
L=w"1 5 7190 2'N1 722 (D"LDI1) 0712V nwNN



Summary

Latency (L) = time it takes for given input to arrive at output
Throughput (T) = rate at which new outputs appear
For combinational circuits: L = tpp of circuit, T = 1/L T=Throughput

For K-pipelines (K > 0):
* always have register on output(s)

K registers on every path from input to output
Inputs available shortly after clock i, outputs available
shortly after clock (i+K)
terk = tepreg + tpp Of slowest pipeline stage + tgpryp
T=1/tcx

— more throughput = split slowest pipeline stage(s)

— use replication/interleaving if no further splits possible
L=Ktqx=K/T

— pipelined latency = combinational latency
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