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Abstract

In this original research, we explore new forms of soliton solutions, lumps, and the dynamics of water waves of
the considered Generalized Konopelchenko-Dubrovsky-Kaup-Kupershmidt (KDKK) and Bogoyavlensky-Konopelchenko
(BK) equations in (3+1)-dimensions, utilizing the Hirota bilinear approach. We apply the Painlevé analysis to check the
integrability of this model. We formulate a bilinear equation in an auxiliary function using the Cole-Hopf transformation
and then develop it into a Hirota bilinear form using a bilinear differential operator. Based on this technique, we derive
lump waves, breaking phenomena, solitons, peakons, wave interactions, and wave-to-wave collisions. The solutions are
obtained using ansatz functions in quadratic, sine, cosine, and exponential functions. We also illustrate how the lump
interacts with solitary, periodic, and breather waves to generate various dynamics of water waves in the obtained solutions,
which are visualized graphically via 2D, 3D, and contour plots with the help of symbolic software Maple. We also show
the phase plane portraits, bifurcation analysis, and sensitivity analysis based on the bifurcation method with the help of the
equilibrium points of the governing model studied.

Keywords: Analytical solutions, KDKK and BK model, Painlevé analysis, Hirota bilinear method, solitons, symbolic computation
work.
AMS 2020 codes: 35A24; 35B32; 35C05; 35C07; 35C08.

1 Introduction

Nonlinear evolution equations (NLEEs) are commonly used in numerous fields, including soliton theory,
nonlinear dynamics, plasma physics, condensed matter physics, optical physics, and fluid dynamics, because
most natural systems exhibit nonlinear behavior. In the context of fluid dynamics, these equations describe the
evolution of water waves under different heights and pressures. In plasma physics and quantum field theory,
NLEEs account for the interactions between particle and wave dispersion, particularly when quantum molecules
do not behave linearly across all scales [1-4]. In nonlinear sciences, soliton theory is the most significant and
efficient way for finding lump solutions, also known as analytical rational function solutions [5]. Nonlinear
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partial differential equations involve numerous boundary conditions, expansion, and dispersion terms; these
terms often interact with each other, making it difficult to understand the results of the problem. According to Yu
and et al. [6], the most significant component of a single wave is the lump wave, which has several characteristics.
Manakov and et al. [7] introduced the most basic lump wave solution to the KP equation for two-dimensional
soliton solutions in 1977. However, various scientific disciplines have studied lump wave solutions, including
oceanography [8], shallow water waves [9], atmospheric [10], nonlinear optics [11], and many more. To generate
lump solutions, several efficient techniques have been proposed, including the parameter limit method [12], the
bilinear neural network method [13], the Hirota bilinear method [14, 15], the Painlevé analysis [16], the Darboux
transformation [17,18], and many more. These techniques can help to understand and evaluate different solutions
to nonlinear partial differential equations (NPDEs).

Recently, Yang [14] investigated the resonant interaction between 2-solitons and 3-solitons and obtained
X-, Y-, and double-X-shaped solitons. Feng and Zhao [19] searched for a suitable expression for the lump
solution over the entire plane for a generalized (3+1)-dimensional NPDE. Chen and et al. [20] achieved the
lump and breather solutions, as well as their interactions, for the generalized CH-KP equation in
hydrodynamics and ocean physics. Ma and et al. [21] employed the Hirota bilinear technique to find the lump
solutions of (2+1)-dimensional combined nonlinear equations. Wang and et al. [22] used the symbolic
computations to determine solutions to nonlinear wave equations for fluids containing gas bubbles, including
lump waves, rogue wave-solitary waves, and mixed lump-solitary waves. Moreover, Yang and Ma [23] applied
the Hirota bilinear technique to generate lump solutions for the (2+1)-dimensional BKP equation. He and et
al. [24] have investigated the (2+1)-dimensional BLMP and Ito equations for the interaction between lumps and
multi-solitons using direct techniques. Ma and Zhou [5] introduced the quadratic function method to generate
lump solutions for NPDEs. Using the quadratic function method, Zhou and et al. [25] obtained lump solutions
to the (3+1)-dimensional generalized CBS equation. Inspired by Hirota’s direct technique, we focus on lump
soliton solutions and their collisions by combining quadratic functions with trigonometric and exponential
functions.

In this study, we investigate a (3+1)-dimensional generalized NPDEs, also known as the KDKK and BK
equations introduced by Feng and Zhao [19], as follows:

du u du _du._, u du _du._,
KIE‘FKZ <M+3M(9Z+3a)ca MZ> +K3 (M}+3ua))+3&xa My)‘{'
u ou u

K4(9X+ 58y+ %9z

ey
0,

where 8*1uz = f g—’;dx, 8*1uy = f g—za’x, and x; (1 <i < 6) are nonzero real constants. The presence of constant
and free parameters is crucial for determining the exact solution of equation (1). Table 1 presents the generalized
well-known equations derived from equation (1) by variation of k;.

The purpose of this research is to present novel insights into the collision of waves, such as lump, periodic,
solitary, and breather waves in a generalized KDKK and BK equations through the Hirota bilinear technique.
The motivation behind this technique has several advantages. First, this method is a very efficient, accurate,
reliable, and sophisticated way to determine the exact solution of the NPDEs. Second, this method does not
require inverse scattering integration, which makes it easier to depict soliton solutions. Third, this method is the
easiest to handle algebraically because it transforms the governing NPDEs into a bilinear form. Finally, once the
bilinear form is known, it provides a systematic technique that can often be used to solve for N-soliton solutions.

In addition, we introduce the analysis of bifurcation and equilibrium states by considering a travelling wave
transformation of the governing equation to obtain a 2D planar dynamical structure. The solution to the system
is related to the Hamiltonian function, which is shown in the figure.
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Table 1 Particular cases of equation (1) found in ocean dynamics and related fields.

Variation of k; PDEs Special form
Ki=K=1, U + Uyyy + Ount, =0 KdV equation [26]
K3 =Ky = K5 = Kg = 0,
=X
ki =1,k =a, K =as, Uy + Ay + %az(uz)x + A3 Urrrx (2+1)-D gKDKK equation
K5 =0, k4 + K =0, Fagvy + Qs + ag (U + uvy) [27]
=X +ag(uuyy )+ %ag(u3)x =0,
Ve = Uy,

for a) = 6611, ae = 3615,
as=as=a7=ag=0

Ky =1, Ky = by, K3 = by, g+ 6by (Uit + 3ty (2+1)-D gBK equation [28]
K4 = b3, K5 = by, Ke = 0, +3bs (F ey + titty + uyvy)
bs=0,z=x +b3uy + bauy + bsvy, =0,

Vy=1Uu

The Hamiltonian system is constructed more specifically using Galilean transformations, which emphasize
the system’s periodic and chaotic behavior [29-32]. For a given parameter, a dynamical system can exhibit the
phenomenon of multistability, which consists of multiple distinct dynamical behaviors under different initial
conditions [32,33]. Sensitivity analysis makes it easier to understand how a dynamic system behaves under
different initial conditions.

To the best of our knowledge, equation (1) has not been studied in the context of collisions between
periodic and lump waves, collisions between single-lump and solitary waves, or collisions between lump and
breather waves. Furthermore, this equation has never been investigated through bifurcation analysis,
equilibrium conditions, and sensitivity analysis. This article fills this gap by using a bifurcation-based approach
to analyze soliton interaction, water wave dynamics, the effect of wind on equilibrium structures, stability, and
soliton dynamics. It has special significance due to the enhanced physical formulation of the KDKK and BK
equations, as well as the methodological innovation of applying bifurcation and sensitivity analysis. This
combination provides a new understanding of how external attraction and dissipation affect nonlinear wave
dynamics.

This paper is outlined as follows: In Section 2, the Painlevé test is employed to examine the integrability of
equation (1). Section 3 discusses the proposed method. Section 4 explores the wave-to-wave collision structures
and their solutions using different ansatz functions. Section 5 presents the physical interpretation of the findings.
Section 6 discusses the equilibrium state and bifurcation analysis of a dynamic system, which shows the phase
portrait and Hamiltonian function graphics. Section 7 covers the sensitivity analysis of a dynamic system for
different initial conditions. Finally, the findings are summarized and presented as a conclusion in Section 8.

2 Painlevé analysis

This section provides an outline of the Painlevé test, which is an effective technique for checking whether
a nonlinear PDE can be solved in an integrable manner [34,35]. If a nonlinear system passes the Painlevé test,
that is, if each movable singular point of the solutions is a simple pole, then it is deemed integrable. Weiss and
et al. [36] developed this technique to check the integrability of nonlinear PDEs by examining the integrability
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criteria. This process is described in three steps: first, the behavior of the leading-order is examined; second, the
resonances are identified; and third, the conditions at the resonance points are verified.

We assume that the field u in equation (1) is expanded in a Laurent series about the singular manifold
h(x,y,z,t) = 0, to perform the integrability test as

u(x,y,z2,0) = Y ught™, 2)
g=0
where Q is an integer and u, = u4(x,y,2,t); ¢ =0,1,2,--- are arbitrary functions, respectively.
Substituting equation (2) into equation (1) through a leading-order analysis based on the dominant terms, we get
Q=-2, uy=—2h.

Next, to obtain resonance, we take
u=uoh >+ uqh"_Z.

Substituting these into equation (1) and collecting the coefficients of the dominant terms gives the characteristic
relationship for resonance, which is:

((4=2)(g—3)(g—4) — 12(g—4) )2 (ko + 5h,) = 0. 3)
Since h(x,y,z,t) and its derivatives are not equal to zero, the resonances of equation (1) are
g=-1, 4, 6.

The resonance ¢ = —1 indicates the random selection of the singular manifold %(x,y,z,#) = 0. The explicit
expression for u, indicates the existence of sufficient arbitrary functions for ¢ = 4 and g = 6 resonances. The
condition of compatibility is fulfilled by positive resonance. Therefore, the tested KDKK and BK equations (1)
pass the Painlevé test for integrability.

3 Hirota’s bilinear form of the governing equation
Suppose ¥, is the phase of equation (1), such that

W, = qux + By + iz — 8it + O, S

where o;, B, %, and ¥; are real parameters. By substituting u = e¥i into equation (1) and considering the linear
terms, we determine that the dispersion &; is

_ Bio? k3 + o2 Yika + BiKs + 0tika + YiKes
K1 '

S (&)

Now, consider a logarithmic transformation (also known as the Cole-Hopf transformation) for the dependent

variable u = u (x,y,z,) as
2

)
u=55(2nf). (6)

Let f = f(x,y,z,t) be an auxiliary function, and rewrite equation (6) in another form as follows:
u="Vy, V=2Inf. (7
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Substituting equation (7) into equation (1) and integrating with respect to x, we get
K1V + K2 (3ViViz + Virrr) + 63 3Vt Viy + Vi) + K Ve + K5V + K6V, = 0. (8)
Substituting the derivatives of the second term of equation (7) into equation (8), we get

K1 (sztx - thfx) + K2 (2ffxxxz - 6fxfxxz + 6fxxfxz - 2fxxxfz) +
K3 (2f frexy = 6 fufrxy + 6 frefoy = 2funfy) + Ka (2f fre = 27) + ©)
K5 (2ffxy - 2fxfy) + Ko (2ffxz - 2fxfz) =0.

This equation represents a bilinear equation that is transformed into Hirota bilinear form using a bilinear
differential operator. Hirota [15] designed the bilinear differential operator D,, where r = x,y,z,¢. It can be

expressed as
d J p1 pa) 0 p2 pa) 0 p3 0 0 P4
P2 DP3DPAAvT N — | —— _ I _
D DyDDiM - N <8x (9x’> <ay 8y’) (8z 82’) (az aw)

M(x,y,z,t)N(x' .y, 2 ,1")]

X'=x, y'=y, Z=z,t'=t "’

where pi, pa2, p3, ps are positive integers and X, y/, 7/, ¢’ are formal variables. Using this definition of the
D-operator, we obtain the necessary operators, such as

DXD]ff: Z(ffXJ_fxfj)s.] :y7z7t7
Dif-f =2(ffu— D) (10)
D)%Djff = 2(ffxxxj - 3fxfxxj + 3fxxij _fxxxfj)Qj =¥z

Therefore, the bilinear form of equation (9) is
k1DD; + kDD, + 13D2Dy + k4D? + KsD Dy + ksDyD. | f - f = 0. (11)

Therefore, if the auxiliary function f satisfies equation (11), then equation (6) will be considered as a solution
of KDKK and BK equations (1). In the following section, we investigate an expression for an ansatz function
that leads to the general solutions for solitary waves, breather waves, lump waves, periodic waves, and their
collisions in detail.

4 Wave-to-wave collisions with different ansatz functions and their solutions

4.1 Lump wave solutions of KDKK and BK equations

An expression for the auxiliary function f is considered to find the lump wave solution of the KDKK and
BK equations (1):

f=(hx+my+nmz+wit+8) 4 (bx+my+mz+wit+ &)+, (12)

where 1y, I, my, ma, ny, ny, wi, wa, 91, 62, and N are free parameters to be determined later. Substituting
equation (12) into equation (11) and equating all the coefficients of x, y, z, ¢, and their multiples equal to zero.
Then, a system of algebraic equations consisting of Iy, I, my, my, ny, np, wi, wa, 01, 6, and 7 is obtained. By
solving the system of equations using symbolic software Maple, we obtain the values of some parameters:
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u 0+ u u

1o s 0 5 10 15 1o s 0 5 1o 15 1o [} 10
X X X

[—y=05s—~v=1 y=15 — v=2| [—y=05 —y=1 y=15 —— v=2| [—y=05s —v=1 y=15 — y=2]

(@r=-2 (hr=0 (i)t=2

Fig. 1 Wave profiles of the lump wave solution for equation (15): (a)-(c) are the 3D profiles with density plots; (d)-(f) are
the contour plots; and (g)-(i) are the wave propagation along the x-axis.

Case I.
K K1 +1 K. K1 +1 K: K
b= 0.m; = — 2 (wiki + 11(4),111: 3 (wiki + 11<4)’W2:_m2 s +mke (13)
K2 Ks — K3Kg K2Ks — K3Kg K1
Substituting the parameter values of equation (13) into equation (12), we attain
K (hk+wik K3 (hKks+wiky)z 2
f:<llx— 2k twik)y | KKkt wik) +wn+61) +
K2 K5 — K3Kg K2 K5 — K3Kg (14)

t (mng -|-I’l2K'6)
K1

2
<m2y+nzz— +52) +7n.
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Substituting the expression (14) into equation (6) yields the appropriate solutions to the KDKK and BK equations
(1), which represent the lump-type wave solution. Choosing the particular value of the free parameters: /; =1,
w1:1,m2:1,n2:1,51:1,52:1, Klzl,Kzzl,K3:1,K4:—2, K5:—1,K6:—2,andn:1.Then,
the solutions are calculated and simplified. Finally, we obtain the specific lump wave solution of the governing
equation (1) is

4 (—x2 + 812 — 2xy +2xz — 2xt + 4yt 4 8zt +4yz — 2x + 4z + 4t + 1)

u= . (15)
(x2 4292 + 222 + 102 + 2ty — 2xz + 2t + 8yt + 4zt + 2x+ 4y + 8¢ + 3)°

The wave profiles of the lump wave solutions of equation (15) are shown in Fig.1 through contour plots, 2D, and
3D profiles.

Case I1.
ik ik +wik
Ks ’
my = — K'3K'4K'6112 — K Ks5Ksl1n + K3 K'gl]l’l] + K1 K3K6liwy + K2K4K5l% + K1 K Kslhwy (16)
Ksly (Ko Ks — K3 Kp) '
= K3Kal? — KaKsling + KsKenily + ki Ksliwy + Kskal3 + Kq K3W212.
(K2 Ks — K3K6) 12
Substituting the parameter values of equation (16) into equation (12), we attain
2
f= <11X— (11K4+ﬂ1z§+wl K1)y +n1Z+W1t+5l> +
<12x_ (r3kukolf — KaKsKs iy + Kskglhing + Ky KsKelywi + KoK Ksl3 + Ky Ko Kslows) y+ a7
Ksly (K2 Ks — K3 Ke)

(r3kul} — Koksling + Kskeni 1y + Ky Kaliw + K3 Kkal3 + Ky kswalo) 2
(Ko Ks — K3Kg) I

2
Fwat+8) 4+,

Substituting the expression (17) into equation (6) yields the appropriate solutions to the KDKK and BK equations
(1), which represent the lump-type wave solution. Choosing the particular value of the free parameters: /; = 1,
n1:1,W1:1,12:1,W2:1, 51:—1,82:1,17:1, K1:2, K'2:2, K'3:1, 1(4:—2, K5:—1,and
ks = 1. Then, the solutions are calculated and simplified. Finally, we obtain the specific lump wave solution of
the governing equation (1) is

8 (202 —2y? — 222 + 212 +4xt —4yz+ 4y +4z—3)

u=— 5 (18)
(2x% +2y? + 222 + 212 4+ 4xt +4yz — 4y — 42+ 3)

In Fig. 2, the wave profiles of the lump wave solutions of equation (18) are shown for different values of z
through contour plots, 2D, and 3D profiles.

4.2 Collision of waves: single-lump wave and solitary wave

Consider a function that combines quadratic and exponential functions to examine the effect of a collision
between a single lump and a solitary wave on the governing equation (1). For example,

f= (11x+m1y+n1z+w1t+31)2—|—(lzx+m2y+ngz+w2t+62)2+exp(l3x+m3y+ngz+ wit)+1n, (19)

where I, m,, n,, wy, 8, &>, and 1 are free parameters with » = 1,2,3 to be determined. Substituting equation
(19) into equation (11) and equating all the coefficients of x, y, z, ¢, and their multiples equal to zero. Then, a
system of algebraic equations consisting of I, m,, n,, w;,, 01, &, and 1 with 1 < r < 3 is obtained. By solving
the system of equations using symbolic software Maple, we obtain the values of some parameters:

€ Paradigm


https://www.sciendo.com

300 Kumar et al., International Journal of Mathematics and Computer in Engineering 4(2026) 293-320

b)z=3 ©z=5

dz=1 (e)z=3

1o s 0 5 10 15 1o s 0 5 1o 15 1o s 0 5 10 15
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[—y=05s —y-=1 y=15 — y=2] [—y=05s —vy=1 y=15 — y=1] [—y=05s —y=1 y=15 —vy=1]

(@z=1 (h)yz=3 i)z=5

Fig. 2 Wave profiles of the lump wave solution for equation (18) with different values of z: (a)-(c) are the 3D profiles
with density plots; (d)-(f) are the contour plots; and (g)-(i) are the wave propagation along the x-axis.

Case 1.
—K)naKs 4+ Kgno K3 +wo K1 K3 Kny Kny
L=0,l=— ymp = ———, My = ———,
K3 K4 K3 K3 (20)
Kn3 ny (ko Ks — K3Ks) —l3K4K3 + K K5n3 — K3n3Ke
m3 = — sW1 = SW3 = .
K3 K3K1 K3K1

Substituting the parameter values of equation (20) into equation (19), we attain
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2
Kon n (KKKs — K
f=<— 2 1y+n12+ 1(2Ks 3K6)—|—51> +

K3 K3K1
2
(—KonaKs + Keno K3 +woki1K3) X Konoy 21
(— - +mz+wit+6 | + 21
K3K4 K3
K3y 1(—l3 Ky K3+ Ky Kgn3 —K3n3Kg)
el3x 5 +n3z+ oY + n.

Substituting the expression (21) into equation (6) yields the appropriate solutions to the KDKK and BK equations
(1), which reveals the collisions of the single-lump and solitary-wave solutions. Taking the specific value of the
free parameters: s =1, ni=m=m=1,wy=1,0=0=1L,x=1LK=1,K5=1,K=-2,K =k =1,
and 11 = 1. The specific wave solution of the governing equation (1) is

- 14 2¢e%
e 4124 (x =2y + 22+ 2)t + 5 4+ (1 —y+2)x+2y2 —4(z+ 1)y +222 +4z+3

u

(x—2y+27+2+2+2e%) (22)
(e¢1 F2+ (0= 2+ 22+ 2)t+ 5 + (1—y+2)x+2)2 —4(z+ 1)y+2z2+4z+3>
where ¢ = x —y+z+2¢. Its propagation velocity along the xy-plane is shown in Fig. 3.
Case II.
K _ Km  kKn3 KaKsng — Kali Ky — K3n K
m=—-——m=-———m3=—-————W1 = )
K3 K3 K3 K3K] (23)
Kona Ks — K3 Ky — Koo K3 Ko Ksn3 — [3Ka K3 — K3n3Ke
wy = s W3 = .
K3K] K3K]
Substituting the parameter values of equation (23) into equation (19), we attain
2
Kon t(—3l1 K4+ Ko Ksnyp — K3n
fz(llx— My o (—ms3liks + Ko K5y 31K6)+61> N
K3 K3K1
Kon t(—hKsky + KnyKs — Kgho K 2
(lzx—22y+nzz+( 2K3 K4 + Ko7z Ks 623)+62>+ 24)
K3 K3 K1
el3x7%+nsz+’(’l3 ’“4"3“%”251"343"3'%) .

Substituting the expression (24) into equation (6) yields the appropriate solutions to the KDKK and BK equations
(1), which reveals the collision of the single-lump and solitary-wave. Taking the specific value of the free
parameters: | =3 =1,L=—1,m=-3,m=n3=1,6=&=1L k=1 k=1K=1K=—1,Kk=—1,
ks = 1, and 1 = 1. The specific wave solution of the governing equation (1) is

L 44 2e%
e” +4512 +6(x+Ty —Tz+ 1)t + x> +2(y —z— 1)x+ 10y?> +4(1 — 5z)y + 1022 — 4z +3
2(2x+2y—2z—|—6t—2—|—e¢2)2
(e +452 +6(x+Ty—Tz+ D)t +x2+2(y—z— D)x+ 10y2 +4(1 — 52)y+ 1022 — 4z +3)*’

(25)

where ¢, = x —y+z—t. Its propagation velocity along the xy-plane is shown in Fig. 4.
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@) (e) ()

Fig. 3 The 3D profiles with density plots show the collisions of the single-lump and solitary-wave solutions to equation
(22) using different parameters.

4.3 Collision of waves: lump wave and periodic wave

Assume a function that combines the sine and quadratic functions to examine the conflict of the lump and
periodic wave solutions of the KDKK and BK equations (1). For example,

f= (11x+m1y+n1z+w1t+51)2+ (lgx—l—mzy—i-nzz—i-wzt—|—52)2+sin(l3x+m3y+n3z+W3t) +n, (26)

where [,, my, n,, w,, 01, 02, and 1 are free parameters with » = 1,2, 3 to be determined. Substituting equation
(26) into equation (11) and applying the same procedure as before. A system of algebraic equations involving
Ly, my, ny, wy, 01, 62, and 1 is obtained, where 1 < r < 3. Solving the system of equations using the symbolic
software Maple, we obtain the values of some parameters:

Case 1.

K K:
L=0,l= 32 m3Ks +n3Ke

K K: K¢
_WRRIEIRKS TSy 0 iy = 0,my = 0y = — 272y = 0,y = — RO TS g
K4 K2 K1

Substituting the parameter values of equation (27) into equation (26), we attain

2
(mzk‘s—w+wzlq)x "oz
f=8+1- = Fmyy— = w48, | —
K % (28)
. t (m3Ks + n3 K
Sln<—m3y—n3z+ w> +n
|
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Substituting the expression (28) into equation (6) yields the appropriate solution to equation (1), which reveals
the conflict between the lump wave and periodic wave. Choosing the particular value of the free parameters:
My =m3 =n3 =wp = 1, 51 :52: 1, K1 = 1, Ky = —1, K3 = 1, K4:—3, K5 = Kg = l,andn =1. Theparticular
wave solution of the KDKK and BK equations (1) is
sin(2t — Fi + 1) + 2 +2(x + F)t + x> 4 2Fx +y* +2(1 4+ 2)y + 22+ 22— 1
. 2
(—1sin(2t —F + 1)+ 32 +y2 + 22+ 2 +3) + (x+ F)t + Fix+ (1 +2)y+2)

where F; = 1 +y+z. Its propagation velocity along the xy-plane, xz-plane, and x¢-plane are shown in Fig. 5.

u=—

(29)

Case II.
miwaKs — mow1 Ks + 1y KgWo — na KgW
=0l =— 1W2Ks 2W1Ks + 1y Kewp 2’%1713:0’
w
Kqawy (30)
myK3 mi Ks + ni Ke (m3Ks + n3Ke)wy
ny = — W1 = — SW3 = .
K> K1 mKs +niKe
Substituting the parameter values of equation (30) into equation (26), we attain
2
t(mKs 4+ np K K3m»zZ
f= <m1y+nlz—(1516>+51> + (mzy— 2 +wot + &+
K K
(mlwz Ks + 4'"2("“1(5;:”1’(6)'(*5 +niKewz — 4’(3"12(’"1:«’;5::”1’(6)1(6) le) 2 31)
K4 (m1Ks +n1Ke)
. t (m3Ks 4+ n3 K
1

Substituting the expression (31) into equation (6) yields the appropriate solution to equation (1), which reveals
the collision of periodic and lump wave. Choosing the particular value of the free parameters: kK =1, kK, =1,
Ki=1, ky=—1, K'5:1,K'6:1,m1:i,m2:m3:1,n1:n3:1,W2:1,61:62:1,8.11(17’[:—%. The
particular wave solution of the KDKK and BK equations (1) is

8

u= —

2
2(1+iy+z—(1+i)t> +2(1—x+y—z+1)2—2sin(2 —y—z)— 1

8(1—x+y—z+1)? 32)

2 2
<<l—|—iy+z—(l+i)t> —l—(l—x+y—z—|—t)2—%—sin(Zt—y—z))

The interaction of the periodic and lump wave solutions of equation (32) over time is shown in Fig. 6 through
contour plots, 2D profiles, and 3D profiles.

Case I11.
Kimiwy +noKemy — nym n K
L =0l =— 1M w2 +naKenmy —ny 2K6,l3:0,m1:— :(6’
m
Kqmy 5 (33)
ks . o Ko (min3 —msny)
ny = — ,Wl—O,W3—— .
1Y) Kym
Substituting the parameter values of equation (33) into equation (26), we attain
2
2 _K1n1K6WZ+n1K§K3m2_nm K‘)Kx
ny K ( K K5 K 175286 | RS K3moZ
f—<—16y+n1z+61> + - — Fmyy— = Lt + & |+
K5 K411 Ke K
(34)
t(—% —m3n1> K5
sin  m3y+n3z+ +17.

Kiny
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Substituting the expression (34) into equation (6) yields the appropriate solutions to equation (1), which reveals
the collision between periodic and lump wave. Choosing the particular value of the free parameters my =m3 =1,
m=im=—1l,wm=16==1L,k=1LKk=1,k=1K=-2k=—1,K =1,and n = 1. The particular
wave solution of the KDKK and BK equations (1) is

1 2F}

u= -
— — ‘ 20 (35)
(14iy+iz)2 +F2 +sin(2t +y—z) + 1 ((1+iy—|—iz)2+F22—|—sm(2t+y—z)—i—1)

where F; = 1 — 5 +y —z+t. Its propagation velocity is shown in Fig. 7.

~10 s 0 5 10 15 10 s [ 5 10 15 -15 BE) s 0 5 10 15
X X X

[—y=1—>=2 y=3 — y=4 —y=l—y=2 y=3—y=4 [—y=1—>y=2 y=3 —y=4]

dt=-3 (e)t=0 )t =23

Fig. 4 Collisions of single-lump and solitary-wave solutions of equation (25): (a)-(c) are the 3D profiles with density
plots; and (d)-(f) are the corresponding 2D wave propagation along the x-axis.

4.4 Collision of waves: solitary, periodic, and lump waves

Consider a function that combines exponential, quadratic, and cosine functions to analyze the conflict that
arises between solitary, periodic, and lump wave solutions of the KDKK and BK equation (1), that is,

f=(Lix+my+nmz+wit+8)) + (lx +myy +noz+wat + &) + cos(l3x 4+ mzy +n3z +wst )+

(36)
exp(lzx +m3y +n3z+wst) + 1,

where [,, m,, n,, w,, 01, 02, and 1 are free parameters with » = 1,2, 3 to be determined. Substituting equation
(36) into equation (11) and following the same procedure as before. A system of algebraic equations consisting
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of I,, my, n,, wy, 61, &, and n with 1 <r < 3 is obtained. Solving the system of equations using the symbolic
software Maple, we obtain the values of some parameters:

Case 1.
K1 Kanowy +wo Ky Kamy + Konina Ke + n2 Ke K3ng
11:0712:* 51320714:()7
K4 K3my
Wik +n1Ke Kon) w3Kimy — Kjmzwi — m3ni Kg
myp = — , My = — yN3 = — ) (37)
K5 K3 miKe

WaK1mp — Kinigw — myni Kg
ng = — .
miKe

Substituting the parameter values of equation (37) into equation (36), we attain

2
Kiwi +n1Kg)y Konzy
f=<—()+nlz+w1t+51 —i—(— +noz+wat + 6+
Ks K3

(,q Kolaw| — 'W(Klw’l(—;rm'fs)m + o oK — %W) K5x>2

+
Ky K3 (Kiwi +11K) a8)
<_ K1('<|W1'j5n1'<6)w3 — Kymawy — man K'6> Ksz
cos [ —m3y— —wat | +

(KIWI +n1K(,) K6

K| (Kpw)+n|Kg)w,
(*W’Kl mgwy—mgqny KG) K52

may+ +wat
(&

(rywy+n1 Kg) K
Substituting the expression (38) into equation (6) yields the appropriate solutions to the KDKK and BK equations
(1), which reveals the collision of solitary, periodic, and lump waves. Taking the specific value of the parameters:
ms = —0.2, my = 0.4, ny :0.3, ny = —1, w1 = 0.1, Wy = 0.1, w3 = 0.2, Wy = 0.5, 61 = 62 = 1.5, K1 = 1, K = 0.5,

K3 =1,k =—-45, ks =—1, ks = 1, and n = —0.6. The specific wave solution of the governing equation (1) is
0.4+ 0.06i
= — 5 +
(0.4y4+0.3z+0.17+1.5)" + P2 — 0.6 + cos (—0.2y — 0.4z + 0.2t ) + e0-4y—0-1z+0.5¢
(0.9+0.124) ((0.02 — 0.3 x4 0.5iy — iz +0.17 + 1.5)* (39)

27
((0.4y +0.3z+40.1 +1.5)% + P2 — 0.6+ cos (—0.2y — 0.4z +0.2¢) + eO-4y—0-‘Z+045’>

where P = (0.02—0.3i)x+ 0.5iy — iz+ 0.1 + 1.5. Fig. 8 illustrates the interaction of solitary, periodic, and
lump wave solutions of equation (39) through contour plots, 2D profiles, and 3D profiles.

Case II.
K K
h=l=l=05=—"20m =m=0,n =2,
K4 Ko (40)
w3K| +m3Ks W4 K1 +m4Ks
m=0n=———nn=————--—.
Ko Ko
Substituting the parameter values of equation (40) into equation (36), we attain
w1K1Z 2 W K1 X 2
f=<— +W1f—|-51> +<— +w2t+52> -
o . @41)

w3 Kj —+ ms3Ks)z _ (wyky+myKs)z ,
( ) —wst |+ em4y +wat + n.

sin( —m3y+ %
K6

Substituting the expression (41) into equation (6) yields the appropriate solutions to the KDKK and BK equations
(1), which reveals the collision of solitary, periodic, and lump waves. Taking the specific value of the free
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(b)t=0,y=0

-15 -~
-10 -5 0 5 10 15

15
10
t
-10
-10 -5 0 5 10 15
X

(dt=0,z=0 Hy=0,z=0
18 18
16- 16
14- 14 3
12 12
1 1
u u uz
03 08
0.6- 06-
|
044 04
-15 - -5 5 5 -15 - -5 5 5 -15 -5 o 5 10 15

-10

S
=
S
<

[—y=15—y=2 =25 — y=3] [—z=15—:=2 z=25 —z=3] [—t=08 —t=12 t=1.6 —t=20]

(@1t=0,z=0 (h)r=0,y=0 Hy=0,z=0

Fig. 5 Collision of periodic and lump wave solutions of equation (29): (a)-(c) display 3D profiles with density plots;
(d)-(f) display contour plots; and (g)-(i) display 2D wave profiles.

parameters: m3 = —1, mqy = 0.5, w; = 0.8, w, = 0.1, w3 = 0.6, wy = 0.3, 6, = 6 = 1.5, 1 = —0.3, kK1 =2,

Kk =02,K=1, Ky =—-2, ks = —1, and K¢ = 1. The specific wave solution of the governing equation (1) is
_ 0.04
‘e (—1.62+ 0.8+ 1.5) + (0.1x +0.17 + 1.5)% — 0.3 + sin(—y — 2.2z + 0.67) + e0-—01+031
0.08 (0.1x40.17 4 1.5) (42)

2
((—1.6z~|—0.8t +1.5)%+ (0.1x+0.17 + 1.5)* — 0.3+ sin(—y — 2.2+ 0.61) +e0-5y*0~11+0~3’)
Its propagation velocity along the xy-plane is shown in Fig. 9.
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(e)t=0 Hr=1

(@r=-1 (hr=0 (i)r=1

Fig. 6 Collision of periodic and lump wave solutions of equation (32): (a)-(c) are the 3D profiles with density plots;
(d)-(f) are the contour plots; and (g)-(i) are the corresponding 2D wave propagation, respectively.

4.5 Collision of waves: lump and breather waves

Consider a function that combines cosine, the double exponential, and quadratic functions to test the collision
of lump and breather wave solutions of KDKK and BK equations (1), that is,

f=(Lix+my+nz4+wit+ 82 + (lhx +myy + noz+wat + &) + cos(lzx+ mzy + n3z + wat + 8)+

(43)
exp(lax + may + naz+wat + 64) + exp(—lax — may — naz — wat — 84) + 1,

where I, m,, n,, wy, 8,, and 1 are free parameters with r = 1,2, 3,4 to be determined. Substituting equation (43)
into equation (11) and following the same procedure as before. Then, a system of algebraic equations involving
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-30 30 1o 0 10 20 30 -30 30 1o 0 10 2 30 -30 30 1o 0 10 20 30
X X X

[—y=20—y=25 y=30—y=35] [—3y=20—y=25 y=30—vy=35] [—y=20—y=25 y=30—y=35]

(@t=-3 (hr=0 (i)t=3

Fig. 7 Collision of periodic and lump wave solutions of equation (35): 3D profiles with density plots are shown in (a)-(c);
contour plots are shown in (d)-(f); and 2D wave propagation along the x-axis is shown in (g)-(i).

Ly, my, n;, wy, Oy, and N is obtained, where 1 < r < 4. Solving the system of equations using the symbolic
software Maple, we obtain the values of some parameters:

K1 Kpnowi +wa Ky K3my + Konjnp Ke + no Ke Kamg
11:()712:_ 713:(),[4:07
K4 K3my
w1K1 +n1Keg Kons w3Kimy — Kjmzwi — m3ni Kg
m=—-—-——————,np=——,N3 = — 5 (44)
K5 K3 m1Ke
WaKimp — K1nigw — mani Kg

ng =
m Kg
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| | .
) 20 -0 3 10 20 30
X
010 009 o0
009 0.08 008
008 007 0.07
007 005 006
0.06 005
s 05
u u 00 u
005
0044 0.04
004
0034 0.03
003
002 0.02 0.02
001 001 001
-30 BT 1o 0 10 20 30 -30 BN 1o 0 lo 20 30 30 30 1o 0 10 20 30
X X X
[—y=1—v=2 =3 — y=4] [—y=1—7y=2 v=3 — y=4] [—y=1—yvy=2 =3 —— y=4]

Fig. 8 Collision of solitary, periodic, and lump wave solutions of equation (39): (a)-(c) display 3D profiles with density
plots; (d)-(f) display contour plots; and (g)-(i) display 2D wave propagation along the x-axis.
Substituting the parameter values of equation (44) into equation (43), we attain

o (Kiw1 +niKe)y
(e

Konoy
K3

2
+nm+wﬂ+50 +(— +nyz+wot + 6+

K1 K3(K1w1+n1Ke)W2 K3 (K1W1+n1 Ke )2 K
<K1 Kanawi — % + KoninyKe — %) K5)C>2

K4K3 (Kiwi +n1Ke)

_ Ki(Kiwi+n1Ke)ws
Ks

+

(45)
— Kimzwi —manj Ks) K52
—w3t—68 | +

COoS| — —
msy (K‘]W] +n11<6) K6

myy+Sz+wat+064 —myy—Sz—wat—04
e e
T n, ® Paradigm
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e

(b)r=0 (c)t=0.15

-40
-30 -20 -1o 0 10 20
X
(d)t=-0.15 e)t=0 ®t=0.15
0014 0.012
0016
0014 00121 0.010-
0012 0010+
0.008
0010 00081
u u u 0.006-
0008
0.006+
0006 0004
0.004
0004
0.002 00017 oo
o T T ? o T T T o T T T
-30 -20 -10 0 10 20 -30 -20 -10 0 10 20 -30 -20 -10 0 10 20
X X X
— y=10—y=15 y=20—y=25| —y=10—y=15 y=20 —y=25] — y=10—y=15 y=20 —y=25]
(g)t=—0.15 (h)t=0 ()t =0.15

Fig. 9 Collision of solitary, periodic, and lump wave solutions of equation (42): (a)-(c) display 3D profiles with density
plots; (d)-(f) display contour plots; and (g)-(i) display 2D wave propagation along the x-axis.

K1 (1wt Kg)wy
(* e e KW —mani K ) K

where § = (Kiw1+n1Ke)Ke

Substituting the expression (45) into equation (6) yields the appropriate solutions to the KDKK and BK equations
(1), which reveals the collision between the breather and lump wave. Choosing the particular value of the free
parameters: ms3 = —0.2, my = 0.4, ny = 0.3, ny = —i, wp = 0.1, Wy = 0.2, w3 = 0.3, Wy = 0.4, 61 = 62 = 63 =
0,=15n1=-0.6,x =02,k =04, k3 =0.5, Ky = —3, ks = —1, and K5 = 1. The specific wave solution of
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[—y=1—¥=2 y=3 — y=4] [—y=t—vy=2 y=3 —— y=4] [—y=1—7v=2 =3 —— y=4]

(@r=1 hr=3 ()t=5

Fig. 10 Collision between lump and breather wave solutions of equation (46): (a)-(c) are the 3D profiles with density
plots; (d)-(f) are the contour plots; and (g)-(i) are the corresponding 2D wave propagation, respectively.

the governing equation (1) is
1.440.06i
(03y 40324017+ 1.5 + 0% — 0.6+ cos (—0.2y —0.262 1 0.3+ 1.5) + @ F e 0
(2.88 +0.13i) Q?
((0.3y40.3z+0.17 +1.5)2 + 0% — 0.6+ cos (—0.2y — 0.262+ 0.3t + 1.5) + €@ + ¢=©)*’
where Q = (0.013 —0.6i) x+ 0.8y —iz+ 0.2t + 1.5 and @ = 0.4y + 0.3z 4 0.47 + 1.5. Its propagation velocity

along the xy-plane is shown in Fig. 10. Lump-breather interactions are elastic because each wave component
retains its original velocity, amplitude, and shape; only the phase or position changes before and after the

(46)
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collision. Therefore, no energy transfer, energy dissipation, or change in waveform is observed within the
asymptotic limits.

5 Physical interpretation of the findings

This section presents a comprehensive visual representation of the results from the KDKK and BK equations
using the free parameters listed in Table 2, with an emphasis on the absolute components. To determine the
amplitude and nature of the fluctuations in the solutions, we examine their absolute components to see how they
vary along the absolute axis. This also helps us understand the overall stability and robustness of the solutions.

Table 2 Visual analysis of the KDKK and BK equations for the free parameters.

Fig. No. ‘ Free parameters with intervals

Fig.l K1:1, K'2:1, K'3:1, K‘4:—2, K5:—1, K'6:—2,ll:1,m2:l,n2:1,W1:1,
Si=&=1n=1z=1for—15<x<15,—-15<y<15

Fig. 2 Ki=21K=2Ki=1kK=-2Kk5=—-1K=1LL=h=1,n=1,w=w=1,
or=—1,06=1,n=1,t=0for—15<x<15,-15<y<15

Fig.3 Kl:1,Kzzl,ngl,1(4:—2,K‘5:K(,:1,13:1,n1:n2:n3:1,w2:1,51:1,
h=1,n=1,z=1,r=0for—15<x<15,-15<y<15

Fig. 4 Ki=lLxw=1,K=1,xm=-1Kx=-1K=1,L1=LK=1,5L=-1,n = -3,
n2:n3:1,51:52:1,77:1,z:5f0r—15§x§15,—15§y§15

F1g5 K‘lzl,ng—l,K3:1,K‘4:—3,K5:K‘6:1,m2:m3:l,n3:1,w2:1,5l:52:1,
n=1for—15<x<15 -15<y<15

Flg6 Klzl, Kzzl, K3:1, 1(4:—1, K5:1, K‘(,:l,mlzi,mgzm3:1,n1:n3:1,
wo=1,8=8=1n=-1z=3for —30<x<30,-30<y<30

Fig.7 K1:1,ngl,K3:1,K4:—2,K‘5:—1,K6:1,m2:m3:l,n1:i,n3:—1,w2:1,
or=6=1,n1=1,z=1for —30 <x<30,-30<y<30

Fig.8 K1 = 1, KQZO.S, K3 = 1, K‘4:—4.5, K'5:—l, Ke = I,M3:—0.2, m4:0.4, ny =0.3,
np=—i,w =01, w,=0.1, w3 =02, wy =05, 8 =6 =15,1=-0.6,z=0 for
—30<x<30,-30<y<30

Fig. 9 Ki=2, k=02, K35=1,ky=-2,k5=—1, k=1, m3=—1,my =05 w; =0.8, wy =
0.1,w3=0.6,ws,=03,0,=6=151=-03,z=0for —40 <x <20, 40 <y <20
Fig. 10 | k=02, 0=04,3=05,xy=-3, x5 =—1, k=1, m3=—-0.2, my =0.4,n, = 0.3,
n=—i,w; =0.1, w, =0.2, W3=0.3, wy = 0.4, 51 252:5325421.5,1’]:—0.6,
z=0for —30 <x<30,-30<y<30

In Fig. 1, we have illustrated the lump wave solution, where it propagates to the left along the x-axis in
(a) and to the right in (b) and (c). The three-dimensional graph of the solution to equation (15) shows a peak
in absolute value, and a contour plot displays a flower-like pattern that helps to understand the nature of the
solution. Fig. 2 illustrates the nature of the lump wave solutions for different values of z in equation (18). The
solutions are shifting to the right along the x-axis, shown as a 3D profile with a density plot and a flower-like
contour plot. Fig. 3 illustrates the collision of the solitary and one-lump wave solutions of equation (22), where
we have generated 3D profiles and density graphs using different parameters. Using time variation, we analyzed
the collision of the solitary and one-lump wave solutions of equation (25) and displayed a 3D profile with density
plots and 2D wave propagation along the x-axis, as shown in Fig. 4.

Based on different choices of free parameters and range space, Figs. 5, 6, and 7 illustrate the collision
between the lump and periodic wave solutions of equations (29), (32), and (35), respectively. Fig. 5 presents
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the absolute parts corresponding to different soliton behaviors in the xy, xz, and xt planes. Additionally, Figs. 6
and 7 illustrate the behavior of the absolute value of the soliton with respect to time. The contour plots provide
a detailed overview, which helps in understanding the nature of the solution and how the function behaves in
the xy-plane. By selecting different values of y, the corresponding two-dimensional wave propagation along the
x-axis is shown. In Figs. 8 and 9, we have illustrated the collisions between the lump, periodic, and solitary
wave solutions of equations (39) and (42), respectively. Fig. 10 illustrates the collision of the breather and lump
wave solutions of equation (46). Using time variation, the absolute solutions change their positions, which are
represented as a 3D profile with a density plot and a 2D wave profile.

6 Analysis of bifurcations and equilibrium states

This section considers the following wave transformations, with an emphasis on the equilibrium and
bifurcation analysis of the KDKK and BK equations (1):

qu(&% §=ox+1y+uz—pt, 47)

where 0, T, iU, and p are free parameters. Inserting equation (47) into equation (1), which leads to the ordinary
differential equation

d? 0Ky + TKs + UK — PK] 3ouks+ 372K+ 6IoUT 2
@W(§)+ < (tK3 + uKy) 62 )W(@ + ( 2(tK3+ Ukr) 027 ) (W(é)> =0 @8

Now, from equation (48), we get

2

d 2
W@+ W &) +(WE) =0 (49)

%GuK;+3T K3+6KUT
2(TKk3+UKy ) 02T

O K4+ TKs+UKs—P K]

where | = [T+ 11%) 02

and y» =

To obtain the two-dimensional dynamic structure, rewrite equation (49) in the form:

4 wig) =y (@),

, (50)
V(&) =—nW(E) - 1(WE) "

dg
In this case, the Hamiltonian function H = H(W,Y ) associated with the solution of the dynamic system (50), we
can write

He Lty Ky Xoys (51)

2 2 3
The total energy of a dynamical system is denoted by H, which is the sum of the potential and kinetic energies
of the particles, and it depends on their position and momentum. The paths along which the total energy remains

constant are shown visually. Equation (51) satisfies d‘g = ‘3;1 and g’g . For the dynamic system (50), if

‘: =0 and d—g = 0, then the equilibrium points (EPs) are (0,0) and ( ,O). Let Tr and D be the trace and
determinant of the Jacobian matrix (JM). Then, we can write:

M — [ 0 1
—X1

oW 0] , Tr=0, D=y +20W. (52)

From the theory of planner dynamical systems, we can write the critical points of system (50) as follows: if
D < 0 (D > 0), then EP is a saddle point (center), and if D = 0, then EP is a zero point. The eigenvalues of
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LN S N MR

©x1<0,2<0 Dx1<0,x2>0

Fig. 11 Phase portrait graph of the dynamic system (50) using different parameter values.

the dynamic system are A = ++/—x; —2,W. We first study the EPs to investigate the phase portraits of the
dynamical system (50). For (0,0), the eigenvalues are A = &,/—), whereas A = &,/ are eigenvalues for the
EP (—%,O). It is easily seen that if ; # 0, then the system (50) has two EPs, (0,0) and (—%,0). Meanwhile,
if x; = 0, then the system (50) has only one EP (0,0). All the equilibrium points lie on the W-axis. The study
of dynamical systems involves four distinct phenomena, namely:

CaseL. y; >0, % <0

In this case, the EPs (0,0) and (—%,0) are the center and saddle point, respectively. Fig. 11a shows the
phase portrait graph of the dynamic system (50) with free parameters. Here, the two extended curves of a
homoclinic orbit are shown in green. There are two types of orbits in this family: the first type, shown in blue,
consists of various periodic trajectories that rotate clockwise around the center point (0,0). The second type is
a family of orbits that have a hyperbolic shape, highlighted in orange. Additionally, the homoclinic orbits are
highlighted in magenta, representing the only remaining members of this family of orbits. Fig. 12 shows the

Hamiltonian function of the dynamic system (51) through 2D, 3D, and contour graphics.
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(a) (b) ()

Fig. 12 Hamiltonian function graphics for the dynamical system (51) for k; = 0.3, Kk, = 0.5, k3 = 0.8, k4 = 0.8,
ks =05,k =03, 0=12,7=1.1,u=-0.8,and p = —0.5.

H

(a) (b) (©)

Fig. 13 Hamiltonian function graphics for the dynamical system (51) for k; = 0.3, k» = 0.5, k3 = 0.3, k4 = 0.8,
ks =0.5,k=03,0=12,7=1.1,u=0.8,and p =0.5.

Casell. y; >0, x>0

In this case, the EPs (0,0) and (—%,0) are the center and saddle point, respectively. Fig. 11b shows
the phase portrait graph of the dynamic system (50) using the free parameters. Fig. 13 shows a graphical
representation of the Hamiltonian function of system (51), including 2D, 3D, and contour plots. The discussion
is similar to the previous Case I, which applies to both Figs. 11b and 13.

CaseIll. y; <0, x» <0

In this case, the EPs (0,0) and (—%,0) are the saddle and center points, respectively. Fig. 11c shows
the phase portrait graph of the dynamic system (50) with free parameters. Here, the two extended curves of a
homoclinic orbit are shown in green. There are two types of orbits in this family: the first type, shown in blue,
consists of various periodic trajectories that rotate clockwise around the center point (— %,O). The second type
is a family of orbits that have a hyperbolic shape, highlighted in orange. Additionally, the homoclinic orbits
are highlighted in magenta, which are the only remaining members of this family of orbits. Fig. 14 shows the
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Fig. 14 Hamiltonian function graphics for the dynamical system (51) for k] = 0.3, kK, = —0.5, k3 = 0.8, k4 = 0.8,
Ks =—0.5,k=03,0=09,7=-0.5, u=-0.4,and p = —0.5.

[H|

Fig. 15 Hamiltonian function graphics for the dynamical system (51) for k; = 0.3, k» = 0.5, k3 =0.8, k4 = 0.8,
ks =0.5, Kk =0.3,60=—-09,7=0.5, u =—-0.4, and p = —-0.5.

Hamiltonian function of the dynamic system (51) through 2D, 3D, and contour graphics.
CaseIV.x; <0, o >0

In this case, the EPs (0,0) and ( —%,0) are the saddle and center points. Fig. 11d shows the phase portrait
graph of the dynamic system (50) using the free parameters. Fig. 15 shows a visual representation of the
Hamiltonian function of system (51), including 2D, 3D, and contour plots. The discussion is similar to the

previous Case III, which applies to both Figs. 11d and 15.

7 Analysis of sensitivity

In this section, the dynamics of the KDKK and BK equations (1) are examined to see how small changes
in parameters or initial conditions affect the behavior of a dynamic system. We analyze the sensitivity of the
dynamic system (50) by utilizing the Runge-Kutta technique. The parameters k; = 0.3, k; =0.5, k3 =0.8, Ky =
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0.8,x5=0.5,k=03,0=12,7=1.1, u = —0.8,and p = —0.5 are chosen to solve this system. To investigate
the sensitivity of the system, we also consider four different initial conditions: IC1 [W(0) =0.12,Y(0) = 0]; IC2
[W(0)=0,Y(0) =0.12]; IC3 [W(0) = 0.22,Y(0) = 0]; and IC4 [W(0) = 0,Y(0) = 0.22].
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Fig. 16 Sensitivity analysis of the dynamical system (50) with different initial conditions.

Additionally, Fig. 16 demonstrates the consistency of the unperturbed system (50) and analyzes how the
system behaves under different initial conditions. This figure illustrates the sensitivity analysis of W(§), Y (&),
and W (&) Y (&) with respect to &, based on four distinct initial conditions. Fig. 16 shows four colors: cyan, blue,
leaf green, and orange. Here, the cyan curve represents IC1 (0.12, 0), the blue curve represents IC2 (0, 0.12),
the leaf green curve represents IC3 (0.22, 0), and the orange curve represents IC4 (0, 0.22), respectively. Leaf
green indicates a long height curve, while blue indicates a short height curve. The graphs highlight the complex
structure and variations of the system, making it easier to show how the system has changed over time under
different initial conditions. Even small changes in the initial conditions can considerably affect the system’s
behavior. Therefore, we identify that a minimum sensitivity is present in the given equation.

8 Conclusion

In this work, we applied the Hirota bilinear technique to determine the bilinear form of a generalized
(3+1)-dimensional KDKK and BK equation that identifies the physical phenomenon of the waveform. Using a
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computer program known as Maple software, we illustrate the characteristics of collisions between different
waves. The dynamical behaviour of lump waves and their collisions with single-lump and solitary waves, lump
and periodic waves, and lump and breather waves has been examined and described using various ansatz
functions. In addition, we illustrate how the lump interacts with breather waves, periodic waves, and solitary
waves to generate different types of dynamical patterns in the solutions. The nature of the solutions is displayed
visually, including 2D, 3D, and contour graphics. Figs. 1 and 2 show the dynamic structure and features of the
lump wave solutions, whereas Figs. 3-10 display all the collisions between various waves. Also, the bifurcation
process and sensitivity analysis of dynamic structures are studied based on the theory of planar dynamical
systems. The exact stable Hamiltonian system is derived using a well-known Galilean transformation. We also
demonstrate the phase diagram while performing a qualitative analysis of the Hamiltonian function. Therefore,
the obtained results will help in understanding and describing the complex physical structure and
characteristics of wave profiles related to fluid mechanics, shallow water waves, nonlinear dynamics, and ocean
engineering. The advanced method proposed here can be easily applied to other nonlinear higher-dimensional
systems, opening up new possibilities for studying wave-structure interactions in various computational
engineering, optical fibers, nonlinear sciences, and other advanced scientific domains. In the future, researchers
can extend the current research to multi-dimensional nonlinear mathematical models that include numerous
physical parameters, and also investigate turbulent wave systems that more closely resemble real-world fluid
dynamics and nonlinear dynamics.
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