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Goal of today 3

4 Q7. Which is correct formula representing practical energy-efficiency of computers? A
ERAMEIROVEA—DELVEEEKITEN ?
A. Watt x time. B. Watt x time”2 (square). C. Watt x time”3 (cube)
A. WattZ¥ x FFfE]. B. Watt2 xBFfE] D25, C. WattZl x BFfE D33

Q8. What is the accuracy of t as 32-bit data?
AVE1—3M32bit TRIDLTETHHBARDEEIL?

Q9. Can a computer calculate 5 billion + 1 correctly?

O Ea—R(E,50E+1F ELSGTETESHV?

Q10. CPU/GPU is best for Al and BC?
CPU/GPU[ZAIBCIZHx i ?



Sustainable Power Consumption

20240412

A

“Ref. LOS/JST s s 0lcsia207159-01

*Consumed energy (global)
Training a robot for the Rubik’s-cube x 1000

*Consumed energy in servers (global) 90TWh
*Consumed energy in servers (est.) modest 190TWh
*Consumed energy in servers (est.) as is 450TWh
*Consumed energy in servers (est.) modest 3,400TWh

*Consumed energy in servers (est.) as is 53,000TWh

67,000TWh (2019)

2.8TWh
15TWh 105TWh (2018)
320TWh 510TWh (2030)
1,200TWh 1,700TWh (2030)
7,200TWh 11,000TWh (2050)

221,000TWh 274,000TWh (2050)

Current Solar power available for Humans

679TWh (2019)

? Realistic Solar power available in 2050 10TW (0.01%) *24*365 ? 87,600TWh (2050)

**Max Solar power available for Humans 1,000TW (1%) *24*365 8,760,000TWh (20xx)
**Max Solar power on the surface of the Earth 100,000TW (100%)
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https://www.jst.go.jp/lcs/pdf/fy2021-pp-01.pdf
https://unit.aist.go.jp/rpd-envene/PV/ja/about_pv/e_source/esource_2.htm
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Metrics of computers 5

Smaller number is better.

Power Delay
(watt) (hour)
100 2 200 400 800

200 1.2 240 288 346
300 1 300 300 300
Price=¥1k/job | Price=¥2k/job | Price=¥4k/job
When cost is important, Income=¥12k  Income=¥24k  Income=¥48k
PDP is good. Cost=¥10k Cost=¥10k Cost=¥10k
o Income=¥20k Income=¥40k Income=¥80k
When speed Is important, Cost=¥20k Cost=¥20k Cost=¥20k

EDP or EDDP Is good. Income=¥24k  Income=¥48k  Income=¥96k

Cost=¥30k Cost=¥30k Cost=¥30k



Al and BC are power eaters

Market size in billion U.S. daollars

This statistic shows the revenue of the global artificial
Intelligence chip market from 2017 to 2027. In 2020,
the global artificial Intelligence chip market revenue is
forecast to grow to 10.14 billion U.S. dollars.

100
83.25

80
a0

40

20

2017 2018 2019* 2020* 2021* 2023% 2024+ 2025* 2026* 2027*

Hi 3 : Global artificial intelligence (AI) chip market revenue 2017-
2027 ,Published by Thomas Alsop, Nov 30, 2020

20220201

6




Programmability o Power dissipation
Easiness to use - < Power dissipation

Power capping changes the rule
Small power consumption for sustainability



LChoices In current computing platforms
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Performance per Power

If we can maintain
FPGAS programmability here, we get
L high-performance and low-power.

Performance per Area
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LSkills for acceleration

CPU GPU FPGA Accel. ASIC
50U Z0OW. 20

Parallelism |

High Level Synthesis

=

Architecture (Processor, Memory)

Circuit (Analog, Digital)

Device (Silicon, 1GZ0)



Systolic type DSA(Domain Specific Architecture) is emerging

@24 generation: ALU + external memory *** wide memory bus
@34 generation: Network of near-memory ALUs *** narrow memory bus

‘ NPU - Neural Proc. Unit

‘Convolut ion Engine

'0_100 — Database Processing Unit ‘ DianNao — Machine Learning

| General Purpose Processor ||| General Purpose Processor 11 Memory 11 Memory |
- - Fy Fy Fy Y
< g Bus Sched I-l. Control Interf. ‘H Temp. Inst. - Stream 8} pual I 1
> % h 4 h 4 r E
3% 2D Shift| |1D Shift| [2D Coeff Out || L2€quencer Buffers = In | | Synapse Buffer | [Ou
N
.ut:n = Register Reg. Register | | Reg. || config. <} T o
-
Tg Vior : , :
Dat: 5
= _ shatte| U {LLLLIIS-TTTe<| T L (LS.
(rrrrrr ™ Fusi ECLICL. iy 1 /| SIMD — —— - Neuron
-~ usion Tree,'. - L H Lanes = o
[+T+] — MUIt/SUb ‘-.0'..- ‘-‘.-‘ -l\;ll.JIt
£ fE Abs/Shft . . . ' i
a w 2 @ > 4%:15"— Routerq{Router]{Routerf Add §
v £ SE e e % : =
8 € £ Add/And/ 5:[]:1 Sort slJoin | | 5{Fi 5| ALU Avg, Max Non-linear
= D shift 3] S S e
o unc.
Specialization of: Concurrency Compute Communication Data Reuse Coordination

‘LSSD(Low—power cores, Spatial

architecture, Scratchpad, and DMA)
| Memory |
gﬂ Scratchpad I g Scratchpad
| Spatial Fabnc“ | Spatial Fabrn:“

o o ]

Low- Low-
power power
Core Core

b1

Specialization of:

Concurrency || Compute || Communication || Data Reuse " Coordination |

Partial Sums

\

ﬁPU(Tensor Processing Unit)VT)PU(Dataflow Processing Unit)
Google 2016 Wave Computing 2017 AXI bus

sy

Pipelined 256-entry 10GHz Instruction RAM fw ECC

I o Rm Instruction pipe
[Circular Buffar)
"

Processing Element (PE] | (cire butfer size)

Fro
Result from arith coproc |
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LKeywords are Architecture and Moderate Hardware

Semiconductor stops speeding up. Hardware never rescue heavy software.

Algorithm \ S =~

Device

ThinGiny

Architects connect both into a system,
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LExampIe: How to detect a 135 slit in a image 1 12

1|11

Input » N » @
mase Multiply |-1|-1|-1|1 |-1
with weights | _1 | -1 [ -1 | -1 q
1|11 |-1]-1
-1 11 [-1]-1]-1

Input » Y N » _1

mass Multiply |[-1[-1[-1|1|-1
ololol o]l o withweights|_q1|-1[-1 -1 1




L\ Example: Many Implementations for Pattern Matching

e

N

1. Special purpose circuit

13

2. Mem Capacitor

3. Stochastic Logic

4. Ternary CAM

Combination of simple pattern matching

5. CPU/GPU FPU Matrix Multiplication

—)

——

6. CGRA FPU Convolution

N

#. Quantum gate, Quantum annealing, Optical
Molecule, Bio, Spintronics

\




LNext generation computing platforms

]

Non-Von Neumann computers

Quantum computers

Tr,_
F Bl Systolic Array

-

Optical Computers

Neuro Morphic

Non linear Stochastic Computing

Refractive index

Digital Annealing
Phase

NEDD fEiMEEHRT LT —F T5C Forasight  Wol.30

Von Neumann computers

New Principle Computers : Al Computers
i T —
.—

Neural Intel Core
Network AMD
ARMN
(2018)
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1. Special purpose circuit

N

A hardware similar to Visual cortex (V1)

15
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1. Primary visual cortex inspired feature extraction hardware 16
B

1RGR b < TH 700 T
- Lr = = i s C|C CE| &
o PPl oL o] T T [ [ NE i i e
R | [ B ] [ B | [ B o] [oBR o] [o B o 1 = [ = —
e[ i o|l[1olo [ololo] T ]1]1 _UI S - '”_ £33
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5 D r,:| AR ERE |
Eqde o 2F 15 is7s
Z
o [oJoJoJoJolo[s]e]o]o
e G o|E]olo|o]olololo]o] ] -
Yaasy 2l lelole ool ofsTo o[o]) [o[=] [o[g] [o] oo
® olo|o olo]olo]o|o 2] o 0 n o 0 n 0 o [o]o
L [o]olololo[E]eloloo] e IR IO
ch2(45) -
= — Is]ojolofo]oJoJoJo]o]
SII'E
Pareallax 5 = =
: = = s
== 5 cno Al 2 .
T ™ i L
= S =3 =3 -4 5
|§kL R:- w Wi s g = T
T TI0TT Anr ch2
L R
L[ -FFs] =1 54 chs

(i = e e =3 cumm

[T T [ <hs
Z motion XY mo'l:lon
i . . ['i: : ‘ —
Input data Convi Conv Conva Convi Convs FC6 FCT7 FCH e B Em Frop 1.200 'B'm  Original = 1
= Ho : 23 = 000 g u proposal 1
= 7o . £  s00
g o8 & 600
2 33 ) 400
a— : . 200 |-

!4 f/@ 7 w wm o om om o2 o® o= B oz 9 = ped = = =

13 13 = 384 13= 13 = 384 e E E & 2 2 B 5 B g g g @& 0y &

EEEEEEREER = 2 £ E ¢

£ £ £ = & e 2 = =] = = = =

) | 3000 E E E E g 2 3 3 s & E B
2T LT = 3 ADDEL aAoen o~ (= =) g.:- {f, <~ (&)
2 3 .. .
Vil 0225 45675 90 112.5 135 1575 ‘ Accuracy image classificaiton Training Time
Processing System (PS)
Conv3 Conva Convs FC6 FC7 FCR cincit Parameter ‘ ) ) Propqsal
< comorator 24-bits 32-bits 8-bits 24-bits

fixed point | floating-point | fixed point | fixed point
I/ E:P [ f | | Frequency | 166 MHZ | 100MHZ | 100 MHZ | 115MHZ
L ! . q ¥
13% 13 = A8 137 13 % 384 \ ‘C‘ 256 J\,L - LUT 18836 14659 30808 6353

FF 23408 14172 5161 | 6378
I s DSP4SE 95 125 0 16

 —
Lianet:5;| Ellockinenlg ERi BRAM 92 1195 A 127
Power (W) | 332 18 1.758 04356

CON

022.54567.590112.5135 1575 Progr Logie (PL}

[Best Paper Award]Tran Thi Diem, Mutsumi Kimura and Yasuhiko Nakashima: ""Primary Visual Cortex Inspired Feature Extraction Hardware Model", SigTelCom2020, Aug. (2020)



LSpeciaI hardware for feature extraction can reduce the cost

Input data

Convl

.

55% 55 % 96

227x% 227 x 3

Conv2

27x 27 x 256

022.54567.590112.5135157.5

0

0

0]0

0

0

0

0]0

0

022.54567.590112.5135157.5

Conv3
8 o
13x 13 x 384 13x 13 x 384

Conv3
..... of gr i
13x 13 x 384 13x 13 x 384

Conv5

FC6é FC7 FC8

13x 13 x 256

ConvS

4096 4096

1000

FC6é FC7 FC8

13x 13 x 256

4096 4096

1000
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2. Mem Capacitor ‘

Huge number of small and simple component
similar to real neuron and synapse

18
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] 2. Multiply and add by Memcapacitor 19

ntT 0 0 1T 0 0 1
S ' il R L b/ b L7 b7
malil muitiplier + + + + + v N
P KN PR A 4 e %

‘ Inference+polarization
_\:T_% Floating gate g DC ML Cross section

Training-ON
& Reset Analog -> Digital
Typical RAM Memory with capacitor cell Memory o . ¢ i
= e e e s
FoA J;HS'LE'L%'l
i ] [ =

2.
2,
ﬁ

|

i
E
El
ﬁ

Capacito

¥

Kimura Mutsumi, Ishisaki Yuma, Miyabe Yuta, Yoshida Homare, Ogawa Isato, Yokoyama Tomoharu, Haga Ken-ichi, Tokumitsu Eisuke, Nakashima Yasuhiko: **"Neuromorphic
System using Memcapacitors and Autonomous Local Learning”, IEEE Transactions on Neural Networks and Learning Systems: Regular Papers, 10.1109/TNNLS.2021.3106566, Sep.
(2021)
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Tolerant pattern matching

> time
Fully matched
Input ! l
-BLO0O1010101010101010
-BL100110011001100110
+BL2000011110000 111
+BL3000000001111 111
-BL4010101010101 010
-BL50011001100110P 110
+BL6 00001111000 111
+BL7000000001 1 111
+BL8 0000000011 111

011
1111
1111

| =%42206442755397759
#¥57793557244602240
t + * - Output---+———+——-@1-+—*

Output is proportional to matched input
— mismatch
+: partial match
%: match
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L 3. Stochastic Logic ]

Digital but ultra small multiplier with random numbers




LB. Computation with Random Number Generator ]

0000111101

0. 50xXx0. 50=0. 20

/" Multiplier by AND gate )

0000110000

0111110000

-

(L

>

7

Tati Erlina, Yan Chen, Renyuan Zhang and Yasuhiko Nakashima: "*An Efficient Time-based Stochastic Computing

N\
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0. 50+0. 50=0. 50%* 2

0000111101

0101111000
0111110000 ‘ >

é:aled adder by random selecto?

-~

Adder by population counter

0. 50+0. 50=1. 00

N

/
A

/

Circuitry Employing Neuron-MOS", GLSVLSI2019, pp.51-56, May. (2019)
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LSmaII and high-speed stochastic FMA iIs in each unit 1

D=A+B7*C7+B6*C6+...+B0*CO 8bit | 8bit | 8bit | 8bit | 8bit | 8bit | 8bit | 8bit
1 1 A I I I I I I I I
Stochastic Multiply and Add 8bit | 8bit | 8bit | 8bit | 8bit | 8bit | 8bit | 8bit

vy A\ A 4 A A 4 vy vy vy vy l l
A I~ H o H -
/]

Register file
s A B7.,B6,..,BO || C7,C6...,CO 64bit random number registers
stage
g RRRN R l l l l H H H l l l l
Random number generators Yy vv YY YV VY VYV
|__Stochastic number generator | Lid LIL 4]
stagel | Multiply by AND logic | £l £ ZIE| & &
Population counter L] L L L e
Tree of small adders 88 83 8’03 83 83 83 83 8‘?
stage?2 cSl 1SS S| S |EE| IS8 IEE| [EE
‘ . 55 |25 [25 [5 [5| 25| 5| 25
Accumulator S| LS LSS s L3 L3S
D adder adder adder adder
stage3
9 \adder/ \‘adder‘/

\@de“ﬁ:ycle: 32 element multiply & add




4. Ternary CAM

Compare with huge number of predefined patterns

24



4. Ternary CAM ... Content Addressable Memory

25

1 20220401

Don’t care

0] MatchifinputisO
1 Match if inputis 1

Input

CAM line #1
CAM line #2

CAM line #3

Input

CAM line #1
CAM line #2

CAM line #3

1

mmm) Output 135° matched
mmms) Output 90° unmatched

mmms) Output 45° unmatched

mmm) Output 135° unmatched
mmm) Output 90° matched

mmmm) Output 45° unmatched
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'RAM and Ternary CAM (Content Addressable Memory) 26

b

RAMcell CAM cell mmp

BL#1 XBL#1 BL/CL XBL/XCL KL XKL
BL#2 XBL#2 MASK-RIT
.
| bl
* * WL1#1 . i i * - o
WL1#2 -|: "
.
17 | -1
. . WL2#1 6
WL2#2
. 4 4 . 4 4 WEN
p— o | wENm ol W, ool L, o oMU U
WDbitO#11H 4 _I;w‘nblto#aﬁj,_y. ‘L&Vr‘ ‘ITI" —Lgr ‘I?I“ -

. REN#1

Prech ":r "j— "]—
prech#l —4% tat T
o




5. CPU/GPU FPU Matrix Mult.

CPU is the only platform for programmers
who can write only C language.

27



Goal of today )8

Q7. Which is correct formula representing practical energy-efficiency of computers?

ERMAEIRIVEL—FDIELL

iR EEN ?

A. Watt x time. B. Watt x time”2 (square). C. Watt x time”3 (cube)
A. Watt®] x B5FfE] . B. WattZ xBFE] D23, C. WattZ x BFFfEl D3

OVE1—43M32bit CRIBTESABEDREI(L?

Q8. What is the accuracy of  as 32-bit data? ]

Q9. Can a computer calculate 5 billion + 1 correctly?

O Ea—R(E,50E+1F ELSGTETESHV?

Q10. CPU/GPU is best for Al and BC?
CPU/GPU[ZAIBCIZHx i ?



Fixed-point number vs Floating-point number

Decimal point

a b
26| 26( 24| 23| 92| 91| 20 |2-1)2-2(2-3 (24 (275289728
Sign Integer Fraction

(a) Fixed-point format: a+ b

1 bit 8 bit 23 bit
\Y E F
Sign Exponent Trailing significand

(a) Single precision

a b
26| 06| 24| 23| 22| 91| 20 |2-1|2-2(2-3 (24 275\ 9-8(9~7 /28
Sign Exponent Trailing significand

(b) Floating-point format: b x 2*a

1 bit 11 bit 52 bit
AY E F
Sign  Exponent ¢ Trailing significand

(b) Double precision

29



' Single/double precision floating-point format

Single precision “float” Double precision “double”
Sign Exponent Trailing significand Sign Exponent Trailing significand
1 bit 8 bit 23 bit 1 bit 11 bit 52 bit
| | o | | | | |
00111111100000000000000000000000 0011111111110000000000000000000000000000...0
» Subnormal number ... exp=0 and significand#0
(-1)"S * 27 (-126) * 0.significand
(-1)NS * 27 (-1022) * 0.significand
» Normal number ... O<exp<255 (-1)"S*2"(exp-127) * 1l.significand
. 0<exp<2047 (-1)"S * 2" (exp-1023) * 1.significand
» Signed zero ... exp=0 and significand=0
» Signed infinite ... exp=255/2047 and significand=0
» Not a number ... exp=255/2047 and significand #0

ex. result of 0/0

30
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|

Accuracy of single/double precision (1) 31
Pl = 3.14159265358979323846 Pl = 3.14159265358979323846

» Nearest single precision is 3.141592 > Nearest double precision is 3.141592653589793

0/1 00000000 00000000000000000000000 -+ +/-0 0/1 00000000000 00000000000000000000000...0000 -+ +/-0
0/1 01111100 00000000000000000000000 -+ +/-0.125 0/1 01111111100 00000000000000000000000...0000 -+ +/-0.125
0/1 01111101 00000000000000000000000 -+ +/-0.25 0/1 01111111101 00000000000000000000000...0000 -+ +/-0.25
0/1 01111110 00000000000000000000000 - +/-0.5 0/1 01111111110 00000000000000000000000...0000 -+ +/-0.5
0/1 01111111 00000000000000000000000 - +/-1 0/1 01111111111 00000000000000000000000...0000 - +/-1
0/1 10000000 00000000000000000000000 -+ +/-2 0/1 10000000000 00000000000000000000000...0000 -+ +/-2
0/1 10000000 10000000000000000000000 -+ +/-3 0/1 10000000000 10000000000000000000000...0000 -+ +/-3
0/1 10000000 10010010000111111011010-++ +/-3.14159250 0/1 10000000000 10010010000111111011010...0111 -+ +/-3.14159265358979267
0/1 10000000 10010010000111111011011 -+ +/-3.14159274 0/1 10000000000 10010010000111111011010...1000 -+ +/-3.14159265358979311
0/1 10000000 10010010000111111011100 -+ +/-3.14159297 0/1 10000000000 10010010000111111011010...1001 -+ +/-3.14159265358979356
0/1 10000000 11111111111111111111111 -+ +/-3.99999976 0/1 10000000000 11111111111111111111111...1111 -+ +/-3.99999999999999955
0/1 10000001 00000000000000000000000 - +/-4 0/1 10000000001 00000000000000000000000...0000 -+ +/-4
0/1 10000010 00000000000000000000000 - +/-8 0/1 10000000010 00000000000000000000000...0000 -+ +/-8
0/1 11111111 00000000000000000000000 - +/-c0 0/1 11111111111 00000000000000000000000...0000 -+ +/-02

0/1 11111111 x0000000000000000000¢ =+ NOot a number  0/1 11111111111 30000000000000000KXXXX.. XXXX -+ NOt @ number

» Rounding error
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Pipelined floating point unit 34

—
/¥ --stage-1 (13in)----mmemom oo oo e e e e e e e e e e e e e eeeeesem—meeeeseseesee——a-- */
7% pp[ © ~s s $2423222120191817 161514 13121110 9 8 7 6 5 4 3 2 1 0 */
7* pp[ 1 1 ~s 262524 23 222120191817 1615141312 1110 9 8 7 6 5 4 3 2 s */
7* ppl 2 1 ~s 2827 26 25 24 23 22 21 2019 18 17 16 151413 121110 9 8 7 6 5 4 s */
7% !’ HA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA HA FA HA HA *//* HA,24FA,HA,FA,2HA */
* . /* si[e 3029 28 27 26 25 24 23 2221 2019 1817 16 151413 121110 9 8 7 6 5 4 3 2 1 0 */
D—A+B ( : Fused Multl I and Add 7* cife 20 28 27 26 2524 23 22 2120191817 16151413 121110 9 8 7 6 5 4 3 2 1 */
— /* */
7% pp[ 3 1 ~s 3029 28 27 26 25 24 23 22 21 2019 18 17 16 1514 13121110 9 8 7 6 */
7* pp[ 4 1 ~s 32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 1110 9 8 s */
7* ppl 5 1 ~s 34 33 32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 10 s */
7% é ; HA HA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA HA FA HA HA *//* 2HA,23FA,HA,FA,2HA */
7% si[1 36 35 34 33 32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 1514 13121110 9 8 7 6 5 */
;: cif1 34 33 32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13121116 9 8 7 :;
7* pp[ 6 ~s 36 35 34 33 32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 s */
. . 7* pp[ 7 ~s 38 37 36 35 34 33 32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 s */
Re |Ster | e 7* ppl 8 ~s 48 39 38 37 36 35 34 33 32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 */
7* I HA HA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA HA FA HA HA *//* 2HA,23FA,HA,FA,2HA */
7% s1[2 42 41 40 39 38 37 36 35 34 33 32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 1 */
;: cif2 41 40 39 38 37 36 35 34 33 32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 :;
7* pp[ 9 1 ~s 42 41 40 39 38 37 36 35 34 33 32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 s */
/* pp[1@ 1 ~s 44 43 42 41 40 39 38 37 36 35 34 33 32 31 30 29 28 27 26 25 24 23 22 21 20 s */
7* pp[11] ~s 46 45 44 43 42 41 4@ 39 38 37 36 35 34 33 32 31 3@ 29 28 27 26 25 24 23 22 s */
v v v 7* i HA HA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA HA FA HA HA *//* 2HA,23FA,HA,FA,2HA */
/* S1[3] 47 46 45 44 43 42 41 4@ 39 38 37 36 35 34 33 32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 1 */
A B C ;: Ci[3] 47 46 45 44 43 42 41 40 39 38 37 36 35 34 33 32 31 30 29 28 27 26 25 24 23 22 21 20 19 :;
/% pp[12] 47 46 45 44 43 42 41 40 39 38 37 36 35 34 33 32 31 30 29 28 27 26 25 24 s */
stage0 AT
/* sife 3029 28 27 26 25 24 23 222120191817 161514 13121110 9 8 7 6 5 4 3 2 1 @ */
& /* cife 20 28 27 26 25 24 23 22 21 201918 17 16 1514 13121110 9 8 7 6 5 4 3 2 1 | */
7% sif1 36 35 34 33 32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 121110 9 8 7 6 5 4* */
7% ; L ; l 1 HA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA HA HA HA | *//* HA,26FA,3HA */
7% s2[e 36 35 34 33 32 31 30 29 28 27 26 25 24 23 22212019 18 17 161514 13121110 9 8 7 6 5 4 3 2 1 @ */
EX BOOth encoder ;: c2[e 31 30 29 28 27 26 25 24 23 22 21 20 19 1817 16 151413121110 9 8 7 6 5 4 3 2 :;
p 7% c1f1 35 34 33 32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 1110 9 8 7 */
7% s1[2 42 41 40 39 38 37 36 35 34 33 32 31 3@ 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 1e* */
7* cif2 41 40 39 38 37 36 35 34 33 32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 */
7* HA HA HA HA HA HA FA FA FA FA FA FA fA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA HA HA HA *//* GHA,22FA,3HA */
EXD allace tree — 7 S2[1 42 41 40 39 38 37 36 35 34 33 32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 1@ */
e — ;: c2[1 42 41 40 39 38 37 36 35 34 33 32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 :;
Staq el /* S1[3] 47 46 45 44 43 42 41 40 39 38 37 36 35 34 33 32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16* */
/* C1[3]. 47 46 45 44 43 42 41 40 39 38 37 36 35 34 33 32 31 30 29 28 27 26 25 24 23 22 21 20 19 */
7* ppl12] 47 46 4 43 42 41 40 39 38 37 36 35 34 33 32 31 30 29 28 27 26 25 24 5% */
7* FA FA FA FA A FA FA FA FA FA FA FA FA FA FA FA FA fA FA FA FA FA FA HA FA HA HA HA *//* 22FA,HA,FA,3HA */
Y v v /* S2[2] 47 46 45 44 43 42 41 4@ 39 38 37 36 35 34 33 32 31 30 29 28 27 26 25 24 23 22 21 26 19 18 17 1 */
;: C2[2] 47 46 45 44 43 42 41 40 39 38 37 36 35 34 33 32 31 30 29 28 27 26 25 24 23 22 21 20 */
/1* stage-3 (6in)----
Pre Shlfter Pre Shlfter Pre Shlfter 7% safeq° (6in) 36 35 34 33 32 31 30 29 28 27 26 25 24 23 2221 2019 18 17 16 1514 13121110 9 8 7 6 5 4 3 2 1 @ */
/* c2[e 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 151413121110 9 8 7 6 5 4 3 2 */
7% s2[1 42 41 49 39 38 37 36 35 34 33 32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 1110 9 8 7 */
. 7% l 1 !’ ; HA HA HA HA HA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA HA HA HA HA HA *//* SHA,25FA,5HA */
3_|nA er /* s3[e 42 41 40 39 38 37 36 35 34 33 32 31 30 29 28 27 26 25 24 23 22 21 2019 18 17 16 1514 13121110 9 8 7 6 5 4 3 2 */
7: c3[e 37 36 35 34 33 32 31 30 29 28 27 26 25 24 23 22 21 2019 18 17 16 151413121116 9 8 7 6 5 4 3 */
/* 1
Stage 7t s3l
/* 2
;: . 5HA,23FA,4HA */
A 4 *
: 7 at
ormalizer ok
7* ) 5 4 3
/* c3[e 5 4 3
/* s3[1] 47 46 4 43 42 41 40 39 38 37 36 35 34 33 32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 15 14 13 12 11 */
7* HA HA HA HA HA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA FA HA HA HA HA HA HA HA HA *//* SHA,27FA,8HA */
/* sa 47 46 4 43 42 41 40 39 38 37 36 35 34 33 32 31 30 29 28 27 26 25 24 23 22 21 2019 18 17 16 1514 13121110 9 8 7 6 5 4 3 2 */
Staq 63 ;: ca 43 42 41 40 39 38 37 36 35 34 33 32 31 30 29 28 27 26 25 24 23 22 21 201918 17 16 151413121110 9 8 7 6 5 4 :;
;: C3[1] 47 46 45 44 43 42 41 40 39 38 37 36 35 34 33 32 31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 */
st
/* ca 43
/* C3[1] 47 46 45 44 43 42 41 40 39
7% HA HA HA HA FA FA FA FA FA 4HA,27FA,13HA */
/* s5 47 46 45 44 43 42 41 40 39
;: o 47 46 45 44 43 42 41 40 39
/* --stage-6 szimfadd)‘ o7 NABK-
/* s5 47 46°45 44 43742 41 40 39
/* C5 47 46 45 44 43 42 41 40 39
/* AD 47 46 45 44 43 42 41 40 39
7* FA FA FA FA FA FA FA FA FA 24FA,19HA */
/* s6 47 46 45 44 43 42 41 40 39
/* C6 47 46 45 44 43 42 41 40 39
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input wire ACLK,
input wire RSTN,
input wire 10 op,
input wire [31: exl,
input wire [31:0 ex2,
input wire [31:0 ex3,
output wire exl_d_s,
output wire [8: 0] ex1_d_exp,
output wire |24+ PEXT: ex1l_d_csa_s,
output wire [24+ PEXT ) ex1l_d_csa_c,
output wire ex1_d”zero,
output wire ex1l_d_inf,
output wire ex1_d_nan,
output wire fadd_s1_s,
output wire [8:0] add_s1_exp,
output wire [24+ PEXT:0] fadd_s1_frac,
output wire fadd_s1”zero,
output wire fadd_s1”inf,
) output wire fadd_s1”nan
H
wire const _one =
wire = 1'b0:ex1[31];
wire i exp = 8'de:ex1[30:23];
wire s1_frac = 24'de: (~(|s1_exp 1 ba ex1 22:0 :{1 bl,ex1[22:0]};
wire sl zero = 1'bl: (~(|sl”_exp 2:0
wire s1_inf = 1'bo: s1_exp ex1 :B
wire s1_nan = 1'be: &s1_exp 22:0
wire _s = ex2[31 2[31];
wire 7:0& s2”exp =
wire [23:0] s2_frac = 1'b0,ex2[22:0]}:{1'b1,ex2[22:0]};
wire s2_zero = ~(|ex2[22:0 H
wire s2_inf = & (~(|ex2[22:0]));
wire s2_nan = & ex2[22:0] );
wire s3_s = 2'1'b :ex3[31];
wire [7:0] s3”exp = ? 8'd127 iex3 30:i3;;
wire [23:0] s3_frac = ? 24'h80_0000: (~(|s3_exp 1' ba ex3[22:0 {1 bl,ex3[22:0]};
wire s3_zero = 1'bo :(~(|s3”exp ex3[22:0 ;
wire s3_inf = 1'bo : s3_exp ) & ex3 22:9 ;
wire _nan = 1'bo :( &s3Texp ) & 22:0]);
wire [47:0 booth_s;
wire [47:0 ooth_c;
bit24_booth_wallace bw_iTpl (. a1(52 frac), .bi(s3_frac), .so(booth_s), .co(booth_c));
wire ex: s =
wire [24+ PEXT:Q r_exl”d_csa_s = booth s 47 is PEXT 5 /* sum */
wire [24+ PEXT:0 r_exl”d_csa_c = booth c 47:23-" 3 ca
wire r_exl_d_zero = (s2_zero && lss nf &8 1s3 y iss zero && !s2_inf & !s2_nan);
wire [8:0] r_ex1_d_exp = {1'b0, 52 _exp} + {1'b0,s3 exp <
) 1b052ex|'>+1b053exp-9'
wire r_exl_d_inf = (s2_inf s3_zer 1S3 nan) ll (s && !s2_zero && !s2_nan);
wire r_ex1_d_nan = s2_nan | s3_nan I s2_inF &&'s _zero)’ | (s3_inF && s2_zero);
nbit_register #(1) ex1_d_s_r .ACLK(ACLK), .RSTN(RSTN), .d(r_exl_ 5 .q(ex1 _d_s 5 //slice
nbit_register #(9 x1_d_eXp_| JACLK(ACLK), .RSTN(RSTN), .d r_exl_d exp 5 -q ex1 _d_exp 5 //slice
nbit_register #(25+ PEXT) ex1”d_csa_s_r (.ACLK(ACLK), .RSTN(RSTN), .d(r"exl1”d_csa_s), .q(exl1_d_csa_s 5 [//slice
nbit_register #(25+ PEXT) ex1_d_csa_c_r (.ACLK(ACLK), .RSTN(RSTN), .d(r_exl1”d _csa_c), .q(exl_d_csa_c 3 [//slice
nbit_register #(1) ex1_d_zero_r ACLK(ACLK), .RSTN(RSTN), .d(r_exl_d_zero ), .q(exl_d_zero 5 [//slice
nbit”“register #(1) exl1_d_inf_r JACLK(ACLK), .RSTN(RSTN), .d(r"exl1”_d_inf ), .q(exi_d_inf 5 //slice
nbit”register #(1) exl_d_nan_r .ACLK ACLK), .RSTN(RSTN), .d(r_exl_d_nan ), .q(ex1_d_nan 5 //slice
wire _fadd_s1”s =
wire [8:0] fadd_s1_exp = 8 d0<51 _exp&&s1_exp<8' d255 1'b0,(s1_e g -8'd1)}:{1'bo,s1 e 8}
wire [24+ PEXT:0] r_fadd_s1 frac = (8'de<sl_exp&&sl_exp<8'd255 51 fr‘ac {( PEXT+1 i ba}}f {I'bo,s1_frac,{("
wire —fadd_s1_zero = sl1_zero;
wire r_fadd_s1”_inf = 51_1nf;
wire r_fadd_sl_nan = sl_n. .
nbit_register #(1) fadd_sI_s_r .ACLK ACLK), .RSTN(RSTN), .d(r_fadd_si_s >, .q(fadd_sl_s 5 //slice
nbit_register #(9) fadd_s1”exp_r LK(ACLK), .RSTN(RSTN), .d(r_fadd_si”exp ), .q(fadd_sl_exp )); //slice
nbit_register #(25+ PEXT) fadd_sl1_frac_r ACLK ACLK), .RSTN(RSTN), .d(r_fadd_sl1” frac), q(fadd_s1 frac)); //slice
nbit_register #(1) fadd_sl_zero_r .ACLK(ACLK), .RSTN(RSTN), .d(r_fadd_sl zero), .q(fadd_s1”zero)); //slice
nbit_register #(1) fadd_sl_inf_r "ACLK(ACLK > -RSTN(RSTN), .d(r_fadd_s1”inf ), .q(fadd_sl_inf )); //slice
gb d_le ster #(1) fadd_s1_nan_r JACLK(ACLK), .RSTN(RSTN), .d(r_fadd_si”nan ), .q(fadd_sl_nan )); //slice
endmodule
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~ rzlodule bit24_booth_wallace

input wire [23:0 ai,
nput wire [23:0 bi,
output wire [47:0 so,
) output wire [47:0 co
/7 synopsys template
wire [24:0] sign_ext_ai
wire [24:0] not ai
wire [24:0] shift_ai
wire [24:0] shift_not_ai
ﬁ Depth%(24+3-1)/2=13
// 28 27 26 25 24 23
//WIDTH:N@ ~s s 24 23
wire [28: 0] pp[e 12],
wire [11:0 pp_neg;
genvar gen_idx;
generate
for (gen idx=0; en id
(gen_idx==0) beg:
assign pp[gen
assign

end
else if(gen_idx==1

pp_neg[gen_idx] =

icand */
ier */
product */
product */

0 UTT

wunn

2

[
.
()
S
Y

X

ai 1*be 3
f4shi1‘t a;;

middle ~ last
~ 2 1 © |28 27 26 25 24 23 ~
2 1 0 1~s 24 23 22 21 ~

2 1 0
@ No S

x < 13; gen_idx=gen_idx+1) begin:

1dx] bi[gen_idx+1:0 ? 29'ho800_0000:
bi[gen_idx+1:0 ? {4'b0100,
bi[gen_idx+1:0

4'b0011, shiftt_no
4'boel1, no

bi[gen_idx+1];

\ endmodule

assign co = fce Sstt42 o],

2) begin
assign pp[gen_idx] = bifgen_idx*2-1] == 1'b@) ? {2'bi1, {(25){1 bo}
ébl[gen idx*2-1] == 1'b1§ ? En ext_a
2'b11; {(2 ){1'b8}
end )
else begin . .
assign pp[gen_idx] = bi[gen_idx*2+1:gen_idx*2-1] == 3'b0@0) ? {2'bl
bi[gen_idx*2+1:gen_idx*2-1] == 3'b@@1l) ? {2'bl
bi[gen_idx*2+1:gen_idx*2-1] == 3'b@10) ? {2'bl
bi[gen_idx*2+1:gen_idx*2-1] == 3'bO11) ? {2'bl
bi[gen_idx*2+1:gen_idx*2-1] == 3'b100) ? {2'bl
bilgen_idx*2+1:gen_idx*2-1] == 3'blel) ? {2'bl
bi[gen_idx*2+1:gen_idx*2-1] == 3'b110) ? %:Bi
" assign pp_neg[gen_idx] = bi[gen_idx*2+1];
en
end
endgenerate
/* est */
wire [30:0] s0_1st;
wire [30:0 ca_lst,
wire [32:0] s1”1st;
wire [32:0] c1”1st;
wire [32:0] s2”1st;
wire [32:0] c2”1st;
wire [31:0] s3”1st;
wire [31:0] c3”1st; . . .
nbit_csa #(31 csaa_ast .ai({pp[ 2],2'ho , -bi ({2'he,pp[ 1]} , .Ci
nbit”csa #(33) csal_@st( .ai({pp 5 4he 5 .bi Z'he,pp 4], 2'he}), .ci
nbit”csa #(33) csa2_@st( .ai({pp 4'ho , .bi ({2'he,pp[ 7], 2'h@}), .ci
nbit”_csa #(32) csa3_@st( .ai({pp 11 ]‘_27 0],4'he} , .bi ({1'he,pp[10], 2'h@}), .ci
/¥ 1st ¥/
/[ pp12
wire [35:0] s@_2st;
wire [35:0] c@_2st;
wire [38:0] s1_2st;
wire [38:0] cl”2st;
wire [31:0] s2_2st;
wire [31:0] c2 2st; . .
nbit_csa #{36 csab_1st .ai({s1_1st, 3 he , .bi ({5'hee,co_ist 5 .ci
nbit”csa #(39) csal”lst( .ai({c2” 1st.6 00} .bi ({1’ he,sz Ist ‘hee} ), .ci
nbit_csa #(32) csa2_1st( .ai ppt12]{25 0],6'hee} bi ({c3_1st[30:0],1'he} ), .ci
/¥  2st ¥/
wire [41:0] s@_3st;
wire [41:0] c@_3st;
wire [41:0] s1_3st;
wire [41:0] c1”3st; X i
nbit_csa #{42 csad_2st .ai({s1 _2st,3 .b; 6'hoo, co Zstg , .Ci
nbit”“csa #(42) csal_2st( .ai({c2 251:{30 0 ,11"heee} .bi ({s2_ Zst 19'hede} , .ci
/*  3st ¥/
wire [44:0] so 4st,
wire [44:0] co”4 . .
nbit_csa #(45) csaé ) 3st( .ai({s1_3st,3'he} ), .bi ({3'he,co_3st} ), .ci
/*  4st ¥/
// c1_3st;
wire T43:8] so_sst;
wire [43:0] c@_5st; . . 3
nbit_csa #(44) csad  4st( .ai({c1_3st[40:0],3'ho} ), .bi (c@_4ast[43:0] ), .ci
assign so s@_5st,s@_4st

LOAéSO 3st[0],s0_2st[0],s0_1st[0]};

t”a
t-a

, 1'bo, _neg[gen_idx-1

i 1 'bo, gg_neg gen idx-1

}, 'b@, pp_neg[gen_idx-1

1, {(25){1'be}}, 1:bo,pp_neg
1, ‘sign_ext_ ai 1'b0, pp_neg
1, sign_ext”. a1, 1'b0, pp_neg
1, shift”ai, 1'be,pp_neg
0, shift_not”ai, 1'b@,pp_neg
0, not a1, 1'b0,pp_neg
o, 1'be,pp_neg
o, {(25){1 bI}}: 1'b@,pp_neg

ferasrara)

waAWe

6' hee cl_1st

Es hee, se 1st£39 11}
s3_1st

éig ng? 50225§[35 :1]}

i ({4'he,s6_3st[41:1]}

(s@_ast[44:1]

.S0
.SO0
.SO0
.SO0

>
>
>

J;

)s

20220401

35

gen_idx-1]}:
gen_idx-1]}:
gen_idx-1]}:
gen_idx-1
gen_idx-1
gen_idx-1
gen_idx-1
gen_idx-1

.

s0_1st , .co (cO_1st H
s1”1st ), .co (cl”1st H
s2_1st ), .co (c2_1st H
s3”1st ), .co (c3_1st H

.so (s@_2st ), .co (c@_2st
.so (s1_2st ), .co (cl”2st
.so (s2_2st ), .co (c2”2st
.s0 (s@_3st , .Co (cO_3st
.s0 (sl_3st , .co (cl_3st
.so (s@_4st ), .co (c@_4st ))
.so (s@_5st ), .co (c@_5st ))



= 20220401

n d rd input wire ex2_d_s,
input wire 8:9; exz_d_exp,
input wire [25+ EXT:0] ex2_d_frac, //TIT1T]
input wire ex2_d_i F,
input wire ex2_d_nan,
ou put wire [31:0] f
-Functl.gn [31:0] normal].zer‘a
1npu
inpu 1-d_e
m,’iut [25+ PEXT:0] exl d_f r'ac, YZARINAN|
input 1-d_inf;
input exl_d nan;
reg [5: O] ex2_w_lzc; //TITIT)
ex% g S;
re, ex ex
A B C reé ex2-d” frgé,
begin
5 normalize */
ex2_w_lzc = (exl d_frac[ PEXT+25]) ? 6'd62:
(exl d_frac[~ PEXT+24]2 ? 6 d63
Exp Booth encoder ex1_d_frac[ PEXT+23 ? 6'de: exI d_frac 6'd1:
ex1_d_frac[ PEXT+21]) ? 6'd i (ex1_d_frac[ PEXT+20 > 6'd3:
ex1_d_frac[ PEXT+19]) ? 6'd ex1_d_frac[ PEXT+18]) ? 6'd5:
ex1_d_frac[ PEXT+17]) ? 6'd ex1_d_frac[ PEXT+16]) ? 6'd7:
ex1_d_frac[ PEXT+15]) ? 6'd8: (ex1_d_frac[ PEXT+14 2 6'do:
” ex1-d”frac[ PEXT+13]) ? 6'd10:(ex1_d_frac[ PEXT+12]) ? 6'd1i:
Exp Wa ace tree ex1_d_frac[ PEXT+11]) ? 6'd12:(ex1_d_frac[ PEXT+10 ? 6'd13:
1-d_frac[ PEXT+ 9 2 6'd ex1l_d_frac[ PEXT+ 8 ? 6'd15:
1_d_frac[ PEXT+ 7 ? ex1l_d_frac[ PEXT+ 6 ? 6'd17
gooe fouz - fracl PEXTY 2} ¢ S8 foa-eacl PET: 43 £ €icd
rac + ex; rac +
nput wire ACLK, ex1_d_frac[ PEXT+ 1 ? s (ex1 e :fr'ac “PEXT+ 0]) ? 6'd23
nput wire RSTN, — — — ex1_d_frac[ PEXT- 1 ? 1) 67d24+ PEXT);
nput Mire o) s Pre shifter J| Pre shifter || Pre shifter i€ (&x1 d_nan) begin
nput wire [24+ PEXT:@ ex1 d csa_s, S— ) ) — ex2 -~ frac - 23 h409090,
npu% wire [24+ PEXT:0 ex%_g_csa_c, - eneXZ d_exp = 8'h
nput wire exl_d_zero, _ d d .
nput wire ex1_d_inf, 3 N A er else if (ex1 d_inf) bggl"
nput wire ex1_d_nan, ex2_d_frac = 23'5969699;
npu% wire 8:0] ﬁagg s% s X2 “d_exp = 8'hff;
nput wire : add_s1”exp, .
nput wire [24+ PEXT:0] fadd_s1 frac, Normallzer 9159 %fx eé Judzc 253) d52) begin //T1T]T]
nput wire fadd_s1_zero, —————————— S € p= e
nput wire fadd_s1_inf, ex2 —d -Frac =
nput wire fadd_ sl —nan, ex2_d_exp =
output wire ex2 D end
output wire [8:0] ex2_d_ exp, elsezbggm s exids
output wire [25+ PEXT:0] ex2_d_frac, ex2d-frac = exi—d-fracs>(2+° PEXT //TITIT
output wire ex2_d_inf, ex2_d_exp = exl_d_exp[7: é %
output wire ex2_d_nan — Snd
)’w re const one = 1'b1; else if (ex2_w_lzc == d63) begin //T1T|T)
wire fadd_w_exp_comp = -Fadd s1_exp>exl_d_exp?1'bl:1'b0; f (ot d &xp >= 253)
wire [ 8:0] fadd_w exp_dlffe = fadd_w_exp_comp?(Fadd_s1_exp-ex1 _d_exp):(ex1_d_exp-fadd_sl_exp); = 23 ﬁeGeeee,
wire [ 8:0] fadd_w_exp_diff = fadd_w_exp_diffe>(9'd25+ PEXT)?(9'd25+ PEXT)Tfadd_w_exp_diffo; = 8'h
wire [ 8:0] fadd_w_align_exp = fadd_w_exp_comp?fadd_s1_exp:exl_d_ex g en
wire [24+ PEXT:0] Fadd_w_s1 a11 n_frac = Fadd_si1_frac>>(fadd_w_exp_comp :fadd_w_exp_diff); elsizbggm —extids
wire [24+ PEXT:0] fadd_w_s2 a11gn frac = exl_d_csa_s >>(ex1_d zer‘o’gs) d25+ PEXT) : Fadd_w_exp. comp?fadd_w _exp_diff:0 oo dfrac = exid-feacs>(1+ PEXT); //TITIT)
wire [24+ PEXT:0] fadd_w_s3 a11gn frac = exl_d_csa_c >>(exl_d_zero?(9'd25+ PEXT):fadd_w_exp_comp?fadd_w_exp_diff:@ ex2_d_exp = ex1d exp[7é + 8" ij
wire [25+ PEXT:0] si_x = (fadd_s1_s==ex1 d_s) ? {1'be,fa d _W_ sl allEn frac}:~{1"' 0 fadd_w_s1_align_frac}; nd
wire ci_x “= (fadd_s1_s= exlds 1 end LT
nbit_csa #(26+ PEXT) csa_s6_1 ( .ai( {1'b@,fadd_w_sI, al1gn -Fr'ac} , .bi ~$1 bo,fadd_w_s2_align_frac}), .ci(~{1'be,fadd_w_s3_align_ -Fr'ac , .s0(s6_1), .co(c6_1)); else %gx eéze‘)’(‘ 1zc <= (&' f§3++P§XR) begin /711111
nbit”csa #(26+ PEXT) csa_s6_2 .ai , .bi 1' be fadd_w_s2_align_ -Frac , .ci 1' bO fadd_w_s3"align_fra » +s0(s6_2), .co(c6_2)); ex2 p= e x1_d ¢
nbit”csa #(26+ PEXT) csa_s7_1 .ai c6_1[24+ PEXT:0],1' b1 ) bi 6_1), .ci 35+ PEXT){I'b0 51 b1 , .so(s7_1), .co(c7_1)); ex2 —d -Frac = 23 ﬁeGeeee,
nbit”csa #(26+ PEXT) csa_s7_2 .ai c6_2[24+ PEXT:0],ci_x}), .bi 56_2 , .ci 25+ PEXT){1'b0}},1'b0}), .so(s7_2), .co(c7_2)); ex2_d_exp = 8'h
wire [24+ PEXT:0] ex2_d_fracl = {c7_1[24+ PEXT:0],1'b0}+s7 1, en . .
wire [25+ PEXT:0] ex2_d_frac2 = {c7_2[24+ PEXT:0 1 bo}+s7_2 elsizlg (ex1_d_ _exp <= ex2_w_lzc) begin /* subnormal num */
wire r_ex2_d_s fadd_s1_s==ex1_ |1 ex2 d _frac2[25+ PEXT]) ? fadd_sl_s : exl_d_s; o~ frac - eexi a -h-ac«e,a d_exp)>> PEXT; //T1TIT]
wire [78:0] r_ex2 d_e add_w_align_exp; ex2 “d_exp = § ’
wire [25+ PEXT:0] r_ ex2 _d_frac fadd_s1_sT —ex1 d_s & ex2_d_frac2[25+ PEXT]) ? ex2_d_fracl : ex2_d_frac2;
wire r_ex2_d_inf ~£agg s% s & ‘Fagg s% 1n£ & ~( ex1 g_s g ex1 g 1n’£ g ~exl g nan elsezbegln r* ngQTaélled num */
a sl_s a sl_in ~(~ex1 S exl in ~ex1 nan =
~exl_d_s~ & exl_d_inf & ~( fadd_s1_s & fadd_sl1_inf) & ~fadd_s1_nan o 4 ﬁ;g‘ z é)e(){IaaeiEac<2§x§ywe)léc3‘>izggxn ﬁH H
exl d_s & exl”d_inf & ~(~fadd_sl”s & fadd_sl1_inf) & ~fadd_sl_nan) ; end ’
wire r_ex2_d_nan = fadd_s1 _nan || exI_d_nan; end
nbit_register #(1) ex2_d_s_r “ACLK(ACLK), .RSTN RSTN , «d(r_ex2_d_s , .q(ex2_d_s 3 //slice 2 else begln /* zero */
nbit_register #(9) ex2 _d_exXp_| r .ACLK(ACLK), .RSTN(RSTN), .d(r_ex2_d_exp ), .q(ex2_d_e 3 //slice 2 2 - f = %3 ﬁaeaeaa
nbit_register #(26+ PEXT)ex2_d_frac_r ( .ACLK(ACLK), "RSTN(RSTN), .d(r_ex2_d_frac), .q(ex2_d_ -Frac 5 //slice 2 g;z - e;gc Z &hoo 3
nbit_register #(1) ex2_d_inf_r .ACLK(ACLK), .RSTN(RSTN), .d(r_ex2_d_inf ), .q(ex2_d_inf )); //slice 2 end _
nbit Eeglster‘ #(1) ex2”d_nan_r .ACLK(ACLK), .RSTN(RSTN), .d(r_ex2_d_nan ), .q(ex2_d_nan 5 //slice 2 narmaluer = {exz_d_s, ex2_d_exp, ex2_d_frac};
endmodule endfunctmn
gssagg f = normalizer( ex2_d_s, ex2_d_exp, ex2_d_frac, ex2_d_inf, ex2_d_nan);
endmodule

N —
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Q7. Which is correct formula representing practical energy-efficiency of computers?

ERMAEIRIVEL—FDIELL

iR EEN ?

A. Watt x time. B. Watt x time”2 (square). C. Watt x time”3 (cube)
A. Watt®] x B5FfE] . B. WattZ xBFE] D23, C. WattZ x BFFfEl D3

Q8. What is the accuracy of t as 32-bit data?
AVE1—3M32bit TRIDLTETHHBARDEEIL?

Q9. Can a computer calculate 5 billion + 1 correctly? ]

AVE1—3IE,508+1Z ELSGTE TESHV??

Q10. CPU/GPU is best for Al and BC?
CPU/GPU[ZAIBCIZHx i ?



Representable range and Accuracy

» C has no framework to detect integer-overflow
INT32 MAX +1 = INT32_MIN with no report
2int32 will not represent the population of the world

» Float can represent larger than 10billion, but ...

Int ... sign:1bit, integer:31bits
2147479552 + 1 = 2147479553

double ... sign:1bit, exp:11lbits, significand:52bits
2147479552.0 + 1.0 = 2147479553.0

float ... sign:1bit, exp:8bit, significand:23bits
2147479552.0 + 1.0 = 2147479552.0

(incorrect)

38



Cancellation of significant digits

» Loss of accuracy

> We know a formula to solve
AX+Bx+C=0

2 2
»x1=-B+/ (B-4AC) x2=-B-/ (B-4AC)
2A 2A

> In the case B>4AC,

2
IB| - V(B - 4AC) significantly loses important bits

» A=1, B=-1000000, C=1

-1000000.0] = 1000000.000000000000000 (Ox412e848000000000)
J/~(1000000000000.0 - 4.0)= 999999.999997999984771 (Ox412e847ffffbced)

difference = 0.000002000015229 (0x3ec0c70000000000) #NAIST.

P o R PR Pt R P P Pt

only 24bits remains

20220401
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Avoid

X1 =

X1 =

X2 =

Correct program

IB]|—/(

1B+ (

2
B — 4AC)

A4AC)

IB|+(

2A

2
8 — 4AC)

2A

C

X1 * A

If B<O

if B=0



Formative assessment

@Convert INT32_MAX to floating-point number.

hint:
INT32 MAX is OX7FFFFFFF (2147483647)

41



Formative assessment

@Convert INT32_MAX to floating-point number.
hint: INT32_MAX is OX7FFFFFFF (2147483647)

Nearest single precision number:
0x4F000000 (2147483648.0) error=1
1.00000000000000000000000 * 2731 (158-127)
Ox4EFFFFFF (2147483520.0) error=127
T11111111111111111111111 % 2730 (157-127)
1000000000000000000000000—————- (2147..48)
— 000000000000000000000001 —————— (128)
0x4F000001 (2147483904.0) error=257
1.00000000000000000000001 * 2731 (158-127)
100000000000000000000000 ——————- (2147..48)
+ 000000000000000000000001 ——————— (256)



Poor Skill to Write Programs

// Convolution

conv_forward(nnet->input,
nnet->weight,
nnet->kernel _size,
nnet->output);

// C=alpha*A*B + beta*C
cblas sgemm(CblasRowMajor, TransA, TransB,
m, n, k, alpha, A, k, B, n, beta, C, n);

You may know multiply(*) and add(+) are included.
But what happens inside ?

43



44

20220401

1

I"""”""'
- M’wﬂm’ﬂmmmm.’”"ll"
T . -
LW - "'I

-
v

U
o

AUITTITITIT T LTS LLLRAR AR AL LR AR A "
AATIIAATLIRVRVIVRVRARVRVR VR LR

L Y W W W W WO .
AR TTLTARLRURAR AR
f‘ﬁ'l'f‘f"'f.ﬂ‘f""'f‘f."f"""
ATTITTIITLITVITIVT VRV U T T W Y
v l’l’clo . lillllrtfﬂll'l‘l

| Neural Network

iIcal Convolutiona

Typ

LExampIe

~N
*
-
(<))
c
c
©
<
(O]

N
= *
=
Q
c 3
- Q

[
+ o
()

0 Y4

()
*

N Q

()
S
~ %
+ N
+
U e
o<l M

=
o ¥
U =
- %
v U
O -
o

<
N |
ﬂ&
(OB ||
o
~

Q.
[
o
Y=

~N
N ¥
*
o+
~ 5
v Q
C
c 3
c O
N =
* U Y
o
Q. +
o S5 Q
() Q o
~ L o
=
() O *
o0 ~
1] +
£ U o~
o n ™
-
* ¥ O
/{/ﬂ
AN =
+ *
~ 4+ ~ =
+ 4 4+ O
+ O + <
2 VU +
(o] o =
C ea *
v e =
en 1 O %
- = O vV
1 v v O
=~ U
v O 0O®
= v +
(o] e I
L a® O
- Il o3
ea |l U
=~ O 1
11 O ~
=2V Q.
O~ C O
[ o
~ O Y=
(o)
[
()
Y

.
J

&ker[ (oc*IC+ic)*K*K]

kp

.
3

=0

kidx

=
(@]
-
LXY LN
Lo | 1
X X
© ©
o o
< -
el el
e & 3
B B o
~ ~
* * H
+ + i
5§ 2
— — <
Y= Y-
~r ~r
* *

N * *

*

— i

Q X X

(@) + +

() ~ ~

| () (o)

(] (]

~ + +

(<)) = =

c * *

[ ~ ~

() > >

4 + +

= =

* [ [
N [ [
~r ~r

ot N R [ —
+ o o

~ + Q. Q.

+ X A A

+ (-] o3

D\ e ~ ~

o * *

o N + +

N~~~ (© ©

N ® O ()

~ 1 i i

I X Il Y Y

1~ Il ~ ~

X * *

~ v X

N X © 1 1l

v o +

S\ e ¥

~ Q. Q.

eaN o O O

~ X od * *

N~ o o

N--OO ~ ~

~ 1 * *

X Il +

I ~ 1l @© ©

Y o) O eoa

~ 1 U~ —~ +

~ Il 1 Y= Y= +

1 X s~~~ U ~ X

I ~ *¥ WV ¥ O

> Y- — o

(W.l (J] <

[ ~~

(o)

Y ~~
~
~
~
~

In-ch#3,4,5 =—>

In-ch#6,7,8 =——>

In-ch#9,A,B ——>




Goal of today 45

Q7. Which is correct formula representing practical energy-efficiency of computers?

ERMAEIRIVEL—FDIELL

iR EEN ?

A. Watt x time. B. Watt x time”2 (square). C. Watt x time”3 (cube)
A. Watt®] x B5FfE] . B. WattZ xBFE] D23, C. WattZ x BFFfEl D3

Q8. What is the accuracy of t as 32-bit data?
AVE1—3M32bit TRIDLTETHHBARDEEIL?

Q9. Can a computer calculate 5 billion + 1 correctly?

O Ea—R(E,50E+1F ELSGTETESHV?

Q10. CPU/GPU is best for Al and BC?
CPU/GPU[ZAI¥OBCIZHxE?
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6. CGRA FPU Convolution

ALU chaining and full use of narrow memory bandwidth



W 20220202

i\CGRA IS similar to stream of water 47

Coarse Grained Reconfigurable Array
Other name: Reconfigurable Data Path (RDP)

Von Neumann computers have many traffic signals
C?G_RA IS highway Non-stop execution

NS0 S

{ ooy, /|
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"GoogledTPUIZHEHONT= X M) w7 LA
7—F% 72 F v &Deep LearninglcoW\WT", B8t
BRI ATEATEEES, Jul. (2017)

"Deep LearninglZ[@1lF 7=Approximate
Computinge X MY 27 LAT—FT7
Fv", BNV E 1 —T 1 VT OMFTHEAKEE
5%, CRDS/JST, Jul. (2017)

"Approximate Computing& > X FU w7 7L A",
YR 7 MEiTE#EER, Dec. (2017)

"% X EYHRT 7t Z L —KIMAX(In Memory
Accelerator eXtension)", CAEETEIBIETE@
B X Z R FE8E> iRy L, Mar. (2017)

"Systolic Arrays as The Last Frontiers", Invited
talk in IPB Seminar and Ul seminar @
Indonesia, Jan. (2019)

"o T4 A HIETEARRICAITT
SONYALHZELEAN, Mar. (2020)

"IMAX2: A CGRA with
FPU+Multithreading+Chiplet",

Panel: CGRA and their Opportunities as
Application Accelerators, ASAP2021, invited
panel, Jul. (2021)

“Avba1—R(FT—REVR)DEBEHERE
= R4 LCS/JST, Jul. (2021)



Basic structure of CGRA

# [V
Di > 75pixel OR+SRL SUB+AND

ggg ADD MUL MUL+OR+ERL

ADD+OR+SLL
Col#3 Col#2 @ Col#1 @ Col#0 @
YZH Y2 Q YZM
,,,,,,,,, Q |

YMM YHM

YPY YPM

YZZ YZZ Lg! I YZZ

YMZ YMZ

YPZ YPZ

YZP YZP YZP

YHP YMZ

YPP YPZ

Window_size: 3*3%2*3*3
Execution: 72-SAD / cycle
Total_cycles=N/2 (N=1600)

s [ Bl -1
compare

Input: on_demand 4-64bits_integer / cycle

Max_cycles=M/8*9 (M=7500) oo

D[1] LIOJ[][2][3]. . [N-1]

conditional_store

S[1] L0 I2][3].. . [N-1] —

Output: 4-64bits_integer / cycle
Total_cycles=N/8*2 (N=1600)

Row#0

Row#l

Row#2

Row#3

Row#4

Row#5

Row#6

Row#7

Row#8

Row#9

Rowi#10

Rowi#l11

Row#12

Row#13

Row#14

Row#15

Row#16

Row#17

Main Memory

Instr.1

instr 2

Instr.3

Instr 4

Instr 5

Instr.6

instr.7

Instr 8

<
<

Y

>l

Dl

>l
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6. CGRA FPU Convolution ... Prototype for 10240 operations

28nmLSI : 200x performance/area compared with GPGPU

~h RS, RFHEE, BRAEE: “HIEIEEE (R/ AU AT UMM ) FRE2021- 27859 (2021. 2. 24)
. hSUTRY, RERE: TBREER, FOHHGESLIUHHTOS 3L, AR (BC) ", #F62021-009164 (2021. 1. 22)
\ BRSBTS 0BEEE (A RBT IS L—2DOER %), hEZL201680019602 (2020. 12.11)
THRES T -AMEER (BET /L —SER S E) ", PCT/JP2020/025123 (2020, 6. 26)
B AR TR T SRERE (AL SO E) T HRE2020-91392 (2020, 5. 26)
WA REE: TR R (SHET S LS —AER %), 1HE2019-517698.(2010.9.19)
“*Yasuhiko Nakashima, Shinya Takamaeda: “Data processing Device”, United States Patent 10,275,392 :,(_2019.4.30)

HhEFEE: T —5MERE (NCHIPHIEIZE) *, $5/E2019-121853 (2019. 6. 28) 5

\=Yiasuhiko Nakashima, Takashi Nakada: “Data processing Device for Performing a Plurality of Calculation Processes in Parallél”,'EuropeanPatent Application,No.09820420.9 (H31. 1. 18)

WRTTTT Lt
““..m“w"“._.n |
. L

P EEE. T4 NEEE (BRI L— S /A %), PCT/JP2018/018169 (H30. 5. 10)

[ hEEEE: T —ANEEE(ENET LIS %) $R2017-96061 (H29.5.12)
»Jun Yao, Yasuhiko Nakashima, Tao Wang, Wei Zhang, Zugi Liu, Shuzhan Bi: "METHOD|FOR ACCESSING MEMORY OF MULTI-CORE;SYSTEM, RELATED APPARATUS, SYSTEM, AND STORAGE MEDIUM”,
PCT/CN2017/083523 (2017.5. 8) { i S

-hEES EiAGhTAOEEE GCEURBT 75— 2 0O# M%) ", PCT/JP2016/061302 (H28. 4. 6) .
RS, A TSR EE AR YRBT I Y50 2 OMBLAE) . 1512015-079552 (H27. 4. 8) R
SRERE: “TSab—a A", RiiE2013-055660 (H25. 3. 18) - {
RS, PEE: T —SBUEEER U T —SRERE", PCT/JP2013/057503 (H25. 3. 15) B
B : SPHERERUT—5LEEE", 15RA2012-061110 (H24. 3. 16) (7))
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6. CGRA FPU Convolution ... Performance w/o transpose or unpacking W

CPU
CE
ARMv8 1.2GHz

DDR bandwidth

CNN 2080msec

GPU 256c¢core

JetsonTX2 1.3GHz
DDR4 480Gbps
16nm 43.6mm?2

12

7.5W

170

eppP=217K

280

ebp=H88K

1190

eop=10.6M

CGRA 64core*4
IMAX2 140MHz
LPDDR5(16GB) 40Gbps
256Gbps/4266x32x2chip 2.2W
[28nm#ESE 14.6mm2 *4]

8nm#85E 0.46mm?2*4

(DeepScaleTool :58.4/31.818)

1

ARM 0.6W + [31W]
0.6W+12W+2.2W(Ipddr5)

(DeepScaleTool:31/2.667

16 [3msec]

[EDP=284] EpP=133

23 [4msec]

[EDP=505] EDP=237

754 [126msec]

[EDP=501K] epp=235K

333"‘469 [134ms]

[EDP=567K] EDP=266K

2378+734 519ms]

[EDP=8.51M] EDP=3987K

GPU 3584core

GTX1080Ti 1.5GHz
GDDRS5 3872Ghbps
16nm 471mm?2

97

250W

12
ebp=36K

18

epp=81K

43

ebp=462K

GPU 10496c¢core

RTX3090 1.4GHz
GDDR6X 7490Gbps
8nm 628mm?2

187

350W

1.2
eor=504

2.9

epp=2943

35

epp=428K
Cusparseffi /g

300

eop=31.6M

Cusparsef# fi

300

eop=31.7M

Jetson AGX Orin 1.3GHz
LPDDR5 1638Gbps

8nm
41

60W

9.6

epp=5530

10

epp=6000

158

epp=1.5M
Cusparseffi /g

324
eor=6.30M

Cusparsef# fi

330

epp=6.53M

20220924
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Formative assessment 52

Power consumption

A

CPU/GPU FPU Matrix Mult. ‘ @Describe pros and cons

— of each implementation.
Ternary CAM ‘

CGRA (PiM: Processing-in-Memory ‘

Special Purpose Circuit l

N

Stochastic Logic ‘

Mem Capacitor (CiM: Computation-in-Memory) ‘

Accuracy/Programmability
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Q7. Which is correct formula representing practical energy-efficiency of computers?
ERAMEIROVEA—DELVEEEKITEN ?
A. Watt x time. B. Watt x time”2 (square). C. Watt x time”3 (cube)
A. WattZ x F§fE]. B. Watt# xBFfE] D25, C. WattZl x BFfE D33

Q8. What is the accuracy of t as 32-bit data?
AVE1—3M32bit TRIDLTETHHBARDEEIL?

Q9. Can a computer calculate 5 billion + 1 correctly?

AVEa1—3IE,50{E+1Z ELSGGHRE TESDAY?

Q10. CPU/GPU is best for Al and BC?
CPU/GPU[ZAIBCIZHx i ?




20220401
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Download the template and submit through UNIPA.

http://archlab.naist.|p/Lectures/ARCH/ca04 2001 0502/ca042005e.docX

In http://archlab.naist.|p/Lectures



http://arch.naist.jp/htdocs-arch2/ppt/ca01_0502_0302/ca010503e.docx
http://archlab.naist.jp/Lectures

20220401
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That’s all for today
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