2 4 =

) e XA A w = MIE]
IC DESIGN EDUCATION CENTER
305-701 THFHA T4 thst= 201

The new 30 nano class Green DDR3

Samsung's 30 nano class 4G bit DDR3 server
memory chip is the most advanced, best-
performing chip we've ever created. It saves
86% more energy, processes two times faster
and is far more reliable than its predecessor*
In fact, its energy usage is so small, operating
and maintenance costs of your server farm
are significantly reduced. Welcome the
eco-innovation that doesn't compromise

performance - just one more reason the leader

in green memory technology is Samsung.

www.samsung.com/greenmemory sy L
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NAND Flash | 22| %372 2] 112/

AL 913
A3R7 7l

ANE

NAND Flash HlZ2l=, HI0|EE XMEst= 712 el M (cel) ¥
of2llo] (array) 7= (33 1)7t HlwA Castn FEZE =0(7]of
S2I5t64 MP3 player, cellular phone Z SSD (solid state
drive) 52| OO MEXXIEL=E 0| AME=T UCH (3 2).
NAND FlashollAl 2EHNOZ xfElistn Q= Ml &= 2S 7H0|E
(FG: floating gate)?! Ol G{7|of| H&t7t Xt Jq=X| R0 T2t E
HX|IAEE On-Off AlZ & U BEHHLY (Vth: threshold
voltage)O| EH2tH FE NI GRS wEe = A =k (3 1)
NAND Flash=, string LHOIA] Zizte| MS0| 222 HZA (NAND
logictt Z2 TX) 0] JAA 2064Z1 0|S0]Ct,

Word Line Word Line

Control Gate

Interpoly Dielectric

Floating Gate ——
Tunnel Oxide [eo5% Bit Line
Source Drain P-substrate
(@) Cell #+&
Bit Line Contact Bit Line

A
< A
Unit Cell - 5

3
3l

Common Source

+«—— Control Gate \

(b) String %=
2 1. NAND Flash &

2=

NAND Flashe| SE&20Fe H20 ZthAl7|7] siM= NAND
Flash M=o LRt HIES &0l= 0| Mol o HNzE =
OF= A0| stLtel giol & 4 ot Hz2|e FEEE =0[7|
ol EXMoZ AMEEE= 7|HER= AAYY (scaling) & HE|
R (multi leveling)0| QUACH AH|YZ2 mj22|x|z=&0t ofL|2t
22 MMz YO R A8E|lE J|HOR SZMEZS EO0M
A g 220 HNMEE =0|= Yo ot HE| H22 £5] NAND
EHAOIM S5 ABED = o, XY A== FEgS =

H Zo=M TNEE Z0F= HHolch

TR DS £2 H=22 MR

3= OtAH
Ao} : HEFE (channel coding) &
SoC A7

E-mail : jjkong@samsung.com

25,000 37d Booming
Mobile

20,000
2nd Booming
15,000 MP3

10000 1% Booming
Card

5,000

0
2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014

Source: Gartner , iSuppli

T2 2. NAND Flash AIE &8 [1]

ol
o

A g nt HE| Yoz o=a|e] NMEE H0|H 7HY ¢zt
ZHHE2 H=22| XA Q| MEldE 52 £E2R RISk X0l &8
5| ol IZick= Z0Ick. NAND Flash mZz2[e AZM2

endurance®t retention22 LIEtH 7} U=0|, endurance= M
2a|ofl HlolHE M&sk7| st 7| 4 (P/E cycle: program—
erase cycle: E2iA| H=2[oll HIO[EHE M7] LshAe O1Foll M&
E HO[HE XIRE= 20| MK Zedl) SHAIE LIEHHH retention

2 MEE0] A= H0|HE HofLt 23 AlZE S {XIE 5 A=K
S LEiE HEoic, A2 ¥ el 40| B71E4E bje
2|2 22|&Ql E4 Fst Y 2ETY 22 (A Vith distribution)
AEol B7kHA =0 MHE H0/HE HZ222EH Fetohi ¢
L= Aat MEE HojHE 23S RXlok= X0l B o ofzig
XA Eck,
# of Cells # of Cells
1 0
11 01 10 00
Vth Vth
Erase Program Erase
State State State Program States
(@) SLC (b) 2-bit/cell MLC

32 3. NAND Flashe| 2EIFUERE

12l 32 SLC (single level cell: 1-bit/cell) ¥ A=t 2 HEQ| H
HE XMzEE 4 Qe 2-bit/cell MLC (multi level cell)Q] 2EFQt
BEE B0 1 Uct HlolE7F MEE UK 242 MENT} erase
SEfO|m H|OIE{7t MAE! MEN7L program AEHO|CH MY 1HIES

NAND Flash HI=2| MRS A=l ehds ?Iet MEX2| 7=

MEeke 42, 5 /12l Ml (erase X program)z2 FEE 4= A
Zl= ol 0] 0= program AEfZ} SF JHEO|E2 SLCEID BE
C}, 2H|ECS| HE = erase SENE ZE6t0 25 U] JHe| 722 &
B2 ESIE 4 ol 0| AR program & MEH7t F 74 0402
MLCzl= 0|E0| 204Z! Z0|ct.

o

Hiole Mol ABEl= 2E Aol S21Hel £40| SLHKI= e
8= Z2 o[BS MEsiteie HEf7F Zaty O3 31t 22 22
£ 27 =n e 42 HEi7E M2 ERA =of 2 dofl M=
O[EIE 2ot XS OofEHl UEC E8 28 HE== HE +5
SINESE L TYFE (voltage window)oll ©f ®2
program EfZ S07H| 22 MEAF0| CHE Sk =0

a5t Hio|EE elojLhs o] MAE o of{{IZict £, scaling
ol 2lall cell Zt Zt40] E{EHAM 2t cell 2t9| interferences &
7totA| =l0f A2|M0| XMatstA Elc.

B o= A2 S flet AsHe| 7|E

NAND FlashE MEHRIZ AtEst7| lsii= XMEE HolE2] Al
2| £Z0| S8 NAHER Q7= ME| 2FS UHEE 4 QUojof
Sttt =&7]9] NAND Flashe HlZ™ ME0| 2 SHE A8k
SLCOIX7[0l NAND Flash XHIQ] Al2|= £F0| 2F &= A2z
SES UEE £ AUCH (T 49 A F9). HEZE =0(7] Llsh
scaling 2 MLCI} ZI-HZ|HA NAND At&|Q] A2z &2 ECC
£ A8SIX| pfoH 7= MEE SES UESH E 4~ oAl E
Zo| Sixf 4% (O 49 B E9)0|H Ol2Ct HE=T} O &0
MEE ECCUIeRE @7 kl= AMEE fFS UESH & 2+ oAl
|of ECC 2lo| CI2 AsXa| 7|He & =est 42 (I8 49|
C )7t Ldgt 2~z ot

W/0 ECC

Theoretical
Limit

ag 4 ol22] FNEE Mlgn S| Jls

L21Y MEtE siZEst
 H AAie eyo| EaHolX|2t ol2lo= Sl AlAY SoIM
o

flalids HZa2| Mz ABElE Mz, 3

Ubtsoz ARBED U= MY ASA2| 718 (channel signal
processing)E0| AL £ ULt Z, S41 AIAHOIN F2 ASE|
= 2BH0ES (error control code: 0N LM 285
Ho13t7| LIl AFR) 2F 1 (modulation: e EAoll =2 o|o|
EIE sl = W) 7HES ti=Zelel M2IME =0l= o ME

4 oIt B2 w2z MY S W 2TASS Ytmel S

ol

z T
g Edut o282 g4 Mo ABEE 7IHES IE A8
= X2 B2 JES gaitt Al8sh= 40| 7kssict (3 5).

Source . ECC Pre-signal

source = £ o qar 1 ENCryption ——— g0 der processing

| Wite/

a N [Conventional] Program
‘:H?Si I/ ) (’HQS, I/ 2 g::ls“ Memory

« design l read

Sink Source ; ECC Post-signal

(User) /" \Decoder|™| Decryption —— Decoder procesging

a2l 5 H22g MEX27|E (9]

B 022 LEN0 7=

Mzl MEERAME, HoHE MEE A0 Was > Us
program 2%, P/E cycling0| &7t5t7Lt FGOIl MEE FMstrt +
A (charge loss) Tl LMcts @F 2 HIZ2|ZL2EH HO|HE ¢
ol mf sk 2F S 0d2] 7HX| 2210 e 2F 7t Liligr &
QlCt ol2fst LRSS CiYst HOZ Mg 4 oLt Hi=2| X
HERE EA AJAEIO|L} magnetic/optical MEZEIX|M= CHE &
g2 UEIHEE 7|Z 7|HES U2 M8st= A2 MEGHK| LCt.

ool MEXX|0|M= HIOIEIE ¢ioith= AIEO| HIOIHE M sk=
Al™Db XtO|7F 3A L= Z0| YHE™M0|EE2 ARQ (automatic
repeat request) E£= Hybrid—ARQ (FEC + ARQ) EAlS AR5t
= 0| oiS MISHO|X|ZH FEC (forward error correction) g4l

-
© bl 2 AR 4 Ut

diZ2|of Al HIolHE o mf Hist=s 2F= random E40]
o892 HDD (hard disk drive) B optical storageOiiAf L
o2 AIZEl= RS (Reed-Solomon) £% cHAlo| BCH (Bose-
Chaudhuri-Hocquenghem) 237t 2 ARBEZ|1 Ut Ho[H
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06
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HARIIME FEC %At 8 A8 HloJES i=sinf 2ol
oM goith HlojElel RBE F0f K= 70| Hal ABED ¢
£ o ol 712 wiZel HEIIE HE 4 Uct

NAND Flashe| E&E7} =T H=Z2| XtHel AME(=7t ot
o= SBAARN 27 == A2l £F2 HOX|X| ez
LDPC (low density parity check) 252} 20| BCH Es&rCt &
FsHo| 28t ECCE EHRE otz 4% LUMSITH LDPC £5
7t BCHELH 245 HE sHE LU=l6l7| fishiMe MEHXIZRE
soft decision dataE O{L{of Sk= o 0l2{8t MEE HojLh= A
0] EAIANAE! 2 magnetic/optical MAEX| CHH| £X| ooz
0| E2XCE ojiziz WS st A= Zesit,

22| MYEX|0|A ECCE MEst= ol £ CHE M A2 iR
=2 2588 7= ECCE AI8sHof githz A0ICh S41 AAE
ME 1/2 £=1/3 B=9| 2588 2= ECCE AIEsIHE HEA|
7b QIRIEE HlZ2| XMEEX|0AE LHo=z 0.8 0[Ae| ECCTt
ALBEILE O, ANMZE w0AM HZ2| MZEHIES £0l= Z0| 2
ol o, ECC B&88 %5/ =™ ECC parity X2 I8
spare cell2 =2{0f 5122 HEMZE =0l= a7t E20EA /7|
uf2o|ct,

B Randomizer

NAND Flashofl 7|2%l= ¥2& 0[X! Ho|E=2 0 E= 10| HEE
X[2t 00| 4oz =2 10| HE02 XMEE 4 QUCh 0] Z2
pattern0i| 2|t FskoZ NAND Flashe| Alz[do| tskeh 4~ QUX|
o randomizerg AFESICHH 01} 19| WMEIEE FS5HH &
olst HEflQ U akg £ 7| MR HMEeR MZMS
& 4 Qo &, 2t state & celle] 47t FS5HH BESICH
state & AZO| H5H7} X|A3SIE|7| =0l cell ZF coupling &1
ZIOK|A| T error LUMEET SOIX|A St

02£§

re oz m

—_

NAND Flasholl M&=l= HI0|E{7F #&XQI patternOl2tH back
pattern dependencyLt coupling@2 LtELE AZ|IM XSS 0F7|
st=l 0| 2stelirE <&t2 randomizer?t St EICh Back
pattern dependency:= random programO|Lt page w=Afof 2|
8t min—-max programA| HA program & cell0| &2 CIE cell
9| Al&El= program R0 stringQ] Mg HE0| S7t5t 0] Ih
20 read S A9 Vin HES 7= WS YSBICH CHA| sl
A, NAND Flash program/read S%F Al S WL (word line) /
BL (bit line) L2l 21&St cell state?| patterndf 2t cell VinZt
Hsh= sidolCt,

RandomizerE AM&sHM ZE ZE|2tQ| pattern (worst case
pattern)& B2 £ U= A2 OILX|EH HAXQ! worst case
pattern0| ZMsH slg2g &Y 4 ULt £ patternzt LB
pattern2| HMstE2 St OlM SYUSHKI2t randomizers X
F&to2ZM Z£2 patternt L2 pattern0] O|X = S At
QUL £3| LI patterne Fg0| E2US7| 2ol Azl ol
randomizer?t OHIXIE &t/ ECh HIZ2|0M2| cell2 2XHEXS

I}

;
2

= 0

2 LR 222 randomizer FAl WL &i8F 2 string &k
2 random ENE ZT=E MA|Z|0j0f 26t 115 I 4 Lt
a3 62 2-bit/cell MLC NAND Flasholl randomizerE XSt
OIE LiEtl=E W22 HE Tz erase (E)2t P2 MEf (E-P2
pattern)7t Z{Zf 50%M0|AH 20| ME =0ll= 47HX| state?t =2
02 LiEhE A2 Eo 1 QlCk

-

« State E: Red

- State P2: Blue
i# | - State P3: Green

12! 6, Randomizer X of [5]

M Read Level Control
NAND Flash22E H0|HE S{ofLh= 2Alol| w2t M= XixH|Q|
2F £&0| g2HE £ e O, ol= ECCo S&igYg EHst=
Ho= i 528t He2 stoh NAND Flash HIZ2|25E (o]
EE HOE mf error7t T LMst=E HolLi= 2ol thehAl=
W2 ARt ZEe|n =], 67|M= LPF (low pass filtenE X
&35l0 local minima & XM7std 22%Q! read level2 3= B
HS AJNstoAt St O] 70(A Mg M2 | PF HE Fo| At
£ LIENND "7 M2 | PFE XMESH 22| MZE LiEHl= o,
18 20l= high frequency &&29Q! local minimaZt X7
=
=

=l
=
=

a7 LPF HE of [9]

B 7[Et MEX2| 7|2

oM 2= 7|& 0l2A0l= NAND Flashel Az|M SHAZ 25l
coded modulation, modulation coding S0| H7=| Ut
Coded modulation2 bit-to—signal (program state) mapping
It ECCE 2%o= ZAglsto] AZ|ds edlste AMEXz| 7|82
2, 12 8 (a)2F 0| ECC2t modulation| Zst2 Eaff AMZ|M 0]
52 22 4 Ut £ dlolel miEof gt AMRIY XstE XISt
7| 281l modulation coding®= 2=l ULt 12! 8 (b)= E A
Eiet P3 MEi7F A&Xoz LefLte MEES WXsty| {8
modulation code A72| GIx[0|Ct,

NAND Flash t22| MYEx|Q| M2ld edS flgt LEXE] 71

Decoded BER

Raw BER

(a) Coded modulation & &2t (b) Modulation Code 0

a3 8 7IEF MEX2| 7IE (8, 9]

B Flash M2z ZEE3

oM eigE ECC & AMESX2| 7|”MSE2 hardware Ex=
software HHEHZ controller (2% 92| NAND Array Controller)
= NAND Flash Lo 23 4 UCt

Storage Controller .
DMA System
.
NAND || NAND [|NAND | - NAND
< System Bus > =
| - [

NAND Array

Buffer Controller
Controller ECCEngine

ety ——
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Host Interface
(SATA, PCI-E,
USB, etc)
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(functional margin0l2tnE &) 7 MY 3ct & o[ margino| Ol
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MPEG 3DV 357 gl

M2
B 35 HICIQ QE 7|ao| oM 2N
CIAE Fa2 0188 3XH HIC|2(three—dimensional video,
3DV)E A MAIE MTASH ZEIXZ SMZ s 3t NS
ALEXOIA MSE 4= U7| [H20] XMl F&7Is2 Zigein Qlct
[11-6]. 3xte HIC|2E 24t HIC|Q9M= H2| & A o4 B4
0|825t04 3x2 &AHO| Zo|AS MB35H7| 2ol ASXtofAH £
AZ LI BAE MIBSICH ARBAPE YRide wrke 712 2
ok 55cme| 7H4g T e F E22REH I NS 2

Of |7} B&2| MRS Al YrIZS &XIsk= Ao|ct,
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ZZ2| 3xtd FYTlE2 HRs| T AEe JYez et AR
2ATL FYO0| OfL2t, CHAIY 72tz =2lSet ChAE Fds 0
8510 ARBXI7} Q-EP— AIHoIMe] Sos MEMOZ RHASHALY,
CHAE XS FxIol 0[83t0 B2 Hetet YMgds mise
At 22 ._—TLEI.T'_ UE 3AH HICIR 7|&2 CHA 7im2tz &
St T B2 0I18sliA A MIAIE xHteitt [7]. J2iu 2=
Aol cish ChAIE 7iol2tz Edshs A2 e7F A el A

& SHOIME HIFEH0(7| whzoll, 7i2t2REQ] 72| FEE L

Etli= 20| &S 018510 &k AIFel +& =01, M

oMz Yool Al Sds SeEEezM A 7iHztel £+t o
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ZH E&st 71721 MPEG(Moving Picture Experts Group)2| 3
XM H|C|R 2535} (3D Video Coding, 3DVC) IE0ME Zo|

oS Zeket 3at HIC|2 Clo|Eof et HlojEf FAS Felsiu
SRl 2535t JlgSS EEslcle g2 Tidsta {lot. 2011H
30| Z2! MR MPEG 2|9joflMi= CHAE HIEIR Fds &8%

C=Z B53fsln DFHO| Ft HYS U7 e 3R HT2 £

St H#ES US7| flol MARLEMZE HIE=ACH [9]. 0= 2lsh,
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2009 28 MPEG E&st 3/20Al= MZ2 3AH H|C|L ZSHof|
CHS HITMO| AT [10]. AHEAl MAIE 3XHY H|C|R ZoS

o T
ATR0f ¢ YIS R, YL, 3DTV,
MPEG/HEVC

E-mail : hoyo@gist.ac.kr
http://vclab.kjist.ac.kr/

SATIA| TIREE =8| EZ2| 7|sE g0, AHZL ClAZ2olRet
OfL|2} CHAIE CAS20] HRIZIX|E X|HE 4 U= 2ot FEEn
A5 AIZ20| 7ts8t 7|eE52 =Eisict O3l 12 3Xt HlC|Q =t
= TABRp olc I 10 & & U0l MEA MAIE 3R+
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Stereoscopic displays - Left
« Variable stereo baseline J
e

* Adjust depth perception

Limited
Camera
Inputs

Format Format
Clinstrained Rate
(based on distribution)

Auto-stereoscopic - * Wide wiewing angle
N-view displays * Large number of
output views

a2 1, 3R HlCle =Y

X HIC|Q TR
= z4oil sl Hl
o crol A|E9|

S watn ACk 2D+
My Gdat olof thSst= HO| s 083t AHHL I &
CIAR Hetol 4M0| 7tsSt ZUo2 A, Sixfe| HiC|2 =oint S
2ol 7%3H|”J, AIOF”(ve wing angle)0| &1 HAM FH
7|

2
OjFCh= Tl UCH EHH, CHAE HIC2
LA 7HH|EE$E1 SISt o A2 %“é!% 018310 3+

OIS MASHS EUOE A, 2D+2/0] FATHE Bitkz W AloF2
= MSE 4 UKIZE olo[E{ L0l FiH2t =01 H|2|SI S7t5H7|
=20l E2XQ! #5535t 7|20| QT ECL
Simulcast
3DV should be compatible with:
* existion standards
= mono and stereo devices MVC
O | - existing or planned infrastructure
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2D+Depth
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3D Rendering Capability
T3 2 2D+370] S 2o CHARY 2009) HIEST HHY Hs0] et Hlw

B 3xHH HIOR F =2 7|&

20124 220l T2 MPEG SlolollM of2f 27 7izollAf Fot
Cloet 258t 7la0l ik Fotshn, E% EES Aol 48 W
o thafl =0l 3Tk S5|, 7140l RAMSS mEfsie] Chst

A5 (core experiment, CE) 128 M50, siE 7|20l o

ot Tistgict [11]. J2lz, x| 20124 1ol E2l S]2lof|A
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Neuromorphic Architecture % CAD S7 &

M7t g e AN LEE AXM 3
fault tolernance 7|62 7tX|1 UCt. LESH
0|7| fIsHM spikeZt UHEZX| 42 W= ZHE sleepRE
2 MEstct MEX2|= neuront dendritic treed 2ISHA
A0, MSEAES ALO|ZE AKZ5I0 Mo, EatE,
st N, = AZHXQl FEES 018510 2S5 StECH HZe|
Synapse?}t axon (delay lines)0| U2H axonS F&
19| 7A|0|Z0|H, DFE XIHAIZIE 7HX|L U X|HAZE
Hel= 1~20msO0|ch. Axon2 HAIX| = FE 1HAS
&t o222l 2tele] AR Sit. Billion T2l Neural
Network 2H& Simulation &t7] fsiMdE HHL
Processing Power7t ZRstH| 0| #8t Massively
Parallel 8t NoC T+&7} Estct,

SpiNNaker &2 = 742l NoCE 7tX|1 UL}, A|AE NoC
= 20712l ARM Zofofl 2JshM JRrEl= off-chip 1Gbit
SDRAMOIC}, Low—power processor®! ARM968 Core
(200MHz)= 1,000712] ‘=2 AAlZHol|l Z&ZSCE 20 7K
o I F 19747t ZZt 1,0007H2] w22 Z@ZE o ot
LIHX| o 7He| Zoj= 22| &S sttt A|IA” NoCe
SDRAMO] FZst7| oA 8Gbpsel BEZZ JHEICt £
ot ojul QIEjmo|ATH 2[R9 HFETL SpiNNaker HIE
=0 FZak7| HeliM EestH 2*E H0ISE2 =7|3tst
1, 73 HEYIE ZLIEstn F4sk=0l AtEECt £ Cf
£ NoCe E4! NoCO|H ZI F0o{7t CHE on chip E=
off-chip Z0{0l HZAEZ=F oh=0l ALSEC.

0| &2 GALS (Globally Asynchronous, Locally Synchronous)
Timing modelE AtE5tH, Delay Insensitive S41 &Als
ARBEICE GALS HIS7|2 S&6t7| 2 2t T2AMM= 2
Ztol 2E0=2 FAISiCt &, Globally synchronization 1t
Fo| = 0| ZIXI2| core?t AIREA SEGIEE synchronization
ol 28t circuit H2gh &~ ULt Routing table2 0|t
NoC communicationg AMZSICE AR T2 1%E Al
glo|Mst7| lsiM= 10 7He| wES AlZo]Me =
OF stct umr2kM 8t 7H9| Zl0] 19,0007HE SAlofl AlE20]

2 ooz 50t A 62 7 H=2| SpiNNaker EO|
A EC
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chip chip

1-Gbit SDRAM 1-Gbit SDRAM
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Spinnaker Spinnaker
chip chip
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SDRAM
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Spiking 29| Izhikevich model& AESICE Spike2| Ef
olYof mat synaptic weightZt EHE7LE 50T}
Spike—timing—dependent plasticity[5] ¥ 12|52 At2et
C}, M
F(At): A+eT+ L At <0, (1)
—A_e” At > 0.

&, pre—synaptict post—synaptic spike At0[2| A|ZEXt
off 2t synaptic weight7h HStCH

B Digital Neurosynaptic Core

IBMt st "A Digital Neurosynaptic Core Using
Embedded Crossbar Memory with 45pJ per Spike in
45nm"S ZESINC 0] T2 256712 FE1t 1,024702] 74
™oz o{=2{|Al0] 7H5S axon, 2|1 SRAM crossbar
arrayZ 7= 1024 X 256 ZZIHE HIO|H2| AIHA
2 FMELCE

KxN Synapses
ynap Name | Description | Range
5 W,, | Connection 0,1
W ('./ /% | between axon
@ Ji jand neuron i
S ©
X
§ G/ Axon type 0,1,2
s’ﬂ 2 | Synapse -256
values to 255
L. Leak -256
502 ! to 255
O O O Q L‘. 6; Threshold 1to
6; 256
N Neurons

112 10, Neurosynaptic Core [IBM & ZCHst]
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sle mE oz Ssiof 2ol YHOIER ZHo| ML
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12! 12, Boltzman machinet neuromorphic architectureS
ofget At Q1A 1by

o] JB2 AL 2AE & + Us =& Lu2lEL! Boltzman
machine2 &3 Z0[Ct Iy
(supervised learning) Lu2|Eo2 AHUT AIZ0[E]
E o2 o=RE<| J0|I2R
T2 HHEXEE 0|8k ZEE AL FRo|ch 2T Of
A2 19841E Geoffrey E. Hintondt Ter
Sejnowski 0ff 2ls =U=ACE 0|H2 FEE 2
32 AR + U=l S2E UEYFS SHA
Ol SxIH=RIOZ SEAN|ZI Zdoz MzZIsH & Qlrt EZE |
EF9| SHTEME HEAIS| JEIE OLXIE HAAl
7l YY¥eRg HIAZIXY, S22 HUME oUX|7
B7tske el Folol| thaliME 22 =HEZU0t 51&dh=
EXIAIS AMRSIC}

=

2Zo| TM2 A|ZH THHRIE EHSIC

0|27 deMoz HAZH featur eE —‘?‘—ii} “Zf off—chip
2|L|o] 277|7} 1 featureol CHEH SHs

715 SE0| =2 A2 67t 713 EE0| x*% xﬂi LtE}
LiA ECh

W J|Et71E

28 =312 X9 SpinNNAker[3, 4] 0[219] st=gilof =
HEo= FHAFE(G], HTM — Cray XD1), X7 t=Yl
0, neuromorphic 7= (0f, ABMZE=9| Neurogrid), 4
S GPU (0l: NVIDIA GPUS) [6] S0] lct.

Neurogride ARIZE [§8t9] Kwabena Boahen 0f 2|sh
M oHetEl HE| & AJAEI0|H 4 by 4 neurocore?| 0]
2 PMEn, ZH 30E 256 by 256 2 03H0|2 AL
H 6,000742] L|HA HZ0| 7hs3siCh NVIDIAS] GPUE
0|8stH, 8 o] RES BZX2|7t 7tsoict Est o=
2| WE Z0| 25 T2MMELC} 561 0|4 Hct EU FACET
D2HEE 200590 HEER2H 200,000 F20| 5Tt
Hel AlA0| HZE FxO0ICt HHE transient statesE At
&35H= Analog ComputingS AREStCE Waferscale
integrationS 0|&st0d CHZ analog spiking neural
network hardwareE 7H#stH, S4 HE S =0/7|
2I3iM Temporal and spatial multiplexingS ARSI}
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ZHe= fault tolerance (all levels), low power
consumption, 20cm wafer with ~40 Million synapses
O|c}.  Torres—Huitzil(2005E)2 128 by 128 o|o|X|of cf
SiAl pentium 401 H|3H 100812] £ SHats ERULCE

Qlztel Fkj= 1,000 7He| =21t 1,015702] synaptic &
42 2|of ot Fl= 188 JHe| FE21t 1,0107H2| synaptic
HZ=2 =0 Ut DARPAS SyNAPSES Z2ME HRL
TeamOlMz= ©7| S22 F ZES AMESHC, UCIOM= o
gt 7He| w21}t 108702 synapsesE =7| 2EZ Fot A
"_I'LOI'J_,— MEI'.
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22 13, NVIDIA GPU Hardware

J2l9| GPU StEYH= GTX 280 Card0|H, 240 X 1GHz
scalar processors (CUDA 1.3 device)2 T7ME/0{ 100K
OlA 225K wEs #3Y + UM, ®EZY Synapses
2= 1000A1 5007H0]Ct,

NeMo= CUDA GPUE 0|85t0{ 4B 79| spiking &
(Izhikevich neurons)?| UEYIE ASdst= INs A2
AlZ2|0|EfolCt,

s Auditory pathway

: Visual pathway

Other neural circuits

12! 14, Framework for Spiking Neural Network

lo von Neumann
[ g] Machines
MaChlr\e — . Neuromorphic
Complexity — 3 * Machines
e.g. Gates; — * ......
Memory; 1 M, .t performanc
Neurons; _| R N age
Synapses )
yPOl\)/Ver‘ 1 Dawn of a new
= paradigm
Size |
L L
“simple” complex’ [log]

Environmental Complexity
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MPW(Multi-Project Wafer) Design Contest

IDEC MPW 27827

IDEC MPW MAZ2HE S5t
XAlo| HAst ICE =L 2|19 Foundry HHMOIM &ZHet = AFLICH

Cl2{20| FIZ0| Elof Y22 HUZ FHe HHAR.

~10° synapses/cm? ~10° neurons/cm®  ~10* neurons/  ~5X10® long range ~ Biological Brain
cortical column axons @ 1 Hz

Long-range

Synapse Neurons Microcircuit Brain

interconnects
JUNCTION SUBSTRATE CIRCUIT \GH SPEED BUS

5X10° transistors/

~10" intersections/ cm? Layered cortical % 3 ——
cm?@ 100 nmpitch @ 500 transistors/  Circuits with ~10°  Multi-Gbitisec Electronic Brain
neuron neurons/cm?® digital comms

T2 16. DARPA SyNAPSES — HRL team

O 20124 MPW 323 x|¢ LY
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