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e A58 F dvk. dF 501, &3¢ & 197t [5us, 50uSI¥ 45 ") (GBI [10uS, 20uS,
1S, 40uSloe=, W(2)(512)= [5uS, 10115 15uS, 20uSI12, W (3)(520)& 1 A=<kel [8uS, 1618,
24uS, 32uslel & ¢ vk, wep HA wolz= i A3 AejaT)d gk AZFgko] M 9(3)(520) ]t

S ook

FhE FEE MEYD W o4 wddA o5t MAgd AFA,, i=)E 0oz o, fre 3
Bl 0'e EASHE Wl WAV Ak mekAd FA &AL HA9Y anEe o 247 ekl £ gl
_]

= FHA AY™- A (minimum conductance; Guin) E TR & Sk},

Tejy & oAl RRAM A1) XY (forming) TS T3l 29H 4] 7tsdlAle 5SS ARSE, O
Zrld AztEe] dajA e 293 s&o] AEFHow o]FofX A A s A xW TS s FEF
ity & dZ4d8d 2AELS 7] ¥ A dH (intial resistance state, IRS)E 7HAH o]l &= 19 w2
SR A Ao 71E 29F & Al =2 A AH tin] 105 oI5k @S zteth. ol& st=slo] el
A EEE F e '0'Y AE HAuigk 28 Aolgk & 4 o, © A ool Ul duyA THYTJE

dito] 7hgsitt. olE F&l A= dde 7 7HH W7F AxE wa dEd:

(1) Hopfield Energy vs. Cycle: 2 olqx] Zefell =2st7] e dvit 1 gho] fdo]E 3pHo] o] Fof
A=Al Wk A zeltk. HA oA =Eehs =TS ettt HHe] sie o e
F= Aol7] wiZoltk, wEbd, WM (3) AFdow TAE F AF A-T o] wolz® dyA o] i
#HA A (local minima)E 2 wWhAUE 5 o] O A2 Ale]E 7} & o=

2,
Ir

(2) Success probability vs. Cycle: o8] ¥ &4 3|Z2& AL3AS ol AR Alo]= o
2 Egd G858 Yehde Aot o] AL (DI v7tA 2 o A& Alo] S A 5-H *é off &
&
A

10 OHéé

o] & Aes WAWBNA B Zoltk. meb @es] 22 2 W99 Gmin, Gmax #ivbE Ab
Bl =g ofele] ofF &H iyl AAAQ] kol= &8-S Y T|ste] =)ol W ¢ W= oy
COP sid& 71the o St

ki
(@)}
rlo

= 2 Ewe d Aol wE o] EW A" TS dEhlE =deld.

of W& o] &HH A|2EI(600) ZEA|A(610), M2=(620), HMESLA AE o] 2(630), R (640)

Hlo] 2~ (650) 5 e & ok, wWIR(640)= &JAA(641) L o] A MAS A TtEA T2

Z3rek ¢ vk, ZEAA610)= AAGF(611), 7oA ZEaHYF(612) R EHF(613)E

Atk TE AAGEA o] & A2E(600)S & 69 TAHALAERT ¥ WS FAHLAES ¥

Ak, 2EY, gFEY Tl FHLAES YEsH =AE dagde gl E 59, 9
2~ZYoly EAMAY (transceiver)9t S U8 FAHARLES X388 &% ).

=
o

i
o >

ot ok
e P Y LR =3
>
o~
&
o

E 4

2

o md R L wE rfr
o
i) 1

°

p

l
‘é
~
D
o
o
\_/
0
E

il

W22 (640) = AFEAAN D5 75 7= vlAZA, RAM(random access memory), ROM(read only memory)

txg =golH el e v AEA &% 7] 5742 (permanent mass storage device)& X & vk, g
W2 (640) 0= QAN (6419 o] Al fAS A% A ZEII FEH(642)S 9 zEaH A=)
Add ¢ ok, o7 AT EL Y FALAES =dtelB WA YE(drive mechanism, M]EA) S o] &3kl H
52 (640) ¢k o] AHFEAA d5 Ve

S 715 diAZEE 299 & drh. o3 Hxo HFEHAA
23, "o|X DVD/CD-ROM =gtolr, W=Ea Jl= 59 7 f‘rEMW

% b5 1% A EEY Soeln, 2
G oAtk BE ANddA £ZEY] THRAES AFHAA B

45 e 1% DA E E3E
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[0070]
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7hedk 715 miAZE obd WIE A 0] 2(630)E Fal wlRE(640) 2PE &= At

H2=(620)7 o] £ A2="1(600)9] T8RS SA 2 doly AES ZhsakA & & vk, w62
H 2 (high-speed serial bus), W& ®W X (parallel bus), SAN(Storage Area Network) /4

2 7les ol&st] 7AE & .

HEZ A FA 0] ~(630)F ol £H AA¥(600)S AFH vEHIA d4dst7] gk HAFH st=do 74

84249 F Jdrk. UEYA A A(630)F o) EH AAF(600)S T EE 4 AdAS 3 A5

HE I A4AZA 4 Ant.

AlEel s (650 oY EA AdE AR ITA x2AYLE A9 BT 2E JNE AY % A4
£ 6ol A old &wl ABl(600)°] ujiol Hlo]E M o] 2 (650) %

Ajska glort, ool @AHE AL ohld AsW T YAt B4 So el g +
EE Qo deleuel st MAY B Ay ge FHE % doleulo 2z EAstE A

i)
o
i)
),
o,
o

ZRZAA610)= 71EARL Ak, 24 3 o] &W AJ2=EI(600)9] )EE Arks FAFoEN, HFE TR
o] WHE Agates 7498 F vk, ¥R vl (640) e WEYA QIEH]2=(630)] o, 1]
H (62008 F3) Z2ZAM(610)2 AT & Aok, Z2AAM(610)= AAR(611), 753 T2 F-(612)
2 EFEF61)E 98 22as 228 AdsEs FAd ¢ Ak olwd ZTead =g vRe)(640)9)
T 71E A AgE Ak

d5.(611), 7152 TRIOHHIE(612) 2 FHH(613)= &= 29 GAE(210~230)S A3 & A= &

A 2~E(600)& AAR(611), 7}&x Z2agyy(612) 2@ =4

2 wgol AAjdef wE lex 2 (612)= 4] = L
(ground state)ol =23}7] 918 7t & Atsta, 7] 7teAe Z23d-& oo Egt,

e
I
1

ZRIYYR(612)= 7] =2 HAst EA g Hd A ZAE 2EY
gk o] BEdloA FUEYSQL 4 (Hamiltonian function)®] FHAXHel| =37l 3t wlojufz] dgel it
FE54 A4S 9l wol= &S AAde VA TRAAS ol&ste] Tt E Alvtetar, 4] vtsAe Z'
gele] 9 WHE ol Egt
o] AAldo] wE 7teA TR (612)x 7] siUEURN e HAA A =EEty] 913 o
= S AAs] A3 ThEAe WY 2 hEA e AFgEE e MRS 2 Ve ZR9dE o] 85t
Zzadyd FZ2= UESA 7N Wz ofgolele] o] Rde] sag Fdstal, 4] AAE wol= &
of w& Wy of#ole] AR FHE ol&ete]l V] ouA el HAHAC =] A FEAE
AlAkgkct
g el AAjde e TheA TRIagYR(612)= dulolEd dE WHd mE dyAE Alkstal, oy A
el HA A (ground state)oll =g Wj7hx] Ale] &S WHE ST
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[0080]
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B o] AAlde wE FHF(613)= 7] QulolEd kAol TaakdS ol &t A7 =¥ HH st A
=

Al AEE AR E stEde] FAA8A, AZEYR] FAS8A, H/EE s=do] FA48A P AXES
Sqane zfez AN + At A o, ANAmAd 49H 24 Y FHase, dF wel, Tz
AlA, ZEZ#, AlU(arithmetic logic unit), 31 A" 25 T2 A A (digital signal processor), who]A =
¥, FPGA(field programmable gate array), PLU(programmable logic unit), "lO|IARZEZZAA, T HH
(instruction) & At SHE F Y& thE ojue x|} o], 3 oo HE HAFH E= 55 &
AFHE ol &3t #+dE & Atk A FXE 9 AA0S) E A7) &4 AA AoA Fd= = s o
o] AZE o FgAlolds FAT F vk, ES, HE FXe LAZE ddd §Hste, HelHE
A, ARG, 22, A" 9 AT = k. o3l HOE sk, M7 A= syt AMEEE o=
AgE AT AR, Y vsiordA B AXS R A=, A ZAAE B e Ay 84
(processing element) /I B4 F3o Ay Q4S5 T3 F= QS & 5 duk. A2 Eof, A #H
T 8 N ZEAA EE s ZRAA P oo FEEHE X 4 vk, HEg, HE ZIAA
(parallel processor)®t #2, T2 A7 Al (processing configuration)® 7}&3}c}.

o

AT EO]E= AFE ZT 2T (computer program), T =(code), W& (instruction), E& o|& F 3 o|4t9]
2F¢S 23 F gon, dste dE FASEE AP AXE FAHAY SH™eR e AgHoen
(collectively) 2] A P4 gl *EEﬂﬂ g/ dolHys, Ag Ao 93t A E A

it
ol r
ol
ot

e FAzlo] e = dolEHE AlFsty] Yste, oW G339 714, 74852 (component), E7 A F=x], 7H
A2 (virtual equipment), AFE A& wfA] EE Ao FA|8H(embody)E 4 Uth. AZEYolE HEY=A
2 Ad4¥ AFE Alzdl Aol BAtEojA, FAkE WY AGEAY Agd T rt. 2ZEe] E do]

o=
Bt sht olgel AFE BE b5 /1% vl A3E 5 A

AAele] uhE W e TR AFE £9 Biel 48 4 g 2oy 9y ez 7asHe ARy #
% ks wAlel 718 5 Qv AV AFRE 2% b AE Z2ag 9y, dold B, dely & ¥
2 wEom = 2gste] T F Ak 7] A 71%% Zeos gEe ANAE fste] 593
AT PR Aol AY FFE 4z 59 AU FE At AFH @

%7ﬁ$ﬂiuwwq#ﬂ%é&iﬂiﬂ,éiﬂﬂ*ﬂtﬂﬂﬂEﬂ]9+Q%Xﬁlﬂﬂm%mﬁcmm@
CD-ROM, DVD®} %2 337]= viA(optical media), Z=FEZA t©tl2=ZA(floptical disk)e} #S A7]-3F vjA
(magneto-optical media), % E(ROM), (RAM), %ﬂ’\] wWze 53 e T2 wHS AAsta st
2 =293 TAE sudo] Ax7F x3dEnt. Rl g odEs Agdyd o) wEoXE R e
Z1Al0l =N ofuzl IEIZEE & AMEEIA HFEC osiA Adgd £ dE 1e Ao I&=E

olgst ol WAool u% B AAdst el o8 HBHYot, A lERokl A Bl A4 7
A AU P19 A BYT £ L WSl S, olE Sol, 49 skl 499 s
HE A s, 9/ AEE ALY, 2, 4, A Gl Fakiol 498 hud ge 8
B AE TE XRHAY, OGE THLE Tr 2EE Sldel dANAL ARAdAE 29 A g
4 5 vt

aYBE, e TAE, GE AAdE D SHITHAS FER AEE FERE SHITUAY WA £
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EHIb

Ising model (Hamiltonian)(110) \ ocal optimal

minima  state
]

N nodes (binary)
N(N-1)/2 adjacency matrix

Hamiltonian function
1 Random flip

Ho o = Js 19 - with P
ising = i > -

i<| X4, Xo,eo Xy

Energy
/

Hopfield network (Energy)(120)

i<j
N neurons (binary) S ™
NxN weight matrlx (Wi =0) | AE - _53_5 _ Z Wi, |
Energy Function: N : )
E =—1§ Zw-jxixj J\/[
i< . _ [ =1, 4E; <0 (with P)
WNEWSE T 41, 4E 20 (with P)

_12_



NxN memory array(130)

"find the optimal

input configuration"

—t

N

Input driver

~ Bitlin

currenty

Ak = Z WiX;

f\ stochasticity

_I' probability(x; =1)

_13_
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5

=

=

H

e
[=)

EH1d
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<N x N memory array >

- / noise level ‘Tradeoff 1 v exactly written .
| QBS . QBmXV
|
range D
_

g

(IR

[ 1]
NI

L]

L[]

range@
range@

.\f (D range that ensures the most efficient simulated annealing on hardware (operation-centric)
" (@ range that ensures the most stable/exact weight representation on crossbar array (memory—centric)
I\' ,O

i

‘or't! - (@ range that is compromised under the tradeoff (D&®@) for efficient simulated annealing operations




JFEX Z2 Y
(212)

'

I\

i
L
o
e
0o
b
9

210

YOlolE
2

Ol LA AL A&
(223)

k1
N2
(VA

Top Electrode

Oxygen reservoir

Switching layer

Bottom Electrode

24 e Y

=

HE= Bt &2

~——230

_15_
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420
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NS4

e
[=)

range {1): memory—centric (511)
Variable 1: Variable 2:

-

e Variable 1:

Programming variation
(noise level to be leveraged)
* Variable 2:

Programming target resolutio
(tuning accuracy)

Gi Go Gz G4 Conductance
Device on/off ratio

range (2): operation—centric (512)

T expect more.
variations within
high resistance

levels.

-

Gy Gy Gy Gy Conductance

e

||||||||||||||||||||||||||||||| ._
range (3): compromised (520) _

I

I

I

I

I

I

I

I

- _

Gy Gz G Gs Conductance|
compromised between _

adequate amount of noise |

and states distribution _
||||||||||||||||||||||||||||||| J
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600
CEE 611
HER Z2IYAR 612
5 613
630

2

Y

HERZ A HOIA

640
29 W 641
x| _\?l_ = == S
O 2R 2= 218t | | o)
Isx Z2MY RE
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