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In high-speed optical communication systems, in order to improve the communication rate, the distance between
pulses must be compressed, which will cause the problem of the interaction between optical pulses in optical communication
systems, which has been widely concerned by researches. In this paper, the bilinear method will be used to analyze the
coupled high-order nonlinear Schrodinger equations and obtain their three-soliton solutions. Then, the influence of the
relevant parameters in the three-soliton solution on the soliton inelastic interaction is studied. In addition, the constraint
conditions of each parameter in the three-soliton solution are analyzed, the inelastic interaction properties of optical solitons
under different parameter conditions are obtained, and the relevant laws of the inelastic interaction of solitons are studied.
The results will have potential applications in the soliton control, all-optical switching and optical computing.
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1. Introduction

In the anomalous dispersion region of optical fibers, due
to the interaction of dispersion and nonlinear effects, a very
attractive phenomenon, soliton, can be produced.!!-®! It can
achieve long-distance transmission without deformation and
is used in many branches of physics. At present, the formation
mechanism of solitons and their nonlinear dynamic character-
istics such as propagation and interaction in nonlinear media
have been extensively studied.!”~1°]

On the other hand, in optical communication systems, in-
formation cannot be transmitted in the form of a single soliton,
but must be transmitted in the form of soliton string. In this
case, the interaction between solitons will also occur, which

ULI2] 1h order to im-

may affect the transmission bandwidth.
prove the optical communication capacity, the distance be-
tween adjacent solitons is always reduced as much as possi-
ble. However, when the soliton spacing becomes smaller, in-
teraction will occur, which will lead to soliton waveform dis-
tortion, transmission deterioration, and ultimately affect the
capacity and communication quality of the optical communi-
cation system.[!>14 Therefore, with the improvement of the
transmission rate of optical communication systems, in order
to acquire the maximum transmission distance at the same bit
rate, studying the soliton interaction is necessary.[!>-1¢]

The interaction between solitons is often very complex,
they are either attracted or repelled each other. When mul-
tiple solitons interact, some new phenomena may occur, such
as fission, fusion and annihilation.['7-18] With the development

of research, more and more characteristics of soliton interac-
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tions are revealed. When certain parameter conditions are met,
elastic interactions will occur between optical solitons.!1%20]
Otherwise, inelastic interaction may occur, and the interac-
tion behavior is different. Different parameters have different
behaviors. [212%]

In this paper, we will study the interaction of optical soli-
tons and find the interaction rules of inelastic interactions. The
propagation of solitons in birefringent fibers can be described

by the nonlinear Schrodinger (NLS) equation!?!

A1+ B(O)AL+2B(0) (pr 141 +p2 A2 ) A

+io(r) {Al,xxx +3 (Pl A2+ p2 |A2|2) Al x

+3(P1ATA 1 + P2A3A2 1) A1] =0,

A2+ B(D)A2.+2B(1) (p1 141 P +p2 A2 ) 42

+io(r) {AZ,xxx +3 (Pl |AL* + pa |A2|2) Asx

+3(P1ATALx + P2A5A2,4) A2] = 0. ¢y
For Eq. (1), the elastic interactions have been discussed./”!
However, the properties of all-optical switches based on three-
soliton inelastic interaction have not been reported before.

In this paper, we will discuss the three-soliton inelastic

interaction, and analyze the related characteristics of them in
Section 2. The conclusion will be given in Section 3.

2. Three-soliton solutions and inelastic interac-
tion discussion

Assuming that![15-17]

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

030506-1


http://dx.doi.org/10.1088/1674-1056/acad6c
Wshubin2000@126.com
mailto:zhudy@nuaa.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 32, 030506 (2023)

MO Ghy 4o O
and substituting them into Eq. (1), we have
[iD+B(1)D} +i0(1)D}|P-0 =0,
[iD, +B()D*+ ia)(t)Dﬂ R-Q=0,
DUQ-Q) —2|pIPP+palRP| =0. ()

Equation (3) is the bilinear forms of Eq. (1). To get the three-
soliton solutions, we assume P(x,?), R(x,¢) and Q(x,7) have
the forms

P(xat) = &P (X,t) +83P3 (X,t) +‘L“SPS (x7t)7
R(x,t) = Ry (x,1) + &R3 (x,1) + € Rs (x,1) ,
O(x,t) = 1 +€Qa (x,1) +€* Q4 (x,1) + Q6 (x,1) . (4)

and

Ps(x,1) = HeP TR0 t01+0: | g o010t o3t01+03
+o2+03+05+93
+H3e(P1 P2 +Q3+0, (Pg’
Rs(x,t) = J P T 0t0st0it0; 4 g o012 t0340+95
+ P2+ 03+ 05 +03
_|__]3e(Pl P2+ P3+0, ‘P3,

06 (x,t) = LePtotos+oi+o+05 @)
Assume that

9 = Aix+;(t)+& = Ajx+idpx+ @) (1)
+iwp )+ +i&p, (j=1,2,3). )

Substituting Eqs. (5) and (11) into Eq. (3), we can get

o (1) = [ [BAnRho (1)~ 250 () ~ 24 AnB ()] ds

Here,
wp() = [ 1300 ~3232200)+ (4 - 23) B ()] dr,
Pi(x,1) = Aje? +Are® +Aze®, ' g ' (i =A2) B0
©)
Ry (x,1) = Bie? +Bye® +Bye®,
0r (x,1) = C1e? TP £ Cre?F % 4 Cye?ths and
P2+o; »2+9; P23
tCe l +Cse 2 +Cee 3 Cr — A1ATp1+ B1Bip2 _ AiAsp1 +BiByp2
FCrePO g Cret T o Coet O, o : IV ’ (M +23)°
Py(x,1) = Dy e®PH 90l L Dy @00 | et etes _ A1A3p1 + BiB3p
LD P TOEO | D0t OHes | D193 t03 3 (MJF%*)Z )
£ D7e Pt OFO | D o P00 | Dy e 20305 _ A*A2p +BByp; - AyA3p1 + BaBjps
R3 (x7t) = E; e(p1+(P2+(Pf +E26(p1+(p2+q)§ +E3 C(ler(Per(P; (A’l* Jr;\,z)z ’ 41221 ’
+E e TP L Es et 0r | et o3tes _ AA5p +BaBip;
LBy POl | E PO | o000 (a+23)
04 (x,t) = G ePTOIHRt0: 4 G, e P1toiete; _ AjAspr +B’flz3pz, _ AAsp +B§lzspz
£ G3ePTRERTO | G, 01O H03 e (Af +243) (A5 +243)
£ GseP O HOHOT | G MOS0 Co = A3A501 + B3B3 (10)
= P
+GrePTOTBT0 | G e PO +P3 105 4451
+GoeP T tetes (6)  For P3(x,t), we can get its coefficients as
|
$12 [36A1CASE + 4201211 8)0(0) + (2421411 — 41CeS13)iB(1)]
1= - ;
7“1512 {35(12 o(r)—2ip(t )}
S [3(410520181 — 14202228\ (1) + (420283 — 24, Cs 01 )i (¢
12 1C5A218},) —1A2CA0 S5, 268y, 1C5221)iB(t)
2 = N )
2y [35{ r) —2iB(0)]
s 3i(A1G6SE 13 — 4203817 S5 (1) + (A1 G5y —2Azc3s§53))i/3(z)]
3= 3
is0)si3 [3s1Y () ~2iB (1)
b SE;) [3(1A1C72,125%>+A2C17LHSE33)>(D(I)+(2A3C17Ll] —A1C7S%))iﬁ(t)} (an
4 = ;

ans 3513wl ~2i8()]
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S313i(4,C389) 582 + 43050 s (1) +2(A,CsS —A3C2S§52))B(t)}

T SsE [3is () +280) |
S T3(4,0025159 — 143032508 0 (1) + (4355 — 2A1c9,131)i/3(t)]

o 131513 {3'953 o(t) —2ip(t )} ,
5513) 3 (A3C4552)SE3) A2C7S§2)S§3))w(t)+2(A2C7S%) _A3C4S§22))ﬁ(f)}

7= )

S [Bisi o) +28(1)]
D [3(140Cedr s PIC) P @)y
Sy3 |3(1A2C8A22857 +A3Cs5A21857 ) 0(t) + (2A3Cs A1 — A2CsS55) )i ()
g = -

121523) {3Sé3 o(t) — Zlﬁ()]
S 13(A2Co4318%) — 143C6A3285) o0 (2) + (A3CoSSy — 2A2C9131)iﬁ(t)}
28 3853 (1) ~ 2iB(1)]

For R3(x,t), we can get the coefficients E, E», E3, E4, Es, Eg, E7, E3 and Eg when A, A, and A3 are replaced by B, B, and B3.
For Q4(x,1), its coefficients can be obtained as

—4C1Cs(M1 — A21)* +4CaCa(A12 — A2)? + (A5D1 +AD2)p1 + (BSE1 + B2Ef + BiEx + B1ES ) p2

)

12)

“= 4(A1 4 2A21)? ’
Gy — —C1Co(S8) = 2A11)2 + C3Ca(—2A12 — iSS))2 + (A3D) +AID3)py + (BSE) + BiEs + BoE + B1EX)pa
(211 +55))? ’
Gu —C3Cs(S) = 22421)2 + CoCo(—2iAan + 5\9)2 + (A3D2 + A3D3)p1 + (BiEa + ByEs + BoE + B1E ) pa
(2223 +S§53))2 ’
Go - —C1Ca(8) = 2411)2 + CoCr (=202 + iSS))2 + (A3D4 + ADs)py + (B3E; + BiE; + B3Eq + B} Es)pa
(21 + S22 ’
Gs— —4C1Cy (A1 — A31)? +4C3C7 (A2 — A32)* + (A5Ds +A;De)p1 + (BYEs + B3Ej + B{Es + B1E] ) p2
4(A1 +A31)? ’
G = —C2C9( —2231)% 4+ C3Cs(—2iAs, +5562))2 + (A3Ds +A5D¢)p1 + (B5Es + B5Eg + B3E5 +31E§F)P2’
(241 +S1))?
G o —C5Cr(S1) = 2291)2 = CuCs(2idan + S\)2 + (A3D7 + A% Dg)py + (BES + BoES + BLE; + B Eg)pa
(21 +813 )2 ’
Go —C4Co(S\2 —231)2 — C6Cy (2iAzy + SO))2 + (ALD7 + AiDo)py + (BSE: + BoE; + BLE; + BiEo)p,
(2451 +513)2 ’
o —4Cs5Co(Aa1 — A31)% +4C6Cs A2z — A32)? + (A3Dg + A3Do)py + (B3 Eg + B3E§ + B3 Eo +B2Eg)py (13)
4(Aa1 + A31)?
Using Egs. (9)—(13), we can get
H - —3R 1 0(¢) —iRzﬁ(t)’ - —3R30(¢) —.iR4[3(t)’ Hy— 3R5co(t)+.iR6B(t)’ = —3R/1a)(t)—iR’2ﬁ(t),
3TYor+2TB(r) 30t — 21Ty (1) 3Tt 4 2iTs B (1) 3T wt 42T, B (1)
b= —3R’3w(t)—.iRg/3(t) - 3RLo(r) + iRy B () P + (A3H) +ASHs + AT Hz)p1 + Lops (14
3Tt —2iTJB (1) 3Tt +2iT/B (1)’ 4(M1 + Aor + A31)2
with
S = A= Aji+i(An = Ap), S = A+ Aji+i(—Aa+Ap). S5 = An — Aji+i(—An—Ap),
SW = A+ A+ i+ A, SO = A+ A +i(An —Ap), 89 =An —Ai+i(An+Ap), (i=1,23) (15
and

Ry = U1C3D +U2C1Dg +U13Cs Dy + U14CyDs + U1sCoD7 4+ U16Cr D2 + U17A3 Gy + U1gA2 Gy 4 Ur9A 1 G,
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R,
R3

Rs
R
L
Ly
Un
Uiz
Uis
Uis

Uie
Uz
Uis
Uio
Uai
U3
Uss
Uy
Uz
Usi
Uz
Us3

Usy =

Usy
Usg
Usg
Uy
Ugp
Uss
Uy
Usg
Usi

Us,

Uss

Usq4

Uss

U21CsD1 + U C1Dg + Up3CsDy + UzaCaDs + UzsCoD7 + Uz Cy Do + Ua7Az Gy + Uzg Ao Ga + UngA 1 G,
U31CoD + U3 C1Dg + U33Ce Dy + UsaCa D + UzsC3 D7 + UseC7 D3 + Uz1A3Ga + UsgAa Gs + UsoA | G,
Us1CoDy + UgyC1Dg + UszCeDa + UsaCaDe + UssC3 D7 + UseC7D3 + Us7A3Gr + UsgA2Gs + UsagA1 G,
Us1CoDy + UspCaDg + Us3CeDs + UsaCsDe + UssC3Dg + UseCs D3 + Us7A3G3 + UsgA2 G + UsoA 1 Gy,
Us1CoDy + UsyC2Dg + Uz CeDs + UsaCsDe + UgsC3Dg + UscCs D3 + Ug7A3G3 + Usg A2 G + UsoA1 Gy,
U11C1Go + U72C2.G3 + U3 C3G7 + UraCa G + U5Cs Gs + Ur6Ce Ga + Ur1Cr1G3 + U7sC3 G + U9Co G,
E3Ej + EsEX + EgE} + E2Ef + E1Ef + EREj + E4E; + EoE| + E\E§ + 3B} + LB + 3B},

A — A (A + (Apa +i43)%) + 2iA% (20 +143) + A1 (AD + (242 + 143)?),

A1 (A3 + (A2 +23)%) — A + A (A + (2421 + 43)?) + 247, (2421 + A3),

Ad 4+ A1 (AS + (A3 —2401)2) 4 Aa1 (A 4 (A3 — A21)?) + 242 (A3 — 2A21),

—i(Af A2+ Ay — A2 (A3 + (A2 +143)%) — 245 (2402 + i3) + A2 (2402 +143)?),

TAZ M2+ A8 — 2212 (202 — iA3) + A12(2202 — i23)? — A2 (A3 + (A2 +i43)2)),

1A+ (A — a1)H) 4245 (A3 — 2201) + idia (A3 — 2401)% — iAF App — 1A,

M1 (A3 + (A3 — A21)%) + 2471 (As — 2421) — Afy — At (A + (A —2421)),

2iA0 (2422 +i43) — Ay — i (A3 + (A2 +123)%) — At (Afy — (242 +143)%),

225 (2201 +A3) + 14122201 + A3)2 — iAf Az — A, — 401 (A% + (Ra1 + A3)%),

A+ (A +iA3)2 =201 (Af +2iApn — A3), Uz =2(A11 (2421 +A3) — LA — A1 (A +A3)),

2(Aa1 (A3 — A2) — At (Af + A3 —2A21)), Ung = A3 — A3 + (A1 — A2) (A2 — 32420 — 2iA3),

A2 =A% 4 (M2 — A22)BAia — Am 4 2iA3), Usg = A + AL +2iAdn(As —2ia1) — AF — 241 (A, — As),

223(A1 + A1) = 2(A A1 + 2411401 + Madar), Usg = A2 + (Axa +143)% — 2411 (A1 — 2idan + As),
AL A A% 4 2iA12 (2201 +A3) — A7 — 2201 (M2 + A3),

Ad +M1(AS 4 (A —2231)%) + 245 (A2 — 2231) — A31 (A, — (Ao —2A31)%),

A3t (Ad + (A + 231)%) +2A% (A2 +2431) — A — Mt (A + (M2 +2431)%),

A4 A (Ad 4 (M —2iA32)?) — iAsa (A2 — (Ao — iA32)%) — 248 (A2 — 2iAsy),

M1 (MG + (A — A31)3) + 2425 (Ao — 2A31) + iA1a (Ao — 2431)? — iA4 Aip — iA,

LA A2+ Ad, — A5 (2iAy — 4430) — M2 (Ao +2iA3)? — A (A — (Mo +1432))2)),

Y = A (AL + (A —2iA32)%) — id3a (A — (A1 +1(A31 — A32))?) — 243 (Ao +1(A31 —2232)),
205 (A2 = 2231) — A31 (A5 + (A2 — 231)) — Ay — A (Afy + (A2 — 2431)%),

A5 (A +2231) + 12 (Ao +2431) — iAf Aia — iA], — A3 (A + (A2 + A31)?),

“2(M1 (A F 2 —2431) + A31(As — A2)), Uss = 2411 (A2 — A)) — AJ + A3 + A3 (Aan — 4idy; +2ika),

2111 (;{,2 — /11 ) +2].31 (2&11 — )Lz — )L3*), Uy = 1121 +2i(112)tz — )Lz]lzz) Jrﬁxzzz +2].2 — 2131 (l; + 2il]2),
3}.221 — 2.121 +2iA12A, +A/321 + 2i)»32(2i)»12 — 12) —|—A322, Uy = llzl — ).321 + (112 — Agg)(llz —2ildy — 3),32),

Al —2i23 (2411 + M) + A% — 2411 (A1 + A2) — 32, Uss =211 (Ao — A1 — 2231) + 2431 (M — A3),
Af +2iA0d0 — 21201 A0 + A3 +4idinA31 — 2231 (M2 + A3),
A3 — M1 ds 4+ Ad (A1 — A31) — 2i A2 (Aar — A31)% — 2411 (Aa1 — Azp) (12 + Aot — A31)
FAA5 A3t — A1 A5y + A3+ AT (= Aa1 + A31) + Asi A,
A8 (—idan — A31) + 2411 (A2 — iA31) (M2 — Aoz +i431) +1 (A3 Aoz + A3 + A (Aaz — i31)
—2A12(An — il31)2 — 4i)12227t31 —41221321 + il;l + i/'t317L322),
AL (A2 — A32) — 2201 (22 — A32) (A2 — Aoz + A32) — i (A3 + (M2 — A22)*) Az
— (M2 =2222)% + A31) A32 = 2(Ai2 — 2A22) A3 — A3)),
A3+ M1 A3y + Af (Ao — A31) — 2iA12(Aar — A31)% 4+ 2401 (Aa1 — A31) (iAi2 — A21 + Asy)
— 4231231 + 42015, — A3 + Ay (= o1 + A31) — A31A3,
M1 (M2 +1201)% =A%) — Af (Ao1 +1232) + 2411 (Aag +iA32) (—idia + Aot +1432)
+i((M2+2i421)2 + A3 A2 +2(—idia + 2421 ) A% +iAD,
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Use = —iAf (A2 — A32) + 2411 (Aaz — A32) (A2 + A2 — Az2) + 1 (A3 + (A2 — 422) ) An2
— (A2 = 2222)* + A5 As2 + 2 (A2 + 2222) A3 — A3)),
Usy = A3) + 22145 + Ay (Aar — iA32) — 2iA1a(Aag — A32)* + 211 (Aa1 — id32) (iA12 + Aoy — iA31)
—4iM As1 — 4Mai A + A3 — Ab (Ao — iAz2) — iAf Az,
Uss = iA3) +1A51 A0 + 1A% (Aaz +i31) + 2411 (A2 +1231) (A2 — Aoz — id31) — 2iA12(Aa2 +431)?
— 40D A3 — 4idop A3 4 A3+ AZ (—idan + A31) + A31Ad,
Uso = A3) +MiAdh + A8 (A1 4+ As1) — 2iA12(Aar 4+ Aa1)* — 2401 (Aar +As1) (—iAiz + Aot + Aa1)
HAA3 A1+ 4001 A3 + A3y — Ay (A1 + Aa1) + Aar A,
Ust = 2(A2145 + Mo — A31A1 — 2201431 + A3143), Uga = A — MaA3 —2iA1 (Aaz — id31) +4iAaaAs) +2431 A5,
Uss = A3 — A31 + (A — A32) (A2 — 2i A1 — 3422), Uss =2(Aa1da — A (A21 — Aa1) — 2221431 + A3143),
Uss = Af +2M21 (A5 +2iA32) — Ay — 241 (Aa1 +iA32), Uss = A3 — A3 — (A2 — Aa2) (Aaz — 3232 — 2iAy),
Us7 = AL +2221(A2 — 2iA52) — 4323 + 221 (Aa1 — id32), Uso = 2(Aaha1 + Afy (Aa1 + A31) + 2221431 + A32a1),

Uss = )“12 — WA —2iA1 (Ao +1iA31) + 2431 (A3 — 2iA22),

a7

Un = —(Mi =M1 = 431)%, U= (Ain — A +i431)%, U = (i +ika1 — A3)?,
Urs = (M — A —i431)%, Uss = —(Ai1 — A1 +2431)%, Ure = — (A1 — i(A2 — A32))%,
Upp = (M2 —ida1 — A32)%, Uzg = —4(A11 +1(A2 — A32))?, Uzo = —(A11 + 221 — A31)?,
Ti = Mai(Ad + (A1 +243)%) + At (MA] + (2201 +A3)%) + 243 (2201 + A3),
T = —i(AnAs+ A2 + A0 A + 2411001 + A1 Ay), T = An(Af + A2 +2A31) + 431 (A + A5),
T3 = A 42423 (Ao +2231) + M1t (Al + (A2 +2431)%) + 31 (Ao + A31)2 + A3,
Ts = 21025 + (Af +4221231) (a1 + A31) + 241 (Aar + A31) + A31 343,

Ts = Aot (A; +2A31 + A1) + 31 (A5 + A).

Replacing Ay and D; of R; and T; into By and E;, we can
obtain the expressions of R} and 7}.
Thus, the three-soliton solutions can be presented as

_ EP (x,1)+€3P3 (x,1) + €Ps (x,1)

Arlxnn) = 1+€20; (x,1) +€*Qq (x,1) + €906 (x,1)
ERy (x,t) + 83R3 (x,t) + £5R5 (x,t)

14+ €205 (x,t) +€*Q4 (x,1) + €°Q¢ (x,1)

,» (19)

Az (x,t) =

. (20)

For solutions (19), A (x,7) is proportional to A, (x,¢), they
have the same interaction characteristics. Hence, we will
mainly discuss the interaction characteristics of three-optical
solitons for A;(x,7). In Fig. 1, optical soliton amplifications
are demonstrated through the inelastic interactions. We can re-
alize the amplifications among different solitons by choosing
the different values of Aj,. This is mainly due to the different
incident phases of optical solitons before interactions.

For Fig. 2, we present the interactions between two par-
allel transmission solitons and a single soliton. Through the
single soliton, we can effectively adjust the distance between
two parallel solitons and their transmission amplitude. For
Figs. 2(a) and 2(d), the two parallel solitons can be integrated
into one soliton to achieve effective amplification of the soli-
ton and realize the function of all-optical switches, which can
be used to realize the relay free amplification in optical com-
munication systems.

18

For Fig. 3, the three solitons form a confinement region in
the interaction region. The boundary of this area can also be
adjusted. After the interaction, the soliton can also be ampli-
fied or reduced. The amplification efficiency can be controlled
by Aj>. Thus, we can choose the different values of Aj, to
control the soliton amplification and realize all-optical switch
function.

Fig. 1. The variation of optical soliton amplitude caused by the interac-
tion of three solitons. Parameters are &;; =1, €, =1,&1=2,6n =1,
E31=3,80=1,A1 =2+1i, By =3+3i,Ay =3+2i, B, =4+3i,
Az =2, B3y =2+3i, ﬁ(l) = -2, a)(t) =12, p1=pp=1, A1 =1,
A = —14, 13] = 1.8 with (a) A2 =04, App = —1.1, 2.32 =-2;(b)
)le =—1 .8, 122 = —], )1,32 = 0.78; (C) 112 =—1 .2, 1,22 = 0.9, 132 = 0.2;
(d) A =—1.2,4,=0.9, A3 = —0.2.
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Fig. 2. The variation of optical soliton amplitude caused by the in-
teraction of three solitons. (a) A;2 = 0.4, Ay = —0.56, A3 = —0.44;
(b) A2 = —0.6, App = —1.1, A3 = 1.1; (c) A;p = —1.2, App = 1.3,
2432 = 1.4; (d) 112 = 0.8, 122 = —2, 132 =0.2.
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Fig. 3. The variation of optical soliton amplitude caused by the in-
teraction of three solitons. (a) Ajp = —0.6, Ao = —1.4, A3, = 1; (b)
2.12 = 0.72, 122 = 70.8, 132 = 71.7; (C) 2.12 = 0.13, 122 = 70.25,
Az =—1.8;(d) 412 = —1.4, App = —0.13, A3 = 0.47.

3. Conclusion

In this paper, the inelastic interaction laws of optical
solitons have been studied. Through the analytical study of
Eq. (19), the influence of the relevant parameters on the soli-

ton interaction has been discussed. In the case of different
incidence of three solitons, based on the interaction character-
istics of different initial phase difference of them, the effective
control of the interaction of three solitons has been realized.
The related results will provide a theoretical reference for fur-
ther understanding the application of soliton dynamics, soliton
interaction and soliton control.
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