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orthogonal decomposition (POD) method to a Galerkin finite element (GFE)
formulation, resulting in a POD GFE formulation with lower dimensions and high
accuracy. The error between the reduced POD GFE solution and the traditional GFE
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1 Introduction
The study of nonlinear waves is helpful to clarify the law of motion changes of physi-
cal systems under nonlinear effects, and to reasonably explain related natural phenom-
ena. Therefore, many models have been proposed to describe their behaviors. In fact,
we can find various mathematical descriptions of wave dynamics, such as regular long
waves (RLW), Korteweg-de Vries (KdV), and Rosenau equations; see, e.g., [1-3]. Among
them Benjamin et al. [1] determined the exact expression of the RLW model under the
constraints of initial conditions and boundary conditions and proved the existence and
uniqueness of the solution of the RLW model. Bon et al. [4] adopted RLW modeling for
small-amplitude long waves on the water surface; As pointed out by Abdulloev et al. [5],
an important feature of the RLW problem is that the collision between two solitary waves
either produces a sinusoidal solution or secondary solitary waves.

It is worth mentioning that the KdV equation has applications in many fields of physics
and is widely used in the description of dynamic effects such as ion acoustics, magneto-
hydrodynamic waves, and longitudinal astigmatism; see [6—11] for details; moreover, the
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existence, regularity, and convergence of solutions for KdV-type equations were proved in
[12-14]. Recently, Kaya and Aassila in [15] computed explicit solutions to the KdV equa-
tion with initial conditions using the Adomian decomposition method. Ozer et al. [16]
solved the KdV equation by an analytical-numerical method.

Rosenau proposed a new model to solve the KdV equation cannot describe the wave—
full-wave and wave—wave interaction, it is called the Rosenau equation, used to describe
the dynamic behavior of dense discrete systems; see, e.g., [3, 9]. Later, Zuo [8] solitary
waves and periodic solutions of the Rosenau-KdV model were studied. Barreto et al. [17]
discussed the existence of solutions of the Rosenau equation and using Galerkin, multi-
pliers, and energy estimation techniques, obtained the Rosenau equation with a plus sign
in the advection-like term in the motion domain.

It is known that Rosenau equation adds a dissipative effect term u,,, which is usually
called Rosenau-RLW (or Rosenau-Burgers) equation. A study of the Cauchy problem and
the stability of traveling or diffusing waves for the Rosenau-RLW equations is given in
[18-21]. Particularly, Piao et al. [22] reported the error of quadratic B-spline FEM solu-
tion for the Rosenau-RLW equation. Besides, many researchers have solved Rosenau-RLW
equation by using different methods, such as B-spline collocation, GFE, finite difference,
conservative difference scheme; see, e.g., [24—28].

On the other hand, many scholars have studied the (inviscid) Rosenau-KdV-RLW equa-
tion both analytically and numerically. Here are the following examples: Razborova et al.
[29] and [30] determined their impulsive and kink (or topological soliton) solutions us-
ing sech and tanh ansatzs, and the singular solutions of the same equations using cosech
ansatz. In addition to this, Razborova et al. [31] found a third invariant of the (inviscid)
Rosenau-KdV-RLW equation under the condition that the mass and energy of the ho-
mogeneous boundary conditions are constant Lying symmetry. In addition, Wong sai-
jai et al. used the cubic level method to solve the Rosenau-KdV-RLW equation in [32]
and performed an implicit finite difference method for the equation and compared the
numerical results obtained with the sine-cosine function approximate. In [33], the invis-
cid Rosennau-KdV-RLW equations were numerically solved using the pseudo-compact
method and the trapezoidal scheme in time. In [34], A. Biswas et al. used the quintic B-
spline finite element method, a local-structure preserving technique that includes multi-
symplectic and energy- and momentum-preserving procedures [35], a linearly implicit
conservative finite difference technique [36], and a local meshless technique and the finite
difference method [37].

In this paper, we consider the higher order equation of wave propagation in unidirec-
tional water:

Up — Uty — Sy + Ny + Vilhyypn + Olhrs + (1) =0, x€ Q,£€(0,T], (1.1a)
with the initial condition:

u(x,0) = ug(x), x€€, (1.1b)
and boundary conditions:

u(x,t) =0, Uuy(x,t) =0, x€dR,te(0,T], (1.1¢)
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where f (1) = cu + I%up”, u(x,t), t >0and Q € (0, 1) denote the (nondimensional) ampli-
tude, time coordinate, and space coordinate of the wave, respectively. § and v are pos-
itive constants, and «, B, i, n, 6 are arbitrary parameters. p > 1 is a positive integer,
which makes f () a non-linear term. In equation (1.1a), different types of equations are ob-
tained by assigning appropriate values to the parameters. For example,if 4 =n=v =6 =0,
a=pf=38=1andp=1, we can get the RLW equation; ifa =u=8§=n=v=0,=0=1
and p = 1, we can get the KdV equation; if u =8 =n=0,a =f=v=0=1andp=1, we
can get the Rosenau-KdV equation, etc.

Note that solving numerical solutions of nonlinear complex systems requires high stor-
age and CPU costs. Solving complex, turbulent, and chaotic systems remains a daunting
task for us, even with optimal mesh generators, discretization schemes, and solution algo-
rithms. Therefore, how to simplify the actual calculation load and save time and resource
demand is an important problem. In the simplification process, it is also necessary to en-
sure that the numerical solution is accurate and efficient enough. In addition, it makes
sense to use the reduced-order method if the underlying PDE must be solved multiple
times, i.e. under optimal control or in the case of different parameter studies using the
same PDE; see, e.g., [38—40].

Actually, among many reduced-order modeling techniques, the most frequently used
method is based on a proper orthogonal decomposition (POD) technique. In other words,
POD is a technique that provides sufficient approximation to represent fluid flows with
fewer degrees of freedom, i.e., low-dimensional models that reduce computing load and
save memory requirements(see [41]). Indeed, POD in combination with Galerkin projec-
tion has been used for many years to formulate reduced-order modelings for dynamic
systems; see, e.g., [23, 42-56].

Compared with the work [57], in which the authors solved solution of the Eq. (1.1a)—
(1.1c) with compact method in the domain (—00, +00), in this article, we will mainly dis-
cuss the theoretical analysis and present a quadratic B-spline GFE approximation for Eq.
(1.1a)—(1.1c), and further study the reduced-order modeling of Eq. (1.1a)—(1.1c) based on
POD GFE approximation.

The remainder of this paper is organized as follows: The existence and uniqueness of
weak solutions of Eq. (1.1a)—(1.1c) are proved in Sect. 2. In Sect. 3, the semidiscrete B-
spline Galerkin approximation is discussed, and the second-order spatial error estimation
in Lo (€2) norm is derived. In Sect. 4, a fully discrete scheme based on the Crank-Nicolson
method is proposed and the second-order accuracy of the scheme in the time direction is
proved. In Sect. 5, the method for generating POD basis is introduced and the reduced-
order modeling is constructed. The error estimates between the reduced-order modeling
solution and the usual GFE solution are deduced below. In Sect. 6, some numerical exper-
iments are given to verify the effectiveness and accuracy of the proposed method. Finally,
the conclusion of this paper is given.

2 Existence and uniqueness

For open interval Q = (0, 1), H*(R2) be the standard Sobolev space of real-valued functions
defined on €2, so H(’)< ={ve HQ): % =00nd,j=0,1,...,k — 1}, where k is a non-
negative integer. Let L%(2) be the usual Hilbert space on Q whose scaler product and
norm are denoted by (-,-) and | - ||, respectively. The inner product of L2($2) denoted by
(v,w) = fQ vwdx. The norms of L*(£2) and H*(S2) are denoted by | - ||oo and || - &
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For simplicity, let X = H3(Q2). At the same time, we assume that u is enough smooth in
time. Find u(-, ) € X for t € (0, T] such that the following weak formulation of equation
(1.1a)—(1.1c) is given by:

(s, ) + 1ty Xx) + S (it X)) + (Ui Xx)
+ V(uxxt’ Xxx) - Q(Mxm Xx) = (f(u)¢ Xx)¢ VX eX, (21)
#(0) = uo.

And let C represent a positive constant independent of step size 4 and integer k, which
may have different values in different cases.

Theorem 1 For VT > 0, let u(x,0) = uy € X, (2.1) exists a unique solution u. Let
lull Lotz () = SUPsefo, ) 14( D)l 112(q2)s there exists a constant C depending on T so that:

2]l oo (rr2(@)) < Clluolla- (2.2)

Proof For the existence of (2.1), let {;}?°, be a orthogonal basis for X and V" =
span{vy, va, ..., v, }. We define u™(¢) = > ", gi(¢)v; € V™. Then for each ¢ > 0, it satisfies:

(", x) + (!, xx) + 8ty xoe) + M(Ules Xecx)
+ V(U Xax) — Oty Xx) = (F@™), Xa)s (2.3)

u"(0) = uo,m,

where uy,, is the orthogonal projection of u# onto V" and 1, converges to iy in X. As a
result, (2.3) becomes a system of nonlinear ODEs. Thus, using Picard’s existence theorem,
there is a positive time ¢,, € (0, 7] such that the nonlinear system has a unique solution ™
in (0, t,,].

The following a priori bounds are needed because we want to prove the global existence

using the continuation argument. Setting x = #” in (2.3) and #” = 0 on 9<2, we have:
1 1
—/ ul'f (u™) dx :/ u"f (u™) dx
0 0

! ,3 p+l
= / u” <au"’ + —(um) ) dx
0 p+ 1 X

[ @) e o [ (),

S NI

From (2.3) and §, v > 0, we get the following result:

| 0 W] 7 R e el (T e T R U B (24)

Integrating (2.4) from 0 to ¢ gives

min{L, &, v}([u” |+ |2 + |u]?)
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< max(1,5,v} (| @) + |2 @) + [s2(0))
o [ 1w « 6l + s s
Thus, we have:
Jan P+ |+
<c(Jw ol [ + [z ol
[ « Lol izl ),
By using Gronwall’s inequality [16, 17], we get:
[ @], = e @] (2.5)
For t,, € (0, T}, using Sobolev’s inequality theorem, we get:
[0 iy = iy = CD ol 26)

Setting x = u}" in (2.3), we get:

(u;”, uf’) + ;L(u;”, u;f;) + 5(”::;, u;';) + n(u;'jc,u;’;t)

+ v (s, ul,) — 0 (e ully) = (f (u™), ul)).
Using Young’s inequality ab < ¢a® + .-b* with a,b € R, ¢ > 0, we have:

e v R i

< C[e(e s D enfz |

1 1 2.7)
A R TG
= C(lw I+l + L @) ),
where
m\ |2 m & m\p+1 >
)= [ (o Sy s
2 m\2 282 m\ 2p+2 (28)
<2u /Q(u)dx+(p+1)2/9(u) dx

2 p+l
< Clluomllz (1 + luomly)-

Page 5 of 22
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With (2.5) and (2.8), the inequality (2.7) can be reduced to ||z} || oo (112 < Cll4o,m ||2- Then,
let i be fixed and m > i, in L*°(0, T') space, there exist the following convergence sequences:

(™, vi) = @, va), () vi) = (s vi), (W Vie) = (s Vi), (W0 Vi) = (thaes Vi),

(L{ZL, Vi,x) — (uxxr Vi,x)r (u;nxt’ Vi,xx) — (uxxtv Vi,xx)r (f(um)» Vi,x) - (f(u)r Vi,x)'

Thus, we have:

(utr Vi) + M(uxr Vi,x) + 5(uxt: Vi,x) + n(uxx: Vi,xx) + v(uxxt: Vi,xx) - G(Mxxr Vi,x) = (f(u)¢ Vi,x)'

The existence of (2.1) follows from the denseness of the basis v; in X.
For the uniqueness of (2.1), suppose u and v are two solutions of (2.1) and let w = u — v.
We get:

(Wt’ X) + M(Wx’ Xx) + a(thr Xx) - G(Wxx’ Xx)
(2.9)

+ n(Wxx’ Xxx) + V(Waxrs Xxx) = (f(u) _f(V)’ Xx)’ x €X.

As |u]l and |V« are bounded, we can get that f(u) satisfies the Lipschitz condition.
Setting x = w in (2.9), we have:

[wOI" + w0 + ||

t 5 ) ) (2.10)
< [+ [ + o) ds

According to Gronwall’s inequality, we have [[w(£)[|> + [|[wx(£)||® + [wxx(£)||> = O, that is to
say, w(t) = 0, i.e., (2.1) has a unique solution. This concludes the proof. O

3 Semi discrete quadratic B-spline Galerkin approximation

The Galerkin finite element method is an effective method for solving differential equa-
tions. For fourth-order differential equations, the Galerkin finite element method with
B-spline basis functions can achieve desired results. Divide the interval Q = [0,1] uni-
formly and denote the partition as 0 = xp < %1 < --- < a7 = 1 with J; = (%;,1,%;) and & =
maxj<;<s(x; — x;_1). A subspace with respect to X is defined as follows:

Xh = {V € CI(Q),Vlji S P2(]i)7i= l,...,[,V|39 =0, V,|3Q = 0};

where P (J;) represents the set of polynomial degree less than or equal to 2 on J;.
For the function uy, : [0, T] — Xj,, define the semidiscrete Galerkin approximation of
(1.1.b) with initial value u(0) = uyq:

(unes X) + (8 Xx) + (Uit Xx) — O s Xz)
+ (s Xax) + V(Upaats Xonx) = (f (), X2)» X € Xy
where uy, € X}, is an appropriate approximation to .

Then, the finite element space satisfies the following approximate properties, as shown
in [58-60].
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Lemma 1 Assumev e HYQ)NX and x € Xy, then there exists a constant C independent
of h, such that:

Iv=xll2 < CH*||v]la. (3.2)
With ¢ > 0, we use Picard’s theorem and the continuation argument to prove the exis-

tence of a unique solution #” to (3.1). Let x = uy, in (3.1), with the same approach as the

proof (2.6), the following priori bounds can be obtained:
lunllzoowoo(@)) < Cllunll ooy < Cllunolla- (3.3)
To analyze the convergence of the semidiscrete scheme (3.1), we define the bilinear form:
Aw,v) = (W, 1) + Wy, Vi) + VWi, Vi), YW, v € X,

Let % be an auxiliary projection of # on subspace X}, as in [15], defined by the following
formula:

Alu—-u,x)=0, Vxe€Xp. (3.4)
Now we use the standard error decomposition e = u — uy, = £ — ¢, where § = u — & and
¢ =u,—u.

In Lemma 2 below, we obtain error estimates for & and &;.

Lemma?2 Assumeu € HY(Q)NX and t € [0, T, then there exists a constant C independent
of h, such that

6l < CH ulla,  11& ]2 < CH*|ulla
Proof By (3.4) and lemma 1, we have:

min{1,8, v}|lu — i||5 < A(u — it, u — i)
= Alu—it,u—yx) (3.5)

< max({1,8, v}llu—itll2llu - X l2.
Thus, [lu - ll2 < Cllu - xll2 < Ch*||ulls, Le.,
I€ll2 < CH?llulla. (3.6)
Let & be the project of u, on X}, defined as:
Al — 11, %) =0, x €Xy. (3.7)
Moreover, by (3.2), we know:

llae — 2tlly < CH* ||t o (3.8)

Page 7 of 22
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From (3.4) and (3.7), it follows

min{1,8, v} || - ill; < A - i, i, — i)

= At — uy, Uy — 11)

d o (3.9)
= —EA(M — U, 1y — 1)
=0.

According to (3.8) and (3.9), we get |lu; — it;|l2 < ||t — itllo + ||t — @t ||l2 < Ch?||us]l4. Con-
sequently, it holds

I€ll2 < Ch*[lugla- O

Theorem 2 For t € [0, T], assume that uy is the X projection of uy onto Xy, there exists a
positive constant C independent of h such that:

llee — plloo < Clu, T)H?.
Proof By subtracting (3.1) from (2.1), we can get:

(@65 %) + 1(Ds Xe) + 8(Prts Xx) = O(Dns Xie) + N (D Xax) + V(Prxxts X
= (& 0 + 1 ) + 8(Exes ) = 0(Es Xx) + 1(Es X (3.10)

+ V(s Xax) + (f(uh) - f(w), Xx)'

Then, setting x = ¢ in (3.10), we obtain:

(Bes @) + 8(dxts Px) + V(rars Prx)
< (&0 @) + 1(Ex, D) + 8(Exrs D) — 0 (s D) + 1 (Exxs Pix)
+ U(%-xxt! ¢xx) + 9(¢xx: ¢x) - n(¢xx) ¢xx) + (f(uh) _f(u): ¢x)

With the help of the Cauchy-Schwarz inequality and the Lipschitz continuity of f, we get:

d
E(H(ﬁll2 +81ul? + vlidaal®) < CUIENS + 1605 + 1917 + pell® + llaell).- (3.11)

By using Lemma 2 and uyg = iy, it further yields:

1013 = [ (1618 + 1613 + 1912) ds = Gl T+ € [ 1013
Moreover, from the Gronwall’s inequality, it holds

I¢13 < Clu, T)e" * < Clu, TH,
From Sobolev inequality theorem, we can get:

I ¢lloc < Clu, TIH.

By using Lemma 2 and the triangle inequality, the proof is completed. O
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4 Crank-Nicolson scheme

For a smooth function ¢ on [0, T, the time step is expressed as k such that k = T/N with
t"=nk,(n=0,1,...,N). We denote ¢" = £ ("), 9,;{" = %, ;”‘% = % The discrete-
time finite element Galerkin approximation uj, of u(¢") is defined as a solution of

-1
(atuz: X) + 6(atuzx: Xx) + V(atMZxx, Xxx) + /,L(MZx > ) Xx)
-1 1 1
+ n(uZx;’ XMC) - e(uzxxz’ XJC) = (f(MZ 2)’ Xx)r X € Xh; (4'1)

0
uh = Uno,

where uy € X}, is an appropriate approximation to .
The following a priori bound is useful to prove error estimates of the fully-discrete
Galerkin-Crank-Nicolson method.

Theorem 3 Let uj, be a solution of (4.1), for n > 1, then there exists a positive constant C,
such that:

[l = Clluill,- (4.2)
Proof Let x = uz_% in (4.1), it holds that:
() + 5@ ) 0 @ity + (o)

_1 _1 1 1 ! 1
+ n(uZxxz’MZxxj) _e(uZxxz’uij) = (f(“Z 7)’”2}67)

el o4l
In fact, (f(u;, *),u,,") =0, thus:
(] R 7 e 7 -yl {7 R 7 R T
Then:
613 < €l
By using the Sobolev imbedding theorem, we have completed the proof of (4.2). g

4.1 Existence and uniqueness
To prove the existence of the solution u, of (4.1), we use the following variant of the
Brouwer fixed point theorem.

Lemma 3 Let H be a finite-dimensional Hilbert space with inner product (-,-)y and norm
Il - ||z Moreover, let F be a continuous mapping of H into itself, such that (F(W), W)y > 0,
forall W € Hwith |W ||y =0 >0. Then, there exists W* € H with || W*||y < o, satisfying
that F(W*) = 0.

Theorem 4 Suppose that ul), us,, ..., u; " are given, and then there exists a unique solution
uy, n> 1, satisfying (4.1).
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Proof Let continuous mapping F : X;, — X, for W, x € X}, we denote:

(F(W): X) = (W, x) + 8(Wi, xx) + V(Wix, Xax) — (uz—l’ X) - 3(%;1’ Xx)
k k
- U(MZ;;’ Xxx) + TM(Wx, Xx) + Tn(Wxx: Xxx)

k6 k
- T(Wxx; Xx) = i(f(W)r Xx)'

Let x = W, using Schwarz’s inequality and for appropriate &, it is easy to get that:

ku k6 kn kO

(FOW), W) = [ W]+ (8 v Z) W + (v + - Z)HWMMZ

= (e 1w+ 8o [IWel + v o [IWeell)
> CIW I (IW 12 = Clluf ™ ,)-

For [ Wy = Cllu} ||z + 1, we have (F(W), W) > 0. From Lemma 3, it can be seen that there
exists W* such that 7(W*) = 0. Hence, uj, = 2W* - uZ‘l satisfies (4.1). This completes the
proof of existence.
Below we prove the uniqueness by induction. Suppose uj, and v}, are two solutions of
(4.1). Let W” = uj; — v}, we get:
(W™, x) +8(8: W, xx) + v (3 Wik Xx) + M(W;_%» Xx)

1 1
n—z n-3z

(W ) — (Wi 2 0) = (P ) = F (4 2), ).

Let W1 = 0 and choose x = W1, it yields that:

min{1,§, v} n-1

-1 1
s LA PR LA R Dl |
(4.3)

) =0 ) w2

As ||y |l and ||V} [l are bounded. we can get:

nol nol
I ®) - (042 = clwr=2]. (4.4)
By (4.3) and (4.4), it can be inferred that:

1 n—%

n-% n— n
oWl < cQwr P+ w2 P w2 [P < c(wr ] + [ wel)-
Using discrete Gronwall’s inequality, for sufficiently small k, we have || W” || = 0. That is

to say, W” =0, i.e,, uj, = vj;. The proof is completed. d

4.2 Error estimates

Letting u” = u(¢") and using the elliptic projection #”, we denote the error e” := 1"

£" —¢", where " =u" — 0", ¢" = uj, — u".

n _
_uh_

Page 10 of 22



Zhao and Piao Journal of Inequalities and Applications (2023) 2023:104 Page 11 of 22

Theorem 5 Take uy = 14(0), then there exists a positive constant C, for sufficiently small h
and k, we have:

W —u| <Cu, T)(H*+k?), 1<n<N.
hll o

_1
Proof If we subtract the equation (4.1) from (2.1), let p” = u? > —9,u", and use the auxiliary
projection, we have:

(39", x) + 839l xe) + v (s )
= (0", ) + 8(BE”, 1) + 0 (067 ) — (022 02)
- n(¢§£%, Xx) + 9(¢f§%, Xx) + M(E:i%: Xx) + n(éf;:%,xxx) (4.5)
—0(En %) + (") + 8(0l ) + (Pl 1)
;

+ (f(u272) _f(un—%)’ Xx); Vx € Xp.
Using x = ¢""% in (4.5), we get that:
_1
N I el e o o e e R o e el

e Lo+ L) - £ 6 )P,

Using the Lipschitz condition of f and the boundedness of ||u}}|| and ||#" || yields that:

(4.6)

I r=2) = )| = (872 + o2 ). (47)
Then, from (4.6) and (4.7) it follows:

]2 < Ck(anni +Z||sf||i+z|wn2). 4s)
=0 j=0 j=1

Using discrete Gronwall’s inequality, we have:

o1, < Ck(leé’Hﬁ + lepj||2>-
j=0 j=1
From Taylor’s formula, we can get:
12 3 4 2
10| < ck / 40 (5)| ds. (4.9)
tj—l
Combining (4.8) with (4.9), we obtain:
¢ H; <c(u, T)(H* + k*).

Consequently, using Lemma 2, the triangle inequality with the Sobolev inequality theo-
rem, we complete the rest of the proof. d
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Given the parameters «, 8, i, 8, 1, v, 6, the spatial step /, the time step increment &, and
finite element space X}, by solving Eq. (4.1), we can obtain a group of solution ensembles
{uf 3, for Eq. (4.1). Thus we choose ¢ (in general, £ < N, for example, £ = 32, N = 200) in-
stantaneous solutions uzi (%) (1 <m <my<---<ng <N) (they are usually evenly selected)

from N solutions instantaneous {u],(x)} for Eq. (4.1), which are referred to as snapshots.

5 Error estimates for reduced order pod models of generalized
KdV-RLW-Rosenau equation

5.1 Generation of POD basis and reduced GFE formulation

Define V as the space generated by the snapshots {U/;}*_,, at least one of which is assumed

to be nonzero. For uzi(x) (1<mn <ny<---<n <N) in Sect. 4, let U;(x) = uZi(x) 1<

i < £),such that V = span(Uy, Uy, ..., U;). Let {lﬁj}]l-:1 denote an orthogonal basis of V with

I =dim V, for (U, ¥)x = (uz;x, Vjxx), €ach member of the ensemble can be expressed as:

4
U= (U ¥x¥j, i=12,...,L (5.1)

j=1

Definition 1 The POD method lies in finding the orthogonal basis ¥, (j = 1,2,...,£) such
that for every d (1 < d <), the mean square error between the elements U; (1 <i < ¥¢)

and corresponding d-th partial sum of (5.1) is minimized on average:

¢ d 2
1
min -} U= > (U v)xvs| (5.2)
Wik * iz j=1 X
such that:
Wuv)x =8y 1<i<d1<j<i (5.3)

where || U;[1% = lluj. |I3. A set of solutions {1///}]‘71=1 of (5.2) and (5.3) is called the POD basis

of rank d.
The procedure to handle (5.2) and (5.3) can be found in [39, 42, 43, 45, 49]. Then we

introduce the positive semi-definite matrix G = (Gj)ex¢ € R with rank [ corresponding
to the snapshots {{/;}!_, by

1
G = Z(Uir U)x. (5.4)

Proposition 1 Take v1,vs,...,v; the associated orthogonal eigenvectors and let Ay > Ly >
--- > A1 > 0 denote the positive eigenvalues of G. Let (v;); denote the jth component of the
eigenvector v;, thus, the POD basis of rank d < [ is given by:

Yi=

4

1

T 2wy 1=sisdsl (55)
L
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Moreover, the following error formula holds:

2 I
=LY (5.6)

X j=d+1

d
- Z(Uir Yi)x v
j=1

Let X = span{yr1, Vo, ..., V¥ 4}. Define the Ritz-projection PrX Xh,Ph|Xh =P X, > X¢
and P" : X\X), — X;\X?, for U € X, we have:

((Ph u)xx’ thx) = (Uxs Viax)y YV € X, (5.7)
Because of (5.7), the linear operators P" is well-defined and bounded
|(P"u), | < Ul YUeX. (5.8)

Lemma 4 Foreveryd (d=1,2,...,1) and uzi €V is the solution of Eq. (4.1), the projection
operators P satisfies:

¢ !
Dol =Py, P <€D 5 (5.9)
i=1 j=d+1
ZH - Pluy) |” < crte Z P (5.10)
j=d+1

¢ 1
S upi - Pl < crte Y gy (5.11)
i=1 j=d+1

Proof By (5.7), for every U € X, it follows that:

| -ru) = (u-Pu),,u-ru),)

=((U-Pu),, (U - vi)x) (5.12)
H (u Ph ) ” H (u - Vh)xx ’ vVh € Xh.
That is to say:
[(u-Pu), | < | -vius],  VV1 € X5 (5.13)

In fact, if U = uj,’, we have Phuzi = Pduzi € X%, from (5.6) and let v, = Z;il(uzi, Vi)xV; €
X? c X}, in (5.13), then (5.9) can be proved.
To prove (5.11), for Vv € X, the following variational problem is considered:
(Waxs Vax) = (U -p u, V); (5.14)

hence U — P"U € X, for w e X N H*(R), (5.14) has a unique solution, such that

Iwlls < C|U - P"U|.
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Letting v = U — P"U in (5.14) and using (5.13) yields that:

[t = Pu = (e (U~ P'02),)

XX

= ((W_Wh)xx’(u_Phu) ) (515)

XX

= [w=wi| | (u - P'u)

,  Ywy, € X).

XX

Using interpolation theory, taking wy, = 7w as interpolation function of w in X, we have:

|u-Pul’ = criwla| (U - Pu), |

(5.16)
< cr|u-Pul| (U -Pu)

wel

that is to say:

|u-rPu| < cr?||(u-Pru)_| (5.17)

xx 1l

If U = u)’, we have Phuzi = Pduzi € X%, (5.11) can be derived by using (5.17) and (5.9).
Then we have to prove (5.10):

(u-Pu),(u-ru))=(u-ru),,prPu-u)

, , (5.18)
As we know, if U = uZi , Phuzi = Pduzi € X4, it follows that:
| ey =Py 17 < | (= Pa) ) o = Pas] (5.19)

(5.10) can be derived by using (5.9), (5.11) and two fundamental inequality > a;b; <
Y a; Y b, Y a; < C(Ya?)?. The proof is completed. O

Hence, the reduced-order modeling of Eq. (4.1) with initial value u = u, is denoted by:

1
(O¢ualss %) + 8 (el X)) + v (Optslf s Xx) + M(”sz  Xx)
(5.20)

1

_1 _1 _1
(gl s Xoew) = O(ged s xx) = (F(uy %) xe)s X € X%

5.2 Error estimates

By using the same procedure as proofs in Sect. 4, we can easily prove that reduced formu-
lation (5.20) has a unique group of solutions / € X¢, such that stability holds. Below, we
recur to usual finite element method to derive the error estimates for Eq. (5.20).

Theorem 6 Let uj, € X;, be the solution of Eq. (4.1) and the u); € X? be the solution of
Eq. (5.20), when k = O(h?*'3), £ = O(N*®) and snapshots are uniformly selected, we have:

¢ 172
], < Ck2+ck(z A,«) . s2)

y=d+1
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Proof Subtracting Eq. (5.20) from Eq. (4.1), letting x = v4 € X% C X}, can get:

(0 (s — 1lh), va) + 800 (ufy, — )5 Vaix) + V(3 (Ul — i), Vid)
_1 _1 _1 _1 _1 _1
+ /"L(uZx ’ - u;x ’ ’ de) + n(”:xxz - u;xxz ’ dex) +0 (uZx - u;x : ’ dex) (522)

= () = (%) vas).

The error decomposition is given as follows:
R n _ &n n
e=u,—uy;=§"-9¢",

with £” = uj) - Pduz, " =ul) - PduZ. Letting vz = ¢" + ¢"~! and substituting £” and ¢” into
(5.22) gives
lo" 1"+ slox]* + viok|®
="t 17+ sllgp |7 + vl 0l
+ (%-n _%-n—l,(pn + (Z)VI—I) + 8(59:1 _g;l—l,(p;l + ¢:;l—l)
(gL -6 oL + )

kp
Mt
2

k
b EL 0+ 90)

| 2

k
(&0 &0l ol = (00 + 00+ 0
(5.23)

k ko
A Rt P G A
k6
)
Hk(f (g *) = (7). 0% + 917

(64 + il + 025 )

By the Lipschitz condition of f, the boundedness of ||}l and [|#]l«, and Young’s in-

equality, we can get:

() = £ (e 20+ 270)|

< |y ?) =S ( 2) | 67 + 027
n=% =S\ en e 5.24
< Clluy * —w, *|||l¢% + o017 (624

=Clg" e+ &+ lo D los + e:7']
<C(l&+ oI+ e + o 17+ oz + o ).

Combining (5.7), (5.24), and Young’s inequality, (5.23) can be rewritten as:

min{1,8, v} | ¢" |

< max{1,8,v}]¢" |

Page 15 of 22
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k(n +0 k(8 6
ARl e (o S5 el « (T e

k(O +3
rar @0+ o) (3 0 S22 ) o+ o )

+kGr +0) (|04 + |0k [7).
Choosing the sufficiently small & yields that:
"1 = Clo" I3+ c (el + & 5). (5.25)

Summing the above inequality (5.25) from 1 to # gives
) n-1 - n - n-1 o
o= ST oI T T
j=0 j=1 j=0
With the discrete Growall’s inequality, (5.17) and (5.18), we have:

n n-1
o7 < (Z||sz;xn2+z||sf||i). 526)
j=1 j=0

Without loss of generality, let n;.1 <n<m <N (i=1,2,...,£) (n=1,2,...,N) and ng =
0. Expanding uj, into Tayor series with respect to ¢, yields that u}, = uzi +ekug (&), ty,_ | <
& <tn,i=12,...,¢, where ¢ is the step number from ¢, to ¢,, orto ¢,,,_, (i=1,2,...,£).If
the snapshot interval is the same, then €; < N/€. By (5.26), we obtain that:

> 1<n<N.

., N> NN
ol < e () o Y lek

j=nm

Hence, if £ = O(N*?) and k = O(h*?), by using Lemma 4, we can get:
‘ 1/2
”q&”Hz < Ck* + Ck(Z kj) .
y=d+1
With Lemma 4, (5.17) and the triangle inequality, the proof is completed. O
Using Theorems 5, 6. and Sobolev inequality yields the following result.

Theorem 7 With the hypotheses of Theorem 6, the following error estimates between the
solutions of Eq. (2.1) and Eq. (5.20) hold:

¢ 1/2
||u”—u§||oo < Ch2+Ck2+Ck<Z A,-) .

y=d+1

6 Numerical experiments
We divide the interval [0, 1] into m equidistant subintervals such that 0 =xp <x; <--- <
xm = 1, and denote the subinterval length as & = x;,1 — x;. Let the spline set B_;, By, ..., By,
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constitute the basis function on the interval [0, 1]. Referring to [61, 62], a quadratic B-
spline B;(x) with the desired properties is defined as:

(v — %)% = B(wi1 — %)% + 3 — %)%, [xii1, %],
B.x) = (%iv2 — x)z = 3(xi1 — %)%, [xi, %11,

(Xir2 — %)%, [%is1, Xir2],

0, otherwise.

The values of the B-spline functions and their first derivatives at the knots are given by:

Bi(xi-1) = Bixi42) = 0, Bi(x;) = Bi(xis1) = 1, 6.1)
Bi(xi-1) = Bj(%i2) = 0, Bj(x;) = -Bj(x; + 1) = %
Therefore, the approximate solution can be written in terms of the quadratic spline func-
tions as:

wnx,t) = Y ai(t)By(x), 6.2)

i=—1

where a;(t) are yet undetermined coefficients.

Since each spline covers three intervals, three splines B;_;(x), B;(x), Bi;1(x) cover each
finite element [;,x;,1]. From formula (6.2) and spline function properties (6.1), we can get
the nodal value of function #”(x,¢) and its derivative at node x; and fixed time (), which
can be expressed by coefficient a;(%) as follows:

dunn )| 2@t —aia (D)
ax - h '

x=x;

un(xi, £) = a;1(2) + ai(t), (6.3)

Combining (6.3) and homogeneous boundary conditions (1.1c), we get a_;(£) = ao(t) = 0,
Ap1(t) = a,,(£) = 0. And then (6.2) is modified as:

m-2

un(x,2) = ) ai(t)By().

i=1

That is, we must determine the m — 2 unknowns a;(t) (i = 1,2,...,m — 2) at each moment
of t.

6.1 The test problem
In this part, we consider the numerical solutions of the generalized KdV-RLW-Rosenau
equation for the following test problems.

Example Consider the following KdV-RLW-Rosenau equation:

Up — U — Unxr + U + Ut + U
+ Uy, +uu, =g, t), (x,£) €(0,1) x (0,10],
u(0,8) = u(1,0) = 1,0, 2) = uo(1,£) =0, ¢ € (0,10],

u(x,0) =x*(1-x)%, xel0,1],

(6.4)

Page 17 of 22
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where

glx, t) = —e72(12€" + 7x%e’ — 6x3e’ + xte! — 26xe!

—2x% + 10x* — 18x° + 14«® — 4«7).
The exact solution is:
u(x, t) = e a?(x - 1)%

Table 1 gives the error and second-order convergence of the scheme (4.1) in the time
and space directions, which proves the theoretical results in Theorem 5.

Assuming the space step is # = 0.01 and the time step is k = 0.05, we have k = O(h*3).
When t = 200k, we first find the usual GFE solution u}, of Eq. (6.4) by scheme (4.1), which
is depicted graphically on the left-hand side in Fig. 1. We output one group of 200 values
at time ¢ = 1k, 2k, ..., 200k, and choose 32 values from 200 so that every 6 values consist
of one group of snapshots. Finally, using Matlab software, we find one group of 32 eigen-
values, which are arranged in a non-decreasing order. We construct one group of POD
bases by using (5.5), take the first 8 POD bases from a set of 32 POD bases to expand into
subspace X? and find a set of numerical solutions at ¢ = 200k with Eq. (6.4) by scheme
(5.20), which are depicted graphically on the right-hand side in Fig. 1.

In Table 2, d, 1, and ratio are number of POD basis, eigenvector, and ||u” — u/}||oo/(h* +
K + k(Z]l.zd +1 1)), respectively. Figure 2 shows the errors between reduced order solu-
tions u/; with different number of POD bases and exact solution #” (blue piecewise line),
and errors between usual GFE solutions #}, and exact solution (red line), respectively. Ta-
ble 2 and Fig. 2 demonstrate that the result for numerical example is consistent with those

Table 1 Error estimates and convergence order for the Galerkin-Crank-Nicolson scheme (4.1) to the
Eq. (64)att=10

k lu" = Ul lloo Order lu” = U] lloo/(h? + K2)
1/10 2.8080 x 1078 - 14040 x 1070
1/20 59795 x 1079 2.1670 1.1959 x 107°
1/40 14312 x 1072 2.0440 1.1450 x 1076
1/80 3.5376 x 10710 20114 1.1320 x 107©
1/160 86987 x 107" 20166 1.1134 x 1076

X 0 o time X 0 time

Figure 1 Evolutions of the usual GFE solution (on left-hand side) and POD (with 8 bases) GFE solution (on
right-hand side) of the KdV-RLW-Rosenau equation (6.4) with h = 0.01, k = 0.05
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Table 2 Error estimates for the POD-Galerkin-Crank-Nicolson scheme (5.20) to the Eq. (6.4) at t =10
with h=0.01, k=0.05

d k(g )2 4" = Wloo Ratio

2 28783 x 107 5.8492 x 107° 20255 x 1070
4 18863 x 1074 58043 x 1077 20814 x 107
6 13610 x 1074 5.7050 x 107° 20851 x 1070
8 1.0902 x 1074 56895 x 1077 2.1001 x 107
10 8.1327 x 107 56828 x 107° 21194 x 1070
12 53441 x 107 56779 x 107° 21398 x 1070
14 39221 x 107 56678 x 107° 21475 x 1070
16 25628 x 107 56641 x 107° 21532 x 107

5 x10'?

5ol
1.3 5 7 9 11 13 15 17 19

POD basis number

Figure 2 The errors between reduced order modeling with different number of POD bases solution and
exact solution (blue piecewise line) compare with the error between usual GFE solution and exact solution
(red line) at t = 10 with h=0.01, k=0.05

obtained for the theoretical case. Obviously, it takes much less time to compute the POD

GFE solution compared to the usual GFE solution, for details see [45].

7 Conclusions

We summarize the reduced-order modeling of the KdV-RLW-Rosenau equation dis-
cussed in the paper from two aspects. First, we analyze the semidiscrete Galerkin method
and obtain L, -error estimates using the Galerkin-Crank-Nicolson finite element method.
Numerical examples confirm the theoretical results and demonstrate the efficiency of the
fully discrete method. Second, we introduce a proper orthogonal decomposition (POD)
method to derive a reduced POD GFE formulation of the equation. We analyze the error
between the traditional GFE solution and the reduced GFE solution using POD and in-
vestigate the relation between the number of snapshots and the number of solutions in all

time instances. Our approach can also be used for more general cases.
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