Chapter 3
Multi-Step Methods

3.1 Definition

Remark 3.1. Multi-step methods. The characteristic feature of one-step meth-
ods is that they need for computing y;; only the value from the previous
approximation y;, of the solution. A straightforward extension consists in con-
structing methods that use for computing ¥, more than one of the previous
approximations ¥y, Yx_1, - - .- Such methods are called multi-step methods. O

Definition 3.2. g-step method, linear ¢-step method. A ¢-step method
with ¢ > 1 is a numerical method for approximately solving

y'(2) = f(z,y(), (o) = o, (3.1)

where 3,1 depends on y;q_, but not on y; with i <k +1—gq.
A g-step method is called linear, if it has the form

qg—1 qg—1
Ykt+1 = Zajyk—j + hzbjf (fﬂk—jayk—j) +hb_y f (Tpgr, Yugr),  (3:2)
j=0 j=0

k=q—-1,q,..., with ¢ > 1, ag,...,aq_1,b_1,...,b4_1 € R, a,_y # 0 or
by—1 # 0. For ¢ = 1, the method is called a one-step method. If b_; # 0, then
the linear ¢-step method is an implicit method, otherwise it is an explicit
method. |

Remark 3.3. Initial values for a q-step method. A g-step method needs ¢ ini-
tial values. However, the initial value problem (3.1) provides only the initial
value 4. The second initial value y; can be computed with a one-step method,
the next initial value y, with a one-step method or with a two-step method
and so on. It follows that all initial values y;, ¢ > 0, are already numerical
approximations. This aspect has to be taken into account in the error analysis
of multi-step methods, see Remark 3.23. O
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Fig. 3.1 Parameters in the derivation of predictor-corrector schemes.

3.2 Predictor-Corrector Methods

Remark 3.4. Construction. Starting point of the construction of predictor-
corrector methods is the equivalent integral form of the initial value problem
(3.1)

o) =0+ [ " F(ty(0)) dr. (3.3)

Denote the solution at Z by y(Z), then it holds that

o) = @)+ | " F () dr. (3.4)

The main idea of predictor-corrector methods consists in approximating
the integral on the right-hand side of (3.4) in an appropriate way. There are
two principal difficulties:

e The dependency of the term in the integral on ¢ is generally not known
since the function y(t) is unknown.

e Even if the dependency of the function in the integral on ¢ is known, gen-
erally it will be impossible to find an analytic expression of the solution.

Consider an equidistant grid with nodes

./L',L‘:./L'O—f'ih, 120,17

For the derivation of the methods, assume that the term in the integral is
known. Then, the derivation is similar to the derivation of the Newton'—
Cotes? formulas for numerical quadrature. In this approach, the term in the
integral of (3.4) is replaced by a polynomial interpolant. Let the boundaries
of the integral be the nodes

==z

p—j» starting point with parameter j,

Tpi,, end point with parameter m, (3.5)

with parameters j, m € Nj that need yet to be determined. It will be required
that the interpolation polynomial p,(x) satisfies the following properties:
e the degree of p,.(z) is lower than or equal to r,

o p.(2;) = f(z;,y(x;)) for i =p,p—1,....,p—r.

! Isaac Newton (1642 — 1727)
2 Roger Cotes (1682 — 1716)
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Thus, z, is the most right-hand side node for computing the interpolation
polynomial. The value r is a third parameter, compare Figure 3.1. Note that
two sets of nodes are involved in the construction, namely the nodes that
determine the boundaries of the integral and the nodes that are used to define
the interpolation polynomial. The solution of this interpolation problem is
given by the Lagrange3 interpolation polynomial

pr(‘r) = Zf (xp—wy(xp—i)) LZ('r)

with
Liw) = [] —==L i=01,...,r (3.6)
Ly_i — X

1=0,1£i " P

It follows by using (3.4), (3.5), (3.6), and by replacing the unknown values
y(x,_;) by their computed approximations y,_; that

r Lptm
s+ 35 ) [ i
=0 Tp—j
= Yp—j +h Z 6Zf (xpfia yp—i) (37)

i=0
with

1 [Toem 1 [Totm Loty
p—3 p—j 1=0,l#1

l'p,i — ij,l

The constructed method is in particular linear. Note that so far the assump-
tion of having an equidistant grid was not used.

Finally, the formula for ; should be simplified. To this end, note that all
fixed values from the interval are nodes of the equidistant grid, such that,
e.g., ¥, = xg + ph. Replacing these values and using the substitution

t=x,+sh = dt=hds,
yields

1m Lz, +sh—x,_
g =1 / [T 22t ) has
=i \uZogps Ui T o

3 Joseph Louis Lagrange (1736 — 1813)
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_/m H T + ph + sh — xq — ph + Ih
N xg + ph —ih —xy —ph +1h

7 \i=0,ii
m r l

_ / I =) as (3.8)
- \iZopes 4

Now, different methods can be obtained depending on the choice of m, j, and
r. There are four important classes of methods. a

Ezample 3.5. Adams* 7Bashf07"th5 methods. The class of ¢-step Adams—Bash-
forth methods is given by m = 1, j = 0, and r = ¢—1. It follows that the ¢-step
Adams-Bashforth method uses the nodes z1_,...,x; for computing the
Lagrangian interpolation polynomial. These are ¢ nodes and p,(x) is at most
of degree ¢ — 1. Adams—Bashforth methods are explicit methods. They have
the general form

q—1

Yet1 = Y + hZﬂif (Th—is Yr—i) » (3.9)
i=0

see (3.7), with
1

/Bi—/ol ql:[ st ds, (3.10)

=00k +1

compare (3.8).

In the case ¢ = 1, the term in the integral in (3.4) is replaced by a constant
interpolation polynomial with the node (x, f(z,y;))- Using the convention
that the product is 1 if there is formally no factor in (3.10), this approach
yields

1
Yk+1 =Yr + D (/ d5> [ @r,yk) = yp + hf (T, yk) »
0

i.e., one obtains the explicit Euler method.

If ¢ = 2, then the term in the integral is approximated by a linear interpo-
lation polynomial with the nodes (z_1, f(zr_1,¥s—1)) and (x, f(zr, ys))-
Using (3.9) and (3.10), one obtains

Y1 =Y +h [(/01 s—;l dS) f (e ye) + (/01 _il ds) f(xk—lvyk—l)):|

3 1
=y, +h [Zf (g, y) — f(zklvykl)]

2

* John Couch Adams (1819 — 1892)
® Francis Bashforth (1819 — 1912)
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=y + g[3f (o ur) — f (@p—1,uk-1) |-

q > 3, exercise O

FEzample 3.6. Adams—Moulton® methods. Adams-Moulton methods are de-
fined by m =0, j = 1, and r = q. Hence, it follows that

0 q
s+1
Bi / 11 vl ]

and from (3.7) that

q
Uk = Uko1 + 0 Y Bif (@heis Yi—s)
i=0

or, by transforming the index,

q
Uke1 = Yo + B Y Bif (@rg1—ir Yns1—i) -
i=0

The g + 1 nodes of these methods are given by zy1_4,..., %, Tp11. That
means, Adams—Moulton methods are implicit methods.

This class contains two one-step methods that are obtained for ¢ = 0
(which can be used in contrast to the requirement in Definition 3.2) and
¢ = 1. Note that the parameter ¢ in (3.2) determines both the previous ap-
proximations to be used and the previous arguments of the function f. But
in the construction of the methods, three independent parameters were intro-
duced to determine these values. This construction introduces some freedom
which allows here to set ¢ = 0.

Considering the case ¢ = 0, then the term in the integral is replaced by
a constant interpolation polynomial with the node at (2541, f(Zry1, Yni1))-
This approach results in the method

0
Y1 = Yk T h (/ d3> J @rt1>Ykt1) = Yk + hf (Tpp1, Ypyr)
1

which is the implicit Euler method.
For ¢ = 1, one uses a linear interpolation polynomial with the points

(g, (g, yx)) and (g1, f(@rp1,Ykt1))- One gets

0 1 0
Ypt1 = Yp T h K/1 ler d5> (@15 Y1) + (/1 _il ds) f(xkyyk)}

5 Forest Ray Moulton (1872 — 1952)
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1 1
=y t+h if (Tha1> Yrg1) + if(xkayk)

=Y+ g f (@hg1 Yngr) + f (@r, y)] -

This method is the trapezoidal rule. O

Ezample 3.7. Nystr5m7 methods. The class of Nystrom methods is obtained
by using m =1, j =1, and r = ¢ — 1. They have the form

q—1
Ykt1 =Yp—1 T h Z Bif @h—is yr—i)
i=0
with
1 q—1
s+1
Bi :/ H - ds.
1 \ =0 " +1
These methods are explicit and one uses the g nodes wj1_g,..., 7.

One gets, e.g., for ¢ = 1, the method

1
Yht1 = Yk—1 T D (/ dS) f (@) = yp—1 + 20 f (2g, i) -
—1

O

Ezample 3.8. Milne® method. Milne methods are defined by m = 0, j = 2,
and r = ¢q. Using a transform of the index, one finds that they have the form

q
Yket1 = Yr—1 T hZ@f (Tht1—i> Yug1—i)

i=0
with
0 q
s+1
Bi :/ H -
~2 \ =0z " +i
Thus, these are implicit methods. O

Remark 3.9. On the coefficients of multi-step methods. One can find tables
with the coefficients for multi-step methods in the literature. O

Remark 3.10. Using implicit methods in practice, predictor-corrector meth-
ods. If implicit methods are used, then one has to solve in each node x,; an

" Evert J. Nystrém (1895 — 1960)
8 William Edwin Milne (1890 — 1971)
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equation that is generally nonlinear. This step can be performed with some
kind of fixed point iteration, e.g., with a method of Newton-type. To achieve
a good efficiency of the method, a good initial iterate is of importance. To
obtain a good initial iterate, one can use an explicit (multi-step) method. For
this reason, explicit multi-step methods are called predictor methods and
implicit multi-step methods are called corrector methods. The combination
of a predictor method with a corrector method is called predictor-corrector
method.

Often, it is sufficient for computing the next iterate to perform the pre-
dictor step and one or two corrector steps. O

Remark 3.11. Nordsieck’ form. It is possible to transform multi-step methods
in a one-step form, the so-called Nordsieck form. This form uses instead of

yka"'ayquJrl:f('rkvyk)a-"af (Jﬂk—qﬂvyk—qﬂ),

the values
Ui (@), y" (@r)s -y (@),

see, e.g., (Strehmel et al., 2012, Section 4.4.3). The advantage of the Nordsieck
form consists in the possibility of applying a step length control as it is known
from one-step methods, Section 1.3. Otherwise, a step length control for form
(3.2) of multi-step methods becomes rather complicated. On the other hand,
using the Nordsieck form requires that the solution of the initial value problem
is ¢ times continuously differentiable. ]

3.3 Convergence of Multi-Step Methods

Remark 3.12. Generalities. In this section, linear multi-step methods of the
form (3.2) will be considered. Similarly to one-step methods, notations like
local error, consistency, or order of convergence will be introduced. The ex-
tension of these notations to nonlinear multi-step methods is straightforward.

O

Definition 3.13. Local error. Let y, , | be the results of (3.2), k > ¢, where
the initial values are exactly the values of the solution

Yk+1—q = y($k+1—q)a s Y = Y(Tg).

Then, the local error is defined by

¥ Arnold Nordsieck (1911 - 1971)
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qg—1 qg—1
le(zpy1) =leprr = y(Tpg1) — Zajy (xk—j) +h Z b; f (-Tk—jvy(xk—j))
J=0 j=-—1
(3.11)
O

Definition 3.14. Consistent method, consistency order. Let y(z) be
the solution of the initial value problem (3.1), S = {(x,y) : x € I =
[zg,2z.], vy € R}, and Iy an equidistant mesh on I with N intervals. The
multi-step method (3.2) is called consistent if for all f € C(S), which satisfy
in S a Lipschitz condition with respect to y, it holds

. le(zy +h)\ . _ Te — T

If the expression on the left-hand side converges like h” for p > 1, then the
multi-step scheme has the consistency order p. a

Example 3.15. Consistency order for a Nystrém method. The consistency or-
der of a multi-step method can be computed in the same way as for a one-step
method by expanding the local error in a Taylor series with respect to h. Af-
ter having then divided by h, the order of the first non-vanishing term gives
the consistency order.

Consider the Nystrom method for g = 3

2
Ykt1 = Yp—1 + D

(/ HSEH ds)f(xkayk)
iz

2

1

s+1

+ [1 H T ds | f(zr—1,y5-1)
1=0,1#1

1 1
+ < 3 11 _82—:_ZZ dS) f(xk—Zvyk—Q)]

1i=0

=Yp_1+h [;f(xkyyk) - %f (l’k—hyk—l) + %f (xk—27yk—2):| .

It follows with (3.11) and (3.1) that

1e($k+1)

= y(karl) —y(zp_1)

|3 ) = 3 (e uaea)) + 3 (o vlon)|

= y($k+1) —y(Tp_1) —h gy/(xk) - ;y/(xk—l) + ;y/(xk—Q):| - (3.13)
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Now, the the individual terms will be expanded

h2 hS
Y(@ri1) =yl + h) = y(zp) + hy' (zp,) + ?y//(xk) + gym(xk)
£ @ (2) + O(h®)
24y k )
h? n3
! 1 2
Y(xp_1) = y(x) — h) = y(oy) — hy (vy) + =Y (z) — oY (7)

B
+579 (@) + O°),
B2
I / / 1 i
Y (zp_1) =y (2 — h) =y (zp) — hy (x)) + Y (z1)
3

h
— 5 v (@) + oY),

y/(xk72) = Z//(xk —2h) = y,(xk) - thlﬂ(mk) =+ thym(%)
4h3
*79(4)@0 + O(h4)-

Inserting these expressions in formula (3.13) for the local error gives

2 3

o / h™ 4 h” h4 (4)
le(zpy1) = y(ap) + hy (zx) + Y (zr) + —y" (21) + (

6 ﬂy Jfk)

o)+ by ) — oy o) + o ) — g ()
k k 2 k 6 k 24 k
3 h4

Th h
' hy' () — By (x1) + ?ym(xk) — —y® (Ik)]

2
-3Y (zr) + 3

1 / 2 1 3 m 4h4 (4)
=3 | Py (er) = 207y (ag) + 27y T (ay) — -y ()

h' 5
= 5V (@) + ("),

+O(h°)

With (3.12), one obtains that this method has consistency order 3. o

Remark 3.16. Linear multi-step methods with a high order of convergence.
The goal in constructing multi-step methods consists of course in obtaining
convergent methods of high order. A high order of convergence can be ex-
pected only if the consistency order is high, i.e., if the local error is small.
Using the Taylor series expansion of the terms in the local error and requiring
that as many leading terms as possible vanish, one gets a linear system of
equations for determining the coefficients a;,0;, 7 = 0,...,¢—1 and b_; in
(3.11). In this way, one obtains a method of the form
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qg—1

q—1
Ye+1 — Zajykfj =h Z bjf (-kajaykfj) . (3-14)
j=0

j=—1

Constructing one-step methods in this way, one always obtains a conver-
gent one-step method, e.g., compare Example 1.29. However, the situation
might be different for multi-step methods. m]

Ezxample 3.17. Non-convergent multi-step method. Consider the idea from Re-
mark 3.16 for the construction of an explicit linear multi-step method with
q = 2 and with maximal order of consistency. That means, the ansatz for the
method is as follows, compare (3.14),

Yk+1 — GoYx — @1Yp—1 = h[bo f (p, yx) + 01 f (Tp—1,Ys—1)] -

The local error has the form

le(zy11) = Y (Tpq1) — aoy (2) — a1y (Tp—1) — hbo f (2, y(z1))
—hby f (1, y(2h—1))
=y (Tpy1) — agy (T) — a1y (Tp—q) — hboy/($k) - hb1y/($k71)-

Now, the individual terms are expanded in powers of h:

2 3

h h
Y (zpy1) =y, +h) =y () + hy' (z) + 7?// (wg) + F?Jm (zr) + O(h4)7
2

/ h " h3 " 4
Y (@p—1) =y () —h) =y (zp) — hy (v4) + 5V (z1) — 5 Y (z1) + O(Rh),

Y @) = o (=) = (@) — ' () + oy () + OG).

Inserting the expansions gives
2

h n*
le(zy41) =y (x1) + hy' () + ?y” (mg) + gym (71) — apy (zy)

—a, [y (xg) — hy' (x3,) + =

h2
—hb, ly' (z1) — hy" (z1) + ?’ym (z) | + O

= [1—ay —agly (z;) + [1 + ay — by — bo] by’ ()
I 2 L ar by 5 m 4
+{2— 5 +b1}h Y (x) + [6+ 55 oy (xg) + O(h7).
Requiring that the first four terms should vanish leads to the following linear
system of equations
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1 100\ [a 1
101 1| [al] |1
1/2 0-10 by | | 1/2
-1/601/20 bo 1/6
The unique solution of this system is a; = 5, ag = —4, by = 2, by = 4.

Consequently, one obtains the method

Ykt1 = —4Yp + 5yt + A4S (xg, yp) + 2 (1, Ye—1)] (3.15)

with third order of consistency.
Next, the convergence of the method will be studied at the model initial
value problem

y'(z) = —y(x), y(0)=1,

with the solution y(z) = exp(—z). As second initial condition, one takes the
value of the solution in the mesh point z; = h, i.e., y; = exp(—h). Inserting
the special form of the right-hand side of the model problem, f(zy,y,) = —yi,
in (3.15), one can represent the computed solution explicitly. This solution
satisfies the homogeneous linear difference equation

Ypr1 + (4 +4h)y, + (=5 +2h)y,_1 = 0.

The solution of this difference equation can be obtained with the ansatz
Yy = §k. Inserting this ansatz in the difference equation leads to

T (4 4R + (—5 4 2n)EF T = 0.

This equation is satisfied for £ = 0, which however does not satisfy the initial
conditions. Other solutions can be obtained after division by g’H from

€ + (4 +4h)E + (=5 +2h) = 0. (3.16)

One gets the solutions

2 4 2 4
fl(h)=—2—2h+3m, Ez(h):—2—2h—3m.

For simplicity, the dependency on h will be neglected in the notation. The
general solution of the difference equations can be represented as a linear
combination of the special solutions (superposition principle)

k k
yr = C1&1 + Chés.
Now, the constants can be determined from the initial conditions. It holds

Yyo=C1+Cy =1, y; = e = C161 + 08y,
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from what follows that

—h —h
e —& e =&

G—-6& ' L—&

Expanding &;(h), £&(h), Ci(h) and Cy(h) in powers of h and inserting these
expansions in the solution (ezercise), gives for fixed z > 0 and hy := /N

w=liro @) 5o ()]
N
a5 () e (@] oo (7))
Considering now the convergence of the method, i.e., hy - 0 < N —

00. Then, one obtains for the first term, using well known properties of the
exponential, that

dm o[- 5o (7)) =

This part approximates the solution of the model problem. For the second
term, it holds that

s () o (@ [-sm o ()]

- e (] [+ a0 ()]

313 T 2 N 3/5
Nlinm[”ww((N) )] =e

one finds that the second term behaves for large N as follows

G e iy

Cy(h) = Co(h) = —

Since

This expression oscillates with increasing N and the modulus is increasing
for finer grids (‘exponential (—5)" is stronger than polynomial (z/N)*),
compare the values for z = 1 in the following table
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N value of (3.17)
1 0.0421787
2 - 0.1054467
3 0.3514890
4 - 1.3180836
) 5.2723345
6
7
8
9

- 21.96806
94.14883

- 411.90113
1830.6717

10 - 8238.0226

It follows that the method does not converge.

Such an oscillatory behavior can be observed also if the method is applied
for solving other initial value problems. For the considered example, the rea-
son for this behavior is that the general solution of the difference equation
contains a term that becomes arbitrarily large for large k and for small A (or
large N). For the considered method it is

lim &(h) = -5 = lim ‘gé(h)’ = .
h—0 k—o0

The solution of the difference equation was obtained from the roots of the
polynomial (3.16). It can be guessed that the roots of this polynomial will be
of importance for the convergence of multi-step methods. O

Definition 3.18. Null stable linear multi-step method. A linear ¢-step
method is called null stable if the first characteristic polynomial

W(E) =€ —agt? " — .. —a,, (3.18)

possesses only roots £, with |£q| < 1 that are simple in the case that |£q| =1.
For the notation ‘null stable’, compare Remark 3.37 below. O

Ezample 3.19. Null stability for predictor-corrector methods. The methods
from the four most important classes of predictor-corrector methods are null
stable.
e Adams—Bashforth methods, Adams—Moulton methods. The first character-
istic polynomial has the form

U(E) =€ - = (€ - e

The only non-trivial root is §; = 1 and this root is simple.
e Nystrom methods, Milne methods. For these methods, the first character-
istic polynomial is

() =¢T— ¢ = (E+1) (-1
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Hence, the only non-trivial roots are {, = 1 and £, = —1. They are simple.
Null stability does not mean stable in the sense that the method can be
applied for the numerical solution of stiff problems, see Example 3.22. a

Theorem 3.20. First Dahlquist10 barrier. The maximal order of consis-
tency of a null stable linear q-step method is

q+1 forq odd,
p=1q+2 forq even,
q if b_1 < 0,1in particular, if the method is explicit.

P?”OOf. Only a sketch of the proof is given here, for details see the literature, e.g., (Strehmel
et al., 2012, Section 4.2.3) or (Hairer et al., 1993, Section III.3).
First, one sets for € € C, [¢| < 1,

Then, one defines the polynomials

R(2) = (1_2) w(E) = Zalz,
S(z) = (1—) o) = Zﬁlz,

with
o(€) =b_ €7 +bot" T + ..+ by (3.19)

As next step, one can prove that a linear multi-step method has consistency order p if and
only if

-1
R(z) (1n1+z) 75(2):(9(21)) for z — 0.

11—z
Using a Taylor series expansion of the term with the logarithm, one has on the left-hand
side of this statement a polynomial. Now, one studies which coefficients of this polynomial

might vanish such that the method is null stable in the individual cases given in the
theorem. [

Example 3.21. Consistency order of some predictor-corrector methods.

e Adams—Bashforth methods with ¢ steps have the consistency order ¢ and
Adams—Moulton methods with ¢ steps possess the consistency order g+ 1.
Thus, Adams—Moulton methods where ¢ is even have an order that is less
than the maximal possible order according to Theorem 3.20.

e The 2-step Milne method (also Milne—Simpson method)

1 4 1
Y1 = Yk—1 T D (Sf(ffk+1»yk+1) + gf(fk, Yr) + gf(xk—lvyk—1)>
(3.20)

!9 Germund Dahlquist (1925 — 2005)
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has the consistency order 4. This method achieves the maximal order of
consistency for a null stable 2-step method.
O

Ezxample 3.22. Convergence and stability of the 2-step Milne method. This
implicit method is null stable, see Example 3.19, and it possesses the maximal
possible order of consistency for a null stable method, see Example 3.21. Thus,
so far it shows favorable properties. But having a closer look on its stability
reveals that this method has a severe drawback.

Consider again the model initial value problem

with the solution y(z) = exp(Ax). Applying the 2-step Milne method for the
solution of this problem, then the method (3.20) has the form

1 4 1
Y1 = Yp—1 T hA gykﬂ + gyk + gykq .

This equation can be rewritten as a linear difference equation

hA 4h)\ hA
(1 - 3> Ykt — 5 Yk~ <1 + 3> Yp—1 = 0.

The general solution of this difference equation can be represented in the
form
E k
yr = C1&1 + Oy, (3.21)

where &;(h) and &,(h) are the solutions of the quadratic equation

hA\ o 4hA hAY
(1-5)e-Fe-(1+5) o

One obtains

3 2h\ (hX)?
G =333 PV )
3 2h\ (h\)?
= R 1 S~ 7
&2(h) 3—hx | 3 T3

Now, the constants C'|, Cy can be determined from the initial condition and
from the value of the first step. It is for x =0

CL+Cy=1 (3.22)

and for x = h, taking the exact value,
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M =016 + (1 - 01)& = (1— Cy) & + Cobs. (3.23)

Expanding &; (h) and & (h) in powers of h at h = 0, one obtains as first order
approximation by computing the derivatives of &;(h) and &, (h), respectively,
and inserting zero

£, (h) :1+)\h+0<h2), &,(h) :—1+§h+0<h2). (3.24)

In the interesting case, A < 0, & (h) approaches 1 from left, with values
smaller than 1, and &, (h) approaches —1 also from left, but here the modulus
of £&;(h) is larger than 1. The last property leads to undesired effects.

For the approximate solution in the node x;, = kh, k = 0,1, ..., one gets
with (3.21)

y, = C, (1 + AL+ O (h2>)“/h +Cy (1 + %h +0 (;ﬁ))m’“/h. (3.25)

The first term converges to exp(Azy,) for h — 0, since

zy,/h
. z,/h 1 n _
}111_% (1+ Ah) = }1111)% <1 + Az, xk) exp(Azxy,).

It behaves like the solution of the model initial value problem. The second
term behaves for small h like

z,/h
(=1)=/n <1 — ;‘h> .

Here, the second factor converges to exp(—Az/3), but the first factor os-
cillates for x;,/h € N. That means, for the stable initial value problem with
A < 0, this term gives an oscillatory, bounded (for fixed x;,), but exponentially
large perturbation.

The behavior of the solution depends on the constants C; and C,. Inserting
the expansion (3.24) in condition (3.23) gives

M= (1-0y) (1 YA O (hQ)) L0, (—1 + §h+(’) (h2)>

:1+)\h—202—¥02+0<h2>.

An expansion of the exponential yields

2M\h

1+ +0 () :1+)\h—202—?02+0(h2> —

o (h2> — 20, — %c}
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Fig. 3.2 Example 3.22: application of the 2-step Milne method to the model problem with
A= —5and h € {0.1,0.01,0.001} (left to right, top to bottom).

It follows that Cy(h) = O (hz) and from (3.22), it follows that C; = O (1).

In summary, it is for the second term of (3.25)

A z/h
lim Cy(h) <—1 +2h+0 (h2)) —0.

h—0 3

bounded

The method converges.
However, the term

A 2 o/ 2 ATy,
Cy(h) <—1+3h+(9(h>> ~ b exp ( — 22K

becomes small in the case A < —1 and large z;, only if the step size h is very
small, see Figure 3.2.

The behavior found for this method can be observed in practice for all g-
step methods of consistency order g+ 2 if these methods are applied to initial
value problems with exponentially decaying solution. This kind of instability
is a strong restriction of the usefulness of these methods. o
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Remark 3.23. Start of multi-step methods and convergence. Apart of the con-
sistency of multi-step methods, one is above all interested in their conver-
gence. For one-step methods, convergence follows from consistency under
rather general assumptions and the order of consistency and convergence are
the same, see Theorem 1.19. The situation becomes more complicated for
multi-step methods.

First of all, one needs for starting a g-step method besides the known
initial value yo = y(zo) still (¢ — 1) further approximations y,...,y,_; for
y(z1),...,y(x4—1). These values can be computed, for instance by a one-
step method. The accuracy of these approximations has a strong impact on
the accuracy of the g-step method that uses these values. Assume that the
approximations behave as follows

Yo = y(wo) +eo(h), y1 =y(w1) +e1(h), oy Ygo1 = Y(Tg1) +Eg—1(h).

Then, the values that are computed with the ¢-step method depend also on
the perturbations' &, (h),...,e4—1(h) and one should write for the computed
solution in the node z;, more exactly y (e, h), where e(z, h) is a function for
which ¢;(h) = e(z;,h), i=1,...,9 — 1, holds. a

Definition 3.24. Global error. Let y(z) be the solution of the initial value
problem (3.1). Denote the approximations of y(z) that are computed with a
multi-step method with step length h by vy (e, h), where the accuracy of the
initial approximations is given by the function €(z, h). Then, the quantity

e(xlm & h) = yk(Ea h) - y(xk)

is called global error or global discretization error at the node xz;, with respect
to the step length h and the perturbations e(z, k). O

Definition 3.25. Convergence of a multi-step method. Consider the
ordinary differential equation of the initial value problem (3.1) in [a,b] and
let zg € [a,b]. A multi-step method for solving initial value problems of form
(3.1) is called convergent if
lim e(x,e,h,) =0, withh, = - xo’
n

n—oo

for all € [a,b], for all f € C’l([a7 b] x R), and for all functions e(x, h) with

lim |e(x,h,)| =0, forax=axy+ih,, i=0,...,q—1.

n—oo

O

" This is meant in the sense that strictly speaking, it is not complete to say, e.g., ‘the
value at z;, = 1 obtained with the Adams-Bashforth method is ...’, but one should say
‘the value at z;, = 1 obtained with the Adams-Bashforth method, where y; was computed

in this and this way, is ...".
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Lemma 3.26. A convergent linear multi-step methods is null stable.
A convergent linear multi-step method (3.2) is null stable.

P’I“OOf. The proof is performed by contradiction. Assume that the linear multi-step method
is convergent but not null stable. Consider the initial value problem

y'(x) =0, y(0)=0,

whose solution is y(z) = 0. Applying a linear multi-step method of form (3.2) to this
problem yields the homogeneous linear difference equation

q—1
Yki1— D G5Y_; = 0. (3.26)
=0

Since the method is assumed to be not null stable, the corresponding first characteristic
polynomial ¥ (&) has a root with [1]| > 1 or a root |3 = 1 that is not simple. Without loss
of generality, let the multiplicity of £; be one and of £, be two. Similarly to Example 3.17,
one finds that the solution of (3.26) in the node z;, = kh is given by

Y = C1&} + Cokes, Cy,Cy R,

where one of these coefficients is not zero.

Consider a fixed T with Z = mh, m € N. Choosing C; = Cy = Vh, where it will be
discussed below that this is an admissible choice, so that the perturbations of the initial
values satisfy the requirements of Definition 3.25, the solution in T is given by

VRe 4 T gT/h 3.27
1 \/E 2 ( )
For the initial value Z = 0, the value of (3.27) is v/h and for the initial value T = h, it
is Vh&; + Vhéy. Thus, for the initial values, (3.27) converges to the analytic solution as
h — 0, so that the choices of C| and C5 were admissible. However, for other values of z,
which is assumed to be fix, both terms in (3.27) diverge to plus infinity. This observation

contradicts the assumed convergence of the linear multi-step method. Hence, it is null
stable. ]

Theorem 3.27. Connection of convergence and null stability. Let

q—1

Yk+1 = Z ajykfj + hgp('rkJrh s 7xk+17qa Y41, - - - 7yk+17q7 h) (328)
j=0

be a consistent multi-step method for the solution of initial value problems of

form (3.1), which is more general than a linear multi-step method. Assume

that the incremental function satisfies the following conditions:

) D(Tpi1s s Thot1—gs Ykt 1 - - s Ykt 1—qs 1) = 0 for all x € [a,b], all y;, € R,

and all h € R if f(x,y) =0.

i1) Lipschitz continuity with respect to the y-components, i.e., there are con-
stants hg > 0 and M such that
|€I>(1:

yee s X0y Vgy -y Vg, h) — P2 ,...,zo,wq,...,wo,h)|

q q
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q

SMZ\%‘—UH

=0

forall z,,... x5 € [a,b], all v;;w; € R, i =0,...,q, and all step sizes h
with h < hyg.
Then, the multi-step method converges if and only if it is null stable.

P?”OOf. For the proof, it is referred to the literature, e.g., (Strehmel et al., 2012, Section
4.2.5). |

Remark 3.28. To Theorem 3.27.
e The first assumption and the null stability guarantee that the multi-step
method solves the trivial initial value problem

Y (2) =0, ylzg) =0,

exactly if e = ¢, = ... =¢,1 =0.

e A linear multi-step method is a special case of (3.28). For linear multi-step
methods, the first assumption is always satisfied, since the incremental
function is a linear combination of values of the right-hand side f(x,y) of
the ordinary differential equation. Due to the same reason, the incremental
function of these methods satisfies the second assumption if the right-hand
side f(x,y) is Lipschitz continuous with respect to the second argument.
Altogether, if the right-hand side of the initial value problem is sufficiently
smooth, then a consistent linear multi-step method is convergent if and
only if it is null stable.

O

Theorem 3.29. Order of convergence. Consider a multi-step method
of the form (3.28) that satisfies the assumptions stated in Theorem 3.27
and which possesses the order of consistency p. Then, it holds for all f €
C?([a,b] x R) and for all x € [a,b] that

le(z,e,h)| = O (h"),
if for the accuracy of the initial values it holds
le;(R)]=O () for i=0,...,q—1.

Proof. See literature, e.g., (Strehmel et al., 2012, Section 4.2.5) or (Hairer et al., 1993,
Chapter I11.4). ]

Remark 3.30. Interpretation of Theorem 8.29. If a multi-step method with
consistency order p should also have convergence order p, then it is necessary
to compute the initial approximations sufficiently accurately, e.g., with a one-
step method of order p. Considering the complete method, which consists of
the starting method for computing the approximations yi,...,y,_1 and a
predictor-corrector method for computing the other values, then the order of
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the complete method is determined by the partial method with the lowest
order. O

3.4 Backward Difference Formula (BDF) Methods

Remark 3.81. Construction. The construction of Backward Difference For-
mula (BDF) methods is based on the original initial value problem (3.1) and
not on the integral form (3.3) as it is the case for predictor-corrector methods.
Given ¢ + 1 nodes p41_g,--., %41 and ¢ > 1 known approximations
of the solution yj41_4,...,%,. Then, the idea of BDF methods consists in
approximating the solution by an interpolation polynomial p,(z) of degree
q with the nodes (xk+1_q,yk+1_q) yo ooy (g, yr). Now, another condition is
needed in order to define a polynomial of degree ¢ and this condition shall
also allow to compute ¥, ;. For BDF methods, one uses the requirement that
this polynomial should satisfy the differential equation (3.1) in x4, i.e.,

p; (o) = f ($k+1ayk+1) ) (3.29)

which leads to an interpolation of Hermite type. It follows from this require-
ment that BDF methods are implicit methods. O

Example 3.32. BDF methods. Consider an equidistant grid with grid size h.
e ¢ = 1. The linear interpolation polynomial through the points (x, y)
and (21, Yry1) is given by the Newton representation (using divided

differences)
Yr — Yk
P1(2) = Yoy + (& — 2pqy) S
L — Tr41
It is
Y — Yk
pre) = =
L — Trt1
such that requirement (3.29) and z;, — xp,1 = —h leads to
Ye — Yr+1 _ —
——n = f@riUki) = Uk = Yp T 0f (Tpg1: Yrg) -

Hence, BDF(1) is just the implicit Euler method.
e ¢ = 2. The Newton representation of the quadratic interpolation polyno-
mial through (z,_1,9Yx—1), (T, Yr) » (Tht1, Yrg1) 1s given by
Ye — Yk+1
Pa() = Y1 + (2 = @ppr)
L — Tp41
+(517 — Tpp) (@ — ) <yk1 Y Yk — Ykt ) . (3.30)
Th—1 — Th41 Tp—1 =T T — Tpp
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Computing the derivative of this polynomial and using that the grid is
equidistant yields

b U= Ukt @ m) @ —m) (e — U Yk — Yk
@="="" ~2h —h )

such that requirement (3.29) leads to

Yry1 — Y h (Yes1 — 2y, + Yp—
p;(xk+1) = % + B ( btl hk £ 1) = f($k+1’yk+1)~

Collecting terms gives the BDF(2) method

3 1

SYk+1 2y, + SYk—1 = hf (Tps1, Yrs1) - (3.31)
BDF(2) is the most popular multi-step method for stiff problems.

e ¢ > 3. The derivation of higher order methods proceeds in the same way.
One obtains, e.g., as BDF(3) method

11 18 9 2
& Ykt T Yk + ~Yk—1 — ZYk—2 = hf (Tpg1, Ypy1) - (3.32)

6 6 6
It should be emphasized that in BDF methods the right-hand side of the
initial value problem appears only in one term, namely f (xj1,ygs1). This
situation is in contrast to the predictor-corrector methods from Section 3.2.
This property of BDF methods is of advantage if the computation of the
right-hand side is complicated or numerically expensive, like for special dis-
cretizations of partial differential equations. o

Lemma 3.33. Null stability of BDF(1), BDF(2), and BDF(3). The
methods BDF(1), BDF(2), and BDF(3) are null stable.

Proof. The statement of the lemma is obtained by computing the roots of the first char-
acteristic polynomial.

e g = 1. The characteristic polynomial is A — 1 with the root A\; = 1.

e ¢ = 2. The characteristic polynomial of BDF(2) (3.31) is

2 4 1
AT ==+ -
3 3
A straightforward calculation gives
2 1 2 1 1
M=c-F-=1, A=-—-==
17373 73 3 3

P N Hp G

By inserting, one checks that A; = 1 is a root of this polynomial. Extracting the linear
factor with this root yields
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3 18 42 9 2
NonA Ao e Ty 2
-1 FRAET!

The remaining roots are given by the roots of the quadratic polynomial, which are

_T+1iV39 7 —1v39

A
2 22 22

A3:

such that |Ay| = [A3] = v22/11 ~ 0.4264.
|

Remark 3.34. Null stability of BDF(q) methods. It can be shown that BDF(q)
methods are null stable only for ¢ < 6, e.g., see Cryer (1972). Hence, BDF(q)
methods for ¢ > 6 are not of interest. O

Lemma 3.35. Consistency of BDF(q) methods. BDF(q) methods with
q < 6 are consistent of order q.

Proof. The proof is obtained by a Taylor series expansion (ezercise). |

Theorem 3.36. Convergence of BDF(q) methods. Let f € C?([a, b]xR)
and Lipschitz continuous with respect to the second arqgument and let the
initial values be computed sufficiently accurately, then the BDF(q) methods
with ¢ < 6 are convergent of order q.

Proof. The incremental function of BDF(q) methods is

ds(xlﬂ—lv s Tl - Y410 s Yk+1—qo h)y=f (xk-o-h yk+1) )

so that the assumptions of Theorem 3.27 are satisfied. Because BDF(q) methods with ¢ < 6
are null stable and consistent of order g, the other assumptions of Theorem 3.29 are also
satisfied and the statement of the theorem follows now from Theorem 3.29. |

Remark 3.37. On the stability. Stability of multi-step methods is studied at
the same initial value problem (2.6) as it was used for one-step methods.
Assuming that all initial values are computed exactly, one obtains in the
same way as in Example 3.17 a homogeneous difference equation

q—1 q—1
Yk+1 — Zajykfj =z Z bjyr—;
J=0

j=—1

with z = Ah. With the ansatz y, = fk and after division by fkﬂ*q, one
obtains a characteristic equation

w(E) —20(&) =0, (3.33)

compare (3.16), where ¥ (&) is the first characteristic polynomial (3.18). The
polynomial o has the coefficients b;, compare (3.19).

Note that for z = 0, only the roots of the first characteristic polynomial
are considered, which are important for the null stability of the method. This
relation might be the reason for the notion ‘null’ stable. O
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Table 3.1 Values of a (in degree) for the A(a)-stability of BDF(q) methods.

q | 1 2 3 4 5 6
o | 90 90 86.03 73.35 51.84 17.84

Definition 3.38. Stability domain. The set

S ={z€C : forall roots & of (3.33) it holds |§] < 1;
if & is a multiple root, then it holds |§] < 1 }

is called stability domain of a linear multi-step method. O

Definition 3.39. A-stability, A(«)-stability. A linear multi-step method
is called A-stable if C™ C S. It is called A(«)-stable with « € (0,7/2) if

{z € C” with |arg(z) — 7| <a} C S,

with arg(z) € [0, 2r). a

Theorem 3.40. Second Dahlquist barrier. An A-stable linear multi-step
method is at most of second order.

Proof. See literature, e.g., (Strehmel et al., 2012, Section 9.1). |

Remark 3.41. A(a)-stability of BDF(q) methods. BDF(q) methods are A(«)-
stable for ¢ < 6 and even A-stable for ¢ < 2. The values of « for BDF(q)
methods are given in Table 3.1. Because of the small value of « for ¢ = 6,
the method BDF(6) is not used in practice. O

Remark 3.42. Variable step size for BDF(q) methods. BDF(q) methods can
be used on non-equidistant grids, e.g., a formula for BDF(2) with variable
step size can be derived on the basis of the quadratic interpolation polynomial
(3.30), exercise problem. For ¢ > 1 there is some restriction on the admissible
change of the mesh size from one mesh cell to its neighbor, e.g., for BDF(2)
stability is guaranteed as long as hyy1/h), < 2.41421, see (Strehmel et al.,
2012, p. 328) for more details. ]



