JOURNAL OF THE

CHUNGCHEONG MATHEMATICAL SOCIETY
Volume 32, No. 3, August 2019
http://dx.doi.org/10.14403/jcms.2019.32.3.261

A REDUCED-ORDER MODELLING FOR
ROSENAU-RLW EQUATION WITH B-SPLINE
GALERKIN FINITE ELEMENT METHOD*

L1-J1A0 JiA** AND GUANG-RI Prao***

ABSTRACT. We apply a reduced-order method based on B-spline
Galerkin finite elements formulation to Rosenau-RLW equation for
the first time and explain their process in detail. The ensemble of
snapshots is very large generally, and it is difficult to apply POD
to the ensemble of snapshots directly. Hence, we try to pick up
important snapshots among the whole data. In this paper, we rep-
resent three different reduced-order schemes. First, the classical
POD technique is examined. Second, (equally sampled snapshots)
are exploited for POD technique. Finally, afterward sampling snap-
shots by CVT, for those snapshots, POD technique is implemented
again.

1. Introduction

In the study of the dynamics of dense discrete systems, the case
of wave-wave and wave-wall interactions cannot be described using the
well-known Korteweg-de Vries (KdV) equation which describes nonlin-
ear wave propagation phenomena. To overcome this flaw of the KdV
equation, Rosenau [24, 25] proposed the so-called Rosenau equation.
On the other hand, as an alternative to the KdV equation the regular-
ized long wave (RLW) equation has been studied by Benjamin et al.[2]
and others[3, 14, 15, 16, 18]. Considering the nonlinear wave further in
the mathematical model, one can include the viscous term —u,,; in the
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Rosenau equation, i.e.,
Ut + Uggzat — Uzgt + Uz + vty = 0.

This equation is usually called the Rosenau-RLW equation. The exis-
tence and uniqueness of the solution and its error analysis of approximate
finite element solution are given by Atouani et al.[1]. Zuo et al.[26] have
proposed a Crank-Nicolson finite difference method for the RRLW equa-
tion. Pan et al.[17] also have presented a three-level difference scheme
for the Rosenau-RLW equation.

One of the main contribution of this work is to attempt to determine
accurate approximate solutions of a complex system using very few de-
grees of freedom based on quadratic B-spline finite element Galerkin
approximation for the following Rosenau-RLW equation:

Ut + Ugzrat — Ugzt T Uz + UUg = 07 MRS (07 L), te (07 T],
(1.1) uw(0,t) =u(L,t) =0, wuy(0,t) =uy(L,t)=0,, te(0,T],
u(z,0) = up(z), x€[0,L].

Spline functions yield smooth interpolating curves which are less
likely to exhibit the large oscillation characteristics of high-degree poly-
nomials. This method gives an interpolating polynomial that is smoother
and has smaller error than some other interpolating polynomials such
as Lagrange polynomial and Newton polynomial. An approximation of
the Rosenau-Burgers equation using quadratic B-spline finite element
method and related error analysis are studied by Piao et al.[22]. Here,
we exploit quadratic B-spline finite element method again to approxi-
mate the solution of the Rosenau-RLW equation.

Another important contribution of this work is to develop a reduced
-order model for the Rosenau-RLW equation with a new technique deal-
ing with a large snapshot set. When studying turbulent and chaotic
systems and in the real-time feedback control of complex systems, one
recognizes model reduction improves an efficiency in computation of
complex system. For the past decades, the proper orthogonal decompo-
sition (POD) has been one of the most popular reduced-order modeling
technique in many studies and it is a main tool for model reduction; see
[10, 4, 5, 21]. The POD starts with a set of snapshots that are gen-
erated by evaluating the computational solution of transient problems
at several instants of time or by evaluating the computational solution
for several values of the parameters appearing in the problem descrip-
tion. A combination of the two is sometimes used and the snapshots
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must contain sufficient information to accurately represent the dynam-
ics of solutions of the PDEs. Thereafter, the well-known singular value
decomposition (SVD) is applied to the snapshot matrices and POD ba-
sis is then given by the left singular vectors corresponding to the most
dominant singular values of the matrix having the snapshot vectors as
its columns. However, the size of the snapshot matrices are sometimes
very large and it consumes a lot of time or even not to derive the POD
bases directly from those matrices. Thus, some people would like to
select a part of the snapshots from the original snapshots set , then
construct more smaller size matrix. For such a matrix, one can use the
SVD method to get the POD bases. So far, one of the common method
is the uniform selection method [4, 5, 13|, which is to choose snapshots
in equally orderded way. That method brings a quite good result, but
it is not the method of optimal selection.

Meanwhile, the centroidal Voronoi tessellation (CVT) has the prop-
erty of the systematically extracting best representatives in some optimal
sense. In CVT sampling, we start with a snapshot set just as is done
in a POD-based setting. We then construct a special Voronoi cluster-
ing of the snapshot set for which the means of the clusters are also the
generators of the corresponding Voronoi clusters, then the generators of
the Voronoi clustering make up a new snapshots set. Therefore, we use
the compressed snapshots set by CVT for POD method to construct re-
duced bases to determine a very low-dimensional approximation to the
solution of the complex dynamical system. To do so, we must develop
basis functions that are in some way closely related to the problem being
approximated in in such reduced models. Once a very low-dimensional
reduced basis has been determined, we can employ it to solve the com-
plex system by applying a Galerkin method. In general, reduced bases
are globally supported so that the discrete systems are dense in low-
dimension but the lack of sparsity in the discrete system.

The rest of paper goes as follows. In Section 2, we describe the B-
spline finite element approximation of a solution of the Rosenau-RLW
equation. In Section 3, we show how CVT bases are defined and con-
structed and how they are used to determine very low-dimensional ap-
proximations. For a comparison reason, we also briefly review POD-
based reduced-order bases and its reduced-order approximations. In
Section 3, we compute an example to show how snapshots sets can be
generated and to compare and contrast the performance of CVT and
POD based reduced-order modeling. In Section 4, we apply a CVT
based reduced-model to a distributed feedback control problem for the



264 Li-Jiao Jia and Guang-Ri Piao

Rosenau-RLW equation, which is our main purpose. Some numerical
results for a distributed feedback control problem are also given.

2. Finite element approximation of the Rosenau-RLW equa-
tion

Standard Lagrangian finite element basis functions offer only sim-
ple C%-continuity and therefore they cannot be used for the spatial dis-
cretization of the higher-order differential equations(e.g., third-order dif-
ferential equation or forth-order differential equation), but the B-spline
basis function can at least achieve C'-continuous globally, and its basis
function is often used to solve the higher order differential equations.

Let us consider the Rosenau-RLW equation with boundary conditions
and the initial condition. We use a variational formulation to define a
finite element method to approximate (1.1). A variational formulation
of the problem (1.1) is as the following: find u € L%(0,T; H3(0, L)) such
that

L L L
/ upvdr + / Uyt V' dx + / Uy d
0 0 0

L L L
+ a/ uv'dr + ,6’/ ugvdx + / UUL VAT
(2.1) 0 0 0

L
:/ fudx for allv € H&(O,L),
0

u(0,z) = up(z) in [0, L],

where HZ = {v € H?(0,L) : v(0) = v(1) = 0, v'(0) = v/(1) = 0} and
H?(0,L) = {v € L?(0.L) : v € L?(0,L), v" € L*(0,L)}. We write

the first spatial derivative as “% = /" and the second spatial derivative
wd?

as ““—5 = 17 here. We assume that u is sufficiently smooth in time
throughout this paper.
A typical finite element approximation of (2.1) is defined as follows:

we first choose conforming finite element subspaces V" ¢ H?(0, L) and
then define V' = VN H2(0, L). One then seeks u”(t,-) € VJ* such that
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¢ L L L
/ u?vhdx—i—/ ugm(vh)"d:v—i—/ ul (v dx
0 0 0
L L L
+ a/ ul (™Y dx + B/ ulohdr + / uulvhdz
0 0 0

L
- /0 fvhdgz for all v" € Voh(O,L),

ul(0,2) = ul(x) in |0, L],

where ul(z) € V! is an approximation, e.g., a projection, of ug(z).
The interval [0, L] is divided into n finite elements of equal length h
by the knots x; such that 0 = zg < 1 < --- < x,, = L. The set of splines
{n-1,m0,+ -+ ,p} form a basis for functions defined on [0, L]. Quadratic
B-splines 7;(x) with the required properties are defined by [23],

(Tir2 — 2)? = 3(xig1 — )% + 3(z; — 2)?),  [wic1, 2,

1 ($i+2 - 33)2 — 3($i+1 — x)Q, [-%'a xiJrl]’
ni(x) = 12 9
($i+2 o CC) ’ [$i+17 xi+2]7
0, otherwise,
where h = z;11 —x;,1 = —1,0,--- ,n.

The quadratic spline and its first derivative vanish outside the interval
[€i—1,xiy2]. Then the spline function values and its first derivative at
the knots are given by

{m(a?z‘—l) = ni(wiv2) = 0, ni(z;)

i (Tit1)

(23) 77;(961'+1)

1;
1.

ni(wi—1) = n;(ziv2) = 0, n;(7;)

Thus an approximate solution can be written in terms of the qua-
dratic spline functions as

n

(2.4) ul(z,t) = Z a;(t)ni(z),

i=—1

where a;(t) are yet undetermined coefficients.

Each spline covers three intervals so that three splines 7;_1(x), ;(x), ni+1(z)
cover each finite element [z;,x;11]. All other splines are zero in this re-
gion. Using Eq.(2.4) and spline function properties (2.3), the nodal
values of function u”(z,t) and its derivative at the knot ; and fixed
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time ¢ can be expressed in terms of the coefficients a;(f) as

- ~ - ouM z,t 2 - -
(2.5) uh(a:i,t) = ai_1<t) + ai(t), # = —(ai(t) — ai_l(t)).
8.73 T=x; h
From (2.5) and homogeneous boundary conditions we get a_i(t) =
—ap(t) and a,(t) = —a,—1(t). Hence we have
n—1
(2.6) uP(z,t) =Y ai(t)&i(x),
=0

1525 U ,77,—2)75”,]_(56) =

1,---,n —1) for every

where £9() = (1o(2)——1(x)), &(z) = m(x) (i =
Mn—1(x) — nn(z). Hence n unknowns a;(t)(i = 0,
moment of t must be determined.

According to Galerkin method the test function v”(z) in (2.2) is cho-
sen to be v!'(z) = &(2)(i = 0,1,--- ,n—1). Substituting (2.6) into (2.2)

we obtain

n—1 L d ; . // d ;

[ e ([ i)
n—1 L da n—1

+ Z (/ §i£jd:v> il +a Z( l@dw) a;i(t)

0
+ 8 Z (/ gzgjdx> ai(t + </ fszﬁjdaj> a;(t)ag(t)

n ln
- / féda,

(/ glgjdx> al — / (:I;)éjdwv ] = 07 17 e, — 17

which can be written in matrix form as

1=0 k=0

\ =0

d
(2.7) (M + W+ S)j? + (aS + BC)a + ()T Na =,

Mao = Uup,
where a = (ag, a1, - ,an—1)7 and a° = (a9,a9,--- ,a®_;)T. Elements
of the n x n matrices M, W, S, C, the n X n X n nonlinear tensor IV,
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and vectors f and ug are given by
( L L mnon L 1!
Mij = /0 ijdr, Wi = /O &iéde, Sij= /O §;&;d,

L L L
Cyy = /0 éide, Ny = /0 CEiEidr, ;= /0 f¢;de,

L
u?:/ up ()& dx, 1,5,k=0,1,--- ,n—1.
0

The system of nonlinear ordinary differential equations (2.7) consists
of n equations with n unknowns. Moreover, the system (2.7) can be
written as standard first order nonlinear ordinary differential equations
with initial condition because M and (M +W +S) are invertible matrices,

(2.8) % =(M+W+S)"}(f — (@S + BC)a— (a)' Na), ag=uy,
where, for the sake of simplicity, denoting uy = M~'uy again. The
terms in the right hand side of the first equation of the system (2.8) are
continuously differentiable with respect to time, furthermore the whole
system (2.8) has the only one solution and its solution has equilibrium
when forcing term f(z,t) tends to zero with an infinite time horizon.
In conclusion, we take advantage of the Newton method starting from a
given initial condition to obtain the equilibrium solution of the system
numerically and generate the snapshots i.e. the m snapshot vectors

a = [ a()(tj) al(tj) cee an_l(tj) ]T, j = 1, e,y

which are determined by evaluating the approximate solution of the
system (2.8) at m equally spaced time values ¢; from t; = 0 to ¢, =T

One can recall that ‘nodal value’ means the solution of the differ-
ential equations at the knot, and ‘coefficient’ refers to any coefficient
appearing in equations (2.5) and (2.6). The property (2.5) will be used
in an apprixmated solution u”, so the nodal values of the full-order and
reduced-order solutions at a knot x; equal the sum of the coefficients at
the knots z;_1 and x; execpt the boundary points.

3. Reduced-order bases from the snapshot set

3.1. POD reduced-order bases

We briefly describe reduced-order bases using POD method here.
Given a discrete set of snapshot vectors A = {a;}""; belonging to R",
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where m < n, we form the n x m snapshot matrix A whose columns are
the snapshot vectors y,,:

A=(a; az - apn).
Let
Tay_ (2 0
o= (5 9).
where U and V are n x n and m X m orthogonal matrices, respectively,
and Y = diag(o1,...,04) with 01 > 03 > -+ > 05 and m < m be the

singular value decomposition of A. Here, m is the rank of A, i.e., the
dimension of the snapshot set Y, which would be less than m whenever
the snapshot set is linearly dependent. It is well-known [8] that if

U=(u u - uy) and V=1 va - vp),
then
Av; = o and AN, = oyv; for i=1,...,m
so that also
YT Av; = ou; and AAT; = oyv; for i=1,...,m

so that af, i = 1,...,7m, are the nonzero eigenvalues of ATA (and
also of AAT) arranged in nondecreasing order. Note that the matrix
C = AT A is simply the correlation matrix for the set of snapshot vectors
A= {aj}g.”zl, i.e., we have that C;; = a;faj.

In the reduced-order modeling context, given a set of snapshots A =
{a;}72, belonging to R™, the POD reduced-basis of dimension d < m <
n is the set {Wk}gzl of vectors also belonging to R™ consisting of the first
d left singular vectors of the snapshot matrix A. Thus, one can determine
the POD basis by computing the (partial) singular value decomposition
of the n x m matrix A. Alternately, one can compute the (partial)
eigensystem {07, v }{_, of the m x m correlation matrix C' = AT A and
then set u; = Av_ k=1,...,d.

The d-dimensional POD basis has the obvious property of orthono-
mality. It also has several other important properties which we now
mention. Let {qx}¢_, be an arbitrary set of d orthonormal vectors in
R™ and let projg(a) denote the projection of a vector a € R™ onto the
set S = span({qi}¢_,). Further, let

n
5(q1, CIEaR 7qd) = Z |aj *pI‘Ojs(aj)P,
7=1
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i.e., £ is the sum of the squares of the error between each snapshot vector
a; and its projection projg(a;) onto the S. Then, it can be shown that
the POD basis {wk}gzl minimize £(qi, ... ,qq) subject to any given
d-dimensional orthonormal basis {qx}¢_;.

In practical computations of real problems, one may obtain the en-
semblem of snapshots from physical system, which is drawn from ex-
periments, statistics, and etc. Their sizes of data are usually huge. For
example, for weather forecast, one can use the previous weather pre-
diction results to construct the ensemble of snapshots, and then try to
restructure the optimal reduced-order basis for the ensemblem of snap-
shots by using the POD method, but he may encounters the difficulty
for applying POD to enormous numbers of snapshots directly because
of the limit of storage and computational speed. One of the ways to
overcome this difficulty is smlply to select the snapshot from original
massive data in an equally oderdered manner. It is, however, not an
optimal technique.

Centroidal Voronoi tessellation (CVT) has the propety of clustering
data set and sampling representatives from that set in some sense of an
optimal manner. Du et al.[7] have devised the idea to combine POD and
CVT. In this work, we also propose to use CVT to reduce the original
snapshot sets, and then apply POD to that set and actually implement
a computiation for the Rosenau-RLW equation. The mixture of CVT
and POD-CVOD method is described in detail below.

3.2. CVOD reduced-order bases

The definition of centroidal Voronoi tessellation (CVT) for a snapshot
set begins with a set A = {a;}L, consisting of m vectors belonging to
R™. The definition also requires us to introduce the notion of clustering
or tessellation, which in our context is defined to be a subdivision of the
set {Vk}f,g:l is called a clustering or a tessellation of A if V}, N V; =& for
k # j and Uf,c:l Vi = A. Given a set of points {zx}L_, belonging to R™,
the Voronoi region Vj, corresponding to the point zj is defined by

Vie = {aEA Dla—zy| <la—zj| forj=1,...,1, k;éj}.
The points are called generators. The set {Vk%:l is a Voronot tessella-

tion or Voronoi diagram of A, and each Vj, is referred to as the cluster
corresponding to zg. If the cardinality of cluster Vj is denoted by my;
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clearly, 22:1 my, = m, the cardinality of the set A. The vectors

z;, = — a, k=1,...,m

are called the cluster means or cluster centroids. In this situation, z; #
zj, in general. Given a set A of [ vectors in R” and positive integer
I <'m, a centroidal Voronoi tessellation (CVT) of A is a special Voronoi
tessellation satisfying

zp =z; fork=1,...,1,

i.e., the generators of the Voronoi tessellation coincide with the centroids
of the corresponding Voronoi clusters.

CVT have an optimization characterization. Let {zx},_, denote an
arbitrary set of [ vectors in R” and let {V}}!_, denote a tessellation of
the snapshot set A into d disjoint subsets and define

l
FaroomiVen ) =30 3 fa - al

k=1 a"Ler

Then we refer F to as the energy. It was proved that a necessary con-
dition for K to be minimized holds when {V;}!_, is a CVT of A; see
[6]. Since, in practice, CVTs can only be approximately constructed,
the energy is often used to monitor the quality of the results.

There are several algorithms known for constructing centroidal Voronoi
tessellations of a given set. Lloyd’s method is a deterministic algorithm
which is the obvious iteration between computing Voronoi diagrams and
mass centroids, i.e., a given set of generators is replaced in an itera-
tive process by the mass centroids of the Voronoi regions corresponding
to those generators. MacQueen’s method is a probabilistic algorithm.
There are other probabilistic methods that may be viewed as general-
ization of both the MacQueen and Lloyd methods and that are plausible
to efficient parallelization. To see the detailed algorithms of constructing
CVTs, refer to [6, 9, 12, 11, 19, 20].

In the reduced-order modeling context, given a set of snapshots A
belonging to R™, the CVT reduced-basis of dimension I < m is the set
of generators zg, k = 1,...,[, also belonging to R", of a CVT of the
snapshot set.

For diminishing the original snapshot set, we draw a new snapshot
sample by CVT initially, and then apply POD to it for a reduced-order
basis. We name this algorithm CVOD from now on.
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4. Reduced-order modelling for the Rosenau-RLW equation

For reduced-order modeling applications, the snapshot vectors are
usually coefficient vectors in the expansion of the finite element approx-
imation of the solution of the partial differential equation at different
moments in time. Thus, to each snapshot vector, there corresponds a
finite element basis function.

We now show how a reduced-order basis is used to define a reduced-
order model for the stochastic Burgers’ equation. For the sake of sim-
plicity, we only discuss the case for which the snapshot set is viewed as a
set of finite element coefficient vectors; the case for which the snapshot
set is a set of finite element functions proceeds in similar manner.

Let {rk},‘izl be a n dimensional reduced-order basis (POD basis or
CVOD basis) corresponding to the snapshot set {aj}gnzl. For each ry,
k=1,...,d, there is a finite element function.

n
Y(z) = Zﬁkfz(%) evh
i=1
where w; ;, denotes the ith component of {r;}. Let
V4 = span({ry}¢_,) c V"

We then seek a reduced basis approximation of the form

d
u" M (x,t) = ch(t)z/}k(x) e v
k=1

where cg(t) are unknown and the reduced-order basis functions satisfy
homogeneous boundary conditions.

We set Vil = V4N H2(0, L), then V{ is a d dimensional subspace of
V{* spanned by reduced-order basis. We then determine u"™(-,t) € V¢
from the discrete problem:

L L L
/ ugomvddx—l—/ u;‘;T(vd)"dx—i—/ uro™ (v da
0 0 0
L L L
+ a/ ul™ (v da + B/ uleyddx + / u"om oMy d
0 0 0

L
= / folde  for all v¢ € V(0, L),
0

u" " (0,x) = ug(:ﬂ) in [0, L],

where ud(x) € Vi is a projection of ug ().
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We, now, have the system of nonlinear ordinary differential equations
that determine the coefficient functions {cx(¢)}¢_, which can be written
in matrix form as

dc T P
(4.1) (M—I—W—I—S)a+(a8—l—ﬂ©)c+(c) Nec =f,
MCO = ﬁo,
where ¢ = (c1,¢2,--+,¢,)T and ¢ = (),¢,---, )T, We observer

matrices Ml, W, S, and C are d x d, nonlinear tensor N is d X d X d, and
vectors f and 0y are given by

§ L L L
Mij:/o Yivjdr, Wij:/o V; ¢, de, Sij:/o Y de,

L L X L
(4.2) (Cij:/g bipda, Nijk:/() bityjde, ij/O fjdz,

L
a‘;:/ uo(w);dz, ijk=1,2,---,n.
0

The system of nonlinear ordinary differential equations (4.1) consists of
n equations with n unknowns.

Let R € R™*? be a matrix of left singular vectors obtained from a
snapshot matrix using the SVD. Then we say that equations (4.2) are

M=R"MR, W=R'WR, S=R"SR,
(4.3) C=R"XR, N=R'N(R)R, f=R"f,
ﬁo = RTug.

We exploit the Newton method to solve system (4.1) again, starting
from a given initial condition. In case of the Burgers equation, it is
proved the fact that the reduce-order solution converges to the original
solution; see [13]. We can show that the Rosenau-RLW equation holds
same result.

REMARK 4.1. Recall that if we divide an interval into n finite el-
ements, then we have n + 2 nodes for the B-spline basis functions. In
the actual computation of this paper, however, the snapshots are dif-
ferent from the numerical solutions which is typically mentioned about
the reduce-order partial differential equation model, i.e., the snapshots
are not ‘nodal values’, but a ‘coefficient’ which is mentioned in Subsec-
tion 3.2.
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REMARK 4.2. If nodal values is used as a snapshots set and a reduced
order basis is obtained form them, it is impossible to derive the matrices
and vectors like equtions (4.3). Recall that a vector of nodal values has
n + 2 dimension thus, the dimension of the derived reduced-order basis
is also n + 2, which does no fit to the size of matrices, nonlinear tensor,
and vectors in Section 2. This is why we use ‘coefficients’ as snapshots
instead of nodal values.

5. Computational experiments

At any given time t, we define the error E(t) to measure L?(0, L)-
norm of difference between the full-order solution and the reduced-order
solution, i.e.,

1/2

n
2
_ h rom _ § : h rom
E(t)—H’LL Y HQ_ h ‘uj—uj ‘ ’
=1

where u” denotes the approximate solution determined by full-order B-
spline basis and u? are nodal values of a finite element solution u”. Sim-
ilary ©"°™ denotes the approximate solution determined by a reduced-
order basis and u%:°™ are nodal values of a reduced-order solution u"™.
It is good to notice that there are two respects to this error. One is the
fact that the reduced -order model does not exactly recover the infor-
mation contained in the original snapshot. The other is the fact that
the snapshot set itself cannot exactly represent the full finite element
solution.

To campare the efficiency and accuracy of the proposed reduced-order
modellings in Section 3, the next examples are considered.

ExAMPLE 5.1. Consider the casewith a a = 0.01, § = 700, final time
T = 12, and an initial condition ug(z) = 16x?(1—z)? on a domain [0, 1],
ie., L=1.

In this example, we first implement the computations for the spatial
discretization with grid size h = 1/64 for the finite element method using
the B-spline functions and temporal discretization with At = 1/80. As
a result, we get T'/At = 960 time-snapshots.

In the begining, we select 64 equally ordered snapshots from the en-
semble of snapshots, for example, if we pick the first snapshot, then the
16th snapshot of the old snapshots set becomes the second new snap-
shot. Next, we choose 64 snapshots from the whole snapshots by CVT
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F1GURE 1. Full-order approximate solution of the Rose-
nau RLW equation for = 0.01 and f = 700 until 7' = 8

technique. Then the POD method is carried out both new snapshots.
We call the former kind of sampling with the POD the uniform POD
and one recall that the latter kind of sampling with the POD the CVOD

EXAMPLE 5.2. We variate parmeters to construct the reduced-order
model. First, a = 1, § = 120, second a = 0.1, 8 = 340, and third
«a = 0.01, 8 = 700. Using the snapshots of three cases, we develope the
reduced model to the case for parameters o = 0.5, § = 200. Here, a
final time is 7' = 3 and an initial condition is same as Example 5.1.

We compute for the spatial discretization with grid size h = 1/64
for the finite element method using the B-spline functions and temporal
discretization with At = 1/80 again. It is noted that different parame-
ters make an ensemble of snapshots under the same time discretization,
i.e., the number of snapshot is 3 x (T/At) = 720. The aim of this
experiment is to check whether the CVOD scheme works when snap-
shots obtaind from different parameters and we apply to the equation
for another parameters.

Once more, we first pick up 64 equally ordered snapshots from the
whole snapshots and apply the POD, i.e., the uniform POD. Second we
sample 64 snapshots from the old snapshots by CVT technique, i.e., the
CVOD. Figure 1 presents the full-order B-spline Galerkin finite element
approximate solution of the Rosenau RLW equation of Example 5.1.
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0.08

T T
Ensemble-POD
Uniform-POD | |
— CVOD

Errors
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Number of reduced-order basis

FIGURE 2. L?-errors for the solutions of the reduced-
order solutions at time ¢ = 8 using time-snapshots over
unvaring paramters

# Ensemble-POD Uniform-POD CVOD
1 0.0738 0.0741 0.0737
2 0.0634 0.0643 0.0364
3 0.0601 0.0601 0.0270
4 0.0040 0.0042 0.0076
5 6.7064e-004 6.6844e-004  6.3597e-004
6 7.1450e-004 7.1689¢-004  7.7170e-004
7 7.1642¢e-004 7.1642¢-004  7.2081e-004
8 7.1653e-004 7.1653e-004  7.1998e-004
9 7.1653e-004 7.1653e-004  7.1996e-004
10  7.1653e-004 7.1653e-004  7.1996e-004

TABLE 1. L2-errors for the solutions of the reduced-order
solutions at time t = 20 using time-snapshots over un-
varing paramters

We observe that L2-error E(t)s for three different schemes, i.e., the
ensemble POD, which treats whole snapshots, the uniform POD, and
the CVOD, are decreasing as increasing numbers of the reduces-order
bases in Table 1 and Figure 2. If a number of each basis is smaller than
five, the CVOD scheme converges more rapidly that other two schemes,
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Ensemble-POD
01 Uniform-POD (]
— CVOD

2 3 4 5 6 7 8 9 10
Number of reduced-order basis
FIGURE 3. L2%-errors for the solutions of the reduced-

order solutions at time ¢ = 20 using time-snapshots over
unvaring paramters

# Ensemble-POD Uniform-POD CVOD
1 0.1082 0.1084 0.0737
2 0.0827 0.0837 0.0364
3 0.0565 0.0563 0.0270
4 0.0296 0.0295 0.0076
5 0.0276 0.0276 0.0276
6 0.0274 0.0274 0.0274
7 0.0232 0.0232 0.0232
8 0.0232 0.0232 0.0232
9 0.0232 0.0232 0.0232
10 0.0232 0.0232 0.0232

TABLE 2. L?-errors for the solutions of the reduced-order
solutions at time t = 20 using time-snapshots over un-
varing paramters

but if a number of basis is greater than or equal five, the convergence
speed are almost same.

In Table 2 and Figure 3, the graphs show that the error E(t)s of the
predictions in future time ¢ > 12 until ¢ = 20 based on the reduced-
order models of the ensemble POD, the uniform POD, and the CVOD
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# Ensemble-POD Uniform-POD CVvOD

1 0.0619 0.0625 0.0675

2 0.0043 0.0065 0.0018

3 0.0011 8.9819e-004  9.9609e-004
4 6.4738e-004 6.4879e-004  6.4952e-004
5 6.5107e-004 6.6844e-004  6.5108e-004
6 6.5111e-004 6.5112e-004  6.5111 e-004
7 6.5111e-004 6.5111e-004  6.5111e-004
8 6.5111e-004 6.5111e-004  6.5111e-004
9 6.5111e-004 6.5111e-004  6.5111e-004
10 6.5111e-004 6.5111e-004  6.5111e-004

TABLE 3. L2-errors for the solutions of the reduced-order
solutions at time ¢ = 3 using time-snapshots over varying
parameter

Ensemble-POD
Uniform-POD
— CVOD

Errors

!
1 2 3 4 5 6 7 8 9 10
Number of reduced-order basis

FIGURE 4. L?-errors for the solutions of the reduced-
order solutions at time ¢ = 3 using time-snapshots over
varying parameters

respectly. It exhibits perfomances of convergence similar to Table 1 and
Figure 2. A number of each basis smaller than five, faster convergence
of the CVOD scheme appears but a number of basis is greater than or
equal seven, the convergence speeds surely look alike.



278 Li-Jiao Jia and Guang-Ri Piao

Even thogh capturing the snapshots over varying parameters, which
cause larger snapshots naturally, in Table 3 and Figure 4, the conver-
gences of the reduced-order solutions to full-order solutions are relatively
fast for all techniques and there are not many differences among three
schemes.

6. Conclusion

An efficient and practical method has been presented for the deriva-
tion of low-dimensional approximation of the Rosenau-RLW equation,
which is called a reduced-order modelling. One of the most popular
method is the POD to apply SVD to an ensemble snapshots directly
and we call it ensemble POD here. When one tries model reduction,
however, a huge size of snapshot matrix usually troubles him. A sim-
ple treatment is to select the snapshots small enough in equally ordered
manner, but that scheme involves no optimalty. Such a simple tech-
nique is called the uniform POD. In this paper, we propose to sample
snapshots using the CVT since the generators of the CVT has optimal
property in an energy sense. Aferwards choosing snapshots through the
CVT, we apply the POD once agian. We name such a scheme CVOD.

To obtain snapshots or full-order solutions, we use the quadratic B-
spline finite element method to approximate the solution of The Rosenau-
RLW equation. Since spline functions gives smoother curves and those
are less oscillatory then other higher-degree polynomials, we have smaller
error than conventional interpolating polynomials for finite element ap-
proximations. In this paper, we give a detailed account of the whole
process from how to approximate a full-order the quadratic B-spline
finite element solution to how to construct a reduced-order model.

We test the CVOD in two numerical experiments of the Rosenau-
RLW equation in comparison with ensemble POD and the uniform POD.
The experimental results demonstrate that if a number of reduced-order
basis is less than three, then CVOD gives better performance of conver-
gence than other techniques, in contrast, over seven reduced-order basis
for each techniques, the three schemes brings almost same results. One
of remained question is whether we can analyze a theoretical error of the
CVOD and another question is whether the CVOD works well to more
complex systems, for example, fluid problems.



[1]

2]

3]

A reduced B-spline finite element formulation 279

References

N. Atouani and K. Omrani, Galerkin finite element method for the Rosenau-RLW
equation, Comput. Math. Appl., 66 (2013), 289-303.

T. B. Benjamin, J. L. Bona, and J. J. Mahony, Model equations for long waves
in nonlinear dispersive systems, Philos. Trans. R. Soc. Lond. Ser. A, 272 (1972),
47-T8.

J. L. Bona and R. Smith, The initial-value problem for the Korteweg-de Vries
equation, Philosophical Transactions of the Royal Society of London A: Mathe-
matical, Physical and Engineering Sciences, 278 (1975), 555-601.

J. Burkardt, M. Gunzburger, and H.-C. Lee, Centroidal Voronoi tessellation-
based reduced-order modeling of complex systems, STAM J. Sci. Comput., 28
(2006), 459-484.

J. Burkardt, M. Gunzburger, and H.-C. Lee, POD and CVT-based reduced-order
modeling of NavierStokes flows, Comput. Method Appl. M., 196 (2006), 337-355.
Q. Du, V. Faber, and M. Gunzburger, Centroidal Voronoi tessellations: Appli-
cations and algorithms, SIAM rev., 41 (1999), 637-676.

Q. Du and M. Gunzburger, Centroidal Voronoi tessellation based proper orthog-
onal decomposition analysis, In: 'W. Desch, F. Kappel and K. Kunisch (ed.),
Control and Estimation of Distributed Parameter Systems, International Con-
ference in Maria Trost (Austria), 137-150, 2001.

G. H. Golub and C. F. Van Loan, Matriz Computations, Vol. 3. JHU Press, 2012.
L. Ju, Q. Du, and M. Gunzburger, Probabilistic methods for centroidal
Voronoi tessellations and their parallel implementations, Parallel Comput., 28
(2002),1477-1500.

K. Kunisch and S. Volkwein, Control of the Burgers equation by a reduced-order
approach using proper orthogonal decomposition, J. Optim. Theory Appl., 102
(1999), 345-371.

H.-C. Lee, S.-W. Lee, and G.-R. Piao, Reduced-order modeling of burgers equa-
tions based on centroidal Voronoi tessellation, Int. J. Numer. Anal. Model, 4
(2007), 559-583.

H.-C. Lee and G.-R. Piao, Boundary feedback control of the Burgers equations by
a reduced-order approach using centroidal Voronoi tessellations, J. Sci. Comput.,
43 (2010), 369-387.

Z. Luo, Y. Zhou, and X. Yang, A reduced finite element formulation based on
proper orthogonal decomposition for Burgers equation, Appl. Numer. Math., 59
(2009), 1933-1946.

L. A. Medeiros and M. M. Miranda, Weak solutions for a nonlinear dispersive
equation, J. Math. Anal. Appl., 59 (1977), 432—441.

L. A. Medeiros and G. P. Menzala, Fzistence and uniqueness for periodic solu-
tions of the Benjamin-Bona-Mahony equation, STAM J. Math. Anal., 8 (1977),
792-799.

M. M. Miranda, Weak solutions of a modified KdV equation, B. Braz. Math.
Soc., 6 (1975), 57-63.

X. Pan and L. Zhang, On the convergence of a conservative numerical scheme for
the usual Rosenau-RLW equation, Appl. Math. Model., 36 (2012), 3371-3378.
D. H. Peregrine, Calculations of the development of an undular bore, J. Fluid
Mech., 25 (1966), 321-330.


https://www.sciencedirect.com/science/article/pii/S089812211300309X
https://www.jstor.org/stable/74079?seq=1#page_scan_tab_contents
https://www.jstor.org/stable/74456?seq=1#page_scan_tab_contents
https://pdfs.semanticscholar.org/5d87/b446410c49d5b04203f71cc4f237b7137bb7.pdf
https://www.sciencedirect.com/science/article/pii/S0045782506001575
https://pdfs.semanticscholar.org/76ae/06682ee31321774856629b625116355dcd73.pdf
https://link.springer.com/content/pdf/10.1007%2F978-3-0348-8001-5.pdf
http://math.ecnu.edu.cn/~jypan/Teaching/books/2013%20Matrix%20Computations%204th.pdf
https://www.sciencedirect.com/science/article/pii/S0167819102001515
https://link.springer.com/content/pdf/10.1023%2FA%3A1021732508059.pdf
http://www.math.ualberta.ca/ijnam/Volume-4-2007/No-3-07/2007-03-15.pdf
https://link.springer.com/content/pdf/10.1007%2Fs10915-009-9310-4.pdf
https://www.sciencedirect.com/science/article/pii/S016892740900018X
https://www.sciencedirect.com/science/article/pii/0022247X77900713
https://epubs.siam.org/doi/abs/10.1137/0508062
https://link.springer.com/content/pdf/10.1007/BF02584872.pdf
https://www.sciencedirect.com/science/article/pii/S0307904X11005221
https://www.cambridge.org/core/journals/journal-of-fluid-mechanics/article/calculations-of-the-development-of-an-undular-bore/17F35A232D4AD06EE282DB5190C633D9

280
(19]
20]

(21]

Li-Jiao Jia and Guang-Ri Piao

G.-R. Piao, H.-C. Lee, and J.-Y. Lee, Reduced-order approach using weighted
centroidal Voronoi tessellation, J. Korean SIAM, 13 (2009), 293-305.

G.-R. Piao, Q. Du, and H.-C. Lee, Adaptive CVT-based reduced-order modeling
of Burgers equation, J. Korean STAM, 13 (2009), 141-159.

G.-R. Piao and H.-C. Lee, Distributed feedback control of the Benjamin—Bona—
Mahony—Burgers equation by a reduced-order model, Fast Asian Journal on Ap-
plied Mathematics, 5 (2015), 61-74.

G.-R. Piao, J.-Y. Lee, and G.-X. Cai, Analysis and computational method based
on quadratic B-spline FEM for the Rosenau—Burgers equation, Numer. Meth.
Part. D. E., 32 (2016), 877-895.

P. M. Prenter, Splines and variational methods, Courier Corporation, 2008.

P. Rosenau, A quasi-continuous description of a monlinear transmission line,
Physica Scripta, 34 (1986), 827-829.

P. Rosenau, Dynamics of dense discrete systems high order effects, Prog. Theor.
Phys., 79 (1988), 1028-1042.

J.-M. Zuo, Y.-M. Zhang, T.-D. Zhang, and F. Chang, A new conservative differ-
ence scheme for the general Rosenau-RLW equation, Bound. Value Probl. 2010
(2010), 13 pages.

kk

Department of Mathematics
Yanbian University

Yanji 133002, China.
E-mail: 1731928908@qq . com

KKk

Department of Mathematics
Yanbian University

Yanji 133002, China.
E-mail: grpiao@ybu.edu.cn


https://www.ksiam.org/archive
https://www.ksiam.org/archive
https://www.cambridge.org/core/journals/east-asian-journal-on-applied-mathematics/article/distributed-feedback-control-of-the-benjaminbonamahonyburgers-equation-by-a-reducedorder-model/67F914309861AB92D7E57746D3898790
https://onlinelibrary.wiley.com/doi/full/10.1002/num.22034
https://iopscience.iop.org/article/10.1088/0031-8949/34/6B/020
https://watermark.silverchair.com/79-5-1028.pdf?token=AQECAHi208BE49Ooan9kkhW_Ercy7Dm3ZL_9Cf3qfKAc485ysgAAAlowggJWBgkqhkiG9w0BBwagggJHMIICQwIBADCCAjwGCSqGSIb3DQEHATAeBglghkgBZQMEAS4wEQQMwjrigGAYMEY0klH1AgEQgIICDR2Kfxi4qGkka4z1TnmgVqc3IgobSppxcNO-jyuSlzxaeG3cbbo-ynDzCe-gBp4hUKRyXz1vTBtayGVuiNgZ1zQtPLPwV9ZyHTvbRzRM4-GS0TANGirw6DkCRKFMccP1T8yDwSh9TIyb3IckcTuL2HZJdfbJ8EI4vxGgBtV_sR9pRvc73KP-3Y0T7qDYjvwcswDoAq6nFsVc9P3ocoLfxkQmggo-yRSJJik_79jYOiUFNwBP_c6X1NL1oaQe-HymxzGp6gJm03PhVaslvvPOwRvRjNIy_6885dWyS865FiEtV2TTQ86fxx_qS4x0wqR2c_EdiJIAMtWJ8waB2WvujwHJzEtk6WBdmLyIUYIjCuuVsSBY5QW3SvDtXsWNboLT6qi6DSiR82neFhOyOxt9RCg_PdkNF3XWNV4vSgPIQsw5UFCERAoDpm4IFnJafLLg-RyUuNPsmY-yazq5uNOG-gUa62k4UwfA9b6tNib9_5ptErdcTXGsO5RzJpyborLBemyxQo8EywgjpiOYMcte3idDUKrmlu_GqeoJZvcZ_XJrCD6is-ikPJ_Qka3unWW7GvkDeEgRp6uqhcDzUwbBaa0iZjxq3tQDe5lV_TIcZoir3Gjo3dDMKr-IQITo5ZzmgB1epeJhQEtTIWfyD59R8LpX2G36ANXHLKTAd6OV-TfIaTMK6KY8eI1GZaBwqw
https://www.semanticscholar.org/paper/A-New-Conservative-Difference-Scheme-for-the-Zuo-Zhang/7e166f2b34e0e13c168ecfa79597929aa8ffbd17

