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Abstract A novel local and parallel multigrid method is proposed in this study
for solving the semilinear Neumann problem with nonlinear boundary condition.
Instead of solving the semilinear Neumann problem directly in the fine finite el-
ement space, we transform it into a linearized boundary value problem defined
in each level of a multigrid sequence and a small-scale semilinear Neumann prob-
lem defined in a low-dimensional correction subspace. Furthermore, the linearized
boundary value problem can be efficiently solved using local and parallel methods.
The proposed process derives an optimal error estimate with linear computational
complexity. Additionally, compared with existing multigrid methods for semilin-
ear Neumann problems that require bounded second order derivatives of nonlinear
terms, ours only needs bounded one order derivatives. A rigorous theoretical anal-
ysis is proposed in this paper, which differs from the maturely developed theories
for equations with Dirichlet boundary conditions.
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1 Introduction

In [32], Xu and Zhou first proposed the local and parallel method to solve linear
elliptic boundary value problems. Through this method, large-scale equations can
be decomposed into some small-scale subproblems. Thus the simulation efficiency,
especially for large-scale partial differential equations in practical applications can
greatly benefit from such a technique. As we know, the low-frequency components
describe the global appearances of a solution, whereas the high-frequency compo-
nents describe the local appearances. So generally, local and parallel method first
uses a coarse mesh to approximate the low-frequency components, and then use a
fine mesh to correct the resulting residual via some local and parallel procedures.
Meanwhile, this method is naturally suitable for parallel computing based on the
domain decomposition. Owing to these advantages, local and parallel method has
been widely used to solve various mathematical models, for instance [2,3,9,10,11,
12,14,15,17,20,21,22,24,25,26,29,31,32,33,34,36,37,38,39]. However, to date, lo-
cal and parallel methods have been used to solve various equations with Dirichlet
boundary condition. Meanwhile, the local and parallel two-grid method has a strict
restriction on the mesh size ratio between the coarse mesh and the fine mesh.

To overcome these problems, we propose a local and parallel method to solve
the semilinear Neumann problem with nonlinear boundary condition based on
multigrid discretization. First, we will provide rigorous error estimates for the
approximate solution of the semilinear Neumann problem based on some weak
assumptions for the nonlinear terms; then, we propose a new type of local and
parallel method based on the local and parallel technique alongside the multilevel
correction technique [18,7,16,28]. Instead of solving the semilinear Neumann prob-
lem directly in the fine finite element space, we transform the problem into a lin-
earized boundary value problem defined in each level of a multigrid sequence and a
small-scale semilinear Neumann problem defined in a low-dimensional correction
subspace. The linearized boundary value problem can then be solved efficiently
by the local and parallel method. Furthermore, the dimension of the correction
subspace is small and fixed, which is independent of the fine space. This is the
main difference between our algorithm and the local and parallel two-grid meth-
ods. Thus, the computing time for the small-scale semilinear Neumann problem
can be negligible with mesh refinement. We can derive the optimal error estimates
with linear computational complexity for the proposed local and parallel multigrid
method. Additionally, compared with the existing multigrid methods for semilinear
Neumann problems, which require bounded second order derivatives of nonlinear
terms [10,14,23,33], our method only needs bounded one order derivatives. Rigor-
ous theoretical analysis is also proposed, which differs from the maturely developed
theories for equations having Dirichlet boundary conditions.

The remainder of this paper is organized as follows. In Section 2, some basic
finite element error estimates for the linear elliptic boundary value problem are
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presented. In Section 3, we introduce the semilinear Neumann problem with a
nonlinear boundary condition to be solved and provide rigourous finite element
error estimates. The novel algorithm for the semilinear Neumann problem with a
nonlinear boundary condition and the theoretical analysis are discussed in Section
4. In Section 5, we present some numerical experiments to support our theory
and illustrate the efficiency of our algorithm. Finally, some concluding remarks
are given in the last section.

2 Finite element method for linear elliptic boundary value problem

In this paper, £2 denotes a bounded domain in R? (d > 1). We use the standard
symbols H*®(2) and H*(912) to denote the Sobolev spaces defined in {2 and the
boundary 9. The corresponding norms are denoted by | - ||s. and || - |s,00,
respectively. In the rest of this paper, the letter C' denotes a mesh-independent
constant.
In this section, for the following analysis, we study the linear elliptic boundary
value problem:
{Lu = -V (AVu) + ¢u =10, in (2, 1)
(AVu)-n =g, on 9,
where the coefficient A is a symmetric positive definite matrix with suitable regu-
larity and ¢ is a nonnegative function bounded from below and above by positive
constants.
The variational form of (1) can be described as follows: Find u € H'(§2) such
that
a(u,v) = (b,v) + {g,v), Yve HY(R),

where
a(u,v) = / (AVu - Vo + ¢uv)ds?, (b,v) = / bvdf2, (g,v) = / guds.
o Q Ye;

Next, we introduce the finite element method to solve the linear elliptic bound-
ary value problem (1). Let us decompose the computing domain (2 into shape-
regular triangulations, denoted by the symbol T,(§2). For a mesh element K €
Tr(£2), the associated diameter is denoted as hg. Besides, given any point x € (2,

we denote h(z) := hx where z € K, and we also denote ho := maxgzecn h(x).
Based on T;,(£2), the finite element space V" (§2) C H'(12) is defined as:
Vi) ={veC(R):v|x € Pp,YK € TH(2)}. (2)

For G C 2, V*(G) and T5,(G) denote the restriction of V"(§2) and 75, (£2) to
G. For any G C {2 mentioned in this paper, we assume that it aligns with the
partition 7, (§2). Next, we also need to define the following two spaces:

H}(G) = {ve H'(2): (supp v\(0G N 9N2)) CC G}, (3)
and
VHG) = {v e V") : (supp v\(0G N 9N)) CC G} . (4)
From [6,8,32,34], the fractional norm property can be derived:
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Lemma 1 For any subset G C 2, the following fractional norm property holds
true

Ue%}}f(g) [w =2l ¢ S llwlly)2.06000, Ywe VHG). (5)

Let us define a projection operator Py, : H!(2) — V"(£2) in the following way:

a(u — Pyu,vp) =0, Vo, € V(92). (6)

Then, we can derive

lu— Prulli,o < inf flu—wvpl1,0,

U}Levh(n)
and the following estimates also holds true:
Lemma 2 The following estimates for the projection operator holds true
I(I = P)Tgle < pa(h)ligllose, Vg e L*(09),
I(I = Pu)T'bh.2 S ra(R)|bllo,e, Vb e L*(£2),
lu — Prullo.oe S po(h)llu— Puullie, Yue H'(5),
lu— Puullo.e S re(h)u— Puullio, Yue H'(2),

where
palh) = gem(arzs;.,lu%l\o,mzlvh,eiélf(m 179 = vnlg @
with the operator T : L*(982) — H'(§2) being defined by
a(Tg,v) = (g,v), Yve H'(02), (®)
and
ro(h) = bem(:zs)l,lﬁuoﬂzl vh,ei3£<m 170 — wnll; g )
with the operator T : L?(2) — H'(£2) being defined by
a(T'b,v) = (b,v), Vv HY (). (10)

In this study, we assume that the finite element space satisfies the following
conditions (see [32,34]):
A.1. There exists v > 1 such that

hy < h(z), Vze . (11)
A.2. For G C 2 and any v € S"(Q), the following inverse estimate holds true
[vlle < 1P o (12)

A.3. For G C 2 and w € C>({2) satisfying (suppw\(0G N £2)) CC G, then for
any w € V*(G), there exists v € V}*(G) such that

Ihg! (ww =)l < lwlhe- (13)
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Hereafter, for the nested domains D C G C 2, D CC G denotes dist(0G\0S2, 0D\012) >
0.
Define

ao(u,v) = /Q(AVU - Vou)d. (14)

Then, we can derive the following lemmas:

Lemma 3 (/32,84]) Let D CC 2y C 2 andw € C*(£2) satisfying (suppw\ (02N
082)) CC 2y, we can derive the following inequality

ag(ww, ww) < 2a(w,w?w) + C wll 5 . Yw e H'(1Q). (15)

Lemma 4 For f € L?(£2), g € L?>(012) and D CC §2y C 82, if w € V(£2y) is the
solution of the following equation

a(w,v) = (f,v) + (g,0), Vo € VF(£), (16)

then there holds

[wll1,p < llwllo,eq + 11 fllo,20 + [lgllo.02n050- (17)

Proof Let p > 2y —1 be an integer and {2; be a series of nested domains satisfying
Dcc2,CC 2,1 CC-CC 7 CC .

Let us choose a domain Dy such that D CC Dy CC §2,, and choose w € C*°(£2)
satisfying w = 1 on D; and (suppw \ (042, N 042)) CC 2,. Based on A.3., there
exists a function v € V(§2,) such that

lw?w = vll1,2, < haollwll,e,- (18)

Based on (18) and trace inequality, we can further derive

I(,0)] = |/vadf2|
S I fllo.e2, 1v]lo, 2,
<l
<l

0,2, [v[l1,2,
0,20 (ha w1, 0, + [lwwl|1,e) (19)

and

(g, 0)] = | / guds| = | guds|
CYe) 992,N99

< llgllo,oe,naellvllo,00,no0
< llgllo,o2enaellvll,e,
< llgllooaenan (ha, [wli,e, + llwwli,e). (20)
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From (15), (16), (18), (19) and (20), there holds
lww?,o S alw,w®w) + [[w][§ g,
= a(w,w*w —v) +[[wl]§ o, + (f,v) + (g,
S haollwl? o, + [wllg,0, + (1fllo,20 + 9ll0.000n02) (haollwlli,e, + lww]i,e),
which implies
1
[wll1,p S bk, llwli,e, + [wllo, + [1fllo,20 + lgllo,02na0,- (21)

Similarly, the following estimates can be proved in the same way as (21):

l .
w12, S kg lwl,e, - +llwllo,oo +I1fllo,20+gllo.0enon,: J=1,2,--,p. (22)
Using (21), (22), A.1 and A.2, we can obtain

pEl
lwllo S hey lwlleo + [wllo,ge + (1 £llo.20 + I9llo.02n00,

p+1
< hay 1B wllo.aq + [|wl

0,20 T I fllo.20 + llg
S lwllo,2o + 110,020 + llgllo,002000, -

0,002N082
Then we complete the proof.

3 Finite element method for semilinear Neumann problem with
nonlinear boundary condition

In this paper, we study the semilinear Neumann problem with nonlinear boundary
condition:
-V - (AVu) + ou+ f(z,u) =b, in £, (23)
(AVu) -n+ g(xz,u) =0, on 912,

where f(xz,u) € C(£2 x R) denotes a nonlinear term with respect to u in the
domain 2, g(xz,u) € C(912 x R) denotes a nonlinear term with respect to u in
the boundary 042.
The variational form of (23) can be described as follows: Find u € H'(§2) such
that
alu,v) + (f(x,u),v) + (g(x,u),v) = (b,v), Yve& H (). (24)

The discrete form of (24) can be described as follows: Find 1, € V"(£2) such
that
a(tn, vn) + (f(@,@n),vn) + (g(z, ), on) = (b,vn), Vo € V*(92). (25)

To guarantee the well-posedness of the semilinear Neumann problems (24) and
(25), we should make some assumptions on the nonlinear terms f(z,u) and g(x, u):
There exist two mesh-independent constants Cy and C,, such that

0< ?(m,v) <Cjand 0< ?(w,v) <Oy, Vzxedfl, Yvek. (26)
v v
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Theorem 1 If the condition (26) holds true, then (24) and (25) are uniquely
solvable. Besides, there exists the following error estimates

lu—anlh,0 < on(u), (27)
v —tnllo,e < (re(h) + pa(h))|lu — aull1,o, (28)
lu—tdnllose S (re(h) + pa(h))||v —dn1,q, (29)
where
1) = inf — . 30
n(u) e o) [ = vnll1e (30)

Proof Using Theorem 6.1 in [23], the semilinear Neumann problems (24) and (25)
are uniquely solvable under the condition (26). Next, we prove the error estimates.
Using Lemma 2, (24) (25) and (26), there holds
[an — Poullf o
< a(tp — Ppu,ap — Pru)
< a(tup — Pru,ip — Pru) + (f(x,ar) — f(x, Pyu), ap — Pru)
+(g(z, un) — g(z, Phu), un — Ppu)
= (b,ap, — Pru) — a(Pru, ap, — Pru) — (f(x, Pyu),ap — Pru)
—(9(z, Pyu), up — Ppu)
= a(u — Ppu, iy — Ppu) + (f(z,u) — f(z, Pyu), ap — Pru)
+(g(z,u) — g(x, Pyu), up — Pyu)
= (f(z,u) = f(z, Pau), tn — Pyu) + (g(z, u) — g(@, Pyu), un — Pyu)
< Crllu = Puullo,ellan — Prullo,o + Cyllu — Prullo,o0|in — Prullo,os
S (lu = Paullo,e + llu — Prullo,oe)lun — Prully,e,

which yields

lun — Prulli,e < llu— Prullo,o + [|u — Prullo,a0
< (re(h) + pe(h))llv — Puull, o (31)

Based on (31) and triangle inequality, we can obtain the following estimates

lu—tnll1,0 < llu— Prulli,o + ||t — Prull1,0
S on(u) + (ra(h) + pa(h))|lu — Pyull1,0
S (1+Cra(h) + Cpo(h))on(w), (32)

which is just the first estimate (27).
Using Lemma 2, (31) and triangle inequality, we can obtain

[u —tnllo,e < [lu— Prullo,e + [|tn — Prullo,o
< lu = Ppullo,2 + Cllan — Prull1,0
S (ra(h) + pe(h)|lu — Puull1,q

S (re(h) + pe(h)|lu — 0,
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and
llu —anllo,0n < ||u— Prullo,ae + ||an — Prullo,00
< |lu = Prullo,00 + Cllun — Phull1,e
S (re(h) + pa(h)llu — Puulle
S (re(h) + pa(h)llu — anl1.q,
which are the desired estimates (28) and (29). Then the proof is completed.

4 Local and parallel multigrid method for semilinear Neumann
problem with nonlinear boundary condition

This section is devoted to introducing our novel local and parallel method based on
multigrid discretization for solving the semilinear Neumann problem with nonlin-
ear boundary condition. To design the algorithm, we need to construct a multilevel
mesh sequence. First, let us generate a coarse mesh 7. Then, we construct an
initial mesh 7y, satisfying 7, C Tp. Next, each mesh 7y, (k > 2) is obtained from
Th,_, through one-time uniform refinement. Finally, we can obtain the following
mesh sequence:

Tu(£2) CTp (2) C - CThp (2) C -+ C Thp (12). (33)
Based on (33), we can construct a nested finite element space sequence such that:
VE@Q)ycvm@Q)c--.cvhEQ) - c V(). (34)

4.1 Local and parallel method for semilinear Neumann problem

In this subsection, we explain how to perform the novel local and parallel method
in one level of the finite element space sequence, which is the basic component
of the local and parallel multigrid method. Assume that we have obtained an
approximate solution up, € VP (£2), then we design an algorithm to get a more
accurate approximate solution uy,,, € V+1(42).

Let us divide 2 into disjoint domains D, - - - , D,, satisfying U;n:1 Dj =12, D;,N
D; =0, then let us enlarge and reduce D; to obtain {2; and G; respectively, and
all subdomains align with 7z (£2). Then we can obtain some subdomains satisfying
G; cCc D; Cc 2, C 2for j=1,---,m. Finally, let us set G,,,41 = 2\ (U;n:1 G;)
(see Figure 1).

In addition, we require that the decompositions satisfy:

m—+1 m+1

14
S llollg, S lollg and S [vleon non < IWlean, Vo€ H(RQ), £=0,1.
7j=1 7j=1

(35)
Then in Algorithm 1, we propose the novel local and parallel method in the finite
element space V" +1(§2) (k > 1).
Next, Theorem 2 rigorously prove that up,,, € V"#+1(£2) derived using Algo-
rithm 1 has a better accuracy than uy, € V" (£2).
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Fig.1 GccDcC

Algorithm 1 Local and parallel method for semilinear Neumann problem

1. Solve the following linearized boundary value problem in each subdomain £2;, 5 =1,2,--- ,m:
Find ei i1 € th'*'l (£2;), such that for any vs, | € th+1(9j), there holds

a(eilk+17vhk,+1) = (b7vhk+1) - <g(x7uhk)7vhk+1> - (f(x7uhk)7vhk+1) - a’(uhk7vhk+1)' (36)
~7 _ j h X
Set ui””l =up, + ei”ﬂl € Vher1(02;).

2. Solve the following linearized boundary value problem in Gy,+1: Find ftmtl € VIhE+1(Grri1)

~j . h
such that uh |8G AOG 11 = ui"kJrl"] =1,---,m and for any vy, , € Vp k1 (Gpa1), there
holds
~m41
a(uﬁtlwhkﬂ) = (b, Vhypq) = (9(@ Uny ) VR ) — (F (@5 Uy )5 Vhy g )- (37)

3. Construct 4p, , € VP41 (02) such that

gy =, in Gy j=1 m+1L (38)

4. Define a correction subspace VH:k+1(0Q) = VH(2) + span{f, ., } and solve the follow-
ing small- scale semilinear Neumann problem: Find Uhgpy, € VHhpt1 (£2) such that for any
VH,hjyy € VHPe11(0), there holds

a(Uhyyys Vg pr) T 9@ Uhy 0 ) VE R0 ) + (F(@un, ) VR, ) = (0,0 R ,)- (39)

Summarize the above four steps into

Upyy, = Correction(VH (1), Uy, s Vhe+1(0)).

Theorem 2 Assume that uy, € V" (02) satisfies the following estimates

S eny (u), (40)
| S (ro(H) + pa(H))en, (u), (41)
||U—uhk||0 00 S (re(H) + pa(H))en, (u). (42)



10 Fei Xu et al.

Then, the new approximation up,_, € Vhit1(02) obtained by Algorithm 1 satisfies

||u — Uhgoqr HLQ ,S Ehpyr (u)’ (43>
[u—tn.illoe S (re(H) + po(H))en, ., (u), (44)
[u—tnyyillooe S (re(H) + po(H))en, , (u), (45)

where ep, ,, (u) = (ro(H) + po(H))en, (u) + 5y, (1),

Proof Based on Theorem 1 and (38), we can obtain

Hu — Uhjqq |1,-Q

< inf w—vg . |0
~ UH,hk+16VH‘hk+1(_Q) ” Pk ” ,

< Hu - ahk+1 |1,Q

< Hu - Phk+1u||1,f? + ||ﬂ’hk+1 - Phk+1u||179

m
5 Hu - Phk+1u||179 + Z ||ﬁik+l - Phk+1u||%,Gj + ||ﬂ‘2t:1 - Phk+1u||iGm+1(46)

j=1

To describe the proof more clearly, next the procedure is divided into three
parts. The first part is used to estimate Z;”:l Hﬁiwrl — Ph,,,ull1,6;- The second
part is used to estimate ||ﬂ21ﬁ — Pp, . ull1,6,,.,- Then based on (46), the final
conclusion is proved in the third part.

Part 1: Based on (6), (24) and (36), the following equation holds true for j =
1,2,.--m:

a(fﬂlk+1 — Ppyu, )
h
= (f(z,u) — f(z,un,),v) + (g(z,u) — g(z,up,),v), Yve V""" (02;). (47)
Using Lemma 4 for (47), there holds
||ﬂ?zk+1 - PthrlU’”LGj
5 ||'l~l%k+1 - Phk+1/u’||07~Qj + ||f($7u) - f(CL‘, uhk)HOij
+lg(@,u) — gz, un,)llo,02n00;
5 ||ﬂ’gzk+1 - uhk||079j + ||uhk - Phlc+1uH0,Qj + Hf(m,u) - f(xvuhk)”(LQj
+lg(z,u) — g(z, un,)llo,00no0;
S lleq, Nloe; + lune — Phyyyulloe; + 11f (2, u) — f(z,un,)llo,0,
—|—Hg(1‘,u) - g(x7uhk)||0,aﬂﬁaﬂj
J
S lleh,, |

+u — uny [lo,02n00; - (48)

0,82; + Huhk - Phk+1u||079j + ”u — Uhy, HO,Qj

Next, we adopt Aubin-Nitsche technique to estimate ||e§llk+1 llo,, involved in
(48): For any v € L?(2;), there exists w € HR({2;) such that

a(v,w) = (v,v), Yo € H}(Qj). (49)
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Based on finite element method, there exists wikﬂ € VIF (), wi € VE (%))

such that

a(vhk+l7w%k+1) = (Uhk+17¢)7 Vvhk+1 € VIiLkJr1 ('Qj)ﬂ (50)
a(v,wly) = (v, ), Yoy € VE(;). (51)

The following two estimates are the standard finite element error estimates

lw—w}, e, S re;(hue)[¥]lo,2;

lw — w10, S re,(H)|¥/o.q, (53)

Taking vp,,, = eibk“ in (50), we can obtain

(e hmﬂb)

-, wml) (gl un ) wi, ) = (Flasun ) w), ) = alun,,wl, )

— (gla,u) — g, un,)ow, ) + (Fla,u) = F(aaun,),w), )+ a(Pay i — wny ), )
— (gla,u) — g, un, ) wi, ., —wly) + (F(a,w) = Flw,un,),w], | —wly)

(e, u) — glesun, ), wly) + (@) — [ un,),wly) + Py — uny ), )

= (gla,u) — g, un, ) wh, ., —why) + (f(w.w) = f(o,un,) ], —wh)

+a(Pry,, u— uhk,whk+1 — w}{) (54)

Set 1) = e{;kﬂ in (54), there holds

Hegzkﬂ ||3,Qj
= <g(x,u) - g(xauhk)’wiwrl - w;ﬁ + (f(x’u) - f(x7uhk)7w%bk+1 - w?{)

J J
+a(Pp, v — Uhys Wh, ,, — wy)

lo,; 1w, ., =

S = un,llo.oenog; llwy, ,, —

[ Phpnw = ung 1,2 llwy, ,, — willhe,

)

< (o= wf,.,
(||Phk+1u — Upy, ||17Qj + ”

)

S vy (H)leh,, o, (IPhst = wn, ., + u = wn llooaron, + lu = unllo.c, )

which yields

s (H) (1| Pry = ung 2, + llu = uny llo,p0m00, + [lu = un,llo,.o,)-
(55)

||€hk+1
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Combining (48) and (55), we can derive the following estimate

Hai“ﬁl - Phk+1u| 1,G; 5 T, (H)||Phk+1u — Upy, ||17-Qj + ||Phk'+1u — Upy, ”0791

Flu = un, llo,penoe; + [lu—un,llo,o,- (56)

Part 2: Using (6), (24) and (37), for any vy, ,, € Vl}f’““(GmH), we can obtain

a(ﬁ’,ﬁi — Py Uy Uhy )
= <g((E,U) - g(xvuhk)vvhk+1> + (f(w,u) - f(xvuhk)7vhk+1)' (57)

Let us use ag,, ., (-, ) to denote the restriction of a(-,-) on Gy,41. Then for any
vE Vﬁk“(GmH), we can derive

~m+1 2
||uhk+1 - Phk+1uH1,Gm+1
~m-+1 ~m-+1
,S AG 41 (uhkﬂ - Phk+1u7 Uppy — Phk+1u)

S AG 1 (ﬂmji - Phk+1u7 aﬁti - Phk,+1u - U)

+<g(.’E, 'LL) - g(x,Uhk),’U> + (f(xa 'LL) - f(x7uhk)7v)
S/ ”,az::i - Phk+1u |17Gm+1 " inf ||ﬂ2nkﬁ - Phk+1u —
eV (Gmt1)

11Gm,+1

+||u — Uhy, ||0,3908Gm+1 <||ﬂhm,:_1 - Phk+1u||17G1n+1

+ N inf H/CLZ:";} - Ph)c+1u - ¢||17Gm+1>
YEVRFT (Ging1)
+|u — Up,, ||O,Gm+1 (Hzlm—i - Phk+1u|

01G7‘V‘L+1

+ N inf Haﬁ:_i - Phk+1u - ’(/)||0,Gm+1>' (58>
YEVL T (Gmt)

Next, using Lemma 1 and trace theorem, (58) can be written as

Haﬁ:ﬁ - Phk+1u|

S Hazﬁti - Phk+1u|

+(||u — Uhy,

+||1~LZ§:1 - Phk+1u||1/278Gm+1\59)

5 Haﬂti - Phk+1u| 1,Gmta (‘Iaﬁti - Phk+1uH1/2,3Gm+1\39

2
1,Grmi1
~m—+1 o P
1,Grmt1 Huthrl hk+1uH1/2,6Gm+1\OQ

O,Gm+1> (Haﬂti - Phk+1u

0,00200G 1 + [|[U — un,| 1,Gmi1

+||’LL — Upy,

0,002M0Gm1 + ||t — un, | O,Gm+1)

3,8908(;,,,,“ + [lu— 7«‘hk|\3,c;m+1 + ||7122ﬁ - Phk+1u||%/2,8Gm+1\3Q'(59)

+||u_uhk

Set
~ 1
€T= ||uhm,;:1 - Phk+1u||1’Gm+17

m = ”aﬁii - Phk+1uH1/27aGm+1\8-Q + ”u — Upy, ||078908Gm+1 + ”u — Uhy,

|01G7n+17
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J—
|(2J,8908Gm+1 + [Ju — up, H(2J,Gm+1 + ||UZ?;1 - Phk+1u||§/27ac;m+1\ao-

Thus, (59) means

n = |lu— up,

22 < Cmax + Chn,
which indicates

< Cm ++VC?m?2 + 4en

z < . <m+ . (60)

Since

H ~m—+41

_ 2 <
Uhpgr Phkﬂ“”%,acmﬂ\arz ~

||ﬂ€;k+1 - Phk+1u||2%,3Gj

s

1

J

5 ||ﬂ"71/k+1 - Phk+1u||i(}'j7 (61)

IR

1

J

combining (60) and (61) leads to
~m+1

”uhk+1 - P}Lk+1u”%,Gm+1
m

S Z ||ﬂil,c+1 - Phk+1u||%,cj + |lu — up, ||g,8(2m9Gm+1 + [lu — up, ||3,Gm+1~ (62)
j=1

Part 3: From (35), (56) and (62), we obtain

Hﬂ'thrl - Phk+1uH?,_Q

m
S Z (TQQJ- (H)[| Py v — un, ||irz,- + | Phyyr v — tn, | 3,9,- + [lu — un, ||§,aomaoj
j=1

+lu — up, (%,Qj) + [Ju — up, ||(2),6(2ﬂ6Gm+1 + [Ju — up, ||(2),Gerl
(H)thk+1u — Upy, ”%,Q + ||Phk+1u - uhk”%,() + ||U’ — Upy, ”3,8(2 + Hu — Uhy, ||(2),Q

(H)lw = un, I} o + 78 (H) |u = Pu s ullf o + lu = Payu

S
<r |g,9
+||u—uth3,an + ||u_uhk||g,97 (63)

which indicates

l@hyys — Prpavllne S (re(H) + po(H)) v — un 1,0 +ro(H)||w — Py, ullie
+70 (Pt 1)Ony 4, (). (64)
Using (46) and (64), we can derive
Hu — Uhjqq ||1,-Q
5 HU' - ahk+1 ||1,Q
S Hu - Phk+1u||1,f? + (TQ(H) + pQ(H))”u — Upy, ||1,Q + Tﬂ(hk+1)6hk+1 (’LL)
S (re(H) + po(H))en, (u) + 6y, (u)

S Ehpt1 (u)’
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where ey, (u) = (ro(H) + po(H))en, () + 0n,, (v). Then we derive the first
desired result (43).
Let us define

’F_Q(H) = sup inf Tf — VH,h y
feLQ(Q%”ng,_Q:l UH hg ey H ki1 ) H k+1 HI,Q

and
po(H) = sup inf T'g— v .
9€L2(69),Hg\lo,m:1 VH g cvH ki1 (0) H k41 H 1,02
Using Theorem 1 again, there holds

lu =y llo,0 S (Fo(H) + po(H))llu = uny,, lh,e
< (ra(H) + po(H))l[u = un, . |10,

and

v — v llooe S (Fo(H) + po(H))|lu — un,, 1,0
< (ro(H) + po(H))llu — up, ., |

Then we derive the desired results (44) and (45). The proof is completed.

1,0

4.2 Local and parallel multigrid method for semilinear Neumann problem

In this subsection, a new type of local and parallel multigrid for the semilinear
Neumann problem (24) is designed based on Algorithm 1 and the multilevel mesh
sequence (33). For the multilevel mesh sequence (33), any two consecutive meshes
Th, (£2) and T, _, (£2) are generated through a one-time unform refinement, such
that the mesh sizes satisfy hy = %hk_l, k > 2. Meanwhile, there holds:

1
b, () = O, (), g > 1 (65)

Based on Algorithm 1, the local and parallel multigrid method for (24) is
designed in Algorithm 2.

Theorem 3 After implementing Algorithm 2, the final approximate solution uy,,
satisfies

v —un, 1. < on, (u), (66)
lu—un,llo,e < (re(H) + po(H))on, (u), (67)
v —un,llo,pe S (re(H) + po(H))dn, (u). (68)

under the condition Cq(ro(H) + po(H)) < 1 for some constant C.
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Algorithm 2 Local and parallel multigrid method for semilinear Neumann prob-
lem
1. Solve the semilinear Neumann problem (24) in the initial space: Find uj,, € V1(£2) such that

a(uh17vh1) + (f(il?,?,th),’Uhl) + <g($,’LLh1),Uhl> = (b7vh1)7 v’l)hl € Vhl (Q)

2. For k=1,--- ,n— 1, the approximate solution Uhyyq € Vet (£2) is as follows:

Uhyyy = Correction(VH (), Uy s Vet (02)).

End For.
The final approximation uy,, is obtained in the finest space Vhn(0).

Proof Based on Theorem 1, the initial approximate solution uy, satisfies

lu—unll1,0 < On (u),
u—wunllo.0 S (ra(ha) + pa(hi))on, (u),
[u—unllg00 < (re(h1) + po(hi))dn, (u).

which means the initial condition of Theorem 2 can be met if we set ep, (u) =

5h1 (’LL)

Thus, using Theorem 2, we can obtain

S (re(H) + po(H))en, (u) + 0nyyy (u), 1<k<n-1.  (69)

Using Theorem 2 and (70) leads to

lu—un, l1,0 S en, (u) S On, (u),

which is just the desired result (66).
Further using Theorem 2, we can obtain

lo,0 S (re(H) + po(H))|lu —un, 1,0 S (re(H) + pa(H))dh, (v)

|w — unp,
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and

0002 S (re(H) + po(H))|u = up,

lu —un, 1.0 S (re(H) + po(H))on, (v),

which are the desired results (67) and (68). Then the proof is completed.

4.3 Computational work of Algorithm 2

In this subsection, we estimate the computational work of Algorithm 2, finding that
requires nearly the same computational work as that of solving the corresponding
linearized boundary value problem. Let us define

Ng:dimVI@"‘(Qj) and Nj, = dimV" () for k=1,---n, j=1,--- ,m+ 1.

Then there holds
1

N/ ~
i (q

. . N,
)Ir=RINI and  N{ ~ (=2) for k=1,---,n, j=1,--- ,m+1. (71)
m

Theorem 4 Assume solving the semilinear Neumann problem in the coarse spaces
VH () and V" (£2) require work O(Mpyg) and O(My,), and solving the linearized
boundary value problem in VI]}’“ (£2;) requires work O(N}), where k =2,--- ,n, j =
1,---,m+ 1. Then the computational work of each computing node involved in
Algorithm 2 requires O(Mp, + N,/m + Mg log N,,). Furthermore, Algorithm 2
requires O(N,/m) when My, < N,/m, My < N, /m.

Proof Based on (71), the computational work of Algorithm 2 can be estimated by:
Total work = O(Mp, + Z(Nk/m + Mpg))
k=2

= O(My, + > Ng/m+ (n—1)Mpy)
k=2

"1
= O(Mp, + Z(g)d("’_k)Nn/m + (n—1)Mpg)
k=2
= O(Mp, + Np/m + My log N,,). (72)

Furthermore, if My, < N,,/m, My < N,,/m, (72) can be controlled by O(N,,/m).
Then we complete the proof.
5 Numerical examples

In this section, some numerical examples are presented to support our theoretical
conclusions and illustrate the solving efficiency of Algorithm 2.
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5.1 Example 1

In the first example, we solve the following semilinear Neumann problem: Find
u € H(£2) such that

{ —Au+u+ flz,u)=1, in £, (73)

Vu-n+g(z,u) =0, on 92,

where 2 = (0,1)2, f(z,u) = u? and g(z,u) = ud.

In order to use Algorithm 2, (2 is divided into four disjoint subdomains: Dy, =
(0.5,1.0) x (0.5,1.0), D2 = (0.0,0.5) x (0.5,1.0), D3 = (0.5,1.0) x (0.0,0.5), Dy =
(0.0,0.5)%(0.0,0.5). Next, we construct G; and £2; such that G; CC D; C §2; C £2:
2, =(0.375,1.0) x (0.375,1.0), £22 = (0.0, 0.625) x (0.375,1.0), 23 = (0.375,1.0) x
(0.0,0.625), £24 = (0.0,0.625) x (0.0,0.625), G; = (0.625,1.0) x (0.625,1.0), G =
(0.0,0.375) x (0.625,1.0), G3 = (0.625,1.0) x (0.0,0.375), G4 = (0.0,0.375) x
(0.0,0.375), and G5 = (Z\(U?:l@j).

The initial mesh for Example 1 Convergence rates of local and parallel multigrid method
[l
—O—luu g,

>
10" 10° 10°
Number of mesh elements

10°

Fig. 2 The initial mesh (left) and error estimates (right) of Algorithm 2 for Example 1.

We use linear finite element space in this example and the multilevel mesh
sequence is produced through one-time uniform refinement with the refinement
index of ¢ = 2. The coarse Ty is the same as Tp,, with mesh sizes H = hy = 1/8
(see Figure 2).

The numerical results derived by Algorithm 2 are presented in Figure 2. Be-
sides, we also use the direct finite element method to solve (73). That is, we solve
semilinear Neumann problem (73) directly in the final finite element space. The
results are also presented in Figure 2. From Figure 2, we can find that Algorithm 2
can produce an optimal approximate solution as the direct finite element method.

5.2 Example 2

In the second example, we solve the following semilinear Neumann problem by
Algorithm 2: Find v € H'(§2) such that

{ —V - (AVW) + ¢u + f(x,u) =0, in 12,

4
(AVu) -n+g(z,u) =0, on 012, (74)
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where 2 = (0,1)3, ¢ = e =2 (@=2)@=3) | f(z u) = arctan(u), g(z,u) = |uf>/2

d
" 4@ - (- D = 3) - e - )
A= (1?1—%)(502—%) L+ (22— 5)° (22— 5)(23 — 3)
(r1—3)(ws — 3) (@2 — 3) (@3 — 5) 1+ (23— 3)°

Similar to the first example, (2 is also divided into several disjoint subdomains
Dy, D8 D1 = (0.5,1.0) x (0.5,1.0) x (0.0,0.5), Dy = (0.0,0.5) x (0.5,1.0) x
(0.0,0.5), Ds = (0.5,1.0) x (0.0,0.5) x (0.0,0.5), Dy = (0.0,0.5) x (0.0,0.5) x
(0.0,0.5), D5 = (0.5,1.0) x (0.5,1.0) x (0.5,1.0), Dg = (0.0,0.5) x (0.5,1.0) x
(0.5,1.0), D7 = (0.5,1.0) x (0.0,0.5) x (0.5,1.0), Ds = (0.0,0.5) x (0.0,0.5) x
(0.5,1.0), For the enlarged and reduced subdomains G; CC D; C §2; C §2: {2, =
(0.375,1.0) x (0.375,1.0) x (0.0,0.625), £25 = (0.0, 0.625) x (0.375,1.0) x (0.0, 0.625),
25 = (0.375,1.0) x (0.0,0.625) x (0.0,0.625), 2, = (0.0,0.625) x (0.0,0.625) x
(0.0,0.625), 25 = (0.375,1.0) x (0.375,1.0) x (0.375,1.0), 2 = (0.0,0.625) x
(0.375,1.0) x (0.375,1.0), £2; = (0.375,1.0) x (0.0,0.625) x (0.375,1.0), 25 =
(0.0,0.625) % (0.0,0.625) x (0.375,1.0), G1 = (0.625,1.0) x (0.625, 1.0) x (0.0, 0.375),
Gy = (0.0,0.375) x (0.625,1.0) x (0.0,0.375), G3 = (0.625,1.0) x (0.0,0.375) x
(0.0,0.375), G4 = (0.0,0.375) x (0.0,0.375) x (0.0,0.375), G5 = (0.625,1.0) x
(0.625,1.0) x (0.625,1.0) G5 = (0.0,0.375) x (0.625,1.0) x (0.625,1.0), G7 =
(0.625,1.0) x (0. 0 0. 375) (0.625,1.0), Gs = (0.0,0. 375) (0.0,0.375) % (0.625, 1.0),
and Go = 2\(U_, G)).

Fig. 3 The initial mesh of Algorithm 2 for Example 2.

We also use the linear finite element space in this example and the multi-
level mesh sequence is produced through one-time uniform refinement with the
refinement index of ¢ = 2. The coarse Ty is the same as 7p, with mesh sizes
H = hy = 1/8 (see Figure 3).

The numerical results of Algorithm 2 are presented in Figure 4. Besides, we
also use the direct finite element method to solve (74) and the results are also
presented in Figure 4. From Figure 4, we also can find that Algorithm 2 can
produce an optimal approximate solution as the direct finite element method.

In addition, to illustrate the efficiency of Algorithm 2 intuitively, we also present
the computational time of Algorithm 2 and the direct finite element method in
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Convergence rates of local and parallel multigrid method CPU Time of local and parallel multigrid method
——=lu-ullopel oD slope=1
O llu-u, |4 Time of Algorithm 2
" 002 Time of direct FEM
——llu-ully
—O—Iu-ulig,
e llu-ul,
o =B lluy i
= = = slope=-2/3]
= = = slope=-1/3]

Errors

CPU Time

10 10* 10° 10° 10
Number of mesh elements Number of mesh elements

Fig. 4 Errors (left) and computational time (right) of Algorithm 2 for Example 2.

Figure 4. Figure 4 shows that Algorithm 2 has a linear computational complex-
ity. Meanwhile, Algorithm 2 has a higher solving efficiency than the direct finite
element method.

6 Concluding remark

A new type of local and parallel method was designed to solve the semilinear
Neumann problem with nonlinear boundary condition based on the multigrid dis-
cretization. Instead of solving the semilinear Neumann problem directly in the
finest space, we transformed it into some linearized boundary value problems in a
multilevel mesh sequence and some small-scale semilinear Neumann problems in
a low-dimensional correction subspace. The linearized boundary value problems
were efficiently solved through local and parallel technique. Meanwhile, the com-
putational time for the small-scale semilinear Neumann problems can be negligible
because the dimension of the correction subspace is small and remains fixed. Ad-
ditionally, compared with the existing multigrid method for semilinear Neumann
problems that require the second order derivatives of the nonlinear terms, our al-
gorithm only requires the one order derivatives of the nonlinear terms. Rigorous
theoretical analysis and some numerical experiments are presented to show the
efficiency of the proposed algorithm.
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