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Abstract: We propose a new multi-moment numerical solver for hyperbolic conservation laws by
using the alternating polynomial reconstruction approach. Unlike existing multi-moment schemes,
our approach updates model variables by implementing two polynomial reconstructions alternately.
First, Hermite interpolation reconstructs the solution within the cell by matching the point-based
variables containing both physical values and their spatial derivatives. Then the reconstructed
solution is updated by the Euler method. Second, we solve a constrained least-squares problem to
correct the updated solution to preserve the conservation laws. Our method enjoys the advantages of
a compact numerical stencil and high-order accuracy. Fourier analysis also indicates that our method
allows a larger CFL number compared with many other high-order schemes. By adding a proper
amount of artificial viscosity, shock waves and other discontinuities can also be computed accurately
and sharply without solving an approximated Riemann problem.

Keywords: hyperbolic conservation laws; multi-moment; high-order accuracy; local reconstruction

1. Introduction
In this paper, we aim to solve the hyperbolic conservation law
d %)
u, 3w

g_i_ ox

M

where 1 and f(u) can be either scalars or vectors.

The classical higher-order numerical schemes such as the finite difference (FD) and
the finite volume (FV) frameworks usually involve only one degree of freedom (DOF) per
cell. That means to achieve the kth order discretization of the first-order spatial derivative,
a stencil of at least k + 1 cells is required. The compactness of a scheme can help simplify
the polynomial interpolation in unstructured meshes and reduce communication costs
between computational nodes on modern supercomputers. In this paper, the “compact” is
used specifically for numerical schemes with a minimal stencil, which excludes so-called
Padé schemes [1,2] since its approximation of the derivative involves solving a diagonal
system of the full difference stencil.

A natural thought for the design of a compact high-order scheme is involving more
than one DOF per cell so as to construct higher-order polynomials under the same stencil
width. A series of multi-moment schemes is developed based on this idea. The constrained
interpolation profile (CIP) scheme [3,4], which uses the semi-Lagrangian method to advance
in time, individually updates the physical variable and its derivatives on each cell by
the governing equations in different forms. The interpolated differential operator (IDO)
method [5] is similar to CIP but uses an explicit time-advancing approach. For the IDO
method, a stencil containing three adjacent cells suffices to approximate the first-order
spatial derivative with fifth-order accuracy in one dimension, which makes it possible to
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obtain comparably accurate results with spectral methods in direct numerical simulation [6].
For IDO, updating the derivative-value variables induces the problem of computing the
time derivative of uy, which involves f,;,. However, for the system of conservation laws,
fuu has a fairly complicated form and can be difficult to compute. Goodrich et al. proposed
a similar Hermite method [7] on staggered grids.

Neither CIP nor IDO are conservative schemes, which means they are not ideal for
shock-capturing problems and long-term simulations. To address the non-conservativeness,
so-called CIP-conservative semi-Lagrangian (CIP-CSL) schemes [8,9] and the IDO scheme
in conservative form (IDO-CF) [10,11] add the cell-averaged value as an extra independent
model variable to evolve. The cell-averaged variable is advanced by the flux-form conser-
vation law and is hence exactly conserved, while other kinds of variables are updated using
the differential form of conservation laws. However, these conservative CIP algorithms
need to find polynomials that match cell-averaged variables across cells, which can be
time-consuming when encountered with non-uniform meshes. A framework termed the
multi-moment finite volume method (MM-FVM) has been proposed on the basis of CIP-
CSL. Compared with CIP-CSL, MM-FVM can construct the high-order interpolation on a
local base and is more flexible when treating unstructured grids, as shown in [12]. Nonethe-
less, MM-FVM uses the semi-Lagrangian method in the time integration of point-based
variables, which is difficult to implement in the multi-dimensional case.

Another class of high-order conservative schemes based on local flux reconstructions
also uses a compact stencil and has become increasingly attractive in recent decades. Exam-
ples include the well-known discontinuous Galerkin (DG) [13-15], spectral volume [16,17],
and spectral difference [18] methods and, more recently, the flux reconstruction/correction
via procedure (FR/CPR) method [19,20]. These methods evolve k DOFs in each cell for a kth
order spatial accuracy (in one dimension) and compute the numerical flux on cell bound-
aries to represent the interaction between adjacent cells. Thus, polynomial interpolation
across cells is not needed, which makes these methods compact and flexible in handling
unstructured meshes. The multi-moment constrained finite volume (MCV) method pro-
posed by Ii and Xiao [21] can be viewed as a combination of CIP and the flux reconstruction
approach. The MCV method introduces high-order spatial derivatives of numerical flux
and reconstructs the local flux function more directly. MCV is generalized as multi-moment
constrained flux reconstruction (MMC-FR) [22]. However, the nonlinear aliasing phe-
nomenon [23,24] in treating nonlinear flux functions, which causes instability and accuracy
loss, is one typical demerit for these methods based on local flux reconstruction.

This paper presents a novel conservative multi-moment approach termed the AltPoly
method, which uses the alternating polynomial reconstruction as the time integration
method. AltPoly divides the computational domain into cells and adopts point-based
and cell-averaged values as model variables. The point-based variables including the
physical variable and its spatial derivatives are updated together, which is different from
the conventional multi-moment methods that update different types of model variables
according to governing equations in different forms. AltPoly then solves a constrained
least-squares problem to reconstruct the solution within the cell and update the model
variables, which preserves conservativeness exactly. Solving Riemann problems on cell
boundaries is not needed. Furthermore, AltPoly can also handle non-uniform meshes in
one dimension efficiently with the aid of the coordinate transform.

The remainder of this paper is organized as follows: Section 2 describes the formu-
lation of AltPoly and constructs artificial viscosity for discontinuous problems. Section 3
studies the accuracy and stability of AltPoly by Fourier analysis. Section 4 validates the nu-
merical convergence rate and capability of solving some widely used benchmark problems
involving both the scalar equation and Euler systems in 1D. Finally, a short summary in
Section 5 ends this paper.
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2. Formulation of AltPoly Method

This section gives the formulation of the AltPoly method for a one-dimensional
conservation law. For concreteness and ease of comprehension, we only present the
detailed formulation for AltPoly with 2 point-value variables and one extra cell-averaged
variable per cell, which is termed AltPoly-3. As for the general AltPoly-r with » model
variables within a cell, the formulation is similar to AltPoly-3 and is hence briefly illustrated
in Appendix A.

To begin with, we first introduce some notation. The bold font lower-case letter
denotes a column vector, e.g., a, u. The transpose a is denoted by a'. e; denotes the kth
standard unit vector in a space in proper dimensions. [4x];_; denotes a column vector
in the form of [ay,... ,am}T. Bold font capital letters such as A denote matrices. The
submatrix of A constructed from rows {r1, 2, ..., 7} and columns {cy, ¢, ..., ¢; } is denoted

as A[ry,12,...,1¢1,€2,--.,¢1]. ||a|| denotes the 2-norm of the vector a, while ||A|| for a

matrix A is defined by [|A|| = sup, 4, %.

2.1. Spatial Discretization and Model Variables

Suppose the spatial domain [Xmin, ¥max] is divided into N non-overlapping cells,
among which the j-th cell is I; := [x;_1,2,Xj11/2], j = 1,..., N. It should be noted that the
cells do not necessarily have a uniform length. In the j-th element, we consider computing
the time integration of three model variables: u, u, at the middle point of the element,
and additionally the element-integrated value #; = Aixj J x)jfjl 1//2 2 udx.

2.2. Updating Model Variables
Denote the model variables at time level t = f( as {u](t‘)), (Mx)](-t(’), g](to) }. This part
illustrates the procedure to obtain {u](tl), (ux)(,tl), ﬂ](tl)} with t; = tg + At, where At is the

]
time step length. In a nutshell, this procedure consists of 3 steps:

1.  Hermite interpolation across cells using point-based variables;

2. Computing solution values on selected solution points based on reconstructed poly-
nomials and updating solution values and cell-averaged variables via the Euler
forward method,;

3. Reconstructing the solution polynomial that matches updated solution values under
the constraint of cell-averaged variables to preserve conservativeness.

Details are presented in the following and algorithm illustrations are presented in
Figure 1 for convenience of illustration.

2.2.1. Step 1: Hermite Interpolation across Cells
In the first step, we find the interpolation polynomial h]-,% (x) on the interval [x;_1, x;]

(to) (ux)(to)

that matches u;";, 10) (1y,0)(10)

o1 j o as shown in Figure 1a. This step does not involve

(to)

cell-averaged variables 7 i This interpolation polynomial is of the third order since there
are 4 conditions in total. Before constructing h i1 (x), we introduce a local coordinate
2

x = 3+ 1j31)

s(x) := € [-1,1] (2)

Yj+1 — %

for x € [x}, xj11]as is usually done in the finite element method [25]. The local coordinate
can unify the interpolation templates so as to reduce the computational cost. The polyno-
mial hj_% (x) on the local coordinate s is denoted by fl]-_% (s) := h]._% (x(s)). Notice that %

and % can be connected by the following rule:
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oh(s)

ds ds
Then the coefficients of Ej

dh(x(s))  ohax oh

T 9xos (x; — xj—l)$~ @)

(s) = ¥-2_, a;s' can be determined by the following system:

N

3
By (1) = LDl =",
k=0
afl-_l(—l) 3
! és = Y (1) Tkay = (x; — xj1) - (ux)]_oi/
k=0
3 “4)
ho()=Y 4= ulto)
J=2 fr )
(1) 2 )
P k;okak = (xj = xj-1) - (),
The matrix form is
Ha =d, ®)
where
(to)
1 -1 1 -1 o ( uf)l )
- 0 1 -2 3 o ay o Xj—Xj—1) (Ux j-1
H=11 1 1 1|97 |4 | dd= () ©)
0 1 2 3 as J (to)

(xj - xj—l) ’ (ux>]'

In practice, the inverse of H is computed and stored in advance so as to reduce the
computation cost in solving (4).

T
Nl—
=
B
+
| —
S
+
—_

(b) Step 2

(c) Step 3

Figure 1. Algorithm illustration.
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2.2.2. Step 2: Updating Solution Values on Solution Points

Based on Step 1, we can now approximate and update the solution in cell I; us-
ing polynomials & i1 (x) and h i+l (x). For AltPoly-3, four symmetric solution points
Xjk = Xj+{Ax;/2,k =1,...,4 on I; are needed in this step with §; € [~1,1]. In this
paper, we choose §1 = —1, {» = —1+0, {3 =1 — ¢ and 4 = 1 as solution points with
o = 0.03. To update the solution values on these solution points, we need to compute

0

By (), i xie < xj Setic1 k), i e < xj;
YEZ 1 (xix), ifxig>x; and (i) =4 73 @
j+1 \Xjk)s jk = Xjr athr%(xj,k), if x> x;,

to approximate u and u,. For convenience, we transfer the solution points ¢ into local
coordinate s(¢y) for k = 1...,4. Combining the conservative law (1) we can then compute

u](.tlg) by the Euler forward method:

ufqrtkl) - u]"k o fu(u]',k> ’ (ux)]‘,kAt, (8)

where the function f, stands for %(uu).
(t1)

The cell-averaged variable i j s updated by the flux form of the conservation law:

_(t1) _ —(t) f(u]Jr%) —f(u];%)
wp o =up At. )
] J AX]
where u i+ is the function value at the cell boundary x; 1/, computed by

qu/Z:hH%(xH%):fljJr%(s(xH%)). (10)

When the computing grid is uniform, (10) is simply u; /5 = h i+l (0).
Figure 1b describes this step.

Remark 1. The Euler time integration used for updating solution values on solution points is
simple and easy to implement. However, the semi-Lagrangian time integration scheme [26] might
be robust with a larger time step.

2.2.3. Step 3: Updating Model Variables

The cell-averaged variable ii; has been updated (9). As for the point-value model vari-
ables, the four updated solution values on I; suffice to reconstruct a Lagrange interpolation

polynomial /;(x), so as to obtain the updated model variables u](.tl) and (u x)](tl). However,

such a direct routine may cause the mismatch of u; and ;.
Similar to Step 1, we introduce a local coordinate ¢ € [—1,1]:

Ex) = — Y forxel (11)
x) = , forxel.
Ax]- ]

Let f](é’) =7 ,bi&be li(x) under the local coordinate ¢. Then all conditions for l~](§)
are listed as

3 .
1i(Gk) = Z(:)biﬁl = ”,(,tkl)/ fork=1,...,4, (12)
1=

1 /1. B 1, )
5/,1 [[(2)dg = by + 3br = ", (13)
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This is an over-determined linear system since it contains 5 conditions and 4 unknowns.
However, (13) must hold for ensuring the conservation law. In other words, we need to
find the optimal coefficients {b;};_; _, to fit (12) under the constraint (13). This is a typical
constrained least-squares problem. To solve this, we rewrite the constraint (13) as

by =3(a") — by), (14)

and plug it into (12). Then the constrained least-squares problem is cast into the standard
least-squares problem as

Ab =y, (15)

where
(4)
1-2 &5 & o ujy i
A=| i or b= b|y=] o | -ea
-G & § bs ully i
Then the solution of (15) is
b=A'y=(ATA) ATy, (16)

where AT is the generalized inverse or the Moore-Penrose inverse [27] of non-square
matrix A.

From the polynomial expression of /;(x), we can now retrieve the point-value model
variables for the next time level:

u" = 1(x;) = I(0) = b, (17)
) 9li(x;)  dL(0)ag b
(Mx)]* - Tox ag a = Aixj (18)

So far, (9), (17) and (18) together give the updating rule for all model variables.
This polynomial reconstruction of /;(x) based on solving constrained squares prob-
lem (13) can be efficiently implemented if we compute and store A in advance.

2.3. Runge—Kutta Time Integration

Up to this point, we have only presented AltPoly using the Euler forward method,
which is merely of first-order temporal accuracy. Since the presented AltPoly is not in the
semi-discretization form, the Runge—-Kutta algorithm cannot be directly applied for AltPoly.
Therefore, a slight modification of the Runge-Kutta algorithm is adopted here.

To proceed, we introduce the following notation. Let # be a compounded list of all
model variables, and its j-th entry is a vector uj = {uj, (uyx) jr a]-}. Denote the result of
AltPoly upon u after one step with length At of the temporal forward Euler method by
& (u, At) and the corresponding increment part is denoted by

D(u,At) = E(u, At) — u. (19)
Then, one time step of the Runge-Kutta procedure for AltPoly is
R(ul0) = yt0) 4 %(kl + 2ky + 2k3 + ky), (20)

where
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ki = D(u"),At), (21a)
11,
(to)
ko = D(u'" + Sk 54 t), (21b)
ks = D) + 1k2,; b, 210)
ks = D) 4 ks, At). (21d)

2.4. Artificial Viscosity

To tackle problems that involve discontinuities such as shocks and contact discontinu-
ities, we add artificial viscosities to the proposed method. The critical step is depicting the
smoothness of a cell and determining whether the discontinuity exists. Our shock sensor
borrows the idea from the sub-cell shock capturing for DG [28].

Within each cell, we define the following truncated cell average based on the moments
for AltPoly-r:

. k 1 aZku ok
Furun .
% _kzzo 2k+1\ ax j(Axﬂ / (22)

where 2k is the largest even number smaller than r. It can be seen that utr‘m utilizes the
even-order partial differential point-value moments and is an approxunatlon of #; with

the error of magnitude O (Ax]zk“). Therefore, we expect that the solution is continuous

Strun ;

and then iz} jis close enough to i1, and hence declaim that a discontinuity exists in [; if

_ qgtrun
‘u] u]

exceeds some threshold. Based on this, the following smoothness indicator

is defined:
‘1/_[] _ L—ltrun

J
0= ———, 23
/ Urange 1 € 23)

where Urange = Umax — Umin and the parameter € = 10~10 is added to avoid dividing
zero. This smoothness indicator has a simple form and can be calculated directly from
the model variables. Then the amount of viscosity at x; i+ is calculated by the following
smooth function,

=

if 19] S (—00,19);
(1+5in ZE570) if 9 € [9,x]; (24)
if 9; € (x,400),

1/]':

] NI

where ¢; = log,, 0;, the parameters ¢ ~ (Ax; ) 7 = Ax;/4, and « is large enough to
maintain a sharp but smooth shock profile.

So far, we have obtained the viscosity at the middle of each cell. Next we use the linear
interpolation to construct the viscosity function between the middle points of two adjacent
cells. Then, to solve the problem with this viscosity function, one only needs to replace
f(u) with fuis(u, uy) = f(u) — v(x)uy, and modify (8) and (9), respectively.

3. Fourier (von Neumann) Analysis

This part gives the Fourier analyses of stability and accuracy for AltPoly in solving a
linear advection equation. We only give a detailed analysis for AltPoly-3 for concreteness.
AltPoly-r with other choices of r can be analyzed following a similar routine.

3.1. Formulation of the Amplification Matrix

Consider the linear scalar equation
ur+uy =0. (25)

Suppose the computational domain is [0, L] with a uniform mesh spacing Ax. The ini-
tial condition is periodic: up(x) = e®*/A¥ where i denotes the imaginary unit, and
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w = 27tkAx/L € [0, r) is the scaled wavenumber. The initial values of model variables on
the cell I; = [x;_1 /2, Xj;1/2] and its neighbor cells are given by

U = eiwx/‘/AX’ Ujpy = eiiwuj’ (26a)
W iy A :
(”x)]' = Eelwx’/ Y, (”x)jil = eilw(ch)j/ (26b)
1 iw/2 —iw/2\ jiwx;/Ax +iw
i, = — (e —e e e, iy = e ;. 26¢
i iw( ) j+1 i (26¢)

The discrete Fourier transform of the series {uj} is

{ﬁk’ |ﬁk/ = Z Ll]'eiznik/xj/L}.
j

il is not 0 only when k’ = k under the given initial condition. Hence, we only need to
consider the Fourier coefficient Iy and denote it as i in the following text for simplicity. 1y
and i are defined similarly for series {(i);} and {;}.
The key procedure in our analysis is rewriting the AltPoly-3 formulation in Section 2
into the matrix form:
alth) = gglto), (27)

where () is defined as #(f0) = [a(t0), i) Ax /2, ﬁ](.t(’)], and S denotes the amplification

matrix connecting #(t1) at the next time level t = t; = t + AL
The coefficient vector a;.1 /7 of the reconstructed polynomial /(s) in Step 1 of AltPoly-3 is

aj1/2 = H djay o = H ' Pal0) e/ (28)
T
where d;_1/, = [uj(ﬁ’{, (ux)](.i’iAx/Z, u](.tO), (ux)](tO)Ax/Z] ,
e™ 0 0
0 e—iw 0
P=| o ol (29)
0 1 0

According to (26), we have d; 1/, = eiwd]-,l/z and a; 1/ = eiwu]-,l/z according to
the periodicity of the spatial profile. According to (10), the function values at the cell
boundaries x;11/; are

wi—12(0) =ejaj_1/0, uj11/2(0) = u;_q, (30)

where e, denotes the k-th standard unit vector.

Now we turn to Step 2 of AltPoly-3. As the solution points x;; and x; are in the
domain of h;_1/5(x), we transfer them into the local coordinate in [x;_1,x;]. Lets; =
s(xj1) = 0and so = s(x;2) = a. Then we can derive

u; 1 s s2 s (1), 2 [0 1 25 352
]rl — 1 1 . X ]/1 _ = 1 1 '
[”132] [1 2 5 Si] “i-y {(”x)j,z Axl0 1 25, 3s2)%-3  GD
Similarly, the variable value and first spatial derivatives on solution points x;3, x;4
can be computed by

3 2
Ujs| _ 1 s3 s5 s3 (ux)j,3 _ i 0 1 2s3 3s3
[qu 1 sy si 5 ey (ux)ja Ax|0 1 2s4 3s3 A1 (32)

where s3 = —a and s4 = 0.

N— N

Nw N
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Combining a1/, = eiwa]-_l /2, the updating of solution values on solution points can
be expressed in the following matrix form:

2
[jmhi<mea = WBaj_1/5,  [(ux)jmlimes = T-WCaj1/2 (33)
where the items of B, C are, respectively:
Bun =55, Cun = (n—1)s,72 for1 < m,n <4, (34)

with 00 defined as 1, and W is a diagonal matrix with 1,1, el? e on the diagonal line.
Since f; = 1, the updated solution values here are computed by

[tV (WB - 2cWC)a,

]',m m=1—

where the CFL number ¢ = |9, f (u)|At/Ax = At/ Ax for this linear problem.
As for Step 3, the updated cell average over the jth cell is

ﬂ]{tl) = i — c(ujy1/2 — Uj_1/2) = j — c(e" — )eja;_q 5. (36)
Solving a constrained least-squares problem we have
_(A
b=A" ([”](,trb)]lgmg —3[E 1<mea ! t)>- (37)

From b we can easily obtain point-value variables of the next time level:

2
u = elb, (uy)") = —eib. (38)
Gathering (28), (30), (35), (37) and (38), we finally obtain the amplification matrix S
in (27):

s = [Zﬂ AT((WB —2cWC + 3¢cZ(e™ — 1)e] )H'P — 3Ze]))

2 , , (39)
el —c(e” —1)efH'P

which is the basis for the accuracy and the stability analysis as follows.

3.2. Accuracy Analysis

At the beginning, we assumed AltPoly-3 only had third-order spatial accuracy since all
reconstruction polynomials are of the fourth-order, which has third-order spatial accuracy
for first-order derivatives. Instead, however, we observed fourth-order spatial accuracy in
numerical tests. Analyzing only truncation error is not enough to explain this phenomenon.
We believe that the cell-averaged moment i7; and the constrained polynomial reconstruction
help improve the spatial accuracy.

The amplification matrix § can be divided into two parts,

S =Sy+cSy, (40)

where Sy and S; are independent from c. Let # = [1,iw/2, %(eiw/2 — e /2)] The
principal eigenvalue of Sy is 1 (see Appendix B for details). We denote the corresponding
eigenvector as ¢, namely

Soyp = ¢, (41)

and we make the last items of ¢ and # equal, namely 3 = % (el®/2 — e=iw/2),

With the assistance of Wolfram Mathematica® 12, we decompose the following terms
into Taylor series

Y=1i +£1w4e1 + O(ZUS) (42)
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and
S19p = —iwyp + eowter + O(w?), (43)

where the scalars €1, €5, and the vectors v1, v, are independent with w.

Suppose we choose a proper c that ensures the stability, namely || Si | < MforieN
and some positive constant M. Divide the time domain [0, T] uniformly with step length
At and denote n = T/At. It is obvious that the exact solution at ¢ = T for (53) with the
initial condition uini¢(x) = W%/ DY is oy qep = eW—T)/Ax — g—incwy, - () Hence the error
of the numerical solution by AltPoly-3 is

Hsnﬁ _ e—incwﬁ|

=[s"(a -9+ ) —e " (@—yp+y)|
<[5 =g+ 57— )]+ e )
—_ ||Snll]_efincwlp|| +(’)(w4). (44)

However,

S"p = 8" ((So+cS1)9) =" (Soyp + cS19p)
= §"7 (g —icwyp + exwices + cO(@?) )
= §" (e 1y + O((cw)?) + exwice; + cO(w))
— eiwgrly 4 §10(Cu?) + o™ (eauter + O))

. n : & i
_ efmcwtp + 2 efl(”*k)cwskfl(ﬂ <c2w2) +c efl(n*k)cwskil (8282w4 + (’)(w5)) (45)
k=1 k=1

According to the bound result (A16) in Appendix B, ‘ Ske, H < k4 (k—1)cpl + O(w)

with some positive constants p1, p € (0,1). Then one can deduce that

|7y —e Wy < 2 | H|o(Pw?) + ¢ 2 (5 + (k= 1)yl + O(w))w?* + O(w?))
k=1 k=1

2
< nO(w?) + c(1 ﬁlﬂl + a iyﬁz)z)(’)(uﬁ) + ncO(w). (46)

Remember that w ~ Ax,c = At/Ax, and n = T/At, then we have

nO(w?) = AltO(Atz) = O(At), (47a)
ncO(w?) = %%O(AxS) — 0(axY), (47b)
cO(wh) = %O(Ax‘*) — O(AAL). 47c)

Combining (44)—(47), we can see that the error order of AltPoly-3 is
|85 — e "Cul| = O(At+ AtAx® + Ax*) (48)

To ensure stability, the order of magnitude of At is usually not higher than that of Ax,
namely ¢ ~ O(1). Therefore, the truncated error (48) can be simply reduced to O (At + Ax*).
That means AltPoly-3 using the Euler time scheme has fourth-order spatial accuracy and
first-order temporal accuracy.

When using RK4 as time integration strategy (20), the amplification matrix Sgr4 for
this linear equation can be expressed as

1
Srxa = I+ E(Kl + 2K + 2K3 + K4), (49)
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where

Ky = (S - I)r (50a)

Ky = (S—1)(I1+K;/2), (50b)

Ks = (S —I)(I+K;/2), (500)

Ki=(S—I)(I+K3). (50d)

Expanding Srx4, we have

1
SrK4 = ﬂ(1+85+652+54).

One can easily show that Srky has fifth-order truncated temporal accuracy and then
the total error becomes

|Skxare — e " Vu| = O(AH* + AtAX® + Ax*). (51)

3.3. Stability Analysis

To obtain stable time integration, the CFL number ¢ should be carefully chosen such
that the magnitude of the principal eigenvalue of the amplification matrix is not greater
than 1 for all wavenumbers k. The principal eigenvalue of the amplification matrix Srxa
for AltPoly with various moments can be seen in Figure 2. It is remarkable that all schemes
have a fairly large range of ¢ except for AltPoly-5. In particular, AltPoly-3, which has
fourth-order spatial accuracy, is stable even with ¢ > 1, which is better than many other
existing explicit high-order schemes using a compact stencil. As more moments are used,
the stability condition becomes more stringent. For AltPoly-6, the tolerated CFL number
is approximately ¢ € [0.2,0.4]. However, the maximum principal eigenvalue is around
1+ 1072 when ¢ < 0.2 for AltPoly-6, which means short-term time integration can still
maintain stability.

1.2 T T r 1.2
0.(977»2\—/
% \ 08—
0.6 ———
1r \Qs , 1r 2]
0 \ £ /\
0.8 ’ % 0.8 HM_,z'/%Zﬁ o® ]
R\ 13 A Q”S
0g ! 08
© 0.6 © 0.6
0.4 0.4
0.2 0.2
0 ‘ ‘ ‘ ‘ ‘ 0 \ : ‘ ‘ ‘ ‘
0 0.5 1.5 2 25 3 0 0.5 1 1.5 2 25 3
w w
(a) AltPoly-3 (b) AltPoly-4

Figure 2. Cont.
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Figure 2. Contour plots of the principal eigenvalues of the amplification matrices of AltPoly schemes using fourth-order RK

time integration for the linear advection equation.

4. Numerical Results

In this part, we solve several types of one-dimensional hyperbolic law to illustrate the
performance of the proposed method. We choose the four-stage Runge-Kutta method (20)
for the time discretization.

For all numerical experiments, AltPoly-r with the moment number r varying from 3 to
6 are tested on uniform meshes. In addition, we check the accuracy of the proposed method
on non-uniform meshes. Non-uniform grids are generated by adding a 40% random
perturbation upon the element boundary of the uniform mesh. Specifically, suppose x;;1/2
and Ax are separately the cell boundary and cell length for the uniform grid, then the
element boundary generated for the non-uniform grid is

.‘fﬁ_% = xH% —l—ﬁg]-Ax, g] ~ Unif(—1,1), (52)

where ; are independently identically distributed random variables, Unif(—1,1) denotes
the uniform distribution over [—1,1], and B is the amount of perturbation, which is set as
0.2 in our experiments.

Special attention might be paid to specify the initial values of model variables. This is
trivial if the initial profile is analytically given. Otherwise, these unknowns can be specified
by implementing high-order interpolations and numerical integration.

Since the temporal accuracy is only fourth-order, we take At ~ (Ax)®~2)/4 for
AltPoly-r in the accuracy tests.

4.1. Linear Scalar Equation

In this subsection, we test the performance of AltPoly schemes on the following scalar
equation [29]:
ur +uy = 0. (53)

We first check the accuracy of the proposed method through grid refinement tests.
The initial condition is given as u(x,0) = sin(7tx) with a periodical boundary condition
on x € [0,27). The exact solution is u(x,t) = sin(x — t). We refine the grid and record
numerical errors after one period (t = 2).

true

Two typical norms for errors are adopted here, ie., E; = % Z]'I\Ll ‘uj —u™Me, and

Ew = maxlSjSN‘uj — u;rue

. The errors and the convergence rates are presented in Table 1.
We can see that the spatial accuracy order is 2r — 2 for the AltPoly-r scheme, which matches
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our theoretical analysis in Section 3. Additionally, the order of accuracy is also maintained
well for non-uniform meshes.

Table 1. Accuracy test for linear hyperbolic law with initial condition u(x,0) = sin(x) at t = 271.

r N L Error Order Lo Error Order Ly Error Order Lo Error Order
Uniform Grid Non-Uniform Grid
10 179 x 1073 - 2.76 x 1073 - 2.10 x 1073 - 3.33 x 1073 -
20 115 x107% 395 182 x107* 393 132x107* 400 209 x 107*  3.99
3 30 231 x10% 396 363 x10° 397 268x10° 393 425x107° 393
40 735x10° 398 116 x107° 397 846 x107° 400 135 x 107>  3.99
60 146 x 107 399 229 x107°® 399 168 x107°® 398 267 x 10°°®  3.99
10 132 x 107* - 2.05 x 107* - 1.33 x 1074 - 2.06 x 1074 -
20 206 x107® 601 322x107° 599 206 x10° 601 323 x107® 599
4 30 181 x107 599 284 x1077 598 182 x1077 599 286 x 1077 598
40 323 x10°% 600 506x10% 600 324x10% 600 508 x 108  6.00
60 284 x10° 600 445x10° 599 285x107° 599 448 x 107°  5.99
10 1.92 x 1074 - 297 x 1074 - 1.92 x 1074 - 298 x 1074 -
20 760 x1077 798 118 x10° 797 760 x 1077 798 118 x 107°®  7.98
5 30 295 x107% 801 463 x10% 800 295x10% 801 463 x 1078 7.99
40 297 x107° 799 464 x 1070 799 296 x 1070 799 465 x 107°  7.99
60 116 x 10710 800 1.81 x 10710 800 1.16 x 10719 800  1.82 x 10710  8.00
20 157 x 107° - 246 x 107° - 1.57 x 107° — 246 x 107° -
30 273 x10°% 1000 428 x 108 999 273 x10% 999 428 x 1078  9.99
6 40 154 x 1077 999 241 x 1077 9.9 154 x 107 999 241 x 107°  9.99
60 249 x 1071 1017 396 x 10711 1014 228 x 10°1' 1039 382 x 10-1 1022

Next, we use a complicated initial condition from [30] to evaluate the ability of the
proposed method in handling both continuous and discontinuous profiles. This initial
condition contains four piece-wise functions:

u(x,0) =

Oaol— M — o=

~

— 10(x — 0.1)],
(F(x,0,0 —0) + F(x,a, 0 4+ 6) + 4F(x,a,a))

where the involved functions are

G(x,B,z) = exp(—p(x — 2)%))

and

(G(x,B,z—0)+ G(x,B,z+ ) +4G(x,B,z))

forx €
forx €
for x € [0,0.2],

0.8, —0.6],
0.4,—-0.2],

for x € [0.4,0.6],
otherwise,

F(x,a,a) = \/max(l —a2(x —a)?,0),

(54)

with the constants set as « = 10,4 = 0.5,z = —0.7,6 = 0.005, and 8 = log2/(3642). As for
the initial profile, we suggest using the routine used in the discontinuous Galerkin method.

A smaller time step can help reduce the oscillations around discontinuities. We take
At = 0.3Ax,0.1Ax,0.075Ax, and 0.01Ax, respectively, for AltPoly-3, AltPoly-4, AltPoly-5,
and AltPoly-6.

The computational domain is divided into 200 elements. We first compute this problem
without adding artificial viscosity, for which higher-order methods can produce better
results in both continuous and discontinuous regions. The results at t = 2 are illustrated
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in Figures 3 and 4 separately. Specifically, AltPoly-3 and AltPoly-4 generate significant
oscillations around x = —0.4 and x = —0.2. These oscillations are reasonable as our method
is based on the smoothness assumption and the polynomial does have its limitations
on presenting discontinuities. However, it is interesting that spurious oscillations are
significantly reduced and the transitions around strong discontinuities are quite sharp for
AltPoly-5 and AltPoly-6. After adding a proper amount of artificial viscosity, the proposed
method is able to smooth the artificial oscillations for AltPoly method of various orders
while not losing high accuracy in the smooth regions.

1.2 T T
0O numerical O numerical
1k 4
0.8 F ]
0.6 - ]
=} =
0.4F ]
0.2 F ]
u]
U (5]
a
(]2 L L ®\ L L L L L L [)2 L L L L L L L L L
-1 -08 06 04 02 0 0.2 0.4 0.6 0.8 1 -1 -08 06 -04 02 0 0.2 0.4 0.6 0.8 1
(a) AltPoly-3 (b) AltPoly-4
1.2 T T 1.2 T T
o numerical o numerical
true
1F - - oy R 1 3
0.8 I 1 0.8} 1
0.6 |- E 0.6 - E
5 h i S
0.4 E 0.4+ E
g i1
0.2 E 0.2+ E
0 wg[ L 0 s L
0.2 I I I I I I I I I 0.2 I I I I I I I I I
1 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 1 1 0.8 0.6 0.4 0.2 0 0.2 0.4 0.6 0.8 1
X
(c) AltPoly-5 (d) AltPoly-6

Figure 3. Numerical results of the advection of a complicated profile at t = 2 via AltPoly without artificial viscosity using
N = 200 cells.
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Figure 4. Numerical results of the advection of a complicated profile at t = 2 via AltPoly with artificial viscosity using
N = 200 cells.

4.2. Nonlinear Burgers Equation
This subsection considers the 1D inviscid Burgers equation

42
g + (—) =0, (55)
2 /x

The initial condition is u(x,0) = 0.5 + sin(x) for x € [0,27) with the periodical
boundary condition.

Although the initial profile is smooth, shock waves exist when ¢ is large enough
since the flux function is nonlinear. To evaluate the order of accuracy, we calculate the
numerical solution before the shock wave occurs and compute the errors in respect of
grid refinement. Table 2 lists the errors at t = 0.5 when the solution is still smooth. The
numerical convergence rate results are consistent with our theoretical analysis.

The numerical results for the Burgers equation at t = 1.5 are shown in Figure 5
when a shock has already emerged. To handle the shock discontinuity, we add a proper
amount of artificial viscosity according to Section 2.4. We can see that our schemes sup-
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press the oscillations well around the discontinuity while still maintaining a sharp and

accurate profile.

Table 2. Accuracy test for Burgers equation with u(x,0) = 0.5+ sin(x) at t = 0.5.

r N L; Error Order Lo Error Order L; Error Order Ly Error Order
Uniform Grid Non-Uniform Grid
20 841 x 107° - 1.32 x 1075 - 2.01 x 107> - 5.46 x 107> -
30 159 x107® 410 250 x 107° 411 299 x 107® 470 9.14 x 107® 441
3 40 493 x 1077 408 771 x 1077 408 852 x 1077 437 254 x 107® 445
60 952 x 1078 405 150 x 1077 404 190 x 1077 370 571 x 1077  3.68
80 298 x107% 403 469 x107% 403 539 x107% 438 174 x 1077 412
20 198 x 107° - 1.21 x 1074 - 2.11 x 1072 - 129 x 1074 -
30 218 x10° 543 183 x10° 466 213 x10°% 565 173 x107° 496
4 40 424 x 1077 570 360 x 10°° 565 416 x 1077 568 353 x 10°° 552
60 358 x10% 609 294 x107 617 365x10% 600 299 x 1077  6.09
80 638x10° 599 541 x10% 58 654x10° 597 528x10% 6.03
20 848 x 1075 - 5.80 x 10~* - 9.04 x 107° - 5.55 x 10~* -
30 407 x10°® 749 304 x107° 728 390x10°° 775 301 x107° 719
5 40 441 x1077 773 340 x107® 761 439 x 1077 760 338 x 107  7.60
60 183 x10% 784 142x1077 783 184x10% 782 143 x1077 7.80
80 181 x10° 804 149 x10% 785 181 x10° 806 148 x 1078 787
20 454 x 1074 - 2.74 x 1073 - 468 x 1074 - 2.73 x 1073 -
30 130 x107° 877 100 x107* 815 129 x 107> 886 1.00 x 10~*  8.15
6 40 754 x1077 989 587 x10° 987 762x1077 983 585 x 10 9.87
60 132x107% 998 1.02x1077 999 132x10"% 1000 1.03 x 1077  9.97
80 738 x1071° 1003 609 x107° 981 767 x10710 990 609 x 107°  9.82

O numerical | |
true

(a) AltPoly-3

Figure 5. Cont.

O numerical | |
true

(b) AltPoly-4
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Figure 5. Numerical results of the Burgers equation at f = 1.5 with N = 80 cells and At = 0.15Ax.

4.3. Euler Equations

We then use our scheme to solve the one-dimensional Euler system:

a(P\ of J

—|m|+—=|ouw+p]| =0, (56)
ot ox

e eu + pu

where p refers to the density, u the velocity, m = pu the momentum, e the total energy, and
p the pressure:

p=(y-1) (e - ;puz) (57)

with ¢ = 1.4 for a perfect dry gas. Just like in the scalar case, we introduce point-valued
and cell-averaged moments for each variable. The cell-averaged moments are updated by
the flux-form Equation (56). In Step 2 of AltPoly, solution values on auxiliary points are
updated using the following non-conservative form equations:

0t = —My, (58)
my = —(myu + muy + px), (59)
er = —(extt + ey + pytt + pity), (60)

where

_ 9 (m\ _my mpx
1
pr=(r—1)(ex — E(mqurmux)).

Neither characteristic decomposition nor Riemann solver are needed here.

We first check the order of accuracy for this nonlinear system by simulating advection
of the density perturbation. The initial conditions are p(xp) = 1+ 0.2sinx, v(x,0) = 1, and
p(x,0) =1 for x € [0,27) with the periodic boundary condition. The exact solution is a
traveling wave: p(x,t) =1+ 0.2sin(x —t), v(x,t) = 1 and p(x,t) = 1. The error results of
the density are listed in Table 3 and a satisfactory convergence rate is obtained.
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Table 3. Accuracy test for the one-dimensional Euler equation with u(x,0) = 0.5 + sin(x) at f = 27t.

r N L, Error Order L Error Order Ly Error Order Lo Error Order
Uniform Grid Non-Uniform Grid
10 326 x 1074 - 5.03 x 107 - 3.88 x 1074 - 6.22 x 1074 -
15 6.09 x 1075 413 955 x 107° 410 722 x107° 415 116 x 107*  4.15
3 20 184 x107° 416 285 x 107° 421 221 x107°> 412 350 x 107>  4.16
30 345 x107® 413 541 x107® 409 432 x10° 403 693 x 107°°®  3.99
40 107 x 107® 409 167 x 107® 409 130 x 107® 418  2.09 x 10°¢  4.17
10 112 x 1075 - 1.72 x 1075 - 1.20 x 107° - 240 x 107> -
15 981 x1077 600 154x10°® 596 991 x1077 616 155x10°° 675
4 20 176 x 1077 597 276 x1077 598 178 x1077 597 279 x107 597
30 155x10% 599 243 x10% 599 157 x10% 599 247 x 107® 598
40 277 x107° 599 435 x107? 598 281 x107° 598 442 x 107° 598
10 255 x 1077 - 3.94 x 1077 - 255 x 1077 - 3.96 x 1077 -
15 1.02x10% 795 159 x10% 791 1.02x10% 795 159 x10°% 792
5 20 1.02x107° 799 158 x10° 803 1.02x10° 798 158 x 107™°  8.03
30 396 x 10711 801 622 x 1071 798 397 x 1071 801 624 x 1071 7.98
40 398 x 10712 798 649 x 10712 785 399 x 10712 799 647 x 10712 7.88
10  5.08 x 1077 - 7.85 x 1077 - 5.08 x 1077 - 7.85 x 1077 -
12 835x10% 990 127 x1077 998 835x10% 990 127 x1077 998
6 15 890 x107° 10.03 140 x 107 991 891 x107° 10.03 140 x 1078  9.90
20 503 x 10710 999 790 x 10710 998 144 x 107° 1001 225 x 10™°  10.02
24 834 x 1071 98 133 x 10710 977 502 x10719 997 792 x 10710 9.90

We then consider the classical shock tube problem, which is described by Euler
equations with the following Riemann-type initial distribution:

/0L, ’ 0 S X S 05,
(oo, p) = { Eﬁﬁ v;,%, 05<x<1, *€OI: (61

Two initial conditions are tested here. The first one is known as Sod’s problem and
the initial condition is defined as

(pL,UL,pL) = (1,0,1), (pR/vR/PR) = (0.125,0,0.1). (62)
The second one is Lax’s problem, which starts from the following initial condition:
(oL, oL, pr) = (0.445,0.698,3.258), (pr,vr, pr) = (0.5,0,0.571). (63)

We compute these shock tube problems with 100 cells using the AltPoly schemes
equipped with the artificial viscosity. Generally, a certain degree of spurious oscillation
still exists but is in a tolerant range. As shown in Figure 6 and 7, all AltPoly schemes can
depict shocks sharply using only one or two cells. The higher-order schemes (AltPoly-5
and AltPoly-6) capture the contact discontinuities with only one or two cells, while more
cells are needed for the lower-order AltPoly schemes.

To show the accuracy of our smoothness indicator (23), Figure 8 illustrates the cells
where the artificial viscosity takes effect on the x-t plane. Generally, the number of cells
recognized as discontinuous for lower-order schemes is significantly smaller than that
for higher-order schemes. This might be because lower-order schemes have a larger
dissipation and the smoothness indicator is less accurate than that of high-order schemes.
It is remarkable that the artificial viscosity vanishes in most areas and is in effect only
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around the shock wave. The contact discontinuity does not trigger the smoothness indicator

as it can be smoothed by the artificial viscosity in the first few time steps.
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Figure 6. Numerical results of Sod’s problem at t = 0.13 with N = 100 cells. At = 0.2Ax, 0.15Ax, 0.1Ax, and 0.05Ax,
respectively.
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Figure 7. Cont.



Mathematics 2021, 9, 1885 20 of 24

1.4 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ 14 ‘ ‘
O numerical T O numerical —
exact exact
121 1ol
p
ul
1 b
ao08t a08f b
il
0.6 i B 06F q
0.4
02 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ 02 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 01 02 03 04 05 06 07 08 09 1 0 01 02 03 04 05 06 07 08 09 1
X X
(c) AltPoly-5 (d) AltPoly-6
Figure 7. Numerical results of Lax’s problem at ¢+ = 0.13 with N = 100 cells. At = 0.1Ax, 0.1Ax, 0.08Ax, and 0.05Ax,
respectively.
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Figure 8. The cells where artificial viscosity takes effect in Lax’s problem.

5. Conclusions

We have presented a high-order conservative solver termed AltPoly for 1D hyperbolic
conservation laws. This method can be categorized as a multi-moment scheme since it
adopts both point-values at the middle of the cell and cell-averaged values as the model
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variables. AltPoly updates the model variables via alternately implementing two poly-
nomial reconstructions. The point-based variables are used to reconstruct a high-order
accurate approximation of the solution via Hermite interpolation. The cell-averaged vari-
ables updated by the flux-form equations serve as the constraint to guarantee numerical
conservation. The solution within a cell is corrected by polynomial reconstruction via solv-
ing a constrained least-squares problem. In other words, our method directly reconstructs
the solution to maintain the conservation, which is different from existing schemes based on
the local flux reconstruction. Fourier analysis shows the accuracy and the admissible range
of the CFL number for the linear scalar equation. Further, our scheme can be extended
to other kinds of PDEs such as parabolic equations, advection—diffusion equations, etc.,
which will be our future work.
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Appendix A. Outline of AltPoly-r

Steps 1 and 2 of AltPoly-r are almost the same as those of AltPoly-3 and are hence omit-
ted here. In this part, we focus on introducing the constrained polynomial reconstruction
in Step 3 of AltPoly-r for r > 3.

Following the notations in Section 2.2.3, the core of Step 3 is reconstructing the poly-
nomial [;(¢) = 212;63 b;& from the following conditions:

2r—3 .
(&) = ;)biékzu}f,:), fork=1,...,2r -2, (A1)
1=l
1/1 [(E)dE = bo+ xby+ ... + byy_g = @\ (A2)
2 ) 4 0 32 Th 3 2r—4 i

(t1)

where u ik and 7

(t1)
J
obeyed, we rewrite the constraint condition (A2) into the expression of by, _4,

are obtained in Step 2. Since the hyperbolic conservation law must be

1 1
bara = (2 = 3) (") — by — b= 5 —gbus), (A3)

and plug it into (A1) to arrive at

bo +b1& + ... + by 5E O+
1

vt gy Ly
(21’ 3)(uj bo 3b2 . 27 _5

bor—6) & + byp 3l 3 = uff,i). (A4)

We rewrite it in matrix form:

Ab—y, (A5)

where

A=A — Ay,
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2r—4  22r—3
LT S TR T
1 62 (:f% - 2r7 er

A= |, . . ) R
. ' 2. ' 24 x2r—3
1 Cor2 €2r—2 s 52r—2 S2r—2

621’—4 0 l§2r—4 0 1627’—4 0 1_ éZr—4 0 0
657—4 0 ig%r—‘l 0 i %}’—4 0 27‘1 > 57—4 0 0
Ay = (2r—3) 2 362 562 27552
24 g 1x2r4 1 2:74 01 aors

Cr2 0 3635 0 56,5 -+ 0 =6, 00

b (t1) _

bo i gt

1 L) 2r—4

b= : |y=| " | -@-3)"
bar—s : 24
t
bar—3 ”](',212—2 =2

This linear system is overdetermined since it has 2r — 3 unknowns and 2r — 2 equations.
The least-squares solution is

b=A"y=(ATA) ATy, (A6)

where A" denotes the generalized inverse or Moore-Penrose inverse [27] of A. From b we
can obtain the updated point-based model variables.

In practice, we find that At has a large condition number when r > 5 and we calculate
it via symbolic computation using mathematical software to reduce the error. Throughout
this paper, we used the symmetrical solution points { -1, -1+0,-140y,...,—1+
0r2,1—0y-2,1—0,1,...,1 — 01,1}, for AltPoly-r with the choices of {c;} shown in
Table Al. Through numerical experiments, we found that smaller {¢;} can generally
induce a more stable numerical scheme, which allows for a larger CFL number. However,
when {0; } approaches 0, the condition number of A tends to infinity, which will cause a loss
of accuracy. Based on numerical trials, the choices of {0;} are determined as a compromise
between stability and accuracy.

Table Al. Choice of {0;} for solution points.

Solution Points
0 = 0.03
oq = 0.05,00 =0.1

0= 3}74/(72 = %103 = %
o, = 002,05 = 0.05,03 — 0.1, 0 = 0.12

| G| | W=

Appendix B. Some Technical Results Used in Section 3

Via symbolic computation by Mathematica, we have the following Taylor expansions
in decimal form:

Spe1 = —(0.267 4 0.256 cos w)e; + 0.379 sin we
= —0.523¢; + wo; + O(w?) (A7)



Mathematics 2021, 9, 1885 23 of 24

Spez = 0.129 sin weq + (0.508 — 0.246 cos w)ex+

= 0.129we; + 0.262e; + O(w?) (A8)
Siey = —0.739i sin we; + 4.523 sinz(%)el —isinwes

= wovy + O(w?) (A9)
Siep = —0.521e; + 1.261iwe, + O(w?) (A10)

where the vectors v3 and v4 are independent with w.
We can see that the magnitudes of all entries in Sp[1 : 2;1 : 2] are smaller than 1 when
w is small enough. In addition, from (39) we know that

5063 = e3. (All)

Therefore the principal eigenvalue of ¢ is 1 as long as w is small enough.
Now we try to bound ||S"e; | and [S"e;||. We first assume that ||S‘|| < M for any
i > 1, which naturally holds as long as the scheme is stable. Then we have

e = |

Si=1((Sg + ¢S1)er) H

Si=1(—0.523¢; + wo + O(w?)) H

|(—0.523)"e; + i(—0.523)”_i8k_1(wv1 +0(w?)|
k=1

< 0.523' + M(w||v; || + O(w?)) = 0.523' + O(w). (A12)
Hence,

S'ey = §71(0.262e5 + O(w) + c((—0.521)e; + O(w)))
= §72(0.262%; + (0.262 + S) (O(w) + c¢(—0.521e1 + O(w))))

=0.262¢; + Y (0.262°7157F) (O(w) + cO(w)) —0.521c }_ 0.262F 718 Fe;  (A13)
k=1 k=1

Al Az

Since the magnitude of c = At/Ax is not greater than O(1) and ||S’|| < M, then || A4]|
can be estimated by

_ MO(w)

< 1035 = OW)- (A14)

i—1
[A1]| < Y 0262 MO(w)
k=0
As for || Az||, the following bound can be deduced based on (A12),

i—1 , i—1 '
|A2] < Y 0.262KY||s"Fey || < ¥ 0.262871(0.523"F + O(w))
k=1 k=1
< (i—1)0.523"1 + O(w). (A15)

Combining (A14) and (A15), ||Sez|| can be bounded by

serH < 02621 + (i —1)0.523'¢c + O(w). (A16)
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