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NUMERICAL APPROXIMATIONS OF THE DYNAMICAL SYSTEM
GENERATED BY BURGERS’ EQUATION WITH NEUMANN-DIRICHLET
BOUNDARY CONDITIONS

EDWARD J. ALLEN!, JOHN A. BURNs? AND DAvID S. GILLIAM?

Abstract. Using Burgers’ equation with mixed Neumann-Dirichlet boundary conditions, we highlight
a problem that can arise in the numerical approximation of nonlinear dynamical systems on computers
with a finite precision floating point number system. We describe the dynamical system generated by
Burgers’ equation with mixed boundary conditions, summarize some of its properties and analyze the
equilibrium states for finite dimensional dynamical systems that are generated by numerical approxima-
tions of this system. It is important to note that there are two fundamental differences between Burgers’
equation with mixed Neumann—Dirichlet boundary conditions and Burgers’ equation with both Dirich-
let boundary conditions. First, Burgers’ equation with homogenous mixed boundary conditions on a
finite interval cannot be linearized by the Cole-Hopf transformation. Thus, on finite intervals Burgers’
equation with a homogenous Neumann boundary condition is truly nonlinear. Second, the nonlinear
term in Burgers’ equation with a homogenous Neumann boundary condition is not conservative. This
structure plays a key role in understanding the complex dynamics generated by Burgers’ equation with
a Neumann boundary condition and how this structure impacts numerical approximations. The key
point is that, regardless of the particular numerical scheme, finite precision arithmetic will always lead
to numerically generated equilibrium states that do not correspond to equilibrium states of the Burgers’
equation. In this paper we establish the existence and stability properties of these numerical stationary
solutions and employ a bifurcation analysis to provide a detailed mathematical explanation of why
numerical schemes fail to capture the correct asymptotic dynamics. We extend the results in [E. Allen,
J.A. Burns, D.S. Gilliam, J. Hill and V.I. Shubov, Math. Comput. Modelling 35 (2002) 1165-1195]
and prove that the effect of finite precision arithmetic persists in generating a nonzero numerical false
solution to the stationary Burgers’ problem. Thus, we show that the results obtained in [E. Allen,
J.A. Burns, D.S. Gilliam, J. Hill and V.I. Shubov, Math. Comput. Modelling 35 (2002) 1165-1195]
are not dependent on a specific time marching scheme, but are generic to all convergent numerical
approximations of Burgers’ equation.
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1. INTRODUCTION

As noted in the classic 1982 paper by Fletcher [26], Burgers’ equation is often used as a test case for numerical
methods to illustrate accuracy and convergence of a particular scheme. This is still true today as illustrated
by the recent references (see [23,32, 35, 38,44, 48] and the references therein). It is interesting to note that
although Burgers’ equation has served as a great test case for numerous numerical algorithms, almost all papers
along this line use Burgers’ equation with Dirichlet boundary conditions. Also, Burgers’ equation provides an
excellent model problem to test conceptual flow control methods (see [4,8,9,11,12,17,20,42]) and it was first
noted in these studies that Burgers’ equation on finite intervals with Neumann boundary conditions raised
some interesting new numerical questions. Neuman boundary control for fluid flows has been considered by
several researchers over the past twenty years [33] (also see [27,34]). As noted by Fursikov [27], Neumann
boundary control is known to cause a “local singularity” of the state at the boundary location and hence can
lead to theoretical and computational challenges. In 1993 Burns and Marrekchi (see [13,42]) were investigating a
Neumann boundary control for Burgers’ equation when they encountered some unexpected numerical problems.
In particular, they observed that every “standard” numerical method (finite elements, finite differences, modal
expansion, etc.) always produced false asymptotic results. In particular, they demonstrated that a theoretically
convergent numerical scheme can generate numerical steady state solutions that do not correspond to steady
state solutions of the boundary value problem. Moreover, these numerically generated equilibria can (and often
do) produce large errors in time marching schemes. These observations sparked a number of papers studying
the dynamics and long time behavior of the controlled Burgers’ equation with various Neumann and Robin
boundary conditions (see [4,6,10,15,16,18,19,21,22,41,43]).

In [2,3] it was shown that finite precision arithmetic (i.e. computing on a finite precision machine) could
cause large numerical errors even when using “convergent numerical schemes.” It is important to note that the
problem is caused by finite precision arithmetic and is not due to “super-sensitivity” considered in [31,40]. In
this paper we extend the results in [2] and show directly that the effect of finite precision arithmetic persists in
generating nonzero numerical false solutions to the stationary Burgers’ problem. Thus, the results obtained in [2]
are not dependent on a specific time marching scheme. The importance of this analysis is to show that extreme
care is required when using numerical methods to simulate the long time behavior of nonlinear convection-
diffusion systems on a finite precision machine. The long time behavior of a nonlinear dynamical system is best
described in terms of invariant sets such as equilibria, limit sets and attractors. To illustrate the role that finite
precision arithmetic can play in the approximation of nonlinear convection-diffusion systems, we focus on a case
where the Burgers’ equation has a single equilibrium which is the global attractor for the dynamical system. We
conduct a bifurcation analysis of this system to provide a detailed mathematical explanation for the existence
and stability properties of the numerical stationary solution for the Burgers’ problem. Numerical results are
given to illustrate the ideas and some open questions are discussed.

2. BURGERS’ EQUATION WITH MIXED BOUNDARY CONDITIONS

We consider the viscous Burgers’ equation on the fixed finite interval [0, 1] with Neumann boundary condition
at * = 0 and Dirichlet condition at = 1. Note that Burgers’ equation with a single Neumann boundary
condition cannot be linearized by the Cole-Hopf transformation (see [20,43]). In particular, the Cole-Hopf
transformation applied to Burgers’ equation on a finite interval with a nonhomogeneous Neumann boundary
condition fails to produce a well-posed linear equation (see [43]). Thus, Burgers’ equation with a Neumann
boundary condition is fundamentally a nonlinear system. We focus on two problems for this nonlinear system.
The first is the time dependent initial boundary value problem and the second is the corresponding time
independent (steady state) boundary value problem.

The system is governed by the viscous Burgers’ equation

zi(x,t) = vage(x,t) — 2(x, t) 2, (2,t), 0 <z <1, (2.1)
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with initial condition
2(x,0) = p(x), (2.2)

and boundary conditions
2:(0,¢) =0, z(1,t)=0. (2.3)

The corresponding steady state (equilibrium) problem is defined by
VUgz () —v(@)vg(z) =0, 0 <2 <1, (2.4)

with boundary conditions
v (0) =0, wv(1)=0. (2.5)

Remark 2.1. Before discussing the properties of the dynamical system generated by this system, we make a
few comments concerning Burgers’ equation with various boundary conditions.

1. It was shown in [22,41] that for the case of Dirichlet boundary conditions at both ends, Burgers’ equation
generates a dissipative dynamical system on Lo(a,b), the zero function is the unique equilibrium and is the
global attractor for this dynamical system (also see [47]). In particular, all solutions to the system (2.1)—(2.3)
converge to zero as t — +00 in the L?(a,b) norm. In addition, for ¢ > 0 it follows that 2(-,t) € H'(a,b)
and [|z(,¢)|| g1 (9,1) — 0 as t — +o0. A very simple proof of this result is given in [21] using the classical
Hopf—Cole transformation.

2. In the case with Neumann boundary conditions at both ends, Burgers’ equation still generates a dynamical
system on L?(a,b) but the dynamical system is not dissipative (see Cor. 3.3 in [41]). Indeed, every constant
function is an equilibrium solution so there cannot be a bounded global absorbing ball. Nevertheless, in
the paper [22] (also see the book [51]) it is proven that for any initial condition the corresponding solution
converges uniformly, for x in [0, 1], to a constant function. The constant of course depends on the initial
condition. Moreover, when the initial function is asymmetric, i.e. the initial data satisfies p(z) = —p([b —
a] — z) a.e. on [a,b] one can show that this constant must be zero (see [2,14]). The proof of existence
of the globally defined dynamical system is significantly more complicated due to the Neumann boundary
conditions. In particular one cannot use the Hopf-Cole transformation in this case.

3. Burgers’ equation with mixed boundary conditions lies somewhere in between the situations described in
the two cases above. Due to the Neumann boundary condition at = 0 one encounters the same technical
difficulties that arise in item 2. Namely, one is not able to obtain a global absorbing ball. On the other hand,
because of the Dirichlet condition at = 1, one can establish the following result for Burgers’ equation with
mixed boundary conditions.

We shall make use of the following result which follows as a special case of Theorem 2.4 in [51].

Lemma 2.2. Let ¢(-) € L*(0,1). If 2(z,t) is a solution to Burgers’ system (2.1)—(2.3), then

lim { sup z(a:,t)} ~ 0. (2.6)

t—-+4o0 0<z<1

The following results provide the existence and stability of a globally defined dynamical system which is
generated by Burgers’ equation with mixed boundary conditions in (2.1)—(2.3) above.

Theorem 2.3. Burgers’ system (2.1)—(2.3) generates a nonlinear dynamical system {S;,t > 0} on L?(0,1) and
the following results hold:

(a) For every initial data ¢(-) € L*(0,1) and t > 0, z(x,t) = [Si(¢(-)](x) is a smooth classical solution
of (2.1)-(2.3).
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(b) This dynamical system is Lyapunov stable. In particular, there exists a positive continuous monotone in-
creasing function a(§), € > 0 such that a(0) =0 and

1Sep ()l < alllp()) for allt >0 and all () € L*(0,1). (2.7)

(c) The only equilibrium for this system is z = 0 which is globally asymptotically stable in H'(0,1). Moreover,
for every initial function () € L*(0,1) we have

lim sup |z(x,t =0.
i { s foool

Proof of Theorem 2.3. The proof of parts (a) and (b) of Theorem 2.3 can be obtained by mimicking, almost line
for line, the proofs given in [20] where the authors consider Burgers’ equation with Robin boundary conditions.
The only part of Theorem 2.3 that cannot be found directly in [20] is the proof of part (¢). A simple calculation
provides the general solution to (2.4) as

\/260
1%

v(z) = v2¢o tanh < 5

(c1 — x)), (2.8)

where ¢ and ¢; are arbitrary constants. Thus, equilibrium solutions of (2.1) (i.e., functions satisfying (2.4)-(2.5))
are given by the two parameter family of functions defined in (2.8) above.

In order that v satisfy the Dirichlet condition at x = 1 we need ¢; = 1. Consequently, we need only to consider
functions h(-) defined by

h(z) = v/2¢o tanh (m(l — x)) . (2.9)

2v
The derivative of h(-) defined by (2.9) is given by

he(z) = —vteg sech? <\/221/TO(1 - .Z‘)) , (2.10)
which cannot vanish at « = 0 (unless ¢g = 0). Thus, the only stationary solution to the Burgers’ problem (2.4),
i.e., satisfying homogeneous Neumann boundary condition at z = 0 and Dirichlet condition at z = 1 is the zero
function.

The proof of asymptotic stability follows from an argument obtained by employing a maximum principle
together with the uniform Gronwall inequality. For this result one can show that the solutions are bounded in
H'(0,1) norm for all t > tq > 0. Applying (2.6) from Lemma 2.2 above completes the proof. O

Example 2.4. Observe that Theorem 2.3 above implies that if one sets v = 1/50 and provides the initial
data z(z,0) = 15.2(1 — 29), then the solution to (2.1)—(2.3) converges to zero. However, applying a standard
spatial discretization with Crank-Nicolson time stepping (see e.g., Sect. 5.2), what actually happens is that
the (numerical) solution converges to the function shown in Figure 1. One goal of this paper is to provide
a complete analysis of this problem and show that this behavior is generic for the Burgers’ equation with a
Neumann boundary condition. Moreover, this behavior is not due to sensitivity (see [31,40,49]) nor metastability
(see [1,7,24,25,28-30,45]). It is a consequence of finite precision arithmetic and can be understood through a
bifurcation analysis of a nonhomogeneous Neumann boundary condition.

Consider now h(-) defined by (2.9) with small v and/or large ¢g. Observe for example that for a fixed v = ¥

V2
7~ Leg sech? ( 200> — 0, (2.11)
v
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FiGURE 1. Nonzero asymptotic stationary solution.

as ¢g — +o0o and ¢g — 0. Consequently, for each v = I and any sufficiently small positive number «, there
is a ¢p so that h/(-) given by (2.10) satisfies

h'(0) = — e sech? ( 2250) =—a. (2.12)

Recall that 271922 is the smallest double precision floating point value that retains the full 53 bit accuracy.
In the IEEE 754 standard [36], 27122 is also the smallest positive representable normal number in double
precision. However, for example in MATLAB, positive floating point denormal numbers as small as 271974 are
represented. We will use the notation RP to denote the smallest representable positive nonzero floating point
number in the computational environment. For MATLAB, for example, RP = 271074,

The important observation is that on a computer with finite precision arithmetic, if & < RP, then a would
be set equal to zero. In particular, for each v = U and any sufficiently small positive number «, the nonzero
function h(z) given in (2.9) and satisfying (2.12) is a nonzero solution of the stationary Burgers’ problem

VUge () — v(2)vg(z) =0, (2.13)
12(0) = —a, v(1)=0, a>0. (2.14)

Thus, while the only stationary solution of time dependent Burgers’ problem (2.1) with boundary condition (2.3)
is the zero function, the time dependent system

zi(x,t) = vage(x,t) — 2(x, t) 2, (2,t), 0 <z <1, (2.15)
z(z,0) = p(x) (2.16)
25(0,1) = —a, a>0 (2.17)
2(1,1) =0, (2.18)

possesses nonzero stationary solutions defined by the system (2.13)—(2.14) and explicitly given by (2.9) where
the constant ¢ is selected to satisfy (2.12).

We next turn to the relationship between the various parameters v, ¢y and a. As it turns out there is an
interesting bifurcation process that takes place that depends on these parameters. In order to keep the notation
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as simple as possible and to state the results in a concise form, we introduce two new parameters denoted by [

and R. Let R be defined by
_ _ L jeo sV
R=R,V)="1/5 = — (2.19)

where V £ /5 It is helpful to think of R as a “Reynolds number”, v as “dynamic viscosity” and V as a
“characteristic velocity”, where characteristic distance and density are 1. The parameter § is defined by

B=+/v-1c. (2.20)

The significance of g is that
h(1) = -4
which will be useful in the shooting method presented in Section 5.1. Note also that

1
R=1/—203.
QI/ﬁ

Moreover, the condition that

\/2
—v e sech? ( 5 ?O) = —aq,
1

is the same as
2v R?sech?(R) = a,

which implies that
R sech(R) = y/«a/2v. (2.21)

Thus, R depends implicitly on « and we shall make use of this dependency to conduct a bifurcation analysis
of the system (2.15)—(2.18). The main significance of R is that it simplifies the form of the stationary solution
h(-) given in (2.9). This simplification aids in the presentation of the bifurcation analysis presented in Section 3
below.

Understanding the properties of the steady state problem (2.13)—(2.14) is essential to explaining the behavior
of numerical approximations to Burgers’ system (2.1)—(2.3) with a Neumann boundary condition. In the next
section, it is shown that for a > 0 sufficiently small, there are two nonzero solutions to the steady state
problem (2.13)—(2.14). One of these equilibrium solutions is “small”, stable and converges to zero as ax — 0.
The other equilibrium is “large”, unstable and its norm approaches +oco as @« — 0.

3. BIFURCATION ANALYSIS

Before addressing the bifurcation problem for the dynamical system (2.15)—(2.18), we provide a simple exam-
ple to illustrate the type of bifurcation we expect to see for the Burgers’ equation with “small” nonhomogeneous
Neumann boundary condition (5.14).

3.1. A simple motivating example

The Logistic equation is a fundamental model in population dynamics and is useful in the present investigation
as an example exhibiting a type of saddle node bifurcation that we observe for the Burgers problem (2.15)—(2.18).
Let p(t) denote the population of an organism at time ¢, with growth rate r = 1 and carrying capacity 1/K.
The Logistic equation is given by

dp(t)

“ar = p(t) (1 - Kp(t))
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F1GURE 3. A simple bifurcation example.

and the dynamics of this equation are completely determined by the two equilibria at p = 0 and p = 1/K.
Namely, for any (positive) initial condition, as ¢ tends to infinity the population p(t) tends to the carrying
capacity 1/K.
On the other hand, the Logistic equation with a constant harvesting rate a > 0 can be written as
dp(t)

“ar =p(t) (1 - Kp(t)) —a

and the equilibria are determined by —Kp? +p — a = 0, which gives

1++1—4aK
P="""Kr

Note that for (1—4aK) > 0 there are two distinct equilibria, while for (1—4akK’) = 0 there is a single equilibrium
and for (1—4aK) < 0 all the equilibria disappear. For a fixed K there are two equilibria when o < 1/(4K) (i.e.,
when (1—4aK) > 0), only the zero equilibrium when o = 1/(4K) and the equilibria disappear for o > 1/(4K).

Setting
1—+vV1—4aK 1+ +v1—4aK
2K ) p2 = 2K )

we can write Kp?> —p+a = —K(p—p1)(p — p2) and the equilibrium for 0 < a < 1/(4K) are given in Figure 2
above.

Notice that as « tends to 1/(4K) the parabola decreases and the two equilibria coalesce to a single point at
a =1/(4K) and then disappear altogether for o > 1/(4K) (see Fig. 3).

As we shall show below, a similar bifurcation occurs for the dynamical system generated by Burgers’ equa-
tion (2.15)—(2.18) with respect to the parameter ae > 0 that occurs in the nonhomogeneous Neumann boundary
condition (5.14). However, unlike the previous example the two equilibrium “diverge” as @ — 0 and the

pP1=
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small equilibrium converges to the stable zero equilibrium. Moreover, understanding this bifurcation is the key
to understanding the role that finite precision computing plays in producing erroneous long term behavior of
numerical approximations.

3.2. Bifurcation analysis for Burgers’ equation

Recall that the parameter R = R(v, V) is defined by

1 Co A
R:— =
vy 2

where V £ /2. Thus, the stationary solution A(-) to (2.13)-(2.14) is explicitly given by (2.9)-(2.12) as

R <

, (3.1)

h(x) = 2vRtanh (R(1 — x)). (3.2)
Moreover,
W (z) = —2vR?sech? (R(1 — z)) (3.3)
and since
h'(0) = —a,
it follows that
2v R?sech?(R) = a. (3.4)

If we take the square root of both sides we arrive at a simple formula that can be used to analyze the the
bifurcation process. In particular, note that

V2UR sech(R) = /a, (3.5)

and hence

R sech(R) = v/ a/2v. (3.6)

Remark 3.1. To fully grasp the role that finite precision arithmetic plays in producing erroneous solutions to
the Burgers’ system (2.1)—(2.3), it is important to observe that in a floating point number system it is possible
for a number « to be taken as zero while y/a is not zero in the floating point system. In order to highlight this
point later, for a fixed v we define

F(R) = F(R,v) £ V2vR sech(R) (3.7)
and consider the equation
F(R) = F(R,v) 2 V2vRsech (R) = /. (3.8)

Observe that for all v, the maximum of F'(R, v) occurs at the maximum of f(R) = Rsech(R) and f has a single
critical point R* at the root of

d
0= % = sech(R)(1 — Rtanh(R)). (3.9)
It follows that
m}%XF(R’ V)= @m}%xf(R) = V2uf(R*) where R*~1.1997. (3.10)

The key point here is that although the maximum value maxp F(R,v) depends on v, the location of this
maximum occurs when R* ~ 1.1997.
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FIGURE 4. Bifurcation for burgers’ equation in « for fixed v.

In Figure 4 we fix v = 1/10 and note that the maximum of F(R, ) occurs at R* with value F/(1.1997,1/10) =~
0.2964. In Figure 4 we have plotted the graph of F(R) along with the lines at heights corresponding to fixed
values of v/« given by [0.35,0.2964,0.2,0.1]. These plots demonstrate that the equation F(R) = /« provides a
standard saddle node bifurcation in that for \/a large there are no roots, for exactly one value of v, corresponding
to R* a single root appears and for all smaller values of « there are two roots, Ry, and Ry with Ry < Rxg.
Furthermore, as a > 0 decreases to zero the two solutions Rz, and Rx satisfy Ry — 0 and Rg — o0, respectively.

Thus, for any fixed v and for @ > 0 small enough, equation (3.8) has two roots R and R and corresponding
to these roots we obtain two (stationary) solutions to system (2.13)—(2.14) which are explicitly given by (2.9).
In particular we have the two steady state solutions

he(x) = 2vRg tanh (Re (1 — x)) (3.11)

and

he(xz) = 2vRg tanh (Re (1 — x)), (3.12)

respectively.

In Figures 5 and 6 below we provide bifurcation diagrams for this problem as a function of « for fixed
v = 1/10. In the next section we discuss the stability of these equilibrium and show that the upper branch
corresponds to an unstable equilibrium while the lower branch is stable.
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FIGURE 6. Bifurcation diagram in [|A(-)||z2(0,1)-

4. STABILITY OF THE EQUILIBRIA

In this section we consider the question of stability or instability of the equilibria hg(-) and hg(-) defined
above. We show that the linearization about hg (-) has all negative eigenvalues so it is stable while the lineariza-
tion about hx(-) has one positive eigenvalue and all other eigenvalues are negative eigenvalues.

For a given R, let h(-) be defined by (3.3). Set z(z,t) = h(z) + §((x,t) and we find that, to first order in 0,
the function ( satisfies

Cf/(x’ t) = chx(l‘,t) - (hC)x(l‘, t)v (41)
Cx(ovt) =Y C(lvt) = U (42)
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Consider the linear differential operator
L(¢(-) = vpaa() = (h()9())a
and the associated eigenvalue problem
L(¢() = vpaa() = (h()p()a = Ap(), (4.3)
¢(0)=0, (1) =0. (4.4)

This problem is not in self-adjoint form and it is convenient to transform it into self-adjoint form. Applying
the standard Liouville transformation (details are provided in the Appendix) we obtain the following equivalent
self-adjoint eigenvalue problem:

Yo (z) — q(@)p(@) = (v N)(2), @ €[0,1], (4.5)
¥2(0) + k(R)$(0) =0, ¥(1) =0, (4.6)

where k (R) = Rtanh (R) and
q(z) = V2v R* [1 — 2sech® (R(1 — z))] . (4.7)

Consider now the two cases where Ry < R* and Rg > R*. Let h = hg () denote the steady state solution
given by (3.11) when R = Rp and h = hg(-) denote the steady state solution given by (3.12) when R = Rgx.
The following results establish linear stability of the lower branch of solutions defined by h = hg (-).

Remark 4.1. Since the eigenvalue problem (4.5)—(4.7) is symmetric we know that the eigenvalues are all real.

Theorem 4.2. For h(-) = hg(-) with Re sufficiently small, the eigenvalues of the Sturm—Liouville prob-
lem (4.5)—(4.6) are all negative. For R = R* the first (and largest) eigenvalue is zero and the rest are all
negative.

Before we prove this result we recall some well known facts:

1. For a function ¢(-) € H'(0, 1) satisfying »(1) = 0 we have
(a) sup |o(x)] < [l"()]-

ze[0,1
() [l < l¢’ ()|l (where || - || denote the norm in L2(0,1)).
2. The eigenvalues {\;}72; of a regular Sturm-Liouville problem are simple (multiplicity one) and can be
ordered in the form
A1 > Ao > ...)\j—>—OO.

3. The eigenfunction ¢4 (-) associated with the first eigenvalue is not zero on the interval [0, 1).
Proof of Theorem 4.2. We show that, there exists an Ry < R* so that for all R < Ry all eigenvalues of the

Sturm-Liouville problem (4.5)-(4.6) are negative by showing that A; < 0. Let 91 (-) denote the eigenfunction
associated with \;. Hence

V(@) = (@) () = v My ().
Multiplying both sides of this equation by 7 (x) and integrating we obtain

(W1 (),910)) = (@) (), 91 ()) = v A flen ()12,

where (-, -) denotes the standard inner product on L?(0,1). Integrating by parts in the first term and applying
the boundary conditions (4.6) at z =0 and z = 1 yields

v Ml O)IP = =91 O = (e (), 91()) = 1(0)31(0)
= —[[1C)II” = @)1 (), ¥1()) + Rtanh(R)[21(0)].
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Using the fact that [11(0)] < ||¢}(+)||?, it follows that

v Ml O < =197 = (a()wr (), %1 () + Rtanh(R)|[45 (),

or equivalently,
v A1 ()P < = (1 = Rtanh(R) |5 ()]1* = (a(-)v1 (), ¢1())- (4.8)

It is easy to show that
(I - Rtanh(R)) <1 for0< R < R". (4.9)

Indeed, (1 — Rtanh(R)) is 1 at R = 0 and monotone decreasing on (0, R*). Now we examine the term
—{q(-)11(-),%1(:)). Note that we can assume without loss of generality that t1(x) > 0 for all 0 < z < 1
and that the function ¢(-) can be estimated. In order to investigate the function ¢(x) = g¢(z,R) =
R?[1- 2sech? (R(1 — z))] we fix R. As z varies from 0 to 1 the function sech? (R(1 — z)) decreases mono-
tonically from sech? (R) to 1. Therefore, for R near zero sech? (R) is near 1 and given € > 0 there exists R, > 0
so that for all R < R, we have (1 —¢€) < sech? (R) < 1. Thus, if R < R. and 0 < & < 1, then

(1 —€) <sech® (R(1—x)) <1

and
—1 < (1 —2sech® (R(1 —x)) < —1 4+ 2.

Consequently, we have that for all 0 < R < R, and 0 <z < 1,

R%*(1 — 2¢) < —q(z, R) < R?, (4.10)
which implies
R2(1=2¢)[1 ()12 < =(a()en (), 1)) < RP[[wn () (4.11)
In other words, for R < R, we have
(g1 (), 1 () < R2[|on ()% (4.12)

Combining the estimate (4.12) with (4.8) and noting that
0 < (1 - Rtanh(R)) <1 for0O<R<R"
we have
v ML) < = (1 = Rtanh(R))[[¥] ()] = (a()ea (), 41 ()

< —(1 = Rtanh(R))|[v} ()|* + R?[[v1()]?

< —(1 = Rtanh(R))|[v1()|* + B?[[v1 ()]

= (=1 + Rtanh(R) + R?)||v1()>. (4.13)
Here on the third step we have used the fact that

—(1 = Rtanh(R)) < 0 and ¢1()[* < 41 ()],

Thus we conclude that for R < R,
A1 <v(—1+ Rtanh(R) + Rz).

Finally, an elementary computation shows that —1 + Rtanh(R) + R? < 0 for all R < 0.73485. Consequently, if
we select Ry = min{R,, 0.73485} then for all R < Ry we have A\; < 0 and this completes the proof. O
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FIGURE 7. Bifurcation Diagram for v = 1/10.

Consider the case where R > R*. If R = R* > 0, then it follows from (3.9) that R* tanh(R*) = 1 and the
Sturm-Liouville problem has zero as a simple eigenvalue with all other eigenvalues negative. To investigate the
case where R > R*, weset A = v~1), so that the eigenvalue problem in ) is independent of v. Thus, we can easily
approximate the eigenvalues A and the associated eigenfunctions for the Sturm—Liouville problem (4.5)—(4.6).
The first five (v independent) eigenvalues X are listed in the following table:

AL Ak
~2.1487 0.6878
-21.8877  —-19.1508
—61.3662  —58.5841

-120.5838 —117.7991
-199.5406 —-196.7556

Figure 7 provides a graphical display of the values of the first eigenvalue M1 for both R and Ry for a sequence of
values of cv. We denote these by Ar(1) and Af (1), respectively. In Figure 7 we plotted the values of the eigenvalues
for v = 1/10 and for values of o between 0 and 0.1. This gives a graphical depiction of the bifurcation diagram.
Notice that for other values of v the eigenvalues given in Figure 7 are only scaled since \; = I/Xj. Consequently,
we have the following result.

Theorem 4.3. For R = R* the first (and largest) eigenvalue the Sturm—Liouville problem is zero and the rest
are all negative. For R > R* A1 > 0 and all other eigenvalues are negative.

The analysis above provides a clear picture of the dynamical system generated by Burgers’ equation with
mixed boundary conditions (2.15)—(2.18) where the Neumann boundary condition (5.14) is parameterized by
a > 0. At a = 0 zero is the only equilibrium state, it is asymptotically stable and all solutions converge to
zero. However, as soon as a becomes positive (say a = RP) two equilibria appear. The “small” state hg(-) is
stable and the “large” state hx(-) is unstable. Moreover, the linearization about hx(:) has a one dimensional
unstable manifold. Consequently, numerical methods that are designed to solve the problem with the zero
Neumann boundary condition @ = 0 when implemented on a finite precision machine where a« = RP are in
fact approximating the more complex dynamical system (2.15)—(2.18). As we show in the next section, this
property can, and often does, lead to erroneous numerical results regardless of the numerical algorithm used to
simulate the system.
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5. NUMERICAL SOLUTION

We now consider the numerical solution of the stationary Burgers’ problem (2.4)—(2.5) with homogeneous
Neumann condition at = 0 and homogeneous Dirichlet condition at x = 1. We know from the above analysis
that the only solution to this problem is zero. The main objective of this section is to show that an accurate
numerical procedure produces a sequence of iterates that can converge to a non-zero “numerical” solution which
is actually a solution of the parameterized steady state system (2.13)—(2.14) with « sufficiently small. The point
is that the iterative method provides a sequence of functions that converge to a function of the form (2.9) for
which the numerical value of « in (2.12) is zero in the floating point number system of the computer. We begin
with a shooting method for the problem (2.4)—(2.5).

5.1. A shooting method

In order to apply the shooting method it is more natural to reformulate the problem in terms of the following
initial-value problem:

gy () —v(@)vgp(z) =0, 0 <o <1 (5.1)
v(1) =0, v/(1)=—-4% B>0

where —3? is to be computed so that v,(0) = v,(0; 3) = 0. Specifically, —3? is an initial guess for the slope
and (5.1) is solved from z = 1 to z = 0. After solving (5.1) from z = 1 to z = 0, the slope —/3? is adjusted so
that G(8) £ v,(0; 3) decreases to zero. Assuming that the initial value problem (5.1) is solved exactly, then

o(w; B) = ﬁ\/gtanh (5@(1 - x)) (5.2)

solves (5.1) with an initial guess of slope —3? and v,.(z) = v, (x, 3) satisfies

v (25 B) = — 32 sech? (ﬁ\/ VT_l(l - .Z‘)) (5.3)

where v, (0; 3) = —32. Thus, we define G(3) £ v,(0; 3) so that

G(B) 2 v,(0; B) = — % sech® (5,/y71 /2) . (5.4)

It follows that the shooting procedure, with exact initial-value solver, reduces to finding an algorithm to compute
3 so that G(3) = v,(0; 8) = — 3> sech? (5\/1/*1/2> = 0. Then, the solution to (5.1) is equal to v(x; 5*) where
(4* is a value such that G(5*) = 0. We now consider the problem of finding [ so that

G(B) = —[? sech? (ﬂ\/z/*l/2) =0. (5.5)
Clearly the only solution to this equation is § = 0. Nevertheless, we solve the problem G() = 0 using Newton’s
method. Note that
G(B) = — % sech? (ﬂ\/ufl/2) (5.6)
implies
G'(8) = — sech? (ﬂ\/z/*l/2) <2ﬂ - (ﬁQ\/V*1/2> tanh (5\/V*1/2>) (5.7)

and therefore Newton’s method is defined by the iterations

Biv1 =B — G'(8;) ' G(5)). (5.8)
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Let v(8;) be defined by
B) = (8v/vT72) tamh (8,107 /2) (5.9)

and simplifying (5.8) yields

1/2_7(53')) . (5.10)

Pt =5 ( 1—~(8;)

On a digital computer we work within a finite floating point number system, F. Let ¢ denote the base for a

computer system and ¢ the number of digits. On the interval [¢™ 1, ¢™], the floating point numbers are evenly

spaced with separation ¢™~¢. In addition, for prescribed exponent limit L for underflow, any number between

—oL =1 and ¢~ is set equal to zero on the computer. For example, in Matlab, ¢ = 2 and L = —1074. Indeed, in

the IEEE Standard 754, for denormalized floating point numbers with base ¢ = 2, L. = —149 for single precision
and L = —1074 for double precision.

Lemma 5.1. Fiz v > 0 and assume we are working in a floating point number system F with base ¢ and
underflow exponent L (so that any real number |a| < o¥~1 is set equal to zero). If o = ¢ ~1, then there eists
By, B with B, < B* and both solutions of

(3% sech? (ﬂ\/zx—l/2> =a".

2 2
Moreover, (6* sech (ﬂ*\/ufl/2>) and (5* sech (5*\/V*1/2>) are both set equal to zero in the floating point

2
system F. In addition, for all B < B« and 3 > (* the expressions (ﬁ sech (ﬁ \/1/—1/2)) are likewise set equal
to zero in F.

Proof of Lemma 5.1. Denote by 3 the value of 3 at which G(f3) achieves its maximum value. Notice that this
is the value of 3 at which G'(8) = 0 and using this formula a simple computation (see Fig. 8) shows that for
every fixed v there is a single critical point .

G(B) = max G(B). (5.11)

Observe that éirr}) ~v(B) = 0 and ﬁlim v(B) = oo where v(8) is defined by (5.9) above and this completes the
proof. O

In view of the previous result, there are two cases to consider when analyzing the Newton iteration (5.8) and
these are determined by whether the initial value [y satisfies By < 8 or By > (. Thus, we have the following
result.

Theorem 5.2. For [y sufficiently large or sufficiently small, the Newton iteration (5.8) in exact arithmetic
provides a convergent numerical scheme. By that we mean that if By is sufficiently large then 3; — oo as j — oo
and if By is sufficiently small, then 8; — 0 as j — oo.

Proof of Theorem 5.2. We break the proof into two cases.
Case 1: B9 > 3 Without loss of generality we can assume that (3; is sufficiently large so that

Y(B0) = (Bov/v=172) tanh (Hon/v~1/2) > 1.

We want to show that the iterates in (5.8) diverge to infinity. Assume by way of contradiction that there
exists a number M so that 5; < M for all j. Notice that under the above assumption ~(5) > 1 for all 5 > .
Define the function

_ 12—y

9(7) T
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G(B)

(

5. 3 B
FiGURE 8. Bifurcation Plot in S.

and note that )
, _
gy = <0 forall ~#1.
) (1—9)?

Consequently, g has a vertical asymptote at v = 1. An analysis of the graph of g(v) shows that it is always
decreasing and for 1 < v < oo we have g(y) > 1.
Recall from (5.8) that

Bi+1=9(v(B3)) B;, §=0,1,...
and hence it follows that

9(v(B;)) = g(v(M)) = (1 46) > 1

:<ﬁ>

3By = (1+6) Bp 2225 oo

Thus,

Bj+1 =

Y

Y

which contradicts the assumption that the 3; are bounded. Therefore, we must have that 3; — oo as j — oo.

Case 2: B9 < 3 Again, without loss of generality we assume that (3 is small enough so that

1
Y(Bo) = (ﬁov V71/2) tanh (ﬁox/ V*I/Q) <3
and it follows that for all 7 < [y
1
g(v(B)) < 5
To see why this holds, note that 8 < Sy implies v(8) < v(Bo) < 1/2 so that v(5) < 1 as well. Therefore, if
0 < y(f) < 1, then
1/2 —v(B)

g(v(B)) = Too8) < %
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and it follows that

Thus, we have

and with the assumption on [y it follows that

1 J oo
Bi+1 =9(v(8)) B; < (-) B < <—> Bo =0
and this completes the proof. O

Remark 5.3. It is important to emphasize that the previous convergence results assumes (like all limiting
analysis) one is using exact arithmetic. However, once the algorithm is run on a computer with a floating point
number system F as described above, the iterations will stop as soon as

G(ﬁj) <a*

which is set equal to zero in F but it is not zero in exact arithmetic. This feature of computing on a computer
with a floating point number system is exactly the reason for the erroneous numerical results produced by
numerical algorithms for the Burger’s system with Neumann boundary conditions. Although a (theoretically)
convergent numerical algorithm is designed to solve the Burgers’ system (2.1)—(2.3) with homogenous Neumann
boundary condition z,(0,t) = 0, on a computer with a floating point number system the numerical method
produces approximate solutions to the time dependent system

zi(x,t) = vage(x,t) — 2(x, t) 2, (2,t), 0 <z <1, (5.12)
z(z,0) = p(x) (5.13)
2:(0,t) = —a, a<a*=RP >0 (5.14)
2(1,t) = 0. (5.15)

This error is amplified for long time solutions and for the solution of the steady state system which should be
ZET0.

Example 5.4. We use an iterative shooting scheme to solve the initial value problem (5.1),
Vugy () —v(@)vgs(z) =0, 0 <o <1
v(1) =0, v'(1)=—-3* B>0.

As an example we have set v = 1/500 and in this example we will consider the Newton iterations for small
and large values of the initial value (y. The calculations were carried out using Matlab using both single and
double precision. The simulations show that the iterations terminate at precisely the predicted values. As we
have already mentioned, for Matlab the IEEE Standard 754, for denormalized floating point numbers with base
¢ = 2, has L = —149 for single precision and L = —1074 for double precision.

Note that for single precision we have ¢ = 27149 = 1.4013 x 107%° and ¢"~! = 2719~1 = 7.0065 x 1046
which is zero in single precision. Similarly for double precision we have g” = 271074 = 4.9407 x 10~3%* while
gb—1 = 271074=1 — ( in Matlab. The corresponding graph of G(#3) in this case is given in Figure 9.

In addition we have the following results for the Newton iteration. For single precision, we have the following
values for the iterates in the case where 5y = 0.02.
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FIGURE 9. Graph of G(3) for v = 1/500.

J

Bj

G(8;)

65

9.4242e-22

8.8842e-43

66

4.7121e-22

2.2141e-43

67

2.3560e-22

5.6052e-44

68

1.1780e-22

1.4013e-44

69

5.8901e-23

2.8026e-45

70

2.9451e-23

1.4013e-45

71

1.4725e-23

0.0000e+00

If B =
Figure 10.

Similarly, for 3y = 1 we obtain the iterates

1.4725e-23, then we obtain the corresponding numerical stationary solution hg(x) depicted in

Bj

G(B;)

67

3.1606e+-00

1.5667e-42

68

3.1929e+-00

5.7593e-43

69

3.2251e+00

2.1160e-43

70

3.2574e+00

7.8473e-44

71

3.2896e+00

2.8026e-44

72

3.3219e+4-00

1.1210e-44

73

3.3541e+-00

4.2039e-45

74

3.3863e+00

1.4013e-45

0]

3.4186e+00

0.0000e+-00




BUGERS’ EQUATION WITH MIXED BOUNDARY CONDITIONS

x 107

2.5

0.5

0 I

0 0.2

0.4
X

0.6 0.8

FIGURE 10. Plot of hg ().

1483

If Bx = 3.4186, then we obtain the corresponding numerical stationary solution hg(z) depicted in Figure 11.

For the double precision case, if §y = 0.02, then we have the values for the iterates are given in the Table

below.

J Bi G(5))
526 | 1.5828¢-160 | 2.5049¢-320
527 | 7.9138¢-161 | 6.2648¢-321
528 | 3.9569e-161 | 1.5662e-321
529 | 1.9785e-161 | 3.9031e-322
530 | 9.8923e-162 | 9.8813e-323
531 | 4.9461e-162 | 2.4703e-323
532 | 2.4731e-162 | 4.9407e-324
533 | 1.2365e-162 | 0.0000e+00

Also for the double precision case, if Bz = 1.2365e-162, we obtain the corresponding numerical stationary
solution hg(z) depicted in Figure 12. Observe that in this case we obtain a solution which appears to be
identically zero (in double precision arithmetic).

Similarly, for 8y = 1 we obtain the iterates



1484

E.J. ALLEN ET AL.

J B; G(5;)
709 | 2.3590e+01 | 2.3666e-321
710 | 2.3622e+01 | 8.6956e-322
711 | 2.3653e+01 | 3.2114e-322
712 | 2.3685e+01 | 1.1858e-322 |
713 | 2.3717e+01 | 4.4466e-323
714 | 2.3748e+01 | 1.4822e-323
715 | 2.3780e+01 | 4.9407e-324
716 | 2.3812e+01 | 0.0000e+00

With a value of S = 23.812 we obtain the corresponding numerical stationary solution hx(x) depicted in
Figure 13.

This example clearly illustrates the role that a floating point number system has in producing erroneous
solutions as predicted by Theorem 5.2 above. We turn now addressing erroneous long time solutions observed in
numerous papers over the past twenty years for Burgers’ equation with various Neumann and Robin boundary
conditions (see [2,3,6,10,13,14,16,19,21,22,41-43,46]).

5.2. Crank—Nicolson method

As shown above, the time-dependent Burgers’ problem (2.15)—(2.18) with nonhomogeneous Neumann bound-
ary condition z,(0,t) = « for sufficiently small & > 0 has two equilibrium solutions defined by the system (2.13)—
(2.14) and explicitly given by (2.9) where the constant ¢ is selected to satisfy (2.12). In particular, for 0 < o < 1
these solutions have the form

h(x) = 2vRtanh (R(1 — x)), (5.16)

where R = R(v,V) = 1,/%.

On the other hand, for & = 0 the only equilibrium solution is the zero function and by Lemma 2.2 and
Theorem 2.3 above, for any initial condition ¢(-) solutions to (2.1)—(2.3) must converge to zero as t — +o0.
However, it has been observed that most standard numerical methods developed for Burgers’ equation fail to
capture the correct long time behavior of this dynamical system (see [2,3,6,10,13,14,16,19,21,22,41-43,46]).
Again, we show that this phenomenon is caused when theoretically convergent numerical schemes are imple-
mented on a finite precision machine.

In particular, returning to problem (2.1)—(2.3) we have

zi(x, 1) = vagg(x,t) — 2(x, 1) 25 (2, 1), 0 <2z <1, (5.17)
2(2,0) = p(2), (5.18)
2(0,1) =0, (5.19)
2(1,t) = 0, (5.20)

and the corresponding time independent Burgers’ problem is

Vzge(2) — 2(2)2(x) =0 (5.21)
z:(0) =0, z(1)=0. (5.22)

Recall that the only solution to this later problem is the zero function. One possible numerical method
for solving the time independent Burgers’ problem (5.21)—(5.22) would be to solve the time dependent
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problem (5.17)—(5.20) for increasing times until the numerical solution has converged to the zero steady state.
Since we have shown that the unique equilibrium ¢(-) = 0 is stable and all solutions converge uniformly to
@(+) = 0, one would expect that the converged numerical solution would approximate the equilibrium solution
#(+) = 0. As noted above, this does not always happen and in fact a converged numerical solution can be orders
of magnitude away from ¢(-) = 0. We shall use the well known and convergent Crank-Nicolson scheme to
explain why this happens.

The Crank—Nicolson scheme is a standard and generally stable finite-difference method for solving diffusion
problems and similar partial differential equations. For Burgers’ equations (5.17)—(5.20), the Crank—Nicolson

scheme has the standard form:

Zij41l = Zig V| Zid141 — 2241 + Zic1j41 | Zivig — 2% T Zie1,
—_ = = — 5.23
A > { B * 72 (5:23)

1 Zit1j41 — %141 Zivij — Zio1
-3 {Zz‘,j+1 i+1,j o i—1,5 “‘Zi,j% ,
(5.24)
with initial and boundary values

zio = ¢(x;) for i=1,2,...,N, (5.25)
20,5 = 22,5 for _] = 0,1,2,..., (526)
Zn+1,; =0 for 7=0,1,2,... (5.27)
Here, the space and time have been discretized, respectively, as x; = (i — 1)h for ¢ = 0,1,2,..., N + 1 where

h=1/N,and t; = jAt for j =0,1,... where the value At is an increment in time ¢.
Observe that there are two (discrete) equilibrium solutions of the discrete system (5.23)—(5.27) denoted by
ze1 and z. 2. Specifically, z.; = 0 and

2 for i=0,1,2,...,N

(Ze,z)z‘ =

0 for i=N+1.

The first discrete equilibrium solution, z. 1, exactly satisfies the Burgers’ problem (5.17)—(5.20) at the discrete
set of spatial points. However, the second discrete equilibrium solution, z. 2, is not an approximation to the
stationary Burgers’ problem. For one thing, z. 2 depends on the spatial discretization (i.e., h or more precisely
on N) so adjusting h changes the solution. In addition, as N increases the discrete equilibrium z. 2 approaches
infinity so it is not an approximation to a solution of the stationary Burgers’ problem (5.21)—(5.22). Since,
Ze2 depends on the spatial discretization (i.e., h) as N is increased, rather than obtaining a more accurate
approximation of a fixed function, we obtain a totally different discrete solution.

On the other hand, for a fixed N, if the Crank—Nicolson method converges as ¢ increases (i.e., as j — o0
in (5.23)), then it must converge to an equilibrium solution at the nodal points. So, if the Crank—Nicolson
method converges for this Burgers’ problem as j — oo, then the numerical solution must converge to either z. ;
or ze 2. We note in addition, it was shown in [2] that the zero equilibrium solution, z. 1, is stable. In a manner
similar to the presentation in [2], it can also be shown that the non-zero equilibrium solution, z. 2, is unstable.

Assume now that ¢(-) is smooth on [0,1] so that ¢(z;) # (zez2)i for i = 0,1..., N + 1. We have that if
the Crank-Nicolson method converges for this Burger’s problem, then necessarily z; ; must go to 0 as j goes
to infinity for i = 0,1,2,..., N + 1. Depending on the initial starting values z; o we show that this is not the
case. Namely, we first give an example to show that the Crank—Nicolson method converges and the numerical
approximation converges to z.; = 0. Moreover, for a different set of starting values z; 9 the Crank-Nicolson
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FIGURE 14. Approximate solutions to Burgers’ problem at: ¢ = 0 (Blue), t = 80 (Green),
t =120 (Red), t = 160 (Cyan), t = 200 (Magenta).

method again converges to a discrete steady state, but the discrete function defined on the nodes is neither
Ze1 = 0 nor 2z 2.

For this demonstration of what actually occurs for (5.23)—(5.27) we fix v = 1/50 and choose an initial data
zi 0 to be the values of a function ¢(x) = M (1 — 2°) at the nodes. We consider two different values of M. First
we choose a small value M = .152 for which the result is exactly what is expected. The solution converges to
Ze1 =0 as j — oo. Let N =20 and set At = 0.25. The computational solutions are displayed in Figure 14 for
times of 0, 80, 120, 160 and 200. As expected, the approximate solution decreases to the zero solution as the
final time increases.

Now again consider v = 1/50 but set M = 15.2 and the initial distribution taken as ¢(z) = 15.2(1 — ).
Letting, for example, N = 500, 750 or 1000 and At = 0.00001,0.00005,0.0001 or 0.0002, the computational
results are essentially identical. In these calculations, the computed solutions do not change after time greater
than ¢ = 0.01. The computational solution has converged, i.e., the computations have converged in double
precision arithmetic. Most importantly they are not converging to zero. The computed solutions are displayed
in Figure 15 for times of 4, 6, 8, and 10, specifically when N = 500 and At = 0.0001. The computed solution is
displayed in Figure 15 for times of 4, 6, 8, 10. and the value of the computed solution at x = 0 produces either
h(0) = 1.5200000.

Given the computational results, it may be incorrectly inferred that the equilibrium solution to this problem
is the one shown in Figure 15 as it is known that convergence is only obtained for this problem when the exact
equilibrium solution is approached. The example thus illustrates that incorrect conclusions may possibly be
made from computational results involving finite precision arithmetic.

The computational solution of this second problem is converging but to the equilibrium solution of the
Burgers’ problem (2.15)—(2.18) which is denoted by hx(z) and defined in (3.12). Indeed, let us first recall that
in double precision arithmetic o = 27197 is the smallest positive nonzero number and o = 27197% is set equal
to zero. On the other hand /a = 271079/2 is a nonzero number so we can solve the equation

\/%Rsech(R) =F(R,v ") = o
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F1GUrE 15. Converged calculated approximate solutions to Burgers’ problem in double precision.

In this example we have set v = 1/50 which gives Ry = 377.584 and
2
hg(x) = FRR tanh (Re (1 — x))

and hence
hx(0) = 15.1037.

Thus, by taking M = 15.2 which is slightly larger than 15.1037 for the factor multiplying (1 — z), the
numerical solution converges to a non-existent equilibrium for the homogeneous problem (5.17)—(5.20). However,
this is an approximation of the nonhomogeneous problem (2.15)—(2.18) with /o = 27107%/2_ In summary, we
have shown that;

Remark 5.5.

(i) The Crank—Nicolson scheme for o # 0, is stable and converges as time increases to an equilibrium solution
near the left solution hg (z) for an initial condition near the left solution.

(ii) The Crank-Nicolson scheme for ov = 0, has two discrete equilibrium solutions. The zero solution is stable
and Crank—Nicolson scheme converges to the zero solution for an initial condition near zero. The nonzero
equilibrium solution is unstable and depends on the spatial discretization level h. That is, if Crank—Nicolson
converges as time increases and the discretization intervals decrease, it must converge to the zero solution.

(iii) The Crank—Nicolson scheme for o = 0 and a sufficiently large initial condition, converges computationally
in finite precision arithmetic to a nonzero solution. Based on (5.5) above, this is not possible in infinite
precision arithmetic.

What is important about (5.5) is that Crank—Nicolson scheme for o = 0 is converging in finite precision
arithmetic to an incorrect solution. Indeed, we know that in exact arithmetic Crank—Nicolson cannot converge
for this problem unless it is converging to the correct (zero) solution. The key difference is having to deal and
compute with finite precision arithmetic.

6. CONCLUDING REMARKS

In this paper we have attempted to clarify an apparent numerical anomaly which the authors first observed
many years ago for Burgers’ equation with Neumann boundary conditions. We believe that this anomaly is im-
portant for the scientific computing community to keep in mind. This is especially true since the vast majority
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of scientific computing is performed using double precision floating point arithmetic. In addition, computational
results are often not tested for errors due to finite precision arithmetic. It is precisely the floating point number
system on a computer that allows this strange behavior to take place and produces erroneous solutions. It is an
interesting side comment that this anomaly was discovered during investigations of control problems for conser-
vation laws where the control enters through a Neumann boundary condition. Perhaps this is one reason this
phenomenon was not previously observed in the computational science community since most numerical work
on Burgers’ equation focused on Dirichlet boundary conditions. Also, this is clearly a case where experimen-
tation with computational mathematics (see [5]) has lead to a fundamental understanding of how computing
on a finite precision machine can produce incorrect results even with theoretically convergent schemes. Finally,
we note that we have investigated the stability properties of a Galerkin based numerical algorithm with similar
results and conducted a rigorous sensitivity analysis of the problem (2.15)—(2.18) with respect to the parameter
«. The sensitivity analysis clearly shows that phenomenon discussed in this paper is due purely to computing
in finite precision arithmetic and not “super-sensitivity”. These results will appear in a future paper.

APPENDIX: LIOUVILLE TRANSFORMATION AND REDUCTION TO STURM-LIOUVILLE FORM

1 = exp (/1xh(8)d8>,

and consider a change of variables ¢ = 1. We need

To this end we let

Or = Netp + Ny (A1)
Cre = Nez® + 20200 + Mgz

Now we have

n =2 (%) sech(R(1 — ) (A2)

-1
=2 () Rseon(Ri1 o tann (et - ) = "

_ v )
Nex = 9

Using these equations the equation is transformed into

-1

( ! )n¢xx_%[nxh+h77—l‘]¢=/\n¢.

Now to simplify this further we use the fact that

B v=inh
Ne = 5
to write Lo
1 1{v—h
T Tr T & hz =\ .
(V_1>m/1 2{ 5+ ]nw ny

Since 7 cannot be zero we can divide by it to obtain

1 1 [v=th?
(ﬁ)%ﬂ_g{ 5 +hx]w=w.
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We introduce another parameter (3 by
(1) =—3.

Now to simplify this further we use the fact that

- (%) ha + (h;) =co=p0/v".

Multiply both sides by v~! and rewrite to obtain

(V1h2> = hx + ﬁ

2

Plugging this into the formula above we obtain

(5 ) e = 5 0+ 200 20
_1 [g _ 28 sech? (\/(zx—lﬁ/Q)(l . x))] b+ M

2

_ g (1~ 2sech? (VETB/D(1 )| 6+ Mo

Next we recall that R = y/v—13/2 so that, multiplying both sides by !, we finally arrive at

Yaa(t) = (q(z) + v~ N(2), = €10,1],
q(z) = R* [1 — 2sech® (R(1 — )] .
As for the boundary conditions we have
0 =¢(0) = (1¥)2(0) = 1(0)12(0) + 1(0)=(0)
and n, = v~ 1nh/2 and v=1h(0)/2 = Rtanh(R) to get
¥ (0) + Rtanh(R)(0) = 0.

And at x = 1 we have

0=p1)=n)y1) = ¢(1)=0.

Combining these results we arrive at the desired regular Sturm—Liouville problem

Yuo(@) = (q(@) + v N)Y(x), = €[0,1],
q(z) = R? [1 — 2sech? (R(1— x))]

¥z (0) + E(R)¥(0) =0, k(R) = Rtanh(R)
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