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1. Introduction

Nonlinear elliptic equations arise in various problems in physics, e.g. for stationary solutions of equations, such as Bose-
Einstein condensates (BEC), nonlinear Schrédinger (NLS) and Korteweg and de Vries (KdV) [1]. In this work we focus on nonlinear
problems of the form,

Tw)=x1Q ), (1)

where u is a function in a Banach space U, and T and Q are (possibly) nonlinear operators. More specifically, we assume
T to be a subgradient of a convex, proper, lower-semi-continuous functional |,

T(u) € dy J(u), (2)

where 9, J(u) denotes the subdifferential of J(u). On the right-hand-side of (1), Q : U/ — U is a bounded (possibly) nonlin-
ear operator. We refer to functions u which admit (1) as eigenfunctions, with a corresponding eigenvalue A € R. Our aim is
to find a pair (u, ) € 4 x R that admits (1), referred to as an eigenpair.
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Eigenpairs of nonlinear operators appear in various fields of science and engineering. Their analysis can provide deeper
understanding and significant insights related to nonlinear systems. Nonlinear eigenvalue analysis is an active field of re-
search, from both a theoretical and a computational perspective. In some nonlinear problems, such as [2] the underlying
operators are linear but the dependency on A is nonlinear. A recent review of such nonlinear eigenvalue problems (NEP) appear
in [3]. These studies are part of a different branch of problems (not in the scope of this paper). We examine solutions which
can be formulated by Eq. (1), where the eigenvalue is linearly dependent. We summarize below the main related studies.

1.1. Solitary waves as solutions of nonlinear eigenvalue problems

A pioneering work in this field, which was followed by many, is that of Petviashvili [4]. It was aimed at finding numerical
approximations of stationary solutions for the Kadomtsev-Petviashvili equation with positive dispersion (KPI equation). The
method, originally, was develop to obtain stationary solutions of wave equations of the form

—Mu +uf =0, (3)

where M is a positive, self-adjoint operator and p is a constant. We note that M should be invertible, as the iterative
procedure is based on its inversion. Conditions for the convergence of Petviashvili’s method were established in [5]. The
approach of Petviashvili was later generalized and applied to a family of nonlinear problems, such as [6-9]. However, all
these algorithms assume M is invertible. Moreover, it is not aimed at finding eigenpairs, but at solving a more restricted
problem. When casted within the formulation of (1), the eigenvalue is set to a unit value (A = 1). Our proposed method
is based on a forward flow, and hence M is not require to be invertible. Moreover, it is aimed at finding eigenpairs, of
unknown A. The resulting eigenpair is related to an initial condition, provided by the user, which can emerge from noisy
experimental data, for instance.

Yang and Lakoba [7,10,11] generalized Petviashvili’s iteration method, accelerated the inverse power method and used
modified conjugate gradient to find solitary waves. In [12] it was suggested to combine the conjugate gradient method with
accelerated inverse power method into a unified algorithm, which coincides with Petviashvili’s method for small enough
error. This method was shown to provide fast convergence rates. In our work we compare the numerical results to this
method and to a modified version of it for adaptively computing eigenpairs. The focus of this paper is on the robustness of
the methods, rather than on the convergence rate. We note that our forward flow requires considerably more iterations to
converge, compared to algorithms based on inversion. However, it is much more stable and general.

1.2. Variational formulations of eigenpair problems

Eigenvalue problems are often analyzed theoretically and solved numerically based on energy minimization methods.
Within a variational setting, it can be shown that an eigenpair is an extremum of a generalized Rayleigh quotient [13]. This
extends in a natural manner to the linear case, where any eigenvector v of a Hermitian matrix A, admitting Av = Av, is
an extremal point of the associated Rayleigh quotient R(v) = (v*Av)/(v*v) = A, where v* is the conjugate transpose of v.
The studies of [14-17] aim at finding a minimum (or a local minimum) of an energy functional associated to the eigenvalue
problem. In [14,15] a constrained steepest descent is used for solving ground states of BEC. Alternative approaches, such as
[16,17], are based on constrained energy minimization techniques with a suitable Lagrange function. In the above cases, both
sides of the eigenvalue problem (1) should have an associated energy. This puts some limitations on the variety of problems
that can be solved. In our work this restriction is relaxed (so only the operator T is associated with an energy term).

1.2.1. Eigenpairs associated with total variation

The total variation (TV) functional, Jry = [ |Vu(x)|dx, has been thoroughly investigated in recent decades [18]. Since
its introduction to the image processing field for denoising and deconvolution by [19], it has been used as an edge pre-
serving regularizer for algorithms related to stereo imaging, optical flow, segmentation and many other computer vision
tasks [20]. Eigenpairs associated with TV were investigated in [21] and [22]. It was shown that convex disk-like shapes are
eigenfunctions of the nonlinear eigenvalue problem

T(u)=2u, T(u)€dyJrvu),

where 9, Jry (u) is the subdifferential of TV. For smooth, non-vanishing gradient, we have 9, Jry (u) = —div(Vu/|Vu)),
which is the 1-Laplacian operator. In recent years, a theory of nonlinear transforms for one-homogeneous functionals has
been formulated [23-25]. It is based on the analysis of nonlinear eigenvalue problems. The work of [26] proposed a flow
for finding eigenfunctions of one-homogeneous functionals, and is described in more detail below. Numerical methods
for finding p-Laplacian eigenpairs were proposed in [27] and [28]. Solutions of semilinear elliptic eigen-problems were
presented in [1]. Ground states of generalized eigenvalue problems, which may involve also a smoothing kernel, were
analyzed in [29]. An iterative algorithm for finding nonlinear eigenpairs by an extended inverse-power method was proposed
by [30]. All of these methods are based partially or mostly on the fact that the eigenpair satisfies an extremum of the
associated (generalized) Rayleigh quotient.

Our work generalizes the flow of [26]. It goes beyond the variational setting and allows the nonlinear operator Q in
Eq. (1) to be very general.
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1.3. Main contributions
The main contributions of this work are as follows:

1. A new flow is introduced, which generates eigenpairs admitting (1). A decrease in the convex functional | associated
with the operator T is shown in the continuous setting, under mild assumptions (Sec. 2). When J is a regularizing
term, such as the Dirichlet energy, we get a dissipating flow which ensures robustness against noise and stability of the
algorithm.

2. The need to omit residual parts perpendicular to the operator T are explained. The concept of the Q * subspace, where
all eigenfunctions must reside in, is introduced (Sec. 2.4). A complementary flow which directs the function u to this
subspace is presented and combined with the main flow (Sec. 2.5, Sec. 3).

3. A discrete explicit implementation is proposed and analyzed, when T is the negative Laplacian. We formulate a time
step bound that guarantees the monotonic decrease of | throughout the flow (Sec. 4).

4. We employ our algorithm on KdV and NLS equation and draw a comparison between our algorithm and Newton conju-
gate gradient methods (NCGM) [12] in one and two dimensions, showing excellent stability of the flow, for various initial
conditions (Sec. 5).

2. Flows for generating eigenpairs
2.1. Preliminary notations and definitions

We first introduce some standard definitions and notations used in this paper. Let 2 be a bounded subset of RN. We use
the L% inner product, (u, v) = fQ uv -dx and its associated norm ||u| =/{(u, u). Let J : U/ — R be a convex functional. We
denote by 9 J(u) the subdifferential set of | at u. Let us recall the subgradient inequality: For any p € d J(u), the following
inequality holds:

JW) = JW) +(p,v—u). (4)

The set of all a for which this inequality holds is the subdifferential. A necessary and sufficient condition for u to be a
global minimum of J is if zero is contained in d J(u). We recall the “chain rule” for the differentiation of functionals (see
Lemma 3.3 of Brezis [31] and recent extensions e.g. in [32]). Let J be a convex, lower semi-continuous, proper functional,
7 >0, and u e WI2((0, 7); U). Let also p € L2((0, 7); i), such that p € 3 J(u(t))a.e. in (0, 7). Then the function Jou :
[0, T] — R is absolutely continuous in [0, T] with:

d
a](u(t))zmur) VpedJ(u()) ae.in(0, 7). (5)
2.2. Nossek & Gilboa flow

Our work generalizes the work of Nossek & Gilboa [26], for which J is assumed to be convex, absolutely one-
homogeneous functional and Q (u) = u. We briefly describe this flow and its main properties. The flow is given by,

u T(u)
4 Wty ea ). u©) =, 6
ST T T (W ek v@=] (®)

where f admits || f|| # 0 and has zero mean. If ] is invariant to a global constant change, i.e. J(u) = J(u +c), Yc € R, the
solution u (t) of this flow has the following properties:

1. The mean value of u (t) is preserved throughout the flow:
(u@),1)=0.

2. The value of J(u(t)) is decreasing with time
d .
E] (u(t)) <0, a.e.in(0, c0)

where equality is reached iff u is an eigenfunction.
3. The L? norm of the solution is increasing with time,

d lu@©1?=0
dt -

where equality is reached iff u is an eigenfunction.
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4. A steady-state, u; =0, holds iff u is an eigenfunction.

For further details see [26]. Aujol et al. [33] analyzed the flow and proposed a modification for which existence and unique-
ness of the continuous flow can be shown as well as convergence of the discrete iterative algorithm. Following this, we
now turn to formulate the main flow which is designed to find solutions for Eq. (1). We will see later that an auxiliary
(complementary) flow is required for this generalization to work properly, in order to allow minimal assumptions regarding
the operator Q.

2.3. The main flow

We introduce a flow which generates eigenpairs of the form of Eq. (1). Given some initial condition u(t =0) = f, u(t) is
evolved by the following PDE,

ur(t) = M(u(t)), (7
where
M) =s Qw T ’
Q@i [Tl

and s = sign((Q (u), T(w))).
Theorem 1. Assuming the flow of Eq. (7) exists and is unique and ] (u) satisfies Eq. (5), the solution u(t) has the following attributes:
1. The value of ] is decreasing with time,
d .
E](u) <0, a.e.in(0,00),

where equality is reached iff u admits Eq. (1).
2. A necessary condition for steady state u = 0 holds iff u is an eigenfunction.

Proof. We denote T =T (u(t)), Q = Q (u(t)).

1. From (5) and (7) we deduce,

d =(T
a](u) =(T, ue)

Q T
:T, Ton - T
TR (8)
Tl <0, aein .00
Qi

J is decreasing with time since ] is lower-semi-continuous and the derivative is negative a.e. If u is an eigenfunction
in the sense of Eq. (1), then the eigenvalue A can be evaluated by using (1) and taking the inner-product with respect
to either Q or T, to have,

(T.Q) |IT|? . T
= = = T, —_— 9
iz ~ T, q e Qg )
This yields |(T, Q)| =1Q| - |IT| and therefore (d/dt)J(u) = 0. Conversely, if (d/dt)J(u) =0 then, following (8),
KT, Q) =ITI-1Ql,

i.e, Q and T are collinear and u admits Eq. (1), hence an eigenfunction.
2. If u admits Eq. (1) then we can assign T = AQ with A evaluated by the expression on the right of Eq. (9) to get
ur = M(u) =0 in (7). Conversely, let u; =0 then T and Q are collinear, hence we reach Eq. (1). O

2.4. The space of solutions Q*

Theorem 1 guarantees certain stability of the flow, since J(u) decreases with time. In addition, the flow stops at an
eigenpair, which is our aim. We will see in the analysis below that u needs to be in a certain subspace of I/, otherwise, one
will attain only trivial solutions of zero eigenvalue. We begin by stating some definitions and notations. Let us define two
subsets of U, 7+ and Q*, associated with the operators T and Q.
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Definition 1. Let 7 be the set perpendicular to the image of the operator T:
TH={veU:(T),v)=0,vuecl).

We note that 7 is a linear subspace. This can be shown by taking two functions in that set v{, vy € 7+ and observing
that the following relation holds:

(T(w), a1vy +azva) = (T(u), vi) +aa(T(),v2) =0, Vuel,aj,az eR.
We can now denote a basis for 7.
Definition 2. Let /3 be an orthonormal basis of 7.

Lemma 1. Let T be defined as in Definition 1, then:

1. J(u) is invariant to addition of v e T+, i.e.

Jw=Ju+v), VueUd vVveT:.

2. If the following two conditions hold: (i) The operator T is self-adjoint. (ii) For any minimizer u of J, the subdifferential set, 9, J (u),
has a single element. Then T+ = argmin{ J (u)}.

Proof. 1. As J(u) is convex then, based on the subdifferential inequality (4), we have
Jy = Ju+v) —(Tw+v),v)=Ju+v), VYveT",
and
Ju+v)= J) +(Tw,v)=Jw, VYveT".
2. If u eargmin({J} and v € 7 then:

JWw)=J () +(T(v), (u—v))
=J(v) +(T(v),u)
=J(v) + (v, Tw))
=J(v),

but as u minimizes ] we also have J(v) > J(u), therefore J(v) = J(u) and v € argmin{J}. Conversely, if u € argmin{J}
then T(u) =0, since T is self-adjoint we get

(T(u),vy=(u,T(v))=0, VYveld. O
Corollary 1. Let the conditions of Lemma 1, item 2 hold and min { J(u)} = 0, then:

1. T is the null space of J(u).
2. J(u) is invariant to addition of elements in the null space.

We would now like to define a second significant subset, denoted by Q*.

Definition 3. Let Q* be defined by

Q*={ueld:(Q(u),e;)=0 Ve;eB},

where B is defined in Definition 2 and e; are its orthonormal elements.

We would now like to define an energy which measures how far we are from Q*:

1
E@ =) (Q),e)’. (10)

e;eB

Remark 1. An alternative definition of Q* is the null space of the energy functional E(u).
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We observe that every v € 7+ is perpendicular to Q (u*) where u* is an eigenfunction with A # 0. This is a straightfor-
ward consequence of Eq. (1) and Definition 1. Hence, A(Q (u*), e;) = (T (u*), e;) = 0. We can summarize this by the following
statement:

Remark 2. All eigenfunctions with nonzero eigenvalue belong to Q*.

Example. Let us demonstrate the sets 71 and Q* by examining the classical case where T = —A (the negative Laplacian
operator) with Neumann boundary conditions. We have (Au, v) =0 for all functions v which are identically constant. Thus
we get

Tt={velU: v=const},

and the basis of 7 is {1}. Consequently,
Q' ={ueld:(Qw),1)=0}

Proposition 1. Let Q* be defined as in Definition 3 and u(t) evolves according to Eq. (7). If u(t) is not an eigenfunction with » =0,
then the following properties hold for all t € (0, 00):

1 Ifu(t) ¢ O then (d/dt) J (u(t)) < 0.
2. Ifu(t) € Q* then the projection of u(t) on the linear space T+ is preserved throughout the flow (Eq. (7)). In other words:

(u(t), vy =const, VYveT™ .

Proof. 1. If u ¢ Q* then Je € B s.t. (Q (u),e) # 0. Let us denote the projection of Q (u) on 7+ as,
Q) =) ei-(Q),e) #0,
e;eBB

and the complement (parallel) part as,

Qlw=Qw - Qt.

The time derivative of J(u) is therefore,

d
&J(”) =(T (u), ue)

QW) T
el 1Tl
(T (u), Q)|
=———— — [T
Q@
_ (T ), Qlw))|
VIRT@I? + Q-+ w2
As long as T(u) 0 the time derivative of J(u) is negative since Q- (u) s 0. The time derivative is zero only when
T (u) =0 (where J(u) reaches its global minimum) and therefore A = 0.
2. Let us compute the derivative of (u(t), v) with respect to time:

@ orv) — vy = (s QW T Q@) (T, v)

s , .
dt Q@ IT@l Q@ IT@Wll
If ve 7+ then (T(u), v) =0 and since u € Q* then (Q (u), v) = 0. Consequently,

=(T(u),s )

=T <0.

%(u(t),v)zo = (u(t),v)y=const. O

Corollary 2. Let T be a self adjoint operator and min{ J(u)} = 0. If u(t), the solution of the main flow Eq. (7), admits u(t) € Q*, then
its projection on the null space of | is preserved.

This corollary is a generalization of the first attribute of the Nossek & Gilboa flow which guarantees that the mean of u
is preserved. A more significant consequence of Proposition 1 is that if u ¢ Q* the main flow can reach a steady state only at
“trivial” eigenfunctions, with A = 0. This leads us to propose a complementary flow which retains u € O*.
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2.5. Complementary flow

The above discussion emphasizes the importance of retaining u(t) to be in Q*. Following Remark 1 we define a comple-
mentary flow that aims at maintaining E(u) — 0 without changing the value of J(u). Let us first compute the variational
derivative of E(u):

WE =) (Q),e)-9Qiw), (11)

where
~dl [ 8Q
._§ : _1)J .
0Q; = ( 1) dxi (au(j)ez>v
J

and u denotes the jth derivative of u. We would like the complementary flow not to interfere with the main flow, and
specifically not to increase J. A flow that decreases E(u) on one hand and retains J(u) unaffected on the other hand is:

ur =C(u) (12)
where

(0uE, T (u))

Cu)=—dyE+ 222
w IT (w2

T (u).

Let us compute the time derivatives of J and E:

d
gpd @ =T, ur) = (T, Cw))

(13)
(0uE, T (u))
=(TW), —0yE + ————=—T(u)) =0.
T ITwlR
We assume the conditions of the “chain rule” of Eq. (5) hold for the energy E(u). Then for E we have,

d

EE(U) =(0uE, ue) = (0 E, C(w))
(14)

(BuE, T ()

=~ lluElI” + <
! IT ()2

where the last inequality follows from Cauchy-Schwarz. Thus in the flow of (12) E(u(t)) decreases with time whereas the
value of J(u(t)) is unchanged. Note that one should verify that 9, E and 9, | are not exactly parallel with opposite directions.
The relations between 9, E and 9, J are farther discussed in Sec. 5.

3. Combined flows

Constrained optimization problems in variational calculus are well studied, see e.g. [34-36]. In light of Proposition 1
we would like our flow (7) to be constrained to u € Q*. Otherwise, we will either not reach a steady state or reach a
trivial one (an eigenfunction of zero eigenvalue), which is usually not of interest. Such constrained flows are tied, though
not equivalent, to exact penalty methods, as in [35,36]. Inspired by these works, we couple the main flow (7) and the
complementary flow (12) as follows,

ur =M@) + aCu), (15)

where o € Ry and M(u) and C(u) are as defined in the contexts of Eqs. (7) and (12), respectively. This combined flow
should retain the properties of the main flow, while keeping E(u) zero (for « large enough). Let us now show that
(d/dt)E(u) and (d/dt) J(u) are nonpositive:

d
grJ @®) = (T, ug) = (Tw, M) +a (Tw), Cw) 0.

<0 =0
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d
gr FU®) = (3uE, ur) = (0 E, Mw)) + (3 E, C(u))

Q) T(u) ) <auE,T<u)>2>
= (0, E, - —||0yu E _—
E- ST Wil ||T(u>||>+“( IEI+ = T
(BuE, T()) , <auE,T<u>>2)
WE| — ————— —|I94 E _
=IEl == 7 +“< I EI+ = a2
(BuE, T()) (B, T()
=\ —|louE _— —1 o E _— .
(” TN )( +°‘<” T ))
<0

The inequality of the third row is based on Cauchy-Schwarz inequality, s(d,E, Q (u))/||Q ()| < ||04E|l. If @ > 1 and the
elements 9, E(u) and T(u) are not collinear (in opposite directions) we can deduce that:

d
th (u(t)) <0.
Let us make some notes: First, the parameter « is to limit the main flow to be in the domain of Q*. In the next sections we
show how to simplify this flow in the discrete setting as well as the requirement on «. The combined flow has the same
pattern as in the exact penalty algorithm [35]. In that work the minimum of J(u) is constrained by requiring u € D C U.
The essence of the exact penalty algorithm is to run the flow until equilibrium at each iteration. This equilibrium serves
as the initial condition for the next iteration with increased «. However, this strategy does not fit our problem. For most
values of « reaching equilibrium means u is not in Q* and therefore we reach a trivial solution T(u) = Q (u) =1 =0.
With respect to the sets 71 and Q* (Definition 1 and Definition 3), we note that if ker{J} has only a single element
then the dimension of 7 is zero and therefore the basis of 7 is an empty set. Consequently, Q* coincides with / and
the combined flow degenerates to being the main flow solely.

3.1. Towards a discrete setting

We propose in Algorithm 1 the general discrete iterations that approximate the combined flow of (15). It is based on an
explicit scheme for the time discretization. An illustration of Algorithm 1 is shown in Fig. 1.

Instead of choosing a specific &, we split the combined flow back to the main and complementary flows that are invoked
alternatingly. In the continuous setting, as discussed above, M(u) decreases the value of J(u) but might cause u to be out of
Q*. The complementary flow, C(u), “returns” u to Q* leaving J(u) unchanged. Thus, for each infinitesimal step dty; in the
main flow M(u) (Line 7 in Algorithm 1) the complementary flow is repeatedly invoked (dt¢ each time) until u is sufficiently
close to Q* (the inner loop in Algorithm 1). The time step parameters dtc and dty; are not resolved here. A full analysis
and bounds on these time steps are given next, for the classical case of T(u) = —Au.

The outer loop in Algorithm 1 is repeated until the solution is sufficiently close to an eigenpair in terms of the respective
angle. Our stopping condition is based on the absolute angle between T (u) and Q (u),

(T (u), Q ()]
IT@I - 1Q @l
When the angle 6 is zero, T and Q are collinear, and an exact eigenpair is attained. For numerical purposes, we seek a

good approximation and stop when 6 is below a certain threshold. Further discussions related to the stopping condition are
in Appendix A.

|cos(0)| = (16)

Algorithm 1 Eigenpair generating flow.
1: Inputs:

uo
2: Initialize:

§,0th stop conditions

Compute 6° according Eq. (16)

while 6% > 6th do
while E (u) > § do

ukd = k=1 k=T ge e (complementary flow)

3:

4

5:

6: end while
70wkt =uk ok dey (main flow)
8 Compute 651 according Eq. (16)

9: end while
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C(u)

(a) J functional contour (b) The combined flow as finite state machine

Fig. 1. An illustration of the infinitesimally approximation of the combined flow.
3.2. Realization for T (u) = —Au

As many phenomena are based on eigenpairs, in the sense of Eq. (1), with T(u) the negative Laplacian operator, we
devote the rest of this paper to that particular case. In this case ] is the Dirichlet energy,

_1 \V4 2
](U)—ill ull”.

It is clear that J admits the conditions of Eq. (1) and Eq. (5). The null space of the Dirichlet energy is all functions in ¢/ of
constant value. According to Corollary 2 it coincides with 7. Therefore,

T+ ={veU:v=const}.
The orthonormal basis of 7+ is
5= {7)
)
The energy functional E(u) is defined by,

1 2
E(u):m(Q(u),l) )

1
ZE(Q(U)J)BQ,

and dQ is the variational derivative of (Q (u), 1). Naturally, @* is the set of all u € & such that fQ Q (u)dx = 0. The main
and complementary operators, respectively, are,

JoE

Q(u) Au

M = + s 17

W =s1awi * Taul a7
where s =sign((Q (u), —Au)), and
- (34E, Au)

Cw=—duE+ = Al (18)

In the following section we resolve the time step sizes for the discrete implementation when T is the negative Laplacian
operator.

4. Implementation for the Laplacian operator

For the discrete implementation of the flow we follow the general algorithm presented in the previous section. However,
instead of performing a full iterative process of the complementary flow for each main time step, we perform a single step.
It is shown that for T = —A, with an appropriate time step of the complementary flow, the energy E vanishes, up to a
first order Taylor approximation. We suggest the following iterations to approximate the combined flow: Initialize with u?,
iterate until convergence,
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uk+% =uk + M) - dey

k+1 k+1 k41 (19)
u* ' =u""2 + C(W*T2) - dtc,
where
k k
u Au
M(u') = o I<) k
Q@I [AuX|]

s = sign((Q (u¥), —Au¥)), and
1 1
(3uE(Uk+7), Auk+j> Auk+% .
lAauktz |2

In the rest of this section we set bounds for dty; and dtc, to ensure stable flows. These bounds guarantee that in every
cycle (from k to k+ 1) we obtain J(u¥) — J**t1) <0 and E¥) =0, Vk.

C(uk+%) - _ auE(uk+%) +

4.1. Characterization of J(u) and E (u) within the discrete setting

We now proceed with analyzing the behavior of J(u¥) and E(u*) using the iterations of (19), where M(u¥) and C(u¥)
are defined by (17) and (18). For simplicity, we use the same notations of gradient (V) and Laplacian (A) for the discrete
operators.

4.1.1. Main flow iteration

We first analyze the influence of an iteration of the main flow (first row of Eq. (19)) on the functional J. We use
the standard first order backward difference time-step approximation of explicit schemes. We examine the change in | at
iteration k, denoted by D¥, following a time step of the main flow:

DY =t 2) — Jb)
=J (u* -+ dew - M) = Jwb).
Using the identity J(u) = %(—Au, u) yields:

Dk = % (= (¥ dew - M@ ) b+ dew - M@b) - (—au,ub))

] (20)
=dty(—Auk, M) + 5dtz,v,||v1v1(u’<)||2.
According to Theorem 1 the expression (Au¥, M(u¥)) is non-negative, thus, if
Auk, M uk
0ty <2080 M0 2
IVM@u®)||
then D’j <0.

Let us now examine the influence of the main flow on the functional E. We assume E(u¥) is approximately zero (up to
a first order Taylor approximation), to be justified in the next paragraph. The Taylor approximation of E (u“%) is given by:
1

— (@), 1)

E(u"+%)=2|9|

_ k k 2
=2 Q" +dtmM ")), 1)

2
219 (tQ@. 1) +dom(@Q @), M@) + 0 @)

~ 1 k k kyy )2
= iy (1@ 1)+, Ma)

Under the assumption E(u¥) is approximately zero (i.e. (Q (u¥), 1) = 0) we have,
Dk .= E@W*t2) — Eb)
~Eukt:)
(0Q Wb), M(u¥))?

>~ dt?, -
M 219

. . . 1. . .
This expression emphasizes that E(u**2) increases as the time step along the main flow grows.
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4.1.2. Complementary flow iteration
We now analyze the influence of the complementary flow (second row of Eq. (19)) on the energies J and E. Here we
begin with the analysis of E(u).

1
DY = k) — EitY)

= E@2) +dtc - (QE@AD), Clth)) + 0(dr) — E@itd)
= dtc - (QEKT), C(uk+D)).
The step size for which E(u**1) vanishes, as a first order approximation, is therefore
E(uk+%)
(DEW!T3), cuktd))

The step size dt¢ is positive since the denominator is negative (according to Eq. (19)). Substituting Eq. (22) in Eq. (23) yields
the relation between the step sizes of the two flows:

(9Q k), M(u*))?
219 - (9E@kF2), Cukty)

Finally, we examine the influence of the complementary flow on the functional J. The change of J along one time step
of the complementary flow is

dtc = —

(23)

dtc = —dt?,; -

k+1 1
D] 2 :=](uk+1) _ J(uk+2)
5 , ,
1
=5 (<—A(u’<+% Fdtc - CW)), uk s e - CuktT)) — (—AURtS, u’<+%>) .
Note that according to Eq. (19) (Auk+2, C(uk+2)) =0 and therefore
k+1
D" = de2 |V o) 2.

Using Eq. (23),

IVCuk2))2
(IEM D), cukt2))2

1
DI;Jri — E2 (uk+%)

(24)

4.1.3. Conditions for the monotonic decrease of |
Following the above constraints on the time step sizes of both flows we can now analyze the change in J for the entire
flow, Eq. (19),

1
Jh - jaky =p’t? 4 Dk, (25)
1
We would like to find a bound on dty which ensures [(u*t!) — jk) < 0. Substituting for lerz and D’; by Egs. (24) and
(20), respectively, we have,

IVC(uktz)|2

](ulf+]) _ J(uk) _ EZ(uk+%) -
(DEFT2), Cukt1))?

1
+dty (—Auk, M@k)) + EdtZMHVM(u")Hz.

The term E (u"+%) is evaluated according to the first order approximation of Eq. (22) to obtain,

S Jty zded, . P M) IVC@ktd))2
40P (DEWD), Cuhti))? (26)

1
dey (—Auk, MWk + EdtZMHVM(u")HZ.

A deeper analysis shows that when the directions of dE(u) and Au are far enough from being collinear the fourth order
term is small and thus can be omitted. After neglecting the fourth order term on the right-hand-side of eq. (26) the
inequality coincides with Eq. (21). We now use the following inequality based on the operator norm of the discrete gradient:
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4d
[Vul? < h—zuunz, (27)

where d is the dimension and h is the spatial grid size. Based on the expression on the right-hand-side of Eq. (21), and the
definition of M(u) for the Laplacian case, (17), we have

k k
Au®,Q (ub))| + ||Allk||

(Au*, M(uky) . h? (Auk, M@b))  h? I QoI n? Ak )8
IVM@2 = 2d [M@b|2 — 2d 54 pl@ukowhl i 28)
lAuk]-Q why|
Therefore, to ensure the expression in (26) is negative, we set the following bound on the time step size,
h2 k
dty < 4—dIIAu 1B (29)

According to Eq. (20), D’} depends on dty quadratically, therefore, the optimal dt), is half of the upper bound. Consequently,
we choose

dty = ? Auk|| (30)
M= 84 '
Typical values of dty; in our experiments were in the range [0.002, 0.6] for one dimension and [0.05, 0.13] for two dimen-

sions. These values highly depend on the noise level. A detailed description of the algorithm, in the case of the Laplacian
operator, is presented in Algorithm 2.

Algorithm 2 Eigenpair generation for the Laplacian operator.
1: Inputs:

LIO
2: Initialize:

c?), Eq. (18)

dtc,  Eq.(23)

ul =u + c®) - dtc

Set threshold 6"

o1, Eq. (16)
3: while 6" < 9% do
4 UMt =uk 4dey M@, Eq. (30)
5:  cttd),  Eq.(18)
6: dtc,  Eq. (23)
7
8
9:

ukl = yk+3 + C(ukJr%) -dtc
gr+1, Eq. (16)
end while

4.2. Interpretations

Let us revisit Eq. (1) and the main flow. Given uk

error of the solution u¥ as

we can evaluate the eigenvalue according to Eq. (9) and define the

errw®) = —Auk — 2@k - Q (Wb (31)

which is zero if u¥ is an eigenfunction. In addition, by using the expression of dt); in Eq. (30), we can calculate the change
of u at the kth step as,

uks — gk = M) - dey

_r k| o k kAU k
=3 (Au +sign({Q (u"), —Au >)mQ(u )
2 (32)
=2 (Auk + Ak - Q(u"))
2
=— 3d ~err(uk).

We note that [7] suggests a general eigenvalue approximation by: A(u) = (—Au, f(u))/(Q (u), f(u)) with an arbitrary op-
erator f(u) as long as this ratio exists. In particular we can have f(u) = u. Then we can replace Line 4 in Algorithm 2
with Eq. (32) using other eigenvalue evaluations. We can conclude that any flow in the sense of Eq. (32) with an eigenvalue
approximation for which Theorem 1 holds, the later properties of Sec. 2 (Lemma 1 and Proposition 1) also hold. This conclu-
sion is valid not only for T(u) = —Au but for any operator T(u) admitting Eq. (1). However, different step size constraints
should be found.
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5. Applications

In this section we present several numerical experiments using the proposed method. We compare our results with
NCGM introduced in [12]. NCGM assumes the eigenvalue is given, therefore we supply the correct eigenvalue to the algo-
rithm. In addition, we compare our method to an adaptive version of NCGM when the eigenvalue is not given (thus the task
is to find a full eigenpair, as our flow does). The eigenvalue is approximated at each iteration based on [7]. We denote this
method by ANCGM.

5.1. 1 Dimension

5.1.1. Soliton equations

In 1895 Korteweg and de Vries (KdV) formulated a mathematical model of waves on shallow water surfaces which were
previously described by Russell. Later studies have shown that the KdV equation is the continuum limit of a discrete non-
linear mass-spring model [37]. The formulation by Kruskal and Zabusky [38] for such phenomena was:

Up + Ully + 8% Uyyy = 0,

with & a small real scalar. Reformulating this expression for a stationary wave yields the following equation:
u?
—uXX:)\.(_CU'i‘?), (33)

where ¢ is the wave velocity, X = x — ct and A = §~2. Naturally, A can be understood as an eigenvalue. In this example
we have Q (u) = —cu + u?/2. The solution to this equation models well a family of solitary waves referred to as solitons,
(named by Kruskal and Zabusky). In this case an analytic solution can be formulated, which makes it feasible to compare
the experimental results to the ground truth. The solution for (33) is:
(«/c -AX )

5 .

u(X)=3c- sech?

The implementation of our flow is based on Algorithm 2, where for solving Eq. (33) we have:

u2
Qu)=—cu+ bR

dQ (u) =—c+u,
owE=(Q),1)(—c+u).
The operators in NCGM [12] are:
L=A+Ar(c—u),
M=A+Ax-c,

where A is given. The notations L and M are taken from [12] (not to confuse with M(u) of our algorithm). In the adaptive
version, ANCGM, A is approximated by A(u) = (—Au, u)/{(Q (u), u).

5.1.2. Experimental setup

In our experiments we initialize with a noisy version of the solution, by adding white Gaussian noise N of a certain
variance to the analytic solution for some given A. Note that we also allow some bias in the simulated measurements so
the noise mean in not zero. The noise parameters are denoted by a normal distribution N ~ A(u, 52), with mean p and
variance ¢2. We employ the aforementioned algorithms with a stopping condition 6th < 2° (where 6 is the angle between
T and Q, as defined in (16)).

In Fig. 2 the results of the generated eigenfunctions are shown. The noise parameters are ; = 0.1 with variance values of
0% =0.2 and 62 =0.36, for the first and second experiments, respectively. For this relatively simple case we compare our
results to ANCGM, where both algorithms try to find an eigenpair (A is not known). We show that our algorithm is quite
stable, for different levels of noise. ANCGM on the other hand, collapses to the trivial solution (—Au = AQ (u) = 0) for high
noise levels (and is less accurate also for moderate noise). We should emphasize that our algorithm runs considerably more
iterations than ANCGM. However, our iterations are very fast, as they are based on explicit forward-flow computations, com-
pared to computationally-intensive iterations of ANCGM which involve inversion. Overall, the computations are comparable.
The running time (using Matlab code) in the experiment with variance 0.2 are t = 0.336 [sec] for ANCGM and t = 0.1 [sec]
for our algorithm. For variance 0.36, it was t = 1.7 [sec] for ANCGM and t = 1.19 [sec] for ours.

According to Theorem 1, the main flow reaches a steady state when an eigenpair is attained. Thus, it is expected that
if ur =0 then sign({Q (u), —Au))Q(w)/[1Q (W)l = —Au/|[Au]l. In Fig. 3 we plotted sign({Q (u), —Au))Q (u)/[|Q (w)|l and
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Fig. 2. A comparison of eigenpair generating algorithms for KdV equation with different noise levels. In Fig. 2a we summarize the results of ANCGM and
our flow when the initial function u°, red solid line, is an eigenfunction with additive white Gaussian noise (of mean of 0.1 and variance of 0.2). In Fig. 2b

we repeat the experiment with higher level of noise (variance is 0.36). (For interpretation of the colors in the figure(s), the reader is referred to the web
version of this article.)
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Fig. 3. We show here that our algorithm indeed reaches an eigenpair. The results of T/||T| and sQ/||Q |l are shown when the algorithm converges for the
KdV equation. One can observe they coincide very well. The black solid line stands for sQ (u)/||Q (u)|| and dashed yellow line is —Au/||Au||. In left top
side the approximated A* = (—Au*, u*)/(Q (u*),u*) is plotted with dashed red line and the solid blue line is the ratio —Au/Q (u).

—Au/||Au|. Moreover, on the top left side of these plots we present the approximated eigenvalue A = (—Au, u)/(Q (u),u)
and the computed pointwise ratio A(x) = —Au(x)/Q (u(x)) (u(x) is the result of our algorithm at convergence). One can
observe these graphs coincide very well. In Fig. 4 the values of J(u(t)) and the mean of u(t) as a function of t are shown.
Our theoretical analysis predicts J(u(t)) should be decreasing with time (Theorem 1 in the time continuous case and the
bound on dty; of Eq. (29) in the discrete setting). Moreover, since u(t) is very close to Q*, the mean of u(t) should be almost
constant in time (Proposition 1, item 2). It is shown that the numerical implementation approximates well the theoretical
analysis.

As opposed to the KdV equation, the analytic solution is usually not known. Here we examine our algorithm using more
general initializations. In Figs. 5a to 5c¢ the results of our algorithm are presented when it is initialized with the functions
u(x) =1+ cosx/2, u(x) =1+ cosx and u(x) = 4 - exp{—|x|?}, respectively. The results have the same amplitude since we

assume the same velocity in the three cases. However, one can observe that different initializations result in a eigenfunctions
of different eigenvalues.

5.1.3. Low SNR

An essential assumption of algorithms based on linearization, such as NCGM, is that the initial guess u® is close enough
to the true solution. In this example we try to demonstrate what happens when this assumption is not valid. In this
experiment we initialize with the eigenfunction corresponding to A =2 and ¢ = 0.25 and add noise with normal distribution
N ~ N(0.25,0.25). We compared our algorithm and NCGM, giving both of them this initial function (and additionally
providing NCGM the correct A). Fig. 6 shows the results of this experiment. In Fig. 6a the eigenfunction u*, the initial
function u®, our algorithm and NCGM results are plotted. Our algorithm converges to another eigenfunction whereas NCGM
collapses to a trivial solution. Fig. 6b illustrates the similarity of the two opposite normalized counterparts of the flow u;,
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Fig. 4. The value of J(u¥) and the mean of u¥ (right top axis) as a function of iteration number k when applying our flow on KdV for the experiments
depicted in Fig. 2.
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Fig. 5. Different initializations results in different eigenfunctions. In Fig. 5a the initialization is u = 1+ cos(x/2), in Fig. 5b the initialization is u =1+ cos(x)
and in Fig. 5c it is u =4 - exp{—x2}. In all cases we assume the velocity is known (and equal) which results in the same amplitude but having different
widths (different eigenvalues).

i.e. sQ (u)/]|Q (w)|| and —Au/||Au| showing we indeed approximate an eigenfunction well. In Fig. 6¢ the value of ] and the
mean of u are plotted as a function of iteration.

5.1.4. One dimensional nonlinear Schrédinger (NLS) equation

In this part we would like to emphasize the simplicity of our approach. Our algorithm is easy to adjust to other ap-
plications and the adjustment amounts to redefining Q (u) and its variational derivative. We demonstrate this by the NLS
equation as discussed in [39,40]:

u  9%u
i— 4+ — —k|u?|lu=0.
at + dx2 u’l

To find a stationary §olution we assign u(x,t) = u(gc)e"“(”)‘. This yields —ux, = —p(u)u — ku®, which can be rewritten as
—Upy = A(—fu()u — ku?) with 1(u) =1 —3u? and k = 2. Finally we reach the problem formulation of (1),

—Uxx = )L(u3 —u.
Therefore, we have

Qw =u’—u,
and

aQ ) =3u>—1.
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Fig. 6. Experiment when the premise ||u* — u®|| << 1 does not hold. Fig. 6a summarizes the result of NCGM and our flow when the initial function
is far from the eigenpair (high level of noise). Whereas NCGM collapses to the trivial solution our flow reaches a meaningful solutions. In Fig. 6b it is

demonstrated that a good eigenpair approximation is attained. In Fig. 6¢ the evolution of J and the mean of u as a function of number of iterations are
presented.
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Fig. 7. One dimension NLS equation. The initial function u® is an eigenfunction with additive noise, it =0, o2 = 0.45. Our algorithm result is shown in
Fig. 7a. In Fig. 7b the two counterparts of the main flow are shown when an eigenpair is attained. The functional J and the mean of u are presented in
Fig. 7c. NCGM diverges in this experiment and ANCGM converges to a trivial solution (A =0). Both of these results are not in the same scale as the initial
signal u® and therefore are not presented.

We initiate the algorithm with u® = u* + N where u* is the eigenfunction u(x) =+/2sech¢/2x) and N ~ A/(0, 0.45), see
Fig. 7. We similarly initiate the algorithms NCGM and ANCGM. The first diverges and the second one converges to the trivial
solution, A = 0. Both of these results are not in the same scale as the initial signal and therefore are not plotted.

5.2. Two dimensions NLS equation

The following experiment is based on Example 3.4 from [12] and demonstrates the performance of our algorithm in
2D. We apply our algorithm on NLS equation with periodic potentials which models nonlinear light propagation as well as
Bose-Einstein condensate’s dynamics in optical lattices. It is formulated as:

iU; + U+ Uyy — Vo (sin2x+sin2 y) U+a|UPU=0.

This equation is discussed in details in [41-43] and admits a rich variety of solitary waves of the form of U(x, y,t) =
u(x, y)e 't where u(x, y) satisfies the equation:

Uxx +Uyy — Vo (sinzx~|—sin2 y) u +a|u|2u = —[uu.

In our example u =4.11, VO=6, 0 =1 and Dirichlet boundary conditions are used. There is no known analytic solution
for these equations. The initial function of our algorithm is ug (x, y) = 1.15sech¢/x2 + y2). The settings for our flow are:



1154 I. Cohen, G. Gilboa / Journal of Computational Physics 375 (2018) 1138-1158

20°
15°
"0
)
=,
o 10°
"&b
=}
<
50
0°
20 40 60 80
(a) The initial function u° (b) Result of NCGM (c) Angle Vs. Iterations, NCGM
3 10=3 20°
200 1/ 1.2
0 15°
0 500 0.9 —
26 &
0.6 =,
o 10°
0.3 Tb,:.'b
25.5 <
0 5o
8 i
87
25 iR o
0 1000 2000 3000 4000 5000 —8m —8m 0 1000 2000 3000 4000 5000
(d) J(u) and mean of u (right top axis) (e) Our flow’s result (f) Angle Vs. Iterations, ours

Fig. 8. Two dimension NLS.

Q) =-V, (sinzx—l—sin2 y) u+oud + pu,
9Q (u) = -V (sin2x+ sin? y) +30u® + .

The results of our algorithm and NCGM with u® are summarized in Fig. 8. In Fig. 8a the initial guess u® is shown. The
results of NCGM and our flow are presented in Figs. 8b and 8e, respectively, and the angle evolutions along iterations are
presented in Figs. 8c and 8f In Fig. 8d we show the behavior of the functional J and the mean of u as a function of time.

We performed a similar experiment of the problem with noise level of A'(0,0.0125). The result of the experiment
are similarly organized in Fig. 9. It is easy to see that NCGM converges approximately to the linear case with very small
amplitude signal.

5.3. Decomposition into eigenfunctions

A signal may be modeled in some cases by a linear combination of nonlinear eigenfunctions. In this case we would like
to decompose it into its basic elements. We suggest below a simple iterative algorithm to perform that (Algorithm 3). In
Fig. 10 we show an example of such a decomposition for the case of KdV. We compute the eigenfunctions ¢1, ¢2, ¢3 with
respective eigenvalues A1, A2, A3. We used as initial condition a combination of two eigenfunctions of KdV (with eigenvalues
A =0.25, A =4). One of them is translated in space (therefore their correlation is low). In the decomposition results, the
first two eigenfunctions are very similar to the original ones. The third one is of small amplitude. In that case the linear
part becomes dominant and the problem reduces to finding eigenfunctions of the ordinary heat equation. Thus, we get a
harmonic function.

Now, we would like to repeat the last experiment for arbitrary signals. We applied Algorithm 3 on uniformly distributed
noise in the range [0, 2]. In Fig. 11 we show the first four eigenfunctions obtained. It appears that Algorithm 3 is robust
enough to handle arbitrary functions. However, we do not have at this stage any guarantee for reconstructing the entire
signal, even as k — oo.
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Fig. 9. Two dimension NLS with noisy initial function.

Algorithm 3 Nonlinear eigenfunction decomposition.

1: Inputs:
ug
2: while |ug_1]| > th do
3: Find an eigenpair (¢, Ax) using Algorithm 2
4
5

(uk—1.9%)
e 112
D U =Ug—1 — O - Pk
6: end while .
7. Compute the approximated function f = va‘:l o - Py

o =

; )

9 . o\ =0.238
\

E ¢22
f22 | NEEY!

9 039

f3 As = —0.0621
4 0

0 -2
—4m —2m 0 27 4T —4m —2m 0 27 4T

Fig. 10. Function decomposition. On the left column, the dashed red line is the initial signal up, which is a combination of two eigenfunctions (A =0.25,
A =4). The blue solid lines are the reconstructions of the signal up to the kth eigenfunction, i.e. ]’k = Zile o - ¢y as described in Algorithm 3. On the right
column, we show the eigenfunctions found by Algorithm 3, in the respective order. The first two functions are very similar to the original ones. The third
one is a residual function of low amplitude (dominated by the linear part).
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Fig. 11. Function decomposition. On the left column, the dashed red line is the initial signal ug, a uniform noise distributed in the range [0, 2]. The blue
solid lines are the reconstructions of the signal up to the kth eigenfunction. On the right column, we show the eigenfunctions found by Algorithm 3, in the
respective order.

6. Conclusions

In this paper we presented a new nonlinear flow which can generate a very broad family of nonlinear eigenfunctions.
The flow reaches a steady state only for eigenpairs. Moreover, the process is a forward flow, which is based on the original
operators and does not need their inversion. We thus obtain a very stable process and our assumptions regarding the
operators are less restrictive. When T is the negative Laplacian operator, we prove that the flow decreases the Dirichlet
energy. This yields a highly stable smoothing process, which is robust to noise.

We introduced the space O*, where all nontrivial eigenfunctions reside in, and explained the requirement of the flow
to be constrained to this space. A complementary flow was proposed in order to achieve this requirement. We have tested
our algorithm on several nonlinear eigenvalue problems in one and two dimensions, and have shown the stability of the
algorithm and its robustness to various initial conditions. Finally, it was demonstrated how potentially our process can be
used iteratively, in order to decompose a signal into a linear combination of eigenpairs.

Appendix A. Considerations for the stopping condition

Implementations of numerical solutions are concerned with issues related to the appropriate stopping condition. As T (u)
and Q (u) are fully correlated when eigensolution of Eq. (1) is attained, the most natural criteria is the angle between them
(see Eq. (16)). Other criteria worth mentioning are (d/dt)J(u) Eq. (8) and ||[M(u)|| which are shown to be zero when an
eigenpair is reached. The norm of the main flow can be calculated as:

Q ), T(w)|
M| = 21— Q@ T (A1)
Ml Z\/ Q@i - IT@]

If u ¢ Q* then Je € B s.t. (Q (u), e) # 0. Let us denote the projection of Q (u) on 7 as:

Qtw) =) ei-(Q),e)#0,

eieB

and the “residue” of Q (u) as:

Qlwy=Qw - Q*.

As E(u) is positive we get the following inequalities:

I
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and similarly
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d Q! ||
—J(u) <
dt VIQT@) 12+ 2E)

As long as E(u) > 0 our analysis has shown that a precise eigenfunction cannot be obtained. However, one can set a small
threshold on E(u), for example, if E(u) <8 we have:

I
”M(”)ch:ﬁ\/]_ Q]

=1 IT@W].

QT2 + 48
d I
L wn= (LW ) ) (A2)
dt VIIQTw) |12 + 48
II
s - 1@

VIQTw)|z+45

We note that the above discussion concerns the true evolution in the time continuous setting. However its implications can
naturally affect the numerical algorithms.
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