ANALYSIS OF THE TIME FILTERS ON THE IMPLICIT METHOD
INCREASED ACCURACY AND IMPROVED STABILITY
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Abstract. This report considers linear multistep methods through time filtering. The approach
has several advantages. It is modular and requires the addition of only one line of additional code.
Error estimation and variable timesteps is straightforward and the individual effect of each step is
conceptually clear. We present its development for the backward Euler method and a curvature
reducing time filter leading to a 2-step, strongly A-stable, second order linear multistep method.
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1. Introduction.

The fully implicit/backward Euler method is commonly the first method imple-
mented when extending a code for the steady state problem and often the method
of last resort for complex applications. The issue can then arise of how to increase
numerical accuracy in a complex, possibly legacy code without implementing from
scratch another, better method. We show herein that adding one line, a curvature
reducing time filter, increases accuracy from first to second order, gives an immediate
error estimator and induces a method akin to BDF2. In the 2-step combination the
effect of each step is conceptually clear and immediately adapts to variable timesteps.

To begin, consider the initial value problem

y'(t) = f(t,y(t)),y(0) = yo.

Denote the n'" timestep by k,. Let t, 1 = t, + k,, 7 = kn/kn—1, v be an algorithm
parameter and y, an approximation to y(t,). Discretize this by the standard back-
ward Euler (fully implicit) method followed by a simple time filter (next for constant
timestep)

Step 1 : dnto I — f(tps1, Yns1)s
(1.1)

Step 2 ¢ Yni1 = Ynt1 — 5 Ynt1 — 2Un + Yn—1}-

Step 2 is the only 3—point filter for which the combination of backward Euler plus a
time filter produces a consistent approximation. The combination is second order ac-
curate for v = +2/3, Proposition 2.1. Proposition 2.2 establishes that the combination
is 0—stable for —2 < v < 42, unstable otherwise and A—stable for —2/3 < v < +2/3.
Since Step 2 with v = 42/3 has greater accuracy than Step 1, the pre- and post- filter
difference

EST = |ref " =yt e (12)
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can be used in a standard way to estimate the error in the method and adapt the
timestep.

The variable timestep case is considered in Section 3 based on a definition of
discrete curvature and a curvature reducing discrete filter, Step 2 in (1.3):

Step 1 : Pt = f(tns1s Ynt1),

(1.3)
2k, —
Step 2 ¢ Ynt1 S Yns1 — 5 {myn+l —2yn + k"ianyn—l}~

n—1

For variable timestep, the choice of v for second order accuracy depends on 7 and is

v= 6(-153 , Proposition 3.3. The filter step reduces the discrete curvature, Definition

3.1, at the three points (tn+1, Yn+1)s (tn,Yn), (tn—-1,Yn—1), Proposition 3.1, provided

O<v<l4kn/kn.

For constant time step, the special value v = 2/3 induces a one-leg, two step
method! that is second order accurate and strongly A—stable, given by

3 1 3 1
SUn+1 = 2n + SYn—1 = kf(tnt1, SYn+1 = Yn + §yn71>- (1.4)
For general v and variable timestep the equivalent linear multistep method is (2.4).
The LHS of (1.4) is the same as BDF2. The RHS differs from BDF2 by

S (tnsr) = yltn) + sytn1) = Yltass) + O(K?),

2 2
as required for second order accuracy.

REMARK 1.1. The filter value v = 2 in (1.1) is not good since it forces yp41
to be the linear extrapolation of Yn,Yyn—1. Thus we always assume v # 2. The filter
can also be repeated several times (but not iterated to convergence). Filtering twice is
equivalent to increasing the value of the filter parameter v — v(2 — %) and filtering
once.

Time filters centered at t, rather than t,, 1, are often used in geophysical fluid
dynamics simulations with the leapfrog integrator to reduce oscillations in the com-
puted solution, Asselin [A72], Robert [R69], Williams [W11]. As a related example,
the Robert-Asselin filter is commonly used and given by

12
Yn <= Yn + 5 {Yn+1 — 2Yn + Yn—-1},v = 0.1.

The extension of the RA filter to variable timesteps based on Section 3.1 is

Yn Yn 2 ko + knilyn-‘rl Yn K + knflyn_l .

For a one step method, filters centered at t,, like the Robert-Asselin filter, postprocess
the computed solution but do not alter the evolution of the approximate solution. For
that reason the filter is shifted to t,+1 herein.

1This 2—step method seems to be new in the sense that, while for the special value v = 2/3 the
LHS is the same as BDF2 for both constant and variable timesteps, the RHS, as well as the approach
to implementation, seems to be new.



2. Constant timestep.

We develop the properties of the method for constant time step in this section.

2.1. Derivation of the method. Denote the pre-filtered value ¥, ;. Consider
backward Euler plus a general, 3—point time filter

Step 1 w = f(tn+17 y:;,+1)7
(2.1)

Step 2 ¢ yny1 =yny +{ayni +byn + ey}
Eliminating the intermediate value y; |, Steps 1 and 2 induce an equivalent 2-step
method for the post-filtered values.
We prove the following.

PROPOSITION 2.1. Let the time step be constant. The combination backward
Euler plus time filter is consistent if and only if the filter coefficients are:

v v
a=——,c=——,b=1,

2 2

for some v #£ 2, and the filter is thus

v
Ynt1 = Yng1 — 5 (U1 =2 Yn+ Yn-1)- (2.2)

In this case the equivalent 2—step method is

| 142 ¥
T Ynt1 — ~Yn —Yn—1 = (2.3)
1-¢ 11—zt
1 v 5
=kf(tns1, Tzt — T w¥n T 12  Yn—1)
2 2 2

The combination of is second order accurate if and only if

L2
V==
3

Proof. Eliminating y; ., in Step 1 using

. 1
Ynt1 = m (yn+1 —byn — cyn,l)

yields an equivalent one-leg linear multistep method for the post-filtered values

1 l1+a+b c 1 b c

—Yn+1— Un =T g1 = Ef(tny1, ——Ynt1— s

14+a 14+a 14+a 14+a Yn-1)-

In terms of the standard description of a general 2—step method, the coefficients are

_ 1 _ 1
Qg = ]}ia+b ’ 52 - 1+g
—_ a e
= 1+a ’ 61 - 1+a
_ __c _ _ ¢
Q0= "1, ’ 50 - 1+a-

3



The method is consistent if and only if the first two terms in the method’s LTE

expansion are zero and second order accurate if and only if the third term vanishes.
Consistency thus requires

as+a; +ap=0
T
a+b+c=0,
consistent <
az —ag — (B2 +B1 +5)=0

v

a = C.

Thus for the method to be consistent

a+b+c=0,a=c,b=—-2a
and the first claim follows. The second claim follows by inserting these values for
a,b,c.

The condition for second order accuracy is

1

1
502 T 5% — B2 +Po=0

These values correspond, as claimed, to v = % and

.,
Ynt1 = Yns1 ~ 3 (Y1 =2 Yn+ Yn-1)-

2.2. Stability. We analyze stability for constant timestep. Consider

Ynt1 — Y .
% = f(tn-i-lyyn-l,-l)a

* V *
Yn+1 = Yp41 — b {yn+1 =2y, + ynfl} .

The equivalent linear multistep method is

1 142 v
T Tt T T T g1 = (2.4)
2 2 2
1 v z
= kf(tn+1,1_jyn+1 1zt _2 7 Yn—1)
2 2 2
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This corresponds to
_ 1

1
Qo = T = %
2 1-Z ) 62 1-Z
1+% y
041:_1,; > 61:_1,z
2 ;o Bo= 1,2%

There are various places where A—stable 2—step methods are characterized in terms
of their coefficients, e.g., Dahlquist [D78, D79], Dahlquist, Liniger and Nevanlinna
[DLN83], Grigorieff [G83], Nevanlinna [N84]. We shall apply the characterization (for
variable timesteps) in Dahlquist [D79], Lemma 4.1 page 3, 4 (specifically rearranging
the equation on page 4 following (4.1)), which states that the method is A—stable if

—Qq Z 07
(2.5)

1-28 >0 and
2(By — Bo) +aq > 0.

PROPOSITION 2.2. The method (2.4) is 0—stable for
—2<rv<?2

and 0—unstable otherwise. Let —2 < v < 2. The method is A—stable for

<v<+

[SCR )
[SUR )

Proof. For 0—stability, the associated polynomial is

PR Gl (7 W ()
- w2 1-w/2)"  1-@w/2)

i)

22— (14 (v/2)) 2z 4+ (v/2) = 0.

Its roots are
b)

[N

ze =1,

from which 0—stability follows for —2 < v < 2.
To show A—stability we apply the characterization (2.5). Due to the 0—stability

result, restrict to values —2 < v < 2 for which the denominator

v
1—-=->0.
2



The first of the three conditions is

|
Q
R & T
Y
jan}

—_
+

—
\

Y

o

< WNIx

The second is

The third condition is

0

For the interesting choice v = +2/3 we have computed the stability region of the
induced 2—step method by the root locus method and present it next in Figure 2.1.

For comparison, the stability regions of BE and BDF2 follow in Figure 2.2. The
boundaries of the three stability regions are presented next in Figure 2.3.

REMARK 2.3. The stability region of the new method is larger than that of BDF2
suggesting the new method is somewhat more dissipative than BDF2. This is consis-

tent with the numerical results in Section /.

3. Variable Timestep.

Since the implicit method is a one step method the key is to extend time filters

to variable timesteps. We begin.
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F1G. 2.2. Stability region of Backward euler(left) and BDF2(right).

3.1. Time Filters on Nonuniform Meshes. To extend time filters to nonuni-
form timesteps we must first define the discrete curvature. The extension of differential
geometry to discrete settings is an active research fields with considerable work on
discrete curvature, e.g., Najman [N17]. For 3 points the natural definitions are either
the discrete second difference or the inverse of the radius of the interpolating circle.
Consistent with work in GFD, we employ the former scaled by k,,_1k,, e.g., Williams
[W11], Kalnay [K03]. Consider the points

(tnflv yn71)7 (tna yn)7 (tn+17 yn+1)~
7
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F1c. 2.3. Boundaries of Stability Regtons

Let the Lagrange basis functions for these three points be denoted
bn1(t), La(t), Lnya(t).
The quadratic interpolant at the three points is then
O(t) = Ynt1lnt1(t) + Ynln(t) + Yn—1n-1().
DEFINITION 3.1. The discrete curvature at (tn—1,Yn—1), (tn, Yn), (bnt1, Ynt1) 8

Rn = knflkngb//
R
= kn+kn—lyn+1 Yn kn‘i'kn—lyn_l.

Equivalently, recalling 7 = kk"l,

2 % + 2T
Rp = = n - n n—1-
].-I—’Ty + 4 1+Ty !

We define the extension of the filter (2.2) in (1.1) to nonuniform meshes as

v 2 2T
ndl <= Undtl — =3 ——Yna1 — 2Yn + ——Yn—1 ¢ - 3.1
Yn+1 <= Ynt1 2{1+Ty+1 Y +1+7_y 1} (3.1)

PROPOSITION 3.2. The filter (3.1) alters the discrete curvature before, k°'¢, and
after, k™Y, filtering by
v old
1+ T)"i '
8

Hnew — (



The variable timestep filter reduces, without changing sign, the discrete curvature,
|k"ev| < |k°|, provided

O<v<<l4r.

Proof. The first claim follows by algebraic rearrangement of the filter equation
(3.1)

new old v { 2 old

2T
Ynt1 = Ynt1 — 9 mynﬂ — 2yn + mynl} ,0r

2 2 w V2 2 1 27
new __ o o 72 n .
{1+Tyn+1 Y +71+7y 1

TV = T~ 5T,
2T 2 2T
e 2y + ———Yn1 Yokt — 2y, + ——yn_1

Tt T T T T+
v 2 2 1d 27
- a3 . _ . _2 n T _Yn— b
21+7’{1—|—7y”+1 Y +1+7'y 1}
v
new _ (1 _ old.
K ( T T)m
Curvature reduction thus holds provided
0<v <1,
1+7

as claimed. O

In the next figure the three points (t,—1,¥n—1), (tn,¥Yn), (tnt1,Yn+1) and their
quadratic interpolant are depicted. The discrete curvature is the second derivative of
the interpolating quadratic scaled by k,,_1k,. For 0 < v < 147 the filter would move
the value y,,+1 down slightly (by O(k?)) to reduce the curvature.

3.2. The local truncation error. Since the discrete curvature and filter are
well defined for variable timesteps, the method is determined. It is, as presented in
(1.3),

Step 1 : I = [t Yng)s

(3.2)
Step 2 ¢ Ynp1 =Ypp1 — 5 {I%yéﬂ — 2yn + ﬁ%yn-l} :

Step 2 is used to solve for y;, ,; and eliminate the prefilter value by

147 1+7 TV

1+T—1/y"+1_1/1+7—1/yn+1+7—y

*
yn+1 = Yn—1-

Eliminating g, in Step 1 then gives the equivalent 2—step method
I+7 1+7 TV
1—1—77—1/‘%“_1/14-7—1/%4_1+T—1/yn_1_y": (3.3)

L+7 147 TV

=k, f(t _ —
nf(n+1’l—|—7'—1/ynJrl Vl—l—T—l/yn 1+7—v
9

ynfl)-



Fic. 3.1. k= k‘n—lknﬁbﬁ(t)

This yields the following coefficients

_ 1471 _ 147
@2 = 15— ’ 62 = 147T—v
S e e Y I
a1 = 1+7—v ’ 61 - I/l-‘r‘l'—l/
_ _ TV _ _ TV
X0 = 177 ’ BO = l47r—v

The G—coeflicients as given above satisfy a standard normalization condition

B2 +p1 +Bo=1

There is a considerable amount known about 2—step methods, even with varying
timesteps. Many of the properties of the method follow from applying the theory in,
e.g., Dahlquist [D79], Dahlquist, Liniger and Nevanlinna [DLN83], to the above and
its variable timestep analog.

We prove the following.

PROPOSITION 3.3. The variable timestep method (3.2) is always consistent. It is
second order accurate provided

T(1+7)
V= ——".
1+27

Moreover, the LTE for v = Tl(r;) is

—(1+4
LTE = %kiy”’(?ﬁn) +O(k}).
T

10
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F1a. 3.2. Curvature reduction and second order choice of v

The relation v = 7(1 4 7)/(1 + 27) for second order accuracy is plotted below.
Proof. The equivalent 2—step method corresponds to the coefficients

_ 147 14T
2 =15 ’ ﬂQ — 14T—v
_ _ 147+4vT _ 1471
a1 = 1+7—v ’ ﬁl = Vi
_ _ TV _ _ TV
Q0 = 177 ’ ﬁO — 14T—v

By a Taylor expansion (the Appendix), the method is consistent if and only if the
following two condition are satisfied,

Condition 1 : g + a1 +a9 =0
Condition 2 : ag — %ao — (B2 +P1 +5o)=0
The first two consistency conditions identically holds. Indeed,
Condition 1 :

1+7 1+7 TV

- ot (r— NN+ ——"— =0
].+Tfl/+( V1+771/ >+1+771/

)

l+7—v[l+7]-[147—-v]+7v=0<0=0,

11



and similarly for Condition 2

Condition 2 :
1+7 1 TV 1+7 1+7 TV

— _( —v +
l1+7—v 7114+7—vV 1+7—v l1+7—v 147—v

) =0

)

Tl+7]—mv—(t[1+7]—1v[l+7]+7m70)=0&0=0.

Therefore the method is always consistent. The method is second order accurate if
and only if

1 1 1

302 t 5500 — B2 + ;50 =0
i

209 +ag — 2728y + 278y =0

i)

1 1
2 + 7 TV _ 9.2 + 7 Lor TV
l1+7—v 147—v 1+7—v 1+7—v

)

7’2[1 +7]+ TV — 27‘2[1 + 7] +27%20 =0

)

Tl+7]+v—27[1+7]+27v=0

i)
Tl +7]+v[l4+27] —27[14+7] =0
i)
vl+2r]=—t[l+7]+2rl+7]=7+7>

)

T+72

V= _—7,
1+ 27

as claimed. That the LTFE for v = Tl(r;) is

—(1+47)

67
is a calculation of the first non-zero term of the LT E expansion. O

REMARK 3.4. BDF2 is related to the method herein. The normal, fully variable
BDF2 method s given by

2

2::511 Ynt+1— (T + L)yn + 7_77_‘_1%—1 = knf(tn+1,Ynt1)- (3.4)
By comparison, the equivalent, variable step linear multistep method herein is

147 147 n TV

e — —v
1-|—7'—I/yn+1 ].-I-T—I/yn 1+7—
1+ 1+7 TV

=k, f(t _ —
nf(n+1’l—|—7'—1/ynJrl Vl—l—T—l/yn 1+7—v
12

LTE = K3y (t,) + O(kY)

Yn—1 — Yn =
14

ynfl)a



Forv=7(1471)/(1+27) the LHS is again the same as (variable step) BDF2 while
the RHS differs.

3.3. Stability for variable step sizes. As defined by Dahlquist, Liniger and
Nevanlinna [DLN83] equation (1.12) p.1072, a variable step size method is A—stable
if, when applied as a one-leg scheme to

y' = At)y, Re(A(t)) <0,

solutions are always bounded for any sequence of step sizes and any such A(t). We
analyze A—stability for variable step sizes applying the same conditions as for con-
stant step sizes since they were derived in Dahlquist [D79], Dahlquist, Liniger and
Nevanlinna [DLN83] for variable step, 2—step methods. Specifically, we apply the
characterization in Dahlquist [D79], Lemma 4.1 page 3, 4 (specifically rearranging the
equation on page 4 following (4.1)), which states that the method is A—stable if

—Qq Z 07
1—-28; >0 and (3.5)

2(B2 —Bo) +a1 >0

The coefficients for (3.3) are

14T 14T
Q2 = 1+7—v ’ BQ T 14T—v
_ _1474vT _ 147
a1 = 1+7—v ’ ﬂl = V1o
_ _ TV _ _Tv
Qo = 1+7—v ’ ﬁO = 14Tr—v-

PROPOSITION 3.5. The method (2.4) is A—stable for

1+7 14T
— <rv<
T2y Svsmin{=2

147}

Proof. We check the 3 conditions. The first is

704120

T
1+74vr S
1+7—v —
Considering cases this holds if and only if

1
_i§V§1+T.
-

The second is

1-28,>0
(3
1
1+2VL,
1+7—v

13



Since Condition 1 requires ¥ < 1+ 7 a case is eliminated and this holds provided

_1+T <y
1+27 —

Condition 3 is

2(f2 —fo)+ a1 >0

(;
1+7 TV 1—|—T+VT>O
l1+7—v 147—v 1+7—v —

Since Condition 1 requires v < 1+ 7 this holds if and only if

14+72>+3vr

()}
v < 1+T.
- 3T

Since

1+7 1+T}7 1+7
1427

min{ =
1427
the result follows. O
Since the filter is curvature reducing only for 0 < v < 1+7 it is sensible to restrict
the values to

0 < v < min{

1
+T,1+T}.
-

3
We plot next the region in Figure 3.3, below the dark curve, in the (7,v) plane of
variable step A—stability. Also plotted, the dashed curve, is the choice of v = v(7)
that yields second order accuracy. We see that constant or reducing the timestep
ensures A—stability while increasing the timestep one must either accept first order
accuracy with A—stability or second order with some reduced (and yet undetermined)
A(0)—stability, 6 < 7/2.

REMARK 3.6. For variable step BDF2 the same conditions can be applied. The
result after some algebra is that the third condition for A—stability holds for

T<1.
This is the same constraint that occurs for the method herein when v is restricted to
the curve of second order accuracy in Figure 3.35.

3.4. Modified equation analysis.
Consider oscillation equation

y'(t) = iwy(t) and y(0) = 1. (3.6)

The linear multistep method (1.3) is generally a first order approximation to oscilla-
tion equation (3.6) and second order for the choice v = 7(147)/(1427). To delineate
the distribution of error between phase error and amplitude error we construct the

14



FIG. 3.3. A-stable for v < dark curve, Dashed Curve = O(k?)

modified equation of the method for the oscillation equation. We note that the mod-
ified equation is based on an expansion that assumes implicitly condition |wk,| < 1.

PROPOSITION 3.7. The three term modified equation of oscillation equation(3.6)
for (1.3) is

u' (t) = iwu(t) + k,C1 (iw)?u(t) + k2O (iw)3u(t) + k2 Cs(iw) u(t),

u(0) = 1. (8.7)

where Cy, Co, C3, are

T4+712—v—2uT

Gi= 2r(1+7—-v)

Cy = 274 + 734 = 5v) + v(1 4 2v) + (1 + 6v) + 72(2 — v + 61/2)
672(1+7—v)?

= 676 + 75(18 — 20v) — T2(31 + 24v) + 72v(4 — 33V — 361%)

247131+ 71—v)3
N 74(18 — 39y + 2312) + 73(6 — 16v + 1302 — 240°%) — v(1 + 8v + 61/2)
247314+ 717—v)3

Proof. The general three term modified equation of oscillation equation(3.6) takes
the form

u' = diwu + kngi(u) + k2ga(u) + k2gs(u) and  u(0) = 1.
15



Thus,

"

u” = —wu + iwk, g1 (u) + iwk? go (u)

+ iuokng) (u)u + K2g) (u)gs () + iokZgh(u)u + O(kY)
u" = —iwdu — Wkng (1) — 20k, gy (u)u + O(K2)
u® = whu + O(ky).

Consider (1.3) applied to oscillation equation,

vr+14+71 vT , : vT .
Ynt1 = 1 Yn + Ty Y11= 1wk Ynt1 — wkpvyy, + mzwknynq.

Rearrange term and eliminate y,1, we obtain

1 (VT+1+T vT vT

— 1 —iwk Wk Yn—1 | -
—iwk, r+1 Yn 1+7_yn 1 — WEpVYn + 1+7_ZW nYn 1)

Yn+1 = 1

Since |wk,| < 1, we can use approximation of ﬁ = 1+ iwk, — w?k2 — iwdk3 +
wik: + O(K2). Therefore,

vT+1+71 VT " 1+7—v ok
= 71/7 n— - . 'L(.U
Yn+1 1 Yy 1+Ty 1 T nYn
v—1—171 2,9
—_— kynyn
+< ] )w Y
v—1—-7\_ 54 l+7—v 414 5
- T - kryn, + O(k
+< ] )M u/+( | )w nYn + O(ky)

The local truncation error of variable stepsize method (1.3) with modified equations
is

LTE = u(tnt1) — Ynt1

vT+1+71 n vT l+7—v
T+1 Yn Yn—1

v—1—-7Y\ 4.5 v—1—-7\. 5.4
- — knyyn — | ———— kY
( T+1 )w n ( T+1 >Zw .

1+7—-v\ 4.4 5
—— kpyn k,
(S5 ) wikdnn + 02

= u(thrl) -

Assume that numerical solution of all previous time steps are exact i.e. y; = u(t;) for
alli=1---n,

vt+1471 vT 1+7—-v
LTE = u(t, - —u(ty —u(th_1) — | ———— | wk,u(ty,
ultin) = T ) + 2t - (ST ekt
1 - f
Y wWiku(t,) — i iwdk3u(ty,)
T+1 T+1
14+7—-v
- <T+1> wkpu(tn) + O(k}).

16



Apply the Taylor expansion of u(t,—1), u(t,+1) at time ¢, and substitute w(t,11)
(tn_1)u (tn), u" (t,), v (t,) and u®(t,) in LTE, we get

(G EOR RV CTE A
7 ) r(ultn)) = gwultn) 20r +72)" ultn) ( T+1 )w u(t”)} o
T [(; + 2(7_V+Tz)>iwgl(u(tn)) + (; + M)iwgi(U(tn))U(tn)

_ (é _ M)mu(%) - <V7_i17>iw3u(tn) + 1T_THng(u(tn))] Ky
+ [“{jr;”gg(u(tn)) + (; + Q(T_I;TQJiwgz(U(tn))

+(5+ s )i (u(t) + (5 + s ) wahlu(tn)uce)

) (é . m)ﬁgl(u(tn)) - (}5 - (ﬂ”))zwgm(tn»u(tn)

1 v 4 14+7—-vY\ 4 n
LY ) — (——¥ )|k
+<24+24(7‘3+7'4)>w u(tn) ( T+ 1 )w u( )}

Setting coefficient of k2 term equal to zero to find g (u)

T —T—124V 9
= = 4 (iw)?u.
g91(u) aridr—w) 1(tw)u

We use g1(u) and set coefficient of k2 equal to zero, we obtain gs(u) as following,

27 + 734 = 5v) + v(1 + 2v) + Tv(1 4 6v) + 73(2 = 5v 4 60%) . 4
g2(u) = — 672(1+71—v)? e

=Yy (Zw)ju
Finally, we use g;(u) and go(u) and set coefficient of k% to zero, we get
_ [67% +75(18 — 20v) — T12(31 + 24v) + T?v(4 — 33v — 3617)
B 2473(1+7-v)3

(18 — 39y + 2312) + 73(6 — 16v + 1312 — 240°) — v(1 + 8v + 612)]
+ - wu
2473(14+7—v)3

g93(u)

= Cy(iw)*u.

|

REMARK 3.8. The variable stepsize method (1.3) is generally a first order ap-
prozimation oscillation equation (3.6) and fourth order approximation to modified
equation (3.7).

3.5. The phase and amplitude error. We use modified equation to analyze

phase and amplitude error. Let denote e,, as error, then

€n = Yn
w(ty) + u(tn) — Yn-
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Since u(t,) — y, has fourth order approximation, then y(t,) — u(t,) gives the leading
order error generated by variable stepsize method (1.3) (see Durran [D13]).
THEOREM 3.9. The phase and amplitude error of variable stepsize method (1.3)
18
R — 1= —Cy(wky)* + O((wkn)h)
|A] = 1 = —C1(wkn)? + C3(wkn)* + O((wk»)®).
where Cy,Cy, Cs are defined in (3.7).

Proof. Consider exact solution of oscillation equation (3.6) and modified equation
(3.7),

y(t) = e™' = cos(wt) + isin(wt)
u(t) = iwttkn C1 (iw)?t+k Ca (iw)*t+k7, Cs (iw) 't
= e*knCletJrkf,,Csw“t [Cos(wt — kic2w3t) + isin(wt _ kiczwgt)]
Thus, phase error is

arg(u(t)) 1= wt — k2Cow?t

R-1= arg(y(t)) wt

—1= —CQ(wkn)Q.

and amplitude error is

A — 1= efknclwzt+ki03w4t 1
take t = k,, since we are looking for local error and use
12 2,4 4
e Fn O HRL O o 1 — O (wkn)? + Cs(wky)?

Thus

|A| — 1 = —C1(wky)? + C3(wk,)™.

0
REMARK 3.10. The phase and amplitude error of backward Fuler method is
recovered and consistent with Durran’s book result when v =0 and 7 = 1.

REMARK 3.11. The variable stepsize method (1.3) has second order accuracy and
T(T+1)
27+1

fourth order amplitude error when C7 =0 i.e. v =

4. Some numerical tests.

We give a few numerical illustrations next. The first tests is for the Lorenz system
and the results are compared with backward Euler (step 1 without step 2) and BDF2.
The self-adaptive RKF4-5 solution is taken as the benchmark solution. The second
tests are for a linear and nonlinear exactly conservative systems. The third test is from
Sussman [S10]. His example is one for which fully, nonlinearly implicit backward Euler
preserves Lyapunov stability of the steady state while the (commonly used in CFD)
linearly implicit method does not. This property is one reason for the fully implicit
method being used in complex applications. We test if adding Step 2 preserves this
property.

18



4.1. The Lorenz system. Consider the Lorenz system:

X = oY — X),

X = _XZ+rX-Y,
dy __

X = XY - bZ

The test chooses parameter values from Durran [D91] ,

oc=12,r=12,b =6 and
(Xo, Yo, Zo) = (—10,-10,25).
The system is solved over the time interval [0,5] with Backward Euler, Backward

Euler plus filter and BDF2 with constant timestep. A reference solution is obtained
by adaptive RK4-5. We present solutions of the Lorenz system for several time steps

in Figure 4.1.

Time step k= 0.02

Time step k= 0.04 .

0 05 1 15 2 25 3 35 4 45 5

Time step k= 0.01 o Time step k= 0.005

BE+Filter
BE

BDF2
Adaptive RK4-5 | |

0 05 1 15 2 25 3 35 4 45 5

Fi1G. 4.1. Lorenz system

For moderately small time steps BE over damps severely while both BDF2 and
BE-filter are accurate, even for constant timesteps. Both have a small phase error
that accelerates waves slightly. For large enough time steps, all are inaccurate in

different ways.

4.2. Periodic and quasi-periodic oscillations.
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4.2.1. Periodic oscillations. Consider a simple pendulum problem test prob-
lem from Li and Trenchea [LT15], Williams [W13] given by

do v

a ~ 1 d
d

dit) = —gsind,

where 0, v, L and g denote, respectively, angular displacement, velocity along the arc,
length of the pendulum, and the acceleration due to gravity. Set

0(0) =097, v(0) =0, g=9.8 and L =49

to observe the long-time behavior of the numerical solutions in Figure 4.2.

Time step k= 0.1 Time step k= 0.1

Fia. 4.2. Simple pendulum

Consistently with test 1, the phase and amplitude errors in both BE+filter and
BDF2 are small while both are large for BE. Adding the filter step to BE has greatly
increased accuracy.

4.2.2. Quasi-periodic oscillations. We solve the IVP written as a first order
system

2"+ (7.(.2 + 1)z + wx =0,0 <t < 20,
2(0) = 2,2/(0) = 0,2"(0) = —(1 + 7%),2""(0) = 0.

This has exact solution z(t) = cos(t) + cos(nt), the sum of two periodic functions with
incommensurable periods, hence quasi-periodic, Corduneanu [C89]. We solve using
BE+filter with fixed timestep k£ = 0.1 and with a rudimentary adaptive BE+Filter
method. In the latter we use initial timestep & = 0.1, the heuristic estimator (1.2),
tolerance TOL = 0.1, 0.4 and adapt by timestep halving and doubling. The plots of
both with the exact solution are next in Figure 4.3.

This test suggests that quasi-periodic oscillations are a more challenging test
than periodic. Adaptivity is required but even simple adaptivity suffices to obtain an
accurate solution.
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2 0 N Adapiive BE+Filter | |
<exeee-BE4Fiter

F1G. 4.3. Quasi-periodic oscillations with TOL = 0.1(left) and 0.4(right).

4.3. The example of Sussman. Next we present solutions to the test problem
of Sussman [S10]. He pointed out that the fully, nonlinearly implicit backward Euler
method approaches steady state while the linearly implicit only does so for sufficiently
small timestep. In all cases the approximate solution approaches steady state as does
the behavior of the true solution. The nonlinear system is

d
%+U2U2+U1:1,

2 — uguy + ug =1,
with initial value (u1,u2) = (0,0).
In all cases, adding the filter step did not alter Lyapunov stability of the equilib-
rium state.

5. Conclusions. While a satisfactory, variable timestep BDF2 method exists,
the combination of backward Euler plus a curvature reducing time filter gives another
option that is conceptually clear and easily added by one additional line to a legacy
code based on the implicit method. Both the theory and the tests both show that
adding the filter step to backward Euler greatly increases accuracy.
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6. Appendix: 2 step methods.

The results were often developed by applying theory of 2—step methods. We
collect here in this appendix some of the results applied. For constant timestep, in
the standard form of a 2—step method is

Q2Ynt1 + 1Yn + QYn—1 = kf (tnr1, BoYnt1 + B1Yn + Boyn—1)- (6.1)

This can be normalized in various ways; one normalization is to rescale so the S—co-
efficients satisfy the standard normalization condition

Ba +B1 + 5o =1

The local truncation error is developed by expanding in a standard way in Taylor
series, giving
LTE =[a2 +a1 +aoly(ts) +klaz —ag — (B2 + 51 + Bo )]y (ta)
a2

M+ D = o+ Bl (1) + R - G 2 = ) + 0

A method is consistent if and only if the first two terms in the LTE expansion are
zero and second order accurate if and only if the third term vanishes.
Next consider variable timesteps. The 2-step method for variable timestep is

Q2Yn+1 + 1 Yn + Yn—1 = knf(tnt1, BoYnt1 + Bryn + BoYn—1) (6.2)
where the coefficients will depend on 7 where

n

knfl
The LTE expansion for t,, 11 — t, = kyn, tn — tp—1 = kn—1 is now

LTE =[az + a1 + agly(tn)+

T = and thus k,, = 7k, _1.

1 1 1 1
ko — o= — (B2 +B1 + Bo )Y (tn) + kn2[§a2 + 5200 B2 + ;ﬂo]y”(tnﬂ-
1 1 1 1
3 4
+ky, [602 - @@0 — 552 - ﬁﬁo]y”’(tn) + O(ky,)
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The method is consistent if and only if the first two terms are zero and second order
accurate if and only if the third term vanishes:

ag + a1 +ag =0 and
Consistent <
ay —2ag — (B2 +61 +B0)=0

1 1
Second order & —ag + o —fB2 +—=0Fo=0.
T

2 272

As defined by, e.g., Dahlquist, Liniger and Nevanlinna [DLN83] equation (1.12)

p-1072, a variable step size method is A—stable if, when applied as a one-leg scheme
to

y' = A1)y, Re(A(1)) <0,

solutions are always bounded for any sequence of step sizes. Conditions for variable
stepsize, A—stability were derived for variable step, 2-step methods in Dahlquist [D79].
The characterization in Dahlquist [D79], Lemma 4.1 page 3, 4 (specifically rearranging
the equation on page 4 following (4.1)), states that the method is A—stable if

—Q 2 Oa
1—-28; >0 and (6.3)

2(B2 — fPo) + a1 >0.

Adaptivity. The combination of backward Euler plus filter lends itself to adap-
tive implementation. There are various choices that must be made in such an im-
plementation. We have purposefully made the simplest one of each option. With
simple timestep halving and doubling the general adaptive method implemented was
as follows.

Given: YnsYn—1, kn—1, kn and Tol
kn(kn + knfl)

Choose: v= PR T —
Compute: yff_flf ilt”, yfffff ilter by
W = f(tnt1, Yn+1),
Yn+1 <= Yn+1 — % {kj_]?,;:lynﬂ = 2Yn + ,ﬁ,;;lynq}
EST — |yz:_e1filter B yzj_sffilter|
If: EST > Tol, k,, < ky/2 and repeat step

Tol
If: EST < ?O, kn+1 = 2k, and next step

Else: kn+1 = k, and next step
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