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A SEQUENTIAL LEAST SQUARES METHOD FOR POISSON EQUATION USING
A PATCH RECONSTRUCTED SPACE

RUO LI AND FANYI YANG

ABSTRACT. We propose a new least squares finite element method to solve the Poisson equation. By
using a piecewisely irrotational space to approximate the flux, we split the classical method into two
sequential steps. The first step gives the approximation of flux in the new approximation space and
the second step can use flexible approaches to give the pressure. The new approximation space for
flux is constructed by patch reconstruction with one unknown per element consisting of piecewisely
irrotational polynomials. The error estimates in the energy norm and L? norm are derived for the flux
and the pressure. Numerical results verify the convergence order in error estimates, and demonstrate
the flexibility and particularly the great efficiency of our method.

keywords: Poisson equation, Patch reconstructed, Irrotational polynomial space, Discontinuous least
squares finite element method.

1. INTRODUCTION

The least squares finite element method (LSFEM) is a sophisticated technique for solving the partial
differential equation. For second-order elliptic problems, we refer to [11, 18, 12, 24, 4], for the Navier-
Stokes problem, we refer to [9, 7, 13]. For an overview of the least squares finite element methods, we refer
to [10] and the references therein. Different from the Galerkin method, the lease squares method is based
on the minimization of the L?-norm residual over a proper approximation space. An immediate advantage
is the symmetric positive definite resulting linear system, which has made the method attractive in several
fields. Instantly, one may see the condition number of the resulting linear system is squared due to the
formation of the approximation. To relieve the curse due to the condition number, one may write the
equation into low order formation. Taking the Poisson equation as an example, we may introduce a flux
variable to write it into the mixed formation, resulting a system coupled by the flux and pressure. Though
the mixed form is helpful in reducing condition number, more degree of freedoms(DOF) are introduced
to achieve the same accuracy.

Discontinuous Galerkin(DG) methods have received massive attention in the past two decades due to
its great flexibility in mesh partition and easy implementation of the approximation spaces especially

for the spaces of high order. We refer to the review paper [3] and the references therein. Using the
approximation space from the DG methods, discontinuous least squares (DLS) finite element methods
have been developed in [26, 6, 5] for solving the elliptic system. In [7, 8], the authors extend the DLS

finite element methods to the Stokes problem in velocity-vorticity-pressure form. The same as the least
squares methods using continuous approximation space, the technique to write the equation into low order
system is adopted in DLS methods either to reduce the condition number of resulting linear systems. To
achieve the high order accuracy, discontinuous finite element space requires a huge number of degrees of
freedom which leads to a very large linear system [17, 27] in comparison to the methods using continuous
approximation spaces. The coupling of the variables in the mixed form and the increasing of the number
of DOFs make one hard to satisfy with its efficiency.

In this paper, a new least squares finite element method is proposed to solve the Poisson equation.
The novel point is that we split the solver into two sequential steps. This is motivated from the idea in [5]
to decouple the least-squares-type functional into two subproblems. In the first step, we approximate the
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flux still using a discontinuous approximation space. This space is the piecewise irrotational polynomial
space, which is a generalization of the reconstructed space proposed in [21, 20]. The new space is obtained
by solving a local least squares problem based on the irrotational polynomial bases and only one unknown
locates inside each element. With such a space, we makes the idea in [5] to decouple the flux and the
pressure implementable. For the flux, the optimal error estimate with respect to the energy norm is
derived. We can only prove the suboptimal convergence rate in L? norm for the flux until now, while in
numerical experiments we obverse the optimal convergence behavior for the space of odd order.

Once we get the numerical approximation to the flux, one then could use the numerical flux to obtain
the pressure in a very flexible manner. As a demonstration, we adopt the standard C° finite element
space to solve the pressure. We give the error estimates of the pressure in both energy norm and L? norm.
By a series of numerical examples, we at first verify the convergence order given in the error estimate
and illustrate the flexibility we inherit from the DG method. Particularly, by the comparison [17] of
the number of DOFs used to achieve the same numerical error, we show that our method has a great
saving in DOFs compared to the standard DLS finite element method. Consequently, by the decoupling
of the flux and the pressure and by the saving in the number of DOFs, a much better efficiency could be
attained by our method.

The rest of this paper is organized as follows. In Section 2, we review the standard DLS finite element
method and present the corresponding error estimates. In Section 3, we introduce a reconstruction
operator to define the piecewise irrotational approximation space and we give the approximation property
of the new space. In Section 4, the approximation to the flux and the pressure of the Poisson problem is
proposed, and we derive the error estimates for both flux and pressure in energy norm and L? norm. In
Section 5, we present the numerical examples on meshes with different geometry to verify the convergence
order in the error estimates. Besides, we make a comparison of number of DOFs respect to the numerical
error between our method and the method in Section 2 to show the great efficiency of our method.

2. DISCONTINUOUS LEAST SQUARES FINITE ELEMENT METHOD

Let © be a bounded polygonal domain in R%(d = 2,3). Let 7;, be a partition of Q into polygonal
(polyhedral) elements. We denote by &} the set of interior element faces of 7j, and by 52 the set of the
element faces on the boundary 02, thus the set of all element faces &, = 5,2 U &;. The diameter of an
element K is denoted by hx = diam(K), VK € T, and the size of the face e is he = |e|, Ve € &,. We
denote h = hpyax = maxge7;, hx. It is assumed that the elements in 7, are shape-regular according to
the conditions specified in [1], which read: there are

e two positive numbers N and o which are independent of h;
e a compatible sub-decomposition T consisting of shape-reqular triangles;
such that
e any element K € Ty, admits a decomposition 7~?L|K which is composed of less than N shape-regular
triangles;
o the triangle K€ 7~71 is shape-regular in the sense of that the ratio between h and pg is bounded
byo: hi/pgr < o where pg is the radius of the largest ball inscribed in K.

The regularity conditions could lead to some useful consequences which are easily verified:

M1 There exists a positive constant os such that o,hx < h, for any element K and every edge e of
K.

)

M2 [trace inequality] There exists a positive constant C' such that

M lol3acom0) < C (B ol agaey + PrclVellZae) ) o Vo € (K.
M3 [inverse inequality] There exists a positive constant C' such that

@) 1902y < Chiloll gy, Vo € Bon(K),
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where P,,,(+) is the polynomial space of degree < m.

Next, we introduce the standard trace operators in the discontinuous Galerkin (DG) framework [3]. Let
v be a scalar- or vector-valued function and e € &} shared by two adjacent elements K™ and K~ with the
unit outward normal n™ and n~ corresponding to KT and K ~, respectively. We define the average
operator {-} and the jump operator [-] as
1 ,

{v} = 3 (v|g+ +v|g-), Veeé&;,

and
[v] = v|g+nT +v|g-n", [v@n]=v|g+ @nT +v|g-@n", Vec&.

In the case e € &}, {-} and [] are modified as
{v} =v, []=vn, [v@n]=v®n, Vecé&,

where n denotes the unit outward normal to e.

Throughout the paper, let us note that C and C with a subscript are generic constants which may be
different from line to line but are independent of the mesh size, and we follow the standard definitions
for the spaces: L?(D), H'(D), C*(D), L*(D) := [L*(D)]?, H'(D) = [H*(D)]¢, C'(D) = [C*(D)]4(t > 0)
and we define

H(cwl’;D) 2 {v e L*(D) | Vxv=0}.

The problem considered in this article is the Poisson’s equation: seek u such that

—Au=f, inQ,
3) _
u=g, on Jf.
The first step of usual least squares finite element methods [26, 0] is to write the problem (3) into an

equivalent mixed form: seek p and u such that
p—Vu=0, inQ,
(4) -V-p=f, mnQ,
u=g, on .

In the mixed form, we refer v as the pressure and p as the flux later on based on the terminology of
the background of this equation in fluid dynamics. Here we introduce two discontinuous approximation
spaces: V" for the pressure v and W7p," for the flux q, which are defined as below:

Vit = {v, € L*(Q) | vp|k € Pr(K), VK € Tp},
Wi = {a € L2(Q) | aylic € Pr(E)]", YK € Tr |,

where m is a positive integer. We equip these two approximation spaces with the following norms, || - ||+
for V™ and || - ||p for W7}", respectively, as
lonllz & D~ IVonllZee + D h M Ilonl Iz, Yon € VIS
KeTy, e€lp
lanlz 2 32 (1Y @l + lanliFece ) + D2 h M lanllfe,  Van € Wi
KeTn ec&l
The standard least squares finite element method based on mixed form (4) reads [26]: find (un,p;) €
Vim x W' such that
(5) Jh (Uh, ph) = inf J}L (Uhv qh)7

(vh,q,)EVE X W
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where Jp(,-) is the least squares functional which is defined as

Tnonan) 2 3 (I @y + fIBa) + 190 = aullZac)

KeTy
(6) 1 )
£ 3 plenlizee + 3 Fllan @ nliae + 3 2llon ol
e€E} e€E} ecE?

To solve the minimization problem (5), one has its corresponding variational equation which takes the
form: find (up,py) € V" x W' such that

(7) an(Un, Ppivn, dp) = n(vn, qy),  Y(vn,qp) € V" x Wi

where the bilinear form ap(-;-) and the linear form Iy (-) are defined by

an(Uh,Ppi Vh, dp) = (/ V.p,V-qpdzx +/ (Vun —pp)(Von — Qh)dw)
KeTn
+Z/h ds—i—Z/hph qh®nds+Z/huhvhds
ec&; ec&} e€&}
and
dona) = 3 [ 9 auat Y 4 [ .
KeTh ecgl V€
The coercivity of the bilinear form a(-;-) are given in [26, Lemma 3.1] a

Lemma 1. For any (vs,qy) € V" x W', there ezists a constant C' such that

(8) an(vn, s vn, d) = C ([lonll3 + llanllp) -

The uniqueness of the solution to (7) instantly follows from Lemma 1 and the trivial boundedness of
ap(+;-). Further, it is direct to derive the error estimate with respect to the norms || - ||, and || - ||, by the
approximation properties of spaces V;* and W7} [26, Theorem 4.1].

Theorem 1. Let up xq; € V; x W} be the solution to (8), and assume the ezact solution u € H™T1(Q)
and q € H™1(Q), then there exists a constant C' such that

9) lu = unll + lla = apllp < CH™ ([ull s () + llallamq)) -

3. APPROXIMATION SPACE WITH IRROTATIONAL BASIS

In this section, we follow the idea in [20, 19] to define an approximation space using a patch reconstruc-
tion operator. Purposely, the reconstruction operator we propose here will use the irrotational basis, thus
the approximation space obtained is piecewise rotation free. With this new approximation space, we will
decouple the minimization problem (6) into two sub-problems, that we can numerically solve p at first
and then solve u. Let us introduce an irrotational space S,, which plays a key role in the construction of
the operator,

Sm(D) ={v € [Pn(D)]* | Vxv=0}.

For the irrotational space, we have that:
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Lemma 2. ForVYq € H™ " (K) N H(curl’, K), there exists a constant C' such that there is a polynomial
qy, € Sim(K) such that

(10) la = @nllz2(x) + b1V (@ = @) 20y < CREHlallgmea (i)

Proof. Since H(curl’, K) = VH'(K) [16], there exists a v € H™"?(K) such that q = Vv. Let ¥ €
P,,+2(K) be the standard nodal interpolation polynomial of v, and let q; = V. The inequality (10)
directly follows from the approximation properties of vy,. O

With the partition 7, we define a reconstruction operator from CO(Q) to the piecewise irrotational
polynomial space. For any element K € 7Tj, we prescribe a point xx € K, referred as the sampling node
later on, which is preferred to be the barycenter of K. Then, for each element K we construct an element
patch S(K) which is an agglomeration of elements that contain K itself and some elements around K.
There are a variety of approaches to build the element patch and in this paper we agglomerate elements
to form the element patch recursively. For element K, we first let So(K) = {K} and we define S;(K) as

Sy(K) = Si_1(K) U {K 13K € S,_1(K)st. K'NK =e e sh}, t=1,2,-

In the implementation of our code, at the depth ¢ we enlarge S;(K) element by element and once Sy (K)
has collected sufficiently large number of elements we stop the recursive procedure and let S(K) = S(K),
otherwise we let ¢ = ¢ 4+ 1 and continue the recursion. The cardinality of S(K) is denoted by #S(K).
Further, for element K we denote by Zx the set of sampling nodes located inside the element patch
S(K),
Tx 2 {IBI} | VK € S(K)} .

For any function f € C°(Q) N H(curl’; Q) and an element K € Ty, we seek a polynomial Rt of degree
m defined on S(K) by solving the following least squares problem:

(11) R™f = argmin Z v(zg) —flzz)

ves,.(S(K) , 227,

We note that the existence of the solution to (11) is obvious but the uniqueness of the solution depends
on the position of the sampling nodes in Zg, here we follow [20] to state the following assumption:

Assumption 1. For all element K € Ty, and v € S,,,(S(K)),
Vlz, =0 implies v|gx) = 0.

This assumption demands the number #S(K) shall be greater than dim(S,,)/d and excludes the
situation that all the points in Zx lie on an algebraic curve of degree m. Hereafter, we always require
the assumption holds.

Due to the linear dependence of the solution (11), a global reconstruction operator R™ for f can be
defined by restricting the polynomial R%f on K:

(R™) | = (Rf)|x, VK €T

It is clear that the operator R embeds the space C°(€2) N H(curl’; Q) to a piecewise irrotational poly-
nomial space of degree m, and we denote by U}" the image of the operator R™. In Appendix, we give
more details about our reconstructed space and the computer implementation.

We next focus on the approximation property of the operator R™. For element K, we define a constant

maXges(K) lv(z)]
ma. .
Ue]PWl(S(K)) ma‘XﬂleIK |U(w)|

A(m, S(K)) =

We note that under some mild and practical conditions about S(K), the A(m, S(K)) has a uniform
upper bound A,,, which plays an important role in the approximation property analysis. We refer to
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[21, 20] for the conditions and more details about the constant A(m, S(K)) and the uniform upper bound.
Besides, under such conditions the Lemma 2 could be generalized as

Lemma 3. For any function q € H™ " (S(K)) N H(curl’, S(K)), there exists a constant C such that
there is a polynomial q;, € Sy (S(K)) such that

(12) la — apllL2sxy) + bV (@ —ay) l2es)) < CRE lallem+ (sx)-

Proof. Tt directly follows from [20, Assumption A and Property M3]. |
With A,,, let us state the approximation property of the operator R.

Theorem 2. Let f €¢ H™(Q) N H(curl®; Q) and K € Ty, there exists a constant C' such that
€~ REEllracre) < CAmb ™ e g sy @ = 0,1,

(13) g
IV — RER)| 2 0r) < CAmb ™ T 218 | ggmss seicyys @ = 0, 1.

Proof. The estimates directly follows the proof of [20, Lemma 2.4] and the Lemma 3. O

4. SEQUENTIAL LEAST SQUARES FINITE ELEMENT APPROXIMATION

Let us define a new functional JP(-) by

1
TP(@) 2 D IV-ay + flu0t Y EH[[%@U]IH%Z(@
KeTh ec&}
(14)

1
+ Z EH% xn—Vg x|,

eefﬁ

The terms in JF (q;) include the part related to the flux in (6) and the term on boundary. We minimize
this functional in U}" to have an approximate flux. The corresponding minimization problem reads: find
p;, € U}’ such that

(15) J;I:(Ph) Hltgm Jh (a)-
The Euler-Lagrange equation of this minimization problem is as: find p;, € U} such that
(16) ap(Pr a) =1 (az), g, € UY,
where the bilinear form a¥ (-,-) is
af (py. ;) = / VepVoqudz+ Y / [p), ® n][q, ® n]ds
KeTn ec&)
+Z/ (py, X n)-(q; x n)ds,
ecl

and the linear form 1} (-) is

P (a /fV qhdw+2/ (p, xn) - (Vg x n)ds.
KeTh ecgh
Let
17 lanllz = D 1V - aullzex Z llan ©@n]lZ2 + D *||qh x nl|72 )
(17)

KeTh ec&} 34
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for Vq,, € Uy + H'(Q) N H(curl’; Q). The following lemma shows that || - ||, actually defines a norm on
the space U + H'(Q) N H(curl’; Q), referred as the energy norm later on.

Lemma 4. For any q;, € UY" +H'(Q) N H(curl’; Q), there exists a constant C' such that
(18) lanllrz@) < Cllagllp-

Proof. The idea follows [6, Lemma 1] to apply the orthogonal decomposition of L?(£2). We only proof for
the case d = 2 and it is almost trivial to extend the result for three dimensional case. Since q;, € L*(Q),
we let ¢ € H'(2)\R be the only solution of

(Vx¢,Vxx)=(aVxx), VxeH (Q).

This solution ¢ satisfies
~A¢p=V xqn, in H Q).
Applying the Green’s formula, we have

0=(a,—Vx¢Vxx)=((a,—Vxe)x n7X)L2(E)Q)7 Vx € H'(Q).
Thus there exists v € Hi(Q) such that Vv = q;, — V x ¢ [16]. Besides we have the stability estimates
(19) Xl @) < Cllanlliz@), vl < Cllayllz @)

Further, we use the decomposition to obtain

||Qh||i2(9) = (Z / qp - Vvd:c—i—/ ap - VXXdiB>
KeT,

Z (/ vqh-nds—/vv~qhdaz+/ thxnds>.
oK K oK

KeTn
:Z/ v]ay - n] + x[q, x n]) ds+Z/thxnds—/vV q;dex
ect} 34

And we have that
Z/ (Ietn - 01 + et % 320, s<cZ/|| ay © 125, ds.
6687 6687

Using the Cauchy-Schwarz inequality, trace inequality (1) and the stability estimate (19) could yield the
estimate (18), which completes the proof. |

Since for Vq, € Uy +H'(Q) N H (curl’; Q) we have af (qy,, a;,) = |lay I3, it is implied that the problem
(16) has a unique solution. Moreover, we could establish the convergence result with respect to the norm

I llp-

Theorem 3. Let the solution p € H™(Q) N H(curl®; Q) and let p,, € U be the solution to (16), then
we have

Proof. Since p;, minimizes the problem (15) and [p ® n] = 0, we have
Ip —pullz = JE(py) < JE(R™p) = |Ip — R™pll3.
Therefore, we only need to bound ||p — R"p|lp.
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By the approximation (13) and trace inequality (1), we obtain that for element K,
IV-p =V Rupllrzx) < ChEIPIam+1(sx)):

and ) )
(P = RmP) ®@nl[129x) < CllP = RmPll72(0k)

< C(hi' P = RmPll72(x) + hic [V (P = Rmb) 172 (1))
< CR M Ipllam+ (s -

The inequality (20) is concluded by summing over all elements in the partition, which completes the
proof. (I

After getting the numerical flux p,,, the next step is to plug it into the functional (6) to calculate the
pressure u. We define the functional Jj!(-) as below:

1 1
(21) Ji(v) Z Vv — Ph||2L2(K) + Z EH[[U]IHZL?(S) + Z EHU - 9||2L2(e)-
KeTh ec&} ecg?

To get an approximation to u, one may solve the minimization problem for the functional J¥(-) in a
certain approximation space. We note that it is very flexible to choose the approximation space for w.
For instance, one may use the discontinuous finite element space V" or the patch reconstructed space
proposed in [20]. Here we solve the pressure u with the standard Lagrange finite element space, which is
defined as R

U 2 (o € C(9) | nlx € Pu(K), VK €Ti).

Due to the continuity of the space ‘A/}:”, the functional Ji*(v) is simplified as

1
(22) Iy (v) = Z V0 = ppll72 () + Z EHU — 9|72 Yo E HY(Q).
KeTy ecg?

The following minimization problem gives the numerical solution to the pressure w in 17,1"

min Jg (vy).
vpeVm

The discrete variational problem equivalent to the minimization problem reads: find uy € ‘7,;” such that
(23) a¥ (up,vp) = [ (vg), Vou € V™,
where the bilinear form a}(-,-) is given by
1
ap (up,vp) = Z / Vuy, - Vopde + Z /fuhvhds,
K e h
KeTh ec&p
and the linear form I}(-) is given by
1
h= Z / Vuy, - ppdz + Z /Evhgds.
KeT, K ccel ¢
Analogous to the procedure we solve the flux p, we define || - ||, as
1
ol 2 > IVollZag + D Ellv\liz(e), Vo e H'(Q).
KeTn ec&d

The inequality [|vz2@) < C|lv|lu [2, Lemma 2.1] ensures || - ||, is actually a norm on H*(f2), which

actually guarantees the unisolvability of the problem (23). || - || is referred as the energy norm on V"
since now on. Further, the error estimate with respect to || - ||, is given in the theorem below as:
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Theorem 4. Let the solution u € H™1(Q) and let uy, € YA/,;” be the solution to (23), then we have
(24) lu = unllu < Cllp = PpllLz@) + CA™ [ullgmer ),
where py, is the solution to (15).
Proof. Let uy € TA/hm be the interpolant of u and we have that
Ji(un) < Jy'(ur)

lu = unlly < C(J3 (ur) + IV = ppllge o))
< C (lu—urlly + Ip = Pali3e)) -
The approximation property of the space th gives us [14]:
lu = wrlle < CR™ [Jullgmsr (),
which yields the estimate (24) and completes the proof. a
Then we can have the error estimate under L?-norm:
Theorem 5. Let the solution u € H™(Q) and let uy, € ‘A/,Z” be the solution to (23), then we have
(25) lu = unllz20) < Collp = Prllzz(o) + Crh™ Hull gmi(q),
where py, is the solution to (15).
Proof. Let e, = u — uyp, and from the definition of a}(-,-), one see that
aj(en,vn) = (P — Ppovn), Yo € V"

We first show that [len || g-1/2(90) < Cohllen|lu + C1hlp — Pyl 12(q), Where

(en, T)L2(aQ)
||€h||H*1/2(8§2) = sup = o .
TEHY/2(8Q) ||T||H1/2(6Q)
We let a € H'(Q) which solves Aa = 0 in Q, a = 7 on 9Q, and we let oy € ‘A/ﬁ” be interpolant of a.
Then we have that
(en,T)r2(00) = h(h™ (e, @) L2 (o0))
= h(h™'(en, @) 2(00) — aji(en, ar)) + (P — Py, 1)
=h(h™(en, o — ar)r2(00) — (Ven, Var)rz)) + h(p — Py, ar)
< Cohllenllu(lh(a — ar)llLzaq) + IVarl|l2(@) + Cihlp — Pullzz@)llazllL2 (o)
< Cohllunllullellm (@) + Cihllp — Pullz2@)llellm @)

We complete the proof by the regularity estimate ||| 1 () < C|7( g1/2(50)-
Given 1 € L?(Q2) and we let w € H?(2) which solves —Aw = 1 in Q, w = 0 on Q. We denote by
wr € V)" the interpolant of w. Then we could deduce that

ow
(ehvw) = (V@h,V'[U) - <6h7 >
On L2(89)

“ ow
ai(ensw = wr) + (p = Py wr) = (ens 5o
N/ r260)

Biw
on

< Chllenllllwll z2) + 1P = Prllz@) lwllm2(@) + llenllm-1/200) :
H/2(69Q)

Let ¢ = ep, and combining the bound of ||les| g-1/2(q), the regularity estimate [|wl|z2q) < CllY|L2(0)
and the approximation property of |lep||., could yield the estimate (25), which completes the proof. O
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m 1 2 3
d=2

#S(K) 6 10 16
d=3 m 1 2 3

#S(K) 8 15 25

TABLE 1. #S(K) for 1 <m < 3.

Remark 1. Until now the method we established is only for the problem with the Dirichlet boundary
condition. For the Neumann boundary condition Vu -n = g on 09, the boundary term in (14) and (22)
should be modified as

2

1 9 1|l 0ov
IETCRCEVINSEN IS DF FE

ec&l ecel

)

L3(e)

respectively. It is almost trivial to extend our method in this section to the problem with the Neumann
boundary condition.

5. NUMERICAL RESULTS

In this section, we conduct some numerical experiments to show the accuracy and efficiency of the
proposed method in Section 4. For simplicity, we select the cardinality #S(K) uniformly and we list a
group of reference values of #S(K) for different m in Tab. 1.

5.1. Convergence order study. We first examine the numerical convergence to verify the theoretical
prediction and exhibit the flexibility of our method.

Example 1. We first consider a two-dimensional Poisson problem with Dirichlet boundary condition on
the domain 2 = [0, 1] x [0,1]. The exact solution u(x,y) is taken as

u(x,y) = sin(27x) sin(4my),

and the source term f and the boundary data g are chosen accordingly.

We solve this problem on a series of triangular meshes (see Fig. 1) with mesh size h = 1/10, 1/20,
c..., 1/80 and we first use the space pairs U} x XA/hm(l <'m < 3) to solve the flux and pressure. In this
setting, from (25) we could see that the optimal convergence order of u;, depends on the convergence rate
of [[p — ppllL2(n). Although, we can not develop a theoretical verification for the optimal convergence
of p;, under L? norm, the computed convergence rates of ||p — py,|lr2(q) seem optimal for odd m. The
L? norm and the energy norm of the errors in the approximation to the exact solution are gathered
in Tab. 2. We could observe that for odd m, the errors ||u — un|/z2(q), llu — unllu, [P — PullLz() and
lp — pyllp converge to zero optimally as the mesh is refined. For even m, the orders of convergence
under L2-norm are suboptimal. Moreover, from the estimate (25) one could observe that if we decrease
the space approximating pressure by one order, we could obtain the optimality for w approximations.
The errors with the space pairs U} x thfl are collected in Tab. 3, which clearly shows the optimal
convergence of uy, for both measurements. Besides, we note that all the convergence rates are consistence
with the theoretical predictions.

Example 2. In this example, we consider the sample problem as in Example 1. But we use a sequence
of polygonal meshes consisting of elements with various geometries (see Fig. 2), which are generated by
PolyMesher [25]. We only solve the flux, and we present the corresponding errors in the energy norm
and L? norm and their respective computed rates in Tab. 4. Again we observe the optimal convergence
for both norms when m is odd. For even m, ||p — py,|l12(q) tends to zero in a suboptimal way. To apply
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FIGURE 1. The triangular meshes with mesh size h = 1/10 (left) and h = 1/20 for Example 1.

m leullz2) — order [leullu order |lepllL2) ~ order [lepllp order
1 1.0602e-01 - 2.5550e-00 - 1.1553e-00 - 2.9109e+01 -
2 3.0872e-02 1.80 1.2677e-00 1.01 3.3347e-01  1.80 1.5319e+01 0.93
1 |3 8.3590e-03 190 6.3053e-01 1.01 8.7712e-02 1.90 7.9176e+00 0.95
4 2.1548e-03 1.96 3.1463e-01  1.00 2.2647e-02 1.96 4.0133e+00 0.98
5 5.4473e-04 198 1.5723e-02 1.00 5.7033e-03  1.98  2.0137e+00 1.00
1 5.5862e-02 - 9.3425e-01 - 9.1461e-01 - 8.0168e+-00 -
2 1.8898e-02  1.57 2.8628e-01 1.71  2.7402¢-01 1.73  1.7807e+00 2.17
2 |3 4.9746e-03 1.93 7.3469e-02 193 7.1190e-02 1.95 4.1888e-01  2.08
4 1.2538e-03 1.99 1.8776e-02 1.98 1.8016e-02 1.98 1.0111e-01  2.03
5 3.1393e-04 2.00 4.7137e-03 1.99 4.5126e-03  2.00 2.4633e-02  2.02
1 5.2485e-03 - 1.6872e-01 - 1.2492e-01 - 3.7196e+-00 -
2 3.9516e-04 3.73  1.9952e-02  3.07 9.2700e-03  3.75  4.6565e-01  2.95
3 |3 21869-05 4.17 2.0437¢-03  3.28 5.9833e-04 3.95 6.0447e-02  2.97
4 1.1300e-06  4.27  2.2652¢-04  3.17  3.8808e-05  3.95 7.7175e-03  2.97
5 6.0716e-08 4.07  2.7352e-05  3.05 2.4584e-06  3.98  9.7343e-04  2.99

TABLE 2. Example 1. The errors e, = u—up, ep = p—py,, and the orders of convergence
with the spaces U}’ x V(1 < m < 3).

the method on meshes with different geometry, it is an advantage inherited from the DG method. On
such meshes, the convergence order is agreed with our error estimates again.

Example 3. In this example, we consider the mild wave front problem, which is the Poisson equation on
the unit square with Dirichlet boundary conditions. The data functions f and g are selected such that
the exact solution is

u(z,y) = arctan(a(r — o)), (z,y) € [0,1]?,
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m leullzz)  order fleullu order [lepllLzo)  order |epllp order
1 6.8296e-02 - 2.4561e-00 - 9.1461e-01 - 8.0168e+-00 -
2 1.7533e-02  1.96 1.2484e-00 0.97 2.7402e-01 1.73  1.7807e+00 2.17

2 |3 4.4126e-03 1.99 6.2683e-01 0.99 7.1190e-02 1.95 4.1888e-01  2.08
4 1.1050e-03 2.00 3.3137e-01  1.00 1.8016e-02  1.98 1.0111e-01  2.03
5 2.7636e-04 2.00 1.5691e-01  1.00 4.5126e-03  2.00 2.4633e-02  2.02
1 4.9662e-03 - 3.8263e-01 - 1.2492e-01 - 3.7196e+-00 -
2 6.3248e-04 297  9.7317e-02  1.97 9.2700e-03  3.75  4.6565e-01  2.95

3 |3 7.9437e-05 2.99 2.4434e-02 1.99 5.9833e-04 3.95 6.0447e-02  2.97
4 9.9415e-06 3.00 6.1151e-03  2.00 3.8808e-05 3.95 7.7175e-03  2.97
5 1.2430e-06  3.00 1.5291e-03  2.00 2.4584e-06  3.98 9.7343e-04 2.99

TABLE 3. Example 1. The errors e, = u—up, ep = p—py,, and the orders of convergence
with the spaces UJ" x V" "1(2 <m < 3).

FIGURE 2. The polygonal meshes with 250 elements (left) / 1000 elements (right).

where r = \/(z — 20)2 + (y — ¥o)2. The mild wave front uses (z,yo) = (—0.05,—0.05), 7o = 0.7, & = 10
and it is a problem of near singularities. For this problem, the high-order accuracy is preferred [23]. We
use a sequence of quasi-uniform triangular meshes (see Fig. 3) and we solve the problem with spaces
Uy x ‘7,;"(1 < m < 3). We list the errors in approximation to p and u in Tab. 5. It is clear that the
proposed method yields the same convergence rates as the Example 1, which validates our theoretical
estimates.

Example 4. In this example, we exhibit the performance of the proposed method with the problem with
a corner singularity. We consider the L-shaped domain = [~1,1]?\[0,1) x (—1,0] and we use a series
of triangular meshes, see Fig. 4. Following [22], we let the exact solution be

u(r,0) = r°/® sin(50/3)

in polar coordinate and impose the Dirichlet boundary condition. The data f and the function g are
chosen accordingly. We notice that u(r,6) only belongs to H** with s < 2/3. In Tab. 6, we list the
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m | DOFs lepllLz (o) order llepllp order
500 1.0485e-00 - 2.6456e+-01 -

1 2000 2.7316e-01 1.94 1.3244e+01 0.99
8000 6.5948e-02 2.05 6.5998e-00 1.00
32000 1.6203e-02 2.03 3.2658e-00 1.01
500 4.4773e-01 - 6.1493e-00 -

9 2000 1.2630e-01 1.83 1.3713e-00 2.16
8000 3.0209e-02 2.06 3.3353e-01 2.03
32000 7.4860e-03 2.01 8.2873e-02 2.01
500 1.6412e-01 - 4.5508e-00 -
2000 1.0449e-02 3.97 6.2226e-01 2.88

3 | 8000 6.3315e-04 4.05 8.1210e-02 2.95
32000 3.8188e-05 4.03 1.0205e-02 2.99

TABLE 4. Example 2. The errors e, = p — p;,, and the orders of convergence with the
spaces Up'(1 <m < 3).

QREAX XX
INSRRRIARA AT
S USRS
SK KIS <> >
O ORRERE
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SRRRRRSRRISISOOBARIRIR,
VS AVAVAYAYAYAYA ) D
KRR RSO OO
SRIKIRIESS OO IA KRN
o A v avAVAVAVAVAVA WA B
SRR A
K S Y
A YAYAVis

FIGURE 3. The triangular meshes with 246 elements (left) and 984 elements (right) for
Example 3.

errors measured in the energy norm and L? norm for both flux and pressure. Here we observe that
the error ||p — py|lp decreases at the rate O(h%/?) which matches with the fact that p only belongs to
H5/37¢(Q). The computed orders of |p —py|r2(a), v — unlle and ||u—up| 12(q) are about 1. A possible
explanation of the rates may be traced back to the lack of H3-regularity of the exact solution on the
whole domain.

Example 5. We consider a three-dimensional Poisson problem on a unit cube = [0, 1]®>. The domain
is partitioned into a series of tetrahedral meshes with mesh size h = 1/5,1/10,1/20,1/40 by Gmsh [15].
The exact solution is taken as

u(zx,y, z) = sin(2wz) sin(27y) sin(27z),

and the Dirichlet function g and the source term f are taken suitably. We use the spaces U} x ‘A/;L”(l <
m < 3) to approximate p and u, respectively. The numerical results are presented in Tab. 7. We still
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m leullzz)  order fleullu order [lepllLzo)  order |epllp order
1 4.3807e-02 - 4.9822e-01 - 1.1553e-00 - 1.0256e+01 -
2 1.6473e-02 141 4.0917e-01  1.03 3.3347e-01  1.80 5.3347e+00 0.95
1 |3 3.5661le-03 221 1.9515e-01 1.07 8.7712e-02 1.90 2.6486e+00 1.01
4 8.6682e-04 2.03 9.5962e-02 1.02 2.2647e-02 1.96 1.3231e+00 1.00
5 2.1263e-04 2.03 4.7761e-02 1.00 5.7033e-03 1.98  6.6057e-01  1.00
1 1.5200e-02 - 2.9032e-01 - 2.4411e-01 - 5.6918e+00 -
2 5.3703e-03 1.51 9.0132e-02 1.68 8.9263e-02 1.45 1.3870e+00 2.03
2 |3 1.4510e-03 1.89 2.5011e-02 1.85 2.5413e-02 1.82 3.1295¢-01  2.10
4 3.6778e-04 198 6.5013e-02 2.00 6.7113e-03 1.92 7.1999e-02  2.11
5 9.1211e-05 2.01 1.6380e-03 1.98 1.6989%e-03 1.99 1.7550e-02  2.03
1 1.0333e-02 - 8.0091e-02 - 2.0391e-01 - 5.8500e+4-00 -
2 1.1023e-03  3.23 1.2076e-02  2.72 1.7701e-02  3.52  9.7265e-01  2.59
3 |3 6.7612¢-05 4.03 1.2368e-03 3.28 1.1398e-03 3.96 1.3999e-01  2.80
4 4.2528e-06 4.00 1.2956e-04 3.26 7.4761e-05 3.93 1.8073e-02  2.96
5 2.2322e-07  4.12  1.4319e-05  3.17  4.7259e-06  3.98  2.2425e-03  3.01

TABLE 5. Example 3. The errors e, = u—up, ep = p—Pp},, and the orders of convergence
with the spaces U}" x V(1 < m < 3).

FIGURE 4. The triangular meshes with 250 elements (left) and 1000 elements for Example 3.

observe the optimal convergence rate for p; under L? norm when m is odd, and all computed convergence
orders agree with the theoretical analysis.

5.2. Efficiency comparison. The number of the degrees of freedom of a discretized system is a suitable
indicator for the efficiency, as illustrated by Hughes et al in [17]. In our method, the accuracy of p,
determines the convergence behavior of the pressure. Thus, to show the efficiency of the proposed
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m leullzz)  order fleullu order [lepllLzo)  order |epllp order
1 4.5059e-03 - 1.5490e-01 - 3.9382e-02 - 4.2524e-02 -
2 1.3528e-03 1.73  7.7746e-02  0.99 1.8681le-02 1.07  2.5539%e-02  0.73
1 13 4.0795e-04 1.73 3.8900e-02 1.00 9.3165e-03 1.00 1.5859e-02  0.68
4 1.3376e-04 1.61 1.9563e-02 1.00 4.5537e-03 1.03  9.9689e-03  0.67
5 5.2105e-05 1.36 9.7263e-03  1.00 2.2927e-03 1.00  6.2815e-03  0.67
1 2.2627e-03 - 9.3186e-03 - 3.4672e-02 - 5.1619e-02 -
2 6.8183e-04 1.73 2.6548e-03 1.81 1.6061e-02 1.11  2.9373e-02  0.81
2 |3 23956e-04 1.51 9.2329e-04 1.52  8.0869e-03  0.99 1.8481e-02  0.67
4 1.0011e-04 1.99 3.7505e-04 1.29 4.0509e-03 1.26 1.1383e-02  0.68
5 4.538le-05 1.13 1.7137e-04 1.12  2.0293e-03 1.00  7.0855e-03  0.68
1 2.5557e-03 - 1.1823e-02 - 4.1292e-02 - 5.7175e-02 -
2 8.6799%-04 1.55 4.1778e-03 1.50 1.9767e-02 1.06 3.0635e-02  0.90
3 |3 3.3653e-04 1.36 1.4712e-03 1.50 9.6459e-03  1.03  1.0801le-02  0.76
4 1.5550e-04 1.13 5.9787e-04 1.29 4.9361e-05 0.98 1.1136e-02  0.68
5 7.5031le-05 1.06 2.8188e-04 1.08 2.5011e-05 0.99 6.9361e-03  0.68

TABLE 6. Example 4. The errors e, =
with the spaces U}" x V(1 < m < 3).

U—up, ep = P—Py,, and the orders of convergence

m] ledlire  order Jeul order [lepllie  order lleplp order
1 2.0159e-01 - 2.6227e-00 - 1.4772e-00 - 2.0737e+01 -
2 6.7739e-02 1.76  1.4117e-00 0.89  4.3453e-01 1.80 1.0927e4+01 0.93
1 |3 1.8200e-02 1.90 7.3125e-01 0.95 1.1641e-02 1.90 5.4683e+00 0.99
4  4.6456e-03 1.96 3.6691e-01 1.00 2.9923e-02 1.96 2.7331e+00 1.00
1 2.8293e-02 - 7.6111e-01 - 3.6002e-01 - 7.0288e+00 -
2 9.1341e-02 1.63 2.2963e-01 1.73 1.0421e-01 1.79 1.7895e+00 1.97
2 |3 2.5926e-03 1.82 6.1281e-02 1.91 2.8129e-02 1.89  4.6372e-01 1.95
4  6.8012e-04 1.93 1.5021e-02 2.01 7.2823e-03 1.95 1.1599e-01 2.00
1 7.2877e-03 - 1.8326e-01 - 1.7658e-01 - 3.0434e+00 -
2 7.3997e-04 3.30 2.1873e-02 3.06 1.3510e-02 3.71 3.9250e-01 2.96
3 |3 5.6061e-05 3.73 2.7168e-03 3.28 9.2336e-04 3.87  5.1203e-02 3.01
4 3.6203e-06 3.96  3.3962e-04 3.17  5.9170e-05 3.96  6.4123e-03 3.00

TABLE 7. Example 5. The errors e, = u—up, ep = p—p},, and the orders of convergence

with the spaces U} x ‘A/hm(l <m <3).

15

method, we make a comparison between the standard least squares discontinuous finite element method
presented in Section 2 and the proposed method by comparing the error of the numerical flux py,.
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For both methods, we select the finite element spaces of equal order for solving the Poisson problem.
Here we solve the problems that are taken from the Example 1 and Example 5 for two and three dimen-
sional case, respectively. We implement the two methods on successively refined meshes. In Fig. 5, we
plot the errors of numerical flux in the DLS energy norm || - || against the number of degrees of freedom
with 1 < m < 3 in two and three dimension. All convergence orders are in perfect agreement with the
theoretical results.

There are two points notable for us. To achieve the same accuracy, the proposed method uses much
less DOF's than the DLS finite element method. The saving of number of DOFs is more remarkable for
higher order approximation. For d = 2, the number of DOFs used in our method is about 36% of that
in DLS method for linear approximation to achieve the same accuracy. Meanwhile, the number of DOFs
used in our method is about 31% and 27% of the number of DOFs used in DLS method for m = 2 and
3, respectively (see Fig. 5). In Fig. 5, one may see that the saving of number DOFs for 3D problems is
even more significant than 2D problems. For d = 3, the percentages of number of DOF's reduce to about
30%, 12%, and 5% of that in DLS method for m = 1, 2, and 3, respectively.

Let us note at last that the numerical flux p;, obtained by our method is locally irrotational, which is
a natural property as the gradient of a function.

T
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FIGURE 5. Comparison of the error ||p—p,,||p in number of DOF's by two methods with
m =1,2,3 in two dimension (left) and three dimension (right).

6. CONCLUSION

We proposed a sequential least squares finite element method for the Poisson equation. The novel
piecewisely irrotational approximation space is constructed by solving local least squares problem and
we use this space to decouple the least squares minimization problem. We proved the convergences for
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—_—

So(K) ={K} S1(K)
(_

S(K) S2(K)

FIGURE 6. Build patch for element K with #S(K) = 15

pressure and flux in L? norm and energy norm. By a series of numerical results, not only the error
estimates are verified, but also we exhibited the flexibility and the great efficiency of our method.
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APPENDIX A.

In Appendix, we present some details of the reconstruction process. We first give an example of
constructing the element patch in two dimensional case. For element K, the construction of S(K) with
#S(K) = 15 is presented in Fig. 6. Then we give more details about the space U}j'. As we mentioned
before, the operator R™ embeds the space C°(Q) N H (curlo; Q) to the piecewise irrotational polynomial
space of degree m by solving the local least squares problem. We define wi. (x) € C°()(1 < i < d) that

1 €, T =Tk,
wi(x) = ~ 7~ VK €T
k(@) %,we& K +K, i
where e; is a d x 1 unit vector whose i-th entry is 1. Then U}* = span{\} | A} = RMwh., 1 <i<
d, K € T}, and one can write the operator R™ in an explicit way: for a function g = (g',---,¢%) €
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CY(Q) N H(curl’; Q) we have
d
R'g= Y > g'(xx)Ak(@).

KeT;, i=1
Clearly, the number of DOF's of our method is always d times the number of elements in partition.
Further, we give some details about the computer implementation of the reconstructed space. We take
the case d = 2 to illustrate. We first outline the bases of the space S,,(D), it is easily verified that for

- {(0).()-()-0)- ()

Similarly for m = 2, 3, there is

S5(D) = S1(D)U { (%2> , (252‘1}) ’ <2ny) ’ <;2> } ’
o =500 (5). () (32) () - (4

Then we shall solve the least squares problem (11) on every element. We take Ky and m = 1 for an
instance (see Fig. 7), and we let S(Ky) = {Ko, K1, K2, K3} where K;(i = 1,2, 3) are the adjacent edge-
neighbouring elements of Ky. We denote by @; = (x;,y;) the barycenter of the element K; and we obtain
the collocation points set Zx, = {xq, €1, 2, x3}. Then for the function g = (¢', ¢%) € C*(Q)NH (curl’; Q)

FiGure 7. K and its neighbours

the least squares problem on K reads
3

oo 0) #0 (5) 02 (5) # (3) # (2) - (55)

a€R’ T,

2

It is easy to obtain its unique solution
a=(ATA)1ATq,

where ) _ ~ _
10 2 0 9 (zo)

01 0 y o 9*(%o)

1 0 =1 0 g;((xl))

01 0 y1 x g°(y1

A= 1 0 2o 0 yof’ = gt (x2)

01 0 o = 9*(y2)

1 0 z3 0 w3 g'(z3)

01 0 ys ws] 9% (ys) ]

We notice that the matrix (AT A)=1AT is independent of the function g and includes all information of
the function X (7 =0,1,2,3, i = 1,2) on the element K. Thus we could store the matrix (AT A)~1AT
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for every element to represent our approximation space. The idea of the implementation could be adapted
to the high-order accuracy case and the high dimensional problem without any difficulty.
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