2024 4F 2 A
EREEIM

[ DA N e 3

Journal of Northwestern Polytechnical University

Feb. 2024
Vol.42 No.1

https.//doi.org/10.1051/ jnwpu/20244210165

BINEE(ER T ARG NE RS/
It B8 B 8] 53 0 BR X

ZoH? ) Shp A

(LPGHE Tk K2 Bt 58240, BEVE PO 710129; 2.8 4B B¢ 515 BH AR A, ILPT 230 044000)

i E.RBT AR AERN TR AR SR AT G A A IR TR, ATA
Ao Bak ik Re ARG F STk e Bke ik F oy R SR R IR e oA R a2
R X, AT, 55 BAZ 5 R85 TEIRE 5 5% LAAAR K An s 2 AR FE S T 324 18] - A
T PTG K, ST B NI Fe A AL DA 7y & 4 R B8 PR T PR ERR B A B B 1) oA A
8 Hoe, FFR R R BB O R 5 A F K B IS AR LGRS B AL IR AR TR B
WAL w5k 75 3% JE o AR S5 TR 09 3% K 3 64 B 19) 5 B B R AR E T M | SLEA JEIRSE B AR A Anik B F R B
MR 69 BT, b B R BT 5 0GR E T B B R A R BEAS T R B T HAE L B — R )

18, XA THRALAET AR,

x %
FES%ES 019 X ERAREAD: A

AL IR Y A AE S 2 Hh 22 5, AT = ) g
FETEARZEMER) 7 Sl e 98 ke 3 e AR T, 2R,
Goulding 25" i 15 LI K B 4 W75 1 22 40 Hh A% st
AT 53 2418 2 A IS LB A IR R) SCEC: 1 ] P58 1
IR PR A IR BRI B AR PRI R RE A
AR AL RGN 3 1 24T, i S R R G
BEMLIRIE 4250 mT 3 R e ALK oz 3h ) 45
1 Brusselator #4704 48 T 4L 4R iE S Birhythmic
REMRENLT 2555 FR M, Sun S5 B TG
IR R AR5 3 AR R 8 LA i AU R 4 & A Bl
PUIEIR G 116 PR I 5 7 3 1 4Rl S )iz
REA G (5 RGP I IX B D0 2
EASARIE MR rERE " .

VLR R E TR 1 T — S MR b ok
— 25 2 1 B AL R R A A A M L

75 B #7:2023-03-10

ESWA . EEARBIAIA (11772254 11972288 ,12272295) ILPE44
H SRBIF 542 (20210302123082 ) 5 1L P4 45 0] [ B9 24 A B )
WHEE BhI H (2021-149) % BA

EE B R (1990—) , L5 A

BIEEE VP ZE(1978—) ,#4%  e-mail : dynsun@ 126.com

] PEERR 5 5 R AR ) R AS R 4 BE B R R o A B AL AL IR
M E YRS :1000-2758(2024)01-0165-08

JOEt T B [ A3 A R A R i — A Al
A AR, 9E B I 3 A eR R B B B Gammaitoni
SELSIRR Y JRRORL TR A AR BRI S B h & A ik
2 YR S 14 1 B (8] (1] B 7 A1 5 Sk B B2 1) ) 4
fii o BJE Zhou S TR T —Fh HIR TR 7E 55 8
55 UK BN T OBURR £ G BT R I ] A3 A ek B 3 B
2, UL T ARSI B ) 2 J] 4 60 A A i gk
R E) 701 PRS2 B — R G, B R 58 AR T Bl L
YRS iﬁ:*ﬂ}ﬂﬁ,MaSOHerU” B2 7 e 3
I BURR R e, HON B 10 Ay T 0531 e B T
T B ) A o 450 e A B Ak S B BE SR L T R
SRR R4, Curtin Z51'™ SR FH 2 1 s 1T & 6 1%
Dt N SZHG A B B 1 I BURR 2R 48 Hh B B I 1) 53
A REC RR IR 4548, 5 RTI R BB Z5 R+ 0 W&
BT, Sun AP T — RS BRI A IR 3 R
XU ZR G gL BRI ) 43 A1 bR A B8 O vk, JF R BUE
TSR TiZ B e AT AT, SR, E XSRS
ST SRS BIR Z)) g FRAE PR PR ) XURS AR G, HLE R I
(1] 73 A5 PR A BT IE AR B K

BT AR ST ERDTIR PR A A TR B
HlSURS, 2R Ge gk BE I 18] 73 A pR B BRI TH R v . %



- 166 - ode Tk Kk % o R 8B4k
FEIL FHJE R T 1 R G XA B iz 8l B2 T W, (t+n7)=q, + (g, —q)n, [t +(n-1)7]
FEH (8)

i =x -« +Asin(wt + ) +/DE(t) (1) K
H [ =17
() =2(1) +8L(t - 7) (2) ‘“T“)e“{4 )+(I“> Pl 4o2p
A Asin(wt + ¢) EINEE ALK I1 54 TR ] _(9)
i 50 FRITAE b RORARNL, WLAM, D FoR e ol () exp( )_ () exp —21
i e RANMICIREE ;7 KRR G ITE, (2) X L4e7D |
R C(r) RRTEERMERT R ST A M () (F (10)
WA ) RN AR AEIRIN ef (¢ — 1) (5 M) fRLY, M
Higi e 1 1
n, (t)=—exp(-2rt) +— (11)
(E()) =0, (£ +1)EW) =25(1) (3) 2P 2

P, 45 58 T PR A B SE TP A

&@)) =0
(Ce+1)E(r)) =2(1 +&)8(1") +
268(t" + 1) +2e8(t' - 1) (4)

1 3&5% 3R = F0 33 B8 B 18] 99 7 oR 2 IR i

AN — et B 18 B IR IR 22 1, = 0
HARiFATEAHBE T, TEA & A SMRIK 5 Iy I, XF
T e # 0 LIS — Pl Y RIYBHAs 7,0 < ¢ < 7 i},
i é(e) Meé(t - 1) BRI, Kk, Hif R F

Ak i R ATl v f BR vE A5, B - o=
(J2m) texp[ - 1/4(1 + &)D] .,
RTETR B, HHRGIA LS.« F7 R

RGN ARRBBE, W, (1) FRATETCIN RS Y R 58
(A=0) HRiFakhe 77 Bk, W, (1) Fm
FEREAY (1) sk ki« 77 pysl e, il SCEk[ 16]
i
W, (1)=
_ 3 . 69 5 .
[1 ¥ ZAsm(wt +¢) - 33A sin"(wt + d))} X

2

m%rAmmM+¢>—wawn+m}wa

o

(5)
KX, D=D(1+&), A, HCHk[19] #AZ A H
BEERITTHED W, () BSIHFRAR R .

-1
W, (1) = (ﬁw)leXP[W} (6)

W_(1+n7)=q, - ( [t+(n=-1)7]

(7)

& - q)n,

n+( +n =|:n+ n - N :|'
t g (n) q, t q,

q,
9 *q,

exp[_(Q2+‘I1>t] + +

(‘12 -4, )Jo’h
exp[ - (¢, +¢,) (¢t - 0) ]d0
Xf.0<t <7mn=1,2,
FIAp, (1) (p_ (1)) FKLF1EA (L) HPFH
R U~ B ik o 2k 388 R O A
p.(1)==Ws (t)p. (1) (13)
jifor%;@E B B5F 1] 3 A R, 1 S R
(1) 306 36 FsF [ 3 A7 PRER . FR T 000 s 1] 4 A R 5
TR FIHRIAANL &, AWK p, (t/¢) FRAL
TG B[] 53 A pR R, A

(tj__ldpi(t)
Plo) " 7

X, Z A
TESEI IR T W I K A A, DKL -k < 27
HPFRIARRL AT Y, () A

V()=
27l (j
D

K, I (x) BB IE DL IEIR bR
A5 BRI

w.0)s =57 @ 4]0 a0

[0+ (n-1)7] -

(12)

(14)

—_

exp( +smd>J (15)

PR, A I SE B I )

et 2 RH— BB (p. (1)) e = 1.

Az, SO SR 76 A B AR 5 B3 B[] 43 A1
R, Fnr<t<(n+Dr,n=0,1---,(13) &



51

RWE A AEERGE S TR FE 080 ) XURS, 2% ¢ ) B B I 1] 53 A1 bR KX - 167 -

A
p.(t+n1)=p, (nr)exp[— f;ff/_ (6 + m)de]

(17)
H1 (14) 2RI (17 ) 30AT $ S HH 6 3% S 18] 50 A7 ek 2R
YR P S aw)

p. (t+n7/d) = p. (nr)W_ (¢ +n7) X

VA
exp[—J';fV_(0+m')d0] (18)

JWJ Z R —AF R, th(16) A (18) Xnlf7

B4 (] oA pR AR 3B ) 3R R
(p, (t +n7)), =%f0 Y, (d)p, (nm)W_(t +n1) X

(19)

if e

exp[—f;iv,(mm)da] ddb
A, 7 RH— 1w

nt))udi =1,

2 BWKA/DIEFRTHIESE
oF £

BT 18] 43 76

KT ST g BRI A) o A R A 25, B
FEtI A/D BRI B B ] 437 pR £ 3 AL A AT
Foih I F UL HE A5 RR
21 EpitE

ST KRIA/D, B0 <t < 7 I RT3k A #
(RIS R Bl V)

W_ (1) = rexp|:— 2sin(wt + d’)} (20)

1 (13) A geid — R HN AT A5 B2 8] 23417 o
"oy

p. (l)>¢

frexp[ - acos(wt) ] X exp -

{—ﬁ ;;exp(a){Zn + 1+ erf[ %(wi - ’n’)]}}
(21)

K a—f,B—L n= 1nt( tj ;wt =mod (wt,21) ;
D w 21
erf(x) JEIR2EREL,
Mr<t+7 <208 RIE(S) A7) K, ki
S A Bl YS|

_ + -
Wo(t+7) = ':92 2(]1 D quexp(—Zrt)JX

expl{ —asin[w(t +7) + ]|

A=+ 7, B (22) A (17) 45

1 (on
p. (1) =p, (T)eXp{— ;jw exp[ — asin(f + ) ] x

(22)

+ —
|:q2 7 o _ 5 qlexp(ZrT)exp( - 2,80):| d@}

(23)

4K = J exp[ — asin(6 + ¢) ]d6

L= fm’ exp( = 280) exp[ - asin(0 + ¢) ]d0
XF a— o expl —asin( +d)] TEO+ ¢ =
%ﬂ AT I PRt e A 77

exp[ —asin(0 + ¢) | =

wt _
A, n, = int(an]-j ,wt, = mod(wt, ,2m),

L =exp(a) exp{ + 2,3((1) j}

ol fiews-3- %J

erfL/f(wT +¢d - 37 (26)
ES)i8
p. (4) =p. (T)CXP{— ‘]22‘;41[{ + o ;qlexp(ZrT)L}
(27)
X
p.(7)=

exp{ B exp(a){zn - erfL/?(¢ i} 3;) } "
“fm(ww—?’;ﬂ}}

(28)



- 168 - [T | A /2 N S 174 542 %
. (o7 _ oty
Hn=1nt(j ;o7 =mod(wr,2m), H(18) X115
2’1T 12} | 4
M T’o 'q
tl 1 ‘ % Y
P+(]:P+(T)- o I < \
s ‘ ) M
¢+ Z g 0.8 U‘ I ’
q q 9, — 4q =, A i
{22 - ‘cxp[—zrm—m}- : H | mmmR
o4 /\ B iR
exp[ — asin(wt, +¢) ] - i ,{\ j‘:‘v\‘ A
. A\Juq/\h,x“
49 *q, 4 = G I B
exp{— e K + e cxp(ZrT)L} (29) J10°

ST A/D— o LY, (b) 16 %mmmﬁ,m:

Mr <1, < 21 B, B R EF A A0 PRERO AT 22k 5K
Al A

. (1)), =%p+ (1) -

+ —_
{qz . (e : Ul = 20(1, _T)]} )
exp[ — asin(wt, + )] -

+ o —_
exp{_qz D 924
2w 2w

1-;Xp(2r7')L} (30)
EavC

K =exp(a) @{an + erfL/f(wtl - 1T):| -

erf{ﬁ(wT—ﬂT)}} (31)
_ 237
L =exp(a) ;exp[g + 2ﬁ’rr] X
{erfL/?(wtl -+ wj } -
2 a
erf|;/j(w7—ﬂn-+2ﬁj:|} (32)
2 a
22 RS
wmE 1 s, EESECD = 0.04,4A =0.15,0 =
0.05,¢ =0.3,ﬁfﬂﬁt=w,n=0,l,2---ﬂ‘

(Herb T FRoRANE RS T3 00 S 1), B B ] A oA
BRI — RV, W RS A A T BENLIL IR B
B WM (EAHE AL LE B I [A) o0 A pRAAE 1 = 7
ARBRIR T, L B T F ) DR

N T B2 T ARG FR RS XS T B I 1] 23 A bR AR
LR HE RSN 5 A MR PR P e A B B B ]
I3 R AE 5 AN A S R T A G B 1] A

P 1 B I ] 3 A R 2 2R S22k ) R (AR L
Z5JL(D=0.04,4=0.15,0=0.05,£=0.3,7=300)

PRELZE A AT XS L, W 2 Fron, RES D =
0.04,4A =0.15,w = 0.05,& = 0.3,7 = 300( 32£&) H
D =0.04,A=0.15,0 = 0.05,¢ = 0( jBZ) , HH K
2a) FRFIIBZER K 2b) FoRE(E LS B, W)
AR, Mt < 7 I FEAEPRME RS A TR 58 B a3
A BRI AR K RN, e > 7 B HI 5 Z A

XU ¢ < 7 IR BRI S BRGS0 BEAL LIRS0,
M>>I, i TEPRIER RS 1) 3K B BEAIL LR AN A X

. =0 0.8 — 7=
12| ----7=300 | ----7=300
o | @ 0.67 |
s I =
Sl S o4l |
~ i ~ [t
< odfl || 4 < fi{\ﬁ ;
T fos XA A A
WA & ARVIVIN W
()H \ AN A 0/ oA (WAWAY
4 ) 8 4 ; g
t/10° t/10°
a)  HRAER b) LR

B2 7=300 il 7=0 F5EEA I E] 73 i B AL (D= 0.04,4=
0.15,0=0.05,=0)

3 BRINA/D BRETHHEEBESH

3.1 EigitE

TER/NA/DEIET M0 <t < 7B, Bk
A BB A a9k R R T AL K
W_ (1) =

{1 - asin(wt + ¢) + %azsinz(wt + d))} (33)

B S p, (1, =0) =1 5(33) RXACA(17) K
CIEE



%1 KRB, 55 AEFRER AR T R SR R G 3E

B A 1) 43 PRER - 169 -

po =] - (14 122)]

exp|{ — aB[cos(wt + P) —cosp] + (34)
%aZB[SiHZ(a)t +¢) - sinZd)]}

BN A/D WIETE T
A

A i - (AN
o5)- Lot < 09
BEl A/D B — W i, 1,(A/D) AT LR 1+
A/(AD) A Y, (&) FTIELH
Y. ($p)= ;ﬂ(l + asing + %azsinzd) - iazj
(36)
t < 7 W 3 B B E] o3 A pR AL

B IE D ZEIR R 1, (A/D) W

M (19) X[ 0 <
) T SN W

)2~ e (1+ )]

1 1
{1 + ?azﬁz(l — coswt) + Zaz(l - 2coswt)}

(37)

Br<t+7 <2t B, AWk, =t +7, 07 <

1, <21, B o, =1+ v ACA(S) A7) AT
153

_ + -
Wo(1) = {‘]2 2(11 4

Dol = 201, =) 1|
[1 - asin(wt, + ¢) +%azsin2(a)tl + ¢>)} (38)

W — RN, M r <1, < 27 BF, 3E B A a] 4
At ﬁ&zﬂwﬁﬁi@iﬁﬁﬂv

P (1)) = p+(7>

EXP{—% ;ql( +aj(t] -7) -

Lk _ql(l +ia2) lexpl = 2r(t, - 7)] - 1}} X

4r

+ —_
{92 2‘]1 _qz 2qlexp|:—2r(tl _7_)}} .

1 1 1
{1 +—a’ - —a’coswt, + —a’ -
4 2 2

et (¢ +9)"  B(aa-q) ]
2w 4w?

w4+ 1)

1a2[ﬂ2(q§ —a) ) Ble - ql)z(l N 1182) E}}
2 |48 + 1) w(4B> +1) 4
(39)
A
A = sinwt, — sinwT - sinw(t, = T)

B=1-cosw(t, = 7)

o)
—Ecoswt1 .

exp[ — 2r(t, —7) ] - 2sinw(t, —7) -

1
C= (3 + 2sinwt,

—cosw(t, —T) = 2sinwT + —coswT

D= {1 - cosw(t, = T) —zlﬁsina)(z1 —7’)} X

expl = 2r(t, —7)] —cosw(t, —7) +

igsinw(t] -7) +1
E =—dexp[ = 2r(t, — 7) Jcosw (¢, —7) +
2{expl —4r(t, —7)] + 1} (40)

p, (1) = exp[— {1 + iazj rT} X
exp{ — aB[ cos(wT + P) — cosp] +
1
gazﬁ[sinZ(wT +¢) - sinZd)]} (41)
32 BRSW
EESE D =0.07,A=0.06,¢& =0.4,7 =200,

38 (37) 2XF1(39) AT AYGE B IR [ 2315 R &5 i
Préi R SEUARI SR ANIA 3 R

— R L pips
o 08\ T EMEBUMAR —— BRI
= 's 08
< 04 s 04
0 i 4 0 ) %
1/10° 1/10°
a)  ©=0.05 b)  @=0.1
Ly — mgseR — HpLE R
o A T BUEBIIEER Lo 12 —— WE R L
S o' =
U 0.4 \\‘.-." Q
.\/\\.‘\
0 |
2 4
t/10° t/107
o) ®=0.15 & @02
&3 Bl w A8 A5 B ] 23 A R A SR 25 SR AU

FAULEH (D = 0.07,4 = 0.06,¢ = 0.4,7 = 200)



<170 - Wodb T ok ok

¥ 542 %

ML 3 H R L S5 B B 1] 0 A pR AR A B g
o, HAE e =7 A R BRIR N I R W i
it o e = 20 DT
(Hrr T FORIMERIK B I3 (4 JA Y ) B B A 1] 53 A R
BRI TR RME, X s AL RIS 1 &2
3.2.1  RFERAM M

BEHA=0.06,0=0.1,6=0.5,7 =150, UK 4
7R WA SR T D 3 AR 5 B B[] 23 A R
ML B A B A bt s, HAE ¢ = 7 Ab 3]
Wr, BEE D IR, T8 ¢ = 7 A0 1] T A% 1] T 4728 /)N
ThETIHK, E 4d) Fios, 5 8 a3 A sk ot
LT b B b HE IO ek, 5 U I T AR R A e 7 e
D A5 =5 M I0ORN SF M 7 I 2 RN i EL A A O
P, BN GE B i B] 43 A sR B 25 R T i Ll (37) X
RAE AN, 5 BRI E] 53 A R A IR SR D 1Y
sy N1 | K7 R A T TR N e WD) | B Al i)
BRAT

n=0,1,2-- kb

L2 R 200 — mipsER
o T BEAEER T BB R
S os 2 N
S 2 10
Ny 0.4 Ny
0 o 0 —3 3
1/10° 1/10°
a)  D=0.07 b) D=0.08
— SR — PR EER
20k T BEBUAR 3-0\‘ — BUEBEE R
3 3

t/10° 1/10°
¢ D=0.09 d D=011

K4 B D AL TE EA B[] 5370 oA ALY B 25 SRR B (A
PLER (A = 0.06,0 = 0.1, = 0.5,7 = 150)

3.2.2  AEIRENHH

BEH D =0.07,4=0.05,0 = 0.15,7 = 200 [#]
B, AFEMEEE N e =0,6=03,6=0.7 Ke=1
A5 B4 1 (B 43 A BR AN 5 ff s, MAE] 5a) ~ 5b)
DIy G L SIS TYE S L
TR Bl 3 A TR ) | B R B[] 43 A R AR HE BRI, B
ARG T AR, X B 5a) ~ 5b), &
P R G5 B A I 5 B I () A pRBOLE ¢

=7 Qb IR (R]T A, B B B TR) o3 A R KR 0
TR AHOCR B & RUBG KB MRS5S, H 2 IH %, &l
5¢) ~ 5d) s, XUl TEORIHH GRS & Al 4]
16 3 A [ = =2 51 R OB
HRBEE TR o B TN, 150 B 75 38 K5
JEE B PR I 75 BE 0% 45 1 7 54 S Bk Y 0 83
&), B 7 i ik itz Bl

0.8 — HgAR — HRAE R
) W T BUEREILER 0.8/ — BUEBIILF
IE i | “c'\ TE
- IS
0 5 4 0 2 4
t/ 102 t/ 10Z
D =0 b) =03
200 mpipsEg 407 ppg
LR TTBdEBEMSER |~ MR
\2 Ig
E % 2.0
e <
yl 0 2 4
/10° 1/10°

c) &=0.7 d) e=1

&5 Bl & 28Ry 5E B B IE] 23 A0 PR AN 3B 25 SR R E AR
M5 (D=0.07,4=0.05,w=0.15,7=200)

4 & it

AR FEBERAE T AR A R S R E R
MRS ) XSRS ZR G 0T B 1) [] 404 pRE BB 7 v, 2
T HAG 43 B bt il = 11 P A A AR H S H 2k it 1]
30 BRASCRNSE BA ) (1] 731 pR A 138 I 385X, 7EIE
SEml b B AR U i, 2 B4 K A/D R/
A/DX2MIEILF0<t <7 M7 <1, <2r JEEEH}A
S3AT R AR AT R X AABRVR RIS 9 J T X 4
B [E) oA PRECGHE AT 0T, B A T, TR I
WE TS THRINE AR, Bzt Bk T
e > 27 B, BLAN, WL FVEUE P J5 TS Ik
T AP PR TG B B[] 53 A bR AR S A ) S e . X T
BRI A/D 5 B 8] 43 A bR AU IR BOS I 5
HAE =7 A B BT, B2 e < 7 B IG PRI P i
g Y FEM AL IR, 02 ¢ > 7 B, FEHLILHR SO
FEXTIRES . XT8N A/D B BE B ] 43 A R AL 2
PUAE B IR S HAE ¢ = 7 A BRIRIT , B 5 M 7 5
JE VR 8 B2 1 6 M0 () DB 2 i/ N EE 2R R R
M, A PN 7 A SRR BE L mT LA B AL LR



%1 SEEE S AEERIE R A ) XURA 2R S B B B ] 43 A1 bR A - 171 -

K, ARSCORSEITE AT T SR S i 0 SRR I XURR AR GE G B N I 3£ R

SE MK

[1] BENZI R, SUTERA A, VULPIANI A. The mechanism of stochastic resonance[ J]. Journal of Physics A: Mathematical and
General, 1981, 14(11) . 1453

[2] GOULDING D, MELNIK S, CURTIN D, et al. Kramers’ law for a bistable system with time-delayed noise[ J]. Physical Review
E, 2007, 76(3): 031128

[3] BORROMEO M, GIUSEPPONI S, MARCHESONI F. Recycled noise rectification; an automated Maxwell’s daemon[ J]. Physi-
cal Review E, 2006, 74(3) . 031121

[4] BORROMEO M, MARCHESONI F. Stochastic synchronization via noise recycling[ J ]. Physical Review E,2007,75(4) :041106

[5] MAJ, GAO Q Y. Control of stochastic spike motion in an excitable system via recycled noise[ J|. Science China Chemistry,
2011, 54 1504-1509

[6] MAJ, HOU Z H, XIN H W. Control coherence resonance by noise recycling[ J |. The European Physical Journal B, 2009, 69
101-107

[7] CHEAGE C A, YAMAPI R, WOAFO P. Bifurcations in a birhythmic biological system with time-delayed noise[ J]. Nonlinear
Dynamics, 2013, 73, 2157-2173

[8] SUNZK, YANG X L, XU W. Resonance dynamics evoked via noise recycling procedure[ J]. Physical Review E, 2012, 85
(6): 061125

[9] SUNZK, YANG X L, XIAO Y Z, et al. Modulating resonance behaviors by noise recycling in bistable systems with time delay
[J]. Chaos, 2014, 24. 023126

[10] COHEN A, SOLOMON A, DUFFY K R, et al. Noise recycling[ C] /IEEE International Symposium on Information Theory, Los
Angeles, CA, USA, 2020. 315-320

[11] RIAZ A, SOLOMON A, ERCAN F, et al. Interleaved noise recycling using GRAND[ C] //IEEE International Conference on
Communications, Seoul, 2022 . 2483-2488

[12] XU P F, JIN Y F. Stochastic resonance in an asymmetric tristable system driven by correlated noises[ J]. Applied Mathematical
Modelling, 2020,77 . 408-425

[13] WORMELL C L, GOTTWALD G A. On the validity of linear response theory in high-dimensional deterministic dynamical sys-
tems[ J]. Journal of Statistical Physics, 2018, 172, 1479-1498

[14] DAVIS D, TROIANO M, CHINNICI A, et al. Particle residence time distributions in a vortex-based solar particle receiver-reac-
tor; an experimental , numerical and theoretical study[ J]. Chemical Engineering Science, 2020, 214 115421

[15] GAMMAITONI L., MARCHESONI F, MENICHELLA-SAETTA E, et al. Stochastic resonance in bistable systems[ J]. Physical
Review Letters, 1989, 62(4) . 349-352

[16] ZHOU T, MOSS F, JUNG P. Escape-time distributions of a periodically modulated bistable system with noise[ J]. Physical Re-
view A, 1990, 42(6) : 3161

[ 17] MASOLLER C. Distribution of residence times of time-delayed bistable systems driven by noise[ J]. Physical Review Letters,
2003, 90(2) : 020601

[18] CURTIN D, HEGARTY S P, GOULDING D, et al. Distribution of residence times in bistable noisy systems with time-delayed
feedback[ J]. Physical Review E, 2004, 70(3) : 031103

[19] SUNZK, WU Y Z, DU L, et al. Residence-times distribution function of histable system subjected to noise recycling[ J|. Non-
linear Dynamics, 2016, 84. 1011-1019

[20] R, PhrhZs. PHERMEFE BRST JEXTFRBUR R G 1Y 5E: B8 B 1] 20 A5 pRACHIESR [ D] W3aa 4, 2020, 69(12) : 2-11
WU Yazhen, SUN Zhongkui. Residence-times distribution function in asymmetric bistable system driven by noise recycling[ J].
Acta Physica Sinica, 2020, 69(12) ; 2-11 (in Chinese)

[21] CHUNG S Y, RICHARDSON T J, URBANKE R L. Analysis of sum-product decoding of low-density parity-check codes using a
Gaussian approximation[ J]. IEEE Trans on Information Theory, 2001, 47(2) : 657-670



<172 - W odb T ok ko E R

B
°
gl

Residence-times distribution function of a periodically
modulated bistable system subject to noise recycling

WU Yazhen'?, SUN Zhongkui'

1.School of Mathematics and Statistics, Northwestern Polytechnical University, Xi’an 710129, China;
2.School of Math & Information Technology, Yuncheng University, Yuncheng 044000, China

Abstract; The research mentioned in the statement focuses on investigating a theoretical method for calculating the
residence-times distribution function ( RTDF) in a periodically driven, bistable system subject to noise recycling.
This situation deviates from a Markovian process due to the recycling lag, making it challenging to determine the
RTDF using traditional two-state models. In this paper, the aim is to overcome this issue and provide a systematic
analysis of how to calculate the RTDF in such a system. By considering the piecewise escape rate of the system,
which relies not only on the current state but also on the previous state, we have successfully derived the recursive
expression of RTDF. Then, RTDF for large and small A/D is approximately derived using a piecewise analysis for-
mula, respectively. It is further demonstrated both theoretically and numerically that the RTDF has exhibited a feed-
back-induced structure as a result of the recycling procedure. The results are shown as follows: for large A/D, the
RTDF exhibits a series of sharp peaks located at odd multiples of approximately half the period of the driving signal.
This indicates the occurrence of stochastic resonance. Additionally, it is interesting to note that the RTDF displays a
sharp dip at t=7. It is further shown that the process of noise recycling increases the probability of short residence
times for t<7 and decreases the probability of long residence times for :>7. This demonstrates that noise recycling
plays a crucial role in facilitating particle hops between the double-well potential. For small A/D, the RTDF dis-
plays a phenomenon of piecewise exponential decay and declines sharply at t=7. Notably, the interval between dis-
continuities becomes smaller or even disappears with increasing the noise intensity or the relative strength. Further-
more, when driven by an appropriate periodic signal, the RTDF exhibits a sequence of maximum values at odd mul-
tiples of approximately half the period of the driving signal. However, these maximum values disappear with increas-
ing the noise intensity or the relative strength. This suggests that moderate noise recycling can induce the occurrence
of stochastic resonance. However, excessive noise recycling actually inhibits the generation of stochastic resonance.
The theoretical results have been successfully validated via numerical methods, demonstrating the reasonability of

the present theoretical approach.

Keywords : noise recycling; periodically modulated bistable system; residence-times distribution function; stochas-

tic resonance
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