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Crank-Nicolson difference scheme for the
generalized Rosenau-Burgers equation

Kelong Zheng and Jinsong Hu,

Abstract—In this paper, numerical solution for the generalized
Rosenau-Burgers equation is considered and Crank-Nicolson finite
difference scheme is proposed. Existence of the solutions for the
difference scheme has been shown. Stability, convergence and priori
error estimate of the scheme are proved. Numerical results demon-
strate that the scheme is efficient and reliable.
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[. INTRODUCTION

ONSIDER the following initial-boundary value problem
for the generalized Rosenau-Burgers equation,

as
ut+uzzzztfauzz+ﬂuz+(ﬁ)z = O,.T € [OvLLt S [07 T}a
(1
with an initial condition
u(x,O):uo(m),xe [OvLL (2)

and boundary conditions

w(0,t) = u(L,t) = 0,uz:(0,t) = uzr(L,t) = 0,¢ € [0, T).
3)
where a > 0,0 € R and p > 1 is a integer.

When p = 1, equation (1) is called as usual Rosenau-
Burgers equation arises in some natural phenomena, for
example, in bore propagation and in water waves. The
asymptotic behavior of the solution for the Cauchy problem
to the Rosenau-Burgers equation, in particular, the stability of
traveling waves and diffusion waves have been well studied
in [7], [8], [9], [10]. Numerical scheme has been proposed
such as finite difference method by Hu [6]. In this paper, an
attempt has been here to discuss finite difference method for
the generalized Rosenau-Burgers equation.

The problem (1)-(3) has the following results,

Lemma 1 Suppose uo € HZ[0, L], then the solution of (1)-
(3) satisfies:

lullz, < O lluellz, < C,llulle < C. “)

where C' denotes a general positive constant, which may have
different values in different occurrences.
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Proof. Let
E(t)

lullZ, + luaell7,

wptl
Considering (3) and us + Upgprt = QUge — By — ( ¥ 1)z,
p
we have
dE(t g g
7() = 2/ uugdx + 2/ Ugg UgtdT
dt 0 0

L L
= 2/ uurdr + 2uzumt|OL — 2/ Up Uyt AT
0 0

L L
= 2/ uu,,dac—?/ Uzt dT
0 0

L L
= 2/ uugdr — 2uummt|0L +2/ VLTI,
0 0

L
= 2/ w(us + Uggret)dT
0

up+1

p+1

L
= 2/ g, — Pug — ( )e]dx
0
L L
= Qa/ uumdxf/ (ﬁuum+u”“uz)dm
0 0

L
= —204/ (uz)?dz <0
0

So E(t) decreases, that is

B(t) = |lullf, + llussllE, < E(0), te€0,T],
ie.,
lulle, <C, tgal|L, < C.

Using Holder inequality and Cauchy-Schwartz inequality, we
have

L L

L O
0 0
1
< lulles - llwaelle, < 5z, + luaslZ,),

that is,

lua|lz, < C.
Using Sobolev inequality, we get
|[uz oo < C.

In this paper, a two-level Crank-Nicolson difference scheme
is proposed. The outline of the paper is as follows. In section

L L
/|u(m,t)|2dx+/ (g (2, ) 2, £ € [0,T].
0 0
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2, difference scheme is presented and the estimate for the
difference solution is derived. In section 3, we prove the
existence and uniqueness of the scheme. In section 4, we
prove the convergence and stability for the difference scheme.
Finally some numerical experiments are given in Section 5 to
verify our theoretical analysis.

II. FINITE DIFFERENCE SCHEME

Let h and 7 be the uniform step size in the spatial and

temporal direction respectively. Denote z; = jh (0 < j <
It =nt (0 <n < NN =[=]), u} =~ u(r;t,) and
ZY ={u= (uj)lup =u; =0,7=0,1,2,---, J}. Define
u . —ul ut — u't
+1 1
(u;’)x — %7 (u?)j - %7
+1
(un)* _ u?—‘rl — u?—l (u); = U;L 7u;}
3 2h B T ’
+1
AW SELL R S
] xrxr h,2 Ea} 2 )
(u™,0™) = hZuj J7||u"\|2 = (u",u"),
lu"[loo = max fuj].
0<j<T—1
urtt +1
Since (—— )= uPu, + (uP , then the follow-
()= gl + (@]

ing finite difference scheme is considered,

(0 0 s (05 00057,

1 1 1
o L P e 6 ) =0, )
u) =ug(z;),0<j<J—1,  (6)

uy =ut=0,(uy)ez = (W))ez =01<n<N. (7)

Lemma 2 [6]. For any two mesh functions: u,v € ZJ, w
have

((ug)asvj) =

and

(v, (U5)az) = —((v))a, (Uj)z),

—(uy, (v5)z)s

—((u))a, (uj)2) = —

Furthermore, if (uf})zz = (¢})zz = 0, then

(wj, (U))az) =
(ug, (Ug)eazz) = HUMHZ

Lemma 3(Discrete Sobolev’s inequality[14]) There exist
two constant C; and C such that

[[u™lloo < Cr[u[] + Colfug]]-

Theorem 1 Suppose uy € HZ[0, L], then the solution u™
of (5)-(7) satisfies:
"l <C, ug]l <C

which yield [[u™]|ec <C (n=1,2,--- ,N).

Proof. Computing the inner product of (5) with unts,

according to boundary condition (7) and Lemma 2, we have

1
= ([l H* ~ (Hun“ll2

[l

lJa™|[) +
—o(u] )2 '”’)+ﬁ« 20T
+(P, 2u”+z> =0, (8)

where
1 n+3 n+3 n+i
P = sl P 1),

According to

3y = ol E, ©)
)m,2u’”2) =0, (10)

and

2h n+1 n+i n+1 n+i
= S ] TP s+ ()P )

n+ n+ n+1
:p+2z{ P g — )

+? + n+3

HTE P = (R

1 g n+1 nt1 n+1 41 n+i

T pr2 [(ujis® )Py ™2 4 (g )P P
3=0

[

J

—

1 — ' ntli, ntd nt3 n+i
—og 2T+ (G e
=0
=0, (11)

we obtain

[l 112) + (P = [l [?)

= 2ralluE |2 <0,

(a2 —

that is,

(™12 + g l?) < (a2 o+ iz 1)

< < ([0 + (u, |P) = C
Obviously,

[lu™] < Cy|ul,|l < C.

IIE|

From Lemma 2 and using Cauchy-Schwartz inequality, we
have
IIU"HQ— —(u",uiz) < "] - |lui |

(HU"H2 +[lug,|I*) < C. (12)

By Lemma 3, we get ||u"||o < C.
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III. EXISTENCE AND UNIQUENESS

To prove the existence of solution for scheme (5)-(7), the
following Browder fixed point Theorem should be introduced.
For the proof, see[1].

Lemma 4(Browder fixed point Theorem) Let H be a finite
dimensional inner product space. Suppose that g : H — H is
continuous and there exist an « > 0 such that (g(z),z) > 0
for all € H with ||z|| = a. Then there exists z* € H such
that g(z*) = 0 and ||z*|| < a.

Theorem 2 There exists u™ € Z) satisfies the difference
scheme (5)-(7).

Proof. By the mathematical induction, for n < N — 1,
assume that u%, u', - - -, u™ satisfy (5)-(7). Next we prove that
there exists «™t! satisfied (5).

Define a operator g on Zg as follows,

( ) = 2’[} — 2“” + 2Uzzjj - QUZEIﬂiC@ — QTVgz + ﬁTUj

+? (03)P (v3)2 + [(v)P 12} (13)
Taking the inner product of (13) with v, we get
(va,0) =0, ()P (v5)z + (V)P ]z, 0) = 0,
and
(9(v),v)
= 2[]v[]* = 2(u", v) + 2||vae|[* — 2(ufty, vaa)
—at(Vyz,v)
> 2[[oll* = 2[[u"[] - [[o]] + 2llvae|* = 2llufal - [Jvell
+ar]|v,|[?
> 2|[oll? = (lll* + [[v]1%) + 2| [vas|®

~(Juao|* + Jvea||?) + a7 ||ve|?
> (ol = (lu"lI* + NugalI?) + lvze|* + arlvs]|*
> [oll* = ([l []* + ug,|*)-

Obviously, for Vv € Z79, (g(v),v) > 0 with ||v||? = |[u™]|? +
[|um,||241. It follows from Lemma 4 that there exists v* € Z)
which satisfies g(v*) = 0. Let u"*! = 2v* — v, it can be
proved that u™*1 is the solution of the scheme (5)-(7).

IV. CONVERGENCE AND STABILITY
Next, we discuss the convergence and stability of the
scheme (5)-(7). Let v(z,t) be the solution of problem (1)-
(3), v} =v(zj,ty), then the truncation of the scheme (5)-(7)
is
n n n n+3 n+i
ry = (vj )t + (Uj )zmiit - Oé(’l)j 2 )'m: + ﬁ( 2 )t

(P [P ()

Using Taylor expansion, we know that 7 = O(7% 4 h?) holds
if 7,h — 0.

Lemma S5(Discrete Gronwall inequality[14]) Suppose
w(k), p(k) are nonnegative mesh functions and p(k) is non-

decreasing. If C' > 0 and
k—1

w(k) < p(k)+C Y _w(l), Vk,

=0

then
w(k) < p(k)eC™, k.

Theorem 3 Suppose uy € HZ[0, L], then the solution u™
of the scheme (5)-(7) converges to the solution of problem
(1)-(3) in the sense of || - ||co and the rate of convergence is
O(7? + h?).

Proof. Subtracting (14) from (5) and letting el =vi —uy
, we have

P = ()i + () aazar — a2 )uz + B2,
1

+? O AR (s N

Y+ [, as)

Computmg the inner product of (15) with 2¢"t2, and using

((e;+2)m,29n+2) =0, we get

(1], 2e"*2)
1
=~ ("7 - (H R = eI

(Q1 +Q0,2"t3),  (16)

lle™|I*) +

1
—al((e) " )ug, 2e"HE) +

where
B 1 n+3 n+3 _onts n+3 .
o m[(] P(o; 7 2)e — (uy 2)P(uy " 2)al,
and
1 n+ p+17 u”+% p+17
Q2= m{[(v L PR (D Lan Py 3

According to Lemma 2, Theorem 1 and Cauchy-Schwartz
inequality, we have

(Q1,2e"*%)
2 ny ntdip, ntd ntdyp nbdy o ntd
:p+2h2[(j )p(vj )T_(uj )p(uj )I’]ej
7=0
2 = n+%p n+% n+%
— Ei;?ih/l O(Uj (e 2)ze]
iz
9 J—1 .
n+z n+ n+3 n++
Sl 2L = g e
J=0
2 N~ kb ypontdy ot
- mh O(Uj ) ( j )ze]'
=
2 = n,+%p_1 n+i\p_1—k/ n+s k1, nHsy  n+d
+mh [6j Z(Uj ) (uj ) Kuj )i-ej
j:O k=0
J—1
<0h2\ RN e S AR
7=0
< omeﬁ*z 112+ [fem+ 2]
< Clllex™MP + llep ] + e P + [le™ 1), (17)
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and

(Qa,2¢"* %)

J-1
2 Jrl ) Jrl Jrl
= ———h > {2 s = (w2 )P e
p+2 —
2\ nt 3\ pl nt g ply 0t
= *mh a [(Uj ) - (uj ) ](6]' )a
7=0
2 = n+i P n+i _k n+1 k n+i
- BN Ol L CP AN AT
p+2 4
j=0 k=0
1
< Clllex™ 2| + |lem 2| ?)
< Cllles™M1* + llex ] + [l HI* + [le™]]?). (18)
Furthermore,
+3 1 +3
(€] % )az, 26"H2) = —2]les 2|2, (19)

(r?,26"+%) =(r}, " +e")

n 1 n n
<|lr H2+§H|e 2]l 0
Substituting (17)-(20) into (16), we get
(e™ M 12 = 11e™1?) + (e ' 12 = e 1)
< Crllle™ 2+ (e[ + [lez ™I + [lex]]?]
+7||r™)2. 1)

Similarly to the proof of (12), we have
1
llez 117 < S AUle™ M1 + ek ),
n 1 n n
llezl* < 5 lle” [ + [leza|1%)- 22

and (21) can be rewritten as

(™12 = Tle™ (1) + ez 1 — llera )

< Crllle™ M2 + lle™ |1 + llega 1 + lleg 1)

+7| |72 (23)
Let B" = [|e"[|* + [le}:

Z‘IL“

(1-C7)[B"™ = B"| <207B" + 7|Ir"||*.

|2, then (23) is written as follows,

If 7 is sufficiently small which satisfies 1 — C'7 > 0, then
[B"*! — B"] < CTB" + Cr|lr"[|*. (24)

Summing up (24) from 0 to n — 1, we have
n—1 n—1
B"<B+Cry [P+ Cr) B
=0 =0
Noticing
n—1
T lz:; 7Y% < nT max |72 < T - O(r% + h?)2,
and e’ = 0, we have B® = O(72 + h?)2. Hence
n—1
B"<O(r*+h*)?+Cry B
1=0

TABLE I
THE ERRORS ESTIMATES IN THE SENSE OF || - ||oo, WHEN p = 2, v = 0.1
AND 7 = 0.1
h=1/4 h=1/8 h=1/16 h=1/32
t=0.2 | 4.330014e-7 | 1.012584e-7 | 2.469951e-8 | 5.961687¢-9
t=0.4 | 8.629880e-7 | 2.01878%-7 | 4.924355e-8 | 1.188390e-8
t=0.6 | 1.289969e-6 | 3.018655e-7 | 7.363520e-8 | 1.776952¢-8
t=0.8 | 1.713953e-6 | 4.012209e-7 | 9.787626e-8 | 2.362015e-8
t=1.0 | 2.134945e-6 | 4.999438e-7 | 1.219645e-7 | 2.943340e-8

According to Lemma 5, we get B” < O(72 4 h?)?, that is
le"ll <O +12),  llegll < O + 1?).
It follows from (22) that
lell < O(r* + h?).
By using Lemma 3, we have
lle"llo < O(72 + 1?).

This completes the proof of Theorem 3.

Similarly, it can be proved that
Theorem 4 Under the conditions of Theorem 3, the solution
of scheme (5)-(7) is stable by || - ||oo-

V. NUMERICAL EXPERIMENTS

Consider the generalized Rosenau-Burgers equation,

wP+!
ut"’ummmmt_aumm +UT+(p + 1)7‘ = 07 (.ZCﬂf) € [07 1} X [07 1}7
(25)

with an initial condition
u(z,0) = 24 (1 — )%, x €[0,1], (26)

and boundary conditions

w(0,¢) = u(1,t) = 0,u22(0,t) = uze(1,¢) = 0,¢ € [0, 1].
27)
We construct a scheme to (1)-(3) as nonlinear two-level
scheme (5). Since we do not know the exact solution of
(1)-(3), we consider the solution on mesh h = 1%0 as
reference solution and obtain the error estimates on mesh
h = i, %, %, 3% respectively for different choices of p and
«, where we take p = 2,5,8 and o« = 0.1,0.5,1 . The
corresponding maximal errors e™ are listed on Table 1-3. On
the other hand, from Figure 1 and Figure 2, it is observed
that the height of the numerical approximation to u decreases
in time because of the effect of —au,,. This observation
matches the theoretic property in Lemma 1, which states that
the continuous energy E/(t) in problems (1)-(3) decreases in
time.

From the numerical results, the finite difference schemes of
this paper is efficient.
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TABLE II
THE ERRORS ESTIMATES IN THE SENSE OF || - ||oo, WHEN p =5, = 0.5
AND T = 0.1
h=1/4 h=1/8 h=1/16 h=1/32
t=0.2 | 2.155891e-6 | 5.039306e-7 | 1.229071e-7 | 2.965984e-8
t=0.4 | 4.278782e-6 | 1.000041e-6 | 2.438997e-7 | 5.885665e-8
t=0.6 | 6.369140e-6 | 1.488442e-6 | 3.630035e-7 | 8.759581e-8
t=0.8 | 8.42743le-6 | 1.969242¢-6 | 4.802471e-7 | 1.158860e-7
t=1.0 | 1.045411e-5 | 2.442550e-6 | 5.956573e-7 | 1.437343e-7
TABLE III
THE ERRORS ESTIMATES IN THE SENSE OF || - [0, WHENp =8, a0 =1
AND T =0.1
h=1/4 h=1/8 h=1/16 h=1/32
t=0.2 | 4.281448e-6 | 1.000552e-6 | 2.440200e-7 | 5.888508e-8
t=0.4 | 8.437922e-6 | 1.971254e-6 | 4.807251e-7 | 1.160026e-7
t=0.6 | 1.247301e-5 | 2.912960e-6 | 7.103250e-7 | 1.714045e-7
t=0.8 | 1.639022e-5 | 3.826495e-6 | 9.330202e-7 | 2.251376e-7
t=1.0 | 2.019296e-5 | 4.712668e-6 | 1.149008e-6 | 2.772495¢-7

0.2 0.4 0.6 0.8 1

Fig. 1. Numerical solution of u(z,t) with h = 3—12, T=01l,a=1,p=2

Fig. 2. Numerical solution of u(z,t) with h = 3%, 7=01,aa=05,p=5
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