Variable Stepsize, Variable Order Methods for Partial

Differential Equations

by
V. P. DeCaria
B.S. in Mathematics, Millersville University, 2014
M.A. in Mathematics, University of Pittsburgh, 2017

Submitted to the Graduate Faculty of
the Kenneth P. Dietrich School of Arts and Sciences in partial
fulfillment
of the requirements for the degree of

Doctor of Philosophy

University of Pittsburgh
2019



UNIVERSITY OF PITTSBURGH

DIETRICH SCHOOL OF ARTS AND SCIENCES

This dissertation was presented

by

V. P. DeCaria

It was defended on
July 25th, 2019
and approved by
William Layton, Professor of Mathematics, University of Pittsburgh
Michael Neilan, Associate Professor of Mathematics, University of Pittsburgh
Catalin Trenchea, Associate Professor of Mathematics, University of Pittsburgh
Noel Walkington, Professor of Mathematics, Carnegie Mellon University

Dissertation Director: William Layton, Professor of Mathematics, University of Pittsburgh

1



Copyright (© by V. P. DeCaria
2019

1l



Variable Stepsize, Variable Order Methods for Partial Differential Equations
V. P. DeCaria, PhD

University of Pittsburgh, 2019

Variable stepsize, variable order (VSVO) methods are the methods of choice to efficiently
solve a wide range of ODEs with minimal work and assured accuracy. However, VSVO
methods have limited impact in complex applications due to their computational complexity
and the difficulty to implement them in legacy code. The goal of this dissertation is to
develop, analyze, and test new VSVO methods that have the same computational complexity
as their nonadaptive counterparts per step. Adaptivity allows these methods to take fewer
steps, which makes them globally less complex.

Herein, we show how to use any backward differentiation formula (BDF) method as the
basis for a VSVO method. Order adaptivity is achieved using an inexpensive post-processing
technique known as time filtering. Time filters do not add to the asymptotic complexity of
these methods, and allow for every possible order in the VSVO family to be computed for the
same cost as one BDF solve. This approach yields new, nonstandard timestepping methods
that are not in the literature, and we analyze their stability and accuracy herein.

Backward Euler (BDF1) and BDF2 are extremely ubiquitous methods, and this research
demonstrates how they can be converted to order adaptive codes with only a few additional
lines of code. We also develop a solver called Multiple Order One Solve Embedded 2,3,4
(MOOSE234). MOOSE234 is a VSVO method based on BDF3 that computes approxima-
tions of order two, three and four each step. All three approximations in MOOSE234 are at
least A(a) stable, and the second order approximation is A stable.

While these methods are generally applicable to any system that is first order in time,
we focus on issues pertaining to the Navier-Stokes equations. Our methods have been opti-
mized for Navier-Stokes solvers, and we include linearly implicit and implicit-explicit (IMEX)

versions.
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1.0 Introduction

This research addresses the specific need for time marching methods in a high perfor-
mance computing setting to be adaptive in an efficient and easily implementable way. Due to
the perceived computational and implementational difficulties of adaptive algorithms, many
practitioners resort to simulations performed on uniform time grids with a static formula.
While this is simple to implement, it is inefficient when the same small grid size that is
required for sudden transient events is also used in uneventful periods. The situation is even
worse when using a low order method that requires small stepsizes for accuracy require-
ments, or a high order method that requires small stepsizes for stability. Finally, there is
the problem of how to pick the optimal global stepsize a’priori.

Attaining time accuracy in numerical simulations of many flows ranges from difficult
to not yet possible. Contributing factors (each a topic of current research) include phe-
nomenological models of unresolved processes omitting dynamic effects such as intermittent,
Newtonian uncertainty implying a finite predictability horizon (requiring ensemble simula-
tions), lack of computational resources for spacial meshes in the asymptotic regime (a central
issue of large eddy simulation) and the low order, non-adaptive time discretizations com-
monly used in computational fluid dynamics (CFD). These issues are linked. For example,
where model steady state represents statistical equilibrium, constant stepsize backward Euler
is commonly used to time step to steady state.

This dissertation considers higher order, time adaptive discretizations in CFD. Ap-
proaches for time adaptivity include small time step, adaptive, explicit 1-step methods (com-
mon in gas dynamics) for short time simulations, and the goal oriented, adaptive space-time
Galerkin Finite Element methods, e.g., [12]. In [59], Kay, Gresho, Griffiths and Silvester
developed a time adaptive trapezoid rule method suitable for longer time simulations where
errors are estimated using an AB2 implementation not requiring additional storage. The
aim herein is similar to that of [59]. We give higher order, time adaptive methods for time
accurate fluid flow simulations. Due to the richness of scales in higher Reynolds number

flows, single order, variable timestep linear multistep methods are limited to A-stable (hence



second order) methods. We present a family of variable order methods up to order four,
although the possibility exists to extend this to higher orders. These methods are modular,
and are easily implementable on top of several popular existing methods such as the back-
ward differentiation formula (BDF) methods. Switching the order of the method is trivial,
and does not require additional linear or nonlinear solves, or function evaluations to do so.

Good, general purpose variable step, variable order (VSVO) methods such as Gear’s
method, or MATLAB’s odelbs already exist. We stress that the methods herein address
a specific difficulty of complex applications (like CFD) that are constrained by cognitive,
memory, and computational complexity. While uncommon, it is certainly possible that
general purpose VSVO methods can be adapted to CFD and that special purpose methods
(such as herein) can be made more general. Heuristics are often used in production codes to
further improve efficiency. These possibilities are interesting directions for exploration.

Our approach to adaptivity is novel, and yields new timestepping methods not equivalent
to any standard methods in the literature. To adapt the order, we use time filters, which are
an established tool to non-intrusively modify weather models to suppress spurious, nonphys-
ical modes to improve predictions [8] with recent improvements [83],[84],[85], [66],[5], [50].
They have also been used to improve the physical fidelity of artificial compression methods
[28]. They are simple to implement and inexpensive to compute.

This dissertation is organized as follows. In Chapter 2, we develop a VSVO method
of orders one and two that is based on the backward Euler method for the Navier-Stokes
equations. This is then generalized to a family of VSVO methods based on the BDF methods
in Chapter 3. In Chapter 4, we revisit the specific method developed in Chapter 4 by
analyzing an implicit-explicit version. In Chapter 5, we prove some new stability results for

variable stepsize BDF2.



2.0 A Second Order VSVO Method Based on Implicit Euler

2.1 Introduction

The backward Euler time discretization is often used for complex, viscous flows due to its
stability, rapid convergence to steady state solutions and simplicity to implement. However,
it has poor time transient flow accuracy, [40], and can fail by overdamping a solution’s
dynamic behavior. For ODEs, adding a time filter to backward Euler, as in (2.3) below,
yields two, embedded, A-stable approximations of first and second order accuracy, [46].

This chapter develops this idea into an adaptive time-step and adaptive order method for
time accurate fluid flow simulation and gives an analysis of the resulting methods properties
for constant time-steps. For constant time-steps, the resulting Algorithm 1 below involves
adding only one extra line to a backward Euler code. The added filter step increases accu-
racy and adds negligible additional computational complexity, see Figure 1a and Figure 1b.
Further, both time adaptivity and order adaptivity, presented in Section 2.2 and tested in
Section 2.6, are easily implemented in a constant time step backward Euler code with O(20)
added lines.

Thus, algorithms herein have two main features. First, they can be implemented in a
legacy code based on backward Fuler without modifying the legacy components. Second,
both time step and method order can easily be adapted due to the embedded structure of
the method. The variable step, variable order step (VSVO) method is presented in Section
2.2 and tested in Section 2.6.2.

Even for constant time-steps and constant order, the method herein does not reduce
to a standard / named method. Algorithm 1 with Option B is (for constant order and
time-step) equivalent to a member of the known, 2 parameter family of second order, 2-
step, A-stable one leg methods (OLMs), see Algorithm 4, Section 2.3. Stability and velocity
convergence of the (constant time step) general second order, two-step, A-stable method for
the Navier-Stokes equations was proven already in [38], see equation (3.20) p. 185, and has
been elaborated thereafter, e.g., [55].



Our velocity stability and error analysis, while necessary for completeness, parallels this
previous work and is thus collected in Appendix A.1. On the other hand, Algorithm 1 with
Option A does not fit within a general theory even for constant stepsize, and produces more
accurate pressure approximations.

We begin by presenting the simplest, constant stepsize case to fix ideas. Consider the

time dependent incompressible Navier-Stokes (NS) equations:
ug+u-Vu—vAu+Vp=f, and V-u=0in Q,

u = 0on Jf, and /pd:czO, (2.1)
Q
u(z,0) = ug(x) in Q.
Here, Q C R%d=2,3) is a bounded polyhedral domain; u : € x [0,T] — R? is the fluid
velocity; p: Q x (0, 7] — R is the fluid pressure. The body force f(x,t) is known, and v is
the kinematic viscosity of the fluid.

Suppressing the spacial discretization, the method calculates an intermediate velocity

4"t using the backward Euler / fully implicit method. Time filters (requiring only two

additional lines of code and not affecting the BE calculation) are applied to produce u"*

and p"*! follows:

Algorithm 1 (Constant At BE plus time filter). With v* = 4" (Implicit) or u* = 2u™ —

u™t (Linearly-Implicit), Step 1: (Backward Euler)

~n+1

a n

——— Ut VAT — AT VT = (T,
At (2.2)

V.ot =0,

u

Step 2: (Time Filter for velocity and pressure)

1
I NS B g(@ml — 2" 4w (2.3)

Option A: (No pressure filter)

n+l _ ~n+1
p =p .

Option B:

~n 1 n n n—
pn-‘rl — +1 g(p +1 2p +p 1)

Algorithm 1A means Option A is used, and Algorithm 1B means Option B is used.
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Figure 1: The time filter does not add to the computational complexity (Fig. 1la), yet

increases the method to second order (Fig. 1b).

Its implementation in a backward Euler code does not require additional function eval-
uations or solves, only a minor increase in floating point operations. Figure la presents a
runtime comparison with and without the filter step. It is apparent that the added computa-
tional complexity of Step 2 is negligible. However, adding the time filter step has a profound
impact on solution quality, see Figure 1b.

Herein, we give a velocity stability analysis in Section 2.4 and error analysis for constant
timestep in Appendix A.l. Since (eliminating the intermediate step) the constant time-step
method is equivalent to an A-stable, second order, two step method, its velocity analysis
has only minor deviations from the analysis in [38] and [55]. We also give an analysis of the
unfiltered pressure error, which does not have a parallel in [38] or [55].

The predicted (optimal) convergence rates are confirmed in numerical tests in Section
2.6. We prove the pressure approximation is stable and second order accurate provided only
the velocity is filtered. The predicted second order pressure convergence, with or without
filtering the pressure, is also confirmed in our tests, Figure 2.

The rest of the chapter is organized as follow. In Section 2.2, we give the full, self-

adaptive VSVO algorithm for a general initial value problem. Section 2.3 introduces some



important mathematical notations and preliminaries necessary and analyze the method for
the Navier-Stokes equations. In Section 2.4, we prove unconditional, nonlinear energy sta-
bility in Theorem 2.4.1. We analyze consistency error in Section 2.4.1. In A.1.2, we prove
O(At?) convergence for velocity, Theorem 2.4.2. The proof of the stability of the pressure is
in Theorem 2.5.1 in Section 2.5.1. We prove second order accuracy for pressure in Section

2.5.2. Numerical tests are given in Section 2.6 to validate the theoretical predictions.

2.1.1 Related work

Time filters are primarily used to stabilize leapfrog time discretizations of weather models;
see [74], [7], [83]. In [46] it was shown that the time filter used herein increases accuracy
to second order, preserves A-stability, anti-diffuses the backward Euler approximation and
yields an error estimator useful for time adaptivity. The analysis in [46] is an application of
classical numerical ODE theory and does not extend to the Navier-Stokes equations.

For the constant time step case, our analysis is based on eliminating the intermediate

approximation "1

and reducing the method to an equivalent two step, OLM (a twin
of a linear multistep method). The velocity stability and convergence of the general A-
stable OLM was analyzed for the NSE (semi-implicit, constant time step and without space
discretization) in [38]. Thus, the constant time step, discrete velocity results herein follow
from these results.

There is considerable previous work on analysis of multistep time discretizations of var-
ious PDEs, e.g. Crouzeix and Raviart [21]. Baker, Dougalis, and Karakashian [10] gave a
long-time error analysis of the BDF methods for the NSE under a small data condition. (We
stress that the method herein is not a BDF method.) The analysis of the method in Girault
and Raviart [38] was extended to include spacial discretizations in [55]. The work in [55]
also shows how to choose those parameters to improve accuracy in higher Reynolds number

flows - a significant contribution by itself. Other interesting extensions include the work of

Gevici [37], Emmrich [30], [31], Jiang [54], Ravindran [73] and [64].



2.2 The Adaptive VSVO Method

Section 2.6.2 tests both the constant time step method and the method with adaptive
step and adaptive order. This section will present the algorithmic details of adapting both
the order and time step based on estimates of local truncation errors based on established
methods [42]. The constant time step Algorithm 1 involves adding one (Option A) or two
(Option B) lines to a backward Euler FEM code. The full self adaptive VSVO Algorithm 2
below adds O(20) lines. We first give the method for the initial value problem

y'(t) = f(t,y(t)), for t > 0 and y(0) = yo.

Denote the nt" time step size by At,. Let t"*! = ¢ + At,, and y" an approximation to
y(t,). The choice of filtering weights depend on w,, = At,/At,_1, Step 2 below. TOL is

the user supplied tolerance on the allowable error per step.

Algorithm 2 (Variable stepsize, variable order 1 and 2 (VSVO-12)).
Step 1 : Backward FEuler
n+1 n

Yoy —Y ntl
AL S, 900)

Step 2 : Time Filter
= (0 (1 )
Y2) Yy %, + 1 Y1) n)Y nY

Step 3 : Estimate error in y?f)rl and yg)ﬂ

ESTy =y — vy

Wn—1wn (1 + wy)
EST, = it
2T 142w, +wy (1 + 4w, + 3w?) (y(2)

(14 wn)(1+wp1(1+wy)) .
- " n 1 n— 1 n "

o Y+ wn(1+wp1(1+wn))y
_W%flwn(l +wn) g
]- + Wp—1 4 '

Step 4 : Check if tolerance is satisfied.



If |ESTy|| < TOL or |ESTy|| < TOL, at least one approzimation is acceptable. Go to
Step 5a. Otherwise, the step is rejected. Go to Step 5b.
Step 5a : At least one approximation is accepted. Pick an order and stepsize
to proceed.

If both approzimations are acceptable, set

1 1
TOL \? TOL \*
AtY = 0.9A¢, (—) , At? = 0.9A¢, (—> .
|EST | | EST|
Set
i = arg max At Atpiq = At 2 =" Aty yrt =yt

i€{1,2}

If only yY (resp. y@) satisfies TOL, set At,, 1 = AtY (resp. At?)), and y" ' = y?f)“l
(resp. y?;)rl ). Proceed to Step 1 to calculate y™2.
Step 5b : Neither approxrimations satisfy TOL.

Set
1 1
TOL \? TOL \3
At = 0.7A¢t, <—> , At? = 0.7At, (—) .
|ESTh| | ESTs|
Set
i = arg max At At,, = At9. =" 4 A,

ie{1,2}

Return to Step 1 to try again.

For clarity, we have not mentioned several standard features such as setting a maximum
and minimum timestep, the maximum or minimum stepsize ratio, etc.

The implementation above computes an estimation of the local errors in Step 3. EST)
provides an estimation for the local error of the first order approximation 97(11421 since yr(izl is
a second order approximation. For a justification of EST;, see Appendix A.2.

Standard formulas, see e.g. [41], are used to pick the next stepsize in Steps 5a and 5b.
Based on the previous At and the current error estimator, the formula estimates the largest
next stepsize that can be taken by the method such that the tolerance will still be satisfied.

Out of the approximations that satisfy the tolerance, the approximation which yielded the

largest estimated At is chosen to advance the solution.



The numbers 0.9 in Step 5a and 0.7 in Step 5b are commonly used safety factors to make
the next approximation more likely to be accepted since the exact optimal At is unknowable.
One more line is needed for linearly implicit methods. For linearly implicit
methods the point of linearization must also have O(At?) accuracy. For example, with

U =1Uu

un-l—l —ut

1
A7 +out vun—i-l + é(v X u*)un-H + Vp”“ _ VAun-‘rl _ fn+1 &V - un—i—l =0 (2‘4)

is a common first order linearly implicit method. The required modification in the BE step
to ensure second order accuracy after the filter is to shift the point of linearization from

u* = u" to

At, At,
u= (1 * Atnl) e Atnflun_l = (14 wp) u™ — wpu™ .

Other simplifications. The algorithm can be simplified if only the time-step is adapted
(not order adaptive). It can be further simplified using eztrapolation where the second order

approximation is adapted based on EST; (pessimistic for the second order approximation).

2.3 Notations and Preliminaries

We introduce some notations and inequalities which will be used in later sections. (-,-),]|-|
denotes the L?(Q) inner product and norm. C will denote a generic, finite constant depending
possibly on 7',  and f. The velocity space X and pressure space ) are defined

X = Hy () = {v e H' ()" : v|pq = 0},
Q= 1@ = {ge ®: [ -0}
Q

The divergence free space V' is given by

Vi={veX:(V-v,9)=0 VqgeQ)}.



For measurable v : [0, 7] — X, define for, respectively, 1 < p < oo and p = 0o

1/p

T
lollsora = ([ Io@IFat)  and [l = ess sup [o(0lx.
0

0<t<T
T 1/p
ollye = ([ 100 e))  ond Bolla = es5 s [o(0)or

We define the skew-symmetrized nonlinear form:
B(u,v) :=u- Vv + %(V-u)v, Vu,v,we X,
b(u,v,w) := (B(u,v),w).

Lemma 2.3.1. There exists C' > 0 such that

b(u,v,w) < C||Vull||Vvl||||Vw], Vuov,weX

b(u,v,w) < Cllull||v|2]|Vw|  Yu,w € X,v € X N H*(Q).
Proof. See Lemma 2.1 on p. 12 of [78].

We use the following discrete Gronwall inequality found in [49, Lemma 5.1].

Lemma 2.3.2 (Discrete Gronwall Inequality). Let At, H, ay, by, ¢y, dy, (for integersn > 0)

be non-negative numbers such that

N N N
aN—l—Athn < AtZdnan+Athn+H, VN >0

n=0 n=0 n=0

Suppose Atd,, < 1 Vn, then,

N N 1 N
aN+Athn < exp (Atzm> (AtZCn+H>, VN >0
n=0 n=0 n n=0

10



Multiplying (2.1) by test functions (v, q) € (X, Q) and integrating by parts gives
(ug,v) + b(u, u,v) + v(Vu,Vv) — (p,V-0) + (V-u,q) = (f,v), (V-u,q)=0. (2.7)

To discretize the above system in space, we choose conforming finite element spaces for
velocity X, C X and pressure @, C @ satisfying the discrete inf-sup condition and the

following approximation properties:

. (qn, V - vp)
inf sup ————
an€Qn vye Xy, ||qnlll|Vorl|

We further assume that for each u € X N H*1(Q)4, and p € Q N H**1() there exists

> >0.

v, € X, and g, € @), such that

lu = vnll < CR s,
lu = vnlly < CR* i, (2.8)

Ip = anll < CR*HIpllssa.
h denotes the maximum triangle diameter. Examples of finite element spaces satisfying these
conditions are the MINI [6] and Taylor-Hood [80] elements. The discretely divergence free
subspace V;, € X}, is defined

Vh = {'Uh (= Xh : (V . Uh;Qh) = O VQh S Qh}

The dual norms of X;, and V}, are

w,v
||w||V}z‘ ‘= sup ( ) h)

ol = sup {2
X* -« — .
" vp€Vh vahH

vpEXp vahl"

The following Lemma from Galvin [36, p. 243] establishes the equivalence of these norms on

Vh.

Lemma 2.3.3. Suppose the discrete inf-sup condition holds, let w € V},, then there exists

C > 0, independent of h, such that

Cllw]

x: <Hwllv: < wllx;

11



Lemma 2.3.3 is used to derive pressure error estimates with a technique shown in

Fiordilino [34]. We will use the following, easily proven, algebraic identity.

Lemma 2.3.4. The following identity holds.

3 1 3 1
(5& —2b + 50) (5& —b + 50) = (29)

(§+(2a;b)2+(a;b)2)_(§+(2b26)2+(b—40)2)+Z<a_2b+c>2

With the notation in place, we state the fully discrete method.

Algorithm 3 (Fully discrete method). Given uZ_l, up € Xy, (and if necessary, given pz_l,pﬁ €
Qn), find (@, pmtY) € (Xn, Qn) satisfying

an—i—l —u® X X ) )
(—h T ) b i )+ (Vi Vo) — (57, V - 0) = (S, ),
n

(2.10)

(V ’ ,an-&—l’ qh) =0.
for all (vp, qn) € (Xp,Qr). Then compute
uptt = aptt — _%n (ap™ = (1 + wa)up + wpup ).

Option A: (No pressure filter)

Option B:

n ~n Wn HT I I
it = = o R = (L wa)pl + ).

The constant time-step stability and error analysis works with the following equivalent
formulation of the method. We stress that what follows is not the preferred implementation
since it only yields one approximation, while Algorithm 3 gives the embedded approximations

@yt and uf T and an error estimator.

12



Algorithm 4 (Constant time-step, equivalent method). Assume the time-step is constant.
Given (u,p?) and (u) =t pi=h), find (u)™, pith) such that for all (vs,qn) € (Xn, Qn),
Option A

Syt — oy 4 Lyn—t 3 1 3 1
(2 h A: 2 h ,vh) +b (§UZ+1 —up, + 5’&2717 QUZH —up + 5“2717 ”h) (2.11)

+v <V (guzﬂ —up + %u,’i_l) ,Vvh> — (PE™ Vvh) = (/" w)

3 1
(V : (5162“ —up, + §Un_1) th) =0,

3, n+l n 1, n—1
Suptt —2un + tu 3 1 3 1
(2 o ,vh) +b(§UZ+1—UZ+§UZ_1,§UZH—UZ+§UZ_1aUh) (2.12)

or Option B

3 1 3 o1 .
+v <V (;ﬁﬁ“ - uj + Gy 1) ,Vvh> — (Eph“ — P+ 5Ph I,V-Vh) = (f"*", o),

3 1 .
(V . (§u2+1 — UZ —+ 5“2 1) 7Qh) = 0.

The pressure is highlighted in bold, and is the only difference between the two above
equations. The time difference term of the above equivalent method is that of BDF2 but
the remainder is different. This is not the standard BDF2 method.

Proposition 2.3.1. Algorithm 3A (respectively B) is equivalent Algorithm 4A (respectively
B).

Proof. We will just prove the case for Option A since the other case is similar. Let
(up ™, pith) be the solution to Algorithm 3. By linearity of the time filter, (u}*!, pitt) €
(Xn, Qn). We can write @' in terms of uj ™ uf, and u} ' as a"*! = Syt — um + JunL
Substitute this into (2.10). Then (u}™, pi*!) satisfies equation (2.11). These steps can be

reversed to show the converse. O

13



We next define the discrete kinetic energy, viscous and numerical dissipation terms that
arise naturally from a G-stability analysis of Algorithm 4, regardless of whether Option
A or B is used. The (constant time-step) discrete kinetic energy, discrete viscous energy

dissipation rate and the numerical energy dissipation rate of Algorithm 4 are

discrete energy: En = 411 [la™)|? + |]2u™ — w2 + [Ju” — w12,
viscous dissipation: D" = Atv||V (%u"“ —um+ %unq) 112,

numerical dissipation: Z"t = 3|ju" ! — 2™ + "2

Remark 2.3.1. As At — 0, £" is consistent with the kinetic energy 3||lul|* and D™ is
consistent with the instantaneous viscous dissipation v||Vul|®>. The numerical dissipation

ZmH 2 A |uy (87T |2, is asymptotically smaller than the numerical dissipation of back-

ward Buler, 1 At?[Juy(t") |12

The method’s kinetic energy differs from that of BDF2, which is (e.g. [62])

Eppra = 7 [Ilu"I* + |20 — w7 7]

|

due to the term || u™—u™"1||? in E™ which is a dispersive penalization of a discrete acceleration.
Define the interpolation and difference operators as follows

Definition 2.3.1. The interpolation operator I and difference operator D are

3 1 3 1
[[wnJrl] — 5,wnJrl — "+ §wn71 and D[wnJrl] — 5,wnJrl — W™+ §wn71'

Formally, I[w(t"™)] = w(t™™) + O(At?), and %:HH = w(t"1) + O(A?). This will

be made more precise in the consistency error analysis in Section 2.4.1.
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2.4 Stability and Error Analysis

We prove stability and error analysis of the constant time-step method. The velocity
proofs parallel ones in [38] and [55] and are collected in Appendix A.l. The pressure

analysis is presented in Section 2.5.1.

Theorem 2.4.1. Assume the stepsize is constant. The following equality holds.

N-1 N-1 N-1

EN 4N D> 2 = ALY (f I[up )+ EN

n=1 n=1 n=1
Proof. In Algorithm 4, set v, = AtI[u}"'] and g, = p}™" for Option A, or ¢, = I[p}'] for
Option B, and add.

(Dlupt'], Iup ™)) + D™ = A(f, Iup ™). (2.13)
By Lemma 2.3.4 and Definition 2.3.1,

(DL, T ™)) = £ — £ 4 27
Thus, (2.13) can be written
gnJrl _Er DnJrl 4 Zn+1 — At(f(thrl),[[UZJrl])

Summing over n from 1 to N — 1 yields the result. ]

This result is for the time stepping method applied to the Navier-Stokes equations. More
generally, the constant time-step method of Algorithm 1 is G-Stable, a fact that follows from
the equivalence of A and G-Stability [23]. We calculate the G matrix explicitly below.

Corollary 2.4.1. Assume the time-step is constant. Backward FEuler followed by the time
filter is G-Stable with G matriz

3 3
a_ |2 "1
_3 1
1 2

Proof. Simply check that

n , n—1 u” 1 n|2 n n—1|2 n n—1|2
", "G :-[|u|+\2u R gt — P
un—l 4

15



2.4.1 Consistency error

By manipulating (2.7), we derive the consistency error. The true solution to (2.7) satisfies

(%:*)]7 vh> + 0 (L[w(t™ )], I[u(E™)], v)

+ v (V][u(t"“)], VU}L) _ (p(tn+1), V- Uh) (2.14)
= (£" vp) + 7" (w, psvp) Vo € X
If Option A is used (pressure is unfiltered),
D tn+1
T, pyon) = T (u, p o) = (% — (£, vh> (2.15)

+b (L[u™ )], Iu™ )], vn) — blu@ ), w( ™), vp) + v (VI [u™)] — u(t™)), Vo)
If Option B is used (pressure is filtered),
T (w, pron) = T4 (w, pyon) — (Ip(t™™)] = p(t™*), V - vy) (2.16)

Thus, filtering the pressure introduces a term that, while still second order, adds to the
consistency error. We believe this is why Option A performs better in the numerical tests,
Figure 2. Furthermore, Option B requires assuming additional regularity for convergence,
see Theorem 2.4.2.

The terms in the consistency error are bounded in the following lemma.

Lemma 2.4.1 (Consistency). For u, p sufficiently smooth, we have

Dlu(t")] a2 64 / )
(" < At |2t
R ak] IV M
2 4 gl
‘I[u(t”“)]—u(t”“) §§At3/ 1 (| wge || *dlt. (2.17)
.
2 4 gn+1
e o] < gae [ I 2.18)
tn—l
Proof. See Appendix A.l. m
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2.4.2 Error estimates for the velocity
Next, we analyze the convergence of Algorithm 4 and give an error estimate for the
velocity. Let " = nAt. Denote the errors e}, = u(t") — uj; and e} = p(t") — pj..

Theorem 2.4.2. Assume that the true solution (u,p) satisfies the following reqularity

w € L%(0,T; (H*1Q))?), w, € L2(0, T3 (H*'Q)),  uu € L*(0,T; (H'Q))), 2.19)
2.19
u € L0, T; (L*Q))7),  p e L*(0,T; (H*H1(Q))).
Additionally for Option B, assume py € L*(0,T; (L*(Q))%. For (up™, ppt!) satisfying (2.11),
and for At sufficiently small, we have the following estimate

N-1
le |I” + 112e) — el 7M1 + llely —en ™" 17 + D 3llent! — 2 + e |?
n=1
o (2.20)
+ ALY (VI[P < c(h% 4R 4 At4)
n=1

Proof. See Appendix A.l. m

2.5 Pressure Stability and Convergence

2.5.1 Stability of pressure

We introduce the following discrete norms

T/At—1 1/2
[wloo,r = 0AX W™ llks w2 = HZ:O Atflw™ (|7 : (2.21)

In this section, we prove that the pressure approximation is stable in I'(0,T; L*(€2)). We

first give a corollary of Theorem 2.4.1 asserting the stability of the velocity approximation.

Corollary 2.5.1. Suppose f € L*(0,T; H-*(Q)%), then the velocity approzimation satisfies

1 N-1 N-1 1
el oy e Ly e
n=1 n=1

17



Proof. Consider Theorem 2.4.1. Applying the Cauchy-Schwarz yields the inequality. [

We now prove the stability of the filtered pressure.
Theorem 2.5.1. Suppose Corollary 2.5.1 holds, then the pressure approximation satisfies
N-1
BAL Z lpitt| < C  for Option A,

n=1

o (2.22)
BALY | I[py|| < € for Option B.
n=1

Proof. We prove it for Option A, as the other case is similar. Isolating the discrete time

derivative in (2.11), and restricting v, to V}, yields

(D[ﬁﬂ] o) = = (L 0 )

(2.23)
—v (V][uzﬂ], Vvh) + (f”+1,vh) Yoy, € V.
The terms on the right hand side of (2.23) can be bounded as follows,
b (1), 10, vn) < CIN g NIV I ol
v (VI Von) < oI [V, 221)

(S wn) < 1=l Vol

In equation (2.23), we can use the above estimates in (2.24), divide both sides by ||Vuy||,

and take the supremum over v, € V},. This gives

D n+1
|28 < crvatgen s v+ i 229
Vi
Lemma 2.3.3 implies
D n+1
|25 < clawmrn onvgen -+ i) 220
.

h
Now consider Algorithm 4 again with v, € X},. Isolating the pressure term in (2.11) and

using the estimates from (2.24) yields

D un-i—l
(pp™', V- up) g( [A’Lt ],vh> (2.27)

+C IV [uy I+ DIV Iy PN onll+ L=l Vonll-

18



Divide both sides by ||Vuy]|, take supremum over v, € X, and use the discrete inf-sup

condition and the results in (2.27). Then,

Bl < O[T )+ DIV T+ 177 (225)

We then multiply by At, sum from n =1 to n = N — 1, and apply Cauchy-Schwarz on the
right hand side,

N-1

st 3" gl < CA[(IVITmlllzo + DIV Illzo + 171121]. (2:29)

n=1

Then using the result from velocity approximation, we get,

BAtZHp”Hnw[ 172, + D1+ (€1 + 1Y (2.30)

2.5.2 Error estimates for the pressure
We now prove convergence of the pressure approximation in I1(0,7; L*(€2)). Denote the
pressure error as e; = p(t") — pj.

Theorem 2.5.2. Let u, p satisfy the equation (2.20). Let the assumption of reqularity in
Theorem 2.4.2 be satisfied. Then there exists a constant C' > 0 such that

N-1
AtBY et < C(h’“ + R AtQ) for Option, A,
o (2.31)
Atf Z [ Tlep ™| < C<hk + 5T 4 Atz) for Option B.

n=1
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Proof. Again, we only prove this for Option A since the other case requires only slight

modification. Using the equations ( A.3) and ( A.4) yields

(P ) = - (2 ) -t st

— b (I[up™), I[ept "], vn) — v (VIel™], Voy,)

u u

(2.32)
+ (GZ—H’ V- Uh) + Tn—H(uvp; Uh) V’Uh S Vh.

We bound the six individual terms on the right hand side of (2.32), term by term as follows:

(D[Z;H] ’Uh) < A2 |lmpl| 21 gm0 | Vo (2.33)

= b (Lley '] I[u(t™ )] vn) < CIVI[eg IV I[uE DI Vonl, (2.34)
— b (Iuy ™, Iley™] o) < CIVI[uy ™ DIV e Vol (2.35)
—v (VI[eZH], Vvh) < v||[VI[e [V, (2.36)

(P ) = N Vo) < Ollp(*h) = X[Vl (2.37)

3
Tn+1(u,p; Uh) S CAtE <||Uttt||L2(tn717tn+1;L2(Q)) + ||Vutt||L2(tn717tn+1;L2(Q)) ( )
2.38
+ (Va1 + VI [uEH]]) ”vuttH%2(t"*1,t"+1;L2(Q))> [Von]-

Considering equation (2.32) and Lemma 2.3.3 , using equations (2.33)-(2.38), dividing both

sides by ||Vuy|| and taking a supremum over Vj, gives

_1
< C[At 2 ||| 2 en 1,220
x;

5

+ VI[P AV [w@ DI+ IV [up T+ 1) (2.39)
3
+ [p(E™*) = AP + At2 (Huz:ttHL?(tn—l,th;L?(m) + |V 2(n-1 m+1,12(0))

IVl st e sy + 1V s sz )|
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Reconsidering (2.32), we separate the pressure error term e *! = (p(t"*") — MDY — (pptt —

)\ZH) and rearrange, which yields for all v, € X,

At At
—b(Ifup ™), Ilel ™) vp) — v (VI[eft], Vop) + (p(™) = Ap Voo vg) + 777 (w, p; o).

u

(o™ =2V ) = (D [”"H],uh) - (D [gbnﬂ],vh) (I[N, T[u(E)], on)

Consider the estimates in (2.33)-(2.39). Divide by ||Vuy||, take the supremum over

v, € X}, and use the discrete inf-sup condition to obtain,

Bllp ™ = N < C| At g 200
+ Il W IV T D] + I (e D+ 1)

(2.40)
3
+ |’p(tn+1> _ AZ+1H + AtZ (HutttHLQ(tn717tn+1;L2(Q)) + ”VUttHLZ(tnfl’tn#»l;[?(Q))

+ Hvu”%“(t"—l,t"H;LQ(Q)) + ”Vutt||%4(t"—1,t"+1;L2(Q))>]'

We multiply by At, sum from n =1 ton = N — 1 and apply triangle inequality. This yields

N-1

_1
BAE Z len ™| < C[At 2|19ell L2 (0,102 ()
n=1

. (2.41)
+ P = Aulllao + 11V Iy 20

+ A3 (llwanllzo + 1Vaullzo + NIVl + IVualllo)]
Results from the equations (A.20) and (A.23) give the bounds for the first two terms. Using

error estimates of the velocity on the third term and taking infimum over X, and )} yield

the result. n

2.6 Numerical Tests

We verify second order convergence for the new method through an exact solution in
Section 2.6.1. Visualizations of the flow and benchmark quantities gives additional support
to the increased accuracy of the new method in Section 2.6.3. The tests used P/P; and

P3/ P, elements. All computations were performed with FEniCS [4].
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2.6.1 Taylor-Green vortex

We apply the backward Euler and the backward Euler plus filter for the 2D Taylor-Green
vortex. This test problem is historically used to assess accuracy and convergence rates in

CFD [15]. The exact solution is given by

—2ut ( —4uvt (

1
u=e cosrsiny, —sinzcosy) and p = —Ze cos 2z + cos 2y).

To test time accuracy, we solve using Ps/P, elements on a uniform mesh of 250 x 250
squares divided into 2 triangle per square. We take a series of time steps for which the total
error is expected to be dominated by the temporal error. Since the true solution decays
exponentially, we tabulate and display relative errors. Figure 2 displays the relative errors
for backward Euler, backward Euler plus filtering only the velocity (Algorithm 1A), and
backward Euler plus filtering both the velocity and pressure (Algorithm 1B). Filtering the
pressure does not affect the velocity solution, so the velocity error plot only shows two lines.
The velocity error is O(At?), as predicted, and significantly smaller than the backward Euler
error. Thus, adding the filter step (1.3) reduces the velocity error substantially, Figure 2,
at negligible cost, Figure 1b. The pressure error is O(A#?) when either both u and p are
filtered, or only wu is filtered, which is consistent with our theoretical analysis. Filtering only
u has smaller pressure error since the pressure filter introduces an extra consistency error

term, see (2.16).

2.6.2 Adaptive test

We test the time/order adaptive algorithm on a problem that showcases the superiority
of the VSVO method over the constant stepsize, constant order method.
The Taylor-Green problem can be modified by replacing F' with any differentiable func-

tion of £. With velocity and pressure defined as before, the required body force is

f(x,y,t) = (2vF(t) + F'(t)){cos z siny, — cos y sin x).
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Figure 2: Convergence rates for the filtered quantities are second order as predicted. Filtering

only the velocity produces the best pressure.

For F'(t), we construct a sharp transition function between 0 and 1. First, let

0 itt <0
g(t) =
exp (—W) if1>0
This is a differentiable function, and ¢(5) = 1 in double precision. Therefore, a differentiable
(up to machine precision) function can be constructed with shifts and reflections of this
function. This creates sections of flatness, and sections that rapidly change which require
adaptivity to resolve efficiently. See Figure 3 for the evolution of ||u|| with time. All tests
were initialized at rest spaced at a constant interval of At = 0.1, 100 nodes per side of the
square using P,/ P; elements, and with final time of 45.
Figure 3 compares two numerical solutions. One is from Algorithm 1 (second order
- nonadaptive), and the other is from Algorithm 2 (VSVO-12). With TOL = 1073, the
VSVO-12 method takes 342 steps, which comprises 254 accepted steps, and 88 rejected
steps. The constant stepsize method which took 535 steps does not accurately capture the
energetic jumps.
Figure 4 shows the relative [2L? velocity errors versus steps taken of VSVO-12 for seven

different TOLs, starting at 107!, and dividing by ten down to 10~7. This is compared
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with nonadaptive method (which has no rejected steps) sampled at several stepsizes. Both
methods show second order convergence, but for smaller tolerances, VSVO-12 performs about

10® better than the nonadaptive method for the same amount of work.

VSVO versus Constant Stepsize Constant Order

Order

0 5 10 15 20 25 30 35 40 45

— VSVO0-12, TOL =1073, 342 steps
81 second order - nonadaptive, 535 steps
— Exact ||u]]

[ull

Figure 3: The nonadaptive second order method results in large overshoots and undershoots

while requiring more work than the adaptive method.

2.6.3 Flow around a cylinder

We now use the benchmark problem of flow around a cylinder, originally proposed in
[75], to test the improvement obtained using filters on flow quantities (drag, lift, and pressure

drop) using values obtained via a DNS in [56] as a reference. This problem has also been

24



used as a benchmark in [71],[67],[12],[14] and others. Let v = 1073, f =0, Tina = 8, and
Q={(z,y)|0<r <22 0<y<04l and (z —0.2)* + (y — 0.2)* > 0.05%},

i.e., a channel with a cylindrical cutout. A parabolic velocity of u = 0.4172 sin(7t/8)(6y(0.41—
y),0) is prescribed at the left and right boundaries. We used a spatial discretization with
479026 degrees of freedom with 1000 vertices on the boundary of the cylinder. The mesh
used P2/P1 elements, and was obtained by adaptive refinement from solving the steady
solution with v = 0.4172(6y(0.41 — y),0) as inflow and outflow boundary conditions.

The correct behavior for this problem is that vortices shed off the cylinder as the in-
let and outlet velocities increase. Figure 5 shows snapshots of the flow at ¢ = 6 for five
successively halved At’s. The Backward Euler approximation shows no vortex shedding for
At =0.04,0.02, and 0.01. The filtered method of Algorithm 1 shows the qualitatively correct
behavior from At = 0.02 on. Clearly, higher order and less dissipative methods are necessary
to see dynamics for modestly large At.

It was demonstrated in [56] that the backward Euler time discretization greatly under
predicts lift except for very small step sizes. Figure 6 demonstrates that the time filter in
Algorithm 1 corrects both the amplitude and phase error in the backward Euler approxi-
mation. Other quantities that were compared to reference values were the maximum drag
Cdmax, the time of max drag t(cimax), time of maximum lift ¢(¢;max), and pressure drop
across the cylinder at ¢ = 8 are shown in Table 1.

The choice of whether or not to filter the pressure does not affect the velocity solution,
the snapshots shown Figure 5 are the same for both choices. Table 1 shows that filtering u

greatly improves the calculated flow quantities whether or not p is filtered.

2.7 Conclusion

Accurate and stable time discretization is important for obtaining correct flow predic-

tions. The backward Euler time discretization is a stable but inaccurate method. We have
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shown that for minimum extra programming effort, computational complexity, and stor-
age, second order accuracy and unconditional stability can be obtained by adding a time
filter. Due to the embedded and modular structure of the algorithm, both adaptive time-
step and adaptive order are easily implemented in a code based on a backward Euler time
discretization. Extension of the method and analysis to yet higher order time discretization
is important as is exploring the effect of time filters on other methods possible for Step 1 of
Algorithm 1. Analysis of the effect of time filters with moving and time dependent boundary
conditions would also be a significant extension.
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VSVO vs. Nonadaptive errors
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Figure 4: The VSVO-12 method performs three orders of magnitude better for the same
amount of work compared to the nonadaptive 2nd order method for the test problem in

Section 2.6.2. Each circle represents a different tolerance from TOL = 10~! to 10~7.
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Figure 5: Flow snapshots at ¢t = 6 with At = 0.04 (top), and At halving until At = 0.0025
(bottom). Backward Euler (left) destroys energy and suppresses oscillations, meaning that

it can predict nearly steady state solutions when a time dependent one exists. The time

filter (right) corrects this.
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Table 1: Lift, drag, and pressure drop for cylinder problem

Backward Euler

At t(Camax)  Cdmax t(Clmax) Clmax Ap(8)

0.04 3.92 2.95112558  0.88 0.00113655 -0.12675521
0.02 3.94 2.95064522  0.92 0.00117592 -0.12647232
0.01 3.93 2.95041574  7.17 0.02489640 -0.12433915
0.005 3.93 2.95031983  6.28 0.17588270 -0.10051423
0.0025 3.9325 2.95038901  6.215 0.30323034 -0.10699361

Backward Euler Plus Filter
0.04 3.92 2.95021463  7.56 0.00438111 -0.12628328
0.02 3.94 2.95026781  6.14 0.20559211 -0.11146505
0.01 3.93 2.95060684  5.81 0.40244197 -0.09943203
0.005 3.935 2.95082513  5.72 0.46074771 -0.11111586
0.0025 3.935 2.95089028 5.7 0.47414096 -0.11193754
Backward Euler Plus Filter u and p
0.04 3.92 2.95073993  7.52 0.00439864 -0.12642684
0.02 3.94 2.95039973  6.14 0.21101313 -0.11153593
0.01 3.93 2.95063962  5.81 0.40624697 -0.09945143
0.005 3.935 2.95083296  5.72 0.46192306 -0.11112049
0.0025 3.935 2.95089220 5.7 0.47444753 -0.11193859
Reference Values
— 3.93625  2.950921575 5.693125 0.47795 —0.1116
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3.0 Higher Order VSVO Methods

3.1 Introduction

In this chapter, we generalize the idea from Chapter 2 of using time filters on backward
Euler to yield VSVO methods to the BDF family. We develop a general formula for the
time filters that increase the order of any BDF method by one order. We also analyze and
characterize the stability of these methods. In addition to time filters that increase the order
of accuracy, we also develop stabilizing time filters.

While the end goal is the application to PDEs such as the Navier-Stokes equations, the
theory is developed in a Numerical ODEs context, and will mostly use the notation of a

more general [VP,

We recall the algorithm for constant stepsize,

n+1 n
-y

Backward Euler le = f(tnt1, ?J?H)

1
Time Filter Yyt =yttt — g(y?ﬂ — 2" +y" )

The approximation y5 " is second order, A-stable and is implemented by adding one line to

an existing backward Euler code. In this chapter, we answer the natural question: Can this
be extended by more filters, using more y values, to produce an embedded family of methods
and from that a VSVO algorithm of negligible additional complexity over backward Euler?

We prove in Theorem 3.3.2 an order barrier: backward Euler can only be made up to
second order with linear time filters. Thus, to develop an embedded family of higher accuracy,
we apply the time filter idea beginning with a third order method, BDF3. BDF methods are
popular in CEFD, e.g. BDF2 [35][2] [82], BDF3 [14][43], BDF4 [60], convex combinations of
BDF methods [79] [72] [54], a predictor corrector scheme using BDF [70], VSVOBDF [47],

and many others.
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We develop time filters for every variable stepsize, variable coefficient BDFp method that
increases their order of accuracy by one. We call this method Filtered BDFp+1 (FBDFp+1),
and it is given in Algorithm 5. We then use the filtering idea to generate a VSVO algorithm
of orders 2,3,4 with complexity comparable to BDF3. Starting with the approximation from
BDF3, we apply a time filter to obtain FBDF4. We then develop a second filter, BDF3-
Stab (3.22) to the BDF3 approximation to yield a second order A-stable (and G-stable)
approximation (see Theorem 3.3.3).

Let the super script denote the order of the approximation, and the subscript denote the
timestep. The resulting method, Multiple Order One Solve Embedded 234 (MOOSE234) for

constant stepsize is

1yg™ — 18y + 9yt — 2yn—2

BDF3 = f(tns1, y5
6At f( +1,Y3 )
9
BDF3-Stab Yttt = yntt 4 1—25(?;;?“ =3y "+ 3y =y )
3
FBDF4 it =y T = Ay Gy — Ay )
Error Esty = yitt — yg“
Estimation Esty =yt — yQH
48 36 16 3 12
Est, = n+l % n oY on—1 __ ~¥ n-—2 2 n=3 At tn n+1

The algorithm for variable timestep is given in Section 3.4. This is an embedded family;
its complexity is dominated by the nonlinear BDF3 solve. The remaining steps contribute
negligible cost, require non-intrusive modifications to an existing BDF3 code, and, when
used for a complex application, are single instruction, multiple data (SIMD) type, which
adapt well to parallel architectures.

Each step computes a solution of different temporal orders of accuracy, so Esty gives

an error estimator for 5, and Ests gives an error estimator for y§+!. Est, is an explicit
approximation of the leading term of the local truncation error of y7™*. Thus, the error

estimates are embedded. Using standard strategies for timestep and order selection, the
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family yields a VSVO algorithm, presented in Section 3.4. We demonstrate the time/order
adaptivity of MOOSE234 on the Van der Pol test problem in Section 3.5.1. A linearly
implicit version of MOOSE234 performed well on the incompressible Navier-Stokes equations,

Sections 3.5.2-3.5.4.

——BDF3-Stab

6

2 4 6 8 10 12 2

(a) BDF3-Stab (b) BDF3 [o ~ 86.0°] (c) FBDF4 [o ~ 61.9°]

Figure 7: The regions of absolute stability are outside of the above curves. BDF3-Stab is
A-Stable. The stability regions of BDF3 and FBDF4 still contain an infinite wedge of the

left half of the plane, with o being the angle of the wedge measured from the real axis.

3.2 Preliminaries

The methods discussed herein will be shown to correspond to one-leg methods (OLMs),
which require one function evaluation per timestep. OLMs are distinct from linear multistep
methods (LMMs), have better nonlinear stability properties than their LMM counterparts
and are well suited to time adaptation [24], [69], [53], [61]. Section 3.2.1 introduces the basic
notation needed to state the methods in their full variable stepsize generality. Section 3.2.2

recalls a result of Dahlquist for OLMs needed herein.

3.2.1 Notation

Let At, = t,+1 — tn, and At, be homogeneous of first degree in At,,, Atni1, ..., Atpim_1.
An m step OLM is [24]

Z aiy"™ = At, f (Z Bitn+i, Z @Z/mi) : (3.1)
i=0 i=0 i=0
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The corresponding LMM twin is

Do =8ty Bif (taviy™™). (3.2)
i=0 i=0
The first and second characteristic polynomials associated with both OLMs and LMMs are
plr) =) agl,  a(r)=) B
J=0 j=0

For variable timesteps, «; and (3; depend on the stepsizes At,,, but we suppress additional
subscripts for the sake of uncluttered notation. In the construction of the methods developed
herein, it is convenient to absorb At, into «; through the change of variables a; = «; /En

Then (3.1) becomes
S f (z Bt zﬁiwz’) | 53
=0 i=0 i=0

The variable stepsize, variable coefficient BDF methods of order p (BDFp) using Newton
interpolation are given as follows. Using the notation of [47, pg. 155], let ¢/ be the jth order

backward divided difference at ¢, ,,

5j¢ = ¢[tn+m> thrmfla e 7tn+mfj]-

Let m > p. Then BDFp can be written

m p [j—1
Z a§ﬁ)yn+j = Z [H(tn+m - thrmfi)

—p j=1 Li=1

&y = ftnem, y™™)

where the dép )s are given implicitly by the equation. The coefficients for variable stepsize

BDF up to order four can also been written explicitly in terms of stepsize ratios in [81]. The

divided differences can be expanded as

m

Fo=Y ot (3.4)
i=m—j

()

with a procedure to generate the ¢;”’s given in the appendix.
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If the approximation at t,,, is an intermediate approximation, we will denote it by "™

to indicate a generic intermediate approximation, or yg+m to indicate an approximation of

order p. The intermediate divided differences are defined

p
i=m—j i=m—j

m—1 m—1
5jg:c%)gn+m+ Z CZ(J)yn+i7 5jyp:c%)yn+m+ Z CZ(J)yn+z'

Example. Recalling the variable stepsize backward Euler plus time filter in [46, pg. 307],

we will rewrite it in terms of divided differences. With w = 221 it is as follows,

At
yn+2 _ yn—i-l
Backward Euler 1At—+1 = f(tn2, y7?)
1+w) 1 w
T Filt nt2 _ o nt2 _ W( n+2 _ on+l YW g
ime Filter Yy (1 1+ 2% \1x” v TS

Through algebraic manipulation, this can be written with divided differences,

Backward Euler Sy = ftpgo, Y1)
At
Time Filter Yt =yt ( T e ) 5y, (3.5)
Atpn41 Atpp1+Aty

n+2 n n n
At vt iy
o yn+2 . n+1 Atpy1 Aty
- J1
L L At + Aty

Atypt1 + Atp41+At,
The rearrangement (3.5) is a special case of Algorithm 5 with p = 1.
The coefficients for higher order differences are lengthy to write out. While they may be

hard-coded into a program, they are easily computed with recursion [47, pg. 175] or nested

loops (see Appendix B.2).
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3.2.2 Classical error results

Define the local truncation error (LTE)

Z zy n—H (Z 61 n+is Zﬁz n—l—z >
0_41 n+z <Z Bz n+is Z ﬁz n+z )

A characterization of the accuracy of the OLM can be stated in terms of the differentiation

Ms I

Il
=)

(2

and interpolation error operators [25] [26].

Definition 3.2.1 (Differentiation and Interpolation Error ). The differentiation error Lgy

and interpolation error L; operators are defined

Lde (Z 51 n-l—z) ZO‘Z¢ n—H <Z Bz n+z> (36)
L ¢) (Z 5itn+i) Zﬁz n-H (Z ﬁz n.ﬂ) . (37)

A Taylor series calculation gives

Leading term of &, = (Ldy —fy (Z Bitntisy (Z 5¢tn+i>> : Liy) <Z Bitn-i-i) . (3.8)
=0 i—0 i—0

Definition 3.2.2 (Proposed in [25, pg. 8|). Let py be the largest integer such 3.6 is zero for
all polynomials of degree pq, and p; the largest integer such that 3.7 is zero for all polynomials

of degree p;. The order of the one leg method is min(pg, p; + 1).
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3.3 Embedding BDFp in a New Family

We now develop a time filter that increases the order of consistency of BDFp by one.

Let m = p+ 1, and consider the following method.

Algorithm 5 (Filtered BDFp+1 (FBDFp+1)). Given

{yn7 yn+17 Tt yneril}’
find y™t™ satisfying
p [j—1 A
[H(tn-i-m - tn—l—m—i)] o’y” = f(tnsm, ?Jngm)- (3.9)
j=1 Li=1

n(erl) _ Hf:l(tn+m - tn—l-m—i) (3 10)

= : —. :

> (b = togm—y) 7

Y = gy pPrD PP, (3.11)

It will be shown in Theorem 3.3.1 that this method has consistency error of order p + 1.
The proof requires reducing the above steps to an OLM. Specifically, the OLM approximates
y' the same as BDFp + 1, but not f(y).

Algorithm 6 (Equivalent one-leg BDF filter). Given

{yn7 ynJrl? Y yneril}’

and nPY as in (3.10), find y"*™ satisfying

prl izl (p+1)
_ N ntm oy N ol (3.12)
Zl H(tn+m tn+m—z) ) Yy = f n+my Y 1_ 77(7’+1)C(p+1) Yyl - .
J=1 Li= m

The §;s for this method are given implicitly by

m L N n(p+1)
> Byt =yt

J=0

p+1y‘
1 77(p+1)c(10+1)

m

Since 67t = 0 for p > 2, this is indeed an OLM of the form (3.3).

Proposition 3.3.1. Algorithms 5 and 6 are equivalent.
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Proof. Subtract nP+YclHlym+™ from both sides of (3.11) and use (3.4).
(1— n(p+1)cgg+1))yn+m =(1- 77(p+1) (p+1))yn+m _ 77(p+1)5p+1y_
p

n-+m

Solving for y,™™ gives

fr](p"l‘ 1)
n-+m n+m

y _y p+1
p

- n(PH)Cng) Y. (3.13)

Substituting this into the BDFp step (3.9), the right hand side of (3.9) becomes the right
hand side of (3.12) as desired. The left hand side of (3.9) becomes

p [jl

j=1 Li=1

(p+1) L
ey
1—cm 77(P+ )

Jj=

(tn-i-m - tn+m—i)] 5jy (3'14)
1

7—1
[H(tn-i-m - tn—i—m—i)] 07(%)} 6p+1y'

i=1
We next simplify the scalar, shown in braces, multiplying 67!y in (3.14). First, note that a

simple calculation (not shown) gives

- —1
J
C%) = (H(tn+m - tn+m—i)) :

i=1
Splitting the term in braces apart, we see that

H? 1(tn+m tn+m— 1)

n(p+1) Zp+1(tn+m*tn+m ]) ! _
_ D) +1) P+l _ N I (e =t m—s)
1 Cm 7717 (H ( n+m tn+mfl)) Z§)+i2tn+m —tntm— J) !
HZ;:l (tn+m - tn+ﬂ’L*i) _ Hf:l(thrm — tn+m*l>

Zp+1( n+m - tn+mfj>71 - (tn+m - tn)il Z§:1<tn+m - t”+m*j)_1
and

ol

LI
[H n+m n+mi)] (H(thrm - tn+mi)> = Z(thrm - tn+m*j)_l'

j=1 i=1

n+m — n—i—m—i)] Cm

Thus, the term in braces simplifies to

S I |2 T NCET
totm — tn m—i Cyfl - tn m tn m—i)- 3.15

o1 List i " 1—- c,(ﬁﬂ)n(pﬂ) ey " "

Absorbing this into the sum in (3.14) gives the desired left hand side of (3.12). O
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3.3.1 Stability and error analysis of FBDFp+1

By construction, the left hand side of FBDFp+1 is that of BDFp+1, and the argument
of the function evaluation in FBDFp+1 is a consistent approximation to y(t,1m,). It is
immediate that FBDFp+1 is 0-stable whenever BDFp+1 is O-stable since they have the
same first characteristic polynomial. Therefore, FBDF6, which is BDF5 plus a time filter,
is the highest order 0-stable method for constant stepsize. The 0O-stability of variable step
methods is highly nontrivial, and conditions on the stepsize ratios to guarantee O-stability
for BDF methods are given [13], and [44] which improved the upper bound on the stepsize
ratios for BDF3. A recent technique for analyzing O-stability for general methods is shown
n [77].

The consistency error analysis, presented next, is an application of Definition 3.2.2.
Theorem 3.3.1. FBDFp+1 is consistent of order p+ 1.
Proof. The differentiation error Ly (see Definition 3.2.1) of FBDFp+-1 is the same as the local

truncation error of BDFp+1 which annihilates polynomials up to order p+ 1, so pg = p+ 1.

The interpolation error L; is

(Lz¢) <Z Bithri) Z 51 n+z (Z ﬁz n+z>

n(p"!‘l) n(p—‘rl)

F G — dtpim) = e, (3.16)

= tnym
¢( + ) + 1_ n(p+1)01(£+1) 1— n(p+1)0$£+1)

If ¢ is smooth, then for some & € (t,, tpim),

6 (e)

5p+l = o|t, matn mfa"'7tn = )
¢ ¢[ + + 1 ] <p+1)|

see e.g. [52]. Hence, (L;¢) (D_1", Bitnti) is zero on polynomials of degree less than or equal

to p, so p; = p. Thus, the order of the the method is min(pg, p; +1) = p + 1. n
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3.3.2 Error estimation

Let ygjﬂ” the FBDFp+1 approximation. As a consequence FBDFp+1 being O(A#P*1),
we have that

__ ,ntm _  n+m
Est, =y, — v,

(see Algorithm 5) is an estimate for the local error in BDFp. In order to estimate the
local error for FBDFp+1, we need to estimate (3.8) which involves the exact solution. To
approximate L;y, note from (3.13) and (3.16)

n(p-l—l) +1 n+m n+m
ey =y =yt = —Esty

m

Liy<t) =

1— 7](19'1'1)0

To approximate the rest of (3.8), use y(t,;) = y™™* a possible error estimate of FBDFp+1
is

p+1 [j—1
EStp+1 - <Z [H(tn-l-m - tn—l—m—i)] 6]yp+1 - f(tn—I—m) yg—tlm) (317)

j=1 Li=1

+fy(tn+ma y;—tfl) : EStp) /@%—H)

However, plugging the approximate solution into (3.17) underpredicts the error, which
lead to overly large stepsizes. This is because (3.17) is the leading term of the residual of
the method, so it should be approximately zero for the discrete solution. A more successful

estimator in our tests was to only estimate L, with

p+1 [j-1
EStp+1 = (Z [H(tn—i-m - tn+m—i)

=1 Li=1

Syt = f(tasm, yzi{”)) / ath. (3.18)

Using (3.18) is pessimistic because it does not allow for cancellation with the neglected term.
It’s success may be due to the fact that enforcing small E'st,, also forces the y;‘jffl to make
the BDFp+1 residual small. Thus, we are forcing the solution to be within ¢ of satisfying
a nearby method of order p + 1. (3.18) also does not require evaluating the directional
derivative of f. Since CAt**1y(P+1) is the leading error term of (3.18), this could potentially

be estimated instead using a p+ 1 order difference, which requires storing one more solution,

but no function evaluation.
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3.3.3 Order barrier

We prove in this section that it is impossible to increase the order of the simplest method,
BDF1, by more than one by filtering y™™ alone. This motivates the development of time

filtered VSVO methods centered at higher order methods. We show in Section 3.3.4 that

time filters can create more stable, lower order approximations.

Theorem 3.3.2 (An Order Barrier). BDF1 followed by a linear time filter of arbitrary finite
length,

,Ijn+m - ynerfl — Atf(gner)

n+m ~n+m n+m

Y = — (e A+ ey T T A cy”) Cm # 0 (3.19)

s of no higher than second order consistency.

Proof. For simplicity, we assume the ODE is autonomous, and that the step size is constant
with At,, = At for all n. Without loss of generality, we need only consider the application
of one time filter; a sequence of time filters can be reduced to one of possibly greater length
by eliminating the intermediate values.

Solving (3.19) for g"+™

1

=1_QJy

~n—+m n-+m

+Cm71yn+mfl NI Coy”)-

For convenience, we perform the change of variables ¢,, = (1 — ¢n)™Y, ¢t = (Cm1)(1 —

cm) P =1,and & =¢;(1 —¢p) tfor 0 <i <m—2.
?jn-‘rm _ yn—i-m—l + Z éjy"+j
Substituting this into the backward Euler step yields the equivalent OLM

iéjyn+] _Atn+m 1f n+m— 1+i JynJr]

J=0 J=0
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L4 must be zero on polynomials of order 3, and L; must be zero on polynomials of order
2. We derive conditions on ¢ from the differential error operator applied to 1,¢, and 2. To

simplify further, set n = 0.

(Ldl)(tm) = (At)_l iéz =0= i ¢ =0

=0 1=0

(Lat)(tm) = (AT Y A —1=) Gi—1=0= ) &i=1
i=0 i=0 =0
(Lat®)(tm) = (AT &AL = 2(mk) = (A)™HY & At* — 2mAt

=0

—Athlz —2mAt-0:>Zczz =2m

=0 =0

Next, apply the interpolation error operator to #2.

(Lit®)(tm) = D (iAL)* + ((m — )AL — (Atm)® = " & A + (m — 1)°At* — At*m”
=0 =0
= At? Z éi® 4 (m? = 2m + 1) AL? — At*m?
=0

= 2mAL + m2A2 — 2mAL + A2 — AtPm? = AL

The operator does not vanish on quadratics, so by Definition 3.2.2, the method is no higher

than second order.
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3.3.4 Stabilizing time filters

Adaptive codes using non-A-stable methods will, when necessary, decrease timesteps to
enforce stability rather than accuracy. We thus need an A-stable member in the embedded
family. This is achieved automatically for BDF1 plus a time filter (FBDF2), but we are
limited to second order since filters can increase the order of accuracy by only one (see The-
orem 3.3.2). Thus, we construct time filters that create lower order, but A-stable, embedded
methods from BDF3 for constant stepsize. The result (BDF3-Stab below) is second order,
G-stable and therefore A-stable by [23].

Recall that a method is absolutely stable for the product At\ if the discrete solution to
y = Ay, A € C, does not grow unbounded. A method is A-stable if its region of absolute
stability contains the negative real half of the complex plane. A-stability can be analyzed
by the root locus method by drawing the curve that separates points where the method
is stable or unstable. We prove A-Stability using the equivalent G-Stability theory, since
regions of absolute stability can be misleading if it is not obvious that the locus curve passes
the imaginary axis. However, the locus plot for the method parameter choice p = 9/125 is
shown in Figure 7a.

We then generalize the filter for variable stepsize. We begin with the ansatz that such a

filter should be a third order perturbation of BDF3.

Algorithm 7 (Constant stepsize stabilized BDF3, BDF3-Stab).

11yg+3 o 18yn+2 + gyn—i-l _ 2yn _ f(t yn+3>
6AL s 3

BDF3-Stab Step Yot = it (ya ™t — 3yt 4 3yt — ™) (3.20)

BDF'3 Step

The induced OLM after eliminating the intermediate variable is

llyn+3 _ 18yn+2 + gyn+1 _ Qyn 11 U
6At 6AL 1+

n n H n n n n
:f<t +3’y+3_m<y +3_3y +2+3y Jrl_y)) (321)

(yn+3 _ 3yn+2 4 3yn+1 _ yn)

From (3.21), a Taylor series calculation shows that the method is second order consistent

with
11
leading term of " = ——Ly"’Atz.
614+ p

43



What remains is to show that it may be G-Stable for a range of p.

Theorem 3.3.3. BDF3-Stab is G-Stable for p € [0.07143215,0.14285528]

Proof. Multiplying (3.21) by %2t gives

3 3 18 3 9 2
Yy n Koo 1o Y LS Yt 4 K s Y
14+ p I+p 11 I+p 11 I14+p 11

6 y" o 3u 3 1
:—At tn ’_+_n+2__n+1+_n )
11 f( R IR L A B A B

We show there exists a symmetric positive definite matrix G = G343 and some constants

as, as, ai, ag such that

nt3 3 18 3 9 2
Y + I _ == yn+2+ __/‘L+_ yn+1+ L__ yn
1+pn 1+p 11 1+p 11 1+p 11

. <yn+3 + 3” n+2 3:u n+1+ H yn>

Lrp 144 114 1+ p
2 2
yn+3 yn+2
— yn+2 . yn+1 4 ”a3yn+3 4 a2yn+2 4 alyn—H 4 aoy"||2.
n+1 n
y G y G

We solved for g;; and a; in terms of p symbolically with MATLAB, and write them explicitly
in B.3.1. Using Sylvesters criterion, we seek an interval of y for which the principal minors
of G have positive determinant. From smallest to largest principal minors, we denote their
determinants as G, Gq, and G5 = det(G). By plotting the real and imaginary parts of the
determinants, we see that the real parts are positive, and the imaginary parts vanish within
the interval p € [0.07143215,0.14285528], which implies that BDF3-Stab is G stable for p in
this interval.

]

Dahlquist’s Second Barrier states that the leading error constant C' of all A-Stable LMMSs
is, in magnitude, greater than or equal to Crg = 1/12, which is attained by the trapezoid rule

[22]. For the left endpoint of the interval given in Theorem 3.3.3, BDF3-Stab has a leading

error constant of % < Cgprastap ~ 0.1222 < % This is about 2.73 times smaller than

Cgpr2 = % (compare with the optimized blended BDF2/BDF3 and BDF2/BDF3/BDF4
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Real parts of G1, G2, G3 Imaginary parts of G1, G2, G3

0.01 s
100F '
'
| —imag(G1) .
e 0.008 | - - -imag(G2) !
______ ‘ S P ¥ --—-imag(G3) !
—real(G1) : I
102} - - -real(G2) | !
-~ real(G3) 0.006
T 0.004
/,./
1074 F
y 0.002
{
{
1 —— e
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H 1z
(a) (b)

Figure 8: The real parts of G1, G2 and G3 are positive and the imaginary parts vanish in
the region of G stability, which is bounded by the vertical bars in Fig. 8a.

schemes in [79] which have respectively 2 and 2.64 times smaller leading constants than
Cppr2).

The filter is extended (nonuniquely) to variable stepsize by replacing y§+3 — 3yt +
3yt —y" with the third order divided difference 63y, and rescaling by the leading coefficient
)

mn n ILL
Yot = ys e+ ﬁ5gy3a (3.22)
C3
This gives a variable stepsize BDF3 method a stable method to switch to rather than cutting

the timestep.

3.4 The VSVO Algorithm
In Section 3.3, we derived a general embedded method FBDFp+1 which increases the

order of any BDFp method by one, and an embedded stabilized BDF3 method (BDF3-
Stab) that is second order and G-Stable. We combine FBDF4 and BDF3-Stab to create
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an embedded implicit method that is second, third, and fourth order called Multiple Order
One Solve Embedded 234 (MOOSE234). After a filter is applied, the new solution is used
to estimate the error in the pre-filtered solution. We then pick the solution which allows for

the largest stepsize to be taken. The variable stepsize algorithm is as follows.

Algorithm 8 (MOOSE234). Let m = 4. Given e, 7, v, {y", - ,y" "},
w € [0.07148215,0.14285528], compute yy ™ yit yit* by solving

3 7—1
BDF3 [H(tn+4 — tn+4i)] ys = fltnra, y3 ™)
j=1 Li=1
BDF3-Stab yp = gt 4 6%y,
¢4
FBDF it =yt — nWatys.

Put Esty = yy™ — yo™, sty = yit — y3™, and

4 [j-1
Esty = (Z [H(tn+4 - tn+4—i)] 5jy4 - f(tn+4, ?JZH)) /04514) (3-23)

j=1 Li=1

Of the solutions that satisfy |Est;| < €, find j that would allow a maximum step size to

be taken.
' ( - )+ A A < - >+ (3.24)
J = argmax ; tnta = YAbys | 75— .
ic(234) \|Est;] * + |Est ;]
Then set y"™* = y;?+4. If none satisfy the tolerance, set

A A =\
this = maxyAt, — ;
+3 ! Y +3 (]Estj\)

and recompute the above steps.
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The second equation in (3.24) is a standard formula for stepsize selection given an es-
timate for the local truncation error [76],[41],[1]. v < 1 is a safety factor used to keep the
next step size from growing too fast, and to increase the chance that the next solution will
be accepted. If a solution is rejected, ¥ < v is a second factor used to nudge the stepsize
in a direction that will make the recomputed solution more likely to be accepted. We took
v =0.9, and 4 = 0.7. Esty is an estimation of the local truncation error (3.18) of FBDF4
(justification in Section 3.3.2).

For step size control, we use the most popular criteria [76], [41] which is to require
the local truncation error be less than a user supplied tolerance £. Other criterion, not
tested herein, include requiring the error per unit time interval be less than a tolerance,
LTE < At,e [19],[76], or adapting to control the global error [18]. In our implementation,
we add a common heuristic that the step size can change by no more than a factor of two
at a time [1], although this may be overly cautious since factors as large as five have been
used for adaptive BDF methods [47]. Many other considerations for implementation and
improvement of adaptive methods are discussed in the PhD thesis of Ahmad [1].

The algorithm above is of variable order two through four, but different methods can be
obtained by taking a max in (3.24) over a subset of {2,3,4}, which is tested numerically in
Section 3.5.

3.5 Applications to Nonlinear Evolution Equations

MOOSE234 is easily implemented for nonlinear evolution equations with decreased cost,
increased assured accuracy and thereby increased predictive power. We give one test on a
highly stiff and fluctuating ODE (the Van der Pol oscillator), and two tests for the Navier-
Stokes equations, which describe a phenomena for which predictive accuracy is important and
where memory limitations, accuracy requirements, cognitive and computational complexity
are often in competition.

The Van der Pol test is given in Section 3.5.1. The NSE and the spatial discretization

used herein are defined in Section 3.5.2. In Section 3.5.3 , the constant stepsize, constant
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order methods are applied to a Taylor-Green vortex array. This is a common benchmark
problem in CFD such as [16], and others. The VSVO method is tested for the same problem
in Section 3.5.4.

We measure error versus work by the number of time steps taken plus the number of
rejected solution in Section 3.5.1, and by compute time in Section 3.5.4. We test methods
of different orders (2,23,234,3,34,4) by restricting the approximations that MOOSE234 is
allowed to select. The method of order three is simply adaptive BDF3, 23 is adaptive BDF3
and BDF3-Stab, etc. If the method does not include 4, we do not evaluate the error estimator
for FBDF4 so that it does not artificially inflate the runtime of the other methods. We chose
the method parameter p = %5 = 0.072 somewhat arbitrarily. It comes close to minimizing

the leading term of the local truncation error within the interval of i for which it is G-Stable.

A larger p may be useful if more dissipation is needed.

3.5.1 Van der Pol oscillator

In this section, we test the methods on the Van der Pol oscillator, a common test problem
for stiff ODE integrators. We do not compare runtime performance with well calibrated,
existing ODE codes. We just demonstrate the adaptivity of the methods in a simpler setting
before the PDE tests. The Van der Pol oscillator is

/

Y1 = Yo, gy = (1 — yD)y2 — 41

with g = 1000. We compute relative errors at ¢ = 3000 by comparing with a reference
solution from MATLAB’s odel5s with an absolute tolerance of 1e-16, and a relative tolerance
of 3e-14.

The error vs total work (number of steps taken plus rejected steps) is shown in Figure
9, and clearly shows that the higher order methods are most efficient for this problem. We
tested many combinations of orders (2,23,234,3,34,4) to verify that the higher order methods
reduced the total amount of work, although we do not plot the results of all these combina-
tions. Specific to this test, we note that 23 performed essentially the same as adaptive BDF3,
and 34 was essentially the same as MOOSE234. Adaptive FBDF4 appears to perform the
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best, although it does not have an obvious trend. Other tests such as the one performed in
Section 3.5.4 do show a notable increase in efficiency using the full MOOSEZ234 versus using
a subset of the available orders.

The stepsize and order evolution of MOOSE234 is shown in Figure 10. While MOOSE234
chooses the BDF3 approximation for most of the simulation, the narrow sections where the

fourth order method is used is enough to make it globally fourth order, shown in Figure 9.

Relative Error at t = 3000 for Adaptive Methods

BDF3-Stab
BDF3
FBDF4
MOOSE234
slope -2
slope -3
slope -4

Error

104 10°
Accepted + Rejected Steps

Figure 9: The fourth order methods produce the smallest errors in the least amount of steps.
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3.5.2 Finite element formulation
Given the domain 2 C R? (d = 2, 3), consider the problem

w+u-Vu—vAu+Vp= fand V-u=01in Q x (0,7

u =0 on JQ and u(z,0) = ug(x).

To discretize in space, let (X", Q") be a finite element pair satisfying the inf-sup, or LBBy,
condition. We suppress the spatial discretization on velocity and pressure to avoid excessive
super and subscripts. Define the explicitly skew-symmeterized trilinear form b*(u, v, w) =
(u- Vu,w) + (V- u)v,w).

The fully discrete BDF3 problem is as follows. Find (u§™,p"™) € (X" Q") such that
for all (vp,, qn) € (X", Q"),

<0zi )u§+4 + Za Dyt Uh> + 0" (uy T ulb ™ vy 4+ v(Vud ™ V)

7j=1

_(pn+4, Y Uh) = (f(tn+4>7 Uh)a and (V ’ “n+47 Qh) 0.

This method for constant stepsize was analyzed in [10] under a small data condition with

the nonlinearity treated explicitly. We linearize the problem as follows. Let

3
An+4 _LZ (4) N
W2
€4’ =0

which is a fourth order extrapolation of u4™* to preserve the order of consistency of FBDF4.
Then the linearly implicit (sometimes called semi-implicit) method is obtained by replacing
b (W u vy with B (@5, it vp).

Implicit-explicit [17][81] and linearly implicit methods [29][3] are a common way to reduce
the computational complexity of time stepping nonlinear problems . The idea of Baker [9]
to treat the convective term in Galerkin approximations of Navier-Stokes this way while
preserving skew-symmetry has a long history of use and expansions [38, p. 185] [51] [72]
[54][2].

Pressure is not a dynamic variable; only the pressure at the current time level is required,

so applying the time filters to pressure will not affect the computed velocity solution. Thus,
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we choose not to filter it for these tests. Therefore, Esty, Ests, and FEsty are only estimates
of the temporal velocity error. |Est;| = ||Est;|| is the L*(2) norm.

The error for FBDF4 is estimated by E'sty, where E'st, is the finite element discretization
of (3.23), and is the solution of

af (Bsty, v) = (af’ uz+4+za o) 0w, )
7=0

— (" V) = (f(tnsa), vn) for all v, € X"

This is the only non-embedded error estimator, and since it is a mass matrix with order one
condition number and narrow band width, does not add significantly to the computational
complexity. In our tests in Section 3.5.4 with 495,000 degrees of freedom, this system can be
solved with about 10 iterations of the conjugate gradient method within a relative tolerance
of 1e-6; this takes about 0.1 seconds on a desktop with a four core Intel i7 7700k cpu. The
time taken to solve this system is included in the timing tests in Figure 12. All tests were
performed with FEniCS [4].

In the adaptive tests, the stepsize ratios were limited to a maximum of two and a min-
imum of one half, which is a common heuristic [1]. All tests were performed on a square
periodic domain using P5/P4 Lagrange elements with 32 elements per edge of the square

resulting in 67,584 degrees of freedom.

3.5.3 Constant stepsize test

We test the case of constant step size on a Taylor-Green vortex array, a common bench-
mark problem in CFD.
We took 2 to be the periodic box with sides of length 27, and v = 1. Define F(t) = e~ *"".

An exact solution is given by
: : 1 2
u(x,y;t) = F(t)(cosxsiny, — cosysinz), p(z,y;t) = —ZF(t) (cos 2z + cos 2y).

The final time was taken to be T'= 1. Figure 11 shows the relative 12L.2 velocity and pressure
errors for different stepsize At. We achieve convergence rates in time for the velocity and

pressure predicted by the ODE theory.
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3.5.4 Variable stepsize variable order test

In this test, we allow the method to adapt, and run the above problem to a final time of
T = 1. The same mesh from the constant stepsize test was used. All tests were initialized
with exact solutions that were At =1E-3 apart. The safety factors were v = 0.9, and 4 = 0.7.

We tested many combinations of orders (2,23,234,3,34,4) to verify that variable order is
necessary for an improvement in execution time. We do not show the results of all these
combinations in the plots for clarity, but we note that the method of order 23 is slightly
more efficient than adaptive BDF3. The method of order 34 performed better than FBDF4,
but slightly worse than MOOSE234 for larger tolerances. Each test was timed starting at
the outer time stepping loop of the program, and ending after the final time step. Various ¢
were tested from le-1 to le-8. Figure 12 shows the amount of time in seconds each method
required to run to completion for different tolerances versus the relative 1212 errors, with
the tolerances decreasing from left to right.

For the smallest tolerances, we clearly see that the higher order methods are the most
efficient with the full MOOSE234 method performing the best. MOOSE234 is about two
times faster than adaptive BDF3 for the final tolerance.

3.6 Conclusion

We present MOOSE234, a new stiff VSVO solver of orders two, three, and four. The
computational complexity is comparable to BDF3. In our tests on the Van der Pol oscillator
and a standard spatial discretization of the Navier-Stokes equations, the VSVO methods
of higher order give the most accurate approximations at least cost. We also developed
FBDFp+1 of orders two through six, which uses computationally inexpensive time filters to
increase the order of all variable stepsize BDFp methods with p < 5 by one.

Many open problems remain. Linearly implicit (tested herein for Navier-Stokes) and
Implicit-Explicit versions need systematic development. Error analysis of the fully discrete

method for NSE, and a deeper understanding of the pressure error are needed. There may
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exist more optimal G-Stabilizing filters for BDF3. The idea of constructing second order
G-stabilizing time filters can be applied to higher order BDF methods, and other multistep
methods. MOOSE234 can be applied to other complex nonlinear applications.
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Stepsize and Order Selection for e=1e-8
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Figure 10: Stepsize and order adaptation for the Van der Pol oscillator.
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Figure 11: Velocity and pressure converge at the predicted rates.
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Adaptive Velocity Error for e = 1E-1 to 1E-8
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Figure 12: The greatest accuracy for the least compute time is from the higher order methods.
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4.0 An Implicit-Explicit VSVO Method for Navier-Stokes

4.1 Introduction

In this chapter, we revisit the method developed in Chapter 2. We present with support-
ing analysis an adaptive time discretization of the Navier-Stokes equations (NSE) requiring,
at each timestep the solution of a shifted stokes problem. Methods of this type are known
to be inexpensive per step, but often have a severe timestep restriction due to the explicit
treatment of the nonlinear term. As solvers have matured and memory increased, methods of
this type have seen decreased development. However with the recent explosion of interest in
uncertainty quantification and machine learning, along with newly emerging computational
architectures methods requiring less memory, and lower computational complexity have be-
come interesting tools again. We stress that our analysis is for a variable timestep. This is a
unique feature that reduces the gap between the needs of practical CFD and what analysis
can contribute.

This chapter is organized as follows. In Section 4.2 we present preliminary analysis which
will be needed in the ensuing sections. The fully discrete algorithm we will analyze is outlined
in Section 4.3. In Section 4.4 we present an energy stability analysis of the algorithm by
analyzing stability of each order independently. The variable stepsize, first order algorithm
is analyzed in Section 4.4.1. The constant stepsize version of the second order method is

analyzed in Section 4.4.2.

4.1.1 Previous works

Variable timestep schemes have been studied extensively for linear multistep methods
for ODES see [20, 27] and the references therein. Linear stability analysis for constant
timestep BDF2-AB2 and CNLF applied to systems of linear evolution equations with skew
symmetric couplings was conducted in [62]. It was shown under a timestep condition that

both methods were long time energy stable. The CNLF scheme was proven to be unstable for
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variable timestep in [65]. Recently, for the NSE adaptive time stepping schemes have been
studied for a variety of second order implicit and linearly implicit methods [57, 59, 12]. It
was demonstrated that time adaptivity increased the accuracy and efficiency of the schemes.
A stability analysis of these methods for increasing and decreasing timestep ratio is still an
open problem. Constant timestep IMEX schemes for the NSE have been studied for CN-AB2
68, 58], a three-step backward extrapolating scheme in [10] and BEFE in [48].

4.2 Notation and Preliminaries

Let Q C RY d = 2,3, denote an open regular domain with boundary 9Q and let [0, T

denote a time interval. We consider the incompressible Navier-Stokes equations (NSE)

(ut+u-Vu—z/Au+Vp:f(x,t) Vo e Qx (0,7
V-u=0 Vo € Q x (0,T]
(4.1)
u=>0 Vo € 09 x (0,T]
\ u(z,0) = u’(z) Vo € .
We denote by || - || and (-,-) the L*(f2) norm and inner product, respectively, and by

|- l|ze and || - [[ws the LP(©2) and Sobolev W (Q) norms, respectively. H*(Q) = W5'(Q) with
norm || - ||z. The space H1(Q) denotes the dual space of bounded linear functionals defined

on H}(Q)) = {ve HY(Q) : v =0 on 90}; this space is equipped with the norm

1l = sup 9 ype gy

ozvex [Vl
The solutions spaces X for the velocity and ) for the pressure are respectively defined

X :=[H; ()] = {v € [LA(D)]? : Vv € [LA(Q)]"** and v = 0 on 9N}

Q=130 = {se 2@ |

qux = 0}.
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A weak formulation of (4.1) is given as follows: find w: (0,7] — X and p: (0,7] — @ such
that, for almost all ¢ € (0,7, satisfy

(ug, v) + (u - Vu,v) + v(Vu, Vo) — (p, V- v) = (f,v) Yo e X
(V-u,q) =0 Vge@ (4.2)
u(z,0) = u’(z).

The subspace of X consisting of weakly divergence-free functions is defined as
Vi={veX : (V-v,q)=0V¢eQ} CX.

We denote conforming velocity and pressure finite element spaces based on a regular trian-
gulation of 2 having maximum triangle diameter A by X; C X and @, C Q. We assume
that the pair of spaces (X3, @) satisfy the discrete inf-sup (or LBB},) condition required
for stability of finite element approximations; we also assume that the finite element spaces

satisfy the approximation properties

inf |lv— vl < CR¥ Vo € [HH(Q)]?

v EXp
inf |V(v—uw,)|| <Ch* Vo€ [HTHQ)
v €Xp
inf |[jg—qn| < CR Vq € H*(2),
ah€Qn

where C' is a positive constant that is independent of h. The Taylor-Hood element pairs
(Ps-P*~1), s > 2, are one common choice for which the LBB;, stability condition and the
approximation estimates hold [39, 45].

We will also assume that the mesh satisfies the following standard inverse inequalities

HUhH < Ch*1\|VvhH Yo, € X, (43)

|vnlleo < C|InAY2|Vup|| Vo € Xp, and for d = 2 (4.4)

We define the trilinear form

b(u,v,w) = (u- Vo, w) Yu,v,w € [H'(Q)]?
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and the explicitly skew-symmetric trilinear form given by
* 1 1 1 d
b (u,v,w) := é(u -Vo,w) — §(u - Vw,v) Vu,v,w e [H ()],
or equivalently,
1
b*(u, v, w) == (u- Vv, w) + §(V cuv-w)  Yu,v,w € [HYQ)).

This satisfies the bound [63]

b*(u, v, w) < Cp|| V||| Vol||| V|| YVu,v,w € X. (4.5)
b (u,v,w) < Cpe ([l [Vul) Vo [Vw] - Yu, 0w e X. (4.6)
b (u, v, w) < Cpe || V|| ([0 [[[ Vo) 2 Vw]|  Vu,v,w € X. (4.7)

Additionally, we have the following bound.

Lemma 4.2.1.

b (u,v0,w) < Cor [Vl [Vl ([ Vwl)? Va0 e X (4.8)

Proof. We have by repeated Holders inequality that
d d
(V- u,v-w) = Z/(V cu)vywdr < Z IV - ull||vi]| s ||wi| s
i=1 /9 i=1
< VAV - all|[o]]sllwllzs < C@A)[Vul[[v]lzsllw]lcs.
Similarly, we have
/(u - Vo) - wdr < C(d)|[ul| s |[[Vol[[Jw]] s
Q

By Sobolev embedding theorems, H' < L® and Hz < L3 for d = 2,3 . The result then

follows from the interpolation inequality ||w||% < C||w||%||Vw||%. O

We also define the discretely divergence-free space V}, as

Vii={on € Xp : (V-un,qn) =0V, € Qu} C X.
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4.3 Algorithm

The fully discrete constant stepsize scheme we consider is a Backward Euler in time with

a second order Adams Bashforth treatment of the advection term (BE-AB2)

n+l _  n
() oV D02 — a2 = )

("L Y w) = (F7 o) Vo, € X, (4.9)

(V-up™ qn) =0 Van € Qn.

For the case of nonuniform timesteps, let At, = t"*' — ¢*. The stepsize ratios are

— _Aty
wn - Atn—l

We then have the variable stepsize BE-AB2 (VSS BE-AB2) method.

. The second order extrapolation of u}! becomes E"*!(uy) := ull +-wy, (up —u) ™).

Algorithm 9 (Variable stepsize BE-AB2). Given e, At,,, (u}, pp),(u""Y, .pi~"), and a norm

|+ {1, find (uptt, pptt) satisfying

(W’ vh) + v(Vuitt Vo) +0 (B (wg), B (ur), o)
—(p"T, Vo) = (" o) Vo, € X, (410)
(V) =0 v € Qn
Let
Wn,

Est =

sl = B () 4

If Est < ¢, accept (u}t pi™™) and let

A 0.9A e\
t1o = 0.9AL, <—> .
+2 +1 ESt

Else Reject (up™, pp™) and let

A 0.7A e\
ton = 0.7AL, (—) .
+1 +1 ESt

Recalculate (u)™, ppith).
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The numbers 0.9 and 0.7 are safety factors that make it more likely the next stepsize will
give an accepted solution, which is common practice. They are chosen arbitrarily here. The
error estimation is derived from the variable stepsize backward Euler time filter that results

in a second order method. That is, if

n+1,2 n+1 Wn n+1 n n—1
u =uy — ————(up" = (14 wy)uy + wpuy )
h h h n)Up nUp )
2w, + 1
12 . o 1,2 : .
then uZJr “is a second order approximation. Thus, UZH — UZJF “ provides an estimation for

the error in the first order approximation. Rearranging this shows

n+1 n+1,2 Wn n+1 n n—1
upyTt —wu = ——(up™ — (1 +wp)up + wyu
h h 2wn i 1( h h h )
W

= %0 T 1 (UZ—H — En+1 (Uh>>

4.4 Stability

4.4.1 Energy stability for VSS BE-AB2

In this section we prove nonlinear conditional stability of (4.10). We begin with a general

stability result.

Theorem 4.4.1. [General Stability of VSS BE-AB2] Consider the method (4.10) and let
QCRYd=2,3. Suppose that

CstabAtn ( 1 + w%)
1%

1—

IVE" ™ (up)|* > 0. (4.11)

Then for any N > 1

N-1
1 1 _ v n
§||U;LV||2 + Z”uhN —uy P+ 1 Z Aty [ Vup
n=1
N-1 N-1
1 At, (4.12)
+ o™ = uf + wnu — P < 302
o 8(14—&)%) h h h h ; v 1
1 1
+ 5 luall® + gl = wp?
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Proof. Setting v, = UZH and multiplying by At, we have
1
|| up PP = Sl + ||U"+1 up | + Aty | Vg ?

+Atnb*(E"+1(uh), En+1(uh) n+1) At (fn—f—l n—|—1)
Applying Young’s inequality to the right hand side then gives

Huh“H2 IIUZH2 HU”+1 up|[* + Aty|| Ve |

At b (uft + wp (uf — up ), ug + wn (u)f — up ), upth
l/At

At
S R Tl

Next we deal with the nonlinearity. Applying (4.8), using the skew symmetry of the nonlin-
earity, applying the Cauchy-Schwarz-Young, Poincaré-Friedrichs and inverse inequalities we
have

Atyb" (E™ (un), up, + wn(uh —up ™), up ™)

= AL (), — g — o — 7))

< AL 2| VE™ (up) |[Jup = — wa gy —up )|V |

A2 (1 4 w?)
h

o I = =

For the last term we have by the parallelogram law

<C IV B () |12 Vg 2

STl = = e =
— o P+ s -
—§T$;5Wﬂ“—uz+wﬁm—uzww
3 R e
gaﬁ—jmf“—uz+wmm—ufww
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Combining like terms we then have

n n n 1, . .
Sl = S+ e — P = g — P
4
yAt . VAtn CAtn L4u?) )
”V +1H2 1 — ( )”VE +1(uh)H2 HVUhHHQ
2 vh
+;||un+1 _ ,U/Z + wn( uy — U )||2 tn ||fn+1||2 .
8(1 + w?) h y 2

Now using condition (4.11) letting C' = Cyp and summing from n = 1 to N — 1 the result
follows. O

There are several cases where the time step condition can be improved by using a different
embedding for the nonlinear term. When  C R? the discrete Sobolev embedding will give

a superior timestep condition to that in Theorem 4.4.1.

Theorem 4.4.2. [2d Stability of VSS BE-AB2] Consider the method (4.10) and let Q C R2.
Suppose that

Inh
- Al et )2 > 0. (4.13)

CstabAtn ( 1 =+ CL)TQL)
1%

Then the energy inequality (4.12) from Theorem 4.4.1 holds.
Proof. The proof is similar to that of Theorem 4.4.1, the key difference being in the treat-
ment of the nonlinearity. Using Holders inequality for the nonlinear term we have

At (™ ) i = — o (uf — )

< CAL | E™ (up) oo luy ™ — why — wiuhy — uy ™) [ Ve

At
(un) [l =y — wnuh — ™)™ -

_|_

Then applying (4.4) and Cauchy-Schwarz-Young

C AL | E™ (un) | oo gy =y — wn (g — u ™) [V

At

() [l ™ = upy — wa(uh — ™y o
<l h!mAthVE”“( il = uh = wn (g — ™) [V
< CAt2(1 +w) [ [ VE™ () 2| Vg, 2

” n+l —1 HZ

The result then follows from Theorem 4.4.1. O
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4.4.2 Energy stability for constant timestep Filtered-BE-AB2

In this section we give a stability result for the constant timestep filtered version of

Algorithm 9.

Algorithm 10 (Constant stepsize filtered-BE-AB2). Given At, (ull,p}), (u} ™', p}"), find

(QZH , pZH) satisfying

ot —
( : h) (VA Vo) +b" (2ul — up ™t 2u) — ul ™ vy)

At
(o Voon) = (f" on) Vop, € X, (4.14)
(V-aptt, q) =0 Yan € Qn.
Then compute
AR (AR RN (4.15)

FEquivalently this can be written as

3, n+1 n 1 n—1
U —2ul 4+ zu 3 1
(2 h A: 2 h ,vh> +v (V (iuzﬂ —up + §u"1> ,Vvh>

b7 (2upy — 2 —up L vn) — (P Vo) = (F7 w)

(4.16)

(v ' a7}7£+17 Qh) =0
In order to prove stability we will need to use the identity

Lemma 4.4.1. The following identity holds

2 272 2
lall | 12 =" _ Jla— 0l _ (IBI® 26—l | [Ib—c|”
1 1 1 1 4 1

3
+Z||a —2b+ c||2

3 1 3 1
(—a—26+—c,—a—b—|——c) =

We then have the following general conditional stability result. This result can be im-
proved further in some cases, such as the 2D case. Stability and convergence of the VSS

version of this method is currently an open problem.
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Theorem 4.4.3. Consider the method (4.16) and suppose that

1= 29 ug — ) 2 0 (4.17)
Then for any N > 1
7 4 2 — S —
VNE]W i

- 1 1 1
22 S+ N+ l2uk — a1 + ek —

Proof. Setting v, = §u2+1 —up + %u’g_l multiplying by At, using lemma 4.4.1, and applying

Young’s inequality to the right hand side
(II wp PP 20— P ey = ) -
—(IIUZ||2 112w — TP [y — )+
2o — 20 + P+ AV i~ g

3
At (2uy — uz_l, 2uf — !, EUZH uy + §uz b

vAt " a1 At ..
—HV( h = 20+ S I —

Next dealing with the nonlinear term we use the skew symmetry of b*, Poincar inequality,
inequality (4.5), the inverse inequality and Young’s inequality

3
A (2u) — ™t 2u) — §u2+1 —up + 2uZ o)

3 1
—Ath*(2u) — up QUZH —up + §u2_1, —2u} +up ")

3 3 1
== _éAtb*(QuZ — U;LL 1, §UZ+1 — uZ —+ §u2 1 uZ'H'- _ QU/Z _|_ u'g—l)
3 ” 'fl n 1 n—
§Cb*AtHV(2uh 1)||||V( Ty — 5 Hil
IV (uf+! = 20 — w2 (! = 2u) — w2

fWMﬁwm%%>W<m—ﬁ—%wwm 207, = )|

At? n I B
< OV (2uy — I HV< i — U, — U HII?

3
+ St - 20+ R
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Combining like terms we then have

—_

FUl P A 20 = a1 ™ — ) -

W

1 n n n— n n—
Ul + 1120 = a7 P + g = )+

Atv 3 ., .
SNV Gt = g+ u P
VAL CAt W one 3 ., I
2 (1= v ) IV G~
At
< e,
Now using condition (4.17) and summing from n =1 to N — 1 the result follows. ]

4.5 Concluding Remarks

We have given a VSVO IMEX algorithm of up to second order for the incompressible
Navier-Stokes equations. This is the first attempt at analyzing such an algorithm to our
knowledge. Such analysis is feeling around the boundary of what is currently possible/known
for such methods, and as a result, there are many open problems. An error analysis of the
variable stepsize first order method, not included in this dissertation, is underway. The most
challenging question that we have not been able to answer with analysis is probably the
stability of the variable stepsize second order method. Indeed, energy stability analysis of
any variable stepsize two step is highly nontrivial to begin with. It is even more nontrivial
for a nonlinear problem with mixed implicit and explicit treatments of the equation. Finally,

there is the question of numerical testing, which is in progress.
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5.0 Stability of Variable Stepsize BDF2

An essential step in the analysis of the VSVO methods developed in Chapter 3 is to
analyze the variable stepsize stability of each standalone method. In particular, we are
interested in variable stepsize stability of the BDF methods which form the basis of the
methods. The difficulty of the analysis goes from trivially easy for BDF1 to extremely
difficult for BDF2. Stability of variable stepsize BDF2 is the subject of many papers, and
in this chapter, we expand on this knowledge by answering the following. What limit on the
stepsize ratios w is required to maintain Ag stability.

Consider the following diffusion equation
u = —Au. (5.1)

where A is SPD. We will assume A is an SPD matrix for the entire chapter, but extensions

to PDEs will be obvious. Taking the inner product with v yields
— o llul® = = AY2u|?,

which implies /2 stability. On the other hand, multiplying by u; (as if for a gradient flow)
and rearranging gives

P
giving stability in the A2 norm, which implies {? stability by coercivity. This is the core
idea of our proof.

Discrete energy stability in the A2 norm is known for BDF1-3 for constant stepsizes.
For variable stepsizes, the stability results are naturally stated in terms of stepsize ratios
wn, = At,/At, 1, and there has been steady progress at extending the upper bound of
wy, for BDF2 applied to a nonautonomous version of (5.1). For stability, results include
Becker’s bound of (2 + 1/13)/3 ~ 1.86 [11]. The largest upper bound to my knowledge is
by Emmrich [32] in 2005 where he proved stability for stepsize ratios bounded by 1.91. The
analysis for nonlinear diffusion is even more restrictive, and Emmrich additionally showed

the error may depend badly on the fluctuation of adjacent stepsize ratios [33]. Nevertheless,
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we are interested in analyzing stability properties in the worst cases of w, since practical
computations may require large amplitudes and fluctuations of w,. See also [77] for recent
results on O-stability on non uniform grids. Unlike Emmrich, we restrict ourselves to the
autonomous case which is the case that Ay-Stability pertains to.

Recall variable stepsize BDF2 as it is normally presented in the literature. Let At, =

tn—f—l _ tn’ Wy = Aty

- Atn—l'
1 1+ 2w, .1 w? 1
T — (1 pu”t 4+ ——u" = —Ay"tL, 5.2
Atn(l—l—wnu (1+wp)u —|—1+wnu u (5.2)

The BDFp methods are naturally given by weighted sums of divided differences up to order
p, and it is insightful to rewrite BDF2 as follows.

Proposition 5.0.1. Method (5.2) is equivalent to
1
Ao (wi (W = — (" = u"Y)) A+ (—wl A+ 2w+ 1) (1 — ) > (5.3)

= —Au".
Taking the inner product with u"*! — 4™ gives

o (2 (e =l = = e = 2 )

—l—(—wi + 2w,, + 1)Hu"+1 — u"\|2> (5.4)

= AR g AR AN )
We can highlight the essential difficulties of the proof. The time differences in the top line,
which correspond to numerical dispersion, will not telescope for variable w,,. The term on the
second line, which corresponds to physical dissipation, will be positive provided w, < 14 /2,
which is the known limit for 0-Stability. Fortunately, the right hand side is independent of
wy, and At,. Also, the numerical dispersion is actually stabilizing as it will allow the physical

dissipation to be negative as long as it’s balanced by the dispersion.

68



5.1 Stability

We prove an energy equality which is true independent of w,, but does not necessarily
imply stability in Section 5.1.1. We then derive sufficient conditions for which the energy

equality implies stability of the solution in the A2 norm, and therefore stability in /2.

5.1.1 Energy equality

Theorem 5.1.1 (Energy Equality). Let

—w2 + 2w, +1 w?

N R A v (5:5)

n+l _
Aty (1+wy,)

Q@
Then for all N > 3, the following equality holds,

1 1/2, N2 N s N N—12
SIAR P+ (@ 4 B —

N-1 1 N-1 1 1
+ Z §HAl/2(un+1 _ un)HQ + Z (Oén + éﬂn _ 5Bn—i—l) ”un _ un—lu? (56)
n=1 n=2
N-1 52

n n n n— 1
+ 2 5 I = 20 T = S AR 4 St —
n=1

For clarity, we prove an identity as a separate Lemma as it may have more universal

application.

Lemma 5.1.1. For every sequence {an }n, {bn}n, and{c,}n, and N > 3, we have the identity

N-1
Z (an+1cn+1 + bn+1(cn+1 _ Cn)) R
=1

(DY B (b L o 57

3

2 27 2
n=2
N-1 b2
bn—l—l n+1 n\2 7 (.1\2
LY = = ()
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Proof. We have for the n = 1 term

(CL202 +b2(62 _Cl)) C2 — CL2(62)2 +b2 (%(62)2 _ %(01)2 + %(62 _01)2) .

Adding this equation for n = 1 and n = 2 and grouping like terms yields the N = 3 case

3—1
Z (an+1cn+1 + prtl (Cn+1 _ Cn)) ol
=1

b3 1 1 b?
_ (.3 312 2, L2 L3 22 1\2
—(a —|——2>(c)+(a —|—2b 2b>(c) —2(0)

3

An induction argument yields the result.
Now we prove Theorem 5.1.1.

Proof of Theorem 5.1.1. Taking the inner product of (5.3) with u"™ — u™ gives
Lo nrige - Yyq2 ny2 Ly ar/2p, ni ny (2
S22 = AV g A2 )|

1 2 n+1 n n n—1
+<Atn(1+wn)(wn<u u — (u" =)

+(—w? + 2w, + 1) (u™ —u™) ),u”“ — u") = 0.

Summing from n =1 to N — 1 gives

1 — 1
5"141/2“]\7”2 + Z §HAl/2(un+l _ un)H2

n=1

N-1
; 2(,m+1 _  n _ (,m _ ,n—1
+;(Atn(1+wn)(w”(u u — (u"—u"h)

1
+(—wi + 2w, + 1) (™ —u") ),u"“ - u”) = §\|A1/2u1\|2.
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Recalling (5.5), let "™ = o™, p"t = g+l and " = "™ — ", Then

1 — 1
SN P+ 37 S AP — )
n=1
N-1 1
+ (an+lcn+1 + bn+1(cn+1 . cn)) Cn—l—l — 5“141/2“1“2.
n=1
If N > 3, we can apply Lemma 5.1.1, which completes the proof. O]

5.1.2 Main result

The energy equality derived in Section 5.1 is not sufficient for stability without applying

some restrictions on wy,.

Theorem 5.1.2. Let A be SPD, and the stepsize ratios w, < (3++/13)/2 . Then solutions

to variable stepsize BDF2 are bounded uniformly in n by initial data.

Proof. From Theorem 5.1.1, we observe that a sufficient condition for boundedness is that
1 L onia
a"+§,8”—§,8" >0 for all n > 1.

Indeed, since 5™ is always positive, this implies positivity of every term in the energy equality
(5.6), and coercivity of A implies boundedness of ||u|| in both the 2 and A2 norms.
By definition (5.5), this means

—wi+2wn+1+ wa/2 w2, /2 -
Aty (1 + wy) At,(1+w,)  Atpp1(14+wper) —

Multiplying by At,,,

—w2 + 2w, +1 N w2 /2 Wnt1/2
14+ w, I1+w, 14+wpt

> 0.

and combining like terms,

2wn +1—w2/2  wyy/2 >0
1+ wy L+ wnsr

Multiplying by 2 and rearranging gives

4w, + 2 — w? o Wnn
I+wy T 14 wnpr
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Multiplying by (1 + wyy1)(1 4+ wy,) (which is always positive) and rearranging gives
4y 42 — w2 > wny1 (W2 — 3w, — 1).

w2 — 3w, — 1 has roots (3 —/13)/2 ~ —.3 and (3 + v/13)/2 ~ 3.3. Therefore, w? — 3w, — 1
is negative for w,, < (34 1/13)/2, and

4wy, + 2 — w?

Wn41 Z .
w2 — 3w, —1

4w, +2—w? has roots 24+/6, and is therefore positive in that interval. Since [0, (3+1/13)/2) €
(2 — 6,2+ 1/6), we actually have

4wy, +2 — w2

wn+1202w2_3le_17
n

which is trivially satisfied by w11. m

This result is independent of A and the dimension. In fact, observing the second line
of (5.6), and using ||AY2u|> > A||u||?> where A = \,.;, shows that we could use a weaker
assumption

A

1 1
a"+§ﬁ”—§ﬁ”+l—l—520 foralln >1

In fact, one can show that solutions are bound by initial data if eventually all At,, > %!
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5.2 Damping Rate

We derive and briefly analyze a specific modified equation for VSSBDF2 applied to
the Dahlquist problem 3’ = Ay. That is, we seek an ODE depending on At of the form
y' = A+ At?g(y) for which VSSBDF?2 is actually third order consistent.

For VSSBDEF?2 applied to ¥ = Ay, we have

1 /142w w?
n tn+1 o 1 N tn n
3 (T = (e + 2

v ) = ol

1 1+ 2w
— Atn ﬁtn, 3 A tn+1 n_nitl
O(( 1) ) y( ) At i <—1 o y o=

At At?
_(1 + Wn) <<y(tn+l) _ Atny/(t"+1) + Tny//(tn-i-l) _ Ty///(tn-u))

2

wn n+1y /(n+1
P2 () = (Bt + Bty ()

A At,_1)? A At,_1)3
+( tn +2 tn 1) y//(tn—i-l) _( tn +6 tn 1) y///(tn+1))

At2 1 n n
%y (1)) = Ay(t") + O((At, + At,_1)?).

=y (t") —

Therefore, we see that VSSBDF2 applied to v = Ay results in a third order consistent

approximation to

o Ati(l +wn) m

Y Yy — Ay =0.

6w,

We can reduce the order of the modified equation by taking two derivatives, and solving for

y///
n At?b(l —"_ wn)
y = 6—
W,

Plugging this back into the modified equation gives

y(5) + /\y//

At2(1 At2(1
0=y Dtalltwn) (AL +wn) 6, )
Gwn 6wn
AL (1 + wy
= — wy" — Xy + O((At, + At,_1)"),

6w,
so that another third order consistent modified equation is

AL (1 + w,
A St N W (5.8)
6w,
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Multiplying by %’ and assuming A < 0 gives

d (1 NAZ (1 + w,
% (ghwe + PIESEEd p) gy

This provides an intuitive explanation for the difficulty of proving a decrease of energy
for VSSBDF2. The modified equation has a potential energy %)\(y)2 and a pseudo kinetic

energy
12w,

that can cause oscillations if At is not small enough to control A\, and if a lot of energy is

Numerical Kinetic Energy =

stored in 7.

To quantify this further, note (5.8) can also be written

no 6wy, n 6w,
Y oae1+w)! T ARA T w)

=0. (5.9)

which is a damped harmonic oscillator with frequency F,, and damping ratio &, given by

1 6wy, -1 3wy,
‘F"_A_tn\/ 1+ wy 5"_AAtn \/ 201 + w,)

The system returns to steady state without oscillation if £, > 1, which is the desired behavior

of the original system. This can be written as a CFL like condition,

1
——\/§ > At, n _Lﬁ > At for constant stepsize | .
AV 2 14+ wy, A

Otherwise we expect oscillations (overshooting) on the return to steady state.
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Appendix A
Second Order Method Supplementary Material

A.1 Velocity Error Analysis for Backward Euler Plus Filter

A.1.1 Proof of Lemma 2.4.1

Proof. By Taylor’s theorem with the integral remainder,
3
Du(t™™)] — Atu, (1" = §u(tn+1) — Atuy (")

+1 +1 At +1 L 2
=2 [ w(t™) — Atu (") + 7utt(t” ) + 3 g (0) (" — t)*dt
t

n+1
tnfl

1 1
il <u<tn+1> 2N () 4 2080 ) + 1 [
t

n+1

g (1) (11 — t)gdt)
tn+1 tn+1

1
= / uttt(t" - t)2dt — —/ uttt(tnfl — t)th
tn 4 tn—1

These terms are first estimated by Cauchy-Schwarz.

tn+1 2 tn+1 tn+1 At5 tn+1
/ u (1) (" —t)%dt | < / u?,dt / (t" —t)*dt = — u?,dt.
2
1 tn+1 o 1 tn+1 tn+1 . 2At5 tn+1
T (/tn_l ey (1) ( 1—t)2dt> < E/tn_1 ufttdt/tn_l ("t —t)tdt = - /tn_1 uz, dt.
Thus,
Dlu(t™ )] i) ~Sap [
( N ") < gAt?’ /tn ul, dt



Integrating with respect to = yields the first inequality. Next,

1u(t”“) —u(t") + 1u(t”_l)

T+ = u(t™) = 5 :

4

By similar steps,

tn+1 tnfl

g () (£ —t)dt+% / ug (1) ("1 — t)dt.

n

tn+1

un (t) (" — < A— u?dt.
( | o ) [
(/ttnl ug (1) (" — ) < AT/ uldt.

Therefore,
(I[u(t”+ )] — u(t™ )) < 5 1 ug,dt. (A.1)
tn—
The last inequality can be proved using the same strategy. O

A.1.2 Proof of Theorem 2.4.2

Proof.  We prove this for Option A. A parallel proof exists for Option B. At ™! = (n+1)At,

the true solution of (2.1) satisfies,

At
+ o (VIu(™)], Vo) — (p(t™+), V - vy) (A.2)

<M, vh) + 0 (Tfu(™ )], Tu(™)], va)

= (£"" up) + 7" (w, psvp) Vo € X

Subtracting (2.11) from (A.2) yields

(D[eﬁ“] | Uh) + b (1T, (™), o)

At

b (T, Il vn) + v (VI V) (A.3)
_ (e;lJrl’ V- Uh) _ T"H(u,p; Uh)-
Decompose the error equation for velocity
U(tn) — up ™ = (W — @t + (@t — ) = gt et (A4)
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+

where @) *! is the best approximation of u(t"*!) in Xj,.

Set v, = I[¢p)*!]. Using the identity (2.9) with a = ¢7™', b= ¢, c = ¢7', ( A4), and
applying (Ap, V - @) = 0 for all A, € V},, equation (A.3) can be written
1
—(llcbn“ll2 + 12057 = Oll? + lloh ™ — ¢hll®)

4ZXt<H¢hH2-+ 267 — 6571 + gk — 65 7117)

+ 4_AtH¢Z+1 =205 + o5 P+ [V 12
D n+1
:—C%%JJWWD—bM%“MWW“%H%“D (A.5)

= b (L[uy ™) Iy 1[04 ) — 0 (2™, I[u(t™)), I[gp ™)
+ (p(t") = LV I ) — v (VI V[ t)
+ 7" (u, p; I[gp ).
The next step in the proof is to bound all the terms on the right hand side of (A.5) and
absorb terms into the left hand side. For arbitrary € > 0, the first term on the right hand
side of ( A.5) is bounded in the following way,

(DI e o L2l
(2L o) <

At

n+17112
i <. + VTGP (A.6)

-1

The first nonlinear term can be bounded as

( [6h 1 ITu@™ D], en ) < CRILo, I (e DI V(65

(A.7)
||f[ RPN + eV I[gn 1%
The second nonlinear term is estimated by rewriting it using ( A.4) as follows
—b ([[ n+1]’ [ n+1] [¢n+1]) = _} ([[u(tn+1)], [ n+1] [¢n+1]) (A 8)

+ b (L™ 2™, 1[0 ) + b (Llgp ] 1™, Iy t) -
then find bounds for all terms on the right hand side of ( A.8). We bound the third nonlinear

term in ( A.5) the same way as the first nonlinear term in ( A.8).

= b (Z[u(t" )], 1", (g ])
< CIIV I OV I IV ey ] (A.9)

02 n n
< ol VI + 2l VT[0T 1P,
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and
CQ
b (L™, 2™, 2 ™) < - IVI I + el VIR 1. (A.10)

Next, by the inverse inequality and approximation assumptions,

b (5™, 1™, 105
< OV NIV I 9 i)
< On g I T 9 o) (A1)
< OGP Tt a9 67
< S e I ) + 9 2
The pressure can be bounded as follows
o) = LT ) € oty - VI (A

Then we can bound the term after the pressure,

<

—v (VI VU6 ) < SIVIn™ I + |yv1[¢’,§+1]\|2. (A.13)

(\V]

Next we will bound all components of the consistency error 7"+ (u, p; I[¢}]).

(2 e oy

At
< o 2O ey ey ) (A1)
< S PO P + el

y (V)] — u(t™), VI[6)

< 22HV( Hu(@™ )] = u@ ) + el VeI

(A.15)

n—i—l])

The nonlinear term in 77 (u, p; I] is then estimated as follows,

b (Zu(™ ] I [u@ )] Loy ™) = bul™), u(™*), I[éh ™)

= b (Iu™ )] = @), Hu@™ ], Lép ) + blu™™), Hu™ )] — u™ ), I[¢;™])
< CIVU[uE )] = u@ NIV (HVI[U(t”“)]H + HW(t”“)H)

< C—2HV( Iu(t™)] - u(t”“))\|2(HW[U(t”“)W + HVU(t"“)HQ) +el VI I

~ 4e
(A.16)
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Set ¢ = 5. Using (A.6) to (A.13) in ( A.5) yields

L(||<25 20 = nll? + et = anll®) + —IIW[ el

l8nll* + 1267 — ¢n 7' I1° + Mo — 7' 11F) +

Dln "“]

G =20+ 6P

4At( m“

<Cv *I(H 2y + 2[5 TP Tt ]I

+ \HUIHoo,lHVI[n”“]HQ + VI + ) — A2 (A.17)
D[u(t"

29 4 2 g ey

V] - u( )|

IV @) = u@ DIV ] + IIW(t"“)Il2)>-

u 2 . .
Let k = C’”HT"‘”Q. Assume At < %, summing from n = 1 to n = N — 1 and applying the
discrete Gronwall lemma we obtain
IIQZ%VII2 + 11207 — on P+ llon — o P

N-1

+ Z Bllopt™ — 265 + ¢n 1>+ vAt > IVI[gr|1?
n=1

n+1
]H2

Atk(N—1)
< e< e ) (||¢h||2 + 1205 — Ghll* + o — ohll* + CAtZ 12

N-1 N-1
- OAt(JulZ,, +02) STV + Cae S Vi) A18
n=1 n=1
N-1 N—-1
D[u(t"*)]
n+1 n+112 n+1y(12
+ CAt; Ip(@" ) = N7 + CAt; ”T —u (")l
N-1
+ CALY IV (I[u(t™ )] = u(t™)|?
n=1
N-1
+CAEY V(I [uE )] = uE ) PV [ )] + IIVU(t”“)IIQ))-
n=1
The first three terms can be bounded as
s> + 11205 — D317 + llor, — onll®
(A.19)

< C(Jlult) = w12 + llulto) = w)I1?) + CA**full s
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We bound the fourth term in ( A.18) as follows

N-1 3 n+1 n 1/.n n—1
3 —n") 50" —n"")
=AY [ 2,
tn+1 <A20)
< OZ / s < CRF
and
At([lullz, + v Z IV I
9 1] w—
< CAt(||ullZ, ; + v*) max {Z’ 1, Z_l} Z 3V 1P + (IVn™ (1 + (V™% (A.21)
n=1
N
< OALY W7y = CR*|Jullff s
n=0
Similarly to ( A.21), we also have
N-1
ALY VIt < CAtZ"L““HU (" igr = CR* N ull 3 g (A.22)
n=1 n=0
Observe that N
ALY lp(E ) = AP < O Ip] 13 - (A.23)
n=1

The terms from consistency error are bounded using Lemma 2.4.1.

AtZH

tn+1

w2 < CAH Z / lePdt < CAE |2y, (A.24)

tn+1

tn+1

Atz V(I [u(t™ )] — u(t™T)||* < CA* Z/ [Vug|?dt < CALH|[Vuyl)3,.

(A.25)
At Z IV TR )] — @) AV (P + [ Va(m)]2)
N—-1 tn+1
< CALY (VI L) + [ Vu(t ) [2) Ar / V|2t (A.26)
n—1 tn—l
N—1
< CAL [Vl 3 [Vutrl2dt = CA Jug.
n=1
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Combining (A.19) - (A.26) gives

N-—-1
631 + 11267 — & M1 + llon” — on 1P + D 3llgn™ — 265 + o1
n=1

N-1

+uALY |IVI[gn|P
n=1

(A.27)
< C’<||u(t1) — w1+ [ ((to) = wp) 1 + H**2 ) |ull 2 s
+ W | gy + Rl Bgr + R Nl egn + 222012 o0
+ A (3o + 1Vl ).
We add both sides of (A.27) with
N-1
™17+ 1120™ = ™ ™ = NP 3l = 2 )
n=1
Vot ; : (A.28)
ALY VG = Y
n=1
and apply triangle inequality to get (2.20). O

A.2 Second Order Error Estimator

This section justifies the use of EST, as an error estimator for the second order approx-
imation. A Taylor series calculation shows that the second order approximation y?;)rl in
Algorithm 2 has the local truncation error (LTE) (for constant stepsize)

1 1
LTE = —At?) (gym + §fyy”) —I— O(At4)

Consider the addition of a second time filter,

n+1 n

Yy n
Step 1 MT = f(tns1, y(ﬁl),
Step 2 uer =Y g {yZ‘Jl —2y" + y”*l} (A.29)
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Another Taylor series calculation shows that the induced method has the LTE of
_ 3 1 " 4
LTE = —At §fyy + O(AtY),
Thus, y™*! yields a more accurate (still second order) approximation, and
2
_,n+l __  n+l _ & n+l n n—1 _  n—2
ESTy=yp —v"" = {y(g) 3y" + 3y Y }

gives an estimate for the error of y"*!. This is extended to variable stepsize using Newton
interpolation, and written with stepsize ratios in Algorithm 2.

This is a nonstandard approach since one would normally use a higher order approxima-
tion to estimate the error. However, this is simple since it requires no additional function
evaluations or Jacobians, and does not require solving a system of equations. Interestingly,

( A.29) remains energy stable, and could be useful as a standalone constant stepsize method.
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Appendix B

MOOSE234 Supplementary Material

B.1 Alternate Implementation of MOOSE234

We now state formulas for the coefficients used in the algorithm with stepsize ratios

rather than divided differences. We will fix k,, := k,,. Then BDFp is written

(Zap) n+z> - (tn-i-payn-‘rp)
=0

The coefficients for this are well known [82]. For completeness, we include the coefficients

— _kn
Tn o k/'n—l

n+3

for variable stepsize BDF3 and BDF4 in this section. We will also show how the time filter

coefficients can be expressed in terms of the BDF coefficients.

1
BDF3 < @) ”+4+Za y”“) = f(tnya vz ™)

kn+3
BDF3-Stab yptt = it 4 Cuyit Z Ciy™"
3
FBDF4 y2+4 — ygL+4 + D yn+4 + Z DlynJrz
Put
n+4 n+4

Ests =y —y3

ESt4 = (Oé4 y2+4 + Z «; yn+7, n+3f<tn+4, y2+4)) /Oéz(;l) (Bl)
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The coefficients for below BDF3, below, are padded with an extra zero to make the formulas
for the filter coefficients more clear. These coefficients were generated using Mathematica.

BDF3 coefficients (Oz§3))

oy =0
5 72 0 (1+ Tuys)
a® = _ Tnt+2Tn+3 n+3
! <1+Tn+2) (1 +Tn+2 (1+Tn+3))
2
(3) 2 Tn+3
O T o
2 +2 +3 1 +Tn+3
n n 1 n
= 1 Tnt2Tn+3 (1 4 Tots)
T+ Tn+2
054(13) -1+ Tn+3 Tn+2Tn+3

1+ Tn+3 I+ Tn+2 (]- + Tn+3>

BDF4 coefficients (a§4))

NONS Toi1ToroTors (L4 Togs) (14 Togo (14 Toys))

O (L 7o) (1 + Tt (14 Tag2)) (14 Togr (1 + Tga (14 Tags)))
o — _ Tnt1TnioTogs (L4 Tngs ) B TooThys (1+ Togs)

' L+ Tugo (14 Tur2) (1 + Tgz (1+ Tss))

(4) _ 2 7'73+3 Tn+17—n+27—3+3 (1 4+ 7o (14 7043))
Q" =TpioTy 3 T 1T 7

n+3 n+1

(4) Tnt2Tn+3 (1 + Tuis)

a3’ =—1—"Tps — T+ 7
n—+2

_ Tn+1Tn+2Tn+3 (14 7ng3) (14 Tog2 (1 + T0g3))
(1 + Tn-‘r?) (1 + Tn+1 (1 + Tn+2))

(4) 1 Tn+2 Tn+1Tn+2Tn+3
ay =1+, + +
! 3 <1+Tn+3 1+Tn+2(1+7n+3)) L+ 7ot (1 + oo (1 + Tys))

BDF3-Stab coefficients (C;)

Cy =0

B HT3 o Tars (1 + Tuss)
1+ Tn4-2

Co =pTny3 (14 Tpga (1 + Toys))

(14 Tnys) (14 Tngo (14 Tys3))
I+ Tn+2

01:

Cy=—

04 =u

84



FDF4 filter coefficients (D,)

L=

Dy

The time filter coefficients D; for FBDF4 can be implemented with knowledge of the
BDF3 and BDF4 coefficients alone. We now show the derivation of the formulas for D;. The
goal as usual is to eliminate the time filter step to yield an equivalent method. We start

with the equation for the time filter omitting the super script 4,

3
it =yt Dyt Z Dyy"*
i=0

Add Dyyi** to both sides,

4
g Dyt = gt Dagytt Y Dyt
=0

Solving for y5™4,

4
1 )
ntd _ ,nt+d Dyt
oo Ty 1+ Dy Z@:o v

Substituting this into the BDF3 step yields the equivalent method, the left hand side of

which is
4 (3) 4

1 , o .
E (3) n+i 4 E D n+i B.2
( o, Y _1 T D4 iY ) . ( . )

Fn+3 i=1 i=0
Recall that the time filter was chosen so that the left hand side of the induced FBDF4

method is equal to the left hand side of BDF4. Thus, D; must satisfy

3 o’ 4
a¥ - =2 p=q®

i 14D,

for 0 < i < 4. This completely determines D;. Let

Solving the ¢ = 4 first for D,, then substituting this into the other equations gives the

coefficients as stated above.
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Remark B.1.1. These formulas are easily generalized to the other FBDF methods. Given
the coefficients of BDFp and BDFp+1, similarly compact formulas for the filter coefficients

can be derived following the same steps above.

B.2 Code to Calculate BDF Coefficients

Algorithm 11 (BDF and filter coefficients).
& =en1j €R™ for j€{0,1,--- ,m}.

FUNCTION BACKDIFF(t,,....tyim)

(C(()0)7 ng)v T 7C£2)) = dO

FOR q=1m
FOR j = 0:m-q
& = (& —d"™)/(taym—j = tnym—q-5)
END FOR
(e ") = df
END FOR
RETURN {c}7_,
//The function below calculates the coefficients for BDFp,
//nP*) and the coefficients of the divided differences cgj)
FUNCTION BDFANDFILTCOEFF(t,, ..., tnim,p)
(&Y _y = BACKDIFF(t,, ... tnsm)
10D = (T (e — temi)) / (55 (o = tm5) ™)
FOR k = m-p:m

ap = §:1 Hz;ll (tn—l-m - tn+m—i)i| cl(cj)
END FOR
RETURN {a,}7,, 0@, and {cV}7_,
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B.3 Python Implementation

We also include an implementation of the above functions in Python. The “\” character

is the continue line command.

import numpy as np

def first_difference (T,Y):

NN

T is a vector of times, greatest to least
Y is a vector older differences, [d(j),d(j+1)]

See algorthm in chapter

90

return (Y[0]—Y[1])/(T[0] — T[1])

def backward_differences(T):

790

Generate the divided difference coefficients.
T is a vector of times from least to greatest, e.g.
T= [tn,tn+1,....,t_ntn]
numOfTimes = len (T)
#the number of steps in the method
m = numOfTimes — 1
#generate the initial differences , which
#is just the standard basis.
D = np.array (| [np.float64 ((i+1)==(numOfTimes—j))\
for 1 in xrange(numOfTimes)]| \
for j in xrange (numOfTimes)])

differences = np.zeros_like (D)

87



differences [0] = D[0]

for q in xrange(1,numOfTimes):
for j in xrange (numOfTimes — q):
D[j] = first_difference)
([T[m=j ], Tlm=j—q]] ,[D[j],D[j+1]])
differences [q] = D[0]

return differences

def bdf_coefficients_and_differences (T, order):
differences = backward_differences(T)
m = len (T)—1
#calculate filter coefficient for increasing order
eta = np.prod ([T[m—T[m-i] \
for i in xrange(l,m)])/np.sum(1l./(T[m] — Tmj]) \

for j in xrange(1l,m+1))

return [np.sum(np.prod ([T]|m]—T[m-i] \
for i in xrange(1l,j)])xdifferences[j] \

for j in xrange(l,order+1)), differences ,eta]

B.3.1 Coefficients of G matrix

Define the G-matrix as
g33 ¢g32 ¢g31

932 ¢22 g21 |,
g3l ¢21 g¢gl1
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933 = (i + 32 (T — 1)(6p — 5)(14p — 1) (p + 1)°)>
+ 41p® + 83p% + 42ut + 1)/ (44(p* + 4p® + 6% + 4p + 1))

(4207 4 e+ 21) /(22(p® + 20+ 1))

932 = (42" + 135 — T)/(11(p* + 21 + 1)) — (p+ 33 ((Tu — 1)
(61— 5) (140 — 1) (11 + 1)%)% + 414% + 834° + 424" + 1)

J(22(p" + 42° + 6p° + 4+ 1));

931 = (ju+32 (T — 1)(6p — 5)(14p — 1) (e + 1)) 2 + 412
+ 83p% + 42 + 1) /(44(p* 4 4p® + 6p® + A+ 1)) — (2142

+8u —2)/(11(p* + 2 + 1));

922 = (u+ 33 ((Tp = 1)(6p — 5)(14p — 1)+ 1)°)2 + 414
+ 834 + 42" + 1) /(11 (" + 4p® + 64 + 4+ 1)) — (120

1+ 23— 9)/(22(p* + 21 + 1));

921 = (51® + 510 — 2)/(22(4? + 2+ 1)) — (u + 32 (T — 1)
(61 — 5) (14 — 1) (p + 1)%)2 + 412 + 834 + 42u* + 1)

[(22(p* + 4p® 4 6p° + 4p + 1));
g1l = (=9 + 20) /(1L (g2 + 20 + 1)) + (pu + 32 (T — 1)

(60— 5) (14 — 1) (1 4+ 1)°)7 + 417 + 834> + 42u* + 1)

J(44(p" + 4 + 6p° + 4p +1));
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a3 = (225 2 (i + 32 ((Tp — 1)(6p — 5)(14p — 1)+ 1)°)2

+41p% 4+ 833 + 42ut + 1) /(44(p* + 44 + 64 + 4 + 1))

e

— 4207 (4 3% ((7pn — 1) (60 — 5)(14p — 1) (p+ 1)°)>
FALL2 4 8318 + 42p0 + 1)/ (44(pt + 447 + 64 + 4p + 1)))?
(4 32 ((Tp— 1) (60— 5) (14 — 1) (u + 1)°)
+41p% 4+ 83p3 + 42ut + 1) /(44(p* + 44 + 64 + 4 + 1))
+HA4p((p+ 32 (T — 1) (6 — 5) (14p — 1)+ 1)°)2
+41p2 + 833 + 42p* 4 1)/ (44(p* + 4> + 642 + dp + 1))
(i + 3% ((Tp = 1) (62 — 5) (14p — 1) ( + 1))
AT + 833 + 42p0 + 1)/ (44(pt + AP + 6% + dp + 1)))2
+22(( + 32 ((Ti — 1) (62 — 5)(14p — 1) (i + 1))
+41% 4 83p% + 42 + 1)/ (44(p* + 4> + 6% + 4

+1)))2 /(200 — 2)

1
2

3
2

a2 = — (22> ((u + 3% ((7pn — 1)(6p — 5)(14p — 1) (1 + 1)°)

+41p% 4+ 833 + 42pt + 1) /(44(p* + 44 + 642 + 4p + 1))

4202 ((p + 32 ((Ti — 1)(6p0 — 5) (14 — 1) (e + 1)%)2
+41p® + 83u% 4+ 42u* + 1)/

3
2

A4t + 4P 4 6% + 4+ 1)))?

(44
(i + 32 ((Ti = 1) (6 — 5) (14 — 1)(u + 1)°)2
+41u +83u +42u +1)/(

(

(

N[

44(pt + 4P + 6p® + 4p + 1))
dp((p+ 32 (T — 1)(6p — 5) (14 — 1) (n+1)%)2

A2 + 831 + 42ut 4+ 1)/ (A4(p* + ApP + 612 + A+ 1))

(SIS

2((pu+ 3% ((7pn — 1)(6p — 5)(14p — 1) (pn + 1)°)>

+41p% 4+ 83p3 + 42ut + 1) /(44(p* + 44 + 64 + 4p + 1))
+22(( + 32 ((Ti — 1) (61— 5) (14 — 1)(u + 1))
+41p% 4 83p% + 42 + 1)/ (44(p* + 4> + 6% + 4

+1))) /(10p — 1)

[SIE
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VI

al = (2202 ((p+ 32 ((Tp — 1)(6p — 5)(14p — 1) (1 + 1)°)
+41p® + 83p® + 42u* + 1)/ (44(p* + 4p® + 6p* + 4p + 1))
— 420 ((p+ 32 ((Ti — 1)(6p — 5)(14p — 1)(u +1)°)2

+ 4107 4 83p3 + 42t + 1) /(44(p* + 4P + 64 + 4p + 1))
+ 42p((p + 3% ((Tp — 1) (6 — 5)(14p — 1) (p + 1)°)
+41p® + 83p® + 42ut + 1)/ (44(p* + 4p® + 6p* + 4p + 1))
+ 4dp((p + 32 (T — 1)(6p — 5) (14 — 1) (u + 1)°)?

+ 4107 4 83p® + 42 + 1) /(44(p* + 4p® + 64 + 4p + 1))
= 5((p+ 3% ((7p — 1)(6p — 5)(14p — 1) (pn+ 1)°)?

+ 412 4 833 + 42t + 1) /(44 (p* 4+ 4p® + 6p® + 4+ 1))

+22((u+ 37 ((Tp — 1)(6p0 — 5)(1dp — 1) (u + 1)%)2

SIS

N

N |=

leo

D=

+ 4107 4 83p® + 42 + 1) /(44(p* + 4p® + 6p® + 4dp

+1)))2 /(200 — 2);

a0 = —((u+ 32 ((Ti — 1)(60 — 5) (14 — 1) (1 + 1)%)2 + 41

p? 4 831° + 42ut + 1) /(44(pt + 44° + 6% + 4p + 1))

N

?
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