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N]khgfk]k lg l`] j]na]o]jky [gee]flk

P`] eYfmk[jahl fmeZ]j8 NCOMMS-23-41697-T

N]na]o]j $/ 'N]eYjck lg l`] =ml`gj(8

P`] eYfmk[jahl hj]k]flk Y klm\q gf Y h`qka[Yd e]ejaklgj+ZYk]\ [jgkkZYj YjjYq [YhYZd] g^ `a_`+

Y[[mjY[q hYll]jf j][g_falagf, P`] Y\nYflY_]k g^ l`] k]d^+j][la^qaf_ Z]`Ynagmj* aehY[l g^

\]^][lan] []ddk* j]Y\af_ eYj_af Yj] Ydkg afn]kla_Yl]\, P`] ogjc ak lae]dq Yf\ fgn]d* Yf\ oadd Z]

Z]f]^a[aYd lg l`] kg[a]lq, P`] hYh]j ak o]dd+ojall]f* \]egfkljYlaf_ `a_`+imYdalq j]kmdlk Yf\

afka_`l^md \ak[mkkagfk, Dgo]n]j* k]n]jYd [jala[Yd hgaflk f]]\ lg Z] Y\\j]kk]\ Z]^gj] [gfka\]jaf_

hmZda[Ylagf af JYlmj] ?geemfa[Ylagfk8

=fko]j8 S] l`Yfc l`] j]na]o]j ^gj l`] hgkalan] ]nYdmYlagf, S] \a\ gmj Z]kl lg Y\\j]kk l`]

j]na]o]jyk ^]]\ZY[ck,



M/, P`] Yml`gjk k`gmd\ [dYja^q l`] \ae]fkagfk g^ ]Y[` \]na[] '[jgkk+hgafl( Yf\ ]dYZgjYl] gf

l`]aj k[YdYZadalq,

Answer8

S] Yhhj][aYl] l`] j]na]o]j&k afka_`l^md ^]]\ZY[c, P`] Yml`gjk ]flaj]dq [gf[mj oal` l`]

j]na]o]jyk klYl]e]fl* Yf\ o] Yhgdg_ar] ^gj fgl e]flagfaf_ l`] ]^^][lan] \ae]fkagf g^ ]Y[`

\]na[] af ?=, Ef l`ak klm\q* l`] ]^^][lan] daf] 'e]lYd daf]k g^ ?=( oa\l` oYk 0 �e9 [gfk]im]fldq*

l`] ]^^][lan] Yj]Y g^ l`] [jgkk+hgafl oYk 2 �e0, @m] lg l`] l][`fgdg_a[Yd daealYlagfk g^ gmj

dYZgjYlgjq ]imahe]fl* l`] h`glgdal`g_jYh`q hjg[]\mj] oYk [Yjja]\ gml mkaf_ QR da_`l* o`a[`

[gmd\ `Yj\dq j]\m[] l`] daf] oa\l` lg Z]dgo 0 �e, ?gfk]im]fldq* l`] eafaeme ]^^][lan]

\ae]fkagf g^ gmj \]na[] ak k]l lg 2 �e0,

Author action:

S] Y\\]\ l`] af^gjeYlagf gf l`] ]^^][lan] \ae]fkagf g^ ]Y[` \]na[] af ?= aflg l`]

xAd][lja[Yd ?`YjY[l]jakla[k g^ l`] ONI+ZYk]\ / cZ LYkkna] ?=y k][lagf gf hY_] 4 af l`] j]nak]\

eYfmk[jahl, P`] Y\\]\ k]fl]f[] ak Yk ^gddgok,

vP`] daf] oa\l` ^gj ]Y[` daf] [gehjakaf_ l`] lgh Yf\ Zgllge ]d][ljg\]k ak k]l Yl 0 te* j]kmdlaf_

af Yf ]^^][lan] bmf[lagf Yj]Y g^ 2 te�,w

,



M0, Ef Ba_mj] 0Z* al ogmd\ Z] Z]f]^a[aYd ^gj l`] Yml`gjk lg hjgna\] Y Zja]^ [gee]flYjq gf l`]

gZk]jn]\ k]d^+j][la^qaf_ hjgh]jla]k af l`] e]ejaklgj* Ydgf_ oal` Yf ]phdYfYlagf ^gj l`]

ka_fa^a[Yfl [mjj]fl \jgh Yl YhhjgpaeYl]dq / R Yf\ +0 R, =\\alagfYddq* \ak[mkkaf_ l`] ZYka[

koal[`af_ e][`Yfake 'afl]j^Y[aYd koal[`af_( ogmd\ hjgna\] Y egj] [gehj]`]fkan]

mf\]jklYf\af_ lg l`] j]Y\]jk,

Answer8

S] l`Yfc ^gj l`] `]dh^md [gee]flk hjgna\]\ Zq l`] j]na]o]j, Ef j]khgfk] lg l`]

j]na]o]j&k ^]]\ZY[c* o] ogmd\ dac] lg [dYja^q l`] [`YjY[l]jakla[k g^ l`] k]d^+j][la^qaf_ e]ejaklgj

afl]_jYl]\ aflg ?=, Qf\]j Y /-1 ZaYkaf_ k[`]e]* l`] e]ejaklgj ]p`aZal]\ Y j]dYlan]dq `a_`

k]d][lanalq* Yk \]egfkljYl]\ af Ba_ N/Y* oal` Y k]d][lanalq nYdm] g^ YhhjgpaeYl]dq /.2,

Bmjl`]jegj]* l`] j][la^qaf_ [`YjY[l]jakla[ g^ l`] e]ejaklgj [Yf Z] Y[`a]n]\ Zq mkaf_

]d][ljg\]k oal` Ykqee]lja[ ogjc ^mf[lagfk lg ^gje Yf Ykqee]lja[ O[`gllcq ZYjja]j Yk

\]egfkljYl]\ af gmj hj]nagmk j]k]Yj[`24, P`] j]kaklYf[] [`Yf_] g[[mjk \m] lg l`] nYjaYlagf af

l`] O[`gllcq ZYjja]j `]a_`l* o`a[` ak af\m[]\ Zq l`] Yhhda]\ ngdlY_] Yf\ gpq_]f agf egn]e]fl*

Yk \]l]jeaf]\ l`jgm_` ^allaf_ ZYk]\ gf l`] O[`gllcq ]eakkagf [gf\m[laf_ e][`Yfake Yk

\]ha[l]\ af Ba_ N/Z, P`ak ^allaf_ j]kmdl j]n]Yd]\ l`] hj]k]f[] g^ j][la^a[Ylagf \m] lg l`]

Ykqee]lja[ ]d][ljgfa[ ZYjja]j, Bmjl`]jegj]* l`] k]d^+j][la^qaf_ e]ejaklgj ]p`aZalk afl]j^Y[]

koal[`af_ [`YjY[l]jakla[k* Yk ]na\]f[]\ Zq Yj]Y+\]h]f\]fl e]Ykmj]e]flk, =k addmkljYl]\ af Ba_

N/[* l`] \]na[]&k [mjj]fl af[j]Yk] oal` af[j]Ykaf_ Yj]Y [gf^ajek l`] lqha[Yd Z]`Ynagj g^ Yf

afl]j^Y[] koal[`af_+lqh] e]ejaklgj, 'El ak fgl ^adYe]flYjq [`YjY[l]jakla[ o`a[` k`gok Yj]Y+

af\]h]f\]fl nYjaYlagf g^ gh]jYlagf [mjj]fl Z][Ymk] g^ l`] dg[Ydar]\ [mjj]fl hYl`k,(



Figure R1. a @? I-V [`YjY[l]jakla[ g^ l`] mfal e]ejaklgj Yf\ k]d][lanalq mf\]j l`] /-1 ZaYkaf_ 

k[`]e]. b ?gf\m[lagf e][`Yfake ^allaf_ j]kmdlk g^ l`] e]ejaklgj \]na[], c =j]Y \]h]f\]f[q 



g^ l`] e]ejaklgj \]na[]

Igj]gn]j* l`] hjgfgmf[]\ [mjj]fl \jghk Yl +0 Yf\ / R kl]e ^jge l`] [`YjY[l]jakla[k g^ 

l`] e]Ykmj]e]fl ]imahe]fl, P`] hjghgk]\ e]ejaklgj gh]jYl]k oal`af l`] dgo [mjj]fl jYf_]* 

oal` Yf &g^^ d]YcY_] [mjj]fl& ^gje]\ Yl Y d]n]d Z]dgo ha[gYeh]j]k, Ef hj]nagmk klm\a]k2424* l`] 

@? I-V [`YjY[l]jakla[k g^ mfal \]na[]k o]j] ]nYdmYl]\ mkaf_ l`] k]ea[gf\m[lgj hYjYe]l]j 

YfYdqr]j 'OL=( DL2/23, Ef l`ak ogjc* l`] OL= mladar]\ ̂ gj Ykk]kkaf_ l`] ]d][lja[Yd hjgh]jla]k g^ 

l`] [jgkkZYj YjjYq [gehgf]fl ak l`] DL2/33* j]hj]k]flaf_ Yf aehjgn]e]fl af ]imahe]fl 

j]kgdmlagf [gehYj]\ lg hj]nagmk ]nYdmYlagfk, ?gfk]im]fldq* o`]f e]Ykmj]\ mkaf_ DL2/23* 

nYdm]k ^gj [mjj]flk Z]dgo ha[gYeh]j]k Yhh]Yj]\ Yk j]kmdlk j]k]eZdaf_ fgak], Dgo]n]j* 

e]Ykmj]e]flk oal` DL2/33* [`YjY[l]jar]\ Zq `a_`]j j]kgdmlagf* j]n]Yd h`]fge]fY km[` Yk 

[mjj]fl \jghk, RYjagmk j]k]Yj[` j]kmdlk* Yk ]na\]f[]\ af l`] j]^]j]f[]k hjgna\]\* k`go l`Yl 

e]ejaklgjk gh]jYlaf_ af l`] dgo [mjj]fl jYf_] ]p`aZal [mjj]fl \jghk Yl kh][a^a[ ngdlY_]k Yk 

k`gof af j]^, N/* N0* Yf\ N1, =dl`gm_` [mjj]fl \jghk eYq g[[mj \m] lg l`] dgo j]kgdmlagf ^gj 

dgo [mjj]flk* l`ak ak fgl Y h`]fge]fgf af^dm]f[af_ l`] Y[lmYd [`YjY[l]jakla[k g^ l`] \]na[], 

=_Yaf* l`Yfc qgm ^gj l`] `]dh^md [gee]flk,

N]^, N/ N]^, N0 N]^, N1

Gae* G, I, ]l Yd, Nano Lett. 1616* 

4502u4510 '0./4(,

DmYf_* F, uJ, ]l Yd, Ogda\ OlYl]

Egfa[k, 147* //3510 '0.0/(,

?`ga* O, ]l Yd, JLC =kaY IYl]j /.* 

/.75u//.4 '0./6(

Author action8 Bgddgoaf_ l`] j]na]o]jyk [gee]flk* o] Y\\]\ Zja]^ [gee]flYjq YZgml l`] 

k]d^+j][la^qaf_ [`YjY[l]jakla[ Yf\ koal[`af_ e][`Yfake af l`] j]nak]\ eYfmk[jahl gfgf LY_] 6 af 

l`] j]nak] eYfmk[jahl, P`] j]nak]\ eYaf l]plk Yj] k`gof Z]dgo,



vP`] k]d^+j][la^qaf_ ^]Ylmj] g^ l`] e]ejaklgj* afl]_jYl]\ aflg l`] [jgkkZYj YjjYq '?=( oal` Y

k]d][lanalq g^ YhhjgpaeYl]dq /.2 Y[[gj\af_ lg l`] /-1 ZaYkaf_ k[`]e]* ]^^][lan]dq kmhhj]kk]k

kf]Yc [mjj]flk, =\\alagfYddq* o] gZk]jn]\ l`Yl l`] fgf+^adYe]flYjq 'afl]j^Y[]( koal[`af_

[`YjY[l]jakla[ [gfljaZml]k ka_fa^a[Yfldq lg eafaearaf_ nYjaYlagfk Z]lo]]f []ddk, P`] YfYdqk]k g^

l`] k]d^+j][la^qaf_ ^]Ylmj] Yf\ fgf+^adYe]flYjq 'afl]j^Y[]( koal[`af_ [`YjY[l]jakla[ g^ l`]

afl]_jYl]\ e]ejaklgj Yj] \]lYad]\ af gmj hjagj j]k]Yj[`24, Igj]gn]j* e]ejaklgjk gh]jYlaf_ af

l`] dgo [mjj]fl jYf_] g^l]f ]p`aZal Y h`]fge]fgf g^ [mjj]fl \jgh Yl kh][a^a[ ngdlY_]k* Yf\ af

l`ak e]ejaklgj+ZYk]\ [jgkkZYj YjjYq* Y ka_fa^a[Yfl [mjj]fl \jgh oYk gZk]jn]\ Yl +0 R Yf\ / R,

P`ak ak fgl Yf af`]j]fl [`YjY[l]jakla[ g^ l`] \]na[] Zml jYl`]j Y h`]fge]fgf kl]eeaf_ ^jge l`]

j]kgdmlagf g^ l`] e]Ykmj]e]fl ]imahe]fl, =dl`gm_` [mjj]fl \jghk eYq g[[mj \m] lg l`] `a_`

j]kgdmlagf ^gj dgo [mjj]flk* al&k aehgjlYfl lg fgl] l`Yl l`ak ak fgl Y h`]fge]fgf af^dm]f[af_ l`]

Y[lmYd [`YjY[l]jakla[k g^ l`] \]na[] 3/* 40* 41,w

P`] j]dYl]\ klm\a]k Yj] Y\\]\ af l`] xN]^]j]f[]y k][lagf af l`] j]nak]\ eYfmk[jahl Yk Z]dgo,

40, DmYf_* F, +J,* DmYf_* D, uI,* TaYg* U,* SYf_* P Yf\ Cmg* T, I]ejaklan] \]na[]k

ZYk]\ gf ?m+\gh]\ JZKp Badek oal` dYj_] k]d^+j][la^qaf_ jYlag, Solid State Ionics,

369* //3510 '0.0/(,

41, ?`ga* O,* FYf_* O,* Iggf* F, D, et al. = k]d^+j][la^qaf_ PYKy-fYfghgjgmk

PYKx e]ejaklgj kqfYhla[ YjjYq ^gj d]Yjfaf_ Yf\ ]f]j_q+]^^a[a]fl f]mjgegjh`a[

kqkl]ek, NPG Asia Mater 10* /.75u//.4 '0./6(,



M1, Ef Ba_mj] 0\* kaf[] l`] hmdk] \mjYlagf ^Yddk oal`af l`] jYf_] g^ `mf\j]\k g^ ea[jgk][gf\k*

al ak [jm[aYd lg Y\\j]kk l`] daealYlagfk g^ l`] hmdk] \mjYlagf gf l`ak e]ejaklgj,

Answer8

S] l`Yfc ^gj l`] j]na]o]jyk [jala[Yd [gee]fl, P`] hjghgk]\ ONI []dd ^mf[lagfk oal`

Y lglYd [mjj]fl g^ d]kk l`Yf /.. f=, P`ak []dd ]p`aZalk Y j]kaklYf[] jYf_] jYf_af_ ^jge `mf\j]\k

g^ I� lg k]n]jYd C�* j]kmdlaf_ af Y ka_fa^a[Yfl N? \]dYq, =k Y j]kmdl* al \]egfkljYl]k Y hjg_jYe

\]dYq g^ /.. �k24, Ef [Yk]k o`]j] l`] ^j]im]f[q g^ j]Y\ gh]jYlagfk ]p[]]\k l`Yl g^ hjg_jYe

gh]jYlagfk af Y[[]d]jYlaf_ g^ =JJ Yhhda[Ylagfk* l`] dYl]f[q g^ l`] ONI&k j]Y\ gh]jYlagfk ak

egj] ka_fa^a[Yfl ^Y[lgj, El `Yk Z]]f e]Ykmj]\ l`Yl l`] j]Y\ dYl]f[q g^ l`ak [gehgf]fl ak dgo]j*

Yl /. �k* [gehYj]\ lg l`] hjg_jYe dYl]f[q24, =dl`gm_` l`] j]Y\ \]dYq g^ Y mfal ONI Yl l`] d]n]d

g^ l]fk g^ �k [gmd\ k]]e kmZklYflaYd [gehYj]\ oal` eYlmj]\ ]d][ljgfa[ \]na[] dac] \qfYea[

N=I* l`] \]_jY\af_ g^ l`] gn]jYdd h]j^gjeYf[] g^ l`] YjjYq \]na[] gh]jYlaf_ Y[[]d]jYlagf g^

=JJ [gehmlaf_ [Yf Z] j]da]n]\ Z][Ymk] g^ l`] hYjYdd]d fYlmj] g^ l`] RII gh]jYlagf, @]khal]

l`] j]dYlan]dq `a_`]j gh]jYlagf dYl]f[q* l`] kmZklYflaYddq dgo [q[d] lg [q[d] '?0?( Yf\ \]na[]

lg \]na[] '@0@( nYjaYlagf Yf\ `a_` k]d][lanalq g^ l`] ONI [Yf j]\m[] l`] [gfljaZmlagf g^

dYl]f[q+af\m[]\ h]j^gjeYf[] \]_jY\Ylagf af `a_`+\]fkalq YjjYqk, J]n]jl`]d]kk* al ak

Y[cfgod]\_]\ l`Yl ea[jgk][gf\+d]n]d dYl]f[q hj]k]flk Y daealYlagf o`]f j]hdY[af_ eYlmj]

]d][ljgfa[ \]na[]k* Yf\ gmj j]k]Yj[` l]Ye ak YoYj] g^ l`ak akkm], D]f[]* o] Yj] [gf\m[laf_

j]k]Yj[` oal` l`] Yae g^ j]\m[af_ l`] gh]jYlagf dYl]f[q g^ afl]j^Y[]+koal[`af_ e]ejaklgjk af

f]pl k[gh], =_Yaf* o] Yhhj][aYl] l`] j]na]o]jyk nYdmYZd] [gee]fl

Author action8

?gfka\]jaf_ l`] j]na]o]jyk [gee]fl* o] Y\\]\ l`] klYl]e]fl Z]dgo* gf LY_] 7 af l`]

j]nak]\ eYfmk[jahl



v?gfka\]jaf_ Y\nYf[]e]flk af ]d][ljgfa[ \]na[]k* Y hjg_jYe dYl]f[q af l`] jYf_] g^ `mf\j]\k

g^ ea[jgk][gf\k ak _]f]jYddq \]]e]\ ka_fa^a[Yfl, @]khal] km[` fglYZd] hjg_jYe dYl]f[q* l`]

j]Y\ dYl]f[q g^ l`] ONI oYk e]Ykmj]\ Yl Z]dgo /. �k* af\a[Ylaf_ [gehYjYlan]dq dgo]j

dYl]f[q24, Ef l`] j]Yde g^ Y[[]d]jYlaf_ =JJ Yhhda[Ylagfk* j]Y\ gh]jYlagf dYl]f[q lYc]k

hj][]\]f[] gn]j hjg_jYe gh]jYlagf dYl]f[q* _an]f l`] egj] ^j]im]fl g[[mjj]f[] g^ j]Y\

gh]jYlagfk, S`ad] l`] j]Y\ \]dYq g^ Y kaf_d] ONI mfal af l`] fmeZ]jk g^ ea[jgk][gf\k eYq

Yhh]Yj [gfka\]jYZd] [gehYj]\ lg ]klYZdak`]\ ]d][ljgfa[ \]na[]k dac] \qfYea[ N=I* l`] hYjYdd]d

RII gh]jYlagf g^ l`] YjjYq \]na[] ]f_Y_]\ af =JJ [gehmlaf_ Y[[]d]jYlagf [Yf j]da]n] l`]

gn]jYdd h]j^gjeYf[] \]_jY\Ylagf ^jge l`] j]dYlan] `a_` dYl]f[q g^ kaf_d] ONI,w



M2, Bgj Ba_mj] 0]* daf]Yjalq Yf\ kqee]ljq Yj] hanglYd hjgh]jla]k ^gj e]ejaklgj ?jgkkZYj =jjYqk

'?=k( lg h]j^gje R][lgj+IYljap Imdlahda[Ylagf 'RII(, P`] Yml`gjk k`gmd\ afn]kla_Yl] l`]

_jY\mYd j]kaklYf[] [`Yf_] mf\]j a\]fla[Yd hmdk] ljYafk Yf\ [gee]fl gf l`] daf]Yjalq Yf\

kqee]ljq j]_Yj\af_ ?= h]j^gjeYf[],

Answer8

S] Yhhj][aYl] l`] afka_`l^md [gee]flk ^jge l`] j]na]o]j, =k `a_`da_`l]\ Zq l`]

j]na]o]j* l`] daf]Yj Yf\ kqee]lja[Yd [gf\m[lYf[] [`Yf_]k mf\]j a\]fla[Yd hmdk] ljYaf

[gf\alagfk Yj] [jm[aYd [`YjY[l]jakla[k ^gj RII gh]jYlagfk, Ef j]khgfk]* l`] Yml`gjk `Yn]

hj]k]fl]\ e]Ykmj]e]flk g^ l`] &hgl]flaYlagf& Yf\ &\]hj]kkagf& [`YjY[l]jakla[k mkaf_ gmj

\]n]dgh]\ ONI+afl]_jYl]\ ?=, P`] j]kmdlk Yj] \]ha[l]\ af Ba_, N0,

Pg [gf\m[l hgl]flaYlagf Yf\ \]hj]kkagf mf\]j a\]fla[Yd hmdk] ljYaf [gf\alagfk* o]

]ehdgq]\ l`] &?OLL '[gfklYfl kl]h hmdk] hjg_jYe( e]l`g\, P`] ]d][lja[Yd hmdk] [gf\alagfk

o]j] k]l lg 0.. tk oa\l`* 1,5 R ^gj hgl]flaYlagf 'OAP( Yehdalm\]* Yf\ +1,3 R ^gj \]hj]kkagf

'NAOAP( Yehdalm\], =\\alagfYddq* 42+d]n]d hmdk] fmeZ]jk ^gj ]Y[` hgl]flaYlagf Yf\ \]hj]kkagf

hjg[]kk o]j] af\m[]\* j]hj]k]flaf_ Yf ghlaear]\ fmeZ]j g^ hmdk]k l`Yl [Yf ]p`aZal Y f]Yjdq

a\]Yd kqee]lja[ ^Y[lgj ^gj l`] hjg[]kk,

Bmjl`]jegj]* Y\\j]kkaf_ l`] j]na]o]j&k km__]klagf* l`] Yml`gjk [Yd[mdYl]\ l`] &daf]Yjalq

^Y[lgj& Yf\ &kqee]lja[ ^Y[lgj& g^ l`] hgl]flaYlagf Yf\ \]hj]kkagf [mjn]k, P`] [Yd[mdYlagfk o]j]

h]j^gje]\ mkaf_ ]imYlagfk '/( Yf\ '0(* j]kh][lan]dq, P`] j]kmdlk af\a[Yl] daf]Yjalq ^Y[lgjk g^

.,.3/2 Yf\ .,/73 ^gj hgl]flaYlagf Yf\ \]hj]kkagf* j]kh][lan]dq, =\\alagfYddq* l`] kqee]lja[

^Y[lgj ^gj l`]k] hjg[]kk]k ak [Yd[mdYl]\ lg Z] /,/3,



Figure R2. The potentiation and depression characteristics of the proposed CA

Author action

S] Y\\ l`] hgl]flaYlagf Yf\ \]hj]kkagf e]Ykmj]e]fl j]kmdlk aflg Omhhd]e]flYjq Ba_, 

O3 af l`] j]nak]\ xOmhhd]e]flYjq Ef^gjeYlagf



Supplementary Fig. S5: Synaptic properties measured utilizing the SRM-based 1 kb 

passive CA. 

Pg afn]kla_Yl] l`] _jY\mYd j]kaklYf[] [`Yf_] mf\]j a\]fla[Yd hmdk] ljYafk* o] [gf\m[l]\ l`] 

xhgl]flaYlagf Yf\ x\]hj]kkagf [`YjY[l]jakla[k o`a[` Yj] l`] kqfYhla[ hdYkla[alq mladaraf_ l`] 

[gfklYfl kl]h hmdk] hjg_jYe '?OLL( e]l`g\, P`] ]d][lja[Yd hmdk] [gf\alagfk af\m[]\ Yj] k]l lg 

0.. mk g^ oa\l`* 1,5 R g^ hgl]flaYlagf 'OAP( Yehdalm\]* Yf\ +1,3 R g^ \]hj]kkagf 'NAOAP( 

Yehdalm\], Bmjl`]jegj]* l`] 42+d]n]d hmdk] fmeZ]j ^gj ]Y[` hgl]flaYlagf Yf\ \]hj]kkagf 

hjg[]kk ak af\m[]\* o`a[` ak l`] ghlaear]\ fmeZ]j g^ hmdk]k l`Yl [Yf ]p`aZal Y f]Yjdq a\]Yd

kqee]lja[ ^Y[lgj ^gj l`] hjg[]kk, Pg [Yd[mdYl] l`] daf]Yjalq ^Y[lgj* o] mladar]\ l`] ]imYlagf '/( 

C ; � ]ph ' p ) �( )� '/(

S`]j] C ak l`] [gf\m[lYf[]* p ak l`] afhml hmdk] fmeZ]j* � ak Y fgfdaf]Yjalq ^Y[lgj* �* �* Yf\ � 

Yj] gl`]j j]dYl]\ [g]^^a[a]flk lg \]l]jeaf] l`] ^allaf_, W0X

=f\* l`] ]imYlagf '0( ak mladar]\ lg [Yd[mdYl] l`] kqee]lja[ ^Y[lgj g^ l`] gh]jYlagf,  

Oqee]lja[ ^Y[lgj ; '0(



eYp Ê
��¬

��¯
A
��¯

��¬
Ë

S`]j] �CL Yf\ �C@ Yj] l`] gn]jYdd [gf\m[lYf[] [`Yf_]k af l`] hgl]flaYlagf Yf\ \]hj]kkagf

hjg[]kk]k* j]kh][lan]dq* Yf\ l`] eYp ^mf[lagf ak mk]\, W1X

=k Y j]kmdl* l`] daf]Yjalq ^Y[lgjk g^ .,.3/2 Yf\ .,/73 ^gj hgl]flaYlagf Yf\ \]hj]kkagf*

j]kh][lan]dq* Yj] [Yd[mdYl]\, Bmjl`]jegj]* l`] kqee]lja[ ^Y[lgj g^ l`]k] hjg[]kk]k ak [Yd[mdYl]\

^gj /,/3,

Ef Y\\alagf* o] Y\\]\ l`] j]^]j]f[]k j]dYl]\ lg l`] mk]\ [Yd[mdYlagfk ^gj daf]Yjalq ^Y[lgj Yf\

kqee]lja[ ^Y[lgj af l`] j]nak]\ xOmhhd]e]flYjq Ef^gjeYlagfy Yk ^gddgo,

2. ?`]f* F, ]l Yd, HaOaKp+>Yk]\ =fYdg_ I]ejaklan] OqfYhk] ^gj J]mjgegjh`a[

?gehmlaf_, EAAA Ad][, @]n, H]ll]jk, 40, 320+323,'0./7(

3. Nqm* F, F ]l Yd, Da_`dq Haf]Yj Yf\ Oqee]lja[ S]a_`l Ig\a^a[Ylagf af D^K0+>Yk]\

I]ejaklan] @]na[]k ^gj Da_` hj][akagf S]a_`l Aflja]k, =\n, Ad][ljgf, IYl]j, 6.

0...212, '0.0.(,



M3, P`] ljYafaf_ g^ l`] f]logjc oYk ]p][ml]\ mkaf_ kg^loYj], P`] Yml`gjk k`gmd\ g^^]j egj]

af^gjeYlagf YZgml l`] ljYafaf_ hjg[]kk* km[` Yk l`] fmeZ]j g^ [mjj]fl klYl]k mladar]\,

Bmjl`]jegj]* \]lYadk YZgml `go l`] ljYaf]\ o]a_`lk o]j] aehd]e]fl]\ af l`] ?= k`gmd\ Z]

hjgna\]\,

Answer8

P`Yfc qgm ^gj l`] afka_`l^md [gee]fl, El&k ]kk]flaYd lg [dYja^q l`] \a^^]j]f[] Z]lo]]f

l`] fYlmj] g^ l`] hjghgk]\ ?= Yf\ [gfn]flagfYd \a_alYd Yj[`al][lmj]k o`]f \ak[mkkaf_ hj][akagf,

S`ad] lqha[Yd \a_alYd kqkl]ek j]dq gf Zal hj][akagf* l`] hjghgk]\ ?= gh]jYl]k hjaeYjadq gf

YfYdg_ ka_fYdk, P`ak ^mf\Ye]flYd \a^^]j]f[] e]Yfk l`Yl gmj YhhjgY[` \g]k fgl \aj][ldq ]f_Y_]

oal` Zal hj][akagf af l`] ljY\alagfYd k]fk], Dgo]n]j* al&k [jm[aYd lg mf\]jklYf\ l`] kl]hk lYc]f lg

Yda_f l`] IJEOP \YlY k]l oal` l`] ?=&k gh]jYlagfYd eg\],

Figure R3. Schematic of the software-based training and inference processes

Pg ]emdYl] l`] ?=&k afhml* l`] IJEOP \YlYk]l oYk eg\a^a]\ o`]j] alk afhml oYk

j]\m[]\ lg 10. mfalk Yf\ fgjeYdar]\ hap]d nYdm]k o]j] jgmf\]\ g^^ lg ]al`]j . gj /, P`ak hjg[]kk*



l`gm_` \a_alYd af fYlmj]* gfdq \a_alar]\ l`] afhml* fgl l`] o]a_`lk gj l`] afl]jfYd gh]jYlagfk g^

l`] ?=, P`] \]na[] YjjYq mladar]k ]ph]jae]flYddq \]jan]\ o]a_`lk* o`a[` o]j] Y\bmkl]\ lg

eYl[` l`] [gf\m[lYf[] k[Yd] Yf\ afhml [mjj]fl k[Yd] g^ l`] YjjYq, P`ak ]fkmj]k l`Yl l`] ?=

hjg[]kk]k _]fmaf] YfYdg_ nYdm]k l`jgm_`gml alk [gehmlYlagf,

Pg ]dYZgjYl] gf l`] d]Yjfaf_ hjg[]kk af egj] \]lYad8 l`] j]\m[]\ afhml g^ 10. oYk

[`mfc]\ aflg _jgmhk g^ /.* o`a[` o]j] l`]f mk]\ Yk afhmlk ^gj Yf YjjYq oal` l`j]] daf]k, =k Y

j]kmdl* ]Y[` k][lagf j][]an]\ 10 afhmlk Yf\ hjg\m[]\ 1 gmlhmlk, P`] gmlhml _]f]jYl]\ Zq

emdlahdqaf_ oal` l`] o]a_`lk j]hj]k]flk l`] k[gj] ^gj l`] `Yf\ojalaf_ [dYkka^a[Ylagf oal`af ]Y[`

\ana\]\ k][lagf g^ /., P`]k] k[gj]k Yj] l`]f Y__j]_Yl]\* Yf\ Y kg^l+eYp ^mf[lagf ak Yhhda]\ lg

]klaeYl] l`] ^afYd afhml,

P`] [Yd[mdYl]\ o]a_`lk o]j] [gfn]jl]\ lg l`] lYj_]l [gf\m[lYf[] Yf\ Yhhda]\ lg l`] ?=

mkaf_ l`] ^gddgoaf_ ^gjemdY8

CP ; S p 'CHNO u CDNO( '/(

H]l* l`] [gf\m[lYf[] ^gj ljYafaf_ ; CP* kaemdYl]\ kqfYhla[ o]a_`l ; S* CHNO ; HNO

[gf\m[lYf[] g^ ?=* Yf\ CDNO ; DNO [gf\m[lYf[] g^ ?=,

N]_Yj\af_ l`] o]a_`lk gZlYaf]\ l`jgm_` kg^loYj]* l`]q Yj] j]hj]k]fl]\ mkaf_ l`]

^dgYl10 \YlY lqh]* g^^]jaf_ km^^a[a]fl hj][akagf ^gj gmj f]]\k, Can]f l`Yl l`] \]na[] j]khgfkaZd]

^gj Yhhdqaf_ [gf\m[lYf[] lg l`] YjjYq [Yf `Yf\d] Y jYf_] ^jge .,/= lg Yk hj][ak] Yk .,/h=*

l`]j] k`gmd\ Z] [gf^a\]f[] af l`] ?=&k [gf\m[lYf[] j]kgdmlagf lg j]hj]k]fl Yf\ eYfahmdYl]

l`]k] kqfYhla[ o]a_`lk Y[[mjYl]dq,

Ef l]jek g^ l`] j]imaj]\ hj][akagf ^gj f]mjYd f]logjc Yhhda[Ylagfk* al nYja]k ZYk]\ gf

l`] kh][a^a[ lYkc Yf\ f]logjc Yj[`al][lmj], Dgo]n]j* oal` gmj YhhjgY[` Yf\ l`] af`]j]fl

hj][akagf g^ l`] ?=&k \]ka_f* o] Z]da]n] l`Yl l`] kqkl]e ak o]dd+]imahh]\ lg e]]l Yf\



hgl]flaYddq ]p[]]\ l`] hj][akagf j]imaj]e]flk [geegfdq Ykkg[aYl]\ oal` f]mjYd f]logjc

Yhhda[Ylagfk,

Author action8

Bgddgoaf_ l`] j]na]o]jyk [gee]flk* o] eg\a^a]\ l`] xOg^loYj]+ZYk]\ f]mjYd f]logjc

ljYafaf_y Yf\ xDYj\oYj] aehd]e]flYlagf g^ IJEOP+\a_al [dYkka^a[Ylagfy kmZ+k][lagf af l`]

xI]l`g\y k][lagf lg l`] k]fl]f[]k Z]dgo, P`] eg\a^a]\ eYaf l]plk Yj] k`gof af l`] j]nak]\

eYfmk[jahl,

vSoftware-based data processing and learning of CA. 

Pg ]emdYl] l`] ?=&k afhml* l`] IJEOP \YlYk]l oYk eg\a^a]\ o`]j] alk afhml oYk j]\m[]\

lg 10. mfalk Yf\ fgjeYdar]\ hap]d nYdm]k o]j] jgmf\]\ g^^ lg ]al`]j . gj /, P`ak hjg[]kk* l`gm_`

\a_alYd af fYlmj]* gfdq \a_alar]\ l`] afhml* fgl l`] o]a_`lk gj l`] afl]jfYd gh]jYlagfk g^ l`] ?=,

P`] \]na[] YjjYq mladar]k ]ph]jae]flYddq \]jan]\ o]a_`lk* o`a[` o]j] Y\bmkl]\ lg eYl[` l`]

[gf\m[lYf[] k[Yd] Yf\ afhml [mjj]fl k[Yd] g^ l`] YjjYq, P`ak ]fkmj]k l`Yl l`] ?= hjg[]kk]k

_]fmaf] YfYdg_ nYdm]k l`jgm_`gml alk [gehmlYlagf,

Pg ]dYZgjYl] gf l`] d]Yjfaf_ hjg[]kk af egj] \]lYad8 l`] j]\m[]\ afhml g^ 10. oYk [`mfc]\ aflg

_jgmhk g^ /.* o`a[` o]j] l`]f mk]\ Yk afhmlk ^gj Yf YjjYq oal` l`j]] daf]k, =k Y j]kmdl* ]Y[`

k][lagf j][]an]\ 10 afhmlk Yf\ hjg\m[]\ 1 gmlhmlk, P`] gmlhml _]f]jYl]\ Zq emdlahdqaf_ oal`

l`] o]a_`lk j]hj]k]flk l`] k[gj] ^gj l`] `Yf\ojalaf_ [dYkka^a[Ylagf oal`af ]Y[` \ana\]\ k][lagf

g^ /., P`]k] k[gj]k Yj] l`]f Y__j]_Yl]\* Yf\ Y kg^l+eYp ^mf[lagf ak Yhhda]\ lg ]klaeYl] l`] ^afYd

afhml,

Hardware implementation for MNIST-digit classification 

P`] kaf_d]+dYq]j f]mjYd f]logjc 'JJ( oYk ljYaf]\ mkaf_ hj]hjg[]kk]\ IJEOP \a_alk oal`

Y kg^loYj]+ZYk]\ ljYafaf_ e]l`g\, P`] o]a_`l nYdm]k g^ l`] ljYaf]\ f]logjc o]j] \]jan]\ Zq



eYhhaf_ YfYdg_ nYdm]k Z]lo]]f ZafYjq . Yf\ /, P`]k] j]kmdlaf_ o]a_`lk ^gj ]Y[` []dd af l`]

?jgkkZYj =jjYq '?=( o]j] YfYdg_ nYdm]k jYf_af_ Z]lo]]f . Yf\ /, OmZk]im]fldq* l`]k] o]a_`lk

o]j] [gfn]jl]\ lg [gjj]khgf\af_ [gf\m[lYf[] nYdm]k oal`af l`] j]Y\af_ [mjj]fl jYf_] g^ l`]

ONI* kh][a^a[Yddq Z]lo]]f .,/ Yf\ /,3 f=, Ef l`ak [gfn]jkagf* Y nYdm] g^ #.# ^jge l`] kg^loYj]+

ZYk]\ hjg[]\mj] oYk eYhh]\ lg Y Da_`+N]kaklYf[] OlYl] 'DNO(* o`ad] Y nYdm] g^ #/# oYk

eYhh]\ lg Y Hgo+N]kaklYf[] OlYl] 'HNO(, Efl]je]\aYl] nYdm]k Z]lo]]f . Yf\ / o]j]

hjghgjlagfYddq [gfn]jl]\ lg afl]je]\aYl] [gf\m[lYf[] klYl]k Z]lo]]f DNO Yf\ HNO ^gddgoaf_

Ai, '0( af l`] x@ak[mkkagfy k][lagf,

Kmj \a_al [dYkka^a[Ylagf hjg[]\mj]* \]ka_f]\ ^gj l`] ?= YjjYq* afngdn]k \ana\af_ l`] afhml

\YlY aflg l]f \aklaf[lan] [`mfck* _an]f gmj afhml kar] g^ 10., P`ak k]_e]flYlagf ak [jm[aYd ^gj

gmj Yj[`al][lmj]* o`a[` j]da]k gf hjg[]kkaf_ af\ana\mYd \YlY [`mfck l`jgm_` \]\a[Yl]\ eg\md]k

lg d]n]jY_] l`] ?= YjjYq&k afljafka[ hYjYdd]d hjg[]kkaf_ [YhYZadala]k, AY[` eg\md] ak Ykka_f]\

l`] lYkc g^ [Yhlmjaf_ mfaim] ^]Ylmj]k ^jge alk j]kh][lan] k]_e]fl g^ l`] \YlY, =^l]j af\ana\mYd

hjg[]kkaf_* l`] gmlhmlk ^jge Ydd l`]k] eg\md]k Yj] Y__j]_Yl]\* j]kmdlaf_ af Y [geZaf]\

hj]\a[lagf, P`ak [geZaf]\ hj]\a[lagf ak l`]f ljYfk^gje]\ lg hjgna\] hjgZYZadalq k[gj]k ^gj l`]

\a_alk .* /* Yf\ 0,

Kmj f]logjc Yj[`al][lmj] ak mfaim]dq \]ka_f]\ ^gj l`ak \YlY k]_e]flYlagf, Efkl]Y\ g^ Y

ljY\alagfYd ^mddq [gff][l]\ YhhjgY[`* o] k]hYjYl] l`] afhml \YlY aflg l]f keYdd]j [`mfck* ]Y[`

[gehjakaf_ 10 mfalk, AY[` g^ l`]k] [`mfck ak hjg[]kk]\ l`jgm_` Y kh][a^a[ eg\md]* [gfkaklaf_

g^ Y daf]Yj dYq]j oal` 10 afhml ^]Ylmj]k Yf\ 1 gmlhml ^]Ylmj]k, P`] [gdd][lan] gmlhml ^jge l`]k]

l]f eg\md]k hjg\m[]k l`] ^afYd hj]\a[lagf,w



M4, Ef Ba_mj] 2* al ogmd\ Z] afka_`l^md lg mf\]jklYf\ a^ l`]j] Yj] Yfq \a^^]j]f[]k Z]lo]]f l`]

\]na[]k klm[c Yl Da_` N]kaklYf[] OlYl] 'DNO( Yf\ Hgo N]kaklYf[] OlYl] 'HNO( ^gj l`] \]^][lan]

\]na[]k,

Answer8

S] Yhhj][aYl] l`] j]na]o]j ^gj l`] [jala[Yd [gee]fl, Bgddgoaf_ l`] j]na]o]jyk

[gee]fl* o] [gf\m[l]\ Y \]lYad]\ afn]kla_Ylagf aflg l`] aehY[l g^ &HNO klm[c \]^][lk& af l`]

[]ddmdYj YmlgeYlgf '?=( [gf[]jfaf_ l`] Y[[mjY[q g^ [dYkka^a[Ylagf lYkck, Pg ]phdgj] l`] ]^^][lk

g^ l`]k] \]^][lk gf l`] [dYkka^a[Ylagf hjg[]kk* o] ]ehdgq]\ l`] @1. [gf^a_mjYlagf* ^]Ylmjaf_ Y

1.% \]^][l jYl]* kh][a^a[Yddq [gehjak]\ g^ &HNO klm[c []ddk&, P`]k] []ddk af l`] klm[c klYl] o]j]

Y[`a]n]\ l`jgm_` hjg_jYeeaf_ 'ljYafaf_( lg YllYaf l`] [gf\m[lYf[] g^ HNO, @mjaf_ l`]

hjg_jYeeaf_ hjg[]kk* o] Y\ghl]\ l`] /-1 ZaYk k[`]e], P`] [gf\m[lYf[] eYhhaf_ j]kmdlk Yj]

hj]k]fl]\ af Ba_, N2Y,

Pg Ykk]kk l`] Y[[mjY[q g^ ljYafaf_* l`] RII gh]jYlagfk o]j] [gf\m[l]\, P`] j]kmdlk

g^ RII gh]jYlagfk o]j] l`]f [gehYj]\ oal` l`] [Yd[mdYl]\ RII j]kmdlk g^ ]Y[` [gdmef* Yk

addmkljYl]\ af Ba_mj] N2Z, N]eYjcYZdq* fg ka_fa^a[Yfl \a^^]j]f[]k Z]lo]]f l`] log hYjYe]l]jk

o]j] gZk]jn]\* af\a[Ylaf_ Y[[mjYl] RII gh]jYlagfk \]khal] l`] hj]k]f[] g^ &HNO klm[c \]^][l

[]ddk&,

Qladaraf_ l`] x@1. 'HNO(y ?= [gf^a_mjYlagf* o] [gf\m[l]\ [dYkka^a[Ylagf gh]jYlagfk

mkaf_ l`] IJEOP \YlYk]l, P`] j]hj]k]flYlan] j]kmdlk g^ l`]k] gh]jYlagfk Yj] \]ha[l]\ af Ba_,

N2[, Ef l`] j]hj]k]flYlan] j]kmdlk ^jge l`] @1. 'HNO( ?=* eak[dYkka^a[Ylagfk ^gj \a_alk . Yf\ /

o]j] gZk]jn]\, =\\alagfYddq* l`] klYlakla[Yd j]kmdlk ^gj [dYkka^a[Ylagf mkaf_ l`ak ?= Yj] hj]k]fl]\

af Ba_mj] N2\, Ef [gehYjakgf lg l`] @1. ?=* ka_fa^a[Yfl \]_jY\Ylagfk af Y[[mjY[q o]j] fgl]\

^gj ]Y[` \a_al, Oh][a^a[Yddq* l`] [dYkka^a[Ylagf Y[[mjY[a]k ^gj \a_alk .* /* Yf\ 0 o]j] 45%* 15%*

Yf\ 11%* j]kh][lan]dq, Bmjl`]jegj]* l`] gn]jYdd Y[[mjY[q g^ l`] ?= oal` @1. 'HNO( \]^][lk



oYk 22,3%* Yk k`gof af Ba_mj] N4],], P`]k] j]kmdlk j]n]Yd l`Yl l`] aehY[l g^ \]_jY\Ylagf ̂ gj l`] 

[dYkka^a[Ylagf Y[[mjY[q o`a[` akak [gfkljm[l]\ oal` HNO klm[c \]^][lk ak egj] [jala[Yd l`Yf DNO 

klm[c \]^][lk, P`]k] j]kmdlk `a_`da_`l l`Yl l`] aehY[l g^ \]_jY\Ylagf gf [dYkka^a[Ylagf Y[[mjY[q* 

o`]f [gfkljm[l]\ oal` &HNO klm[c \]^][lk*& ak egj] [jala[Yd l`Yf l`Yl g^ &DNO klm[c \]^][lk,&

Figure R4. DYj\oYj] ZYk]\ [dYkka^a[Ylagf j]kmdlk mkaf_ @1. 'HNO( g^ ?=



Author action

Ef j]khgfk] lg l`] j]na]o]j&k ^]]\ZY[c* o] `Yn] af[gjhgjYl]\ l`] [dYkka^a[Ylagf j]kmdlk 

gZlYaf]\ mkaf_ @1. 'HNO( aflg Omhhd]e]flYjq Ba_mj] O , =\\alagfYddq* o] `Yn] af[dm\]\ l`] 

^gddgoaf_ [gee]flYjq af l`] j]nak]\ eYfmk[jahl gf hY_]

#Bmjl`]jegj]* l`] aehY[l g^ \]^][lk* kh][a^a[Yddq l`gk] afngdnaf_ &HNO klm[c []ddk&* oYk 

l`gjgm_`dq afn]kla_Yl]\* Yk addmkljYl]\ af Omhhd]e]flYjq Ba_mj] O ,#



Supplementary Fig. S6: Bmddq `Yj\oYj]+ZYk]\ \]egfkljYlagf g^ Y kaf_d]+dYq]j f]mjYd f]logjc

^gj IJEOP \YlY [dYkka^a[Ylagf mladaraf_ HNO klm[c \]^][l jYl] g^ 1.% '@1.* HNO(, a PjYaf]\

o]a_`l+eYhhaf_ j]kmdlk g^ l`] @1. 'HNO( ?=, =^l]j l`] ljYafaf_ hjg[]kk* Ydd []ddk af l`] ?=

o]j] j]Y\ gml Yl Y 0 R j]Y\af_ ngdlY_], b RII gh]jYlagf j]kmdlk g^ l`] @1. 'HNO( ?= ,RII

gh]jYlagf j]kmdlk 'j]\ ZYjk(* ljYaf]\ o]a_`l kmeeYlagfk '_j]]f [aj[d]k( Yj] [gehj]\ lg

\]egfkljYl] l`] \ak[j]hYf[q Z]lo]]f l`] RII gh]jYlagf j]kmdlk Yf\ [Yd[mdYl]\ nYdm]k o`a[`

af\a[Yl]k l`] ^]YkaZadalq g^ l`] RII gh]jYlagf, c P`] j]hj]k]flYlan] ]ph]jae]flYd

\]egfkljYlagf g^ l`] ^mddq `Yj\oYj]+ZYk]\ [dYkka^a[Ylagf g^ l`] IJEOP \YlY mkaf_ l`] @1.

'HNO( ?=, P`] [dYkka^a[Ylagf j]kmdl ak af\a[Yl]\ Zq l`] Zdm] ZYjk* o`a[` j]hj]k]fl l`] eYpaeme

nYdm]k g^ l`] k]fk]\ ka_fYdk, d ?dYkka^a[Ylagf Y[[mjY[q ^gj ]Y[` \a_al ZYk]\ gf 4 [dYkka^a[Ylagf,

e ?dYkka^a[Ylagf Y[[mjY[a]k ^gj ]Y[` \a_al af \a^^]j]fl \]^][lan] ?=k Yf\ l`] lglYd [dYkka^a[Ylagf

Y[[mjY[q, P`] lglYd [dYkka^a[Ylagf Y[[mjY[q g^ @1. 'HNO( ?= oYk 22,3%* o`a[` Yj] dgo]j l`Yf

l`Yl g^ @1. ?=, P`]k] j]kmdlk j]n]Yd l`Yl l`] aehY[l g^ \]_jY\Ylagf ^gj l`] [dYkka^a[Ylagf

Y[[mjY[q o`a[` ak [gfkljm[l]\ oal` HNO klm[c \]^][lk ak egj] [jala[Yd l`Yf DNO klm[c \]^][lk,

P`]k] j]kmdlk `a_`da_`l l`Yl l`] aehY[l g^ \]_jY\Ylagf gf [dYkka^a[Ylagf Y[[mjY[q* o`]f

[gfkljm[l]\ oal` &HNO klm[c \]^][lk*& ak egj] [jala[Yd l`Yf l`Yl g^ &DNO klm[c \]^][lk,



M5, Bgj Ba_mj] 3* [gfka\]jaf_ l`Yl Zgl` [gf\alagfk Yl Y j]Y\af_ eYj_af g^ 3. qa]d\]\ /..%

Y[[mjY[q Yl @. [gf^a_mjYlagf* al ogmd\ Z] egj] [gf[dmkan] lg [gehYj] l`] h]j^gjeYf[] Yl @1.

gj @3. [gf^a_mjYlagfk, =dl]jfYlan]dq* afn]kla_Ylaf_ h]j^gjeYf[] Yl Y dgo]j ': /3( j]Y\af_

eYj_af ogmd\ Ydkg hjgna\] nYdmYZd] afka_`lk,

Answer:  

We appreciate the positive feedback. In response to the reviewer's suggestions, we 

conducted classification based on the defect rate of the CA under the read margin condition of 

50, as depicted in Fig. R5. Fig. R5a illustrates the conductance mapping for a defect rate of 

30% (D30) of the CA, while Fig. R5b presents classification results for each digit. Similarly, 

utilizing a defect rate of 50% (D50) for the CA, we have provided the conductance mapping 

result (Fig. R5c), and the classification accuracy for each digit (Fig. R5d). Consequently, the 

overall classification accuracies are summarized in Fig. R5e.  

The CA with defect rate D0 achieved a classification accuracy of 100%, while the CAs 

of D30 and D50 achieved classification accuracies of 69.3% and 51.6%, respectively. From 

this experiment, two main conclusions were drawn. Firstly, as demonstrated earlier in Fig. 4 of 

the manuscript, the results showed a decrease in classification accuracy with increasing defect 

rates. Secondly, when compared to the results under the read margin of 15 conditions, an 

increase in accuracy of 0.8% and 1.8% was observed in the D30 and D50 systems, respectively. 

Although there was an increase in accuracy, the magnitudes were not significant, and therefore, 

no clear and distinct differences based on the read margin could be observed. 

As the reviewer correctly points out, the classification results under a read margin of 

50 are more conclusive. However, what the authors want to emphasize in this study is that, 

even with a low read margin, the non-filamentary switching device can achieve high accuracy 

due to its uniform operating characteristics. This aspect highlights its strength as a component 

in a neural network hardware accelerator. From this perspective, results obtained under 



conditions with a low read margin might be more compelling. Therefore, we consider adding 

these results as a Supplementary Figure to aid readers' understanding. We sincerely appreciate 

the reviewer's earnest feedback, which contributes to the overall quality of our research.

Fig. R5. Hardware based classification results using D30 and D50 in the condition of x 50 

read margin a illustrates the conductance mapping for a defect rate of 30% (D30) of the CA, 

while b presents classification results for each digit. Similarly, c utilizing a defect rate of 50% 



(D50) for the CA, we have provided the conductance mapping result, and d the classification 

accuracy for each digit. e The overall classification accuracies are summarized. The CA with 

defect rate D0 achieved a classification accuracy of 100%, while the CAs of D30 and D50 

achieved classification accuracies of 69.3% and 51.6%, respectively. 

Author action:  

We added the classification results using D30 and D50 in the condition of x 50 read 

eYj_af af l`] Omhhd]e]flYjq Ba_, 5 af l`] j]nak]\ xOmhhd]e]flYjq Ef^gjeYlagfy dac] Z]dgo,



Supplementary Fig. S78 DYj\oYj] ZYk]\ [dYkka^a[Ylagf j]kmdlk mkaf_ @1. Yf\ @3. af l`] 

[gf\alagf g^ p 3. j]Y\ eYj_af, a addmkljYl]k l`] [gf\m[lYf[] eYhhaf_ ^gj Y \]^][l jYl] g^ 1.% 

'@1.( g^ l`] ?=* o`ad] b hj]k]flk [dYkka^a[Ylagf j]kmdlk ^gj ]Y[` \a_al, OaeadYjdq* c mladaraf_ Y 

\]^][l jYl] g^ 3.% '@3.( ̂ gj l`] ?=* o] ̀ Yn] hjgna\]\ l`] [gf\m[lYf[] eYhhaf_ j]kmdl* Yf\ d 

l`] [dYkka^a[Ylagf Y[[mjY[q ^gj ]Y[` \a_al, ] P`] gn]jYdd [dYkka^a[Ylagf Y[[mjY[a]k Yj] 

kmkmeeYjar]\, P`] ?= oal` \]^][l jYl] @. Y[`a]n]\ Y [dYkka^a[Ylagf Y[[mjY[q g^ /..%* o`ad] 



l`] ?=k g^ @1. Yf\ @3. Y[`a]n]\ [dYkka^a[Ylagf Y[[mjY[a]k g^ 47,1% Yf\ 3/,4%* j]kh][lan]dq,

Bjge l`ak ]ph]jae]fl* log eYaf [gf[dmkagfk o]j] \jYof, Bajkldq* Yk \]egfkljYl]\ ]Yjda]j af

Ba_ 2 g^ l`] eYfmk[jahl* l`] j]kmdlk k`go]\ Y \][j]Yk] af [dYkka^a[Ylagf Y[[mjY[q oal` af[j]Ykaf_

\]^][l jYl], O][gf\dq* o`]f [gehYj]\ lg l`] j]kmdlk mf\]j l`] j]Y\ eYj_af g^ /3 [gf\alagfk* Yf

af[j]Yk] af Y[[mjY[q g^ .,6% Yf\ /,6% oYk gZk]jn]\ ^gj @1. Yf\ @3. kqkl]ek* j]kh][lan]dq,

=dl`gm_` l`]j] oYk Yf af[j]Yk] af Y[[mjY[q* l`] eY_falm\]k o]j] fgl ka_fa^a[Yfl* Yf\ l`]j]^gj]*

fg [d]Yj Yf\ \aklaf[l \a^^]j]f[]k ZYk]\ gf l`] j]Y\ eYj_af [gmd\ Z] gZk]jn]\,

And, we added the brief [gee]flYjq gf l`] xEehY[l g^ l`] ONI N]Y\af_ IYj_af gf

?dYkka^a[Ylagf =[[mjY[qy in the revised manuscript as below. 

vEf Y\\alagf* lg [gehYj] oal` l`] keYdd]j j]Y\ eYj_af [gf\alagf g^ ?=* l`] [dYkka^a[Ylagf j]kmdlk

using D30 and D50 for x 50 read margin condition are demonstrated in Supplementary Fig. 

S7.w



M6, P`] k]d][lagf ^mf[lagfYdalq ak hanglYd lg Y k]d][lgj+^j]] ?=, El ak ]kk]flaYd lg ]dYZgjYl] a^

l`]j] Yj] Yfq kh][a^a[ j]imaj]e]flk j]_Yj\af_ l`] d]n]d g^ k]d][lanalq l`] k]d^+j][la^qaf_ hjgh]jlq

f]]\k lg hjgna\] ^gj \][]fl h]j^gjeYf[],

Answer8

S] kaf[]j]dq Yhhj][aYl] qgmj [gee]flk, =k l`] j]na]o]j ak YoYj]* `a_` k]d][lanalq ak

Yf ]kk]flaYd [`YjY[l]jakla[ j]imaj]\ ^gj Y[`a]naf_ `a_` YjjYq \]fkalq* Yf\ fme]jgmk klm\a]k

j]dYl]\ lg l`] j]imaj]\ k]d][lanalq ^gj kh][a^a[ \]fkala]k `Yn] Z]]f [gf\m[l]\ Zq nYjagmk j]k]Yj[`

afklalmlagfk, WN2* N3X Ef N]^ N2* fme]ja[Yd [Yd[mdYlagfk \]egfkljYl]\ l`Yl Y \]na[] oal` Y

k]d][lanalq g^ 1,1 � /.0 [gmd\ Z] Yhhda]\ lg Y eYpaeme ?= kar] g^ 4 cZ, P`]j]^gj]* al [Yf Z]

Yfla[ahYl]\ l`Yl l`] k]d][lanalq j]imaj]\ ^gj Yhhda[Ylagf lg Y / cZ YjjYq ogmd\ Z] dgo]j l`Yf l`ak

nYdm], =\\alagfYddq* af j]^, N3* l`] afn]kla_Ylagf g^ l`] f][]kkYjq k]d][lanalq ^gj l`] k]d][lgj af

Y /O/N \]na[] af\a[Yl]k Y jYf_] Z]lo]]f /. lg /.0 ^gj afl]_jYlagf aflg Y / cZ ?=, >Yk]\ gf

l`]k] klm\a]k* al `Yk Z]]f j]hgjl]\ l`Yl \]l]jeafaf_ l`] hj][ak] fme]ja[Yd nYdm]k ^gj l`]

eafaeme k]d][lanalq j]imaj]\ ^gj Y \]na[] Yhhda[YZd] lg Yf YjjYq oal` Y \]fkalq g^ / cZ ak

[`Ydd]f_af_, Dgo]n]j* ]klaeYl]k km__]kl l`Yl al da]k af l`] jYf_] g^ YhhjgpaeYl]dq /. lg /.0

gj\]jk g^ k]d][lanalq, P`]j]^gj]* l`] k]d][lanalq g^ YZgml /.2 ^gj l`] \]n]dgh]\ ONI \]na[] [Yf

Z] \]]e]\ km^^a[a]fl ^gj alk Yhhda[Ylagf af Y / cZ YjjYq,

Bmjl`]jegj]* af gmj hj]nagmk j]k]Yj[`* o] \]egfkljYl]\ l`] Yhhda[Ylagf g^ l`ak ONI

\]na[] af YjjYqk g^ mh lg /.. cZ l`jgm_` ]ph]jae]flYd j]kmdlk, =[[gj\af_ lg l`] j]k]Yj[`

^af\af_k* l`] ONI \]na[] ]p`aZal]\ [`YjY[l]jakla[k mfY^^][l]\ Zq kf]Yc [mjj]fl mh lg 03 cZ

YjjYqk, Dgo]n]j* af /.. cZ YjjYqk* kge] af^dm]f[] ^jge kf]Yc [mjj]fl oYk gZk]jn]\, Dgo]n]j*

l`jgm_` Yf YhhjghjaYl] ZaYkaf_ k[`]e]* al oYk [gf^aje]\ l`Yl kf]Yc [mjj]fl [Yf Z] ]^^][lan]dq

kmhhj]kk]\* ]fYZdaf_ alk Yhhda[Ylagf af dYj_]j YjjYqk,

?gfk]im]fldq* l`] k]d][lanalq g^ gmj hjghgk]\ ONI afl]_jYl]\ aflg / cZ ?= ak



km^^a[a]fldq `a_` nYdm], Bmjl`]jegj]* l`jgm_` l`] ]ph]jae]flYd afn]kla_Ylagf* l`] ONI [Yf Z]

afl]_jYl]\ aflg /.. cZ ?= oal`gml ka_fa^a[Yfl \]l]jagjYlagf* ]fkmjaf_ jgZmkl h]j^gjeYf[] mkaf_

l`] ONI+afl]_jYl]\ / cZ ?=, Kf[] Y_Yaf* o] ^mddq Y_j]] oal` l`] j]na]o]j l`Yl k]d][lanalq ak

Yf ]plj]e]dq aehgjlYfl ^Y[lgj o`]f Yhhdqaf_ `a_`+\]fkalq YjjYqk,

Author action8

S] afn]kla_Yl]\ j]k]Yj[` \]egfkljYlaf_ fme]ja[Yd klm\q g^ l`] j]imaj]\ k]d][lanalq ^gj

l`] kh][a^a[ YjjYq \]fkala]k k`gof Z]dgo*

N2, DmYf_* F, F ]l Yd, Kf] k]d][lgj+gf] j]kaklgj '/O/N( [jgkkZYj YjjYq ^gj `a_`+\]fkalq

^d]paZd] e]egjq Yhhda[Ylagfk. 2011 International Electron Devices Meeting 'EA@I(, '0.//(

N3, DmYf_* ?, +D ]l Yd, O]d^+O]d][laf_ N]kaklan] Ooal[`af_ O[`]e] Qkaf_ PaK0 JYfgjg\

=jjYqk. Sci. Rep,7* 0.44 '0./5(



M7, Ef Y\\alagf lg l`] j]Y\af_ eYj_af Yf\ k]d][lagf* ]phdgjaf_ l`] aehY[l g^ ?]dd+lg+?]dd '?0?(

Yf\ @]na[]+lg+@]na[] '@0@( nYjaYlagfk gf ?= h]j^gjeYf[] ak [jm[aYd* Yk Zgl` Yj] ^mf\Ye]flYd

[`YjY[l]jakla[k ^gj e]ejaklgj \]na[]k,

Answer8

P`Yfck ^gj l`] j]na]o]jyk kaf[]j] [gee]fl, =k l`] j]na]o]j hgafl]\ gml* o]

[gehd]l]dq Y_j]] l`Yl l`] nYjaYZadalq af l`] gh]jYlagf g^ YjjYq \]na[]k \aj][ldq aehY[lk l`]aj

h]j^gjeYf[], P`]j]^gj]* af gmj klm\q* o] `Yn] imYdalYlan]dq hj]k]fl]\ l`] j]Y\ [mjj]fl

nYjaYZadalq g^ l`] / cZ YjjYq \]na[] af[gjhgjYlaf_ ONI, =dl`gm_` l`ak af^gjeYlagf oYk

e]flagf]\ af l`] eYfmk[jahl* o] Y[cfgod]\_] l`Yl hj]k]flaf_ l`ak \YlY af Y ^a_mj] ogmd\

]f`Yf[] j]Y\YZadalq, S] oadd eYc] l`] f][]kkYjq eg\a^a[Ylagfk Zq af[dm\af_ l`ak fme]ja[Yd \YlY

af Y ^a_mj], Kf[] Y_Yaf* o] kaf[]j]dq Yhhj][aYl] l`] j]na]o]j&k nYdmYZd] [gee]flk,

Author action8

S] Y\\ l`] [g]^^a[a]fl g^ nYjaYlagf nYdm]k [Yd[mdYl]\ af Ba_, 0[* Ba_ 0^* Ba_ 3[* Ba_ 4Y*

Yf\ Ba_ 4Z af l`] j]nak]\ eYfmk[jahl, P`] j]nak]\ Ba_mj]k Yj] k`gof Z]dgo,



Fig. 2: Electrical characteristics of our 1 kb CA device. a Schematic of the CA utilizing a 

one third biasing scheme during the DC I–V characterization. b DC I–V characteristics of 1024 

cells in the CA. The black curve marked ' denotes the SET process, while the black curve 

marked ( denotes the RESET process. c ReReading current distributions of each state. The 

coefficient of variations of the LRS and HRS were 0.057 and 0.06, respectively. d Schematic 

of the AC based operations utilizing the biasing scheme. Inhibiting voltages were induced in 

the unselected cells and had a larger pulse width than the operational voltage e Electrical pulse-

induced behavior of 30 cells in the CA. f Amplitude distributions for the SET and RESET 

processes. Very low deviation values were observed in each process. The highly uniform 

electrical characteristics of the CA can be attributed to the nonfilamentary characteristics of 

our previously developed SRM device.



Fig. 5: Investigation of the impact of the read margin on classification accuracy. a DC I–

V characteristics of the SRM integrated CA, and b retention characteristics measured at a 

reading voltage of 1.7 V. Robust nonvolatility was observed at1.7 V. c Read current 

distributions of the LRS and HRS at 1.7 V. The coefficient of variations of the HRS and LRS 

(0.093 and 0.142, respectively) were relatively low. d Trained weight mapping results obtained 

at a reading voltage of 1.7 V. e Comparison of the VMM operation results and calculated 

weight summations in each column. The feasibility of VMM operations using a 1.7 V reading 

voltage was confirmed. f Representative classification results of the CA under a 1.7 V reading 



voltage, and g total classification accuracy for each digit. All digits were classified accurately 

(1500 classification operations). Comparison of the two different reading margins (×50 @ 1.7 

V and ×15 @ 2.0 V) revealed that the reading margin of the nonfilamentary-type memristor 

had an insignificant effect on the classification accuracy because of its highly uniform 

operating characteristics.

Fig. 6: Investigation of the impacts of a non selective memristor integrated into the 

passive CA on VMM operation accuracy. a DC I–V characteristics of a unit memristor device 



without selection functionality (left). Ten randomly chosen cells were measured over three 

cycles (total number of DC I–V curves: 30). The read current distributions of each state were 

extracted from the DC I–V curves (right). b DC I–V characteristics of an 8 × 8 CA integrated 

with the memristor. All cells in the CA were measured in one cycle in DC I–V sweep mode 

(graph). The read current distributions of each state were extracted from the DC I–V curve 

(right). c Programming scheme of the 8 × 8 CA. A total of 32 randomly chosen cells were 

programmed to the LRS (black), and the rest of the cells were maintained in the HRS (orange). 

d Resistance distribution of the 8 × 8 CA after the programming step. The programmed weight 

values of the CA were not coincident with the proposed programming scheme, indicating that 

programming and reading were not processed accurately owing to sneak current effects. e

Results of VMM operations using the 8 × 8 CA. Nearly identical output currents were observed 

in each column, which implies that the VMM operation was not processed accurately because 

of significant interferences between integrated cells in the CA. 



N0

P`ak hYh]j hj]k]flk Y ?jgkkZYj =jjYq '?=( ZYk]\ gf k]d^+j][la^qaf_ e]ejaklgjk Yk `Yj\oYj]

Y[[]d]jYlgjk ^gj Yjla^a[aYd f]mjYd f]logjc '=JJ( Yhhda[Ylagfk, = / cZ ?= ak aehd]e]fl]\ Yk Y

`Yj\oYj] Y[[]d]jYlgj ^gj f]mjYd f]logjc gh]jYlagfk* Yf\ l`] aehY[l g^ nYjagmk ?=

[`YjY[l]jakla[k gf aeY_] [dYkka^a[Ylagf lYkck ak afn]kla_Yl]\* Y[`a]naf_ /..% Y[[mjY[q af Y

l`j]]+[dYkk [dYkka^a[Ylagf gf l`] IJEOP \YlYk]l, Dgo]n]j* l`]j] Yj] kge] [gf[]jfk l`Yl f]]\

lg Z] Y\\j]kk]\ lg ]f`Yf[] l`] hYh]j&k nYdm] Yf\ [dYjalq,

Answer8 S] kaf[]j]dq Yhhj][aYl] l`] j]na]o]j&k l`gm_`l^md [gee]flk, S] \a\ gmj Z]kl lg

Y\\j]kk l`] [gf[]jfk jYak]\ Zq l`] j]na]o]j,



M/, P`ak hYh]j [gmd\ Z]f]^al ^jge Y [gehYjYlan] YfYdqkak oal` gl`]j kaeadYj j]k]Yj[` af l`]

^a]d\, Ef[dm\af_ Y lYZd] gj _jYh` [gehYjaf_ l`] h]j^gjeYf[] g^ l`] hjghgk]\ ?= oal` gl`]j

`Yj\oYj] Y[[]d]jYlgjk ^gj =JJk ogmd\ `]dh j]Y\]jk mf\]jklYf\ l`] ka_fa^a[Yf[] Yf\ nYdm] g^

l`ak ogjc, Om[` Y [gehYjakgf k`gmd\ Z] `a_`da_`l]\ af l`] YZkljY[l Yf\ [gf[dmkagf k][lagfk lg

]eh`Ykar] l`] hYh]j&k [gfljaZmlagfk,

Answer8

S] Yhhj][aYl] l`] j]na]o]jyk `]dh^md [gee]fl, Ef j]khgfk] lg l`] j]na]o]j&k ^]]\ZY[c*

o] [gf\m[l]\ Yf afn]kla_Ylagf aflg gl`]j j]k]Yj[` ^g[mkaf_ gf f]mjYd f]logjc Yhhda[Ylagfk

mladaraf_ e]ejaklgj [jgkkZYj YjjYq+ZYk]\ `Yj\oYj] Y[[]d]jYlgjk, Igkl g^ l`] klm\a]k af l`ak Yj]Y

mladar]\ l`] /P/N '/+ljYfkaklgj Yf\ /+j]kaklgj( [gf^a_mjYlagf* k`go[Ykaf_ gmlklYf\af_

h]j^gjeYf[]k af l]jek g^ `a_` YjjYq qa]d\* ]f]j_q ]^^a[a]f[q* Yf\ [dYkka^a[Ylagf Y[[mjY[q* Yk

\]egfkljYl]\ af l`] lYZd] Z]dgo, =\\alagfYddq* l`]j] `Yn] Z]]f f]mjYd f]logjc Yhhda[Ylagfk

]ehdgqaf_ hYkkan] [jgkkZYj YjjYqk* kh][a^a[Yddq af l`] /O/N '/+k]d][lgj Yf\ /+j]kaklgj(

[gf^a_mjYlagf* ^gj kaehd]j [dYkka^a[Ylagf lYkck, P`]k] klm\a]k Y[`a]n]\ `a_`dq Y[[mjYl]

[dYkka^a[Ylagf j]kmdlk* ]kh][aYddq ^gj \YlYk]lk dac] l`] &Ydh`YZ]l*& Ydl`gm_` l`] Yhhda]\ [jgkkZYj

YjjYq \]fkalq oYk daeal]\ lg 7 Zq 7, Dgo]n]j* al ak ogjl` fglaf_ l`Yl ^mddq `Yj\oYj]+ZYk]\ f]mjYd

f]logjc Yhhda[Ylagfk mladaraf_ O]d^+N][la^qaf_ ?jgkkZYj 'ONI(+ZYk]\ [jgkkZYj YjjYqk `Yn] fgl

Z]]f oa\]dq j]hgjl]\9 egkl klm\a]k `Yn] j]da]\ gf kaemdYlagf+ZYk]\ j]kmdlk, P`]k] daealYlagfk

g^l]f kl]e ^jge l`] afkm^^a[a]fl j]daYZadalq g^ l`] \]na[]k Yf\ YjjYqk,

Ef gmj klm\q* o] `Yn] Y\\j]kk]\ l`]k] [`Ydd]f_]k Zq \]egfkljYlaf_ l`] ^mddq `Yj\oYj]+

ZYk]\ [dYkka^a[Ylagf g^ IJEOP \YlY oal` `a_` Y[[mjY[q mkaf_ Y hmj]dq ONI+ZYk]\ hYkkan]

[jgkkZYj YjjYq, S`ad] o] Y[cfgod]\_] l`] daeal]\ fmeZ]j g^ l]kl jmfk* l`] [gfkljYaf]\ l]kl \YlY*

Yf\ l`] j]dYlan]dq eg\]kl ]f]j_q ]^^a[a]f[q \]egfkljYl]\ af gmj klm\q* o] ]eh`Ykar] l`Yl l`ak



j]k]Yj[` j]hj]k]flk l`] ^ajkl [Yk] o`]j] km[` h]j^gjeYf[] `Yk Z]]f \]egfkljYl]\ mkaf_ Yf

ONI+ZYk]\ hYkkan] [jgkkZYj YjjYq, S] `gh] l`Yl l`ak hagf]]jaf_ ]^^gjl oadd hYn] l`] oYq ^gj

^mlmj] Y\nYf[]e]flk af l`] ^a]d\, P`Yfc qgm ^gj `a_`da_`laf_ l`] ka_fa^a[Yf[] g^ l`ak

Y[`a]n]e]fl,
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Table R1, P`] [gehYjakgf j]kmdlk g^ `Yj\oYj] aehd]e]flYlagf ^gj f]mjYd f]logjc Yhhda[Ylagfk

mkaf_ e]ejaklan] [jgkkZYj YjjYqk

Author action8

Bgddgoaf_ l`] j]na]o]j&k [gee]flk* o] `Yn] [j]Yl]\ Y lYZd] [gehYjaf_ l`] j]kmdlk g^

nYjagmk `Yj\oYj]+ZYk]\ f]mjYd f]logjc Yhhda[Ylagfk, P`] lYZd] af[dm\]k [gehYjakgfk ZYk]\ gf



YjjYq [gf^a_mjYlagf* YjjYq qa]d\* Yhhda[Ylagf* Y[[mjY[q* Yf\ ]f]j_q ]^^a[a]f[q, =f\* o] Y\\]\

l`] [gehYjaf_ lYZd] af l`] x?gf[dmkagfy k][lagf af l`] j]nak]\ eYfmk[jahl oal` Y Zja]^

[gee]flYjq Yk Z]dgo*

vThrough this study, the neural network applications utilizing memristive crossbar arrays are 

compared in Table 1. It is noteworthy that our study represents the first reported demonstration 

in the field of SRMs, utilizing a purely self-rectifying memristor-based passive crossbar array 

for hardware implementations of neural network applications. While the energy efficiency of 

the proposed Crossbar Array (CA) is currently lower than Ref. 36 and 55, we anticipate that 

higher efficiency can be achieved by increasing the array density.w
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Table 1. P`] [gehYjakgf j]kmdlk g^ `Yj\oYj] aehd]e]flYlagf ^gj f]mjYd f]logjc Yhhda[Ylagfk

mkaf_ e]ejaklan] [jgkkZYj YjjYqk,





M0, P`ak hYh]j [dYaek l`Yl l`] e]ejaklgj+ZYk]\ hYkkan] [jgkkZYj YjjYq [Yf Y[[]d]jYl] f]mjYd

f]logjc gh]jYlagfk* Zml al dY[ck kh][a^a[ [`ah h]j^gjeYf[] e]lja[k* km[` Yk [gehmlYlagfYd kh]]\

Yf\ hgo]j [gfkmehlagf, Ljgna\af_ l`]k] \]lYadk Yf\ [gehYjaf_ l`] ?=&k h]j^gjeYf[] oal`

ljY\alagfYd ea[jg]d][ljgfa[ [`ahk dac] ?LQk* CLQk* Yf\ =OE?k ogmd\ \]egfkljYl] alk

Y\nYflY_]k egj] [d]Yjdq,

Answer8

S] l`Yfc ^gj l`] j]na]o]jyk `a_`dq afka_`l^md [gee]fl, S] [gf\m[l]\ l`] fme]ja[Yd

[Yd[mdYlagf g^ l`] ]f]j_q ]^^a[a]f[q ^gj l`] RII gh]jYlagf mkaf_ l`] hjghgk]\ ?=, P`] Yhhda]\

]imYlagf ^gj l`] [Yd[mdYlaf_ ]f]j_q ]^^a[a]f[q g^ l`] RII h]j^gjeYf[] ak k`gof Z]dgo,

P]jY gh]jYlagfk h]j k][gf\ h]j SYll 'PKLO-S( ; '0 p J gh]jYlagfk( - W'N]Y\ dYl]f[q( p 'Lgo]j

[gfkmehlagf(X

Ef gmj klm\q* o] mladar]\ l`] hYjYe]l]jk J ; 10* N]Y\ dYl]f[q ; /. �k* Yf\ Lgo]j

[gfkmehlagf ; /,25 �S ^gj gmj [Yd[mdYlagfk* j]kmdlaf_ af Yf ]f]j_q ]^^a[a]f[q g^ 2,13 PKLO-S

^gj l`] R][lgj+IYljap Imdlahda[Ylagf 'RII( h]j^gjeYf[], =k ]na\]fl ^jge l`] lYZd]* l`]

]f]j_q ]^^a[a]f[q g^ gmj kqkl]e oYk j]dYlan]dq dgo]j [gehYj]\ lg gl`]j e]ejaklgj [jgkkZYj

YjjYq+ZYk]\ `Yj\oYj] Y[[]d]jYlgjk, P`]j] Yj] log eYaf j]Ykgfk ^gj l`ak j]dYlan]dq dgo]j ]f]j_q

]^^a[a]f[q, Bajkldq* l`] YjjYq kar] mk]\ ^gj l`] h]j^gjeYf[] ]nYdmYlagf oYk / cZ* af\a[Ylaf_ Y

j]dYlan]dq dgo]j \]fkalq* o`a[` Y^^][l]\ l`] ]f]j_q ]^^a[a]f[q, O][gf\dq* l`] afl]_jYl]\

e]ejaklgjk gh]jYl]\ oal` Y dYl]f[q g^ /. �k* aehY[laf_ l`] gn]jYdd ]f]j_q [gfkmehlagf,



Pg Y\\j]kk l`]k] daealYlagfk Yf\ ]f`Yf[] ]f]j_q ]^^a[a]f[q* gmj gf_gaf_ j]k]Yj[`

^g[mk]k gf aehjgnaf_ l`] YjjYq&k \]fkalq Zq af[j]Ykaf_ afl]_jYlagf Yf\ ghlaearaf_ e]ejaklgj

dYl]f[q, S] Yfla[ahYl] l`Yl Zq ]f`Yf[af_ l`] afl]_jYlagf \]fkalq g^ l`] YjjYq Yf\ ghlaearaf_

e]ejaklgj dYl]f[q* o] [Yf Y[`a]n] `a_`]j ]f]j_q ]^^a[a]f[q af ^mlmj] al]jYlagfk g^ gmj kqkl]e,

S] Yj] Y[lan]dq ogjcaf_ gf l`]k] aehjgn]e]flk* Yf\ o] hdYf lg hjgna\] \]lYad]\

\]egfkljYlagfk af l`] kmZk]im]fl h`Yk]k g^ gmj j]k]Yj[`, Bmjl`]jegj]* o] [gehYj]\ l`] ]f]j_q

]^^a[a]f[q g^ l`] hjghgk]\ ?= oal` `a_`dq eYlmj]\ Yf\ ljY\alagfYd ea[jg[`ahk km[` Yk BLC=k

Yf\ =OE?k* k`gof Z]dgo, Kf[] Y_Yaf* o] ]phj]kk gmj _jYlalm\] ^gj l`] `]dh^md [gee]flk

hjgna\]\* o`a[` `Yn] _ma\]\ gmj gf_gaf_ j]k]Yj[` ]^^gjlk,
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Table R2. P`] [gehYjakgf j]kmdlk oal` ljY\alagfYd ea[jg]d][ljgfa[ [`ahk* o`a[` ^mf[lagf Yk

`Yj\oYj] Y[[]d]jYlgjk ^gj [gehmlYlagf,

Author action8

Bgddgoaf_ l`] j]na]o]jyk [gee]fl* o] Y\\]\ l`] lYZd] [gehYjaf_ j]kmdlk Yf\ Zja]^

[gee]flYjq af l`] x?gf[dmkagfy k][lagf af l`] j]nak]\ eYfmk[jahl Yk Z]dgo*

vBmjl`]jegj]* o] [gehYj] l`] ]f]j_q ]^^a[a]f[q g^ gmj `Yj\oYj] Y[[]d]jYlgj oal` ljY\alagfYd

ea[jg]d][ljgfa[ [`ahk km[` Yk CLQk* BLC=k* Yf\ =OE?k af PYZd] 0, P`] j]kmdlk g^ l`]

[gehYjakgf k`go l`Yl gmj `Yj\oYj] Y[[]d]jYlgj Y[`a]n]k j]dYlan]dq `a_` ]f]j_q ]^^a[a]f[q \m]

lg ka_fa^a[Yfldq dgo]j hgo]j [gfkmehlagf [gehYj]\ lg ljY\alagfYd ea[jg]d][ljgfa[ [`ahk, Bgj



\]lYad]\ [Yd[mdYlagfk* j]^]j lg Omhhd]e]flYjq Jgl] /,w
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Table 2. P`] [gehYjakgf j]kmdlk oal` ljY\alagfYd ea[jg]d][ljgfa[ [`ahk* o`a[` ^mf[lagf Yk

`Yj\oYj] Y[[]d]jYlgjk ^gj [gehmlYlagf,

=\\alagfYddq* o] af[dm\]\ \]lYad]\ af^gjeYlagf gf l`] [Yd[mdYlagf hjg[]kk g^ ]f]j_q

]^^a[a]f[q af Omhhd]e]flYjq Jgl] /* o`a[` ak hjgna\]\ af l`] j]nak]\ &Omhhd]e]flYjq

Ef^gjeYlagf&, P`] Y\\]\ l]pl ak k`gof af Z]dgo,

“Supplementary Note 1: The calculation process of energy efficiency of proposed 1 kb

passive CA for implementing vector-matrix multiplication (VMM) operation.

Pg Ykk]kk l`] ]f]j_q ]^^a[a]f[q g^ gmj hjghgk]\ / cZ hYkkan] ?jgkkZYj =jjYq '?=( ^gj l`]

`Yj\oYj]+ZYk]\ aehd]e]flYlagf g^ R][lgj+IYljap Imdlahda[Ylagf 'RII( gh]jYlagfk* o]

[Yd[mdYl]\ l`] &P]jY gh]jYlagfk h]j k][gf\ h]j SYll 'PKLO-S(& mkaf_ l`] ]imYlagf8

\XY[

]
É

K È W fgah^jbfei

Za^` c^jae_m È Yflah _feikdgjbfe

Ef gmj klm\q* o] ]ehdgq]\ l`] hYjYe]l]jk J;10* N]Y\ dYl]f[q ; /. �k* Yf\ Lgo]j [gfkmehlagf

; /,25 �S* ]pljY[l]\ ^jge l`] \]^][l+^j]] '@.( ?=* ^gj gmj [Yd[mdYlagfk, P`ak qa]d\]\ Yf ]f]j_q

]^^a[a]f[q g^ 2,13 PKLO-S ^gj l`] RII h]j^gjeYf[],w

M1, P`ak hYh]j e]flagfk Y\\alagfYd hgo]j [gfkmehlagf \m] lg l`] Yhhda[Ylagf g^ \a^^]j]fl

ngdlY_]k lg kmhhj]kk kf]Yc [mjj]flk, El ogmd\ Z] `]dh^md lg kh][a^q l`] hjghgjlagf g^ l`ak



Y\\alagfYd hgo]j [gfkmehlagf j]dYlan] lg l`] lglYd hgo]j [gfkmehlagf Yf\ alk aehY[l gf l`]

gn]jYdd [`ah h]j^gjeYf[], P`ak af^gjeYlagf ogmd\ ]fYZd] j]Y\]jk lg Z]ll]j ]nYdmYl] l`] ljY\]+

g^^k afngdn]\ af mkaf_ l`] hjghgk]\ ?= ^gj =JJ Yhhda[Ylagfk,

Answer8

S] Yj] _jYl]^md ^gj l`] j]na]o]j&k afka_`l^md [gee]fl, =k e]flagf]\* o] aehd]e]fl]\

\a^^]j]fl ngdlY_]k* j]^]jj]\ lg Yk &af`aZal ZaYk]k*& lg l`] ogj\ Yf\ Zal daf]k k`Yj]\ Zq xmfk]d][l]\

[]ddky lg kmhhj]kk kf]Yc [mjj]flk, O]d][laf_ Yf YhhjghjaYl] af`aZal ZaYkaf_ k[`]e] ak hanglYd ^gj

l`] gh]jYlagf g^ [jgkkZYj YjjYq \]na[]k* Yk al fgl gfdq Y^^][lk l`] kmhhj]kkagf g^ kf]Yc [mjj]flk

Zml Ydkg Y\\alagfYd hgo]j [gfkmehlagf* Yk l`] j]na]o]j ak YoYj],

Pg ]fkmj] l`] Yhhda[Ylagf g^ Yf YhhjghjaYl] af`aZal ZaYkaf_ k[`]e]* o] [gf\m[l]\ Y

fme]ja[Yd YfYdqkak lg Ykk]kk l`] daealk g^ YjjYq \]fkalq Yf\ hgo]j [gfkmehlagf Ykkg[aYl]\ oal`

l`] k[`]e], P`] j]kmdlk* \]ha[l]\ af Ba_mj] N4* o]j] gZlYaf]\ mf\]j l`] ogjkl+[Yk] k[]fYjag*

Ykkmeaf_ l`Yl Ydd mfk]d][l]\ []ddk af l`] YjjYq o]j] af l`] Hgo+N]kaklYf[] OlYl] 'HNO(, S`]f

]nYdmYlaf_ l`] daeal g^ YjjYq \]fkalq l`jgm_` j]Y\ eYj_af* o] ^gmf\ l`Yl oal` Y [jala[Yd j]Y\

eYj_af k]l lg /.% Yf\ Y /-1 ZaYkaf_ k[`]e] Yhhda]\* l`] \]fkalq [gjj]khgf\af_ lg

YhhjgpaeYl]dq 0.. cZ [gmd\ Z] Y[`a]n]\ oal` 2/0+ogj\ daf]k, Ef l`] [Yk] g^ l`] /-0 k[`]e]* al

oYk hj]\a[l]\ l`Yl YjjYqk g^ YZgml /7 cZ [gmd\ Z] Yhhda]\ oal` /2.+ogj\ daf]k,

Bmjl`]jegj]* o`]f [Yd[mdYlaf_ l`] Y\\alagfYd hgo]j [gfkmehlagf j]kmdlaf_ ^jge l`]

ZaYkaf_ k[`]e]* o] gZk]jn]\ l`] dgo]kl af[j]Yk] af hgo]j [gfkmehlagf oal` l`] af[j]Yk] af

YjjYq kar] o`]f l`] /-1 k[`]e] oYk Yhhda]\* [gfkakl]fl oal` l`] j]Y\ eYj_af j]kmdlk e]flagf]\

]Yjda]j, P`]k] fme]ja[Yd YfYdqk]k hjgna\]\ l`] ^gmf\Ylagf ^gj gmj klm\q&k YhhjgY[`, P`]

]nYdmYlagf j]kmdlk gZlYaf]\ ^jge l`]k] YfYdqk]k o]j] nYda\Yl]\ Zq Yhhdqaf_ l`]e lg l`] Y[lmYd

YjjYq l`jgm_` Y hj]nagmk klm\q, ?gfk]im]fldq* af l`ak klm\q* o] aehd]e]fl]\ l`] /-1 ZaYkaf_



k[`]e] ZYk]\ gf l`] j]kmdlk _Yaf]\ ^jge l`]k] YfYdqk]k Yf\ l`] nYda\Ylagf hjg[]kk,

Fig. R68 P`] fme]ja[Yd YfYdqk]k g^ / cZ ?= mf\]j \a^^]j]fl ZaYkaf_ k[`]e]k, Pg afn]kla_Yl] 

l`] af^dm]f[] g^ ZaYkaf_ k[`]e]k ^gj / cZ ?=* log \a^^]j]fl ZaYk k[`]e]k o]j] Yhhda]\, a P`] 

k[`]eYla[ ^a_mj] g^ / cZ ?= mf\]j ZaYkaf_ k[`]e]k, Qf\]j l`] ZaYkaf_ k[`]e]k* l`] k]d][l]\ 

[]dd ak [gff][l]\ l`] Zal daf] ZaYk]\ lg Rghgh Yf\ ogj\ daf] _jgmf\]\, Dgo]n]j* l`] mfk]d][l]\ 

[]ddk Yj] hYjlalagf]\ aflg l`j]] _jgmhk* o`a[` Yj] j]^]jj]\ Yk Nk/* Nk0k0* Yf\ Nk1, P`] _jgmh g^ N

'_j]]f [gdgj]\ []ddk( Yj] [gff][l]\ Zal daf] ZaYk]\ lg Rgh Yf\ ogj\ daf]\ ZaYk]\ lg af`aZal ngdlY_] 

/ 'Raf/(, P`] _jgmh Nk0k0 'ZdY[c [gdgj]\ []ddk( Yj] [gff][l]\ Zal daf] ZaYk]\ lg af`aZal ngdlY_] 0 

'R'Raf0( Yf\ ogj\ daf]\ ZaYk]\ Raf/, P`] _jgmh N 'Zdm] [gdgj]\ []ddk( Yj] [gff][l]\ Zal daf] 



ZaYk]\ lg Raf0 Yf\ ogj\ daf]\ _jgmf\]\, b P`] ]imanYd]fl [aj[mal g^ l`] ?= mf\]j ZaYkaf_ 

k[`]e]k, c P`] [Yd[mdYlagf j]kmdlk g^ j]Y\ eYj_af Y[[gj\af_ lg ]Y[` ZaYkaf_ k[`]e], d P`] 

[Yd[mdYlagf j]kmdlk g^ l`] Y\\alagfYd hgo]j [gfkmehlagf kl]eeaf_ ^jge l`] mfk]d][l]\ []ddk 

mf\]j ]Y[` ZaYkaf_ k[`]e], e P`] hYjYe]l]jk g^ hjghgk]\ ?= ^gj fme]ja[Yd [Yd[mdYlagfk,

Author action

Bgddgoaf_ l`] j]na]o]jyk [gee]fl* o] Y\\ l`] fme]ja[Yd YfYdqk]k ^gj ]Y[` ZaYkaf_ 

k[`]e] af Omhhd]e]flYjq Ba_ O0 af l`] j]nak]\ xOmhhd]e]flYjq Ef^gjeYlagfy,



Omhhd]e]flYjq Ba_, O08 P`] fme]ja[Yd YfYdqk]k g^ / cZ ?= mf\]j \a^^]j]fl ZaYkaf_ k[`]e]k,

Pg afn]kla_Yl] l`] af^dm]f[] g^ ZaYkaf_ k[`]e]k ^gj / cZ ?=* log \a^^]j]fl ZaYk k[`]e]k o]j]

Yhhda]\, a P`] k[`]eYla[ ^a_mj] g^ / cZ ?= mf\]j ZaYkaf_ k[`]e]k, Qf\]j l`] ZaYkaf_ k[`]e]k*

l`] k]d][l]\ []dd ak [gff][l]\ l`] Zal daf] ZaYk]\ lg Rgh Yf\ ogj\ daf] _jgmf\]\, Dgo]n]j* l`]

mfk]d][l]\ []ddk Yj] hYjlalagf]\ aflg l`j]] _jgmhk* o`a[` Yj] j]^]jj]\ Yk Nk/* Nk0* Yf\ Nk1, P`]

_jgmh g^ Nk/ '_j]]f [gdgj]\ []ddk( Yj] [gff][l]\ Zal daf] ZaYk]\ lg Rgh Yf\ ogj\ daf]\ ZaYk]\ lg

af`aZal ngdlY_] / 'Raf/(, P`] _jgmh Nk0 'ZdY[c [gdgj]\ []ddk( Yj] [gff][l]\ Zal daf] ZaYk]\ lg

af`aZal ngdlY_] 0 'Raf0( Yf\ ogj\ daf]\ ZaYk]\ Raf/, P`] _jgmh Nk1 'Zdm] [gdgj]\ []ddk( Yj]

[gff][l]\ Zal daf] ZaYk]\ lg Raf0 Yf\ ogj\ daf]\ _jgmf\]\, b P`] ]imanYd]fl [aj[mal g^ l`] ?=

mf\]j ZaYkaf_ k[`]e]k, c P`] [Yd[mdYlagf j]kmdlk g^ j]Y\ eYj_af Y[[gj\af_ lg ]Y[` ZaYkaf_

k[`]e], d P`] [Yd[mdYlagf j]kmdlk g^ l`] Y\\alagfYd hgo]j [gfkmehlagf kl]eeaf_ ^jge l`]

mfk]d][l]\ []ddk mf\]j ]Y[` ZaYkaf_ k[`]e], ] P`] hYjYe]l]jk g^ hjghgk]\ ?= ^gj fme]ja[Yd

[Yd[mdYlagfk,

Pg [Yd[mdYl] l`] j]Y\ eYj_af mf\]j ]Y[` ZaYkaf_ k[`]e]* l`] ]imYlagfk '/( lg '1( Yj] mladar]\,
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Ef Y\\alagf* o] Y\\]\ l`] k]fl]f[] Z]dgo gf hY_] 5 g^ l`] j]nak]\ eYfmk[jahl,

vBmjl`]jegj]* l`] fme]ja[Yd YfYdqk]k ^gj l`] daeal]\ \]fkalq g^ l`] YjjYq Yf\ Y\\alagfYd hgo]j



[gfkmehlagf kl]eeaf_ ^jge l`] kf]Yc [mjj]fl mf\]j Yhhdqaf_ ]Y[` ZaYkaf_ k[`]e] o]j]

[gf\m[l]\ 'Omhhd]e]flYjq Ba_, O0(,w



M2, P`ak hYh]j k`gmd\ hjgna\] [d]Yj]j \]^afalagfk g^ l`] l]jek #Aph]jae]flYd j]kmdl*#

#?Yd[mdYl]\ j]kmdl*# Yf\ #OaemdYl]\ j]kmdl,# =\\alagfYddq* imYflalYlan] \]k[jahlagfk g^ `go o]dd

l`] ]ph]jae]flYd Yf\ [Yd[mdYl]\ j]kmdlk eYl[`* af l]jek g^ Zal hj][akagf* ogmd\ `]dh j]Y\]jk

Z]ll]j mf\]jklYf\ l`] Y[[mjY[q g^ l`] hjghgk]\ ?=, P`] hYh]j k`gmd\ Ydkg ]phdYaf l`] j]imaj]\

Zal hj][akagf ^gj f]mjYd f]logjc Yhhda[Ylagfk Yf\ \]egfkljYl] l`Yl l`] ?= [Yf e]]l l`]k]

j]imaj]e]flk,

Answer8

P`Yfc qgm ^gj l`] afka_`l^md [gee]fl, P`] xAph]jae]flYd j]kmdlky* x?Yd[mdYl]\ j]kmdlky*

Yf\ xOaemdYl]\ j]kmdlky af\a[Yl] l`] gmlhml [mjj]fl k]fk]\ ']ph]jae]flYddq e]Ykmj]\( ^jge l`]

RII gh]jYlagfk* l`] kme g^ j]Y\ [mjj]fl '[gf\m[lYf[]( af hjg_jYee]\ ?= 'fme]ja[Yd

[Yd[mdYlagf g^ [mjj]fl kme Yl ]Y[` [gdmef ZYk]\ gf l`] hjg_jYee]\ 'Ydj]Y\q cfgof(

[gf\m[lYf[] klYl]k(* Yf\ l`] kme g^ [gf\m[lYf[] ljYaf]\ l`jgm_` kaemdYlagf 'l`] j]imaj]\

RII j]kmdl lg Y[`a]n] l`] af^]j]f[] Y[[mjY[q g^ /..%(* j]kh][lan]dq, =dd l`]k] hYjYe]l]jk

j]hj]k]fl nYdm]k k]im]flaYddq k]fk]\ Yf\ [Yd[mdYl]\ ^gj ]Y[` [gdmef, Ef Y\\alagf* al&k ]kk]flaYd

lg [dYja^q l`] \a^^]j]f[] Z]lo]]f l`] fYlmj] g^ l`] hjghgk]\ ?= Yf\ [gfn]flagfYd \a_alYd

Yj[`al][lmj]k o`]f \ak[mkkaf_ hj][akagf, S`ad] lqha[Yd \a_alYd kqkl]ek j]dq gf Zal hj][akagf* l`]

hjghgk]\ ?= gh]jYl]k hjaeYjadq gf YfYdg_ ka_fYdk, P`ak ^mf\Ye]flYd \a^^]j]f[] e]Yfk l`Yl gmj

YhhjgY[` \g]k fgl \aj][ldq ]f_Y_] oal` Zal hj][akagf af l`] ljY\alagfYd k]fk], Dgo]n]j* al&k

[jm[aYd lg mf\]jklYf\ l`] kl]hk lYc]f lg Yda_f l`] IJEOP \YlY k]l oal` l`] ?=&k gh]jYlagfYd

eg\],



Fig. R7: Software-based data processing and learning of CA for classification tasks

Pg ]emdYl] l`] ?=&k afhml* l`] IJEOP \YlYk]l oYk eg\a^a]\ o`]j] alk afhml oYk

j]\m[]\ lg 10. mfalk Yf\ fgjeYdar]\ hap]d nYdm]k o]j] jgmf\]\ g^^ lg ]al`]j . gj /, P`ak hjg[]kk*

l`gm_` \a_alYd af fYlmj]* gfdq \a_alar]\ l`] afhml* fgl l`] o]a_`lk gj l`] afl]jfYd gh]jYlagfk g^

l`] ?=, P`] \]na[] YjjYq mladar]k ]ph]jae]flYddq \]jan]\ o]a_`lk* o`a[` o]j] Y\bmkl]\ lg

eYl[` l`] [gf\m[lYf[] k[Yd] Yf\ afhml [mjj]fl k[Yd] g^ l`] YjjYq, P`ak ]fkmj]k l`Yl l`] ?=

hjg[]kk]k _]fmaf] YfYdg_ nYdm]k l`jgm_`gml alk [gehmlYlagf,

Pg ]dYZgjYl] gf l`] d]Yjfaf_ hjg[]kk af egj] \]lYad8 l`] j]\m[]\ afhml g^ 10. oYk [`mfc]\ aflg

_jgmhk g^ /.* o`a[` o]j] l`]f mk]\ Yk afhmlk ^gj Yf YjjYq oal` l`j]] daf]k, =k Y j]kmdl* ]Y[`

k][lagf j][]an]\ 10 afhmlk Yf\ hjg\m[]\ 1 gmlhmlk, P`] gmlhml _]f]jYl]\ Zq emdlahdqaf_ oal`

l`] o]a_`lk j]hj]k]flk l`] k[gj] ^gj l`] `Yf\ojalaf_ [dYkka^a[Ylagf oal`af ]Y[` \ana\]\ k][lagf

g^ /., P`]k] k[gj]k Yj] l`]f Y__j]_Yl]\* Yf\ Y kg^l+eYp ^mf[lagf ak Yhhda]\ lg ]klaeYl] l`] ^afYd

afhml,

P`] [Yd[mdYl]\ o]a_`lk o]j] [gfn]jl]\ lg l`] lYj_]l [gf\m[lYf[] Yf\ Yhhda]\ lg l`] ?=

mkaf_ l`] ^gddgoaf_ ^gjemdY8



CP ; S p 'CHNO u CDNO( '/(

H]l* l`] [gf\m[lYf[] ^gj ljYafaf_ ; CP Yf\ kaemdYl]\ kqfYhla[ o]a_`l ; S,

N]_Yj\af_ l`] o]a_`lk gZlYaf]\ l`jgm_` kg^loYj]* l`]q Yj] j]hj]k]fl]\ mkaf_ l`]

^dgYl10 \YlY lqh]* g^^]jaf_ km^^a[a]fl hj][akagf ^gj gmj f]]\k, Can]f l`Yl l`] \]na[] j]khgfkaZd]

^gj Yhhdqaf_ [gf\m[lYf[] lg l`] YjjYq [Yf `Yf\d] Y jYf_] ^jge .,/= lg Yk hj][ak] Yk .,/h=*

l`]j] k`gmd\ Z] [gf^a\]f[] af l`] ?=&k [gf\m[lYf[] j]kgdmlagf lg j]hj]k]fl Yf\ eYfahmdYl]

l`]k] kqfYhla[ o]a_`lk Y[[mjYl]dq,

Ef l]jek g^ l`] j]imaj]\ hj][akagf ^gj f]mjYd f]logjc Yhhda[Ylagfk* al nYja]k ZYk]\ gf

l`] kh][a^a[ lYkc Yf\ f]logjc Yj[`al][lmj], Dgo]n]j* oal` gmj YhhjgY[` Yf\ l`] af`]j]fl

hj][akagf g^ l`] ?=&k \]ka_f* o] Z]da]n] l`Yl l`] kqkl]e ak o]dd+]imahh]\ lg e]]l Yf\

hgl]flaYddq ]p[]]\ l`] hj][akagf j]imaj]e]flk [geegfdq Ykkg[aYl]\ oal` f]mjYd f]logjc

Yhhda[Ylagfk,

Author action8

Bgddgoaf_ l`] j]na]o]jyk [gee]flk* o] Y\\]\ [d]Yj]j \]^afalagfk g^ l`] l]jek

xAph]jae]flYd j]kmdlky* x?Yd[mdYl]\ j]kmdlky* Yf\ xOaemdYl]\ j]kmdlky gf hY_] // g^ l`] j]nak]\

eYfmk[jahl Yk Z]dgo,

vP`] xAph]jae]flYd j]kmdlky* x?Yd[mdYl]\ j]kmdlky* Yf\ xOaemdYl]\ j]kmdlky af\a[Yl] l`] gmlhml

[mjj]fl k]fk]\ ']ph]jae]flYddq e]Ykmj]\( ^jge l`] RII gh]jYlagfk* l`] kme g^ j]Y\ [mjj]fl

'[gf\m[lYf[]( af hjg_jYee]\ ?= 'fme]ja[Yd [Yd[mdYlagf g^ [mjj]fl kme Yl ]Y[` [gdmef ZYk]\

gf l`] hjg_jYee]\ 'Ydj]Y\q cfgof( [gf\m[lYf[] klYl]k(* Yf\ l`] kme g^ [gf\m[lYf[] ljYaf]\

l`jgm_` kaemdYlagf 'l`] j]imaj]\ RII j]kmdl lg Y[`a]n] l`] af^]j]f[] Y[[mjY[q g^ /..%(*

j]kh][lan]dq, =dd l`]k] hYjYe]l]jk j]hj]k]fl nYdm]k k]im]flaYddq k]fk]\ Yf\ [Yd[mdYl]\ ^gj ]Y[`



[gdmef, P`] \]lYad g^ RII gh]jYlagf mkaf_ ?= ak \]egfkljYl]\ af l`] xI]l`g\y k][lagfw

Bmjl`]jegj]* o] Y\\]\ l`] imYflalYlan] \]k[jahlagf g^ Y[[mjYl] gh]jYlagf af l]jek g^ Zal

hj][akagf Yf\ j]imaj]\ Zal hj][akagf af l`] x@ak[mkkagfy k][lagf af l`] j]nak]\ eYfmk[jahl 'gf

hY_] /5( Yk Z]dgo,

vEf Y\\alagf* [gfka\]jaf_ l`] [dYkka^a[Ylagf Y[[mjY[q oal` l]jek g^ Zal hj][akagf af gmj kqkl]e*

al ak ]kk]flaYd lg [dYja^q l`] \a^^]j]f[] Z]lo]]f l`] fYlmj] g^ l`] hjghgk]\ ?= [gfn]flagfYd

\a_alYd Yj[`al][lmj]k, S`ad] lqha[Yd \a_alYd kqkl]ek j]dq gf Zal hj][akagf* l`] hjghgk]\ ?=

gh]jYl]k hjaeYjadq gf YfYdg_ ka_fYdk, P`ak ^mf\Ye]flYd \a^^]j]f[] e]Yfk l`Yl gmj YhhjgY[`

\g]k fgl \aj][ldq ]f_Y_] oal` Zal hj][akagf af l`] ljY\alagfYd k]fk], Dgo]n]j* al&k [jm[aYd lg

mf\]jklYf\ l`] kl]hk lYc]f lg Yda_f l`] IJEOP \YlY k]l oal` l`] ?=&k gh]jYlagfYd eg\],

IJEOP&k afhml oYk j]\m[]\ lg 10. mfalk Yf\ fgjeYdar]\ hap]d nYdm]k o]j] jgmf\]\ g^^ lg

. gj / lg kaemdYl] l`] ?=&k afhml, P`gm_` \a_alYd* l`ak hjg[]kk e]j]dq \a_alar]\ afhml* fgl

o]a_`lk gj ?= hjg[]\mj]k, P`] \]na[] YjjYq mladar]k ]ph]jae]flYd o]a_`lk Y\bmkl]\ lg eYl[`

alk [gf\m[lYf[] Yf\ afhml [mjj]fl k[Yd]k, P`ak ]fkmj]k l`] ?= [gehml]k mkaf_ _]fmaf] YfYdg_

nYdm]k, Pg ]dYZgjYl] gf l`] d]Yjfaf_ hjg[]kk* l`] j]\m[]\ afhml g^ 10. oYk [`mfc]\ aflg _jgmhk

g^ /. Yf\ ^]\ lg Y l`j]]+daf] YjjYq, AY[` k]_e]fl `Yk 10 afhmlk Yf\ 1 gmlhmlk, Imdlahdqaf_ Zq

o]a_`lk qa]d\k l`] `Yf\ojalaf_ [dYkka^a[Ylagf j]kmdl ^gj ]Y[` /.+hYjl k]_e]fl, P`] ^afYd afhml ak

]klaeYl]\ mkaf_ Y kg^l+eYp ^mf[lagf Y^l]j Y__j]_Ylaf_ l`]k] k[gj]k, P`] [Yd[mdYl]\ o]a_`lk o]j]

[gfn]jl]\ lg l`] lYj_]l [gf\m[lYf[] Yf\ Yhhda]\ lg l`] ?= mkaf_ l`] ^gddgoaf_ ^gjemdY8

CP ; S p 'CHNO u CDNO( '/(

H]l* l`] [gf\m[lYf[] ^gj ljYafaf_ ; CP Yf\ kaemdYl]\ kqfYhla[ o]a_`l ; S,

N]_Yj\af_ l`] o]a_`lk gZlYaf]\ l`jgm_` kg^loYj]* l`]q Yj] j]hj]k]fl]\ mkaf_ l`] ^dgYl10



\YlY lqh]* g^^]jaf_ km^^a[a]fl hj][akagf ^gj gmj f]]\k, Can]f l`Yl l`] \]na[] j]khgfkaZd] ^gj

Yhhdqaf_ [gf\m[lYf[] lg l`] YjjYq [Yf `Yf\d] Y jYf_] ^jge .,/= lg Yk hj][ak] Yk .,/h=* l`]j]

k`gmd\ Z] [gf^a\]f[] af l`] ?=&k [gf\m[lYf[] j]kgdmlagf lg j]hj]k]fl Yf\ eYfahmdYl] l`]k]

kqfYhla[ o]a_`lk Y[[mjYl]dq,

Ef l]jek g^ l`] j]imaj]\ hj][akagf ^gj f]mjYd f]logjc Yhhda[Ylagfk* al nYja]k ZYk]\ gf l`]

kh][a^a[ lYkc Yf\ f]logjc Yj[`al][lmj], Dgo]n]j* oal` gmj YhhjgY[` Yf\ l`] af`]j]fl hj][akagf

g^ l`] ?=&k \]ka_f* o] Z]da]n] l`Yl l`] kqkl]e ak o]dd+]imahh]\ lg e]]l Yf\ hgl]flaYddq ]p[]]\

l`] hj][akagf j]imaj]e]flk [geegfdq Ykkg[aYl]\ oal` f]mjYd f]logjc Yhhda[Ylagfk,w

Ef Y\\alagf* o] eg\a^a]\ l`] eYaf l]pl g^ xOg^loYj]+ZYk]\ f]mjYd f]logjc ljYafaf_y Yk

Z]dgo af l`] j]nak]\ eYfmk[jahl,

vSoftware-based data processing and learning of CA. 

Pg ]emdYl] l`] ?=&k afhml* l`] IJEOP \YlYk]l oYk eg\a^a]\ o`]j] alk afhml oYk j]\m[]\

lg 10. mfalk Yf\ fgjeYdar]\ hap]d nYdm]k o]j] jgmf\]\ g^^ lg ]al`]j . gj /, P`ak hjg[]kk* l`gm_`

\a_alYd af fYlmj]* gfdq \a_alar]\ l`] afhml* fgl l`] o]a_`lk gj l`] afl]jfYd gh]jYlagfk g^ l`] ?=,

P`] \]na[] YjjYq mladar]k ]ph]jae]flYddq \]jan]\ o]a_`lk* o`a[` o]j] Y\bmkl]\ lg eYl[` l`]

[gf\m[lYf[] k[Yd] Yf\ afhml [mjj]fl k[Yd] g^ l`] YjjYq, P`ak ]fkmj]k l`Yl l`] ?= hjg[]kk]k

_]fmaf] YfYdg_ nYdm]k l`jgm_`gml alk [gehmlYlagf, Pg ]dYZgjYl] gf l`] d]Yjfaf_ hjg[]kk af egj]

\]lYad8 l`] j]\m[]\ afhml g^ 10. oYk [`mfc]\ aflg _jgmhk g^ /.* o`a[` o]j] l`]f mk]\ Yk afhmlk

^gj Yf YjjYq oal` l`j]] daf]k, =k Y j]kmdl* ]Y[` k][lagf j][]an]\ 10 afhmlk Yf\ hjg\m[]\ 1 gmlhmlk,

P`] gmlhml _]f]jYl]\ Zq emdlahdqaf_ oal` l`] o]a_`lk j]hj]k]flk l`] k[gj] ^gj l`] `Yf\ojalaf_

[dYkka^a[Ylagf oal`af ]Y[` \ana\]\ k][lagf g^ /., P`]k] k[gj]k Yj] l`]f Y__j]_Yl]\* Yf\ Y kg^l+

eYp ^mf[lagf ak Yhhda]\ lg ]klaeYl] l`] ^afYd afhml,w



M3, P`] Yml`gjk k`gmd\ hjgna\] Y egj] \]lYad]\ \]k[jahlagf g^ l`] \a_al [dYkka^a[Ylagf hjg[]kk

mkaf_ l`] ?= YjjYq, P`ak k`gmd\ af[dm\] [dYja^qaf_ o`]l`]j l`] f]logjc ak ^mddq [gff][l]\ gj

fgl* Yf\ ]phdYafaf_ l`] ka_fa^a[Yf[] g^ l`] dg[Ydar]\ #oaff]j+lYc]k+Ydd# jmd], =\\alagfYddq*

\]lYad]\ af^gjeYlagf gf l`] k]d][lagf jmd]k ^gj l`] ljYafaf_ Yf\ l]klaf_ k]lk d]Y\af_ lg l`]

/dYae]\ /..% Y[[mjY[q af [dYkka^qaf_ `Yf\ojall]f \a_alk .* /* Yf\ 0 k`gmd\ Z] hjgna\]\,

Bmjl`]jegj]* l`] hYh]j k`gmd\ ]phdYaf `go l`] emdlahda[Ylagf g^ [mjj]flk j]Y\ ^jge ]Y[`

[gdmef g^ l`] ?= ak Y[`a]n]\* af[dm\af_ o`]l`]j \a_alYd ka_fYdk Yj] mk]\* Yf\ `go l`ak hjg[]kk

Y^^][lk gn]jYdd h]j^gjeYf[],

Answer8

S] kaf[]j]dq Yhhj][aYl] l`] afka_`l^md ^]]\ZY[c* hYjla[mdYjdq j]_Yj\af_ l`] \]lYad]\

\]k[jahlagf g^ gmj \a_al [dYkka^a[Ylagf hjg[]kk mkaf_ l`] ?= YjjYq Yf\ gl`]j Ykkg[aYl]\ im]ja]k,

Kmj \a_al [dYkka^a[Ylagf hjg[]\mj]* \]ka_f]\ oal` l`] ?= YjjYq af eaf\* \ana\]k l`] afhml \YlY

aflg l]f \aklaf[lan] [`mfck* _an]f gmj afhml kar] g^ 10., P`ak k]_e]flYlagf ak ]kk]flaYd ^gj gmj

Yj[`al][lmj]* o`a[` j]da]k gf hjg[]kkaf_ af\ana\mYd \YlY [`mfck l`jgm_` \]\a[Yl]\ eg\md]k lg

d]n]jY_] l`] ?= YjjYq&k afljafka[ hYjYdd]d hjg[]kkaf_ [YhYZadala]k, AY[` eg\md] ak lYkc]\ oal`

[Yhlmjaf_ mfaim] ^]Ylmj]k ^jge alk j]kh][lan] k]_e]fl g^ l`] \YlY, =^l]j l`ak af\ana\mYd

hjg[]kkaf_* l`] gmlhmlk ^jge Ydd l`]k] eg\md]k Yj] Y__j]_Yl]\* d]Y\af_ lg Y [geZaf]\ hj]\a[lagf,

P`ak [geZaf]\ hj]\a[lagf ak kmZk]im]fldq ljYfk^gje]\ lg hjgna\] hjgZYZadalq k[gj]k ^gj l`]

\a_alk .* /* Yf\ 0,

Kmj f]logjc Yj[`al][lmj] ak \]ka_f]\ mfaim]dq ^gj l`ak \YlY k]_e]flYlagf, Efkl]Y\ g^ Y

ljY\alagfYd ^mddq [gff][l]\ YhhjgY[`* o] k]hYjYl] l`] afhml \YlY aflg l`]k] l]f keYdd]j [`mfck*

]Y[` g^ 10 mfalk, AY[` g^ l`]k] [`mfck ak l`]f hjg[]kk]\ l`jgm_` Y kh][a^a[ eg\md]* [gfkaklaf_



g^ Y daf]Yj dYq]j oal` 10 afhml ^]Ylmj]k Yf\ 1 gmlhml ^]Ylmj]k, P`] [gdd][lan] gmlhml ^jge l`]k]

l]f eg\md]k _an]k l`] ^afYd hj]\a[lagf,

S`ad] gmj e]l`g\gdg_q \g]k fgl mk] l`] [gfn]flagfYd #oaff]j+lYc]k+Ydd# e][`Yfake*

gmj \]ka_f kladd mh`gd\k Y hjaf[ahd] j]eafak[]fl g^ alk h`adgkgh`q, Kf[] l`] gmlhmlk ^jge Ydd l`]

eg\md]k Yj] [geZaf]\* l`] kmZk]im]fl Og^l+eYp ljYfk^gjeYlagf ak Yhhda]\, P`ak ljYfk^gjeYlagf

]^^][lan]dq kimYk`]k l`] [geZaf]\ gmlhml aflg Y hjgZYZadalq \akljaZmlagf gn]j l`] hj]\a[l]\

gmlhml [dYkk]k, Sal`af l`ak \akljaZmlagf* l`] f]mjgf 'gj [dYkk( oal` l`] `a_`]kl gja_afYd Y[lanYlagf

oadd `Yn] Y ka_fa^a[Yfldq `a_`]j hjgZYZadalq, P`ak j]k]eZd]k Y kg^l n]jkagf g^ l`] #oaff]j+lYc]k+

Ydd# kljYl]_q* o`]j] afkl]Y\ g^ eYcaf_ Yf YZkgdml] \][akagf* l`] kqkl]e hjgna\]k Y hjgZYZadalq

k[gj]* ]eh`Ykaraf_ l`] egkl dac]dq [dYkk o`ad] kladd j]lYafaf_ af^gjeYlagf YZgml gl`]j [dYkk]k,

?gf[]jfaf_ gmj \YlYk]l* o] kaehdq k]d][l]\ l`] afklYf[]k g^ \a_alk .* /* Yf\ 0 ^jge l`]

IJEOP \YlYk]l, P`] l]kl Y[[mjY[q `Yhh]f]\ lg Z] /..% gfdq oal`af l`] l]kl kYehd]k gml g^ l`]

k]d][l]\ \YlYk]l Zml al eYq [gfn]j_] aflg l`] gn]jYdd Y[[mjY[q g^ 76,6% a^ egj] l]kl \YlY oYk

afn]kla_Yl]\ k`gof af Ba_, N6,



Fig. R8, Og^loYj]+ZYk]\ [dYkka^a[Ylagf Y[[mjY[q ^gj ljYafaf_ Yf\ af^]j]f[af_ 'l]kl(, 

Author action

S] `Yn] j]nak]\ l`] eYaf l]pl af l`] &DYj\oYj] aehd]e]flYlagf ^gj IJEOP \a_al 

[dYkka^a[Ylagf& oal`af l`] &I]l`g\& k][lagf Yk Z]dgo,

vP`] kaf_d]+dYq]j f]mjYd f]logjc 'JJ( oYk ljYaf]\ mkaf_ hj]hjg[]kk]\ IJEOP \a_alk oal` Y 

kg^loYj] ZYk]\ ljYafaf_ e]l`g\, P`] o]a_`l nYdm]k g^ l`] ljYaf]\ f]logjc o]j] \]jan]\ Zq 

eYhhaf_ YfYdg_ nYdm]k Z]lo]]f ZafYjq . Yf\ /, P`]k] j]kmdlaf_ o]a_`lk ̂ gj ]Y[` []dd af l`] ?= 

o]j] YfYdg_ nYdm]k jYf_af_ Z]lo]]f . Yf\ /, OmZk]im]fldq* l`]k] o]a_`lk o]j] [gfn]jl]\ lg 

[gjj]khgf\af_ [gf\m[lYf[] nYdm]k oal`af l`] j]Y\af_ [mjj]fl jYf_] g^ l`] ONI* kh][a^a[Yddq 

Z]lo]]f .,/ Yf\ /,3 f=, Ef l`ak [gfn]jkagf* Y nYdm] g^ #.# ^jge l`] kg^loYj]+ZYk]\ hjg[]\mj] 



oYk eYhh]\ lg Y Da_`+N]kaklYf[] OlYl] 'DNO(* o`ad] Y nYdm] g^ #/# oYk eYhh]\ lg Y Hgo+

N]kaklYf[] OlYl] 'HNO(, Efl]je]\aYl] nYdm]k Z]lo]]f . Yf\ / o]j] hjghgjlagfYddq [gfn]jl]\ lg

afl]je]\aYl] [gf\m[lYf[] klYl]k Z]lo]]f DNO Yf\ HNO ^gddgoaf_ Ai, '0( af l`] x@ak[mkkagfy

k][lagf,

Kmj \a_al [dYkka^a[Ylagf hjg[]\mj]* \]ka_f]\ ^gj l`] ?= YjjYq* afngdn]k \ana\af_ l`]

afhml \YlY aflg l]f \aklaf[lan] [`mfck* _an]f gmj afhml kar] g^ 10., P`ak k]_e]flYlagf ak [jm[aYd

^gj gmj Yj[`al][lmj]* o`a[` j]da]k gf hjg[]kkaf_ af\ana\mYd \YlY [`mfck l`jgm_` \]\a[Yl]\

eg\md]k lg d]n]jY_] l`] ?= YjjYq&k afljafka[ hYjYdd]d hjg[]kkaf_ [YhYZadala]k, AY[` eg\md] ak

Ykka_f]\ l`] lYkc g^ [Yhlmjaf_ mfaim] ^]Ylmj]k ^jge alk j]kh][lan] k]_e]fl g^ l`] \YlY, =^l]j

af\ana\mYd hjg[]kkaf_* l`] gmlhmlk ^jge Ydd l`]k] eg\md]k Yj] Y__j]_Yl]\* j]kmdlaf_ af Y

[geZaf]\ hj]\a[lagf, P`ak [geZaf]\ hj]\a[lagf ak l`]f ljYfk^gje]\ lg hjgna\] hjgZYZadalq

k[gj]k ^gj l`] \a_alk .* /* Yf\ 0,

Kmj f]logjc Yj[`al][lmj] ak mfaim]dq \]ka_f]\ ^gj l`ak \YlY k]_e]flYlagf, Efkl]Y\ g^ Y

ljY\alagfYd ^mddq [gff][l]\ YhhjgY[`* o] k]hYjYl] l`] afhml \YlY aflg l]f keYdd]j [`mfck* ]Y[`

[gehjakaf_ 10 mfalk, AY[` g^ l`]k] [`mfck ak hjg[]kk]\ l`jgm_` Y kh][a^a[ eg\md]* [gfkaklaf_

g^ Y daf]Yj dYq]j oal` 10 afhml ^]Ylmj]k Yf\ 1 gmlhml ^]Ylmj]k, P`] [gdd][lan] gmlhml ^jge l`]k]

l]f eg\md]k hjg\m[]k l`] ^afYd hj]\a[lagf,w

=\\alagfYddq* o] [`Yf_]\ l`] l]je &oaff]j+lYc]k+Ydd& lg &eYp+[mjj]fl k]fkaf_& lg ]f`Yf[] [dYjalq

j]_Yj\af_ l`] e]l`g\ mk]\ ^gj \]l]jeafaf_ l`] [dYkka^a[Ylagf j]kmdlk,
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Reviewer #1 (Remarks to the Author):

The authors have successfully addressed all my concerns over the the previous version and made

significant improvements on the quality of the manuscript. I believe it has now met the standard of

Nature Communica on and therefore recommend for it to be published in its current form.

Reviewer #2 (Remarks to the Author):

The authors have addressed all my concerns and technical inquiries. There is only a minor aspect that

requires refinement: the guidelines for selec ng training and tes ng sets should be clarified.

Specifically, it is essen al to ascertain whether all the digits (0, 1, and 2) from theMNIST dataset are

employed for both training and tes ng. Addi onally, it would be beneficial to specify the exact

number of images designated for the training set and tes ng set, respec vely.



Reviewer #1 (Remarks to the Author):

The authors have successfully addressed all my concerns over the the previous version and made

significant improvements on the quality of the manuscript. I believe it has now met the standard of

Nature Communication and therefore recommend for it to be published in its current form.

Answer:

Thank for the reviewer’s thoughtful and constructive feedback on our paper. We greatly appreciate the

time and effort the reviewer dedicated to reviewing our work. The reviewer’s insightful comments have

been invaluable in enhancing the quality and depth of our work.

Reviewer #2 (Remarks to the Author):

The authors have addressed all my concerns and technical inquiries. There is only a minor aspect that

requires refinement: the guidelines for selecting training and testing sets should be clarified. Specifically,

it is essential to ascertain whether all the digits (0, 1, and 2) from the MNIST dataset are employed for

both training and testing. Additionally, it would be beneficial to specify the exact number of images

designated for the training set and testing set, respectively.

Answer:

Thank you for the reviewer's helpful comments. In this study, we employed the MNIST dataset

consisting of 18623 samples for training and 3147 samples for testing our single-layer neural network

in the 'software-based' classification. Subsequently, in the 'fully hardware-based' classification process,

we evaluated the classification performance of our developed memristor CA under varying defect ratios

and read margins. This assessment utilized a total of 1500 test data points, with 500 data points allocated



to each digit.

Author action:

We have added the following sentence into the ‘Software-based data processing and learning of CA’

within the ‘Method’ section in the revised manuscript.

“In the training (learning) and testing (inference) tasks in the software-based classification process, we

utilized the MNIST dataset comprising 18623 and 3147 samples for training and testing our single-

layer NN, respectively. Subsequently, in the fully hardware-based classification process, we evaluated

the classification performance of our developed memristor CA under varying defect ratios and read

margins. This assessment utilized a total of 1500 test data points, with 500 data points allocated to each

digit.”


