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Goal: Linear MC Quadratic MC Cubic MC Total MC
e supervised learning of temporal sequences (s(k), o(k)) ) d) 50
O 100 35 35 35 |
Input Preprocessing E 30 30 30 49
" A oo - e 25 25 25 |
e time-multiplexing wi - periodic mask m; 9 20 20 20 48
u(t) = uy ;j = s(k)m; for t € [kT + (j — 1)0, kT + j0)] o 50 15 15 15
I virtual nod K} 10 10 10 4 . A7
o Ny, = 4 virtual nodes N 25 5 5 5 .
Reservoir 0 0 I 1 1 0 E — T T T T 1 46
3 e L unidirectional instantaneous coupled layers b b b b
TLI e input only to first layer e mm = nT, n,m € Z resonances in all MC degrees e resonance at main diagonal 7, = 7
e |/ ics gi ith di . .
L * dynamics glven(?y DDE? )Wlt(l; dlﬁe:?nt delays( ) e degradation of total MC — decreased linear MC
(1 0 .(1 l l
t)=F t), 2\t — ), IV (¢t . . . - -
£(E) [@(2), 25 = m), JED)) e linear & quadratic MC invert mr; = nT’ resonance at —increased nonlinear MC
t)forl =1 T .
JW(#) = ul?) main diagonal e weak off-diagonal resonances
=1 (1) else
Output Linear MC Quadratic MC Cubic MC Total MC
f h
e Linear Combination of all node states z (k) U &) h) 75
et x 50 50| 50 |
o(k) = Wz y(k) o 40 20l 10 74
o WUl ¢ RENY via simple linear regression S 30 30| 1 30| - 73
Q 20 20| " 20 | -9
Memory Capacity (MC): [2] “° 10 10 ] 10 i
MC Degree sum over recalls of Examples Nk 0 o | WERECIRERY 0 | eeemaRE i T L0l 71
Linear MC previous inputs (linear) Pi(k—1), Pi(k—2), Pi(k—3) 25 50 75 100 25 50 75 100 25 50 75 10 25 50 75 10
Quadratic MC | products of up to two inputs (nonlinear) | Py(k — 1), Pj(k — 1)Pi(k — 2), Pi(k — 1)P;(k — 3) 72 72 72 72
Cubic MC products of up to three inputs (nonlinear) | P3(k — 1), Py(k — 1) P (k — 2), Pi(k — 1) Py(k — 2),
Pi(k=1)Pi(k —2)Pi(k —3) e 71 = 60 kept fixed e resonances at main diagonal 7, = 3 > 7
P,(...) Legendre Polynomial of degree d : - - o
Total MC = sum over all recall-abilities and bounded by readout dimension LNy, e resonances with 7, e cubic MC high for r = 7 = 7;
£0(t) = — 29(t) — sy (t) + Bsin®(2'V(t — 1) + k; JV(t) + b)) Parameter| Description | Value Single Layer [5] tem, T, = 2T
(1) (0) o1 damping 0.01 . _ THEF F 1.0
Y (t) =X (t) 3 feedback gain | [0, 2.5] e 7, > 2T — linear MC forks into rays 295 i
b bias 0.2 e frequency of rays ~ 1 /T 200 - 0.8
Kl=1 coupling strength 1
. . . . 9 p inout eain 001 e at 7| = nT,n € Z slower decay of the recalla- 175 ] _
e coupling in nonlinear regime of sin”(. .. ) =1 put g - 1. S
T delay time 30 blhty 150 . S 0.6
e consistency condition of Reservoir Computing: T clock cycle 25 1125 . i
autonomous system is asymptotically stable Ny virtual nodes 2 2 Layer 100 S - 2l | toa
] (b) L 2 8, = 1.0 ] e 71 ~ 79 weak extension of linear MC o eE ] g |
1 ayer = 1. 2 50 - - | ©H0.2
2.5 () Layer _ ! : 50 (c) ayer\ \ o 7 < 271 < 1 augments ray structure - =2
2.0 - /@ 1.5 - //d o £Ah U e envelope of linear MC in layer 2 decays faster | - 0.0
. i I 15 - f’\ 750 15 30 45
xa{l,S - / : s o Bs o I n linear MC
1.0 - / 057 - 1.0 - /
. 4z ; 0.0 : 1 y
0.5 - 7 A I ] 0.5 1 AR
1 i —0.5 _
00 ——v 717 717 71— ] T * T * 1
05 1.0 15 20 0.5 05 1.0 15 2.0
b1 b1 ; t tescend
stable —=='unstable numerical Slngle Layer 125 (a) T Layer (b) const. 7 (c) descend. 7
>
e increasing Ny, increases MC; = 2 5 100
SN - saddle—node.bifurcatign, H (red) - supercr?t. Hopf bifurcation: | e slow enhancing higher nonlinear MC § 75
H (green) - subcrit. Hopf bifurcation, F - Fold Bifurcation, PD - Period Doubling > 5
©)
=
Multiple Layer = ®
e constant delays boost nonlinear MC P OO BSOS
e loss of total MC Nr Nr
e descending delays near clock cycle resonances S finear MC S cubic MG W quintic MC
. . I quadratic MC B quartic MC
e 2 layer system driven by input s(k) ~ U|—1, 1] AD (a) Layer 1 7; = 0.57;, 1 increase linear MC

e numerical computation of Conditional Lyapunov Exponent
(CLE):

—evaluation of states with different initial conditions

z(t, ), 2, ¢)

\2)

max

z l : : : R : .. N
PN |l=0(t) — :U]()>(t) | ‘0,00 e adding layer increase computational capabilities e negative close zero CLE indicates high linear MC
1 1 / )
|20, ¢) — 2V (0, ¢/)] o, - more virtual nodes by constant clock cycle - strong relation between MC and dynamics
e negative CLE indicates generalized synchronization % - more variability in Memory Capacity e variation of delays provides balancing of linear and
— Echo State Property Vs , .
o e reaching total MC upto L < 3 nonlinear MC
e negative near zero CLE marks high Linear MC e
— close to Hopf-Bifurcation 0.5 1.0 15

e Total M C = LN, is reached in a wide range &

5 0 L2 Linear MC b) Quadratic MC (c) Cubic MC
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