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Abstract. For singularly perturbed two-dimensional linear convection-diffusion problems,
although optimal error estimates of an upwind finite difference scheme on Bakhvalov-type
meshes are widely known, the analysis remains unanswered (Roos and Stynes in Comput.
Meth. Appl. Math. 15 (2015), 531-550). In this short communication, by means of a new
truncation error and barrier function based analysis, we address this open question for a
generalization of Bakhvalov-type meshes in the sense of Boglaev and Kopteva. We prove
that the upwind scheme on these mesh modifications is optimal first-order convergence,
uniformly with respect to the perturbation parameter, in the discrete maximum norm.
Furthermore, we derive a sufficient condition on the transition point choices to guarantee
that our modified meshes can preserve the favorable properties of the original Bakhvalov
mesh.
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1. Introduction

We consider an upwind difference method for solving the singularly perturbed convec-
tion-diffusion problem,

£ ey (3,0 g el = fay) 0w 0 =O17

u=20 on I' =09,
where ¢ is a small positive perturbation parameter, 0 < ¢ < 1. We assume that the
functions b1, b, ¢ and f are sufficiently smooth functions, and b (z,y) > 1 > 0,
ba(z,y) > B2 > 0, c(z,y) > 0 for all (z,y) € Q, and that they satisfy the com-
patibility conditions guaranteeing that problem (1) has a unique solution u in some
suitable normed space [8, Theorem 5.1]. Then, u typically exhibits two exponential
layers along the sides x = 0 and y = 0.
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It is well known that for higher-dimensional convection-dominated problems
like (1), uniform convergence analysis of finite-difference and finite-element methods
on Bakhvalov-type meshes is usually more challenging than on Shishkin-type meshes
(cf. [14, Section 4] for a precise definition of these layer-fitted meshes and for related
open problems). For example, in [13] and recently in [17, 18], new interpolation tech-
niques are derived to prove optimal convergence results on Bakhvalov-type meshes
when finite-element methods are applied to the one-dimensional analogue of (1); but
no similar result is known in 2D [14, Question 7]. For finite-difference discretiza-
tions applied on Bakhvalov-type meshes, while optimal error estimates and analysis,
proven by several different techniques (see, for instance, [3, 6, 10, 11, 16]), are well
known in 1D, the following question [14, Question 6] remains open in 2D for certain
Bakhvalov-type meshes:

For an upwind finite-difference method applied on a Bakhvalov-type
mesh to the convection-diffusion problem (1), can one prove a discrete
maximum norm convergence result

N -1
OSIE?%(N ‘“(xi,yj) - uij| <CNT7?

Here N mesh intervals are used in each coordinate direction, and ug denotes the
computed solution at the point (z;,y;). From this point on, we use C to denote a
generic positive constant independent of € and N.

The very first attempt to answer the above challenge problem is given in [12]
for which the Bakhvalov mesh [1] is considered. However, the construction of this
mesh results in an implicitly defined transition point which is a main drawback in
calculations. There are other modifications of the Bakhvalov mesh proposed in the
research literature to resolve this issue with more relaxed transition points, and
yet, the convergence order of the upwind scheme on these Bakhvalov-type meshes
remains the same.

Our goal in this short article is to address the aforementioned open question for
a mild generalization of Bakhvalov-type meshes of Boglaev [2] and Kopteva [3, 4].
These modifications replace an implicitly defined transition point of the original
Bakhvalov mesh with an explicitly predefined one. The advantage of our modified
transition point variants is the simplicity of calculation (and analysis as we shall
show), while the grid obtained still enjoys the favorable properties of the Bakhvalov
mesh.

In the next section, we list some preliminary facts about the solution u of problem
(1) and introduce the upwind scheme for discretizing the problem. We propose a
mild generalization of Boglaev and Kopteva’s Bakhvalov-type meshes and discuss a
sufficient condition to guarantee the grading properties for the proposed meshes in
Section 3. Then, in Section 4, we apply the novel error analysis given in [12], which
is specially tailored for the Bakhvalov mesh, to obtain the main convergence result.
Finally, we finish with a concluding remark in the last section.
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2. Preliminaries

The following decomposition of u [5, Lemma 1] is often used in error analysis of
finite-difference methods for (1):

u:S+E1+E2+E12,

where, for all (z,y) € 2, we have

IS1l, < C, -
8k+eE —k _—pBix/e
Gargy (9] < O e -
8k+€E
‘W(%y)’ < CetePavle, )
and ot
‘%’CGE?(I’?J)‘ = Caf(’”4)(5*(519”521/)/67 (5)
oy
for 0 < k+¢<3,and || - ||2 denotes the supremum norm in CQ(Q)_ Furthermore,
LBy (z,y)| < Ce™Pr/e, "
|LEs(z,y)| < Ce P2v/e, )
and
|LE12(2,y)| < Ce—(Brz+B2y) /e ®

Let N be an even positive integer and let QY = {(x;,y;) : 4,7 =0,1,..., N} be the
discretization mesh, where the mesh-point coordinates x; and y; satisfy

O=xp<z1<--<zazy=1 and O=y<y; <---<yny=1.

We denote I'N = T'(NQV, and also set hy; = x; —2;-1, hyi = (hgiy1 +hei)/2 and
hyj =vy; —Yj—1, hyj = (hyjt1+hyj)/2. We set g;; = g(z;,y;) for any function g,
while gf}f denotes an approximation of g at the point (z;,y;). Given a mesh function
{wf}-’ } on Q| we discretize problem (1) by the standard upwind scheme as follows:

LNwN = (—E(Di + D;) — blvijD;r - bgﬂ'jD; + Cij) wi}f = fij on QN\FN,

ij
N _ N
w;; =0 on I'Y,

with
D2l = 1 (Dfw) — Dyw)) D2l = 1 (Dfw) — Dy wY)
zg T x g x g/ vy T R y ig y i) o
X, Y,J
N _ ..N
DN — Yis — Wizl Dl = Pt ~ Wiy
U},L _ 7, w - 7’
J h. = ij h. .
Tt x,i+1
N N N N
w w W1 — Wi

_ ij — Wij—1
D-wl = U i,j D+w{\( _ Ly
hy,j+1
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We split £V into LY + L], where

LYw] = (=eD2 — b1 i; D + cij) w))

N, N_(_ P2 __pn 1P+, N
B J and Eyw 7( 5Dy bQ7»LJDy)'lU".

ij i
The matrix associated with the discrete operator £V is an M-matrix. Therefore, the
discrete comparison principle holds true [5, Lemma 6]. We also need the following
standard truncation-error bounds for the discrete operator £V.

Lemma 1 (see [5], Lemma 8). Let g(x,y) be a smooth function defined on 2. Then
the following estimates for the truncation error hold:

2

g
<C(e+hg;+hgit1) max @(Q ;)

CE[wi—1,2iq1]

Ti 329
i+ [T

)

dC> :

ﬁi\’gij - (Lxg)ij

Tit1
<C s/
Ti—1

for 0 <1, j < N, with analogous estimates for ’ﬁévgij — (ﬁyg)ij

and

83
55(Cw)

ﬁivgij - (ﬁxg)ij

3. Bakhvalov-type meshes

The mesh-generating function A of Bakhvalov [1] is defined as follows:

Y(t) == agh(t), t€0,q],
At) = 9
2 {wmww«mu—w,temw, )
with ¢(t) :== —1In(1 — 2¢) for ¢ € [0,1/2), where a is a fixed positive mesh-parameter

and 9'(0) < 1, which is equivalent to ac* < 1/2. The transition point « is defined
implicitly by
() + 9 (@)1 —a) =1.
In [3, 4], Kopteva replaces a with & = 1/2 — ae, which yields A(&) = agln[1/(2ae)].
In this article, we consider a mild generalization of the Bakhvalov-type meshes
of Boglaev [2, 13] and Kopteva which can be described jointly as below. Define the
mesh points:

= S\(tl) _ {aeé(ti% i=0,1,...,N/2,

“ . 10
M@ +2(ti-1/2) (1-M@)), i=N2+1,..,N, (10)
with a positive constant r satisfying k > e, ¢(t) = —In[l —2(1 —e/k)t] for ¢ €
[0,1/2], t; =i/N, and

& =1/2, Ma&)=zy/2 = acln(k/e). (11)

When « = 1, it gives Boglaev’s transition point. In particular, when we are in the
singularly perturbed regime, the value of & is very close to 1/2. Thus, we relax
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Kopteva’s transition point in the ¢-coordinate to & = 1/2, but we keep the same
transition point of Kopteva in the z-coordinate, which is attained when x = 1/(2a).
That is, our variant shrinks the very first mesh point in the z-coordinate in the
regular region to be equal to A(&), whereas the function ¢(t) re-distributes (N/2+1)
mesh points, xo, ..., Zn/2, in such a way that the desirable properties of the original
Bakhvalov mesh (with the function ¢(¢)) can be preserved as shown in the following
lemma.

Lemma 2. The mesh widths of the Bahkvalov-type mesh defined by (10) and (11)
satisfy

hyio1 <hg; <2akN~"' i=23,...,N/2, (12)
hl’,igagv Z:1a2aaN/2_17 (13)
and in particular
heio1 <hg; <2N7', i=23,...,N, when k<1/(2a). (14)
Furthermore,
e v/t = (e /i +2(1 — /)N < C (e + N71) (15)
and
6—51IN/2/E _ (E/K))aﬁl < (s)aﬁl ) (16)
2(1—¢/k)

Proof. By the definition of ¢(t), we have ¢/ (t) = T 20— e/m)t’ thus ¢(t) is mono-
—2(1—¢/k

tonically increasing for ¢ € [0,1/2]. Therefore, hy i1 < hg,, ¢ =2,3,...,N/2 -1,
and

tNy2 ae ae 2(1 *5/’{)
h = '(8) ds < =&/ (tny2) = -
vNjp = ae /Ml Pl)ds < OUNR) = T e fnigs
2
S aﬁgg :2@I€N717

which gives (12).
For the estimate in (13), we have

ti 2(1 —¢/k)
hei = '(s) ds < & =2 LT
: ag/ti_l Os)ds < 5 max $) =T T o000
ae 2 ae

<7.7<—N:
=N 1-2yp, - N s

whereas estimate (14) results from (12) and the fact that N=* < h, ;1 < hy; <
2N~1 i = N/2+2,...,N, by mesh definition (10). It is an easy calculation to get
inequalities (15) and (16). O

Remark 1. The user-chosen parameter k allows the mesh to preserve the reason-
able properties of the original Bakhvalov mesh and Kopteva’s modification as shown
n (14); that is max; hy; = O(N™Y) and hy ;1 < hy; for all i, see [4, page 181].
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4. Error analysis

The numerical solution uf}[ of the upwind finite-difference discretization is decom-
posed analogously to its continuous counterpart:

N N N N N
u;; = S;; + B+ By + Eis
for which

LNSE = (£8),;, LVEY; = (LEy)
LNEY ;= (LE1);; on QV\TY,

o LNES; = (LEa),;,

and
Sz]_\]] = Sij; E{YU = El,ijy Eé\f” = E27ij7 Ell\é,ij = E12,ij on FN
Let
LY (ui) = (Lu)y; = LY (ugy —ujf), 1<ij<N-1,
be the truncation error of the upwind discretization of problem (1) on the Bakhvalov-
type mesh (10). We establish the upper bounds for the truncation error by using
£ (g —u) | < [LY (Sy = SF)| + £V (B — B1)]
N N N N
+ L8 (Baij = o) | + €7 (Braj = Erz i) |
<07 + 07,

where we set

07, =L (Sij — S|+ |£3 (Briy — EL5)]

1Y (o~ )]+ 12 (Buags — )| "
and
0F =Ly (S = Si7)| + £y (Bris — EV5))|
+ |23 (Baij — Epyg) |+ |£3 (Brzig — By i5)|
Also, let

- : Brhgi\ ! - d Bohy i\
Eij:H(l—i—Qe and EY =] L+ =)

k=1 k=1

We also make an assumption on the mesh parameter a such that min {af1, a2} > 2
for the rest of our analysis. In the following lemmas, we follow the proof techniques
introduced in [12, Theorem 1] to obtain the truncation-error estimate, and [12,
Lemma 9] to form the appropriate barrier functions. It is worth noting that because
the mesh modification of Boglaev and Kopteva simplifies the original Bakhvalov
mesh by its explicit transition point, the analysis here can be significantly simplified
compared to that of [12].
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Lemma 3. The truncation error of the upwind discretization of problem (1) on the
Bakhvalov-type mesh defined in (10) and (11) satisfies the following:

2™ () ~ (Lu),

< 0%+ 0%,

where for 07; and any j =1,2,...,N — 1, we have

CN—1, i>N/2,
o < C(N_l—|—<€_11E§”ji]\7_1)7 zizN/Q—l&herlgs,
! C(Nt+ h;’itlEij‘l) , i=N/2—=1& hy 41 > ¢,
C(N“'4e'ELZNTY), i< N/2-2,
whereas 9%, for anyi=1,2,...,N — 1, can be bounded in the same way with E’Zyj,

instead of Efj, and hy j, instead of hy ;.
Proof. We shall prove the estimates for 6; only, since the bounds for GZ’J can be
proved analogously. From (17), we will bound each right-hand-side term separately.
Let 1 < j < N — 1 throughout the proof. By (2), (4), (12), and Lemma 1, we
easily get the bounds |Eiv (Sij — SZ];’)| < CN~! and |£iv (Eaj — Eévw)| < CN-!
for1<i< N -—1.

We consider cases for the indices ¢ to bound the layer component E;. First, for
i> N/2+1, we apply Lemma 1 to Fy. Then we have

LY (By 45 — EY;)| < ON“le2eProvz/e < ONTH,
where we have used (16) and af; > 2 in the last inequality.
For i = N/2, we consider two subcases, ¢ < N~! and e > N~!. Fore < N71,

our approach is

£ (Brij — By | < L3 (Bug)| + ‘(‘CmEl)ij :

(18)

Then, we can bound both |£Y (E ;)| < CN-! and ‘(ﬁrEl)ij’ < ON-! by invok-

ing (3), (6), and (15). For e > N~! we get that ha N2 < Ce because of (12).
Therefore, we use again Lemma 1 to get:

1LY (Brqj — EY;)| < ONTlem2e Pronzma/e < ON~lem2ePronale < ONTL
where (16) is used in the last step.

Next, we combine the cases when i < N/2—2and i = N/2 — 1 when h, /2 <€
together. Indeed, for ¢ < N/2 — 1, we have h,; < ac because of (13). Hence,

LY (Brij — BYy)| SCNTlemlemhmim/e < CemINTlemhoi/2e < Ce"INTEY,.

Lastly, when ¢ = N/2 — 1 and hIJW2 > ¢, this means that max{e, hy n/2} = hy n/2-
Then, ¢ < CN~! because of (12), and we can modify the approach in (18) and
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use (15) to get

< Ch=L  e=B1on/2-1/(2¢) o—Bron/2-1/(2¢)

|£i\f (El,ij)| + ‘(ﬁzEl)ij z,N/2

<O Bliyayy (e 4+ N2 (19)

—1 X —1
< Cha:,N/QEN/Qfl,jN :

The proof is completed when we apply the above argument analogously to bound
|£Y (Er2,i5 — BT, ;)| by invoking (5) and (8). O

Next, we form the barrier function
Yij =+, 154, <N -1,
with
Vij = Ci(1- xi)]\ﬁl + C’gEijfl and v}, = C3(1— yj)Nfl + C4E%N717

where Cy, k= 1,2,3,4, are appropriately chosen positive constants independent of
both € and N.

Lemma 4. There exist sufficiently large constants Cy, k = 1,2,3,4, such that

LV = LV + LV > X3 + Xl 2 05+ 0%, 1<i,j<N -1,

where

Xij = C1 N~ + Cy[max{e, hLiH}]*lEij*l,
and

Xi; = CsN~! + Oy[max{e, hy7j+1}]_1E§’jN_l.

Proof. We shall prove that £ ~i; > x§; > 07;. It is easy to verify that LY ~;; > xJ;
(see, for instance, [9, 15]). Therefore, by Lemma 3, we will show that 07, < x7;,1 <
j < N — 1, for various values of the indices 1.

Let 1 < j < N — 1 throughout the proof again. It is clear from Lemma 3 that

05, <CN ' <C\N"'<x§, i=N/2,N/2+1,...,N—1.

We are left to prove that ij < ij for i < N/2 — 1. For i < N/2 — 2, we have from
(13) that hy i1 < ae and

07, <C (NP4 e "ELNTY) S OINT' + Coe TEEN T < X (20)

It remains to consider i = N/2 — 1. If h, n/2 < &, we have the same situation as
above and estimate (20) is achieved for ¢ = N/2 — 1. On the other hand, when
ha n/2 > €, we apply a similar argument from (19) to get

0 <C (N71+ h;jv/zEf//z—l,ijl) S C’lN*I+C’2h;jv/2E‘]{,/2_l7jN*1 < XQJEV/2—1,j'

Analogous reasoning is used to show that E?]j VYij > X‘;’j > 9‘;’]-, which completes the
proof. O



ON BAKHVALOV-TYPE MESHES 129

Combining Lemmas 3 and 4 together with the discrete maximum principle (cf. [5,
Lemma 6]), we get the main result.

Theorem 1. For the upwind finite-difference method applied on the Bakhvalov-type
mesh defined in (10) and (11) to the convection-diffusion problem (1), the error
satisfies

’uij—uf\ﬂ §CN_17 for 0<4i, j<N.

5. Concluding remark

Our analysis fills an important theoretical gap for Bakhvalov-type meshes with ex-
plicitly defined transition points discretized by an upwind difference scheme of two-
dimensional convection-diffusion problems. The proposed mesh mildly generalizes
Boglaev and Kopteva’s choices of the Bakhvalov-type transition points in the sense
that the mesh not only enjoys the preferred mesh properties of the famous Bakhvalov
mesh, but also simplifies the computational effort theoretically and practically.
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