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Preface

This book is a collection of recent advances on problems in dynamical systems,
optimal control and optimization. In many cases, computational aspects and tech-
niques are central. We dedicate this volume to Michael Dellnitz on the occasion of
his 60th birthday. In one way or the other, there is a connection to Michael’s
research in all of these contributions.

In Part I, we collect chapters related to problems in dynamical systems. We start
with a new technique for computing highly degenerate periodic orbits in ordinary
differential equations, so-called phase resetting curves which appear, e.g., in models
of spiking neurons. The second contribution employs concepts from singularity
theory in order to classify and compute homeostasis points, i.e., points in state space
of, e.g., biochemical networks, in which some output variable is roughly constant
while some input variable is changing. We continue with a review on recent
developments on the set-oriented approximation of invariant sets, a technique that
has been pioneered by Michael and which will reappear in several other chapters in
this volume. In the following paper, this technique is employed to approximate the
transfer operator in non-autonomous differential equations, enabling the computa-
tion of coherent behavior in otherwise turbulent fluid flows. In high-dimensional
systems with high-dimensional invariant sets, other concepts for an approximation
of the transfer operator have to be found—and this is the subject of the next chapter
where empirical bases are employed to construct a finite-rank approximation of this
operator. Eigenfunctions of the (approximate) transfer operator can be used in order
to detect, e.g., rare events like transitions between almost—invariant, respectively,
metastable subsets in state space—an observation which already appears in one
of the earlier works of Michael from the late 1990s. This is built upon in the
subsequent chapter where a new, weaker characterization of slowly changing
coordinates in noisy dynamical systems is proposed. Another way to address the
reliable detection of rare events is based on sampling techniques like importance
sampling and this addressed in the next chapter, where several sampling algorithms
are compared and validated. We close the first part of this book by a chapter which
demonstrates the usefulness of concepts from dynamical systems for solving
questions on the computational complexity of certain problems.

vii



viii Preface

Part II is dedicated to optimal control problems. In the first contribution, sym-
metric optimal control problems are investigated. Lie group symmetries and
associated motion primitives of mechanical systems are exploited to develop
numerical methods for multi-objective model predictive optimal control problems.
In the second contribution, we review the numerical treatment of a mixed-integer
optimal control problem governed by linear convection—diffusion equations and
binary control variables. Relaxation and sum-up rounding techniques are combined
with model order reduction to make the numerical approximation computationally
more efficient. In the third contribution, we review set-oriented methods for the
construction of globally optimal controllers. Based on a discrete version of
Bellman’s optimality principle applied to a dynamic game, a discrete feedback is
constructed which robustly stabilizes a given nonlinear control system. In the last
contribution, we review and highlight some connections between the problem of
nonlinear smoothing and optimal control problems involving control of probability
densities.

Finally, in Part III, we present three contributions related to optimization. The
first contribution deals with the occurrence of “dents” in Pareto fronts of continuous
multi-objective optimization problems. This can be helpful to obtain information
about the structure of the Pareto front without explicitly computing the entire Pareto
set. The second contribution deals with equality constrained bi-level multi-objective
optimization problems and proposes a novel set-oriented algorithm that aims for a
well-distributed finite-size approximation of the Pareto front of the higher-level
problem. The third contribution reviews the gradient subspace approximation which
allows one to compute descent directions in a best-fit manner from given neigh-
borhood information. The method works particularly well in combination with
set-oriented searchers such as evolutionary algorithms.

April 2020 Oliver Junge
Oliver Schiitze

Gary Froyland

Sina Ober-Blobaum

Kathrin Padberg-Gehle
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Abstract. Phase resetting is a common experimental approach to inves-
tigating the behaviour of oscillating neurons. Assuming repeated spiking
or bursting, a phase reset amounts to a brief perturbation that causes
a shift in the phase of this periodic motion. The observed effects not
only depend on the strength of the perturbation, but also on the phase
at which it is applied. The relationship between the change in phase
after the perturbation and the unperturbed old phase, the so-called
phase resetting curve, provides information about the type of neuronal
behaviour, although not all effects of the nature of the perturbation are
well understood. In this chapter, we present a numerical method based
on the continuation of a multi-segment boundary value problem that
computes phase resetting curves in ODE models. Our method is able
to deal effectively with phase sensitivity of a system, meaning that it is
able to handle extreme variations in the phase resetting curve, includ-
ing resets that are seemingly discontinuous. We illustrate the algorithm
with two examples of planar systems, where we also demonstrate how
qualitative changes of a phase resetting curve can be characterised and
understood. A seven-dimensional example emphasises that our method
is not restricted to planar systems, and illustrates how we can also deal
with non-instantaneous, time-varying perturbations.

1 Introduction

Measuring phase resetting is a common approach for testing neuronal responses
in experiments: a brief current injection perturbs the regular spiking behaviour of
a neuron, resulting generally in a shifted phase as the neuron returns to its regu-
lar oscillating behaviour. This phase shift can be advanced or delayed—meaning
that the next spike arrives earlier or later compared with the unperturbed spik-
ing oscillation—and which effect occurs also depends on the moment when the

© The Editor(s) (if applicable) and The Author(s), under exclusive license
to Springer Nature Switzerland AG 2020
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current is applied; see [9] for more details. A plot of the shifted phase dyey versus
the original phase 9,4 at which the current was applied is known as the phase
transition curve (PTC). Experimentally, it is often easier to represent the reset
in terms of the resulting phase difference ¥yew — Jo1q as a function of ¥4, which
can be measured as the time to the next spike; such a representation is called a
phase response curve or phase resetting curve (PRC).

The shape of a PTC or PRC of a given system obviously depends on the size
of the applied perturbation: already for quite small amplitudes, nonlinear effects
can dramatically affect a PTC or PRC. The shape of the PTC or PRC has been
used to classify neuronal behaviour [1,7,16], where the underlying assumption is
that the size of the applied perturbation is sufficiently small. Hodgkin [17] dis-
tinguished between so-called Type-I and Type-II excitable membranes, where
neurons with membranes of Type II are not able to fire at arbitrarily low fre-
quencies. Note that transitions from Type-I to Type-II can occur when system
parameters are changed [8]. Ermentrout [7] found that the PRC of a Type-I neu-
ron always has the same sign, while that of a Type-II neuron changes sign; this
means that the PTC is always entirely above or below the diagonal for Type-I
neurons, while it intersects the diagonal for Type-II neurons. In either case, the
PTC is invertible for sufficiently small perturbation amplitudes, since it can be
viewed as a continuous and smooth deformation of the identity, which is the
PTC in the limit of zero amplitude. Invertibility itself has also been used as a
distinguishing property of PTCs: noninvertible PTCs are said to be of type 0
(or strong) and invertible PTCs are of type 1 (or weak) [9,37]. If an increasingly
stronger perturbation is applied, for example, in the context of synchronisation,
it is well known that PTCs can change from type 1 to type 0, that is, become
noninvertible [11,37].

A motivation in recent work on phase resetting has been the idea of interpret-
ing the PTC as defining a one-dimensional phase-reduction model that, hope-
fully, captures the essential dynamics of a possibly high-dimensional oscillating
system. The main interest is in coupled systems, formed by two or more (pla-
nar) systems with known PRCs; for example, see [31,32] for mathematical as
well as experimental perspectives. Unfortunately, the convergence back to the
limit cycle after some perturbation can be quite slow for a coupled system, such
that only (infinitesimally) small perturbations are accurately described. Further-
more, it makes physiological sense to assume a time-varying input, usually in the
form of a short input pulse, rather than the instantaneous perturbation assumed
for the theoretical phase reset. Moreover, the perturbation may be repeated at
regular intervals. In this context, PTCs and PRCs can be useful for explaining
the resetting behaviour, though strictly speaking, the theory is only valid at low
firing rates [15,35]. More recently, the idea of a phase-amplitude description has
led to a better understanding of the effects resulting from these kinds of repeated
time-varying resets [2,3,26, 30, 34].

From a dynamical systems perspective, the key question of phase resetting is
how the perturbed initial conditions relax back to an attracting periodic orbit I
with period Tr of an underlying continuous-time model, which we take here to
be a vector field on R", that is, a system of n first-order autonomous ordinary
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differential equations. All points in its basin B(I') converge to I', and they do so
with a given asymptotic phase. The subset of all points in 8(I') that converge
to I' in phase with the point yy € I', where © € [0,1) by convention, is called
the (forward-time) isochron of yg, which we refer to as I(yg). Isochrons were
defined and named by Winfree [36]. Guckenheimer [12] showed that I(yg) is,
in fact, an (n — 1)-dimensional invariant stable manifold of the attracting fixed
point yg € I' under the time-Tr map. In particular, it follows that I(yg) is tangent
to the attracting linear eigenspace of yg and, hence, transverse to I'. Moreover,
the J-dependent family of all isochrons I(yy) foliates the basin B(I'). In other
words, any point in B(I') has a unique asymptotic phase determined by the
isochron it lies on.

For a given 14, consider now the perturbed point yy_,+ Ad € B(I'), obtained
from yy,_, € I' by applying the perturbation of strength A in the given direction
d. The asymptotic phase P,y is, hence, uniquely determined by the isochron
I(ys,.,) on which this point lies. This defines a circle map P : [0,1) — [0, 1) with
P(901q) = Unew- Therefore, finding the PTC is equivalent to determining how the
perturbed cycle I' + Ad = {yg,,, + Ad | Fo1a € [0,1)} intersects the foliation of
B(T') by the isochrons I(yg,.,) for dyew € [0,1). Notice further that the PTC
is the graph of the circle map P on the unit torus T?, represented by the unit
square [0, 1) x [0, 1).

When considering the amplitude A of the perturbation as a parameter
(while keeping the direction d fixed throughout), one can deduce some impor-
tant properties of the associated PTC. Suppose that 0 < Apa.x is such that
'y =T+ Ad c B({) for all 0 £ A < Apax. Then none of these perturbed
cycles T4 intersects the boundary of the basin B(I') and the associated circle
map P = P4 is well defined for all 9,4 € [0, 1). The map Py for zero perturbation
amplitude is the identity on T2, which means that, as its graph, the PTC is the
diagonal on [0,1) x [0,1) and a 1:1 torus knot on T?; in particular, Py is invert-
ible, that is, it is injective and surjective. Because of smooth dependence on the
amplitude A and the fact that P4 is a function over [0, 1), the PTC remains a
1:1 torus knot on T2 and P, is surjective for all 0 < A < Apax.

Since the isochrons are transverse to I', the circle map P4 is C'-close to
the identity, and hence, also injective, for sufficiently small A. As the graph of
a near-identity transformation, the PTC is then strictly monotone, invertible,
and hence, of type 1 (or weak) in the notation of [9,37]. While surjectivity is
preserved, injectivity may be lost before A = Ap,.x is reached. Indeed, the PTC
is either invertible for all 0 £ A < Apax, or there is a maximal 0 < Ajpy < Amax
such that P4 is invertible only for all 0 < A < Aj,y. The loss of injectivity of P4
at A = Ay, happens generically because of the emergence of an inflection point.
For 0 < A < A, this transition creates a local minimum and a local maximum
of the PTC, which is now no longer invertible and so of type 0 (or strong) in
the notation of [9,37]. As we will show, an inflection point of P4 corresponds
to a cubic tangency between the perturbed cycle I'y and an isochron. Indeed,
additional inflection points and, hence, local minima and maxima may appear at
subsequent cubic isochron tangencies. Since P4 is a circle map, these must come
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in pairs; hence, counting the number of its local maxima (or minima) would
provide a further refinement of the notation of a type 0 (or strong) PTC.

The above discussion shows that, when the applied perturbation A is suffi-
ciently weak, it suffices to consider only the linear approximation to the isochron
family, which is given by the J-family of stable eigenspaces of the time-T map
for each ¢. In practice, nonlinear effects are essential, especially when multiple
time scales are present or the phase reset involves relatively strong perturba-
tions. Isochrons are often highly nonlinear objects of possibly very complicated
geometry [21,36]. While the geometric idea of isochrons determining the phase
resets has been around since the mid 1970s, the practical implementation has
proven rather elusive. In practice, it is not at all straightforward to compute the
isochrons of a periodic orbit. In planar systems, when such isochrons are curves,
three different approaches have been proposed, based on Fourier averages [23,25],
a parametrisation formulated in terms of a functional equation [14,18], and
continuation of solutions to a suitably posed two-point boundary value prob-
lem [21,29]. In principle, all three approaches generalise to higher-dimensional
isochrons, but there are only few explicit examples [14,25].

From the knowledge of the isochron foliation of 8(T'), one can immediately
deduce geometrically the phase resetting for perturbations of any strength and in
any direction. However, already for planar and certainly for higher-dimensional
systems, this is effectively too much information when one is after the PTC
resulting from a perturbation in a fixed direction and with a specific ampli-
tude. In essence, finding a PTC or PRC remains the one-dimensional problem
of finding the asymptotic phase of all points on the perturbed cycle.

In this chapter, we show how this can be achieved with a multi-segment
boundary value problem formulation. Specifically, we adapt the approach
from [21,22] to set up the calculation of the circle map P4 by continuation,
first in A from A = 0 for fixed ¥,1q, and then in J,q € [0,1) for fixed A. In
this way, we obtain accurate numerical approximations of the PTC or PRC as
continuous curves, even when the system shows strong phase sensitivity. The
set-up is extremely versatile, and the direct computation of a PTC in this way
does not require the system to be planar. We demonstrate our method with a
constructed example going back to Winfree [37, Chapter 6], where we also show
how injectivity is lost in a first cubic tangency of 'y with an isochron. The
robustness of the method is then illustrated with the computation of a PTC
of a perturbed cycle that cuts through a region of extreme phase sensitivity in
the (planar) FithHugh-Nagumo system; in spite of very large derivatives due to
this phase sensitivity, the PTC is computed accurately as a continuous curve.
Our final example of a seven-dimensional system from [20] modelling a type of
cardiac pacemaker cell shows that our approach also works in higher dimensions;
this system also features phase sensitivity due to the existence of different time
scales.

This chapter is organised as follows. In the next section, we provide pre-
cise details of the setting and explain the definitions used. Section 3 presents
the numerical set-up for computing a resetting curve by continuation of a
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multi-segment boundary value problem. We then discuss two planar examples in
depth, which are both taken from [22]: a variation of Winfree’s model in Sect. 4
and the FitzHugh—Nagumo system in Sect. 5. The third and higher-dimensional
example from [20] is presented in Sect.6. A summary of the results is given in
Sect. 7, where we also discuss some consequences of our findings and directions
of future research.

2 Basic Setting and Definitions

As mentioned in the introduction, we consider a dynamical system with an
attracting periodic orbit I'. For simplicity, we assume that the state space is R”
and consider the dynamical system

x = F(x), (1)

where F : R" — R" is at least once continuously differentiable. We assume that
system (1) has an attracting periodic orbit T with period Tt > 0, that is,

I':={y@® eR"|0<t<Tr with y(Tt) = y(0)},

and Tr is minimal with this property. We associate a phase ¥ € [0,1) with
each point yg € I', defining yy := y(t) with t+ = 9Tr. Here yy := y(0) needs to
be chosen, which is usually done by fixing it to correspond to a maximum in
the first component. The (forward-time) isochron I(yy) associated with y9 € T
is then defined in terms of initial conditions x(0) of forward trajectories x :=
{x(¢) e R" | t € R} of system (1) that accumulate on I', namely, as

I(yy) := {x(0) e R" | klim x(k Tr) = yy with k € N}.

In other words, the trajectory x approaches I' in phase with y,y. Note that I(yy) is
the stable manifold of the fixed point yy of the time-T return map; in particular,
this means that I(yg) is of dimension n — 1 and tangent at ygs to the stable
eigenspace E(yg), which is part of the stable Floquet bundle of I' [12,13]; we
utilise this property when computing isochrons, and also when computing a
PTC or PRC.

We are now ready to give formal definitions of the PTC and PRC; see also [9].

Definition 1 (Phase Transition Curve)

The phase transition curve or PTC associated with a perturbation of amplitude
A > 0 in the direction d € R" is the graph of the map P : [0,1) — [0, 1) defined as
follows. For ¢ € [0, 1), the image P() is the phase ¢ associated with the isochron
I(y,) that contains the point y9 + Ad for yy €T.

Definition 2 (Phase Response Curve)

The phase response curve or PRC associated with a perturbation of amplitude
A > 0 in the direction d € R" is the graph of the phase difference A(¥) =
P(¥) — ¥ (mod 1), where the map P is as above.
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The definitions of the PTC and PRC are based on knowledge of the (forward-
time) isochron I(y,) associated with a point y, € I'. We previously designed an
algorithm based on continuation of a two-point boundary value problem (BVP)
that computes one-dimensional (forward-time and backward-time) isochrons of
a planar system up to arbitrarily large arclengths [21,22,29]. Here, we briefly
describe this algorithm in its simplest form, because this is useful for under-
standing the basic set-up, and for introducing some notation. The description
is presented in the style that is used for implementation in the software pack-
age AUTO [4,5]. In particular, we consider a time-rescaled version of the vector
field (1), which represents an orbit segment {x(z) | 0 < ¢ < T} of (1) as the orbit
segment {u(?) | 0 < ¢ < 1} of the vector field

u =TF(u), (2)

so that the total integration time T is now a parameter of the system.

We approximate I(yg) as the set of initial points of orbit segments that end
on the linear space E(yq), the linearised isochron of I(yg), close to y, after integer
multiples of the period Tr. These points are formulated as initial points u(0) of
orbit segments u that end on E(yy) at a distance n from 7yg; hence, n defines
a one-parameter family of orbit segments. Each orbit segment in this family is
a solution of system (2) with T = kTr for k € N; the corresponding boundary
conditions are:

[u(1) — o] - v =0, (3)
[u(1) = yol - vo =1, (4)

where v is the normalised vector that spans E(yy) and v§ is perpendicular to it.
Note that T itself, when starting from vy, is a solution to the two-point BVP (2)-
(4) with T = Tr and n = 0. This gives us a first solution to start the continuation
for computing I(yg). We fix T = Tt and continue the orbit segment uin n up to a
maximum prespecified tolerance 1 = yax. As the end point u(1) is pushed away
from yq along E(yp), the initial point u(0) traces out a portion of I(yg).

Once we reach = Ny, we can extend I(yg) further by considering points
that map to E(yg) after one additional period, that is, after time T = 2Tr. We
start the continuation with the orbit segment formed by concatenation of the
final orbit segment with I'; here, we rescale time such that this first orbit is again
defined for 0 <t < 1, we set T = 2T, and nn = 0. Note that this orbit segment
has a discontinuity at ¢ = %, but it is very small and AuTO will automatically
correct and close it as part of the first continuation step. This correction will
cause a small shift in 7 away from 0, but n will still be much smaller than
Nmax (in absolute value). We can keep extending I(yg) further in this way, by
continuation with T = k Tr, for integers k > 2. See [21,29] for more details on the
implementation and, in particular, see [19,29] for details on how to find E(yq)
represented by the first vector vg in the stable Floquet bundle of T'.

The computational set-up forms a well-posed two-point BVP with a one-
parameter solution family that can be found by continuation, provided the equal-
ity NDIM — NBC + NPAR = 1 holds for the dimension NDIM of the problem, the
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number NBC of boundary conditions, and the number NPAR of free parameters.
Indeed, for the computation of I(yy), we have NDIM = 2, because we assumed
that the system is planar; NBC = 2, namely, one condition to restrict u(l) to
the linearised isochron of I(yg), and one condition to fix its distance to yg; and
NPAR = 1, because we free the parameter 7.

To compute /(y,,) for other ¢ € [0, 1), this same approach can be used, working
with a shifted periodic orbit I" so that its head point is y,, and determining the
associated direction vector v, that spans the eigenspace E(y,) to which I(y,)
is tangent. In [29], approximations of vy, and v, are obtained by interpolation
of the respective mesh discretisations from AUTO. We describe an alternative
approach in [21], where we consider I(y,) as the set of initial points of orbit
segments that end in the linear space E(yq) of I(yp) sufficiently close to yy after
total integration time T = kTt + (1 — ¢) Tr-.

For the computation of a phase resetting curve, we use a combination of these
two approaches, but rather than interpolation, we shift the periodic orbit by
imposing a separate two-point BVP. More precisely, we set up a multi-segment
BVP comprised of several subsystems of two-point BVPs; the set-up for this
extended BVP is explained in detail in the next section.

3 Algorithm for Computing a Phase Resetting Curve

Based on the definition of PTC and PRC, one could now calculate a sufficiently
large number of isochrons and determine the resetting curve numerically from
data. We prefer to compute the PTC or PRC directly also with a BVP set-up
and continuation. The major benefit of such a direct approach is that it avoids
accuracy restrictions arising from the selection of computed isochrons; in partic-
ular, any phase sensitivity of the PTC or PRC will be dealt with automatically
as part of the pseudo-arclength continuation with AuTto [4,5].

For ease of presentation, we will formulate and discuss our continuation set-
up for the case of a planar system. We remark, however, that it can readily be
extended for use in R" with n > 2, because the dimensionality of the problem is
not determined by the dimension n— 1 of the isochrons but by the dimension of
the PTC or PRC, which is always one; see also the example in Sect. 6.

The essential difference between calculating a resetting curve rather than
an isochron is the following: for an isochron I(yg), we compute orbit segments
with total integration time T = Tr (or integer multiples), where we move the
end point u(1) along the linear approximation of I(yy) to some distance n from
I', while the initial point u(0) traces out a new portion of I(yg); imagining the
same set-up, if we move u(0) transverse to I(yg), the end point u(1) will move
to lie on the linearisation of an isochron I(y,) with a different phase ¢. (Here,
one should expect that the distance to I' also changes, but we assume it is still
less than nmax). The key idea behind our approach is that we find a way to
determine the different phase ¢, or the phase shift ¢ — ¥, by allowing I' and its
corresponding stable Floquet bundle to rotate as part of an extended system. We
ensure the head point of I' moves with the phase-shifted point, that is, the first
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point on I' will be y,. In this way, we can determine the shifted phase ¢ along
any prescribed arc traced out by u(0), provided it lies in the basin of attraction
of T. For the PTC or PRC associated with a perturbation of amplitude A > 0
in the direction d € R”, this prescribed arc is the perturbed cycle I + Ad, that
is, u(0) traces out the closed curve {yg + Ad | ¥ € [0,1)}.

3.1 Continuation Set-Up for Rotated Representation of I

We formulate an extended BVP that represents a rotated version of I' with a
particular phase, meaning that we automatically determine the phase of the head
point relative to yo. To this end, we assume that the zero-phase point yg € I’
and its associated linear vector vy, or more practical, its perpendicular vy, are
readily accessible as stored parameters, or constants that do not change. Hence,
even when I' is rotated and its first point is y, for some different ¢ € [0,1), we
can still access the coordinates of yy and v from the parameter/constants list.

The extended BVP consists of three components, one to define I', one to
define the associated (rotated) linear bundle, and one to define the associated
phase. We start by representing I' as a closed orbit segment g that solves sys-
tem (2) for T = Tr. Hence, we define

g =Tr F(g)9 (5)

with periodic boundary condition

g(1) — g(0) = 0. (6)

The stable Floquet bundle of T is coupled with the BVP (5)—(6) via the first
variational equation. More precisely, we consider a second orbit segment v, such
that each point vg(f) represents a vector associated with points g(¢) of the orbit
segment that solves (5). The orbit segment v, is a solution to the linearised flow
such that vg(0) is mapped to itself after one rotation around I'. The length of
vg(0) is contracted after one rotation by the factor exp(Tt As), which is the stable
Floquet multiplier of I'. We prefer formulating this in logarithmic form, which
introduces the stable Floquet exponent Ag to the first variational equation, rather
than affecting the length of v4(0). Therefore, the BVP (5)—(6) is extended with
the following system of equations:

Vg = Tr [DgF(g) vg — A5 V], (7)
vg(1) = v4(0) = 0, (8)
Ivg(0)]= 1. 9)

In particular, vg(0) = vg4(1) is the normalised vector that spans the local linearised
isochron associated with g(0).

We have not specified a phase condition and, indeed, we allow g to shift and
start at any point yg € I'. Consequently, the linear bundle v, will also shift such
that vg(0) still spans the local linearised isochron associated with g(0).
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Phase shifting the periodic orbit and its linear bundle by continuation in this
way has been performed before [8]. However, the implementation in [8] requires
accurate knowledge of the coordinates of the point g in order to decide when to
stop shifting. Our approach uses another BVP set-up to monitor the phase shift,
so that both yy and vy are determined up to the accuracy of the computation.
To this end, we introduce a third orbit segment w that lies along I', with initial
point w(0) equal to g(0), and end point w(1) equal to yy. The total integration
time associated with this orbit segment w is the fraction of the period Tt that
g(0) lies away from 7yq along I'; hence, it is directly related to the phase of g(0).
We extend the BVP (5)—(9) with the following system of equations:

w = v Tt F(w), (10)
w(0) = g(0), (11)
[w(1) = yol - vy =0. (12)

Here, we do not impose w(1) = y. Instead, condition (12) allows w(1) to move
in the linearisation of I(yq) at yq; this relaxation is necessary to ensure that the
BVP remains well posed and the discretised problem has a solution. In practice,
since w(0) € T', the difference between w(1) and yy will be of the same order
as the overall accuracy of the computation. Note that it is important to ensure
v > 0 in Eq. (10), because w(1) may diverge from 7y, along E(yg) otherwise. We
found it convenient to start the calculation with v = 1, which corresponds to the
orbit segment w = g.

The combined solution {g, vg, w} to the multi-segment BVP (5)—(12) repre-
sents a rotated version of I' and its stable Floquet bundle so that the head point
is v, with phase ¢ = 1 — v(mod 1). We remark here that this extended set-up
can also be used to compute I(y,,), for any phase 0 < ¢ < 1, with the method for
I(7yg) described in Sect. 2; such a computation would approximate each isochron
up to the same accuracy, without introducing an additional interpolation error.

3.2 Continuation Set-Up for the Phase Reset

Recall the set-up for computing a phase reset by moving u(0) transversely to
I(yg), so that the end point u(l) will move and lie on the linearisation of an
isochron I(y,) with a different phase ¢. Here, the orbit segment u is a solution
of

u = kTt F(u), (13)

for some k € N. The end point u(1) should lie close to I" on the linearisation of
I(y,), for some ¢ € [0,1). We stipulate that the rotated version of I' is shifted
such that u(1) lies close to g(0) along the direction v4(0). Hence, we require the
two boundary conditions

[u(1) - g(0)] - v¢(0) = n, (14)

[u(1) - g(0)] - v¢(0)" =0, (15)
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where vg(0)* is the vector perpendicular to v4(0). Here, n measures the (signed)
distance between u(1) and g(0), which is along v4(0). Since u is a solution of (13)
and k € N, the initial point u(0) has the same phase as the last point u(1), and
the combined multi-segment BVP (5)—(15) ensures that u(1) has (approximate)
phase 1 — v (mod 1). In practice, we should choose k € N large enough such that
7 < Nmax- If u(0) lies close to I', it will be sufficient to set k = 1. In order to
consider phase resets of large perturbations, for which u(0) starts relatively far
away, we need k > 1, to allow for sufficient time to let u converge and have u(1)
lie close to T

At this stage, the multi-segment BVP (5)—(15) is a system of NDIM = 8
ordinary differential equations (for the case of a planar system), with NBC = 10
boundary conditions, and NPAR = 4 free parameters, namely, Tr, A5, v, and 7;
the period Tr and stable Floquet exponent A must remain free parameters to
ensure that the discretised problem has a solution, but their variation will be
almost zero. Hence, NDIM — NBC + NPAR = 2 # 1, and one more condition is
needed to obtain a one-parameter family of solutions.

The final step in the set-up is to impose an extra condition that specifies
how u(0) moves along an arc or closed curve in the phase plane. Consequently,
since k Tt is fixed, the orbit segment u changes, so that u(1) will move as well,
and g(0), along with v4(0) will shift accordingly. This causes a variation in v to
maintain w(0) = g(0), and these v-values precisely define the new phase in the
continuation run as a function of the position along the chosen arc or closed
curve.

To compute the PRC, we need to let u(0) traverse the closed curve {yg +
Ad | ¥ € [0,1)} obtained by the (instantaneous) perturbation of I in the direction
d for distance A. We can impose this relatively complicated path on u(0) by
including another system of equations to the multi-segment BVP, namely, the
BVP that defines I in terms of another rotated orbit segment g,. Furthermore, in
order to keep track of the phase ¢ along this path, we introduce another segment
wy that plays the same role as w in Sect.3.1; compare with equations (5)—(6)
and (10)—(12). In other words, we extend the BVP (5)—(15) by the following
system of equations
16

17

gu = Tr F(gu). (16)
gu(1) — gu(0) = 0. (17)
vy = (1= 9) Tr F(wy), (18)

wy(0) = gu(0), (19)
[Wa(1) = y0] - v§ = 0. (20)

Here, we decrease @ from 1 to 0, during which wy grows and gy tracks yy. In
order for a solution to exist, the periods Tr and Tr must be two different free
parameters, although they remain constant (and equal) to within the accuracy
of the computation. The phase reset is now obtained by imposing

w(0) = gu(0) + Ad. (21)
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The multi-segment BVP (5)—(21) is now a system of dimension NDIM = 12,
with NBC = 17 boundary conditions, and NPAR = 6 free parameters, which are
Tr, As, v, 1, Tr, and either @ or A. Since, NDIM — NBC + NPAR = 1, we obtain
a one-parameter solution family by continuation. As the first solution in the
continuation, we use the known solution g = w = u = g, = I', which starts with
the head point o, the associated stable linear bundle vo that we assumed has
been pre-computed, and wy, = yg; then Tr = Tt and Ag are set to their known
computed values, n = A = 0, and v = ¢ = 1. Initially, £k = 1, and one should
monitor 77 to make sure it does not exceed 7y ax.

To obtain the PTC or PRC we first perform a homotopy step, where we fix
¥ = 1 and vary the amplitude A until the required value is reached. This continu-
ation run produces a one-parameter family of solutions representing the effect of
a reset of varying amplitude A from the point (. In the main continuation run,
we then fix A and decrease ¢ until ¢ = 0, so that it covers the unit interval; the
associated solution family of the multi-segment BVP (5)—(21), hence, provides
the resulting phase ¥yew := 1 — v(mod 1) as a function of the phase ¥,q := ¢
along the perturbed periodic orbit.

4 Illustration of the Method with a Model Example

We illustrate our method for computing a PTC with a constructed exam-
ple, namely, a parametrised version of the model introduced by Winfree [37,
Chapter 6], which we also used in [22]; it is given in polar coordinates as

{f=a—nv—@n
v=-1-w(l-r).

In Euclidean coordinates, the system becomes

X =(1-+/x2+y2) (x(\/x2+y2—a)+a)y)+y,

(22)
$=0=V2y) (v )7 - a) - wx) - x.

Note that this system is invariant under any rotation about the origin; moreover,
its frequency of rotation only depends on r = y/x2 + y2; see [22] for details. We
now fix the parameters to a = 0 and w = —0.5, as in [22]. Then the unit circle is
an attracting periodic orbit I' with period Tt = 27 and the origin is an unstable
equilibrium x*.

4.1 Computing the PTC

We choose yg = (1,0) and compute the normalised linear direction associated
with its isochron as vy = (—0.83,-0.55). As was explained in Sect. 3.2, the com-
putation is performed in two separate continuation runs: first, we apply a per-
turbation to the point yy in a fixed direction d, where we vary the amplitude
A from 0 to 0.75 during the homotopy step. Next, we fix A = 0.75 and apply
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Fig. 1. Phase reset of system (22) at fixed y¢ in the direction d = (-1, 0) with amplitude
A €[0,0.75] (a), and continuation set-up at the three labelled points (b), (c), and (d).
Panel (b) shows the initial set-up when A = 0 and 9pew = 1, in panel (c) the continuation

has progressed to A = 0.4 and Upew = J¢ ~ 0.96, and in panel (d) A = 0.75 has been
reached and Yhew = 94 = 0.76.

the same perturbation to each point yg € I'. For the purpose of visualising the
computational set-up, we choose the (somewhat unusual) direction d = (-1, 0)
and set the maximum distance along the linearised isochron to the relatively
large value of nmax = 0.2.

The first continuation run of the multi-segment BVP (5)—(21) is illustrated in
Fig. 1. Here, the free amplitude A increases while ¥ = 1 = 0 (mod 1) is fixed and,
hence, the perturbation is always applied at yo and grows in size. Figure 1(a)
shows the resulting phase 9,0 as a function of A. Three points are labelled,
indicating the three stages during the continuation that are illustrated in pan-
els (b), (¢) and (d). In each of these panels we show the periodic orbit I in black,
and the current orbit segment u of the continuation run in green. Note that I is
rotated here and its head point g(0) lies at the point on I' with phase Jpew. A
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short segment of the associated linearisation of the isochron of yy, is shown in
blue. We do not plot the orbit segment w that determines the value of 9y, but
it follows I' from g(0) back to g(0) and then extends (approximately) along I to
vo0- Indeed, notice in Fig. 1(a) that dyey is decreasing, which means that v > 1 is
increasing so that w becomes longer. We also do not show the orbit segments g,
and w, that determine the phase ¢ = ¥,1q at which the perturbation is applied,
because 9,q = 1 is fixed in this continuation run.

Figure 1(b) shows the initial set-up, withg =w=u=g, =T, wy = 0, IT = Tr
and Ag set to their known values, and v =1, 7 = A =0, with £k =1 and ¢ = 1.
The dotted line segment in Fig. 1(b) indicates the direction d of the intended
perturbation away from vyg; its length is the maximal intended amplitude A =
0.75. An intermediate continuation step when A = 0.4 is shown in Fig. 1(c). The
perturbation has pushed u(0) out along d, such that u(1) now lies (approximately)
on the linearised isochron, parametrised as g(0) + 7vg(0) with 0 < 17 < Pmax,
associated with the rotated head point g(0) = yy_, where 9. = 0.96. Note that
the orbit segment w (not shown) has now changed from its initialisation to match
the solution to subsystem (10)—(12) with v ~ 1.04. Figure 1(d) illustrates the last
step of the first continuation run, when A = 0.75. The head point g(0) € T has
rotated further to yg, with 94 =1 —-v = -0.24 = 0.76 (mod 1). Notice that u(1)
lies quite far along the linearised isochron, because we allow a relatively large
distance n7. The corresponding orbit segment u is determined for an integration
time of only one period, that is, for k = 1. We show this case for illustration
purposes, but in practice, it would be worth choosing a smaller value for nyax,
so that u would be extended, and the integer multiple of Tt set to k = 2, before
reaching A = 0.75.

The second continuation run uses the fixed perturbation of size A = 0.75
along d = (-1, 0), and varies the phase & at which it is applied. Since ¢ controls
the integration time associated with the orbit segment w,, the multi-segment
BVP (16)—(20) with solution {gy, w,} and parameter Tr now plays an important
role. For each 9, the head point g,(0) of g, lies (approximately) at yg € I', and
w, represents the remaining part of I' from yy to yg; hence, the total integration
time of wy is the fraction 1 — ¢ of ?r, which is equal, up to the computational
accuracy, to the period Tt of T'.

Figure 2 illustrates different aspects of this continuation run. As ¥,q = ¢
decreases from 1, the multi-segment BVP (5)—(21) determines the orbit segment
u with u(0) = yg + Ad and uses the rotated orbit segment g and w to establish the
resulting phase 96w = 1—v (mod 1) of u(1). Panel (a) shows the PTC computed
for A = 0.75. Note that v takes values in the covering space R; the output is then
folded onto the unit torus by taking Jyew = 1—v (mod 1), giving the solid curve in
Fig. 2. The points labelled (b) and (c) in this panel correspond to Fo1q = 0.9 and
Po1a = 0.1, respectively. The continuation set-up for these two cases is shown
in the corresponding panels (b) and (c). As in Fig. 1, the periodic orbit ' is
black and u is green. The path traced by the initial point u(0) is the magenta
dotted circle, which is T shifted by A = 0.75 in the direction d = (-1, 0); hence,
for fixed ¢, the point u(0) corresponds to the perturbation of the point yy € T
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that lies horizontally to the right of u(0), as indicated by the magenta dotted
line segment. The end point u(1) lies on the linearised isochron, parametrised as
g(0) + nvg(0) with 0 < i < max, associated with the rotated head point of g,
which is determined by subsystem (5)—(9). The phase of this head point is given
by Pnew = 1 — v (mod 1), where v is determined from subsystem (10)—(12) that
defines the orbit segment w.

Hence, the two orbit segments w and w, essentially determine the PTC, that
is, the map P : ¥o1q — Dhew. Their x-coordinates are plotted versus time in
panel (d) for do,1q = 0.9 and in panel (e) for 9,4 = 0.1, respectively, overlaid
on two copies of I' (black curve), that is, time 7 runs from 0 to 4x. The further
panels (d1) and (d2) for ¥o1q = 0.9 and panels (el) and (e2) for 519 = 0.1 show w
(yellow curve) and w, (orange curve) individually, relative to the periods Tr and
Tr, respectively. Note that both w and w, end at x = 1, for t = 47 and t = 27,
respectively, as required, but their initial points differ. As ¢ decreases from 1
to 0 during the continuation, the orbit segment w, lengthens as expected, but
note that w lengthens as well; this is due to the (near-)monotonically increasing
nature of the PTC for this example.

4.2 Loss of Invertibility

Recall that any PTC is the identity for A = 0, and invertible for sufficiently small
amplitude A of the perturbation, because its graph remains a 1:1 torus knot on
the torus parametrised by the two periodic variables ¥,q and yew. However,
the PTC in Fig. 2(a) for A = 0.75 is no longer near the identity: it is not injective
and, hence, not invertible.

To show how injectivity of the PTC is lost as A is increased, we consider again
model (22), but now with a = 0.25; see also [22]. Apart from the attracting unit
circle Iy = T with period Tr = 27, there exists then also a repelling circle I'y, with
radius r = a = 0.25 and period 27/(1 + w (1 — a)) = 3.2 7; note that I'y, forms the
boundary of the basins of attraction of both I'y and the equilibrium x* at the
origin, which is now attracting.

We consider three phase resets of I'y of the form I's + Ad in the positive
direction d = (1,0) and with A = 0.54, A = 0.59, and A = 0.64. Figure 3 shows the
three corresponding PTCs, the corresponding PRCs, and the perturbed cycles
[s+Ad in increasingly darker shades of magenta as A increases in panels (a), (b),
and (c), respectively. Panel (a) shows that the first PTC for A = 0.54 is injective
and invertible. As A is increased to approximately A = 0.59, the graph has a
cubic tangency near (%o1q, Fnew) = (0.45, 0.24), because the associated map P has
an inflection point at .9 ~ 0.45. For larger values of A, such as for A = 0.64,
the PTC has a local maximum followed by a local minimum and is, hence, no
longer invertible. Note from Fig.3(b) that this qualitative change of the PTC
does not lead to a corresponding qualitative change of the PRC.

Figure 3(c) and the enlargement near the basin boundary I'y in panel (d)
show that the loss of injectivity of the PTC is due to a cubic tangency between
the perturbed cycle I's + Ad and the foliation of the basin of Ty by (forward-time)
isochrons; ten isochrons are shown in panel (¢) and one hundred in panel (d),
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Fig. 3. Phase resets of Iy in system (22) with a = 0.25 in the direction d = (1,0) for
amplitudes A € {0.54,0.59,0.64} (increasingly darker shades of magenta). The three
PTCs are shown in panel (a) and the corresponding PRCs in panel (b). The three
perturbed cycles are shown in panel (c) together with I's and ten of its isochrons that
are uniformly distributed over one period; the enlargement near I'y in panel (d) shows
them with 100 uniformly distributed isochrons of I's and points of tangency at p* and
p*. Isochrons are coloured according to the colour bar.

distributed uniformly in phase and coloured according to the colour bar. The left-
most light-magenta cycle for A = 0.54 is transverse to all isochrons. The middle
magenta cycle for A = 0.59, on the other hand, has a single cubic tangency
(approximately) with the isochron I(yg.24) of phase ¥ = 0.24 at the point p* ~
(—0.33,-0.39), shown in panel (d). For larger A, as for the right-most dark-
magenta cycle for A = 0.64, there are now two quadratic tangencies with two
different isochrons, namely, (approximately) with I(yg22) and I(yp.19) at the
points p* ~ (=0.35,-0.14) and p~ ~ (-0.13,-0.64), respectively. As a result, all
isochrons that intersect the perturbed cycle between p* and p~ intersect three
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times; hence, the map P from d,q to PYyew 1S no longer invertible. Note that
pt and p~ correspond to the local maximum and local minimum of the PTC in
panel (a), respectively.

5 Phase Resetting in the FitzHugh-Nagumo Model

We now illustrate the capability of our method by computing the phase reset of a
periodic orbit in the FitzHugh-Nagumo system [10,27]. This model is an iconic
example that motivated early work on isochrons and phase response curves;
in particular, it has a very complicated geometry of isochrons with regions of
extreme phase sensitivity [21,37]. The FitzHugh—Nagumo system is given by
the equations
i=c(y+x-3x"+2),
Xx—a+by (23)
- .
We set a = 0.7, b = 0.8, and z = —0.4, as in [37], and fix ¢ = 2.5, as was done
n [22]. For these parameter values, there exists an attracting periodic orbit
I' with period Tr = 10.71 and a repelling equilibrium x* = (0.9066, —0.2582).
The parameter ¢ is a time-scale parameter, the increase of which makes the x-
variable faster than the y-variable. It plays an important role in the onset of
phase sensitivity due to an accumulation of isochrons in a narrow region close to
the slow manifold [21], which is associated with the occurrence of sharp turns in
the isochrons of T see also [29]. For the chosen value of ¢ = 2.5, one finds both
strong phase sensitivity and sharp turns, which makes the computation of any
phase resetting curve quite challenging.
Figure 4 illustrates the phase reset for the FitzHugh—Nagumo model (23) after
a perturbation in the direction d = (1,0) of amplitude A = 0.25. Panel (a) and
the enlargement near the equilibrium x* in panel (b) show how the perturbed
cycle I' + Ad intersects the isochrons of I', of which 100 are shown uniformly
distributed in phase and coloured according to the colour bar in Fig. 3. In par-
ticular, one notices quite a few instances in panel (b) of quadratic tangencies
between the perturbed cycle and different isochrons; one such isochron is the
highlighted I(yg.62). The green curves O and O~ in panels (a) and (b) are two
special trajectories, along which the foliation by forward-time isochrons of I" has
quadratic tangencies with the foliation by backward-time isochrons (not shown)
of the focus x*. Tangencies between these two foliations were introduced in [22],
where we argued that such tangencies give rise to sharp turns of isochrons. We
remark that the two trajectories OF and O~ of quadratic tangencies appear at
a specific value ¢* < 2.5 where one finds a cubic tangency between the two foli-
ations, called a cubic isochron foliation tangency or CIFT for short; see [22] for
details. The relevance of the special trajectories O* and O~ in the present context
is that along them the isochrons of I have sharp turns as they approach x*. This
can clearly be seen in Fig.4(b); as the highlighted isochron I(yg¢2) illustrates,
the turns along O~ are so sharp that I(ygg2) appears to retrace itself along
certain segments. Since this happens for all isochrons of I', one finds extreme

y=
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Fig. 4. Phase reset for the FitzHugh—-Nagumo model (23). Panel (a) shows the periodic
orbit I' (black), the perturbed cycle I + Ad (magenta) with d = (1,0) and A = 0.25,
the two trajectories O* and O~ (green), and 100 isochrons uniformly distributed in
phase; isochrons are coloured according to the colour bar in Fig. 3, and the isochron
I(y0.62) is highlighted in orange. Panel (b) is an enlargement near the equilibrium x*,
and panels (c) and (d) show the corresponding PTC and PRC, respectively; the dashed
orange line in panel (c) indicates the phase of I(yg.¢2)-

phase sensitivity near the trajectory O~. Moreover, quadratic tangencies of the
perturbed cycle with isochrons of T occur near both O and O~. Hence, the
number of intersection of I' + Ad with O and O~ gives an indication of how
many quadratic tangencies the perturbed cycle has with different isochrons.

As we have seen in Sect. 4.2, any such quadratic tangency between I'+ Ad and
an isochron is associated with a local maximum or minimum of the PTC, which
is, therefore, not expected to be invertible. Figure 4(c) presents the PTC com-
puted with our method as a continuous curve shown in (914, Fnew )-coordinates
on the unit torus. Clearly, its graph is quite intriguing and features six local
maxima and six local minima. Observe that the local maxima correspond to
quadratic tangencies near O*, while the sharper local minima correspond to
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Fig. 5. Phase reset along the line segment yg 56 + Ad with d = (1,0) and A € [0,0.75]
in the FitzHugh-Nagumo model (23). Panel (a) shows the periodic orbit I' (black), the
line segment of perturbations (magenta) starting at point yg.56 € I', the two trajectories
O* and O~ (green), and 100 isochrons uniformly distributed in phase; isochrons are
coloured according to the colour bar in Fig. 3, and the isochron I(yp.4) is highlighted
in orange. Panel (b) is an enlargement near the equilibrium x*, and panels (c¢) and (d)
show the periodic variables Ypew and A = Phew — P14, respectively, as a function of A.

quadratic tangencies near O~; in particular, the tangency with the highlighted
isochron I(yg.¢2) near O* in panel (b) gives rise to a local maximum of the PTC
in panel (c¢), where the graph has a quadratic tangency with the dashed orange
line at e = 0.62. Notice that I(yg.g2) intersects the perturbed cycle I' + Ad
in panel (b), and hence, the PTC in panel (c), five more times. The associated
PRC of the change in phase A = %o —Fo1a is shown in panel (d); it is also quite
a complicated curve with local maxima and minima. The PTC and PRC both
have six near-vertical segments at ¥,q ~ 0.47, 0.49, 0.50, 0.52, 0.54, and 0.57;
such large gradients arise near the local minima because of the extreme phase
sensitivity near O~.
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Figure5 illustrates our continuation approach for another type of resetting
experiment, where phase and direction of the perturbation are fixed but its
magnitude varies. Specifically, we calculate the asymptotic phase of points that
are perturbed from 7y 56 € I' in the positive x-direction d = (1, 0) with amplitude
A €]0,0.75]. As panels (a) and (b) show, the corresponding line segment yg 56 +
Ad passes through the phase-sensitive region of accumulating isochrons near x*,
where it intersects Ot and O~ several times. To compute the reset, we first rotate
[ and, consequently, the entire multi-segment BVP (5)—(21), such that the head
point g(0) of T lies at yp.56. We then proceed as in the first continuation run in
Sect. 4.1 to obtain ¥,ey as a function of A. The resulting resets Jpnew and A are
shown in panels (c) and (d), respectively; note that A is obtained from ey by a
fixed shift of ¥,q = 0.56. The resulting reset as a function of A also shows near-
vertical segments near three local minima, which are again directly associated
with the three points where the line segment yg 56 + A d intersects the trajectory
O~. Notice that the turns of the isochrons along O~ are so very sharp that one
will find a quadratic tangency nearby with respect to the horizontal—or indeed
practically any given direction. Along O*, on the other hand, the turns of the
isochrons are more gradual and the local maxima due to intersections of the
line segment of perturbations are not associated with strong phase sensitivity.
Notice further that the penultimate intersection between yg.56+Ad and O* does
not come with a nearby quadratic tangency and, hence, does not lead to a local
maximum of Jyeyw.

6 Phase Resetting in a Seven-Dimensional Sinoatrial
Node Model

We now illustrate how our computational approach can be applied to systems
of dimension higher than two. Indeed, while the multi-segment BVP (5)—-(21)
now consists of higher-dimensional subsystems that represent the various orbit
segments in this higher-dimensional phase space, the necessary input-output
information is still given by the two parameters ¢ and v that determine the
relationship Yyew = P(Po14)-

We compute the PTC for the seven-dimensional model from [20] of a sinoa-
trial node of a rabbit, which is a type of cardiac pacemaker cell. The model is
described in standard Hodgkin—Huxley formalism: the main variable is voltage
V (measured in mV), which depends on five ionic currents that are determined
by the dynamic opening and closing of six so-called gating variables, denoted m,
h,d, f, p, and g. The five currents (measured in pA) are: a fast inward sodium
current In,, a slow inward current I, a delayed rectifier potassium current I,
a pacemaker current I, and time-independent leak current I;. The system of
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Fig. 6. The PTC of the seven-dimensional model (24), as presented in [20, Fig. 7 (mid-
dle)] (a) and as computed with our method (b). Panel (a) is from [Krogh-Madsen,
Glass, Doedel and Guevara, Apparent discontinuities in the phase-resetting response
of cardiac pacemakers, J. Theor. Biol. 230(4), 499-519 (2004)] (©Elsevier; reproduced

with permission.

seven equations is given by

V=~ Una(Vom ) + I(V.d, f) + Ik (V. p) + In(V, ) + Ii(V)],

= am(V) (1 =m) = Bu(V)m,

h=an(V)(1~h) = Bu(V)h,

d =ay(V)(1~d)~Ba(V)d, (24)
f=aW) A= =BW) f,

p=ap(V)(d=p)=Bp(V)p

q=aq(V)(1-q)=B4(V)q,

where, C,, = 0.065 uF is the capacitance. (Note the minus sign in the right-
hand side of the equation for V, which was accidentally omitted in [20].) The
precise form of the ionic currents and the various functions @y and By with
x € {m, h,d, f, p,q}, and associated parameter values, are given in the Appendix;
see also [20].

System (24) was presented and studied in [20], because experimental data on
similar pacemaker cells suggested that the PTC was discontinuous; see already
Fig. 6(a). Without a possibility to compute the PTC directly, the authors of [20]
reduced the model to a three-dimensional system and used geometric arguments
to explain that the apparent discontinuities were abrupt transitions mediated by
the stable manifold of a weakly unstable manifold in the model. Figure 6 shows
the relevant PTC image from [20] and the PTC as computed with our method.
The comparison confirms that we are able to calculate the PTC directly in the
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Fig. 7. The computed PTC of the seven-dimensional system (24). Shown is Jyew, also
over the interval [-0.6,0] (dotted line), as a function of J,q in panel (a), and as a
function of the arclength L of the PTC in panel (b).

seven-dimensional model as a continuous curve on T2, even though the PTC has
a near-vertical segment at ¥,q = 0.4.

Figure 7 illustrates that the PTC for system (24) is indeed continuous.
Panel (a) reproduces the PTC from Fig.6(b), but shows the computed values
for pew over the wider range [—0.6, 1] to illustrate that a maximum of 9y is
quickly followed by a minimum of $,ey (lowest point of dashed curve). Since
it is hard to see that the PTC is indeed continuous, panel (b) shows dyew oOver
the same range [—0.6, 1], but now as a function of the arclength L of the PTC
in the (9o1d, new)-plane from the point (0, —3.56 x 1073). The near-vertical seg-
ment in the (Fo1d, Fnew)-plane of panel (a) corresponds to the two (almost) linear
segments in the (L, $ew)-plane of panel (b). Hence, this representation resolves
the near-vertical part of the PTC in a tiny d4-interval near 0.4. Panel (b)
also demonstrates that the PTC is indeed a continuous closed curve on T? with
exactly one maximum at Yyew ~ 0.35, followed by one minimum at dyey ~ 0.49.

Instead of an instantaneous reset, the reset in [20] is obtained by applying
a current with amplitude I,,, for a fixed duration Ton; the specific case for
which a seemingly discontinuous PTC was observed is given by I, = =150 pA
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and Ton = 0.02s. Mathematically, this amounts to replacing the V-equation in
system (24) by

V:—CLm[INu+IS+IK+Ih+Il]+%, (25)

and switching back to the original equation after 0.02s. In our set-up, this means
that we add the perturbation Ad to the right-hand side of system (24), where
the direction vector d = (1,0,0,0,0,0,0) is the unit vector pointing purely in the
V-direction and the amplitude A = 150/C,, = 2.31 (mV/s).

We include this time-varying perturbation in the multi-segment BVP (5)—
(21) in much the same way as done in [28], that is, we replace subsystem (13)
defining the orbit segment u, with boundary conditions (14) and (15), by two
subsystems that define orbit segments upn and upopp. Here, upn exists while
the applied current is ‘on’ and upn(1) determines the location of the reset (21)
after the first 0.02s. Hence, upy is a solution to system (24) with equation (25)
for V with total integration time Ton = 0.02s, that is,

uon = Ton [F(uon) + Ad].

The second orbit segment uppr is a solution to the original system (24), with
applied current ‘off’. The total integration time over both orbit segments com-
bined should be an integer multiple of the period Tr of the periodic orbit (as
before for u). Hence, we define

uorr = (k Tt — Ton) F(uorr).

The subsystem for upn can be viewed as an initial value problem, with initial
condition

uoN(0) = gu(0).

Similarly, the initial point of uppr should start where upyn ends, that is,
uon(1) = uorr(0).

We refer to [28] for further details.

The end point uprp(1l) of the second segment uppr plays the same role as
u(1l) in the multi-segment BVP (5)—(21). Hence, uorr(1) must satisfy boundary
conditions (14) and (15). Unfortunately, this formulation requires knowledge of
the Floquet bundle v, specified by subsystem (7)-(9), and specifically the vector
vg(0) to measure the distance of uorr(1) to I' in boundary condition (14). In the
seven-dimensional phase space, this Floquet bundle is no longer unique, because
I' now has six non-trivial Floquet exponents. Note that the perpendicular vectors
vy, used in boundary conditions (12) and (20), and vg(0)*, used in boundary
condition (15), are still well defined in a higher-dimensional phase space, because
the isochrons are codimension-one manifolds. We get around the issue of non-
uniqueness as follows. Firstly, we define subsystem (7)—(9) in terms of the adjoint
Floquet bundle vg*, that is, the left eigenvector bundle associated with the trivial
Floquet exponent 0. In other words, we solve the first variational equation

V;‘ =Tr DgF*(g) Vgl,
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with the same boundary conditions (8) and (9) for vg* instead, namely,

{vgi(l) - v (0) =0,
v (0)] = 1.

Here D F*(g) is the transpose Jacobian matrix evaluated along the periodic orbit
g. We similarly assume that v, rather than vo, is stored as a known vector.

Secondly, we use the Euclidean norm to measure the distance of ugppp from
g(0), that is, we stipulate

[uorr(1) — g(0)] - [uorr(l) — g(0)] = 7% (26)

rather than imposing a signed distance. We remark that a formulation in terms
of the Euclidean norm does make the continuation numerically less stable, but
it still works for our set-up because 7 is a free parameter that remains positive,
and boundary condition (26) effectively plays a monitoring role.

7 Conclusions

We presented an algorithm for the computation of the phase reset for a dynamical
system with periodic orbit T' that is subjected to an (instantaneous or time-
varying) perturbation I'y := T + Ad of a given direction d and amplitude A.
In theory, the phase reset can be determined from the isochron foliation of the
basin B(T'). In particular, for small enough A, it suffices to know only the linear
approximation of the isochrons. Our algorithm is designed for the computation
of phase resets for larger A in systems that exhibit strong nonlinearities, which
is the situation in many practical applications. Our computational set-up has
the distinguishing feature that it automatically tracks the necessary nonlinear
phase information without computing the isochrons themselves. This approach
is efficient, able to deal with extreme phase sensitivity, and suitable for use in
higher-dimensional settings.

Our method is formulated in terms of a multi-segment boundary value prob-
lem that is solved by continuation and gives the new phase Y,y as a func-
tion of either the perturbation amplitude A or the original phase ¥,q before
the reset. The data can readily be used to produce phase transition and phase
response curves. We presented the multi-segment BVP set-up in detail for a
planar system, but also discussed in Sect. 6 the straightforward adaptation to
higher-dimensional systems, and how to implement phase resets arising from
time-varying inputs.

Our approach has the advantage that the map dq — Fpew is computed
in a single continuation run, even in the presence of extreme phase sensitivity.
If the amplitude A is such that Ty c B(T), then the associated circle map
Py :[0,1) > [0,1) is obtained in its entirety, and its graph, the phase transition
curve (PTC), is a continuous closed curve on T2. For A close to 0, the circle map
P4 is a near-identity transformation, so that the PTC is a 1:1 torus knot. For
large A it is possible that the PTC is a contractible closed curve on the torus,
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which corresponds to loss of surjectivity of P4. It is well known that surjectivity
is lost as soon as A increases past a value for which I'y ¢ 8(I') [11,37].

There typically exists a maximal amplitude A« such that Ty c B(T') for
0 < A < Apax - Then P4 depends smoothly on A and, hence, the PTC is a 1:1
torus knot for all 0 < A < Apax. Therefore, Py is surjective for all 0 < A < Apax-
We were particularly interested in loss of injectivity of P4 as A increases from
0. We showed that this is typically mediated by a cubic tangency between the
PTC and one of the isochrons of I'. Further tangencies lead to very complicated
PTCs, with possibly many local maxima and minima and very sudden phase
changes. The associated phase sensitivity is known to occur near the boundary
of B(I'), but our examples illustrate that milder forms of phase sensitivity inside
the basin also lead to complicated PTCs.

We remark that P4 is no longer well defined for all 9,4 € [0,1) when 'y
intersects the boundary of the basin B(I'). For example, when 'y crosses an
equilibrium that forms a single component of the basin boundary in a planar
system, there exists exactly one ¢ € [0, 1) such that P4(1¢) is not defined, because
the perturbed phase point never returns to I'. Entire intervals of 9,9 € [0, 1) must
be excluded, e.g., when 'y crosses a repelling periodic orbit of a planar system,
such that a closed segment of I'y lies outside B(T"). Changes of the PTC during
the transition through different types of boundaries of B(I') are beyond the scope
of this chapter and will be reported elsewhere.

Phase resets for higher-dimensional systems are expected to exhibit other,
more complicated behaviours that lead to possibly different mechanisms of loss of
injectivity and/or surjectivity of the circle map associated with the PTC. In par-
ticular, the basin B(I') can be a lot more complicated, which affects the isochron
foliation and, consequently, the PTC [24]. Such higher-dimensional systems are
of particular interest when resets are considered in large coupled systems. Even
when the coupling is through the mean-field dynamics, such systems can exhibit
rich collective dynamics that are reflected in their PTCs [6,33]. We believe that
our approach will be useful in this context, in particular, when the perturbation
is a time-dependent stimulus.
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Table 1. Parameter values for system (24) as used for the seven-dimensional fast-
upstroke model in [20].

Cm =6.5x1072 (uF), | gs = 1950 (nS), | gn = 52 (nS),
gNa = 325 (nS), gK = 354.9 (nS), | g1 = 65 (nS).

Appendix: Details of the Sinoatrial Node Model

System (24) is the seven-dimensional fast-upstroke model from [20]. The five
currents in the equation for V are defined as follows:

Ina = Ixa(V,m, h) = gnom® [V - 40.0],
L=1(V,df)=g.df [e<V*4°~0>/25~0 - 1.0],

I = Ix(V, p) = gi p [e(V+90.0)/36.1 _ 1.0] o~(V+40.0)/36.1

I =h(V.q) = gnq [V+25.0],
L =5L(V)
—a (1.2 [1.0 - e V#00:0/25:0] 1 915 [v - 2.0] 1.0 e(VQ'O)/5'O]_1) .
The parameters gna, &s, &K, &h, and g, are conductances (measured in nS). The
capacitance C,, and these five conductances are set to the same values as those

of the fast-upstroke model in [20]; see also Table 1. The V-dependent functions
for m are defined as

am(V) = 10% [V +37.0] [1.0 — e~ (V+37:0/10.0] 7
Bm(V) = 4.0 x 10* e~ (V+62.0/17.9,
for h, they are defined as
a, (V) = 0.1209 e—(V+30.0)/6.534’
Ba(V) = 102 [e-V+20.0/100 g 1] 7

for p, they are
ap(V) = 8.0 [1.0+ ¢~ (V+10/13.0] 7

Bp(V) = 0.17 [V +40.0] [eV+10-0/183 _1 0] 7",

for d, they are
@a(V) = 1.2x 103 [1.0 + ¢7V/120] 7,

Ba(V) = 2.5 x 102 [1.0 + e(V+30.0/8.0] 7
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for f, they are

(V) = 0.7 [V +45.0] [V+45.0/95 _ 1 o],

Br(V) = 36.0 [1.0 + e~(V+21.0/95] 7

and finally, for g, they are defined as

ag(V) = 0.34 [V +100.0] [¢(V+100.0/44 _10]7" 40,0495,

By(V) = 0.5 [V +40.0] [1.0 — e=(V+40.0/6.0] 71 4 0 0845
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Abstract. Homeostasis is a regulatory mechanism that keeps some spe-
cific variable close to a set value as other variables fluctuate, and is of
particular interest in biochemical networks. We review and investigate
a reformulation of homeostasis in which the system is represented as an
input-output network, with two distinguished nodes ‘input’ and ‘output’,
and the dynamics of the network determines the corresponding input-
output function of the system. Interpreting homeostasis as an infinitesi-
mal notion—namely, the derivative of the input-output function is zero
at an isolated point—we apply methods from singularity theory to char-
acterise homeostasis points in the input-output function. This approach,
coupled to graph-theoretic ideas from combinatorial matrix theory, pro-
vides a systematic framework for calculating homeostasis points in mod-
els, classifying different types of homeostasis in input-output networks,
and describing all small perturbations of the input-output function near
a homeostasis point.

1 Introduction

Homeostasis is an important concept, occurring widely in biology, especially
biochemical networks, and in many other areas including control engineering. A
system exhibits homeostasis if some output variable remains constant, or almost
constant, when an input variable or parameter changes by a relatively large
amount. In the control theory literature, mathematical models of homeostasis
are often constructed by requiring the output to be constant when the input lies
in some range. That is, the derivative of the input-output function is identically
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zero on that interval of input values. Such models have perfect homeostasis or
perfect adaptation [17,41].

An alternative approach is introduced and studied in [22,23,25,37,42], using
an ‘infinitesimal’ notion of homeostasis—namely, the derivative of the input-
output function is zero at an isolated point—to introduce singularity theory
into the study of homeostasis. From this point of view, perfect homeostasis is an
infinite-codimension phenomenon, hence highly non-generic. It is also unlikely
to occur exactly in a biological system. Nonetheless, perfect homeostasis can be
a reasonable modeling assumption for many purposes.

The singularity-theoretic analysis leads to conditions that are very similar
to those that occur in bifurcation theory when recognizing and unfolding bifur-
cations (see [20,24]). These conditions have been used to organize the numer-
ical computation of bifurcations in nonlinear systems, for example in conjunc-
tion with continuation methods. See for example Dellnitz [9-11], Dellnitz and
Junge [12], Dellnitz et al. [13], Jepson and Spence [27], Jepson et al. [28], and
Moore et al. [31]. It might be possible to adapt some of these methods to home-
ostasis. Donovan [15,16] has used the singularity-theoretic framework to adapt
such numerical methods to homeostasis. As well as organizing the numerical
calculations, singularity theory and homeostasis matrix techniques may help to
simplify them.

Mathematically, homeostasis can be thought of as a network concept. One
variable (a network node) is held approximately constant as other variables
(other nodes) vary (perhaps wildly). Network systems are distinguished from
large systems by the desire to keep track of the output from each node individu-
ally. If we are permitted to mix the output from several nodes, then homeostasis
is destroyed, since the sum of a constant variable with a wildly varying one is
wildly variable. Placing homeostasis in the general context of network dynamics
leads naturally to the methods reviewed here.

Summary of Contents
Section 2 opens the discussion with a motivational example of homeostasis: reg-
ulation of the output ‘body temperature’ in an opossum, when the input ‘envi-
ronmental temperature’ varies. The graph of body temperature against envi-
ronmental temperature J is approximately linear, with nonzero slope, when I
is either small or large, while in between is a broad flat region, where home-
ostasis occurs. This general shape is called a ‘chair’ by Nijhout and Reed [34]
(see also [33,35]), and plays a central role in the singularity theory discussion.
This example is used in Sect.4 to motivate a reformulation of homeostasis in
terms of the derivative of an output variable with respect to an input being zero
at some point, hence approximately constant near that point. We discuss this
mathematical reformulation in terms of singularities of input-output functions.
Section 5 introduces input-output networks — networks that have input and
output nodes. In such networks the observable is just the value of the output
node as a function of the input that is fed into the input node. This simplified
form of the observable and the input-output map allows us to use Cramer’s rule
to simplify the search for infinitesimal homeostasis points. See Lemma 5.2.
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As it happens, many nodes and arrows in input-output networks may have
no effect on the existence of homeostasis. The end result is that when looking
for infinitesimal homeostasis in the original network, we may first reduce that
network to a ‘core’ network. The definition of and reduction to the core are given
in Sect. 6. These reductions allow us to discuss three different types of infinites-
imal homeostasis in three-node input-output networks. The first is that there
are only three core networks in three-node input-output networks (even though
there are 78 possible input-output three-node networks) and there are three
types of infinitesimal homeostasis (Haldane, null-degradation, and structural)
distinguished by the mathematics. The mathematics of three-node input-output
networks is presented in Sect. 8, and the relation to the biochemical networks
that motivated the mathematics is given in Sect. 3.

Section9 discusses the relationship between infinitesimal homeostasis and
singularity theory—specifically elementary catastrophe theory [19,36,43]. The
two simplest singularities are simple homeostasis and the chair. We characterize
these singularities, discuss their normal forms (the simplest form into which the
singularity can be transformed by suitable coordinate changes), and universal
unfoldings, which classify all small perturbations as other system parameters
vary. We relate the unfolding of the chair to observational data on two species
of opossum and the spiny rat, Fig. 2. Section 9 also provides a brief discussion of
how chair points can be calculated analytically by implicit differentiation, and
considers a special case with extra structure, common in biochemical applica-
tions, where the calculations simplify.

Catastrophe theory enables us to discuss how infinitesimal homeostasis can
arise in systems with an extra parameter. In Sect. 10 we see that the simplest
such way for homeostasis to evolve is through a chair singularity. This observa-
tion gives a mathematical reason for why infinitesimal chairs are important and
complements the biological reasons given by Nijhout, Reed, and Best [33,35].

Until this point the paper has dealt with input-output functions having one
input variable. This is the most important case; however multiple input systems
are also important. We follow [23] and discuss two input systems in Sect. 11. We
argue that the hyperbolic umbilic of elementary catastrophe theory plays the
role of the chair in systems with two inputs.

The paper ends with a discussion of a possible singularity theory description
of housekeeping genes in Sect. 12. Here we emphasize how both the homeostasis
network theory and the network singularity theory intertwine. The details of this
application are given in Antoneli et al. [1].

2 Thermoregulation: A Motivation for Homeostasis

Homeostasis occurs when some feature of a system remains essentially constant
as an input parameter varies over some range of values. For example, in ther-
moregulation the body temperature of an organism remains roughly constant
despite variations in its environment. (See Fig.1 for such data in the brown
opossum where body temperature remains approximately constant over a range
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of 18°C in environmental temperature [32,33].) Or in a biochemical network the
equilibrium concentration of some important biochemical molecule might not
change much when the organism ingests food.
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Fig. 1. Experimental data indicating thermoregulatory homeostasis in the brown opos-

sum. The horizontal axis is environmental temperature (°C) and the vertical axis is body
temperature (°C) [32,33].

Homeostasis is almost exactly opposite to bifurcation. At a bifurcation, the
state of the system undergoes a change so extensive that some qualitative prop-
erty (such as number of equilibria, or the topological type of an attractor)
changes. In homeostasis, the state concerned not only remains topologically
the same: some feature of that state does not even change quantitatively. For
example, if a steady state does not bifurcate as a parameter is varied, that
state persists, but can change continuously with the parameter. Homeostasis is
stronger: the steady state persists, and in addition some feature of that steady
state remains almost constant.

Homeostasis is biologically important, because it protects organisms against
changes induced by the environment, shortage of some resource, excess of some
resource, the effect of ingesting food, and so on. The literature is extensive [44].
However, homeostasis is not merely the existence (and persistence as parameters
vary) of a stable equilibrium of the system, for two reasons.

First, homeostasis is a stronger condition than ‘the equilibrium varies
smoothly with parameters’, which just states that there is no bifurcation. In the
biological context, approximately linear variation of the equilibrium with nonzero
slope as parameters change is not normally considered to be homeostasis, unless
the slope is very small. For example, in Fig. 1, body temperature appears to be
varying linearly when the environmental temperature is either below 10°C or
above 30°C and is approximately constant in between. Nijhout et al. [33] call
this kind of variation (linear, constant, linear) a chair.



Input-Output Networks, Singularity Theory, and Homeostasis 35

Second, some variable(s) of the system may be homeostatic while others
undergo larger changes. Indeed, other variables may have to change dramatically
to keep some specific variable roughly constant.

We assume that there is an input-output function, which we consider to be
the product of a system black box. Specifically, we assume that for each input
I there is an output x,(I). For opossums, 7 is the environmental temperature
from which the opossum body produces an internal body temperature x,(J).

Nijhout et al. [33] suggest that there is a chair in the body temperature data
of opossums [32]. We take a singularity-theoretic point of view and suggest that
chairs are better described locally by a homogeneous cubic function (that is, like
Xo(I) = I'3) rather than by the previous piecewise linear description. Figure 2(a)
shows the least-squares fit of a cubic function to data for the brown opossum,
which is a cubic with a maximum and a minimum. In contrast, the least squares
fit for the eten opossum, Fig.2(b), is monotone.

10 20 30 40 5 10 15 20 25 30 35 10 20 30 40

(@) (b) ©

Fig. 2. The horizontal coordinate is environmental temperature; the vertical coordinate
is body temperature. From [32] and [22]: (a) data from the brown opossum; (b) data
from the eten opossum; (c) data from the spiny rat. The smooth curves are the least
squares best fit of the data to a cubic polynomial.

These results suggest that in ‘opossum space’ there should be a hypothetical
type of opossum that exhibits a chair in the system input-output function of
environmental temperature to body temperature. In singularity-theoretic terms,
this higher singularity acts as an organizing center, meaning that the other types
of cubic can be obtained by small perturbations of the homogeneous cubic. In
fact, data for the spiny rat have a best-fit cubic very close to the homogeneous
cubic, Fig. 2(c). We include this example as a motivational metaphor, since we
do not consider a specific model for the regulation of opossum body temperature.

This example, especially Fig. 2, motives a formulation of homeostasis in a way
that can be analyzed using singularity theory. The first step in any discussion
of homeostasis must be the formulation of a model that defines, perhaps only
implicitly, the input-output function x,. Our singularity theory point of view
suggests defining infinitesimal homeostasis as an input J; where the derivative
of output x, with respect to the input vanishes at Zy; that is, x/(Zp) = 0.
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3 Biochemical Input-Output Networks

We provide context for our results by first introducing some of the biochemical
models discussed by Reed in [37]. In doing so we show that input-output networks
form a natural category in which homeostasis may be explored.

There are many examples of biochemical networks in the literature. In par-
ticular examples, modelers decide which substrates are important and how the
various substrates interact. Figure 3 shows a network resulting from the detailed
modeling of the production of extracellular dopamine (eDA) by Best et al. [3]
and Nijhout et al. [33]. These authors derive a differential equation model for
this biochemical network and use the results to study homeostasis of eDA with
respect to variation of the enzyme tyrosine hydroxylase (TH) and the dopamine
transporters (DAT).

In another direction, relatively small biochemical network models are often
derived to help analyse a particular biochemical phenomenon. We present four
examples; three are discussed in Reed et al. [37] and one in Ma et al. [29].
These examples belong to a class that we call biochemical input-output networks
(Sect. 5) and will help to interpret the mathematical results.

3.1 Feedforward Excitation

The input-output network corresponding to feedforward excitation is in Fig. 4.
This motif occurs in a biochemical network when a substrate activates the
enzyme that removes a product. The standard biochemical network diagram
for this process is shown in Fig. 4a. Here X, Y, Z are the names of chemical sub-
strates and their concentrations are denoted by lower case x, y, z. Each straight
arrow represents a flux coming into or going away from a substrate. The dif-
ferential equations for each substrate simply state that the rate of change of
the concentration is the sum of the arrows going towards the substrate minus
the arrows going away (conservation of mass). The curved line indicates that
substrate is activating an enzyme.

Both diagrams in Fig. 4 represent the same information, but in different ways.
The framework employed in this paper for the mathematics focuses on the struc-
ture of the model ODEs. Figure 4b uses nodes to represent variables, and arrows
to represent couplings. In other areas, conventions can differ, so it is necessary
to translate between the two representations. The simplest method is to write
down the model ODEs.

In this motif, one path consists of two excitatory couplings: g1(x) > 0 from
X to Y and go(y) > 0 from Y to Z. The other path is an excitatory coupling
f(x) > 0 from X to the synthesis or degradation gs(z) of Z and hence is an
inhibitory path from X to Z having a negative sign.

The equations are the first column of:

X =1 —g1(x) — ga(x) X, = filx, I)
y = g1(x) = g2(y) — g5(y) Xp = fp(xi, %p) (1)
2= g2(y) — f(x)gs(2) Yo = folxu Xps Xo)
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Fig. 3. Biochemical network for dopamine synthesis, release, and reuptake in Nijhout
et al. [33] and Golubitsky and Stewart [23].

TN
94 95
(b)

Fig. 4. Feedforward excitation: (a) Motif from [37]; (b) Input-output network with two
paths from ¢ to o corresponding to the motif in (a).

It is shown in [37] (and reproduced using this theory in [25]) that the model
system (1) (left) for feedforward excitation leads to infinitesimal homeostasis at
X, if

81(x0)g5(yo)
83(20)(85(y0) + g5(y0))

where Xy = (xo, Yo, Z0) is a stable equilibrium.
Figure4b redraws the diagram in Fig.4a using the math network conven-
tions of this paper, together with some extra features that are crucial to this

frlxo) =
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particular application. We consider x to be a distinguished input variable, with
z as a distinguished output variable, while y is an intermediate regulatory vari-
able. Accordingly we change notation and write

X, =X Xp =y Xo =2

The second column in (1) shows which variables occur in the components of
the model ODE for each of x,, x,, x,. In Fig. 4b these variables are associated with
three nodes ¢, p, 0. Each node has its own symbol, here a square for ¢, circle for p,
and triangle for o. Here these symbols are convenient ways to show which type
of variable (input, regulatory, output) the node corresponds to. Arrows indicate
that the variables corresponding to the tail node occur in the component of the
ODE corresponding to the head node. For example, the component for %, is a
function of x,, x,, and x,. We therefore draw an arrow from ¢ to o and an arrow
from p to 0. We do not draw an arrow from o to itself, however: by convention,
every node variable can appear in the component for that node. In a sense, the
node symbol (circle) represents this ‘internal’ arrow.

The mathematics described here shows that infinitesimal homeostasis occurs
in the system in the second column of (1) if and only if

fp,foo,xp - fo,xpfo,x, =0

at the stable equilibrium Xj.

Here Fig. 4b incorporates some additional information. The arrow from I to
node ¢ shows that I occurs in the equation for x, as a parameter. Similarly the
arrow from node o to O shows that node o is the output node. Finally, the +
signs indicate which arrows are excitatory or inhibitory. This extra information
is special to biochemical networks and does not appear as such in the general
theory.

3.2 Product Inhibition

Here substrate X influences Y, which influences Z, and Z inhibits the flux g;
from X to Y. The biochemical network for this process is shown in Fig. 5a.
This time the model equations for Fig. 5a are in the first column of (2)

=1 - gu(x) - f(z)g1(x) X = filx,x0,T)
y = f(2)g1(x) — g2(y) — g5(») Xp = fo(x0, Xp, Xo) (2)
z=g(y) - g3(2) Xo = fo(Xp, Xo)

and the input-output equations in the second column of (2) can be read directly
from the first column. The input-output network in Fig.5b then follows.
Reed et al. [37] discuss why the model equations for product inhibition also
satisfy
[>0 g <0 g<0 (3)
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Fig. 5. Product inhibition: (a) Motif from [37]; (b) Input-output network with one
path from ¢ to o corresponding to the motif in (a).

Our general mathematical results show that the system in the second column of
(2) exhibits infinitesimal homeostasis at a stable equilibrium X if and only if
either

Jox, = f(z0)g1(x0) =0 or fo,xp =85(30) =0 (4)

It follows from (3) and (4) that the model equations cannot satisfy infinitesimal
homeostasis. Nevertheless, Reed et al. [37] show that these bichemical network
equations do exhibit homeostasis; that is, the output z is almost constant for a
broad range of input values 1.

3.3 Substrate Inhibition

The biochemical network model for substrate inhibition is given in Fig. 6a, and
the associated model system is given in the first column of (5). This biochemical
network and the model system are discussed in Reed et al. [37]. In particular,
this paper provides justification for taking g{(x) > 0 for all relevant x, whereas
the coupling (or kinetics term) g5(y) can change sign.

I_be»YmZst /( )

2 + 92y

e R OO
(b)

(a)

Fig. 6. Substrate inhibition: (a) Motif from [37]; (b) Input-output network correspond-
ing to the motif in (a).

The equations are the first column of:

=T - gi1(x) — galx) X = fulx, 1)
y=g1(x) - g5(y) — g2(») Xp = fp(xuxp) (5)
2= ga(y) - 83(2) Xo = fo(Xp, Xo)

That model system of ODEs is easily translated to the input-output system in
the second column of (5). Our theory shows that the equations for infinitesimal
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homeostasis are identical to those given in (4) for product inhibition. Given the
assumption on g; infinitesimal homeostasis is possible only if the coupling is
neutral (that is, if f,., = g5 = 0 at the equilibrium point). This observation
agrees with the observation in [37] that Z can exhibit infinitesimal homeostasis
in the substrate inhibition motif if the infinitesimal homeostasis is built into the
kinetics term go between Y and Z.

Reed et al. [37] note that neutral coupling can arise from substrate inhibition
of enzymes, enzymes that are inhibited by their own substrates. See the discus-
sion in [38]. This inhibition leads to reaction velocity curves that rise to a max-
imum (the coupling is excitatory) and then descend (the coupling is inhibitory)
as the substrate concentration increases. Infinitesimal homeostasis with neutral
couplings arising from substrate inhibition often has important biological func-
tions and has been estimated to occur in about 20% of enzymes [38].

3.4 Negative Feedback Loop

The input-output network in Fig.7b corresponding to the negative feedback
loop motif in Fig.7a has only one simple path ¢t — 0. Our results imply that
infinitesimal homeostasis is possible in the negative feedback loop if and only if
the coupling ¢ — o is neutral (Haldane) or the linearized internal dynamics of
the regulatory node p is zero (null-degradation).

[ =X—-2Z > I-[t]—/\—~0

] i
®

Y

(@
()

Fig. 7. Negative feedback loop: (a) Motif adapted from [29]. Unlike the arrows in
Figs. 4, 6 and 5 that represent mass transfer between substrates, positive or negative
arrows between enzymes in this negative feedback motif indicate the activation or inac-
tivation of an enzyme by a different enzyme. (b) Input-output network corresponding
to the motif in (a).

The equations are:

. 1- ’
X=Tkrx (1_x)+xKIx - kaFx x+1)2;7x X = fillx, I)
V= zkgy — Fyk;;y Xp = fp(xp’ Xo) (6)

1=z _ yk/ —= Xo = folxy, Xp, X
XZ 1-2)+ Kxz ykyZz+K§z o = Jfo(Xi Xps X0)

z=xk

X2 yz° vz
Each enzyme X,Y,Z in the feedback loop motif (Fig.7a) can have active
and inactive forms. In the kinetic equations (6, left) the coupling from X to

where k7., K7y, Fx, k}x,Kl’EX,kzy, Fy, kl'py, kxz, Kyzy k!, K/ are 12 constants.



Input-Output Networks, Singularity Theory, and Homeostasis 41

Z is non-neutral according to [29]. Hence, in this model only null-degradation
homeostasis is possible. In addition, in the model the y equation does not depend
on y and homeostasis can only be perfect homeostasis. However, this model is a
simplification based on saturation in y [29]. In the original system y does depend
on y and we expect standard null-degradation homeostasis to be possible in that
system.
Stability of the equilibrium in this motif implies negative feedback. The Jaco-
bian of (6, right) is
fow. 00
J= 0 fp,xp fp,x”
fo,xl fo,x,, fo,x,,

At null-degradation homeostasis (fp,x, = 0) it follows from linear stability that

ﬁ,xL < 09 fo,xo < 0, f,;),x(, fo,xp <0 (7)

Conditions (7) imply that both the input node and the output node need to
degrade and the couplings p — o0 and 0 — p must have opposite signs. This
observation agrees with [29] that homeostasis is possible in the network motif
Fig. 7a if there is a negative loop between Y and Z and when the linearized
internal dynamics of Y is zero.

Another biochemical example of null-degradation homeostasis can be found
in [17, Fig. 2].

4 Infinitesimal Homeostasis

In applications, homeostasis is often a property of an observable on a many-
variable system of ODEs. Specifically, consider a system of ODEs

X = F(X,I) (8)

in a vector of variables X = (x1,..., x;;) € R™ that depends on an input parameter
I € R. Although not always valid in applications we assume that F is infinitely
differentiable. Suppose that (8) has a linearly stable equilibrium at (Xo, Zp). By
the implicit function theorem there exists a family of linearly stable equilibria
X(T)=(x1(L),...,xu()) near Iy such that X(Jy) = Xy and

F(X(I),T)=0. (9)

By assumption, we are interested in homeostasis of a chosen observable ¢ : R™ —
R. The input-output function is

Xo(L) = (X(1)) (10)

This system exhibits homeostasis if the input-output function x,(Z) remains
roughly constant as 7 is varied.

Often times the observable is just one coordinate of the ODE system; that
is, ¢(X) = x;, which we denote as the output variable x,. This formulation of
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homeostasis is often a network formulation. The output variable is just a choice
of output node and the input parameter can be assumed to affect only one node—
the input node x,.

We now introduce a formal mathematical definition of infinitesimal home-
ostasis, one which opens up a potential singularity-theoretic approach that we
discuss later.

Definition 4.1. The equilibrium Xj is infinitesimally homeostatic at Iy if
x,(Zo) =0
where ’ indicates differentiation with respect to 7.

By Taylor’s theorem, infinitesimal homeostasis implies homeostasis, but the
converse need not be true. See [37] and the discussion of product inhibition in
Sect. 3.

5 Input-Output Networks

We now apply the notion of infinitesimal homeostasis to input-output networks—
a natural formulation in biochemical networks that we discussed in detail in
Sect. 3. We assume that one node ¢ is the input node, a second node o is the
output node, and the remaining nodes p = (p1,..., pn) are the regulatory nodes.
Our discussion of network infinitesimal homeostasis follows [25]. Input-output
networks equations have the form F = (f,, f,, fo) where each coordinate function
fr depends on the state variables of the nodes coupled to node ¢ in the network
graph. We assume that only the input node coordinate function f; depends on
the external input variable 7.

As shown in [25] there are 13 distinct three-node fully inhomogeneous net-
works and six choices of input and output nodes for each network. Thus, in prin-
ciple, there are 78 possible ways to find homeostasis in three-node input-output
networks. The number of input-output four-node networks increases dramati-
cally: there are 199 fully inhomogeneous networks and more than 2000 four-node
input-output networks.

Further motivated by biochemical networks, we assume:

(a) The state space for each node is 1-dimensional and hence the state space for
an input-output network system of differential equations is R"™*2.
(b) The coordinate functions fp are usually distinct functions, so the network is
assumed to be fully inhomogeneous.
(¢) Generically
fur #0 (11)

is valid everywhere, where the notation f;, denotes the partial derivative of
the coordinate function f, with respect to y.
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Cramer’s Rule and Infinitesimal Homeostasis
The equilibria of an input-output system satisfy the system
Sfi(xe, X0, X0, ) =0

fo(xt, Xp» X)) =0 (12)
Jo(xi, Xp,x5) =0

The assumption of a stable equilibrium Xy at Iy implies that the Jacobian
Jox, Jux, Juxo

J = fp’xl fp’xp fp’x() (13)
Jo.x, fo,xp Jo.x,

has eigenvalues with negative real part at (Xo, Zp), so J is invertible.
To state the next result we first need:

Definition 5.1. The homeostasis matriz is:

fp X fp X
H = |7 27 14
[fo,xl fo,xp ( )
Lemma 5.2. The input-output function for the input-output network (12) sat-
isfies
, for
=+——det(H
Yo = % qou() G
Infinitesimal homeostasis occurs at a stable equilibrium Xy = X(Zy) if and only if
det(H)(Xo) =0 (15)
Proof. Implicit differentiation of (12) with respect to I yields the matrix system
x] for
J|x,|==]0
x! 0

Cramer’s rule implies that

1 ﬁ,x, ﬁ,xp _ﬁ,]’
x! det | fo.x, fox, O

* 7 det(J
¢ ( ) fa,xL fo,xp 0
Since f, 7 # 0 by genericity assumption (11), X; is a point of infinitesimal home-
ostasis if and only if x) = 0, if and only if (15), as claimed. O

6 Core Networks

The results in Sects. 6, 7 and 8 will appear in Wang et al. [42].

Definition 6.1. A node p is downstream from a node 7 if there is a path from
7 to p and upstream if there is a path from p to 7. An input-output network is
a core network if every node is downstream from ¢ and upstream from o.

A core network G, can be associated to any given input-output network G
as follows. The nodes in G. are the nodes in G that lie on a path from ¢ to o.
The arrows in G. are the arrows in G that connect nodes in G..
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Reduction to the Core

In this section we discuss why every network that exhibits infinitesimal home-
ostasis can be reduced to a core network in such a way that the core has essen-
tially the same input-output function as the original network. This reduction is
performed in two stages.

(a) Homeostasis implies that the output node o is downstream from the input
node ¢.

(b) Nodes that are not upstream from the output node, and nodes that are not
downstream from the input node, may be deleted.

We show that if infinitesimal homeostasis occurs in the original network, then
that infinitesimal homeostasis can be computed in the smaller core network.

Lemma 6.2. In an input-output network, the existence of (generic) infinites-
imal homeostasis implies that the output node o is downstream from the input
node t.

Heuristically, if the input node is not upstream from the output node, then
changes in the input node cannot affect the dynamics of the output node. So the
input-output map must satistfy x/(Z) = 0 and the set value x,(7) is constant
(and not generic).

We assume that there is a path from the input node to the output node
and show that nodes that are not upstream from o and nodes that are not
downstream from ¢ can be deleted without changing the existence of homeostasis.

Proposition 6.3. Let G be a connected input-output network where there is a
path from the input node t to the output node o. Divide the regulatory nodes p
into three classes p = (u, o, d), where

e nodes in u are not upstream from o,
e nodes in d are not downstream from t, and
e requlatory nodes o are both upstream from o and downstream from t.

Then all nodes u,d and all arrows into nodes in u and out of nodes in d can be
deleted to form a core network G, without affecting the existence of infinitesimal
homeostasis.

Again, heuristically the proof is straightforward. If a node is not upstream
from the output node, than its value cannot affect the output node and if a
node is not downstream from the input node than its value cannot be affected
by the value of the input node. So deleting these nodes should not affect the
input-output map.
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Core Equivalence

Definition 6.4. Two core networks are core equivalent if the determinants of
their homeostasis matrices are identical.

The general result concerning core equivalence is given in Theorem 7.2. Here
we give an example of arrows that do not affect the homeostasis matrix and
therefore the input-output function.

Definition 6.5. A backward arrow is an arrow whose head is the input node ¢
or whose tail is the output node o.

Proposition 6.6. If two core networks differ from each other by the presence
or absence of backward arrows, then the core networks are core equivalent.

Proof. Backward arrows are not present in the homeostasis matrix (14). O

Therefore, backward arrows can be ignored when computing infinitesimal
homeostasis from the homeostasis matrix H. However, backward arrows can-
not be completely ignored, since they can be involved in the existence of both
equilibria of (12) and their stability.

7 Types of Infinitesimal Homeostasis

Infinitesimal homeostasis is found in an input-output network G by simultane-
ously solving two equations: Find a stable equilibrium of an admissible system
X = F(X,T) and find a zero of the determinant of the homeostasis matrix H. In
this section, we discuss the different types of zeros det(H) can have and (for the
most part) ignore the question of finding an equilibrium and its stability.

The homeostasis matrix H of an admissible system has three types of entries:
linearized coupling strengths fi r, where node ¢ is connected to node k, linearized
internal dynamics f , of node k, and 0. We emphasize that the entries that are
forced to be 0 depend specifically on network architecture.

Assume that the input-output network has n + 2 nodes: the input ¢, the
output o, and the n regulatory nodes p = (o1, ..., 0,). It follows that det(H) is a
homogeneous polynomial of degree n + 1 in the variables f x,. It is discussed in
[42], based on Frobenius-Konig theory (see [40] for a historical account), that the
homeostasis matrix H can be put in block upper triangular form. Specifically,
there exist two constant (n+ 1) X (n+ 1) permutation matrices P and Q such that

Ii1 K oeee 3k
0 Hy--+ =
PHQ =| . : (16)
0 0 ---Hy,
where the square matrices Hy,..., H, are unique up to permutation, that is,

individually the blocks cannot be brought into the form (16) by permutation of
their rows and columns.
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Moreover, when det(H) is viewed as a homogeneous polynomial in the entries
of the matrix H there is a factorization

det(H) = det(Hy) - - - det(H,,) (17)

into irreducible homogeneous polynomials det(Hy), . . ., det(H,,). That is, the irre-
ducible blocks of the decomposition (16) correspond to the irreducible compo-
nents in the factorization (17) (this follows from Theorem 4.2.6 (pp. 114-115)
and Theorem 9.2.4 (p. 296) of [5]). We note that the main nontrivial result
that allows us to write Eq. (17)—proved in [5, Theorem 9.2.4 (p. 296)]—is that
det(Hj;) is irreducible as a polynomial if and only if the matrix H; is irreducible
in the sense that H; cannot be brought to the form (16) by permutation of H;’s
rows and columns.

Low Degree Irreducible Factors of det(H)

Wang et al. [42] show that there can be two types of degree 1 factors (Haldane and
null-degradation) and two types of degree 2 factors (structural and appendage).
The principal result in [42] is the assertion that these four irreducible factors
of det(H) can be associated with topological characteristics of the network G
that in turn defines a type of homeostasis. The connection between the form of
a factor det(H;) and the topology of the network is given by certain determinant
formulas that are reminiscent of the connection between a directed graph and its
adjacency matrix and has been rediscovered by many authors [7,8,14,26] (see [6]
for a modern account). Before stating the classification we introduce some graph
theoretic terminology.

Definition 7.1. Let G be an input-output network.

(a) A directed path between two nodes is called a simple path if it visits each
node on the path at most once. An to-simple path is a simple path connecting
the input node ¢ to the output node o.

(b) A node in an input-output network G is simple if the node is on an to-simple
path and appendage if the node is not simple.

(c) The appendage subnetwork Ag of G is the subnetwork consisting of
appendage nodes and arrows in G that connect appendage nodes.

(d) The complementary subnetwork corresponding to an to-simple path S is the
network Cs consisting of all nodes not in S and all arrows in G between
nodes in Cs.

Given these definitions we can state necessary and sufficient conditions for
core equivalence:

Theorem 7.2. Two core networks are core equivalent if and only if they have
the same set of to-simple paths and the Jacobian matrices of the complementary
subnetworks to any simple path have the same determinant up to sign.
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We isolate four types of homeostasis.

(A) Haldane homeostasis is associated with the arrow ¢ — k, where k # ¢, if
homeostasis is caused by the vanishing of the degree 1 irreducible factor
Jie.x, of det(H).

Theorem 7.3. Haldane homeostasis associated with an arrow € — k can
occur if and only if the arrow € — k is contained in every to-simple path.

(B) Null-degradation homeostasis is associated with a node 7 if homeostasis is
caused by the vanishing of the degree 1 irreducible factor f; . of det(H).

Theorem 7.4. Null-degradation homeostasis associated with a node T can
occur if and only if for every to-simple path S

(a) T belongs to the complementary subnetwork Cs and

(b) T is not contained in a cycle of Cs.

(C) Structural homeostasis of degree 2 is caused by the vanishing of a degree 2
irreducible factor of det(H) that has the form

fp%xp] fb&/‘pg - fp3’xp1 fpz,xp2

that is, the determinant of the homeostasis matrix of a feedforward loop motif
defined by two to-simple path snippets: one snippet is p; — p2 — p3 and
the other snippet is p; — p3. A snippet of a path is a connected subpath.

Theorem 7.5. Structural homeostasis of degree 2 can occur if and only if

(a) two to-simple path snippets form a feedforward loop motif and

(b) all to-simple paths contain one of the two snippets of the feedforward loop
motif.

Structural homeostasis of degree 2 is exactly the structural homeostasis con-
sidered in [25] for 3-node core networks; it often arises in biochemical net-
works associated with the mechanism of feedforward excitation.

(D) Appendage homeostasis of degree 2 is caused by the vanishing of a degree
2 irreducible factor of det(H) that has the form

le‘xrl f;—stTg - f;—stTl le,Xrg

where the two node cycle A = {11512} consists of appendage nodes.

Theorem 7.6. Appendage homeostasis of degree 2 associated with a two-
node cycle A C Ag can occur if and only if for every to-simple path S

(a) A belongs to the complementary subnetwork Cs and

(b) nodes in A do not form a cycle with other nodes in Cs.

The four types of infinitesimal homeostasis (A)—(D) correspond to the only
possible factors of degree < 2. More precisely:

Theorem 7.7. Any factor of degree 1 is of type (A) or (B) and any irreducible
factor of degree 2 is of type (C) or (D).

Homeostasis can also occur in blocks of degree 3 or higher. There are
three types of such blocks: structural (all couplings are between simple nodes),
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appendage (all couplings are between appendage nodes), and mized (both simple
and appendage nodes appear in the block). Theorem 7.6 generalizes to higher
degree appendage homeostasis. Specifically:

Theorem 7.8. Let G be a network with appendage subnetwork A C Ag.
Appendage homeostasis associated with A can occur if and only if for every
to-simple path S

(a) A belongs to the complementary subnetwork Cs and
(b) nodes in A do not form a cycle with other nodes in Cs.

8 Low Degree Homeostasis Types

The homeostasis matrix H of a three-node input-output network is a 2 x 2
matrix. It follows that a homeostasis block is either 1 X 1 or 2 x 2. If the block
is 2 X 2, it must be structural. For if it were appendage, the network would need
to have two appendage nodes and one simple node. If the network had only one
simple node, then the input node and the output node would be identical and
that is not permitted.

Examples of Haldane, Structural of Degree 2, and Null Degradation
The admissible systems of differential equations for the three-node networks in
Fig. 8 are:

I» . A» o
\@/

(c) Null-degradation

@ ] @ Ao

(a) Haldane (b) Structural of degree 2

Fig. 8. Homeostasis types in three-node networks.

Xo= filx) X o= fulx) Xo= filx, x7)
xp = fp(xu xp) xp = fp(xu xp) X = fr(xq, Xo) (18)
Xo = fo(x;h Xo) Yo = fo(xe Xp» Xo) Xo = Jo(x,, Xo)
(a) (b) (c)
The determinants of the 2 X 2 homeostasis matrices are:
(a)fp,xL fa,xp (b)ﬁ>,x, fo,xp - fp,xp fo,xL (C)fo,x, f‘r,x, (19)

A vanishing determinant in (19)(a) leads to two possible instances of Haldane
homeostasis. A vanishing determinant in (19)(b) leads to balancing of two sim-
ple paths and structural homeostasis. Finally, a vanishing determinant in (19)(c)
leads to null-degradation or Haldane homeostasis. These types of homeostasis
were classified in [25] where it was also noted that Haldane occurs in prod-
uct inhibition, structural occurs in feedforward excitation, and null-degradation
occurs in a negative feedback loop.
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Appendage Homeostasis of Degree 2
The admissible systems of differential equations for the four-node network in
Fig. 9 have the form:

xt = ﬁ(xu xTz)

Xr, = Jru (XT19 Xrys Xo)

x‘l'z = sz(le’xTz)

Yo = folxi, Xo)

The homeostasis matrix is
0 leaX‘rl f71,x12

H= 0 f‘rr_,,x.,-l ng,XTz
Jo.x, 0 0

and
det(H) = Jo.x, (le,le f“rz,xT2 - f:r1,x72 f:rz,xn)
It follows that det(H) = 0 can lead either to Haldane homeostasis or appendage

homeostasis of degree 2.

Fig. 9. Appendage homeostasis of degree 2.

9 Singularity Theory of Input-Output Functions

As discussed in Sect. 2, Nijhout et al. [33,35] observe that homeostasis appears
in many applications through the notion of a chair. Golubitsky and Stewart [23]
observed that a chair can be thought of as a singularity of the input-output
function, one where x,(J) ‘looks like’ a homogeneous cubic x,(I) ~ I3. More
precisely, the mathematics of singularity theory [19,36] replaces ‘looks like’ by
‘up to a change of coordinates.’

Definition 9.1. Two functions p, ¢ : R — R are right equivalent on a neighbor-
hood of I € R if
q(I) = p(A(1)) + K

where A : R — R is an invertible change of coordinates on a neighborhood of 1
and K € R is a constant.
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The simplest singularity theory theorem states that ¢ : R — R is right
equivalent to p(Z) = 72 on a neighborhood of the origin if and only if ¢’(Z) =
q"(Ip) =0 and q"(Zy) # 0. Hence we call a point Iy an infinitesimal chair for an
input-output function x, if

x)(Zo) =x/(Lo) =0 and x.'(Zy) #0 (20)
A simple result is:

Lemma 9.2. An input-output map x, has an infinitesimal chair at Iy if and
only if
hIy)=h'(Iy)=0 and h"(1,)+0

where h(1) = det(H).

Proof. Suppose that x/ (1) = k(X)h(I) where k(I) is nowhere zero. Then h(Jp) =
h'(I) = 0 if and only if x[(Zo) = x['(Lo) = 0 because x;/ = k"h + kh’. Moreover, if
h=h" =0, then x)) = kh”. Finally, it follows from the Cramer’s rule calculation

in Lemma 5.2 that
_ et

~ T det(J)

Hence, k(1) is nowhere zero. m|

k

A simpler result states the following. The input-output function defines sim-
ple infinitesimal homeostasis if

x,=0 and x) #0,

which is equivalent to 2 = 0 and A’ # 0. The graph of x, ‘looks like’ a parabola
near a point of simple infinitesimal homeostasis.

9.1 Chair Points for Blocks of Degree 1 and 2

Lemma 9.2 gives necessary and sufficient conditions for the existence of infinites-
imal homeostasis using the function 2 = det(H). In general, the homeostasis
function can be simplified by recalling from (16) that the homeostasis matrix
PHQ is block upper triangular. It follows that if homeostasis stems from block
J, then det(H) is a nonzero multiple of det(H;). The results in Sect. 7 imply

Jixe Haldane

Jexe null-degradation
Jooxp, Josxpy = fpsxp, fonx,, structural of degree 2
Jrvxe, fraxe, = Jrixe, Jrax., appendage of degree 2

hj = det(H,) = (21)

Theorem 9.3. Given an input-output network. Then, the defining conditions
for infinitesimal chair homeostasis are given by h; = h]’. = 0 where hj is defined

by (21).

We now calculate chair equations for the two degree 1 three-node examples.
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Lemma 9.4.

(a) If the arrow p — o has Haldane homeostasis in the network « — p — o, then
h=hr=0 & fo,xp = fo,xpxp =0

(b) If the node T has null-degradation homeostasis in the network 1 — o0, 0 — 7,
T >, then
h=h=0 < frx,=frx.x. =0

Proof. Suppose h(I) = h;(1)k(T), where k(Iy) is nonzero at Iy, then h(ly) =
h'(1p) = 0 if and only if h;(Zy) = hj’.(IO) = 0. The proof proceeds in two parts.

(a) Observe that
hj = ﬁ),xp (xps xu) =0

is one equation for a Haldane chair and the second equation is
’ _ ’ ’ _
hj = fo,xpxpxp + fo,xpxo X, =0

Since ' is evaluated at a point of homeostasis, x, = 0. It follows that either
Jo.x,x, =0or x/’) = 0. We can use Cramer’s rule to solve for x;; it is a nonzero
multiple of f, x, fo.x,- If fo.x, =0, then we would have a second Handane in
the ¢« —» p arrow - a codimension 2 homeostasis. So, generically, we can
assume f, y, # 0. By computing the Jacobian at the assumed Haldane point
we see that f,, is an eigenvalue and therefore negative by the assumed
stabilty.

(b) We use the admissible system equilibrium equations from (18) (c) to see that
null-degradation is defined by h; = f; «, (X7, X,) = 0 and a chair by

’ ’ 4
hj = froxexe Xr + froxexoXo =0

Since x, = 0 and x/ # 0 at the generic homeostasis point, it follows that
Jr.x.x, = 0 is the chair equation, as claimed. O

9.2 Elementary Catastrophe Theory and Homeostasis

The transformations of the input-output map x,(Z) given in Definition 9.1 are
just the standard change of coordinates in elementary catastrophe theory [19, 36,
43]. We can therefore use standard results from elementary catastrophe theory
to find normal forms and universal unfoldings of x,(J), as we now explain.

Because x,(7) is 1-dimensional, we consider singularity types near the ori-
gin of a 1-variable function g(Z). Such singularities are determined by the first
nonvanishing 7-derivative g*)(0) (unless all derivatives vanish, which is an ‘infi-
nite codimension’ phenomenon that we do not discuss further). Informally, the
codimension of a singularity is the number of conditions on derivatives that
determine it. This is also the minimum number of extra variables required to
specify all small perturbations of the singularity, up to changes of coordinates.
These perturbations can be organized into a family of maps called the universal
unfolding, which has that number of extra variables.
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Definition 9.5. G(Z,a) is an unfolding of g(7) if G(Z,0) = g(I). G is a universal
unfolding of g if every unfolding of H(Z, b) factors through G. That is,

H(Z, b) = G(A(Z, b), A(b)) + K(b) (22)

It follows that every small perturbation H(:, b) is equivalent to a perturbation
G(-, A(b)) of g in the G family.

If such k exists, the normal form is +7%. Simple infintesimal homeostasis
occurs when k = 2, and an infinitesimal chair when k& = 3. When k > 3 the
universal unfolding for catastrophe theory equivalence is

TR o T2 v s T3+ v ay T

for parameters a; and when k = 2 the universal unfolding is +72. The codimen-
sion in this setting is therefore k — 2. See [4] Example 14.9 and Theorem 15.1;
[18] chapter IV (4.6) and chapter VI (6.3); and [30] chapter XI Sect.1.1 and
chapter XII Sects. 3.1, 7.2.

To summarize: the normal form of the input-output function for simple
infinitesimal homeostasis is

Xo(I) = +I? (23)

and no unfolding parameter is required. Similarly,
xo(I)=+I? (24)
is the normal form of the input-output function for a chair, and
xo(I;a)=+I%+al (25)

is a universal unfolding.

10 Evolving Towards Homeostasis

Control-theoretic models of homeostasis often build in an explicit ‘target’ value
for the output, and construct the equations to ensure that the input-output
function is exactly flat over some interval. Such models are common, and provide
useful information for many purposes. In singularity theory an exactly flat input-
output function has ‘infinite codimension’, so our approach is not appropriate
for models of this type.

However, in biology, homeostasis is an emergent property of biochemical net-
works, not a preset target value, and the input-output function is only approx-
imately flat, for example as in Fig.2 (left). Many of the more recent models
of homeostasis do not assume a preset target value; instead, this emerges from
the dynamics of a biochemical network. Here we expect typical singularities to
have finite codimension, and our approach is then potentially useful. For exam-
ple, in [21, Section 8] we proved that for one such model, of feedforward inhibi-
tion [33,39], the input-output map has a ‘chair’ singularity, with normal form
x3 + Ax. Other examples of chair singularities are given in [37].
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A key question is: In a mathematical sense, how does a biological system
evolve towards homeostasis? Imagine a system of differential equations depend-
ing on parameters. Suppose that initially the parameters are set so that the
associated input-output function has no regions of homeostasis. Now vary the
parameters so that a small region of homeostasis appears in the input-output
function. Since this region of homeostasis is small, we can assume that it is
spawned by a singularity associated with infinitesimal homeostasis. How can
that happen?

Singularities Organizing Evolution Towards Homeostasis

A plausible answer follows from the classification of elementary catastrophes.
If there is one input and one output, the assumption of no initial homeostasis
implies that the input-output function x, : R — R is strictly increasing (or
strictly decreasing). Generically, evolving towards infinitesimal homeostasis can
occur in only one way. As a parameter 8 is varied, at some point Zy the function
Xo(Z) approaches a singularity, so there is a point Jy where x/(Jp) = 0. This
process can happen only if x'(Zp) = 0 is also satisfied. That is, from a singularity-
theoretic point of view, the simplest way that homeostasis can evolve is through
an infinitesimal chair.

This process can be explained in the following way. The system can evolve
towards infinitesimal homeostasis only if the universal unfolding of the singu-
larity has a parameter region where the associated function is nonsingular. For
example, simple homeostasis (x,(Z) = 72, which is structurally stable) does not
have this property. All small perturbations of 72 have a Morse singularity. The
simplest (lowest codimension) singularity that has nonsingular perturbations is
the fold singularity x,(7) = I'3; that is, the infinitesimal chair.

At least two assumptions underlie this discussion. First, we have assumed
that all perturbations of the input-output function can be realized by perturba-
tions in the system of ODEs. This is true; see Lemma 10.1. Second, we assume
that when evolving towards homeostasis the small region of homeostasis that
forms is one that could have grown from a point of infinitesimal homeostasis.

When x, depends on one parameter, generically the infinitesimal chair is the
only possible singularity that can underlie the formation of homeostasis.

Lemma 10.1. Given a system of ODEs x = F(x, 1) whose zero set is defined by
FX(I),I)=0

and a perturbation X(I') = X(I) + P(I) of that zero set. Then X is the zero set
of the perturbation ~
F(x,I)=F(x-P(),I)

Therefore any perturbation of the input-output function x,(I) can be realized by
perturbation of F.
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Proof. Clearly
F(X(I),I)=F(X(I)+PI),T)
= F(X(Z)+P(I)-P(I),T)
=F(X(I),I)
=0

If we write P(Z) = (0, P,(Z)) where P,(Z) is a small perturbation of x,(J), then
we can obtain the perturbation x, + P, of x, by the associated perturbation of
F. O

Theorem 10.2. Consider input-output functions with one input and one out-
put. Then the only singularities of codimension < 3 that have perturbations with
no infinitesimal homeostasis are the fold (chair) and the swallowtail.

Proof. Tt is easy to see that perturbations of 7* always have a local minimum
when k is even. So the only normal forms with perturbations that have no
infinitesimal homeostasis occur when k is odd. Those that have codimension at
most 3 are the fold (k = 3) and the swallowtail (k = 5). o

We remark that folds occur in the unfoldings of swallowtails and that
the generic non-homeostatic approach to a swallowtail would also give a non-
homeostatic approach to a fold (or chair).

11 Input-Output Maps with Two Inputs

Suppose now that the input I consists of several variables. In general terms,
consider a parametrized family of ODEs

X = F(X, 1) (26)

where X = (x1,...,x,) € R™, T € R¥, and F is infinitely differentiable. We
assume that (26) stems from an input-output network where one of the nodes
(or coordinates of X) is the output node that is denoted, as before, by o. We
also assume that (26) has a stable equilibrium at Xy when I = .

The equilibria of (26) are given by:

F(X,.IT)=0 (27)

By the implicit function theorem, we can solve (27) near (X, Zp) to obtain a map
X : R¥ = R™ such that
F(X(I),T)=0 (28)

where X(1y) = Xp. Let
X(T) = X)), x(1))

Definition 11.1. The input-output map of (27) near (Xo, o) is x, : R* — R.
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Definition 11.2. The point I is an infinitesimal homeostasis point of x,, if the
derivative

Drx,(1y) =0 (29)

In particular, Iy is a singularity—that is, the derivative of x, is singular
there—but the vanishing of all first derivatives selects a special subclass of sin-
gularities, said to have ‘full corank’.

The interpretation of an infinitesimal homeostasis point is that x,(J) differs
from x,(Zp) in a manner that depends quadratically (or to higher order) on
|I — Zy|. This makes the graph of x,(I) flatter than any growth rate with a
nonzero linear term. This condition motivates for the condition (29) rather than
merely Drx,(Zy) being singular.

Definition 11.2 places the study of homeostasis in the context of singularity
theory, and we follow the standard line of development in that subject. A detailed
discussion of singularity theory would be too extensive for this paper. A brief
summary is given in [21] in the context of homeostasis, accessible descriptions
can be found in [36,43], and full technical details are in [18,30] and many other
sources.

Following Nijhout et al. [33] we define:

Definition 11.3. A plateau is a region of I over which X(Z) is approximately
constant.

Remark 11.4. Universal unfolding theory implies that small perturbations of x,
(that is, variation of the suppressed parameters) change the plateau region only
slightly. This point was explored for the chair singularity in [21]. It follows that
for sufficiently small perturbations plateaus of singularities depend mainly on
the singularity itself and not on its universal unfolding.

Remark 11.5. In this section we focus on how singularities in the input-output
map shape plateaus, and we use the normal form and unfolding theorems of
elementary catastrophe theory to do this. We remark that typically the variables
other than x,, the manipulated variables Y, can vary substantially while the
output variable is held approximately constant. See, for example, Fig. 3 in [1].

11.1 Catastrophe Theory Classification

The results of [21] reduce the classification of homeostasis points for a single node
to that of singularities of input-output maps R¥ — R. As mentioned in Sect. 9.2,
this is precisely the abstract set-up for elementary catastrophe theory [4,18, 36,
43]. The case k =1 is discussed there.

We now consider the next case k = 2. Table 1 summarizes the classification
when k = 2, so T = (I;,15) € R2. Here the list is restricted to codimension
< 3. The associated geometry, especially for universal unfoldings, is described
in [4,18,36] up to codimension 4. Singularities of much higher codimension have
also been classified, but the complexities increase considerably. For example
Arnold [2] provides an extensive classification up to codimension 10 (for the
complex analog).
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Table 1. Classification of singularities of input-output maps R2 — R of codimension
<3.

Name Normal form | Codim | Universal unfolding

Morse (simple homeostasis) | +12 + 1.7 0 +I2+ I}

Fold (chair) I3+ 12 1 I3 +al + I}

Cusp I+ I} 2 £ +al? +b0 £ I}

Swallowtail Ip+ 1} 3 IP+all+bI2+ch + I}
Hyperbolic umbilic 3+ 13 3 I3+I+alh L +bl +cIp

Elliptic umbilic }-3nr1} |3 I3 -3nIf+a(I2+I})+bli+cly

Remark 11.6. Because k = 2, the normal forms for k = 1 appear again, but now
there is an extra quadratic term iIZQ. This term is a consequence of the splitting
lemma in singularity theory, arising here when the second derivative D?x, has
rank 1 rather than rank 0 (corank 1 rather than corank 2). See [4,36,43]. The
presence of the ifzz term affects the range over which x,(Z) changes when 75
varies, but not when 77 varies.

11.2 Normal Forms and Plateaus

The standard geometric features considered in catastrophe theory focus on the
gradient of the function x,(J) in normal form. In contrast, what matters here
is the function itself. Specifically, we are interested in the region in the 7-plane
where the function x, is approximately constant.
More specifically, for each normal form x,(J) we choose a small § > 0 and
form the set
Ps ={I e R?: |x,(T)| < 6}. (30)

This is the plateau region on which x,(Z) is approximately constant, where §
specifies how good the approximation is. If x,(Z) is perturbed slightly, Ps varies
continuously. Therefore we can compute the approximate plateau by focusing on
the singularity, rather than on its universal unfolding.

This observation is important because the universal unfolding has many zeros
of the gradient of x,(J), hence ‘homeostasis points’ near which the value of x,(1)
varies more slowly than linear. However, this structure seems less important
when considering the relationship of infinitesimal homeostasis with homeostasis.
See the discussion of the unfolding of the chair summarized in [21, Figure 3].

The ‘qualitative’ geometry of the plateau—that is, its differential topology
and associated invariants—is characteristic of the singularity. This offers one way
to infer the probable type of singularity from numerical data; it also provides
information about the region in which the system concerned is behaving home-
ostatically. We do not develop a formal list of invariants here, but we indicate a
few possibilities.

The main features of the plateaus associated with the six normal forms are
illustrated in Table 1. Figure 10 plots, for each normal form, a sequence of con-
tours from —¢ to d; the union is a picture of the plateaus. By unfolding theory,
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these features are preserved by small perturbations of the model, and by the
choice of ¢ in (30) provided it is sufficiently small. Graphical plots of such per-
turbations (not shown) confirm this assertion. Again, we do not attempt to make
these statements precise in this paper.

/

v

/N

simple* simple” cusp” cusp~

i

chair swallowtail hyperbolic elliptic

Fig. 10. Plateaus shown by contour plots for each singularity in Table 1. Reproduced
from [23, Fig.4]. 200 equally spaced contours for ¢ from —0.2 to 0.2.

11.3 The Hyperbolic Umbilic

As we have discussed, homeostasis can occur when one variable is held approxi-
mately constant on variation of two or more input parameters. For example, body
temperature can be homeostatic with respect to both external temperature and
amount of exercise. A biological network example is Fig. 3, where there is home-
ostasis of extracellular dopamine (eDA) in response to variation in the activities
of the enzyme tyrosine hydroxylase (TH) and the dopamine transporters (DAT),
Best et al. [3]. These authors derive a differential equation model for this bio-
chemical network. They fix reasonable values for all parameters in the model
with the exception of the concentrations of TH and DAT. Figure 11 (left) shows
the equilibrium value of eDA as a function of TH and DAT in their model. The
white dots indicate the predicted eDA values for the observationally determined
values of TH and DAT in the wild type genotype (large white disk) and the
polymorphisms observed in human populations (small white disks). Their result
is scientifically important because almost all of the white disks lie on the plateau
(the region where the surface is almost horizontal) that indicates homeostasis of
eDA. Note that the flat region contains a line from left to right at about eDA =
0.9. In this respect the surface graph in Fig. 11 (left) appears to resemble that
of a nonsingular perturbed hyperbolic umbilic (see Table1) in Fig.11 (right).
See also the level contours of the hyperbolic umbilic in Fig. 10. This figure shows
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that the hyperbolic umbilic is the only low codimension singularity that contains
a single line in its zero set.
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Fig. 11. (Left): Nijhout et al. [33, Fig. 8] and Reed et al. [37, Fig. 14]. At equilibrium
there is homeostasis of eDA as a function of TH and DAT. There is a plateau around
the wild-type genotype (large white disk). Smaller disks indicate positions of polymor-
phisms of TH and DAT found in human populations. (Right): Graph of surface of
perturbed hyperbolic umbilic without singularities: Z(7, 1) = I13 + I23 + 11+ 12/2.

The number of curves (‘whiskers’) forming the zero-level contour of the
plateau is a characteristic of the plateau. For example, Fig. 11 appears to have
one curve in the plateau. This leads us to conjecture that the hyperbolic umbilic
is the singularity that organizes the homeostatic region of eDA in the exam-
ple discussed in [3]. It may be the case however, that there is no infinitesimal
homeostasis in this example, and the cause is more global. We have discussed

in Sect.10 why the chair and the hyperbolic umbilic are the singularities that
might be expected to organize two output homeostasis.

Theorem 11.7. Consider input-output functions with two inputs and one out-
put. Then the only singularities of codimension < 3 that have perturbations

with no infinitesimal homeostasis are the fold (chair), swallowtail, and hyper-
bolic umbilic.

The proof of this theorem is in [23].

Remark 11.8. In Sect. 10 we note that a system of equations that evolves toward
infinitesimal homeostasis does so by transitioning through a singularity that has
unfolding parameters with no infinitesimal homeostasis. It follows from Theo-
rems 10.2 and 11.7 that the most likely ways to transition to homeostasis in
systems with one input variable is through the chair and in systems with two
input variables the hyperbolic umbilic and the two variable chair.
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12 Gene Regulatory Networks and Housekeeping Genes

Antoneli et al. [1] use infinitesimal homeostasis to find regions of homeostasis
in a differential equation model for the gene regulatory network (GRN) that is
believed to regulate the production of the protein PGA2 in Fscherichia coli and
yeast. Specifically, in this model the input parameter is an external parameter
7 that represents the collective influence of other gene proteins on this specific
GRN. We find regions of homeostasis that gives a plausible explanation of how
the level of the PGA2 protein might be held approximately constant while other
reactions are taking place.

Gene expression is a general name for a number of sequential processes,
the most well known and best understood being transcription and translation.
These processes control the level of gene expression and ultimately result in the
production of a specific quantity of a target protein.

The genes, regulators, and the regulatory connections between them forms a
gene regulatory network (GRN). A gene regulatory network can be represented
pictorially by a directed graph where the genes correspond to network nodes,
incoming arrows to transcription factors, and outgoing arrows to levels of gene
expression (protein concentration).

12.1 Gene Regulatory Networks and Homeostasis

Numerous terms are used to describe types of genes according to how they are
regulated. A constitutive gene is a gene that is transcribed continually as opposed
to a facultative gene that is transcribed only when needed. A housekeeping gene
is a gene that is required to maintain basic cellular function and so is typically
expressed in all cell types of an organism. Some housekeeping genes are tran-
scribed at a ‘relatively constant rate’ in most non-pathological situations and are
often used as reference points in experiments to measure the expression rates of
other genes.

Even though this scheme is more or less universal among all life forms, from
uni-cellular to multi-cellular organisms, there are some important differences
according to whether the cell possesses a nucleus (eukaryote) or not (prokary-
ote). In single-cell organisms, gene regulatory networks respond to changes in
the external environment adapting the cell at a given time for survival in this
environment. For example, a yeast cell, finding itself in a sugar solution, will
turn on genes to make enzymes that process the sugar to alcohol.

Recently, there has been an ongoing effort to map out the GRNs of some
the most intensively studied single-cell model organisms: the prokaryote E. coli
and the eukaryote Saccharomyces cerevisiae, a species of yeast. A hypothesis
that has emerged from these efforts is that the GRN has evolved into a modular
structure in terms of small sub-networks appearing as recurrent patterns in the
GRN, called network motifs. Moreover, experiments on the dynamics generated
by network motifs in living cells indicate that they have characteristic dynamical
functions. This suggests that network motifs may serve as building blocks in
modeling gene regulatory networks.
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Much experimental work has been devoted to understanding network motifs
in gene regulatory networks of single-cell model organisms. The GRNs of E. coli
and yeast, for example, contain three main motif families that make up almost
the entire network. Some well-established network motifs and their correspond-
ing functions in the GRN of E. coli and yeast include negative (or inhibitory)
self-regulation, positive (or excitatory) self-regulation and several types of feed-
forward loops. Nevertheless, most analyses of motif function are carried out
looking at the motif operating in isolation. There is, however, mounting evi-
dence that network context, that is, the connections of the motif with the rest of
the network, are important when drawing inferences on characteristic dynamical
functions of the motif.

In this context, an interesting question is how the GRN of a single-cell organ-
ism is able to sustain the production rates of the housekeeping genes and at same
time be able to quickly respond to environmental changes, by turning on and off
the appropriate facultative genes. If we assume that the dynamics of gene expres-
sion is modeled by coupled systems of differential equations then this question
can be formulated as the existence of a homeostatic mechanism associated to
some types of network motifs imbedded in the GRN.

Latest estimates on the number of feedforward loops in the GRN of S. cere-
visiae assert that there are least 50 feedforward loops (not all of the same type)
potentially controlling 240 genes. One example of such a feedforward loop is
shown in Fig. 12. The three genes in this network are considered constitutive.

®—@
\ /

Fig. 12. An example of feedforward regulation network from the GRN of S. cerevisiae,
involving the genes SFP1, CIN5 and PGA2. The PGA2 gene produces an essential
protein involved in protein trafficking (null mutants have a cell separation defect).
The CIN5 gene is a basic leucine zipper (bZIP) transcription factor. The SPF1 gene
regulates transcription of ribosomal protein and biogenesis genes.
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12.2 Basic Structural Elements of GRNs

The fundamental building block or node in a gene regulatory network is a gene
that is composed of two parts: transcription and translation. The transcription
part produces messenger RNA (mRNA) and the translation part produces the
protein. The system of ODEs associated to one gene has the form

X =f(x,t5,7) x = (xR xP) e R?

where x® is the mRNA concentration, x* is the protein concentration and the
t; are the coupling protein concentrations of transcription factors that regulate
the gene and are produced by other genes in the network. The parameter I
represents the effect of upstream transcription factors that regulate the gene but
are not part of the network. The vector field f has the form

f=(R+I1.fP) e R,

where fR models the dynamics of mRNA concentration and f” models the
dynamics of the protein concentration.
When the gene is not self-regulated the system has the form

iR= fROR)+ 1
xP — fP()CR, )CP)

and when the gene is self-regulated the system of two scalar equations has the
form

W= fRER P )+ T

P = PR xP)

In both cases the gene output is the scalar variable xp.

12.3 The Gene Regulatory Network for PGA2

Consider the network consisting of three genes (and six nodes) shown in Fig. 13,
where the dashed lines represent inhibitory coupling (repression or negative con-
trol) and the solid lines represent excitatory coupling (activation or positive
control).

Observe that the six-node network in Fig. 13 has two simple paths:

xR s xP 5 ;R P and xR xP R yP R, P

There are two possible Haldane homeostasis arrows x® — x? and zf — 7P, and
one structural homeostasis of degree three consisting of two paths x — y® —
yP — zR and xP — zR. To verify this we compute the homeostasis matrix.
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Fig. 13. Example of a 3-gene six-cell network. All arrows are different, but for simplicity
this is not made explicit in the figure. Circles stand for mRNA concentration and

squares for protein concentration. Solid lines indicate excitatory coupling and dashed
lines indicate inhibitory coupling.

The steady-state equations associated with the network in Fig. 13 have the
form:

FROR xPYy+ 1 =0

fP(xR, .XP) — 0
RGP y® =0

P, R _P (31)
g (hyH)=0
]’lR()CP, yP’ ZR) — 0
PR, zP) =0

where the input parameter I represents the action of all upstream transcription
factors that affect the x-gene and do not come from the y- and z-genes. Our goal
is to find regions of homeostasis in the steady-state protein concentration z as

a function of the input parameter 7. To do this we compute det(H), where H is
the 5 x 5 homeostasis matrix.

I f);j, 0 0 0
0 8,.p ng 0 0
H=|0 0 glgl 0 (32)
0 A%, 0 hfp h
0 0 0 0 Kb

ZR

A short calculation shows that

det(H) = fo; th (ngg;)P hfP + hngngfP)
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Therefore structural homeostasis is found by solving & = A’ = 0, where
hI) = nggfp hfp + hng;Rng (33)

This equation is analysed in Antoneli et al. [1], who show that standard ODE
models for gene regulation, when inserted into a feedforward loop motif, do
indeed lead to chair structural homeostasis in the output protein housekeeping
genes. In [1] this cubic expression was obtained by direct calculation and its
appearance was somewhat mysterious; here it emerges from the general theory
of homeostasis matrices in Sect. 7.
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Abstract. In this work we review the novel framework for the computa-
tion of finite dimensional invariant sets of infinite dimensional dynamical
systems developed in [6] and [36]. By utilizing results on embedding tech-
niques for infinite dimensional systems we extend a classical subdivision
scheme [8] as well as a continuation algorithm [7] for the computation of
attractors and invariant manifolds of finite dimensional systems to the
infinite dimensional case. We show how to implement this approach for
the analysis of delay differential equations and partial differential equa-
tions and illustrate the feasibility of our implementation by computing
the attractor of the Mackey-Glass equation and the unstable manifold of
the one-dimensional Kuramoto-Sivashinsky equation.

1 Introduction

In order to understand the long term behavior of complicated nonlinear dynam-
ical systems, a promising approach is to study invariant sets such as the global
attractor and invariant manifolds. To numerically approximate these sets set-
oriented methods have been developed [7-9,17]. The underlying idea is to cover
the set of interest by outer approximations that are generated by multilevel sub-
division or continuation methods. They have been used successfully in various
application areas such as molecular dynamics [30], astrodynamics [11] or ocean
dynamics [18].

Until recently, the applicability of the subdivision scheme and the continu-
ation method was restricted to finite dimensional dynamical systems, i.e., ordi-
nary differential equations or finite dimensional discrete systems. In this work
we show how to extend these algorithms for the computation of attractors as
well as invariant manifolds to the infinite dimensional context, e.g. delay dif-
ferential equations with small delays [3,12] and dissipative partial differential
equations such as the Kuramoto-Sivashinsky equation [25,32], the Ginzburg-
Landau equation and reaction-diffusion equations [22]. For all these systems
a finite dimensional so-called inertial manifold exists to which trajectories are
attracted exponentially fast, e.g., [4,15,34].

The novel approach utilizes infinite dimensional embedding results [21,28]
that allow the reconstruction of finite dimensional invariant sets of infinite
© The Editor(s) (if applicable) and The Author(s), under exclusive license
to Springer Nature Switzerland AG 2020
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dimension dynamical systems. These results extend the results of Takens [33]
and Sauer et al. [29] to the infinite dimensional context. The so—called obser-
vation map which consists of observations of the systems dynamics produces —
in a generic sense — a one-to-one image of the underlying (infinite dimensional)
dynamics provided the number of observations is large enough. This observation
map and its inverse are then used for the construction of the core dynamical
system (CDS), i.e., a continuous dynamical system on a state space of finite
dimension. By construction the CDS possesses topologically the same dynam-
ical behavior on the invariant set as the original infinite dimensional system.
Then, application of the subdivision scheme and the continuation method allow
us to compute the reconstructed invariant set of the CDS. The general numeri-
cal approach is in principle applicable to infinite dimensional dynamical systems
described by a Lipschitz continuous operator on a Banach space. However, here
we will restrict our attention to delay differential equations with constant delay
and partial differential equations for the numerical realization. We note that in
[35] the approach has been generalized to delay differential equations with state
dependent time delay.

A detailed outline of the article is as follows. In Sect. 2 we briefly summarize
the infinite dimensional embedding theory introduced in [21,28]. In Sect.3 we
employ this embedding technique for the construction of the CDS. Then in
Sect. 4 we review the adapted subdivision scheme and continuation method for
infinite dimensional systems developed in [6,36]. A numerical realization of the
CDS for DDEs and PDEs is given in Sect. 5. Finally, in Sect. 6 we illustrate the
efficiency of our methods for the Mackey-Glass delay differential equation and
for the one-dimensional Kuramoto-Sivashinsky equation.

2 Infinite Dimensional Embedding Techniques

We consider dynamical systems of the form
I/tj+1 =<I)(uj), ] :0, 1,..., (1)

where ® : Y — Y is Lipschitz continuous on a Banach space Y. Moreover, we
assume that @ has an invariant compact set A, that is

O(A) = A.

In order to approximate the set A or invariant subsets of A we combine classical
subdivision and continuation techniques for the computation of such objects in a
finite dimensional space with infinite dimensional embedding results (cf. [21,28]).
For the statement of the main result of [28] we require three particular notions:
prevalence [29], upper box counting dimension and thickness exponent [21].

Definition 1

(a) A Borel subset S of a normed linear space V is prevalent if there is a finite
dimensional subspace E of V (the ‘probe space’) such that for each v € V, v+e
belongs to S for (Lebesgue) almost every e € E.
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Following a remark made in [29] we will say that “almost every” map in
a function space V satisfies a certain property if the set of such maps is
prevalent, even in the infinite dimensional case. Then this property will be
called generic (in the sense of prevalence).

(b) Let Y be a Banach space, and let A c Y be compact. For & > 0, denote
by Ny(A, &) the minimal number of balls of radius & (in the norm of Y)
necessary to cover the set A. Then

log Ny (A, .
d(A;Y) = limsup ogy—(ﬂs) = limsup —log, Ny(A,e)
£0 —loge £—0

denotes the upper box counting dimension of A.

(c) Let Y be a Banach space, and let A c Y be compact. For & > 0, denote by
dy(A, ) the minimal dimension of all finite dimensional subspaces V c Y
such that every point of A lies within distance & of V; if no such V exists,
dy(A, g) = co. Then

o(A,Y) =limsup —log, dy(A, &)
£—0

is called the thickness exponent of A in Y.

These notions are essential in addressing the question when a delay embedding
technique applied to an invariant subset A C Y will generically work. More
precisely, the results are as follows.

Theorem 1 (21, Theorem 3.9]). Let Y be a Banach space and A C Y com-
pact, with upper box counting dimension d(A;Y) =: d and thickness exponent
o(A,Y)=:0. Let N > 2d be an integer, and let € R with

N -2d
0<a< ——m.
N-(1+0)

Then for almost every (in the sense of prevalence) bounded linear map £ : Y — RN
there is C > 0 such that

C-ILx =" = llx =yl forall x,y € A.

Note that this result implies that - if N is large enough - almost every (in the
sense of prevalence) bounded linear map £ :Y — RN will be one-to-one on A.
Using this theorem, the following result concerning embedding techniques can
be proven.

Theorem 2 ([28, Theorem 5.1]). Let Y be a Banach space and A C Y a com-
pact, invariant set, with upper box counting dimension d, and thickness exponent
o. Choose an integer k > 2(1 + o)d and suppose further that the set A, of p-
periodic points of @ satisfies d(Ap;Y) < p/(2+ 20) for p =1,...,k. Then for
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almost every (in the sense of prevalence) Lipschitz map f : Y — R the observa-
tion map Di[f,®]:Y — RK defined by

Dilf, @1(w) = (f(w), f(@W)), ..., F( @ w))"
is one-to-one on A.
Remark 1

(a) Following an observation already made in [29, Remark 2.9], we note that this
result may be generalized to the case where several distinct observables are
evaluated. More precisely, for almost all (in the sense of prevalence) Lipschitz
maps f; : Y = R,i=1,...,q, the observation map Di[fi,..., fg, ] : ¥ — R,

ur (fl(u)7 D) fl(q)klil(u))’ .. '»fq(u)’ ey fq(q)kqil(u)))—r

is also one-to-one on A, provided that

q
k= Z ki>2(1+0)-d and d(A,) < p/2+20) Vp <max(ky,...,ky).

i=1

(b) If the thickness exponent o is unknown, a worst-case embedding dimension
k > 2(1 + d)d can always be chosen since the thickness exponent is bounded
by the (upper) box counting dimension (cf. [21]).

(¢) In [27] it is suspected that many of the attractors arising in dynamical
systems defined by the evolution equations of mathematical physics have
thickness exponent zero. In addition, in [16] it is shown that the thickness
exponent is essentially inversely proportional to smoothness. This result does
not rely on the dynamics associated with the set A or the form of the under-
lying equations, but only on assumptions on the smoothness of functions in
A. Thus, it is reasonable to assume o = 0, i.e., an embedding dimension
k > 2d is sufficient in most cases.

3 The Core Dynamical System

In this section we show how the results in Sect. 2 lay the theoretical foundation
for the construction of the so—called core dynamical system (CDS). This finite
dimensional dynamical system then allows us to approximate invariant sets of
an infinite dimensional dynamical system. For details on the construction and
corresponding proofs we refer to [6].

Let A be a compact invariant set of an infinite dynamical systems (1) on a
Banach space Y and suppose k € N is large enough such that the embedding
result (Theorem1 or 2) is valid. Suppose R : ¥ — R is the corresponding
observation map, i.e., R = L or R = Di[f, @], respectively. We denote by A; the
image of A C Y under the observation map, that is,

A = R(A).
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The core dynamical system (CDS)

Xjim=¢@(xj), j=0,12...,

with ¢ : R¥ — R* is then constructed as follows: Since R is invertible as a
mapping from A to Ag there is a unique continuous map E : Ay — Y satisfying

(EoRu)=u VYueA and (RoE)x)=x Vxe€ Ay (2)
Thus, as a first step this allows us to define ¢ solely on A; via
¢=Ro®do E.

For the extension of ¢ to RF we need to extend the map E to a continuous map
E : RF — Y. By employing a generalization of the well-known Tietze extension
theorem [14, 1.5.3] found by Dugundji [13, Theorem 4.1] we obtain a continuous
map E : R¥ - Y with E 4, = E and we define the CDS by

90 = R o CI) o E,

see Fig. 1 for an illustration. Observe that by this construction Ay is an invariant
set for ¢, and that the dynamics of ¢ on Ay is topologically conjugate to that of
® on A.

Proposition 1 ([6, Propostion 1])
There is a continuous map ¢ : RK — RK satisfying

©(R(u)) = R(D(u)) for all u € A.

E
_—
R* Y
,‘ wl D
- R

Fig. 1. Definition of the CDS ¢ (Figure adapted from [36]).

Note that the arguments stated above only guarantee the existence of the
continuous map E and provide no guideline on how to design or approximate
it. In fact, the particular realization of the map E will depend on the actual
application (see Sect.5).
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4 Computation of Embedded Invariant Sets

We are now in the position to approximate the embedded invariant set Ay or
invariant subsets such as the invariant manifold of a steady state via the core
dynamical system

¢=Ro®oEFE.

To this end, we employ the subdivision and continuation schemes as defined in
[8] and [7].

4.1 A Subdivision Scheme for the Approximation of Embedded
Attractors

In this section we give a brief review of the adapted subdivision scheme developed
in [6] that allows us to approximate the set Ag.

Let Q c R¥ be a compact set and suppose Ax c Q for simplicity. The embed-
ded global attractor relative to Q is defined by

Ag = ﬂ ¢ (0).
j=0

The aim is to approximate this set with a subdivision procedure. Given an initial
finite collection By of compact subsets of R¥ such that

o=/ 8
BeBy

we recursively obtain B, from B,_; for £ = 1,2,... in two steps such that the
diameter
diam(8B,) = max diam(B)
BeBy

converges to zero for £ — co.

Algorithm 1. The subdivision method for embedded global attractors

Initialization: Given k > 2(1 + o)d choose a compact set O ¢ R¥ and a finite collection
By, such that Ay € Q and Q = Upeg, B Fix 0 < finin < fimax < 1.

1) Subdivision: Construct a new collection B, such that
Us= 1) s
BE@[ BeBe_q

and .
diam(8By) = 0, diam(By_1),

where 0 < Opin < 0p < Omax < 1.
2) Selection: Define the new collection By by

Be = {B € By : 3B € B, such that 9071(8) NB# 0} . (3)
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Remark 2

a) A numerical implementation of Algorithm 1 is included in the software pack-
age GAIO (Global Analysis of Invariant Objects) [5,10]. Here, the sets B consti-
tuting the collections B, are realized by generalized k-dimensional rectangles
(“boxes”) of the form

B(c,r):{yeRk yi—cil €1 fori=1,...,k},

wherec,r € RX, r; > 0fori=1,..., k, are the center and the radii, respectively.
In each subdivision step each box of the current collection is subdivided by
bisection with respect to the j-th coordinate, where j is varied cyclically.
Therefore, these collections can easily be stored in a binary tree.

b) Given a collection B, the selection step is realized as follows: At first ¢ is
evaluated for a large number of test points x € B’ for each box B’ € B;. Then
a box B is kept in the collection By if there is a least one x € B’ such that
¢(x) € B. We note that the binary tree structure implemented in GAIO allows
a fast identification of the boxes that are not discarded.

The subdivision step results in decreasing box diameters with increasing €. In
fact, by construction

diam(By) < 6°,,, diam(By) = 0 for £ — co.

max

In the selection step each subset whose preimage does neither intersect itself
nor any other subset in B, is removed. Denote by Q, the collection of compact
subsets obtained after £ subdivision steps, that is

Q¢ = U B.
BeB,

Since the Q¢’s define a nested sequence of compact sets, that is, Qp+1 C Qp we
conclude for each m

m
Om = ﬂ Qe.
£=1
Then by considering
0w =[]0
£=1

as the limit of the Q,’s the selection step accounts for the fact that Q,, approaches
the relative global attractor.
Proposition 2 ([6, Proposition 2])

Suppose Ag satisfies 9™ (Ag) C Ag. Then

Ag = Ow.

We note that we can, in general, not expect that Ay = Ag. In fact, by construc-
tion Ap may contain several invariant sets and related heteroclinic connections.
However, if A is an attracting set equality can be proven (see [6]).
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4.2 A Continuation Technique for the Approximation of Embedded
Unstable Manifolds

In [36] the classical continuation method of [7] was extended to the approxima-
tion of embedded unstable manifolds. In the following we state the main result
of this scheme. Let us denote by

Wyw*)c A

the unstable manifold of u* € A, where u* is a steady state solution of the
infinite dimensional dynamical system @ (cf. (1)). Furthermore, let us define the
embedded unstable manifold W"(p) by

W(p) = REW() € Ar,

where p = R(u*) € R¥ and R is the observation map introduced in Sect.3. We
now choose a compact set Q ¢ RF containing p and we assume for simplicity
that Q is large enough so that it contains the entire closure of the embedded
unstable manifold, i.e.,

Wu(p) c Q.

For the purpose of initializing the developed algorithm we define a partition P
of Q to be a finite family of compact subsets of Q such that

U B=0Q and intBNintB =0, forall BB’ € P, B # B'.
BeP

We consider a nested sequence Ps, s € N, of successively finer partitions of Q,
requiring that for all B € P there exist By,..., B, € P41 such that B = U;B;
and diam(B;) < 6 diam(B) for some 0 < 6 < 1. A set B € Py is said to be of
level s.

The aim of the continuation method is to approximate subsets W; ¢ W*(p)

where Wo = W} (p) = R(Wy, .(u*)) is the local embedded unstable manifold and
Wj+1 = ()D(Wj) for ] = 0, 1, 2, .

in two steps:

At first we approximate W}! (p) by applying Algorithm 1 on a compact neigh-
borhood C c Ay of p such that p € int C and W}, (p) C C in order to compute
the relative global attractor Ac. In fact, if the steady state u* € A is hyperbolic
W}t (p) is identical to Ac [36, Proposition 3.1 (b)]. In the second step this cov-
ering of W} (p) is then to globalized to obtain an approximation of the compact

subsets W; ¢ W*(p) or even the entire closure W*(p).
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Algorithm 2. The continuation method for embedded unstable manifolds

Initialization: Given k > 2(1 + o)d choose an initial box O c R¥ such that A, c Q.
Choose a partition Py of Q and a set C € P such that p = R(u*) € C.

1) Perform ¢ steps of Algorithm 1 on By = {C} to obtain a covering By C Psip of
4
W (p). Set C) = B;.
2) Continuation: For j =0,1,2,... define

C;?l = {B € Pyrp: 3B € CJ(.[) such that BN ¢(B’) # 0} . (4)

Remark 3

a) Algorithm 2 is also implemented within the software package GAIO. In fact,
the binary tree structure encodes a nested sequence of finer partitions of Q.
b) Numerically the continuation step is realized as follows: At first ¢ is evaluated
for a large number of test points x € B’ for each box B’ € Cj@). Then a box

B € Pg,¢ is added to the collection C;i)l if there is a least one x € B’ such
that ¢(x) € B.

Observe that the unions

form a nested sequence in ¢, i.e.,
(0) (1) €
Cj DCj 3...3CJ.
In fact, it is also a nested sequence in j, i.e.,
() (6) ()
CcG...cC....

Due to the compactness of Q the continuation step of Algorthm 2 will terminate
after finitely many, say Jg, steps. We denote the corresponding box covering
obtained by the continuation method by

Je
Ge=|Jc =c).
J=0

In [36] it was proven that increasing ¢ eventually leads to convergence of 9 to
the subsets W; and assuming that the closure of the embedded unstable manifold

Wu(p) is attractive Gy converges to W%(p).
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Proposition 3 ([36, Proposition 5])

(a) The sets CJ(.[) are coverings of W; for all j,£ =0,1,.... Moreover, for fized j,
we have

00

() =w;.
J
=0

(b) Suppose that W*(p) is linearly attractive, i.e., there is a A € (0,1) and a
neighborhood U D Q > W¥(p) such that

dist (tp(y), W”—(M) < A dist (y, W”—(M) Vy eU.

Then the box coverings obtained by Algorithm 2 converge to the closure of
the embedded unstable manifold W*(p). That is,

ﬁ Ge = WH(p).
=0

5 Numerical Realization of the CDS

As discussed in the introduction, dynamical systems with infinite dimensional
state space, but finite dimensional attractors arise in particular in two areas of
applied mathematics, namely dissipative partial differential equations and delay
differential equations with small constant delay. In this section we show how to
numerically realize the CDS for both cases. From now on we assume that upper
bounds for both the box counting dimension d and the thickness exponent o are
available. This allows us to fix k > 2(1 + 0)d according to Theorem 2.

In order to numerically realize the construction of the map ¢ = Ro®o E
described in Sect. 3, we have to address three tasks: the implementation of E,
of R, and of the time-T-map, denoted by @, respectively. For the latter we will
rely on standard methods for forward time integration of DDEs [1] and PDEs,
e.g., a fourth-order time stepping method for the one-dimensional Kuramoto-
Sivashinsky equation [24]. The map R will be realized on the basis of Theorem 2
and Remark 1 by an appropriately chosen observables. For the numerical con-
struction of the continuous map E we will employ a bootstrapping method that
re-uses results of previous computations. This way we will in particular guarantee
that the identities in (2) are at least approximately satisfied.

5.1 Delay Differential Equations
We consider equations of the form
¥(1) = g(y(0), y(t = 7)), ()

where y(t) € R”, 7 > 0 is a constant time delay and g : R” XxR" — R" is a smooth
map. Here, we will only consider the one-dimensional case, that is n = 1, and
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refer to [6] for n > 1. Following [19], we denote by ¥ = C([-7,0], R") the (infinite
dimensional) state space of the dynamical system (5). Observe that equipped
with the maximum norm Y is indeed a Banach space. We set T > 0 to be a
natural fraction of 7, that is

T:%forKeN. (6)

5.1.1 Numerical Realization of R
For the definition of R we have to specify the time span T and appropriate corre-
sponding observables. In the case of a scalar equation we choose the observable
f to be

J@) = u(-7).

Thus, in this case the restriction R is simply given by
R = Di[f, ®)(w) = (u(-7), D()(-7),..., D (w)(-7))".

Observe that a natural choice for K in (6) would be K = k —1 for £k > 1.
That is, for each evaluation of R the observable would be applied to a function
u:[-71,0] - R at k equally distributed time steps within the interval [-7, 0].

5.1.2 Numerical Realization of E

In the application of the subdivision scheme Algorithm 1 as well as the continu-
ation method Algorithm 2 the CDS has to be evaluated for a set of test points
(see Remark 2 and Remark 3). Thus, for the evaluation of ¢ = Ro® o E at a
test point x we need to define the image E(x), i.e., we need to generate adequate
initial conditions for the forward integration of the DDE (5).

In the first selection or continuation step, when no information on A or
Wy (u”), respectively, is available, we construct a piecewise linear function
u = E(z), where

u(ti) = zis
fort; = —-1t+i-T, i =0,...,k —1. Observe that by this choice of E and R the

condition (Ro E)(x) = x is satisfied for each test point x (see (2)). In the following
steps we make use of the following observations for both schemes:

Remark 4. If a box B € B, (resp. B € C;?l), then, by the subdivision (resp.
selection) step, there must have been a B € B,_; (resp. B € Cj@) such that
% = R(®(E(%))) € B for at least one test point & € B. Therefore, we can use the

information from the computation of ®(E(x)) to construct an appropriate E(x)
for each test point x € B in both cases.

More concretely, in every step of the procedures, for every set B € By
(resp. B € C;?l) we keep additional information about the trajectories ®(E(Z))

that were mapped into B by R in the previous step. For simplicity, we
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store k; > 1 additional equally distributed function values for each interval
(-t+@@-1DT,-t+iT)fori=1,...,k—1.

When ¢(B) is to be computed using test points from B, we first use the points
in B for which additional information is available and generate the corresponding
initial value functions via spline interpolation. Note that the more information
we store, the smaller the error ||®(E(x)) — E(x)|| becomes for x = R(®P(E(X))).
That is, we enforce an approximation of the identity (E o R)(u) = u for all u € A
(see (2)). If the additional information is available only for a few points in B, we
generate new test points in B at random and construct corresponding trajectories

by piecewise linear interpolation.

5.2 Partial Differential Equations

We will consider explicit differential equations of the form

200 = FO, 1, 0) = ualy), ©

where u : R" x R — R" is in some Banach space ¥ and F is a (nonlinear)
differential operator. We assume that the dynamical system (7) has a well-defined
semiflow on Y.

5.2.1 Numerical Realization of R
In the previous section for delay differential equations R is defined by the delay
coordinate map. In principle it would also be possible to observe the evolution
of a partial differential equation by a delay coordinate map. However, from a
computational point of view this would be impractical. The reason is that for
the realization of the map E : R¥ — ¥ one would have to reconstruct functions
(i.e., the space-dependent state) from time delay coordinates (of scalar, e.g.,
point-wise observations). Thus, for each point in observation space one would
essentially have to store the entire corresponding function.

To overcome this problem, we will present a different approach. In what
follows, we will assume that the function u € Y can be represented in terms of
an orthonormal basis {¥;}:2,, i.e.,

(o)

u(y, ) = Y x(O¥(y),

i=1

where the ¥; are elements from a Hilbert space. Then our observation map R
will be defined by projecting a function onto k coefficients x; of its Galerkin
expansion. The function u can then be approximated within the (truncated)
linear subspace spanned by the basis {‘I’i}f.‘:lz

=~

u(y, 1)~ ) xi(O¥i().

i=1
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For the computation of the basis, we use the well-known Proper Orthogonal
Decomposition (POD), cf. [2,20,31]. The reason is that for each basis size k,
POD yields the optimal basis, i.e., the basis with the minimal L? projection
error. In order to compute such a basis {¥;}; we use the so-called method of
snapshots (cf. [20] for details). To this end, we construct the so—called snapshot
matrix Sy € R™" where each column consists of the (discretized) state at
equidistant time instances obtained from a single long-time integration of the
underlying PDE (7). Then we perform a singular value decomposition (SVD)
of the matrix Sy; and obtain Sy = UZVT, where U € R™* ¥ € R™>X" and
V € R"™". The columns of U give us a discrete representation of the POD modes
Y;. Using the fact that this basis is orthogonal, we then define the observation
map by choosing k different observables

filw)=(u,¥;)=x; fori=1,... k.

This yields
Ru) = (fi(u),..., i)™ = (x1,..., x) "

Observe that R is linear and bounded and hence, for k sufficiently large, The-
orem 1 and Remark 1, respectively, guarantee that generically (in the sense of
prevalence) R will be a one-to-one map on A.

5.2.2 Numerical Realization of E
Since the state space for the CDS ¢ is given by points x € R¥ where x;, .. ., x; are
the POD coeflicients we simply construct initial conditions u = E(x) by defining

the map E as
k

E(x) = Z X,
i=1
if no additional information is available. Observe again that by this choice the
condition (R o E)(x) = x is satisfied for each test point x.

However, the linear space spanned by the first K POD modes is not invariant
under the dynamics of @ if k is not sufficiently large. Thus, (E o R)(ir) = u with
i = ®(E(x)) will in general not be satisfied anymore. This is not acceptable since
the requirement (E o R)(u) = u for all u € A (see (2)) is crucial in order to
compute reliable coverings.

To enforce this equality at least approximately we extend the expansion and
construct initial functions by

k

E() =) x¥ + Zsj X1, (8)

i=1 I1=k+1

where S > k. To address the choice of S we note that the singular values oy of
the snapshot matrix Sy, i.e. the diagonal elements of X, determine the amount
of information that is neglected by truncating the basis {¥;}; to size S < r [31].
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Thus, we choose S such that

In (8) only the first k POD coefficients are given by the coordinates of points
inside B ¢ R¥. Thus, it remains to discuss how to choose the POD coefficients
Xk+1s - - -» Xs- The idea is to use a heuristic strategy that utilizes statistical infor-
mation. By Remark4 we can compute the POD coefficients X41,...,xs for all
these points x by

X = (PEX)),¥:), i=k+1,...,8.

Then we sample the box B with all points X for which additional information
is available. However, the number of these points X might be too small, such
that B is not discretized sufficiently well and we have to generate additional
test points. For this, we first choose a certain number of points X € B at ran-
dom. Then we extend these points to elements in RS as follows: We first com-
pute componentwise the mean value u; and the variance 0'[2 of all POD coeffi-
cients x;, for i = k+1,...,S. This allows us to make a Monte Carlo sampling
for the additional coefficients of x; for i = k +1,...,S, i.e., x; ~ N(u;, O'iZ) for
i=k+1,...,S. Finally, we compute initial functions of the form

S
E@ =) .
i=1

By this construction we expect to generate initial functions that at least approx-
imately satisfy the identity (E o R)(u) = u for all u € A.

6 Numerical Results

In this section we present results of computations carried out for the Mackey-
Glass delay differential equation and the Kuramoto-Sivashinsky equation, respec-
tively.

6.1 The Mackey-Glass Equation

As in [6], we consider the well-known delay differential equation introduced by
Mackey and Glass in 1977 [26], namely

ut—7)

Tru =0t yu(?), 9)

ut) = p
where we choose 8 =2,y =1, 5 =9.65, and 7 = 2. This equation is a model for
blood production, where u(t) represents the concentration of blood at time ¢, u(t)
represents production at time # and u(r—7) is the concentration at an earlier time.
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Direct numerical simulations indicate that the dimension of the corresponding
attracting set is approximately d = 2. Thus, we choose the embedding dimension
k =7, and approximate the relative global attractor Ag for Q = [0, 1.5]" c R".

In Fig.2 (a) to (c), we show projections of the coverings obtained after
¢ = 28,42 and 63 subdivision steps. In order to investigate the effect of using
information retained from prior integration runs in the implementation of the
map E (see Sect.5.1.2), we show in Fig.2 (d) a projection of the coverings
obtained after 63 subdivision steps with the map E using only piecewise lin-
ear functions — that is, no additional information from previous time integration
is used. The results indicate that in this case the influence on the quality of the
approximation of Ay is only marginal.

6.2 The Kuramoto-Sivashinsky Equation
The well-known Kuramoto-Sivashinsky equation in one spatial dimension is

given by

Uy + 4y yy + 1 (10)

1
Uyy + i(uy)2l =0, 0<y<2n,

u(y,0) = uo(y), u(y +27,1) = u(y, ).

Here, the parameter is u = L?/4n%, where L denotes the size of a typical pattern
scale. As in [36] we are interested in computing the unstable manifold of the
trivial unstable steady state u* = 0 for u = 15.

In what follows, the observation space is defined through projections onto
the first k POD coefficients, and thus, p = R(u*) = 0 € R¥. We compute the POD
basis (cf. Sect. 5.2.1) by using the snapshot matrix obtained through a long-time
integration with the initial condition

up(y) = 107 - cos (y)- (1 +sin(y)).

For u = 15 the Kuramoto-Sivashinsky equation has two stable traveling waves
(see. Fig. 3 (a)) traveling in opposite directions due to the symmetry imposed by
the periodic boundary conditions. In the observation space this corresponds to
two stable limit cycles that are symmetric in the first POD coefficient a1 (see.
Fig.3 (b)). We assume that the dimension of the embedded unstable manifold
is approximately two since different initial conditions result in trajectories in
observation space that are rotations of each other about the origin. Therefore,
assuming that the thickness exponent is zero, we have to choose k > 5 in order
to obtain a one-to-one image of Wy (u*). To allow for a larger dimension or
thickness exponent we choose the embedding dimension k£ = 7 in the following.
We choose Q = [-8,8]” and initialize a fine partition P of Q for s = 21, 35, 49, 63.
Next we set T = 200. In addition, we define a finite time grid {#, ..., 5}, where
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Fig. 2. (a)—(c) Successively finer coverings of a relative global attractor after ¢ subdi-
vision steps for the Mackey-Glass equation (9). (d) Embedding E using only piecewise
linear interpolation.

ty =T, and add all boxes that are hit in any of these time steps #; (a similar
approach has been used in [23]). In Fig.4 (a) to (d) we illustrate successively
finer box coverings of the unstable manifold as well as a transparent box covering
depicting the complex internal structure of the unstable manifold. Observe that
— as mentioned above — the boundary of the unstable manifold consists of two
limit cycles which are symmetric in the first POD coefficient x;. This is due to the
fact that the Kuramoto-Sivashinsky equation with periodic boundary conditions
(10) possesses O(2)-symmetry.
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Fig. 3. (a) Direct simulation of the Kuramoto-Sivashinsky equation for u = 15. The
initial value is attracted to a traveling wave solution; (b) Corresponding embedding in
observation space. Here, the red dot depicts the unstable steady state. As expected the
CDS possesses a limit cycle (green).
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Fig. 4. (a)—(d) Successively finer box-coverings of the unstable manifold for u = 15.
(d) Transparent box covering for s = 63 and ¢ = 0 depicting the internal structure of
the unstable manifold.
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7 Conclusion

In this work we review the contents of [6] and [36], where infinite dimensional
embedding results have extended to the numerical analysis of infinite dimen-
sional dynamical systems. To this end, a continuous dynamical system, a finite
dimensional core dynamical system (CDS) is constructed to obtain a one-to-one
representation of the underlying dynamics. For the numerical realization of this
system we also identify suitable observables for delay differential and partial
differential equations. This finite dimensional system then employed in the sub-
division scheme for the computation of relative global attractors and the contin-
uation method for the approximation of invariant manifolds feasible for infinite
dimensional systems. The applicability of this novel framework is illustrated by
the computation of the attractor of the Mackey-Glass delay differential equa-
tion and the unstable manifold of the one-dimensional Kuramoto-Sivashinsky
equation.

The numerical effort of the methods proposed in this work essentially depends
on the dimension of the object to be computed, and not on the dimension of the
observation space of the CDS. However, note that for the numerical realization
of the selection step 3 and the continuation step 4 we have to evaluate the CDS
for each box and each test point x € B’. Therefore, for each test point we also
have to evaluate the underlying infinite dimensional dynamical system which
may result in a prohibitively large computational effort. For this reason data-
based local reduced order models can be used in order to significantly reduce the
number of CDS evaluations [35].

Acknowledgments. We would like to acknowledge Michael Dellnitz for developing
the underlying ideas as well as the theoretical foundations of this work.
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Abstract. Transfer operator methods have been recognized as powerful
tools for the computational study of transport and mixing processes in
nonautonomous dynamical systems. The main applications in this con-
text have been geophysical flows with large-scale and long-lived isolated
vortical coherent flow structures such as eddies or gyres. The present
paper aims to demonstrate the applicability of set-oriented and finite-
element frameworks to more complex systems. To this end, we study
coherent behavior in turbulent Rayleigh-Bénard convection in two- and
three-dimensional settings.

1 Introduction

Transport and mixing processes have been widely studied in dynamical sys-
tems. Of key interest are regions in the phase space of an autonomous or a
nonautonomous dynamical system that remain coherent, or minimally disper-
sive, under the action of the flow. Over the last two decades, a number of different
concepts have been proposed that describe the notion of Lagrangian coherent
behavior. For discussions and comparisons of the major current approaches we
refer to [1,2].

Among these established concepts are transfer operator-based methods
within a set-oriented numerical framework. Similar in spirit to cell-mapping tech-
niques [3,4], Dellnitz and Hohmann [5] developed a set-oriented approach for the
outer approximation of attracting sets in dissipative dynamical systems. Dellnitz
and Junge [6,7] extended these ideas to approximate natural invariant measures
as well as almost-invariant and almost-cyclic sets of the underlying dynamical
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system. Almost-invariant sets [6,7] and their finite-time counterparts [8,9] are
spatially fixed regions in phase space with the property that trajectories leave
such a set only with a relatively small probability over a given time span. Hence,
almost-invariant sets mitigate transport between their interior and the rest of
phase space.

The key mathematical tool for this probabilistic approach is the Perron-
Frobenius operator (transfer operator) or, for continuous-time dynamics, its
generator [10]. In a set-oriented framework, the Ulam approximation [11] of
the transfer operator produces a stochastic matrix and there are many results
in the literature, dating back to [12], concerning the convergence of the lead-
ing eigenvector of the resulting stochastic matrix to a physical invariant mea-
sure (when one exists). Eigenvectors corresponding to real eigenvalues close to
one contain information about almost-invariant sets [7]. This latter concept has
been applied to many different dynamical systems, including molecular dynam-
ics [13,14], astrodynamics [15,16], and ocean dynamics [17,18]. A special type
of (almost-) invariant sets are attracting sets in dissipative systems and their
basins, which can also be identified based on leading eigenvectors of the numer-
ical transfer operator [4,19,20] or the generator [21].

The almost-invariant set framework was extended by Froyland and co-
workers to the identification of mobile regions that move about with minimal dis-
persion under the time-asymptotic [22] and finite-time [23-25] action of a nonau-
tonomous dynamical system. In the finite-time setting, subdominant singular
vectors of numerically approximated transfer operators are used to determine
the phase space structures of interest. The relation between almost-invariant
sets and finite-time coherent sets was discussed in [25]. In [26] the existence of
coherent sets over long time spans was linked to the existence of almost-invariant
sets for small time spans, given that the coherent sets move sufficiently slowly.
A study of coherent sets for the Fokker-Planck equation is in [27] and recent
generator-based approaches remove the need for trajectory integration in peri-
odically driven [28] and aperiodically driven [29] flows.

The set-oriented approach to identifying finite-time coherent sets relies on
the addition of small amount of diffusion to create the necessary spectral gap
[24]; in fact this reliance is also present for almost-invariant sets. In practice,
this diffusion is usually provided by the numerical diffusion inherent in the set-
oriented numerics. By formally sending this added diffusion to zero, one arrives
at a second-order differential operator called the dynamic Laplace operator [30].
The dominant eigenfunctions of the dynamic Laplacian correspond to the dom-
inant singular vectors of the transfer operator. A finite-element approach [31]
to approximating the dynamic Laplacian provides a robust, numerical scheme
for sparse trajectory data. The cluster-based approach [32] for the estimation of
finite-time coherent sets from sparse trajectory data with possibly missing tra-
jectory elements has been followed by several other data-based methods [33-36].

Transfer operators can also be employed to estimate finite-time expansive
behavior along trajectories in autonomous and nonautonomous dynamical sys-
tems. Finite-time entropy (FTE) captures nonlinear stretching directly from the
entropy growth experienced by a small localized density evolved by the transfer
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operator. An approximation of the FTE field can be obtained very efficiently
within the set-oriented framework. It gives very similar results to finite-time
Lyapunov exponent [37] calculations, which many of the geometric approaches
for the identification of Lagrangian coherent structures are based on [38]. The
FTE-concept has been introduced in [39], see also [40] for related previous work.

In this chapter we consider Rayleigh-Bénard convection (RBC), which is
an idealized model of thermal convection in natural systems. In RBC a fluid
layer placed between two solid horizontal plates is uniformly heated from below
and cooled from above [41]. This model setting contains already many of the
properties which can be observed in natural convection flows. One is the forma-
tion of large-scale coherent patterns when RBC is investigated in horizontally
extended domains [42-47]. These coherent sets, which have been detected in the
Eulerian frame of reference, are termed turbulent superstructures as the char-
acteristic horizontal scale extends the height of the convection layer. In thermal
convection flows, they consist of convection rolls and cells that are concealed in
instantaneous velocity fields by turbulent fluctuations. However, they show up
prominently after time averaging of the velocity or temperature fields.

In this paper, we will extend our previous Lagrangian investigations of coher-
ent behavior in turbulent Rayleigh-Bénard convection flows [48,49]. We begin
by discussing transport phenomena in nonautonomous systems and the transfer
operator framework for the identification of coherent flow behavior in Sect. 2.
In Sect.3 the numerical approximation of such operators within a set-oriented
approach is described, and in Sect.4 the finite-element approach is outlined.
The discretized transfer operator and dynamic Laplace operator are the funda-
mental tools for the extraction of coherent sets and transport barriers and we
will introduce the respective approaches. In Sect. 5 we will apply these methods
to turbulent Rayleigh-Bénard convection flows in two and three dimensions. In
particular, we will extract turbulent superstructures of convection in terms of
dominant convection roles. We conclude with a short discussion and outlook in
Sect. 6.

2 Nonautonomous Dynamics, Transfer Operators
and Transport

We consider a nonautonomous differential equation
% = u(x,t) (1)

with state x € M C R¢, time t € R and sufficiently smooth right-hand side
u such that the flow map ®(x,#;7) : M x R x R — M, M C R? exists. Here
7 denotes the flow time and ¢ the initial time. We aim at identifying almost-
invariant and coherent subsets of M, i.e. mobile regions in M that minimally
mix with the surrounding phase space. Frequently used indicators for barriers of
transport and hence boundaries of coherent regions are ridges in the finite-time
Lyapunov exponent (FTLE) field [37]
1

FTLE(x,t;7) = o]
-

10g (Amaz[Dx®(x, t; )T Dy ®(x, t; 7)) . (2)
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They are the basis of some geometric approaches for the identification of
Lagrangian coherent structures [38]. In this work, we follow a probabilistic app-
roach, which considers the evolution of sets, or, more abstractly, probability
measures. Later, when discussing the dynamic Laplacian, we follow a geometric
approach related to finding persistently small set boundaries.

A set A C M is called ®-invariant over [¢,t + 7] if P(A,t+ s;—s) = A for
all 0 < s < 7. That is, the set A remains unchanged under the evolution of ®.
Almost-invariant sets obey an approximate invariance principle ®(A,t+s; —s) =
A for all 0 < s < 7. To be more precise, given a probability measure p on M,
we call a set A C M with u(A) # 0 almost-invariant [6] over [t,¢ + 7] if

 uAN®At+ T 7))
pA) = 1(A)

If A C M is almost-invariant over the interval [t,t + 7], then the probability
(according to p) of a trajectory leaving A at some time in [t,t + 7] and not
returning to A by time ¢ + 7 is relatively small.

Unlike almost-invariant sets, coherent sets are allowed to move in phase
space under the evolution of the time-dependent system. Given a reference prob-
ability measure p on M at time ¢, one seeks to find pairs of sets (A, Asir) [23]
such that

~ 1. (3)

M(At n q)(At+7—7 t+ T5 —T)) -
p(Ar, Avyr) (A L. (4)
Equation (4) measures the proportion of the set A; at time ¢ that is mapped to
the set A;4, at time ¢+ 7 and one seeks to find sets such that A, ~ ®(A;, ;7).
Under set-oriented discretisation, optimal almost-invariant [8] and coherent [23]
sets maximize (3) and (4).

The NP-hard discrete optimization problems can then be approximately
solved by considering the Perron-Frobenius operator P, : L'(M,m) —
L'(M,m) associated with the flow map ®, where m denotes Lebesgue measure.
The transfer operator is defined by

_ f(‘I’(X,t—i—T;—T))
Pl ) = [t Da(@ (.t + 7 7). 57) ©)

The interpretation is that if f is a density and f(x) the density value in x at time
t, then P, ; f(x) describes the density value in ®(x,t;7) at time ¢+ 7 induced by
the flow map. In [24,25] it was shown that maximizing p in (3) and (4) can be
described in the framework of optimizing an inner product involving a compact
self-adjoint operator obtained from P ,. In order to avoid the technical func-
tional analytic description underlying [24,25], we will briefly recall the concept
of finite-time coherent sets in the finitary setting [23] in Sect. 3.2 based on a
finite-rank approximation of P ; introduced in Sect. 3.1.

A stretching measure, similar to FTLE in (2), has been derived using the
evolution of Py . [39]. It is based on the concept of differential entropy h(f) =
— Jo flog f dm, where Q is the support of the density f. For a given initial
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condition xg, letfe x, = 15, (x,) denote a uniform density supported

1
m(Be(x0))
on B.(xp), a ball of radius € about x¢. An e-smoothing operator is then defined
by

1
Aef(X) = m /BE(X) f dm.

The rate of increase in entropy experienced in the e-neighborhood of xq over
the time span [t, ¢ + 7] of the e-perturbed dynamics can now be described by

FTE,(20,6:7) 1= (AP o) = ) (6)
In [39] several properties of FTE, and its deterministic limit lim._,o FTE, have
been derived. In particular, F'T'E. measures nonlinear stretching and can be
compared with finite-time Lyapunov exponents (2) in the deterministic limit.
In Sect.3.3 we will outline a very efficient set-oriented approximation of the
FTE-field.

We denote by P; .. := AP, A, the slightly mollified transfer operator.
As mentioned above, finite-time coherent sets are extracted from the dominant
singular vectors of the normalised L2-compact operator L; , . := Pire/(Pyrel);
see [24], also [25].

One could equivalently consider the dominant eigenvectors® of Li; Ltre,
and in the pure advection limit of € — 0, one obtains

. LIT eLt;T@ -1 D
lim —=————— = Attt
where A[[t) tr] is the dynamic Laplace operator [30], a self-adjoint, elliptic,

second-order differential operator.

Extending ideas from isoperimetric theory, which concern sets of minimal
boundary size relative to volume (the Cheeger ratio), one can create a dynamic
isoperimetric theory [30] and prove connections between the spectrum of A[a 4]
and sets with persistently small boundary size relative to evolved volume (the
dynamic Cheeger ratio). These sets with persistently small boundary size relative
to evolved volume are excellent candidates for finite-time coherent sets because
their boundaries resist filamentation and in the presence of small diffusion, dif-
fusive flux across the boundary is minimised. In analogy to the second singular
value of Ly ; . bounding the mixing factor over [t,t+ 7] of all nonequilibrium dis-
tributions (Theorem 2 [24], Theorems 3 and 4 [25]), the second singular value of
Aﬁ_t 4] bounds the smallest Cheeger ratio taken over all smooth decompositions
of the domain (Corollary 3.6 [30]).

3 Set-Oriented Numerical Framework

We now describe a set-oriented numerical framework for the approximation of
the nonautonomous Perron-Frobenius operator in terms of a transition matrix

! In the following expression LZT’E is the adjoint of L; .. between its domain and
codomain; see [24] for details.
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of a finite-state Markov chain. The discretized transfer operator is the basis for
extracting coherent sets (Sect. 3.2) as well as for the computation of FTE-fields
(Sect. 3.3).

3.1 Approximation of Transfer Operator

Following [23] we consider some compact subset X C M and a small neigh-
borhood Y of ®(X,t;7). Let {B1,...,Bi} be a partition of X, {C1,...,Cp} a
partition of Y. The partition elements are typically generalized rectangles, but
other settings are possible. Applying Ulam’s method [11] a finite-rank approxi-
mation of Py, : L1(X, m) — L'(Y,m) is given via the transition matrix

m(BZ N (I)(Cj,t + T5 —T))

P. =
1 m(BZ) b)

i=1,....k j=1,...,n (7)

where we drop the ¢ and 7-dependence of P for brevity. In practice the entries
P;; of the transition matrix P are estimated via

@z, t;7) € Oy}

Py~ R (8)
with uniformly distributed sample points z;,,r = 1,..., R chosen in each par-
tition element B;, ¢ = 1,...,k. P is a sparse, row-stochastic matrix and thus

all its eigenvalues are contained in the unit circle. For the efficient computation
of the transition matrix P we use the software package GAIO [50] (available at
http://github.com/gaioguy/GAIO).

The interpretation of the P-induced dynamics is that if p > 0 (component-
wise) is a probability vector (3, p; = 1), then p’ = pP is the push-forward
of p under the discretized action of ®(-,¢;7). Note that the numerical scheme
introduces diffusion — which is also theoretically needed for robust results [24,25].

3.2 Extracting Finite-Time Coherent Sets

Consider a reference probability measure p on X at time ¢, which is discretely
represented as a probability vector p with p; = u(B;), i = 1,...,k. The image
probability vector on Y at time t + 7 is then simply computed as q = pP. We
assume both p > 0 and q > 0 (component-wise) and form a normalized matrix

L via p
Ly =" (9)

4;
This matrix has the property that 1gxL = 1gn. In [23,24] it was shown that
(under some technical assumptions) the problem of finding optimal coherent sets
can be approximated by considering the left eigenvectors wo € R¥ of LL* and
Wy € R” of L*L to the second largest eigenvalue Ay < 1. Here L* = PT. Note
that these two eigenvalue problems can be turned into the task of finding lead-
ing singular values and corresponding left and right singular vectors of a sparse
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matrix (see [23] for the exact construction), which can be very efficiently com-
puted by iterative schemes (e.g. svds in MATLAB). The signed vector entries
of wy and W9 can be interpreted as relaxations of indicator functions of the sets
Ay and A;y, and their complements. Thus the vector wo defines fuzzy coherent
sets on X, whereas Wy represents their image on Y. Optimal partitions of X and
Y into finite-time coherent pairs can be approximated via a line search in wy
and W [23,25]. However, this approach is restricted to finding two-partitions in
terms of a coherent set and its complement. In practice, there are often k£ > 2
singular values close to one (followed by a spectral gap) whose corresponding
singular vectors highlight the location of coherent sets. In this case, one can
postprocess the singular vectors by a k-means clustering to obtain a hard par-
tition into k coherent sets. Alternatively, to preserve the eigenspace structure,
one can project the singular vectors to a sparse basis (SEBA) [51], where the
entries of each vector denote probabilities that the underlying box B; belongs to
a specific coherent set. Hard assignment of boxes to sets may then be performed
by thresholding (see [51]) to form (i) a subpartition of unity, (i) the largest
collection of disjoint sets, or (iii) by maximum likelihood.

3.3 Set-Oriented Computation of FTE

In the discrete context, densities (which are central to the FTE-construction in
Eq. (6)) are now represented by discrete probability measures p and the entropy
of a probability vector p with p; = w(B;), ¢ = 1,...,k, is simply H(p) =

— > pilogp;. Under the assumption that all partition elements {By, ..., By}
are of equal volume let §; be a k-vector with a 1 in the i*" position and 0
elsewhere. Then the discrete FTE of a partition set B; is given by

FTE(B;,t;7) = —H(6;P) = T |ZP” log P;;. (10)

1
7|
Note that once the transition matrix P has been computed, the FTE field (6)
can be very quickly approximated by application of Eq. (10). In particular,
we do not require to explicitly push forward probability densities with P. In
addition, stretching rates for differing box volumes as well as for the backward-
time dynamics can be conveniently computed, see [39] for more details.

4 Finite-Element Framework

A set-oriented approach for approximating AP is possible and effective

tt+71
[30]. The ingredients are Ulam approximation( [) of 1che dynamics and a finite-
difference approximation of the standard Laplace operator. As the dynamic
Laplace operator is an elliptic second-order differential operator, it turns out to
be more efficient to adapt the well-worn finite-element approximation approach
to our dynamic setting [31]. The main advantages are the ability to produce

good results with dramatically decreased trajectory numbers, and the increased
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smoothness of the estimates (continuous, piecewise-affine approximations rather
than the discontinuous, piecewise-constant approximations from Ulam). One of
the main advantages of the set-oriented framework, namely sparsity, is retained.
The finite-element approach detailed in [31] has other structural benefits, such
as preservation of the symmetry of the true operator, and the ability to have
incomplete trajectories.

Briefly, in the time interval [t, +7], one creates a sequence of n time instances
t=1 <ty <--- <t, =t+ 7 at which one has N trajectory data points
Xip = O(x4, 68, —t), 1 = 1,...,N, k = 1,...,n. At the time instance t,
the trajectory points are meshed and a basis of N piecewise-affine nodal hat
functions ¢;  : M — R are defined with z;j the node of the it" hat function.
The function ¢; j is locally supported on mesh elements with z; as a vertex
and ¢; (z; k) = 1. The usual stiffness and mass matrices are computed on each
mesh and averaged across time.

1 n
D=- Z Dy, Dy i = / Vi Vomi (11)
n:: O (M, tt,—t)
1 n
M=- ZMk, My im = / DLk - Dk (12)
n. (M, tit, —t)

The discrete representation of the eigenproblem Aﬁ t47] f=Afis Dv =AM,
which is immediately solved in e.g. MATLAB. The approximate solution f is
then recovered as f = Zf\;l v;¢;,1. An example computation is shown in Fig. 15

for the dominant 17 eigenfunctions.

4.1 Disentangling Multiple Features with SEBA

In both the transfer operator approach of Sect. 3.2 and the dynamic Laplace app-
roach considered here, it is frequently the case that multiple finite-time coherent
sets are encoded in several dominant approximate singular vectors of L; , . and
eigenfunctions of A[’Z tr]> respectively. This is illustrated in Fig. 15 for the 17
dominant eigenfunctions of Aﬁ” i7" In order to disentangle individual finite-time
coherent sets, we seek a rotation of the eigendata so that each rotated vector
contains a single set. We use sparsity as the means to drive the rotation towards
this individual feature separation, because sparse? vectors imply a small total
feature support in each vector. In more detail, if each singular vector or eigen-

vector v?,b = 1,...,B is a column vector in RY and V := [v![v?|---|[vP] is
an N x B array, we wish to find a sparse array S = [s!|s?|---|s”] for which
span{s!,s? ..., sB} ~ span{vt,v? ... vB}. This is carried out using the SEBA

(Sparse EigenBasis Approximation) algorithm [51], which finds a locally opti-
mal B x B rotation matrix R with V' ~ SR small and S sparse; see Sect. 3 [51]
for further details. Figure 16 shows the conversion of the eigenbasis displayed

2 A sparse vector (resp. array) is a vector (resp. array) with a high proportion of zero
elements.
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in Fig. 15 to a new approximate sparse eigenbasis, with each vector isolating a
single feature. The same approach is employed in the three-dimensional results
in Fig. 18.

5 Application to Rayleigh-Bénard Convection

Turbulent convection flows in nature are often organized in regular large-scale
patterns which evolve gradually compared to the typical convective time unit
and arranged on spatial scales which are much larger than the layer height H.
Prominent examples are cloud streets in atmospheric or granulation and super-
granulation patterns in solar convection. This order in a fully developed turbulent
flow is termed turbulent superstructure of convection in the following. Pandey
et al. [47] reported their appearance in turbulent RBC flows with very different
molecular dissipation properties which are characterized by the dimensionless
Prandt]l number Pr. A second dimensionless parameter of RBC which measures
the vigor of convective turbulence is the Rayleigh number Ra. They are defined
as
3
Ra — Q9ATH" (13)

VKR
14
Pr=— 14
= (14)

where a, v, and k are the isobaric expansion coefficient, the kinematic viscosity,
and the thermal diffusivity of the fluid, respectively. The wall-to-wall tempera-
ture difference is given by AT = Thottom — Ttop. The acceleration vector due to
gravity is given by g = (0,0, —g). The Prandtl number is extremely small in stel-
lar or solar convection with Pr < 107%; it is Pr ~ 0.7 for atmospheric turbulence,
and Pr = 7 for convective motion in the oceans. The large-scale structure forma-
tion in turbulent RBC became recently accessible in direct numerical simulations
(DNS), which can now resolve all involved scales of turbulence in simulations in
horizontally extended domains with a large aspect ratio [42-45].

Here, we study RBC in two different settings. Our first setting is a two-
dimensional DNS of a RBC system with a larger Prandtl number Pr = 10 close
to convection in water at a small aspect ratio of I' = 4 as in [49]. We restrict here
to a two-dimensional model as it has been previously shown that for large Prandtl
numbers the large- and small-scale quantities show similar scalings in two- and
three-dimensional systems. The second setting is a DNS of three-dimensional
RBC with a smaller Prandtl number Pr = 0.7 corresponding to convection in
air at a larger aspect ratio of I' = 16 as in [48].
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5.1 2D System

We consider the same two-dimensional RBC system as in [49], given in the
Boussinesq approximation [41], in non-dimensional form by

ou Pr_,

E+u-Vu-—Vp+Tez+1/§V u, (15)
00 1
—+u-Vi=u, +
ot vPrRa

V.ou=0, (17)

V2, (16)

where u = (ug,u,), 6, and p are the velocity, temperature fluctuation, and pres-
sure fluctuation fields, respectively. The temperature fluctuations 6 are devia-
tions from the linear conductive (equilibrium) profile and related to the total
temperature field T via

T(x,z,t) = Thottom — %z + 0(z, 2, 1), (18)
where Thottom is the temperature at the bottom plate. Equations (15-17) are
nondimensionalized using the height H of the convective layer as the length scale,
the free-fall velocity uy = VagATH as the velocity scale, and the temperature
difference AT as the temperature scale. Stress-free boundary conditions for the
velocity field are applied at all walls. The side walls have Neumann boundary
conditions, 9T /dn = 0. Top and bottom walls are held at constant temperatures
(as already mentioned before). Consequently, § = 0 at the top and bottom.
Equations (15-17) are solved for Pr = 10 and Ra = 10° in a two-dimensional
box of aspect ratio I' = L, /H = 4 subject to appropriate boundary conditions.
The computational details are described in [49].

We start our simulation with random velocity and temperature fields as the
initial condition and continued until a statistically steady state is reached. The
steady state flow structure exhibits a pair of counter-rotating circulation rolls.
Hot fluid rises in the central region whereas cold fluid falls near the sidewalls.
The velocity and temperature fields at all the grid points were written to output
files at every 0.1ty, with t; = H/u; being the free-fall time (which is taken as
the convective time unit).

The flow map required for setting up the transition matrix P is obtained from
numerical advection of massless particles with coordinates x in the computed
velocity field corresponding to

dx

dt

Time integration is done by the RK4 method and spatial interpolation of the
velocities by cubic splines.

We consider a box covering {Bi,...,B,} of the simulation domain X =

[0,4] x [0,1] by 22 or 216 square boxes. As the system is closed we can choose

Y = X and thus use the same box covering for the initial and the final time.

= u(x,t). (19)
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For the computation of the transition matrix a 4 x 4 uniform grid of test points
is initialized in each box B; and advected by the flow map ®(-,2000;7). As in
[49] we consider the two different cases 7 = 20ty and 7 = 200¢;. Note that the
average turnover time for a tracer is 20ty for this setting [49].

In the following, we will compare different Lagrangian methods for coherent
sets in the two-dimensional flow at hand. These are finite-time entropy (FTE),
finite time Lyapunov exponents (FTLE), transfer operator method, and the
sparse eigenbasis approximation (SEBA).

5.1.1 Short Flow Time 7 = 20

In order to visualize the major transport barrier separating the two convection
roles, we compute the forward time FTE field from P as described in Sect. 3.3.
As shown in Fig. 1, the FTE field has large values in the box center where hot
fluid rises and also at the boundaries, where cold fluid falls, and thus where the

main heat transport takes place. This result is in agreement with the computed
FTLE field shown in Fig. 2.

Fig. 1. FTE fields FTE(-,2000;20) computed over the time interval [2000,2020] and
plotted with respect to initial positions for two different box coverings (left: 2*2 boxes;
right: 2'% boxes). Dark regions are characterized by large stretching and correspond to
dominant transport barriers.

For the extraction of coherent sets, we compute the leading left and right
singular vectors as described in Sect. 3.2 for the coarse (Fig.3) and the finer
box discretization (Fig.4). The second singular vectors identify the left-right
division induced by the major transport barrier and highlight the two different
gyres (Figs.3 and 4, left columns). The third singular vectors (right columns)
distinguish the two gyre cores from the background flow. Further singular vectors
(not shown) subdivide the gyre cores into smaller structures. This has also been

Fig. 2. FTLE field FTLE(-,2000;20) computed over the time interval [2000, 2020]. As
in Fig. 1 dark regions correspond to dominant transport barriers.
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Fig. 3. Left singular vectors w2 and ws (top row) and corresponding right singular
vectors Wz and ws (bottom row) obtained from the modified transition matrix (9)
highlight coherent sets at initial and final time of the computation over the short time
interval [2000,2020]. Here 2'? boxes are used for setting up the transition matrix.

Lo =N oW Lo =N W

0 1 2 3

observed in [49]. The results for the two different box coverings are very similar,
indicating that the computational results are very robust.

There are spectral gaps after the second singular values in both settings.
However, in order to extract the apparently three dominant coherent sets (two
gyres and background) from the leading singular vectors, we apply a standard
k-means algorithm to the three leading left singular vectors. The results for both
box coverings, which are again very similar, are shown in Fig.5. This approach
separates the two gyre cores from the background flow, where most of the heat
transport takes place.

As an alternative to the hard-clustering resulting from k-means, we aim to
find a sparse basis representation of the space spanned by the leading three
singular vectors. Using SEBA [51] as briefly explained at the end of Sect. 4, two
of the resulting sparse vectors are supported on each the gyre cores (Fig. 6, top),
and the third sparse vector is supported on the background flow region (Fig. 6,
bottom, left). A superposition of the three vectors (Fig. 6, bottom, right) reveals
in dark blue a particularly incoherent (well mixing) region separating the two

[STRESE NI

3

SRS

Fig. 4. Left singular vectors wo and ws (top row) and corresponding right singular
vectors w2 and w3 (bottom row) obtained from the modified transition matrix (9)
highlight coherent sets at initial and final time of the computation over the short time
interval [2000, 2020]. Here 2'® boxes are used for setting up the transition matrix.
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1 1
0 0
0 1 2 3 4 0 1 2 3 4

Fig. 5. Extracted coherent sets via an application of the standard k-means algorithm
on the first three left singular vectors based discretizations with 2'2 boxes (left) and
26 boxes (right) for the short time interval [2000, 2020].

gyres from the background flow. We note that the results are comparable to
those in [49].

Fig. 6. SEBA applied to the first three left singular vectors, 2!% boxes, time interval
[2000, 2020]. The upper row shows two of the output sparse vectors. Lower left shows
the third output sparse vector and lower right shows the superposition of the three
sparse vectors, revealing an incoherent region in dark blue.

5.1.2 Long Flow Time 7 = 200

For the long flow time 7 = 200 we have studied again the system using the coarse
and the fine box covering. As these results are again very similar, we will show
only the results for the finer box covering of 2'¢ boxes.

The FTE field (Fig. 7) highlights extended regions of strong stretching, which
fill the space apart from the gyre cores, which appear to have decreased in size
considerably and have developed into more filamentary shapes. This is confirmed
by the FTLE field shown in Fig. 8.

The shrinking and filamentation of the gyre cores is also observed in the
leading left and right singular vectors (Fig.9). While the second singular vectors
(left column) are analogous to those of the short time study, the third singular
vector (right column) appears to further subdivide the right gyre. This has also
been observed in our previous studies [49].

As there is a spectral gap after the fourth singular value, we use the corre-
sponding four leading left singular vectors for postprocessing. Applying k-means
(Fig. 10, left) and SEBA (Fig. 10, right) results in the identification of three very
small gyre cores and the background flow.
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Fig. 7. Forward time FTE field computed over the long time interval [2000,2200] and
plotted with respect to initial positions for a box covering consisting of 2'¢ boxes. Dark
regions are characterized by large stretching and correspond to dominant transport
barriers.

Fig. 8. FTLE field computed over the long time interval [2000, 2200]. Dark regions are
characterized by large stretching and correspond to dominant transport barriers.

i I¥
s -

Fig. 9. Left singular vectors wo and ws (top row) and corresponding right singular
vectors w2 and w3 (bottom row) obtained from the modified transition matrix (9)
highlight coherent sets at initial and final time of the computation over the long time
interval [2000, 2200]. Here 2'° boxes are used for setting up the transition matrix.
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Fig. 10. Extracted coherent sets from the leading four left singular vectors for the long
time interval [2000, 2200] via k-means (left) and SEBA (right).
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5.2 3D System

Here, we solve the three-dimensional version of RBC which is again given in
dimensionless form by Eqs. (15-17). No-slip boundary conditions for the velocity
field w = (ug, uy, u,) are applied at all walls, i.e., w = 0. The side walls are again
thermally insulated, i.e., Neumann boundary conditions 97'/0n = 0 are applied.
At the top and bottom walls, a constant dimensionless temperature of 7= 0 and
1 is maintained again. Following ref. [48], we solve these equations numerically
for Ra = 10° and Pr = 0.7 in a closed three dimensional box of aspect ratio
I'=L,/H =L,/H =16, i.e. M = [-8,8] x [-8,8] x [0, 1]. For more details
on the DNS we refer to [48]. During the simulation, the trajectories required for
setting up the transition matrix are approximated. For this 5122 points (tracers
are initialized on a regular grid at a height of z = 0.03 above the bottom plate
which is well inside the thermal boundary layer 67 (that has a mean thickness
of about 0.12). The tracers are advected by a 3-step explicit Adams-Bashforth
scheme. The interpolation of the velocity field is done spectrally.

5.2.1 Quasi-2D Set-Oriented Study

As the convection cell is very flat (I' > 1) the large-scale structures are expected
to be arranged in horizontal patterns. This is clearly visible in the time-averaged
temperature fields, see Fig. 11. We therefore restrict to a quasi-two-dimensional
set-oriented study and take the temperature field in the midplane as the ref-
erence. As discussed in [47], an average of T at a given time ¢ with respect to
the vertical coordinate z would provide basically the same information. Note
also that RBC has a statistical up-down reflection symmetry with respect to the
midplane. Thus for the set-oriented approximation of the transfer operator we
consider the domain X = [—8,8] x [—8,8] and ignore the vertical coordinate.
We subdivide X into 2' equally sized square boxes, hence each box contains
16 uniformly distributed test points initially. We set up the transition matrices
corresponding to three different flow times ¢t = 2.6, 5.2,10.5¢¢. We also incorpo-
rate a small amount of explicit diffusion as the dynamics is very dissipative at
the beginning. Note that the flow times are short in comparison to the average
turnover time of a tracer in the layer. This time is on average ¢ ~ 19ty for this
parameter setting [48].

At the beginning of the simulation, the tracers are attracted to the regions
where the hot fluid rises from the bottom to the top of the convection cell, which
correspond to attracting sets, at least on a finite-time span. We first study this
particular behavior by means of the FTE field, see Fig.12 and compare with
Fig.11. Regions of strong stretching are observed which appear to bound the
different basins of attraction. Note that these basins can be related to a pair of
convection rolls. In particular, the FTE field for flow time 5.2ty compares very
nicely to the time-averaged temperature fields in Fig. 11. For longer flow times
the picture becomes increasingly fuzzy due to turbulent dispersion. The same
behavior was also observed for the FTLE field in previous work [48], see also
Fig. 13.
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Fig.11. Time-averaged temperature fields at mid-plane for different time spans
2.6,5.2,10.5¢5. Light regions correspond to hot rising fluid, dark areas to cold descend-
ing fluid.

Fig. 12. FTE fields obtained from the transition matrices for flow times 2.6, 5.2, 10.5¢;.
Dark colors indicate to regions of strong stretching, which compare well with the struc-
tures formed by descending cold fluid in Fig. 11.

Fig.13. FTLE fields for flow times 2.6,5.2,10.5t7. Dark colors indicate to regions of
strong stretching, which compare well with the structures formed by descending cold
fluid in Fig. 11 and also with the corresponding FTE fields in Fig. 12.

We also extract coherent sets based from the numerical transfer operator for
the three different time spans. After inspecting the spectra we use the 13 leading
left singular vectors for the settings with flow times 2.6ty and 5.2ty and 19 for
the longer flow time. The results after a k-means postprocessing are shown in
Fig. 14. The results for the two smaller flow times are very similar and compare
again well to the temperature contours in Fig.11. In particular, coherent sets
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appear to be made up of pairs of convection roles. The picture becomes more
fuzzy for flow time 10.5¢¢ due to turbulent dispersion. The results compare well

to our previous data-based studies in [48].

-6 -4 -2 0 2 4 6 -6 -4 2 0 2 4 6 6 -4 2 0 2 4 [

Fig. 14. Coherent sets extracted from the leading left singular vectors of the corre-
sponding transition matrices for the three different flow times using k-means clustering.
13 clusters are obtained for flow times 2.6t; (left) and 5.2t (middle), and 19 clusters
for the long flow time 10.5¢5 (right).

5.2.2 3D Finite-Element Study

For the remaining experiments we populate the entire three-dimensional domain
with test points distributed throughout the domain. Further, we reduce the
number of test points by more than six-fold to 40,000 and employ the dynamic
Laplace approach of Sect. 4.

Before presenting the fully three-dimensional results, we remove the
z-coordinate and investigate the flow for the longest time duration of 10.5¢;.
Triangulating the 40,000 points creates meshes of around 80,000 triangles; we
compute the matrices D and M from (11) and (12) and solve the eigenproblem
Dv = AMwv. Using SEBA and the sparse vector heuristic in Sect. 4.2.2 [51], we
choose 17 eigenvectors as a strong local minimum of the envelope produced by
the MATLAB function MinValStackedPlot.m in Appendix A.6 [51], and illus-
trated in Fig. 11 [51]. Figure 15 shows the first 17 eigenfunctions of the dynamic
Laplacian. These dominant 17 eigenvectors are input to SEBA in order to extract
17 individual coherent features. These 17 sparse vectors, representing the like-
lihoods of points belonging to individual coherent sets, are shown in Fig. 16.
Maxima of the likelihoods can be plotted to create a single “hot-spot” image,
and hard thresholded; see Fig. 17.

We now include the z-coordinate and begin our fully three-dimensional exper-
iments. The 40,000 points are meshed into around 265,000 tetrahedra, and the
matrices D and M are computed using the three-dimensional version of FEMDL
(see [31] and http://github.com/gaioguy /FEMDL for examples and code). We
again look for local minima in the MinValStackedPlot.m output and for visual-
isation purposes, choose a slightly smaller number of vectors, namely we use the
most robust 10 SEBA vectors from the most dominant 12 eigenvectors. As in
Fig. 16, each of the 10 vectors provides a pointwise likelihood that a point belongs
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Fig.15. Dominant 17 eigenvectors of the dynamic Laplacian for flow time 10.5¢;.
The colourmap is chosen so that bright pink and red values are extreme values that
correspond to coherent features.
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Fig. 16. Output of SEBA applied to the 17 dominant eigenvectors shown in Fig. 15.
Negative parts have been removed. The colour scale ranges from 0 (white) to 1 (red);
the intensity of red indicates the likelihood that a point belongs to each individual
coherent feature.

to a particular coherent set. To clearly visualise these 10 three-dimensional coher-
ent sets, we plot the isosurface® at value 1/2. As the likelihood increases toward
the centre of the sets (we verified this visually, not shown), one can interpret

3 Recall a SEBA vector defines a continuous, piecewise-linear function, affine on each
tetrahedron. MATLAB'’s isosurface function requires a regular grid, so we reinterpo-
late to approximately the same number of points and the approximately the same
density on a regular 80 x 80 x 10 grid.
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Fig.17. Left: Maximum of intensities of individual SEBA vectors shown in Fig. 16,
representing total probability to belong to one of the 17 identified coherent sets. Right:
Maximum likelihood coherent sets created from the left image.

these surfaces as containing all points that are more than 50% likely to belong to
each coherent set; one could call them the “cores” of the coherent sets. Figure 18
upper left shows the 10 three-dimensional cores. Note that each of these cores
extends almost all of the way from the bottom to the top of the domain, consis-
tent with the overall nature of the flow, where fluid mostly rises from the bottom
of the domain to the top, before overturning and heading back toward the bot-
tom of the domain. This full vertical extent feature is extremely robust to the
number of eigenvectors and SEBA vectors used. Figure 18 lower left displays the
same image as the upper left, but with commensurate lengths, emphasising that
the domain is much shorter in the vertical direction. Figure 18 right is again the
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Fig. 18. Cores of 10 three-dimensional coherent sets for flow time 10.5¢y.
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same image, but viewing directly from above. Figure 18 displays cores roughly
of the same size, and in some cases in similar locations, as the coherent sets in
Fig. 17, although with fewer plotted for clearer three-dimensional visualisation.

6 Conclusion and Outlook

In this work, we have applied transfer operator based numerical frameworks for
analyzing coherent behavior in nonautonomous systems to Rayleigh-Bénard con-
vection in two- and three-dimensional settings. To this end, we used set-oriented
approximations of the transfer operator and finite-element approximations of the
dynamic Laplacian. It turns out that these general frameworks reliably identify
the core regions of the various convection rolls as the regions that contribute least
to the turbulent heat transfer from the bottom to the top. The two-dimensional
results compare well with those of previous studies [48,49]. Future work will
address the long-term evolution of the turbulent superstructures of convection
and as well as their impact on transport properties.
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Abstract. Reproducing kernel Hilbert spaces (RKHSs) play an impor-
tant role in many statistics and machine learning applications ranging
from support vector machines to Gaussian processes and kernel embed-
dings of distributions. Operators acting on such spaces are, for instance,
required to embed conditional probability distributions in order to imple-
ment the kernel Bayes rule and build sequential data models. It was
recently shown that transfer operators such as the Perron—Frobenius
or Koopman operator can also be approximated in a similar fashion
using covariance and cross-covariance operators and that eigenfunctions
of these operators can be obtained by solving associated matrix eigen-
value problems. The goal of this paper is to provide a solid functional
analytic foundation for the eigenvalue decomposition of RKHS opera-
tors and to extend the approach to the singular value decomposition.
The results are illustrated with simple guiding examples.

1 Introduction

A majority of the characterizing properties of a linear map such as range, null
space, numerical condition, and different operator norms can be obtained by
computing the singular value decomposition (SVD) of the associated matrix
representation. Furthermore, the SVD is used to optimally approximate matrices
under rank constraints, solve least squares problems, or to directly compute
the Moore—Penrose pseudoinverse. Applications range from solving systems of
linear equations and optimization problems and to a wide variety of methods
in statistics, machine learning, signal processing, image processing, and other
computational disciplines.

Although the matrix SVD can be extended in a natural way to compact
operators on Hilbert spaces [1], this infinite-dimensional generalization is not

© The Editor(s) (if applicable) and The Author(s), under exclusive license
to Springer Nature Switzerland AG 2020

O. Junge et al. (Eds.): SON 2020, SSDC 304, pp. 109-131, 2020.
https://doi.org/10.1007/978-3-030-51264-4_5


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-51264-4_5&domain=pdf
https://doi.org/10.1007/978-3-030-51264-4_5

110 M. Mollenhauer et al.

as multifaceted as the finite-dimensional case in terms of numerical applica-
tions. This is mainly due to the complicated numerical representation of infinite-
dimensional operators and the resulting problems concerning the computation
of their SVD. As a remedy, one usually considers finite-rank operators based on
finite-dimensional subspaces given by a set of fixed basis elements. The SVD of
such finite-rank operators will be the main focus of this paper. We will combine
the theory of the SVD of finite-rank operators with the concept of the reproduc-
ing kernel Hilbert space (RKHS), a specific type of function space. A significant
part of the theory of RKHSs was originally developed in a functional analytic
setting [2] and made its way into pattern recognition and statistics [3-5]. RKHSs
are often used to derive nonlinear extensions of linear computational methods.
This is typically achieved by representing observational data in terms of RKHS
elements and rewriting the methods based on the inner product of the RKHS.
This strategy is known as the kernel trick [3]. The approach of embedding a finite
number of observations into the RKHS can be generalized to the embedding of
probability distributions associated with random variables into the RKHS [6].
The theory of the resulting kernel mean embedding (see [7] for a comprehen-
sive review), conditional mean embedding [8-11] and Kernel Bayes rule [12,13]
spawned a wide range of nonparametric approaches to problems in statistics and
machine learning. Recent advances based on the conditional mean embedding
show that data-driven methods in various fields such as transfer operator the-
ory, time series analysis, and image and text processing naturally give rise to a
spectral analysis of finite-rank RKHS operators [14,15].

Practical applications of these spectral analysis techniques include the iden-
tification of the slowest relaxation processes of dynamical systems, e.g., confor-
mational changes of complex molecules or slowly evolving coherent patterns in
fluid flows, but also dimensionality reduction and blind source separation. The
eigendecomposition, however, is beneficial only in the case where the underlying
system is ergodic with respect to some density. If this is not the case, however,
i.e., the stochastic process is time-inhomogeneous, eigendecompositions can be
replaced by singular value decompositions in order to obtain similar information
about the global dynamics [16]. Moreover, outside of the context of stochas-
tic processes, the conditional mean embedding operator has been shown to be
the solution of certain vector-valued regression problems [9,11]. Contrary to the
transfer operator setting, input and output space can differ fundamentally (e.g.,
the input space could be text) and the constraint that the RKHS for input and
output space must be identical is too restrictive. The SVD of RKHS opera-
tors does not require this assumption and is hence a more general analysis tool
applicable to operators that solve regression problems and to transfer operators
associated with more general stochastic processes.

In this paper, we will combine the functional analytic background of the
Hilbert space operator SVD and the theory of RKHSs to develop a self-contained
and rigorous mathematical framework for the SVD of finite-rank operators acting
on RKHSs and show that the SVD of such operators can be computed numer-
ically by solving an auxiliary matrix eigenvalue problem. The remainder of the
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paper is structured as follows: Sect. 2 briefly recapitulates the theory of compact
operators. In Sect. 3, RKHS operators and their eigendecompositions and singu-
lar value decompositions will be described. Potential applications are discussed
in Sect. 4, followed by a brief conclusion and a delineation of open problems in
Sect. 5.

2 Preliminaries

We recall the most important properties of compact operators on Hilbert spaces.
For details, we refer the reader to [1,17]. In what follows, let H be a real Hilbert
space, (-, -)  its inner product, and ||-|| ; the induced norm. For a Hilbert space
H, we call a set {h;}ic; € H with an index set I an orthonormal system if
(hi, hj)y = 6i5 for all i, j € I. If additionally span{h;};cs is dense in H, then
we call {h;}ier a complete orthonormal system. If H is separable, then the index
set I of every complete orthonormal system of H is countable. Given a complete
orthonormal system, every x € H can be expressed by the series expansion

xr = Zie] <hl, $>H ]’Ll

Definition 1. Given two Hilbert spaces H and F' and nonzero elements z € H
and y € F', we define the tensor product operator y @ x: H — F by (y @ x)h =

(x, h) gy y.

Remark 1. When H = R™ and F = R" and both spaces are equipped with
the Euclidean inner product, the tensor product operator y @ =y ' « € R**™
reduces to the standard outer product of vectors in z € H and y € F.

Note that tensor product operators are bounded linear operators. Bound-
edness follows from the Cauchy—Schwarz inequality on H. We define £ :=
span{y ® x | * € H,y € F} and call the completion of £ with respect to
the inner product

(Y1 ® 1, Y2 @ x2) = (Y1, Y2) p (@1, T2) gy

the tensor product of the spaces F and H, denoted by F' ® H. It follows that
F®H is again a Hilbert space. It is well known that, given a self-adjoint compact
operator A: H — H, there exists an eigendecomposition of the form

A = Z)\Z(ez X ei),

i€l

where [ is either a finite or countably infinite ordered index set, {e; }ic;r € H an
orthonormal system, and {\; };er € R\ {0} the set of nonzero eigenvalues. If the
index set [ is not finite, then the resulting sequence (\;);ecs is a null sequence.
Similarly, given a compact operator A: H — F, there exists a singular value
decomposition given by

A = ZO’,’(U@, ® UZ‘),

iel
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where [ is again an either finite or countably infinite ordered index set, {v; }ier C
H and {u;};c; € F two orthonormal systems, and {o;};c;r C Rs¢ the set of
singular values. As for the eigendecomposition, the sequence (0;);cr is a null
sequence if I is not finite. Without loss of generality, we assume the singular
values of compact operators to be ordered in non-increasing order, i.e., 0; > 041
We additionally write o;(A) for the ith singular value of a compact operator A
if we want to emphasize to which operator we refer. The following result shows
the connection of the eigendecomposition and the SVD of compact operators.

Lemma 1 (cf. [1]). Let A: H — F be compact and let {\;}icr denote the set
of monzero eigenvalues of A*A counted with their multiplicities and {v;};cr the
corresponding normalized eigenfunctions of A*A, then, for u; := A;1/2Avi, the
singular value decomposition of A is given by

iel

A bounded operator A: H — F is said to be r-dimensional if rank(A) = r.
If r < 00, we say that A is finite-rank.

Theorem 1 (cf. [17]). Let H and F be two Hilbert spaces and A: H — F a
linear operator. The operator A is finite-rank with rank(A) = r if and only if
there exist linearly independent sets {h;}1<i<r € H and {fi}1<i<r C F such
that A =3%""_, fi ® h;. Furthermore, then A* =>""_ h; @ f;.

The class of finite-rank operators is a dense subset of the class of compact
operators with respect to the operator norm.

Definition 2. Let H and F be Hilbert spaces and {h;};c; C H be a complete
orthonormal system. An operator A: H — F is called a Hilbert—Schmidt operator
. 2

if > icr AR || < oo.

The space of Hilbert—Schmidt operators from H to F' is itself a Hilbert space
with the inner product (A, B)yg = > . (Ahi, Bhy)p. Furthermore, it is iso-
morphic to the tensor product space F'® H. The space of finite-rank operators
is a dense subset of the Hilbert—Schmidt operators with respect to the Hilbert—
Schmidt norm. Furthermore, every Hilbert—Schmidt operator is compact and
therefore admits an SVD.

Remark 2. Based on the definitions of the operator norm and the Hilbert—
Schmidt norm, we have [|A|| = 01(A) for any compact operator and ||A| 4 =

(Xier ai(A)2)1/2 for any Hilbert—Schmidt operator.

We will now derive an alternative characterization of the SVD of compact
operators by generalizing a classical block-matrix decomposition approach to
compact operators. For the matrix version of this result, we refer the reader
to [18]. For two Hilbert spaces H and F, we define the external direct sum
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F & H as the Hilbert space of tuples of the form (f, h), where h € H and f € F,
with the inner product

(1), (F 1)) o= (b W) g+ (s f) -

If A: H — F is a compact operator, then the operator T: F® H — F & H, with

(f;h) = (Ah, A*f) (1)

is compact and self-adjoint with respect to (-, -),,. By interpreting the elements
of F @& H as column vectors and generalizing algebraic matrix operations, we
may rewrite the action of the operator T on (f, h) in a block operator notation

1= )

We remark that the block operator notation should be applied with caution
since vector space operations amongst h € H and f € F in terms of the matrix
multiplication are only defined if F' @ H is an internal direct sum.

Lemma 2. Let A: H — F be a compact operator andT: F ® H — F ® H be
the block-operator given by (1). If A admits the SVD

A=Y "0i(u; ® v;) (2)

i€l

then T admits the eigendecomposition

T = Zgi [%(ui,ui) ® %(ui,vi)} — 0 [%(—ui, v;) ® %(—qui)} . ®)
i€l

A proof of this lemma can be found in Appendix A.1.

Corollary 1. Let A: H — F be a compact operator. If o > 0 is an eigenvalue
of the block-operator T: F & H — F & H given by (1) with the corresponding
eigenvector (u,v) € FQH, then o is a singular value of A with the corresponding
left and right singular vectors Hu||}_71 u € F and ||v||;11 veH.

3 Decompositions of RKHS Operators

We will first introduce reproducing kernel Hilbert spaces, and then consider
empirical operators defined on such spaces. The main results of this section
are a basis orthonormalization technique via a kernelized QR decomposition in
Sect. 3.3 and the eigendecomposition and singular value decomposition of empiri-
cal RKHS operators in Sect. 3.4 and Sect. 3.5 via auxiliary problems, respectively.
The notation is adopted from [7,14] and summarized in Table 1.
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3.1 RKHS

The following definitions are based on [3,5]. In order to distinguish reproducing
kernel Hilbert spaces from standard Hilbert spaces, we will use script style letters
for the latter, i.e., # and .%.

Table 1. Overview of notation.

Random variable | X Y

Domain X Y

Observation x y

Kernel function | k(x,z’) Iy, y")

Feature map o(zx) P(y)

Feature matrix | ® = [¢p(x1),...,0(xm)] | ¥ = [¥(y1), .-, (yn)]
Gram matrix Gy = T Gy, =0"TU

RKHS H F

Definition 3 (Reproducing kernel Hilbert space, [3]). Let X be a set
and 7 a space of functions f: X — R. Then 57 is called a reproducing kernel
Hilbert space (RKHS) with corresponding inner product (-, -) ,, if a function
k: X x X — R exists such that

(i) (f, k(x,-)),, = f(x) for all f € " and
(ii) S = span{k(z,-) | z € X}.

The function k is called reproducing kernel and the first property the repro-
ducing property. It follows in particular that k(x,2") = (k(z,-), k(2',-)) ,,. The
canonical feature map ¢: X — S is given by ¢(z) := k(z,-). Thus, we obtain
E(z,2") = (¢(x), ¢(2')) - It was shown that an RKHS has a unique symmetric
and positive definite kernel with the reproducing property and, conversely, that a
symmetric positive definite kernel k induces a unique RKHS with k as its repro-
ducing kernel [2]. We will refer to the set X as the corresponding observation
space.

3.2 RKHS Operators

Finite-rank operators can be defined by a finite number of fixed basis elements in
the corresponding RKHSs. In practice, finite-rank RKHS operators are usually
estimates of infinite-dimensional operators based on a set of empirical obser-
vations. We later refer to this special type of finite-rank operator as empirical
RKHS operator although the concepts in this section are more general and do
not need the assumption of the data in the observation space being given by
random events.



SVD of Operators on RKHSs 115

Let 27 and % denote RKHSs based on the observation spaces X and Y,
respectively, with kernels k and [ and feature maps ¢ and ¥. Given z1,...,z,, €
Xand y1,...,yn € Y, we call

@ = [p(z1), .-, d(wm)] and W= [P(y1), - P (yn)]

their associated feature matrices. Note that feature matrices are technically not
matrices but row vectors in S and ", respectively. Since the embedded
observations in the form of ¢(x;) € # and 9 (y;) € F can themselves be inter-
preted as (possibly infinite-dimensional) vectors, the term feature matriz is used.
In what follows, we assume that feature matrices contain linearly independent
elements. This is, for example, the case if k(-,-) is a radial basis kernel and
the observations x4, ..., 2, € X consist of pairwise distinct elements. We adopt
the commonly used notation ® v = [(¢(z1), V) 4 ,. .., (B(Tm), v) ] for all
v € J, which we also use to express pairwise kernel evaluations between objects
in two feature matrices. Given the feature matrices ® and ¥, we can define the
corresponding Gram matrices by G, = ®'® € R™*™ and G, = ¥ ¥ € R"*",
That is, [G,)i; = k(xi,x;) and [G,]i; = (s, y;). We will now analyze operators
S: A — F of the form S = YB® ", where B € R"*™. Given v € J#, we obtain

m

Sv=UBTv =" ¥(y) Y bij (d(x;), v}, .

i=1 j=1

We will refer to operators S of this form as empirical RKHS operators. Examples
of such operators are described in Sect. 4.

Remark 3. If the rows of B are linearly independent in R™, then the elements of
B®T are linearly independent in .5#. The analogue statement holds for linearly
independent columns of B and elements of ¥B in .%.

Proposition 1. The operator S defined above has the following properties:
(i) S is a finite-rank operator. In particular, rank(S) = rank(B).
(ii) S* = ®BTUT,
(iii) Let B = WXZT be the singular value decomposition of B, where W =
[Wi,...,wy,], X =diag(o1,...,0.,0,...,0), and Z = [2z1, ..., %], then

T
IS <D~ o [1will 5 (|92l 4 -
=1

Proof. The linearity of S follows directly from the linearity of the inner prod-
uct in . We now show that properties (i)—(iii) can directly be obtained from
Theorem 1. Using B = WXZT, we can write S = (¢VW)X(Z"®") and obtain

Sv = Zoi\llwi (Pz, v),, forallve 2. (4)

i=1
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Since the elements in ® and ¥ are linearly independent, we see that 2 and YW
are also feature matrices containing the linearly independent elements ®z; € 7
and Yw; € .7 as stated in Remark 3. Therefore, (4) satisfies the assumptions
in Theorem 1 if we choose {®z;}1<;<, C 4 and {o0;¥w;}1<i<, C F to be
the required linearly independent sets. Theorem 1 directly yields all the desired
statements. O

Note that the characterization (4) is in general not a singular value decom-
position of S since the given basis elements in ®Z and YW are not necessarily
orthonormal systems in 7 and %, respectively.

3.3 Basis Orthonormalization and Kernel QR Decomposition

When we try to perform any type of decomposition of the operator S = WB® T,
we face the problem that the representation matrix B is defined to work on fea-
ture matrix entries of ¥ and ®, which are not necessarily orthonormal systems in
the corresponding RKHSs. This leads to the fact that we can not simply decom-
pose B with standard numerical routines based on the Euclidean inner products
and expect a meaningful equivalent decomposition of S in terms of RKHS inner
products. We therefore orthonormalize the feature matrices with respect to the
RKHS inner products and capture these transformations in a new represen-
tation matrix B which allows using matrix decompositions to obtain operator
decompositions of S. We now generalize the matrix QR decomposition to feature
matrices, which is essentially equivalent to a kernelized Gram—Schmidt proce-
dure [19]. By expressing empirical RKHS operators with respect to orthonormal
feature matrices, we can perform operator decompositions in terms of a simple
matrix decomposition.

Proposition 2 (Kernel QR decomposition). Let ® € ™ be a feature
matriz. Then there exists a unique upper triangular matriv R € R™>™ with
strictly positive diagonal elements and a feature matriz ® € J€™, such that

d=dR
and TP = I,.

Proof. We have assumed that elements in feature matrices are linearly indepen-
dent. Therefore ® " ® is strictly positive definite. We have a Cholesky decomposi-
tion ®'® = RT R for a unique upper triangular matrix R"™*™ with positive diag-
onal entries. By setting ® := ®R~! and observing that ®'® = (dR~1) TR ! =
I, the claim follows. a

By using Proposition 2, we can express empirical operators in orthonormal-
ized basis elements. Given an empirical RKHS operator S = \IJB~<I>—r and the
two corresponding kernel QR decompositions ® = PRg and ¥ = WRy, we can
rewrite

S = (VR)B(®R;")" = U(R,'B(Rz;") )@ = UB". (5)
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We can now simply perform any type of matrix decomposition on the new
representation matrix B := Ry 'B(Rgz")" to obtain an equivalent decomposition
of the operator S. As examples, we give the SVD and the eigendecomposition

of S.

Corollary 2 (Singular value decomposition). Let S = UBOT: # — F
be given by orthonormalized basis elements as above. If B =3""_, o, is the
singular value decomposition of B, then

i=1
1s the singular value decomposition of S.

For the eigendecomposition, we require the operator to be a mapping from
H to itself. We will assume that both the domain and the range of S are defined
via the same feature matrix ®. We consider the self-adjoint case, that is B (or
equivalently B) is symmetric.

Corollary 3 (Eigendecomposition). Let S = é?&ﬁz H — A be given
by orthonormalized basis elements as above. Let B be symmetric. If B =
Z:=1 )\iviv: 18 the eigendecomposition of B, then

i=1
1s the eigendecomposition of S.

In particular, the matrix B and the operator S share the same singular val-
ues (or eigenvalues, respectively) potentially up to zero. In practice, computing
the singular value decomposition of S by this approach needs two kernel QR
decompositions (which numerically results in Cholesky decompositions of the
Gram matrices), inversions of the triangular matrices Ry and Re and the final
decomposition of B. For the eigendecomposition we need a single kernel QR
decomposition and inversion before performing the eigendecomposition of B.
Since this may numerically be costly, we give an overview of how eigendecompo-
sitions and singular value decompositions of empirical RKHS operators can be
performed by solving a single related auxiliary problem.

Remark 4. Representation (5) makes it possible to compute classical matrix
decompositions such as Schur decompositions, LU-type decompositions, or polar
decompositions on B and obtain a corresponding decomposition of the operator
S. Note however that when S approximates an operator for n,m — oo, it is not
necessarily given that these empirical decompositions of S converge to a mean-
ingful infinite-rank concept that is equivalent. For the eigendecomposition and
the singular value decomposition, this reduces to classical operator perturbation
theory [20].
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3.4 Eigendecomposition via Auxiliary Problem

The eigendecomposition of RKHS operators via an auxiliary problem was first
considered in [14]. For the sake of completeness, we will briefly recapitulate the
main result and derive additional properties. For the eigendecomposition, we
again require the operator to be a mapping from 2 to itself. For this section,
we define a new feature matrix by T = [¢p(a}),...,¢(«},)]. Note that the sizes
of ® and Y have to be identical.

Proposition 3 (cf. [14]). Let S: s — # with S = TB®" and B € R™*™
be an empirical RKHS operator. Then the following statements hold:

(i) If \ is an eigenvalue of B®TY € R™*™ with corresponding eigenvector
w € R, then Yw € JZ is an eigenfunction of S corresponding to \.

(i) Conversely, if A # 0 is an eigenvalue of S corresponding to the eigenfunction
v € H, then B®Tv € R™ is an eigenvector of B®TY € R™*™ correspond-
ing to the eigenvalue \.

In particular, the operator S and the matriz B®TY share the same nonzero
etgenvalues.

Proof. For the sake of completeness, we briefly reproduce the gist of the proof.

(i) Let w € R™ be an eigenvector of the matrix B® 'Y corresponding to the
eigenvalue \. Using the associativity of feature matrix multiplication and
kernel evaluation, we have

S(Tw) =T(B® ' Tw) = \Tw.

Furthermore, since w # 0 € R™ and the elements in Y are linearly inde-
pendent, we have Yw # 0 € . Therefore, Tw is an eigenfunction of S
corresponding to .

(ii) Let v be an eigenfunction of S associated with the eigenvalue A\ # 0. By
assumption, we then have

YB® v = \v.

By “multiplying” both sides from the left with B® " and using the associa-
tivity of the feature matrix notation, we obtain

(B®'T)B® v = ABd "v.

Furthermore, B® v cannot be the zero vector in R™ as we would have
T(B®"Tv) = Sv = 0 # \v otherwise since A\ was assumed to be a nonzero
eigenvalue. Therefore, B® Tv is an eigenvector of the matrix B®T Y. a
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Remark 5. Eigenfunctions of empirical RKHS operators may be expressed as
a linear combination of elements contained in the feature matrices. However,
there exist other formulations of this result [14]. We can, for instance, define the
alternative auxiliary problem

&' YBw = \w.

For eigenvalues A and eigenvectors w € R™ satisfying this equation, we see
that TBv € J# is an eigenfunction of S. Conversely, for eigenvalues A # 0 and
eigenfunctions v € J# of S, the auxiliary matrix has the eigenvector ® Tv € R™.

Example 1. The eigendecomposition of RKHS operators can be used to obtain
an approximation of the Mercer feature space representation' of a kernel. Let us
consider the domain X = [-2,2] x [—2, 2] equipped with the Lebesgue measure
and the kernel k(z,z’) = (1 + xTx’)z. The associated feature space is in this
case six-dimensional.? The nonzero eigenvalues and eigenfunctions of the integral
operator & defined by

£1f(a) = / ke, ') f(o)dp(e)

are given by

AL = 7269"';)/0m ~ 572, el(z)=0c <7_179T2\6m + 27 + 9:3) ,
Ay = % ~ 3.56, ea(x) = comwq T2,

A3 = % ~ 2.67, es(x) = czxq,

Ay = % ~ 2.67, es(x) = caxa,

As = %~ 1.42, es(z) = ¢ (z] — 23) ,

_ 269—/60841 ., _ —179—/60841 | 2 , 2
Ao = == = 0.24, eg(x) = c6 (T +axi + 1:2> ,

where ci,..., ¢ are normalization constants so that |le;[|, = 1. Defining ¢ =

[1,...,06] ", with ¢; = v/Aie;, we thus obtain the Mercer feature space rep-
resentation of the kernel, i.e., k(z,2') = (¢(x), ¢(z')). Here, (-, -) denotes the
standard inner product in RS. For f € J#, it holds that & f = Cxxf, where
Cxx is the covariance operator.> We now compute eigenfunctions of its empirical

! Given a continuous kernel k on a compact domain, Mercer’s theorem allows for
a series representation of the form k(x,z’) = Y, ; Niei(x) ej(x), see, e.g., [5]. In
particular, {v/A;e;}ier forms an (at most countable) orthonormal system in 7.
The Mercer feature space can be constructed by computing eigenfunctions of the
operator & introduced below.

2 For a d-dimensional state space, the polynomial kernel with degree p spans a (p :d)—
dimensional feature space [19].

3 For a detailed introduction of covariance and cross-covariance operators, see Sect. 4.
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estimate CAXX with the aid of the methods described above. That is, B = %Im.
Drawing m = 5000 test points from the uniform distribution on X, we obtain
the eigenvalues and (properly normalized) eigenfunctions shown in Fig. 1. The
eigenfunctions are in good agreement with the analytically computed ones. We
evaluate the analytically and numerically computed eigenfunctions in the mid-
points of a regular 50 x 50 box discretization and the average relative error is
approximately 2.9% for the first eigenfunction. Note that the eigenspace corre-
sponding to the eigenvalues A3 and A4 is only determined up to basis rotations.
The computed eigenvalues A; for ¢ > 6 are numerically zero. This indicates that
the feature space is, as expected, only six-dimensional. A

(@), =5.78 (¢) A3 = 2.69 (e) A5 = 1.46

9 -
0 T~ — 2
2 2
o T
(b) A =3.56 (d) A4 = 2.66 (f) 26 = 0.24
5 ) 1
0 0 0
2.
-5 . 1l
2 T . 2 T I
— o ~ —— 2
0 _ 2 0 ~—
}Tz 0 2 2 0
Ty Ea T2 1

Fig. 1. Numerically computed eigenvalues and eigenfunctions of Cxx associated with
the second-order polynomial kernel on X = [-2,2] x [-2,2].

While we need the assumption that the eigenvalue A of S is nonzero to
infer the eigenvector of the auxiliary matrix from the eigenfunction from S, this
assumption is not needed the other way around. This has the simple explanation
that a rank deficiency of B always introduces a rank deficiency to S = YB®'.
On the other hand, if 5 is infinite-dimensional, S as a finite-rank operator
always has a natural rank deficiency, even when B has full rank. In this case, S
has the eigenvalue 0 while B does not.

In order to use Proposition 3 as a consistent tool to compute eigenfunctions
of RKHS operators, we must ensure that all eigenfunctions corresponding to
nonzero eigenvalues of empirical RKHS operators can be computed. In particu-
lar, we have to be certain that eigenvalues with a higher geometric multiplicity
allow to capture a full set of linearly independent basis eigenfunctions in the
associated eigenspace.
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Lemma 3. Let S: 5 —  with S = YB®T be an empirical RKHS operator.
Then it holds:

(i) If wi € R™ and wy € R™ are linearly independent eigenvectors of B® 'Y,
then Ywy € 2 and Ywo € J are linearly independent eigenfunctions of S.

(i) If v1 and vy are linearly independent eigenfunctions belonging to the eigen-
value X # 0 of S, then B® v, € R™ and B® "vy € R™ are linearly inde-
pendent eigenvectors of B&T Y.

In particular, if X # 0, then we have dimker(B® Y —\Z,,,) = dimker(S—\Z ).

Proof. The eigenvalue-eigenfunction correspondence is covered in Proposition 3,
it therefore remains to check the linear independence in statements (i) and (ii).
Part (i) follows from Remark 3. We show part (ii) by contradiction: Let v; and
vg be linearly independent eigenfunctions associated with the eigenvalue A # 0
of S. Then assume for some o # 0 € R, we have B® "v; = aB®"vy. Applying
T from the left to both sides, we obtain

TB® v = Sv; = Ay = advy = aSve = YaBd vy,

which contradicts the linear independence of v; and vs. Therefore, B®Tv; and
B® T v, have to be linearly independent in R™.

From (i) and (ii), we can directly infer dimker(B® 'Y — \Z,,) = dim ker(S —
ML) by contradiction: Let A # 0 be an eigenvalue of S and B®T Y. We assume
that dimker(B® ™Y — AI,,) > dimker(S — AZ ). This implies that there exist
two eigenvectors w1, wy € R™ of B®TY that generate two linearly dependent
eigenfunctions Ywy, Ywe € S, contradicting statement (i). Hence, we must
have dim ker(B® " Y —\I,,,) < dimker(S—\Z ). Analogously, applying the same
logic to statement (ii), we obtain dimker(B®'Y — AI,,,) > dimker(S — AT ),
which concludes the proof. O

Corollary 4. If S = YB®' is an empirical RKHS operator and A € R is
nonzero, it holds that {Yw | BOTYw = Aw} = ker(S — \Z ).

The corollary justifies to refer to the eigenvalue problems Sv = A\v as primal
problem and B® T Yw = A\w as auziliary problem, respectively.

3.5 Singular Value Decomposition via Auxiliary Problem

We have seen that we can compute eigenfunctions corresponding to nonzero
eigenvalues of empirical RKHS operators. This can be extended in a straightfor-
ward fashion to the singular value decomposition of such operators.

3.5.1 Standard Derivation
We apply the eigendecomposition to the self-adjoint operator S*S to obtain the
singular value decomposition of S.
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Proposition 4. Let S: # — .F with S = UB®' be an empirical RKHS oper-

ator, where ® = [p(x1),...,0(xm)], ¥ = [¥(y1),...,%¥(yn)], and B € R**™,
Assume that the multiplicity of each singular value of S is 1. Then the SVD of
S is given by

§=>" N w o),

i=1

where
V; = (WZ-TG@Wi)_l/Q @Wh
w; = /\;1/25%,
with the nonzero eigenvalues A1, ..., A\, € R of the matriz

MG € R™™  with M := B'GyB € R™*™

counted with their multiplicities and corresponding eigenvectors Wi, ...,
w, € R™.

Proof. Using Proposition 1, the operator
S*S =®(B'GyB)®" = dMP"

is an empirical RKHS operator on . Naturally, S*S is also positive and self-
adjoint. We apply Corollary 4 to calculate the normalized eigenfunctions

v = ||<I>wl||;(a1 dw; = (w;rGgpwlv)*l/Q dw;
of S*S by means of the auxiliary problem
MGew; = \;w;, W; € Rm,

for nonzero eigenvalues \;. We use Lemma 1 to establish the connection between
the eigenfunctions of S*S and singular functions of S and obtain the desired form
for the SVD of S. O

Remark 6. Whenever the operator S possesses singular values with multiplicities
larger than 1, a Gram-Schmidt procedure may need to be applied to the resulting
singular functions in order to ensure that they form an orthonormal system in
the corresponding eigenspaces of $*S and SS*.

Remark 7. As described in Remark 5, several different auxiliary problems to
compute the eigendecomposition of S*S can be derived. As a result, we can
reformulate the calculation of the SVD of S for every possible auxiliary problem.

Ezample 2. We define a probability density on R? by

(p1(@)p2(y) + p2(x)p1(y)),

DN =

p(r,y) =
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with

(z=1)2 (z+1)?
p1($)27€7 2,2 1 —

and po(x) = Tar® 202

see Fig.2(a), and draw m = n = 10000 test points (z;,y;) from this density
as shown in Fig. 2(b). Let us now compute the singular value decomposition of
CAYX = %\IKI)T, ie,B=21 --Im. That is, we have to compute the eigenvalues and
eigenvectors of the aux1hary matrix 5 1.G,G,. Using the normalized Gaussian
kernel with bandwidth 0.1 results in singular values o7 ~ 0.47 and o9 ~ 0.43
and the corresponding right and left singular functions displayed in Fig.2(c)
and Fig.2(d). The subsequent singular values are close to zero. Thus, we can
approximate Cyy by a rank-two operator of the form Cyy = o1 (u1 ®v1) + 02 (s ®
vg), see also Fig.2(e) and Fig.2(f). This is due to the decomposability of the
probability density p(z,y). A

(a) ©

0.5 J 1

|
i)

Bot
v

(b) (d) )

« o

Fig. 2. Numerically computed singular value decomposition of Cyx. (a) Joint probabil-
ity density p(x,y). (b) Histogram of the 10000 sampled data points. (c) First two right
singular functions. (d) First two left singular functions. (e) o1(u1 ®v1). (f) o2(u2 @ va).

With the aid of the singular value decomposition, we are now, for instance,
able to compute low-rank approximations of RKHS operators—e.g., to obtain
more compact and smoother representations—or their pseudoinverses. This will
be described below. First, however, we show an alternative derivation of the
decomposition. Proposition 4 gives a numerically computable form of the SVD
of the empirical RKHS operator S. Since the auxiliary problem of the eigende-
composition of S*S involves several matrix multiplications, the problem might
become ill-conditioned.
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3.5.2 Block-Operator Formulation

We now employ the relationship described in Corollary 1 between the SVD of
the empirical RKHS operator S: 5 — % and the eigendecomposition of the
block-operator T: F & # — F ® H, with (f,h) — (Sh,S*f).

Theorem 2. The SVD of the empirical RKHS operator S = WB® " is given by
T
s=% o, KH\PwiH;;l \Ilwi) ® <||<I>ziH;2} @zi)] ,
i€l

where o; are the strictly positive eigenvalues and [} ] € R™™ the corresponding
eigenvectors of the auziliary matriz

[BTG\I, oﬂ € R, ™

Proof. The operator T' defined above can be written in block form as

fl Sl fl | Sk
el =15 1] = |5 5)
By introducing the block feature matrix A := [¥ @], we may rewrite (8) as the
empirical RKHS operator

0 B,
NEEE

Invoking Corollary 4 yields the auxiliary problem

0 B Tr 0 B G\I/ 0 o 0 BG@ (n+m)x (n+m)
[BT O]A A= [BT o} [0 GJ - [BTG\I, 0 ] €R

for the eigendecomposition of 7. We again emphasize that the block-operator
notation has to be used with caution since .# @ ¢ is an external direct sum.
We use Corollary 1 to obtain the SVD of S from the eigendecomposition of T'.

O

Remark 8. In matrix analysis and numerical linear algebra, one often computes
the SVD of a matrix A € R™ ™ through an eigendecomposition of the matrix
[ O A]. This leads to a symmetric problem, usually simplifying iterative SVD
schemes [18]. The auxiliary problem (7), however, is in general not symmetric.

4 Applications

In this section, we describe different operators of the form S = WB®' or
S = ®BY T, respectively, and potential applications. All of the presented exam-
ples are empirical estimates of Hilbert—Schmidt RKHS operators. Therefore, the
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SVD of the given empirical RKHS operators converges to the SVD of their ana-
lytical counterparts. For results concerning the convergence and consistency of
the estimators, we refer to [9,11-13]. Note that in practice the examples below
may bear additional challenges such as ill-posed inverse problems and regular-
ization of compact operators, which we will not examine in detail. We will also
not cover details such as measurability of feature maps and properties of related
integral operators in what follows. For these details, the reader may consult, for
example [5].

4.1 Low-Rank Approximation, Pseudoinverse and Optimization

With the aid of the SVD it is now also possible to compute low-rank approx-
imations of RKHS operators. This well-known result is called Eckart-Young
theorem or Eckart—Young—Mirsky theorem, stating that for every compact oper-
ator A with SVD A =37, 0y(u; ® v;) and k < rank(A), the operator given by

the truncated SVD .

Ay = Zai(ui ® Ui)
i=1
satisfies the optimality property

A = arg min [|A — Blyg,
rank(B)=k

see [21] for details. Another application is the computation of the (not necessar-

ily globally deﬁned) pseudoinverse or Moore—Penrose inverse [22] of operators,
defined as AT: . O dom(A") — J#, with

At *Za (v; ® uy;).

i€l

We can thus obtain the solution & € H of the—mot necessarily well-posed—
inverse problem Az = y for y € dom(A™) through the Moore—Penrose pseudoin-
verse, i.e.,
Aty = arg min |[|[Az — y|| 5 ,
€N
where ATy in S is the unique minimizer with minimal norm. For the connection
to regularized least-squares problems and the theory of inverse problems, see [22].

4.2 Kernel Covariance and Cross-Covariance Operator

Let X and Y be random variables with values in X and Y defined on a probability
space (Q,F,P). The kernel covariance opemtor Cxx: H — I and the kernel
cross-covariance operator [23] Cyyx: £ — F are defined by

Cox = / 6(X) ® $(X)dP(X) = Ey[6(X)® 6(X)),
Cox = / B(Y) ® $(X)dP(Y, X) = Eyn [(Y) ® 6(X),
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assuming that the second moments (in the Bochner integral sense) of the embed-
ded random variables ¢(X), ¥ (Y") exist. Kernel (cross-)covariance operators can
be regarded as generalizations of (cross-)covariance matrices and are frequently
used in nonparametric statistical methods, see [7] for an overview. Given train-
ing data Dxy = {(z1,¥1), .., (Tn,yn)} drawn ii.d. from the joint probability
distribution P(X,Y"), we can estimate these operators by

N 1 & 1 - 1< 1
Cox =~ ;¢(x¢)®¢(xi) = E‘M)T and  Cyx =~ > () @ ¢la) = E‘I"I)T~

=1

Thus, 5XX and CAYX are empirical RKHS operators with B = %In, where ¥ = ®

for CAXX. Decompositions of these operators are demonstrated in Example 1 and
Example 2, respectively, where we show that we can compute approximations of
the Mercer feature space and obtain low-rank approximations of operators.

4.3 Conditional Mean Embedding

The conditional mean embedding is an extension of the mean embedding frame-
work to conditional probability distributions. Under some technical assumptions,
the RKHS embedding of a conditional distribution can be represented as a linear
operator [8]. We will not cover the technical details here and refer the reader
to [10] for the mathematical background. We note that alternative interpreta-
tions of the conditional mean embedding exist in a least-squares context which
needs less assumptions than the operator-theoretic formulation [9,11].

Remark 9. For simplicity, we write Cy,} for the inverse covariance operator in
what follows. However, note that Cy! does in general not exist as a globally
defined bounded operator — in practice, a Tikhonov-regularized inverse (i.e.,
(Cxx +€ld)~! for some € > 0) is usually considered instead (see [22] for details),
leading to regularized matrices in the empirical versions.

The conditional mean embedding operator of P(Y | X) is given by
Uy x = CyxCry

Note that when the joint distribution P(X,Y) and hence Cyy and Cyx are
unknown, we can not compute Uy x directly. However, if the training data
Dxy = {(z1,91),- -, (&n,yn)} is drawn i.i.d. from the probability distribution
P(X,Y), it can be estimated as

Uyix = VG107,

This is an empirical RKHS operator, where B = G;l. The conditional mean
operator is often used for nonparametric models, for example in state-space
models [8], filtering and Bayesian inference [12,13], reinforcement learning [24—
26, and density estimation [27].
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4.4 Kernel Transfer Operators

For this example, we consider a (stochastic) dynamical system X = (X;)ier.
Transfer operators associated with X such as the Perron—Frobenius operator P
and Koopman operator K are frequently used for the analysis of the global
behaviour of molecular dynamics and fluid dynamics problems but also for model
reduction and control [28-30]. Approximations of these operators in RHKSs are
strongly related to the conditional mean embedding framework [14]. The kernel-
based variants P, and Ky, are defined by

Pr=ClCyx and Kp=C.lCyy,

where Y = (Xyy,)ter is a time-lagged version of X for a fixed time lag 7. The
empirical estimates of Py and Ky, are given by

P =0G;1G,'G,,®" and K = 0G0,
Here, we use the feature matrices

@ = [p(x1), .., d(wm)] and W= [d(y1), .., d(yn)]

with data z; and y; = E7(z;), where =7 denotes the flow map associated with
the dynamical system X with time step 7. Note that in particular 5 = 7.
Both operators Py and K can be written as empirical RKHS operators, with
B = G;}G;'G,, and B = G;!, respectively, where G,, = ®'V is a time-
lagged Gram matrix. Examples pertaining to the eigendecomposition of kernel
transfer operators associated with molecular dynamics and fluid dynamics prob-
lems as well as text and video data can be found in [14]. The eigenfunctions and
corresponding eigenvalues of kernel transfer operators contain information about
the dominant slow dynamics and their implied time-scales. Moreover, the singu-
lar value decomposition of kernel transfer operators is known to be connected
to kernel canonical correlation analysis [31] and the detection of coherent sets
in dynamical systems [15]. In particular, the singular value decomposition of the
operator
= C/ %0 C?
solves the kernel CCA problem. This operator can be written as
S=UBo",

where B = G;l/QG;UQ. For the derivation, see Appendix A.2. We will give an
example in the context of coherent sets to illustrate potential applications.

Ezxample 3. Let us consider the well-known periodically driven double gyre flow
1 = —wAsin(n f(z1,t)) cos(rzsa),

Z9 = wAcos(mf(zy,t)) sin(mcg)a—(xl, t),

Ox
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with f(y,t) = dsin(wt)y? + (1 — 2§sin(wt))y and parameters A = 0.25, § =
0.25, and w = 27, see [32] for more details. We choose the lag time 7 = 10
and define the test points x; to be the midpoints of a regular 120 x 60 box
discretization of the domain [0, 2] X [0, 1]. To obtain the corresponding data points
y; = 27 (x;), where E7 denotes the flow map, we use a Runge-Kutta integrator
with variable step size. We then apply the singular value decomposition to the
operator described above using a Gaussian kernel with bandwidth ¢ = 0.25. The

resulting right singular functions are shown in Fig. 3. A
(a) o1 =0.99 (b) o, =0.98 (¢)o3 =0.94
1 1 1
0 0 OE
0 1 2 0 1 2 0 1 2
T Esl o1

Fig. 3. Numerically computed singular values and right singular functions of C. ;3} 12Cx
C;;/Q associated with the double gyre flow.

5 Conclusion

We showed that the eigendecomposition and singular value decomposition of
empirical RKHS operators can be obtained by solving associated matrix eigen-
value problems. To underline the practical importance and versatility of RKHS
operators, we listed potential applications concerning kernel covariance oper-
ators, conditional mean embedding operators, and kernel transfer operators.
While we provide the general mathematical theory for the spectral decompo-
sition of RKHS operators, the interpretation of the resulting eigenfunctions or
singular functions depends strongly on the problem setting. The eigenfunctions
of kernel transfer operators, for instance, can be used to compute conformations
of molecules, coherent patterns in fluid flows, slowly evolving structures in video
data, or topic clusters in text data [14]. Singular value decompositions of transfer
operators might be advantageous for non-equilibrium dynamical systems. Fur-
thermore, the decomposition of the aforementioned operators can be employed
to compute low-rank approximations or their pseudoinverses, which might open
up novel opportunities in statistics and machine learning. Future work includes
analyzing connections to classical methods such as kernel PCA, regularizing
finite-rank RKHS operators by truncating small singular values, solving RKHS
operator regression problems with the aid of the pseudoinverse, and optimizing
numerical schemes to compute the operator SVD by applying iterative schemes
and symmetrization approaches.
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A Appendix

A.1 Proof of Block SVD

Proof (Lemma 2). Let A admit the SVD given in (2). Then by the definition
of T, we have

T(tu;,v;) = (Avi, A%wy) = 2oy (Fug, v;)
for all i € I. For any element (f,h) € span{(Zu;,v;)}=;, we can immediately
deduce

0= <(f7 h)7 (iuiyvi»@ =4 <fv ui)F + <h7 Ui>H
for all i € I and hence f € span{u;};=; and h € span{v;};. ;. Using the SVD of
A in (2), we therefore have

=0.

T | span{(fu; 7’Ui)}f_e1

It now remains to show that {%(ﬁ:ui, vi)} , is an orthonormal system in F &
ic

H, which is clear since ((£u;,v;), (Fuj,v;))q = 26i; and ((—u;, v;), (uj,v5))g =
0 for all 4,5 € I. Concluding, T has the form (3) as claimed. O

A.2 Derivation of the Empirical CCA Operator

The claim follows directly when we can show the identity
q)T((I)(I)T)—l/Q _ G;l/QCI)T

and its analogue for the feature map ¥. Let G, = U AUT be the eigendecom-
position of the Gramian. We know that in this case we have the SVD of the
operator ®@ " =3, )\i()\;l/szui) ® ()\;1/2<I>ui), since
(N Pous, A;1/2¢uj>%p = A 2w Gaugn Y = 6
We will write this operator SVD for simplicity as ®® " = (PUA~/2)A(A~1/2
U®") with an abuse of notation. Note that we can express the inverted oper-
ator square root elegantly in this form as (®®7)"%/2 = (QUA~/2)A-1/2
(A=12U®T) = (®U)A3/2(UDT). Therefore, we immediately get
@T(@@T)—l/Q — @T(@UA_3/2UT¢T>
=G, UAPUToT
=UANUTUA3PUT T

_ UA—l/QUT(I)T — G;1/2¢T7
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which proves the claim. In the regularized case, all operations work the same
with an additional e-shift of the eigenvalues, i.e., the matrix A is replaced with
the regularized version A + €l.
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Abstract. We present a novel characterization of slow variables for con-
tinuous Markov processes that provably preserve the slow timescales.
These slow variables are known as reaction coordinates in molecular
dynamical applications, where they play a key role in system analysis
and coarse graining. The defining characteristics of these slow variables is
that they parametrize a so-called transition manifold, a low-dimensional
manifold in a certain density function space that emerges with progres-
sive equilibration of the system’s fast variables. The existence of said
manifold was previously predicted for certain classes of metastable and
slow-fast systems. However, in the original work, the existence of the
manifold hinges on the pointwise convergence of the system’s transition
density functions towards it. We show in this work that a convergence
in average with respect to the system’s stationary measure is sufficient
to yield reaction coordinates with the same key qualities. This allows
one to accurately predict the timescale preservation in systems where
the old theory is not applicable or would give overly pessimistic results.
Moreover, the new characterization is still constructive, in that it allows
for the algorithmic identification of a good slow variable. The improved
characterization, the error prediction and the variable construction are
demonstrated by a small metastable system.

1 Introduction

The ability and practice to perform all-atom molecular simulations of more and
more complex biochemical systems has led to an unprecedented increase in the
available amount of dynamical data about those systems. This has exponenti-
ated the importance to identify good chemical reaction coordinates (RCs), low-
dimensional observables of the full system that are associated with the relevant,
often slowly-progressing sub-processes. For one, a meaningful RC permits insight
into the essential mechanisms and parameters of a reaction, by acting as a filter
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for the overwhelming complexity of the data. As an example, computing the free
energy (also known as the potential of mean force) along such a coordinate is typ-
ically used for identifying energy barriers and associated transition states [10,37].
RCs are also essential for the development of accurate reduced dynamical mod-
els. The Mori-Zwanzig formalism and related schemes [18,27,42,44] can be used
to derive approximate closed equations of motion of the dynamics projected onto
the image space of the RC. Depending on the chosen RC, the essential dynami-
cal properties of the reduced model — such as transition rates between reactant
and product — may or may not resemble those of the original system [43].
Finally, accelerated sampling schemes such as metadynamics [20], Blue Moon
sampling [8] and umbrella sampling [38] also rely heavily on an accurate RC to
guide them efficiently into unexplored territory.

In each of those applications, the result depends crucially on the “quality”
of the RC, an elusive measure for how well the RC suits the specified task. In
most cases, this quality can be brought down to how well the RC “captures
the essential dynamics”, in particular the rates of transitions between reactant
and product state (see also [28] for an in-depth review on the effect of poorly
chosen RCs on different classic rate theories). Due to this ambiguity, the search
for universal and mathematically rigorous optimality criteria for RCs remains
an active field of research, and numerous new approaches have been suggested
during the last decade. For reactions involving one clearly defined reactant and
product state, a in multiple ways ideal RC is the committor function [3,23], a
one-dimensional observable that in each point describes the probability to hit the
product state before returning to the reactant state. As the committor function is
notoriously hard to compute, advanced numerical schemes have been developed
to either approximate it efficiently [12], or find RCs that are equivalent by certain
metrics [29]. Still, the computation of committor-like RCs often remains out of
reach for high-dimensional systems.

For systems where the relevant behavior involves transitions between more
than tw states [36], where the reaction is not adequately described by a transi-
tion between isolated states [35], or where the states are not known or cannot
be computed, other optimality criteria must be employed. Here one common
approach is to demand the preservation of the system’s longest (equilibration)
time scales under projection of the dynamics onto the RC. This leads naturally
to a characterization of RCs in terms of the eigenvalues of the system’s transfer
operator, a widely used mathematical tool for time scale analysis in molecular
dynamics and beyond [7,11,19,34,41]. Tt is in this setting where the authors
and coworkers have previously proposed a novel mathematical framework for
the characterization and numerical computation of ideal RCs [6]. The proposed
theory builds on the insight that in many systems, the equilibration of the fast
sub-processes over time manifests as the convergence of the system’s transition
density functions towards a certain low-dimensional manifold in density space,
the so-called transition manifold (TM). This convergence is observed even if
there is no equivalent low-dimensional structure in state space, such as a transi-
tion pathway between isolated states. Any parametrization of the TM then can
in theory be used to construct an ideal RC.
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The framework demands that the convergence towards the TM must occur
for all transition density functions, i.e., for every conceivable starting state. In
practice however, this rather strong condition is often violated for starting states
with high potential energy, as the associated transition density functions may
stay far away from any sensible candidate TM for all times. The probability to
encounter these states in the canonical ensemble is however exponentially low,
and thus should not contribute significantly to the shape of the RC. Indeed, the
numerical methods built around parametrizing the TM are able to successfully
deal with this problem by heuristically ignoring sparse outliers by tuning the
manifold learning algorithm [4,5].

Still, a rigorous argument for why those outliers can be safely ignored was
lacking so far, a gap that the present article aims to fill. In short, we show that
the distance to the TM does not need to be uniformly low for all transition
density functions, but that the distance is permitted to scale with the potential
energy of the starting state. The RC received by parametrizing the TM is then
of the same quality as in the uniform distance case. This extension to the TM
theory will therefore allow to measure the quality of given RCs, and the numerical
computation of ideal RCs in systems that been previously deemed unsuitable for
the theory.

This paper is structured as follows: Section 2 reviews the time scale-based
definition of good RCs. Section 3 presents the main contribution of this article,
weakened but sufficient conditions for the existence of good RCs. In Sect.4 we
give an example of a metastable toy system that fulfills the relaxed but not the
original reducibility condition, and demonstrate how the new characterization
can improve the quality of error bounds for the dominant timescales. In Sect. 5,
concluding remarks and an outlook on future work are given.

2 Good Reaction Coordinates

Before introducing the (generalized) transition manifold framework, we first
revisit the fundamental time scale-based definition of good reaction coordinates.

2.1 Timescales of Molecular Dynamics

We consider a time- and space-continuous, reversible and ergodic Markov process
X, on a state space X C R™. In a molecular dynamical system consisting of NV
atoms, X often is the Euclidean space describing the three-dimensional positions
of all atoms, i.e., X = R3*" (or X = R if the atom’s momenta are also included).
In this case, X; is typically described by a thermostated Hamiltonian dynamics
or Langevin dynamics.

X, is fully characterized by its stochastic transition functions p(x,-) : X —
R*, or, equivalently, by its family of transfer operators Tt : Lllt — Ll t>0,

w

Ttu(x)/X'O(x/))pt(x',x)u(x’)dx'.

p(x
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Here, p is the system’s (positive) stationary density, which is unique due to the
ergodicity of Xy, and p is the associated invariant measure. Operating on L}L,
7! can be understood as the evolution operator of densities with respect to u
under the dynamics.

On LL, T is a linear Markov operator, [21, Chap. 3], and in particular non-
expansive. Hence, no eigenvalue of 7% has absolute value greater than 1. Due
to the uniqueness of the stationary density, the eigenvalue A} := 1 is single; the
associated unique eigenfunction is ¢y = 1.

Furthermore, 7 is well-defined as an operator 7 : LP, — L% forany 1 <p <
oo [2]. We understand 7 as an operator on Li from now on, where we will be
able to exploit the additional Hilbert space structure. In particular, 7° is self-
adjoint with respect to the inner product on Li [33], hence its point spectrum is
real and therefore confined to the interval (—1,1]. Note that 7% cannot possess
the eigenvalue —1, as this would imply the existence of an eigenfunction ¢y # ¢o
of T2 to eigenvalue 1. This however contradicts the uniqueness of ¢q as the only
eigenfunction to eigenvalue 1 of 7 for all t.

In the following we will always order the eigenvalues so that

L=X> A > A >

The associated eigenfunctions ¢; of 7° form an orthonormal basis of Li.
Hence, on Lf“ 7! admits the decomposition

oo

T' = Z)‘f <§0i, '>;L Pis

=0

which lets us examine the behavior of X; on different time scales. The i-th
relaxation rate, i.e., the exponential rate with which the i-th eigenfunction ¢; of
Tt decays, is given by

0g; = —IOg()\i)/t, i207172a"" (1)

independent of t. These rates, as well as their inverse, the relazation time scales
t; =1/0;, i =0,1,2,..., measure the influence of the different ; on the long
time density transport under 7°¢, and hence are central quantities of the system.

2.2 Reaction Coordinates

A reaction coordinate (RC) now is a continuous map £ : X — Y C R", where
typically r < n. Note that the term “reaction coordinate” does not imply that
& describes a reaction of some sort, it simply is a continuous map. For y € Y, let
Y¢(y) be the y-level set of &, i.e.,

Ze(y) = {r e X | €(2) =y}
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Following [22], we now define the coordinate projection operator Il : Lllt — Lllt
for a RC £ by

(ng) (=)= /Eg(é(x)) u(wl)dﬂg(m)(xl)

S w(zNp(x") de VEE) 2 do o
GED) /25(5(1)) (@)p(a’) det (VE(2')TVE(2)) " dog(a (7)),

where I'(y) is a normalization constant given by

~1/2

I(y) = / o) det (VEGTVER) oy o),

and do, denotes the surface measure on ¥¢(y). p, can be understood as the
invariant measure g conditioned on ¥¢(y), and formally is induced by the density

_ P et (VeT
Py = F(y) [d t (Vf Vf)]

As L2, C L,, due to Holder’s inequality, IT¢ is defined on L?, as well. Informally,
II¢ has the effect of averaging an input function u over each level set X¢(y) with
respect to .

It has been shown in [6] that II¢ is indeed a projection operator. Moreover,
IL; is equivalent to the Zwanzig projection operator, described in detail in [17],
although the latter is typically constructed so that its image are functions over
the reduced space Y. For our presentation, however, it is advantageous to define
II¢ to project onto a true subspace of Li (namely the subspace of functions that
are constant on each X¢(y), y € Y).

The effective transfer operator ’Tg : Li — Li associated with the RC & is
now defined by

—1/2

’Z?zHgoTtol_Q.

Originally considered in [42], Tg has been shown to again be self-adjoint and
bounded in L%-norm by 1 [6]. Hence, the eigenvalues ey ©=0,1,2,... of T}
are also confined to the interval [—1,1].

2.3 Preservation of Time Scales

Our characterization of good RCs — originally proposed in [6] — now revolves
around the central assumption that the relevant part of the dynamics (the “reac-
tion”) occurs on the slowest time scales of X;. Moreover, we assume that the
time scales of the reaction are well-separated from non-reactive time scales, i.e.,
to >ty > - >tg > tqyq for some d € N. This is a sensible and commonly made
assumption [26,31,32,34], as it holds true for many difference classes of chemical
and molecular reactions. However, there are relevant molecular systems whose
effective behavior cannot be explained by its slowest timescales alone [25,40],
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and hence valid criticism of the general equivalence of the slow with the rele-
vant time scales exist. Nevertheless, we assume that the reaction in question is
associated with the d dominant time scales.

With the goal of preserving the dominant time scales under projection onto
the RC, and the close connection between those time scales and the dominant
transfer operator eigenvalues (1), we use the following definition of good RCs:

Definition 1 (Good reaction coordinates [6]). Let \!, i = 0,1,2,... and
Aeir 1=0,1,2,... denote the eigenvalues of 7' and 7/, respectively. Let tq be
the last time scale of the system that is relevant to the reaction. Let ¢ > 0.

An RC ¢ : X — Y is called a e-good RC, if for all ¢ > 0 holds

INi = Mgl <e, i=0,1,....d (2)
Informally, we will call ¢ a good RC if it is e-good for small e.

Alternatively, the following sufficient condition characterizes good RC by the
projection error of the dominant eigenfunctions under IIg:

Theorem 1 ([6], Corollary 3.6). Let (A, ¢;), i =1,2,... denote the eigen-
pairs of Tt. For any given i, if

Mewi — pillzz <e,

then there is an eigenvalue N ; of T} such that

3

M=l = =

Remark 1. By the above theorem, choosing the d dominant eigenfunctions as
the d components of £ results in a “perfect” RC. However, this approach may
lead to redundancy if the ¢;, i = 1,...,d are strongly correlated and can
be parametrized by a common, lower-dimensional £. For example, a system
with d metastable sets along a common, one-dimensional transition pathway
would possess d dominant eigenfunctions, but a one-dimensional good RC that
parametrizes the transition pathway (see [6, Sect.5.2] for a detailed example).

Using eigenfunctions as RCs was also promoted by Froyland et al. [14,15],
for the special case where the timescale separation stems from a pointwise local
separation of the dynamics into a slow and a fast part. Just like for the tran-
sition manifold approach presented in Sect.3, the short-time equilibration of
the dynamics again plays an important part, but unlike in our approach it is
assumed to take place on certain “fast fibers” of state space. The transition man-
ifold framework can therefore be considered a generalization of the approach of
Froyland et al.
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3 Weak Reducibility of Stochastic Systems

Definition (2) is not constructive, in that it allow one to check the quality of
a given RC, but does not indicate how to find a good RC algorithmically. To
this end, we will now derive a reducibility condition that binds the existence of
good RCs to the existence of a certain low-dimensional structure in the space of
transition density functions. This structure, called the transition manifold, can
be interpreted as the backbone of the essential dynamics, can be visualized, and
ultimately can be used to numerically compute good RCs.

3.1 Condition for Good Reaction Coordinates Based on Transfer
Operator Eigenfunctions

It was shown in [6] that if for some functions ¢; : Y — R the condition
HSDZ‘_(;JZ'Oé-HOOSE, i:O,l,...,d (3)

holds, then £ is a ﬁ—good RC by Theorem 1. In other words, if the dominant
eigenfunctions are pointwise almost constant along the level sets of &, then £ is
a good RC.

It turns out, however, that condition (3) is unnecessarily strong. To be pre-
cise, the pointwise approximation implied by the || - ||oo-norm can be replaced
by the following weaker condition. This was already observed previously [6,

Remark 4.3], but has not been proven formally.

Theorem 2. Assume that for an RC £ : X — Y and some functions @; : Y —
R, i=0,1,...,d holds

/ i) — Gu(w)| dsy (') < € (4)
Ze(y)

for all level sets 3¢ (y) of £ Then

IMewi — @iz < 2e.

Remark 2. In words, for a specific value y € Y, the dominant eigenfunctions ¢;
do not need to be almost constant everywhere on X¢(y), but only the average
deviation of ¢; from some value $(y) along X¢(y), weighted by p,, must be
small. Hence, £ may be a good RC even if p;(2’) substantially deviates from
the value ¢(y), as long as it is in regions where the measure p, is small. These
are precisely the regions of state space that are lowly-populated in the canonical
ensemble, and thus are statistically irrelevant.

Proof (Proof of Theorem 2). The projection error is

i — pillz < [[Meps — (Bi o &)z +11(Bi 0 &) — @il Lz
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For the first summand, consider

(Meg:) () = / oile)dite(oy (@)

Ze(€(@)
- pi( € (@) — @i (E(2")) ) dpg ) (2!
L&wn@(%%)+@() 2:(6@") )duag(o ()
= @i(f(x)) +/E (o)) (Sﬁi(x/) _ ‘ﬁi(f(fﬂ’)))d#g(m)(ﬂc’),
and hence '
Meg:— ooty < [ ([ ) ));goz.(xf)_@(5(96,)),@5@)@,))2 o

<e
< g? / du(z) = 2.
X

For the second summand, we get with the co-area formula [13]

08— ity = [ [ usta) - i) @) ) dy
= /Y (/Es(y)

§52/I‘(y)dy:52.
¢

Gi(EG) ~ 1) dmy (') ) T(w) dy

3.2 Weak Reducibility and Weak Transition Manifolds

From the abstract condition (4) of good RCs, one can now derive a constructive
condition for the existence of a good RC. We will also repeat the strong version
of this condition, based on (3), which was originally derived in [6].

The parametrizations of certain manifolds will play a central role in our
constructions. Specifically, we consider the special class of manifolds M C L*
for which a compact and connected set Y C R", as well as a homeomorphism
£ : M — Y exists, such that

M = £7H(Y). (5)
Y will later become the image space of our constructed RC.
For a fixed lag time 7 > 0, we now call the set of functions

M = {p7(z,") |z eX} L
the fuzzy transition manifold. Note that M is not a manifold; the reason behind

the choice of name will however soon become clear. Now, for any manifold M C M
of form (5), define the projection onto M by

Q:X M, zo argminl|f—p ()5 . (6)
feM 1/p
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Definition 2. We call the system strongly (e, r,7)-reducible, if there exists a
manifold M C M of form (5) so that for all z € X

196) = p7, s, << (7)

We call any such M a strong transition manifold. _
We call the system weakly (e, r, 7)-reducible, if there exists a manifold Ml € M
of form (5) so that for all x € X

[ l0@) =@y dna@) <= ®
To(Q(z)) Ve

where Yo(f) is the f-level set of Q. We call any such M a weak transition
manifold.

Example 1. As an illustration of the core idea behind the TM construction,
we give a simple example of a metastable system with a strong TM, originally
published in [5].

Consider a two-dimensional system described by the overdamped Langevin
equation

dXt = —VV<Xt)dt + vV Zﬁ—lth, (9)

where V is the potential energy function and W, is a Wiener diffusion process
scaled by the inverse temperature 8 € RT. Now suppose that V possesses two
local energy wells, connected by a linear, one-dimensional transition path, such
as in Fig. 1(left). The “reaction” in this system is the rare transition from one
well to the other. Hence, an intuitively good RC is the horizontal coordinate of a
point, £(z) = 1, as it describes the progress of x along the transition pathway.

The key insight now is that, if the lag time 7 was chosen long enough for
a typical trajectory to move to one of the metastable sets, then the transition
densities p”(x,-) € L! also essentially depend only on the progress of x along
the transition path. The reason is that the p”(x, ) are essentially convex combi-
nations of two Gaussians' centered in the energy minima A and B,

pT(x,-) = c(z)pal) + (1 = c(x))ps(")

with the convex factor ¢(x) determined by the progress of the starting point x
along the transition path. This is represented in Fig. 1(right) by the fact that the
transition densities for each gray and white starting point, respectively, concen-
trate around one point each in L'. Hence, overall, the fuzzy TM M concentrates
around a one-dimensional manifold in L!. This manifold is therefore a strong
TM.

An example of a system with only a weak TM will be discussed in detail in
Sect. 4.

! To be precise, the p”(z,-) are approximately convex combinations of the quasi-
stationary densities [16] of the metastable sets, that here however resemble Gaus-
sians.
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fuzzy transition manifold

transition manifold

transition path

P,

Fig. 1. Tllustration of the transition manifold concept for metastable systems. Left:
energy potential of a two-dimensional metastable system. Right: Sketch of the (fuzzy)
TM for this system. Starting points = with the same progress along the transition
path get mapped to approximately the same density under the map z — p(z,-).
Geometrically, this means that the fuzzy TM concentrates around a one-dimensional
manifold in L'.

Remark 3. Note that we slightly deviate from the original definition of the tran-
sition manifold in [6] by requiring that M C M instead of only M C L!. Also note
that Q is now defined on X and not on M as originally in [6]. The interpretation
of Q as “closest point projection onto M” is still valid, however.

Condition (7) indicates whether the fuzzy TM M clusters e-closely around
an actual manifold M with respect to the L% p,-horm. Again, condition (8) rep-
resents a relaxation of this condition, as the integral introduces a weighting with
respect to dpig(g). Informally speaking, for points 2’ with p(2’) = O(e), a dis-
tance ||Q(z') — p7(a/, -)HL%/ = O(1) is now permitted without violating the

u

reducibility condition.

It was shown in [6] that strongly reducible systems possess good RCs. The
following theorem now shows that weakly reducible systems still possess good
RCs. It characterizes Q as a good “M-valued RC” (cf. (4)):

Theorem 3. Let the system be weakly (g, r, T)-reducible. Then for each eigenpair
(AT, i) of the transfer operator T™ there exists a map @; : M — R so that for

allz € X
€

|0i(2") = ¢i(Q(a") |dng)(a’) < Nk
So(Q@)) 7]

Proof. As M C M, for z € X we can choose ¢(z) € X so that Q(z) = p (q(2),).
Let @; : M — R be defined by

¢i(Q(z)) = @i(q(x)).

Then
/ lpi(z") — @i (")) | dpga (') = / lei(2) — @i (Q(x)) | dpga (=)
3o (Q(x)) 2o (Q(x))
- / loi(a’) — i (a(@)) | dogey (') = ()
2o (Q(x))
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As the system is reversible, the detailed balance condition p(z)p”(z,z"”) =
p(x")p™ (2", x) holds. Hence, the eigenfunctions ¢; of 77 have the property

T T, p=") L. o "o_ oI, T " "
Aipi =T p; = p (m 7')@%(1' )dx = 901(1' )p ('ax )dm ’
x p(x) X

and thus

1
W=/
So(Q(@) [AT]

Swapping integrals gives

dpg ) (x').

/x i(x") (pT(;L‘I, z") = p" (q(z), :E”)) dz"

1
() < 57 [ leita”) @0 — 97 (g, 0")
IAT] Jx Se(Q(x))

dpgz)(x') da”,

and with Holder’s inequality, ||fg||r: < Hf”LngHLf/u’ we get

1 T T
<ol | [ e - ((J(w)w)’dugz)(w’)‘
T N e Eo(Q(x))

1/p

Applying triangle inequality and using p™ (¢(z), ) = Q(z) gives
1

) <

AT
1

AT Ssa(ee)

Hpt(x/, ) = pt (Q(‘T)v ) ‘

/
L o (@)
1/

[p'(z',-) = Q(x) HL% dpgmy(x).
=9(x’)

Lo (Q(x))

By our assumption, this integral is at most . Hence,

As the last step, we can now construct from Q an r-dimensional RC that
meets the condition (2):

Corollary 1. Let the system be weakly (,r,T)-reducible. Let £ : Ml — R" be
any parametrization of the transition manifold M. Then for the RC

E:X—>R, 20 E(Q)) (10)

and the eigenpairs (Al, ;) of T7 holds

K2

2¢e

HHE%‘ - %‘”Lﬁ < W (11)
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Proof. Let ¢; : Ml — R as in the proof of Theorem 3, and define ¢; : Y — R via
Gily) == 2i(E71(Y)).
Note that for any = € X holds ¢ (£(z)) = o(Q(z)). Thus,
L i = Gro0@ i = [ o) = (310 Q) o o)

3
AT

IN

)

where the last inequality is Theorem 3. The assertion now follows from
Theorem 2. a

If (A7, ;) is dominant, i.e., AT = 1, then the projection error (11) is small. In
that case, £ : z — £(Q(x)) is indeed a good RC, by Theorem 1.

Remark 4. Any RC of form (10) is called an ideal RC [6]. As in practice, however,
neither the projection Q nor the parametrization £ of M are known, this RC
cannot be computed analytically. Instead, for strongly reducible systems, an
approximate parametrization of M is computed by applying manifold learning
methods to a finite sample of the fuzzy TM M [4-6]. Our ongoing efforts to
extend these techniques to the newly-identified weak reducibility condition will
be discussed in the outlook in Sect. 5.

4 Numerical Example: A Weakly Reducible System

In order to compare the strong and weak reducibility condition, we consider
a simple two-dimensional metastable system that possesses a one-dimensional
RC. This system, originally considered in [22], is governed by an overdamped
Langevin equation of form (9), where the potential energy function V' is given
by

V(z) = (22 = 1)?+10(z? + 2o — 1)2

We choose the inverse temperature § = 1, and consider the system on the domain
X = [-2,2] x [-2,2] (though no boundary conditions have been enforced in
the following computations). The potential V', depicted in Fig.2(a), possesses
two local minima in the states A = (—1,0) and B = (1,0). The reaction in
question hence is the transition from the area around one minimum (without
loss of generality state A) to the other (state B). The minimum energy pathway
(MEP) [24], which in the zero temperature limit supports almost all reactive
trajectories [30], is indicated by the white dashed line.

The spectrum of 77 for 7 = 0.5, computed by a Ulam method [39] from
a long, equilibrated trajectory of the system, exhibits a spectral gap after A\;
(Fig. 2(b)). The relevant reaction, i.e., the transition between the two metastable
sets, is associated primarily with the process on the dominant timescale ¢;.

The (MEP) of the potential is given by the set

Anpp = {(21,22) €X | 20 =1 — 23},

Intuitively, the manifold
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Fig. 2. (a) Energy potential of a two-dimensional drift-diffusion system. The reaction
of interest here is the transition between the two local minima. (b) Eigenvalues of the
full transfer operator 77 and of the effective transfer operator 7¢, projected onto the
computed RC &;.

Mmep = {p"(z,) | © € Amep}

should constitute a good TM. This statement should come with a warning: The
intuition that the MEP allows to construct a good TM is wrong in general. There
are many cases where the relevant transition pathways are completely different
from the MEPs of the underlying system, mainly because for finite temperatures
all statistically relevant transition paths concentrate in regions not close to the
MEP and only converge to the MEP in the limit of zero temperature. In the
case considered herein, however, relevant transition paths concentrate around
the MEP even for finite temperatures.

Before quantitatively assessing whether or not Mygp is indeed is a good TM,
we visualize the fuzzy TM of the system, i.e., the set M = {p"(x, ) | € X}.
As M lies in the function space L1, it first needs to be embedded into a (finite-
dimensional) Euclidean space. This is done by computing the mean of every
p(z,) € M via the function m : L! — R2,

m(p”(z,-)) ::/x'pT(x,x')dx'. (12)

X
The set m(M) then serves as the Euclidean embedding? of M.

2 While for general dynamics m is not an embedding of the fuzzy TM in the strict
topological sense, we conjecture that in this system, no two transition densities
p(x1,-),p" (x2,-) possess the same mean, and hence that m is homeomorphic on M
and its image. Still, we neither formally confirm this, nor assess the distortion of M
under m, and hence m(M) as a replacement for M should be handled with care.
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Furthermore, as m(I\7JI) is an infinite set, only a finite subsample can be visu-
alized. For this we draw a large number, specifically N = 8000, of starting points
{z1,...,zn} uniformly from X and for each x) compute my := m(pT(xk, ))
Here the integral in (12) is approximated via Monte Carlo quadratur, i.e., for
M>1,

M
1
m(p (z,7)) & 77 D% (13)
=1

where the z,(j) are samples of the density p” (zy, -). These were computed numer-
ically by an Euler-Maruyama integrator of (9), starting in x, with a different
random seed for each [ =1,..., M.

The points my, are shown in Fig. 3. We observe that most of the my lie close
to a parabola-like structure, though there appear to exist systematic outliers,
associated with starting points from the high energy regions in the lower part of
X. The maximum distance is assumed by the starting point «* = (0, —2). The
parabola is exactly the Euclidean embedding of My;gp, which is also shown in
Fig. 3.

Fig. 3. Euclidean embeddings via the mean embedding function m of the fuzzy TM
M, and the TM based on the minimum energy pathway, Mmgp. Shown are N = 8000
sample points of m(M), and N = 100 sample points of m(MMEp). m(M) appears to
cluster around m(MMEp), except for outliers from the high energy regions below the
MEP.

However, the outliers prevent Mygp from being a good strong TM by Def-
inition 2. To be precise, for the point z* = (0,—3), we get for the distance
in (7)

| = #' @) ~25 (4

where again finite samples of M and Mygp, and kernel density estimations of
the pt(x,-) were used in the computation. Using (14) as a lower bound for the
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eigenvalue approximation (2) via Theorems 2 and 1 is of course worthless, hence
MyEep is not a strong TM.
On the other hand, for the defining condition (8) of weak reducibility holds

/ 19 —p7 (') 2 dprogen (@) = 0.02 (15)
Yo (Q(x*)) tw

for the problematic point z*. Assuming this value is indeed an upper bound
for (8), the system is weakly reducible with parameter ¢ = 0.06, and Mygp is
the corresponding weak TM. The eigenvalue error for A\] predicted by Theorems 2
and 1 then is

AT — ALy < 0.06, (16)

for any RC ¢ of the form (10).

To confirm this error bound, we now construct such an RC. For this, a
parametrization £ of Myigp must be chosen. Any such parametrization is suffi-
cient, for simplicity we choose

E(pT(x, )) =21,

i.e., the map of p™(z, -) onto the first component x of its starting point z. Next,
the projection Q of M onto the TM Mygp is required. In order to avoid the
costly calculation of kernel density estimates for the large number of starting
points, and to avoid the badly-conditioned scaling by the factor 1/p, we replace
the L? /p distance in (6) by the Euclidean distance between the mean-embedded
densities, i.e., utilize

Q(z) = argmin [|lm(f) - m(p7(z,)) .

feMmEP

Numerically, this projection is approximated by choosing from the 100 sample
points of m(Mygp) that are shown in Fig. 3 the point of minimum distance from
m(p” (z,-)). The point m(p7 (z, -)) is here again computed via (13). While using
the projection Q instead of Q might slightly distort the computed RC, it will
have a negative impact on the quality of the RC, so if the bound (16) holds for
@, it will hold for Q as well. Moreover, it has been shown in [5] that the L? /o
distance is equivalent to the distance in certain embedding spaces.

The final RC is then given by & : x — £(Q(p"(z,-))). By numerically eval-
uating &; at the 8000 sample points (where the p™(x, ) are again approximated
by finite samples) and interpolating the resulting values bilinearly, we receive
a continuous RC on X. Figure4 shows the level plot of £&;. We see that the
level sets of &; are essentially identical to those of the dominant eigenfunction
1, also shown in Fig. 4. This is not surprising, as &; is constructed to fulfill the
requirements of Theorem 1, i.e., the dominant eigenfunctions are required to be
almost invariant under averaging over the level sets of &;. As there is only one
dominant eigenfunction ¢1, and &; is also one-dimensional, this implies that the
level sets of £ and 7 are almost identical. Note however that the precise ranges
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(a)

Fig. 4. Level plots of the RCs & computed by the TM method, a naively-constructed
RC &3, as well as the dominant eigenfunction 1 of 77. We see that the level sets of
&1 and ¢ are essentially identical.

of £ and ¢, are not necessarily identical, but strongly depend on the chosen
parametrization &£.

The effective transfer operator TéTl associated with & can again be approxi-
mated by an Ulam method. Its leading eigenvalues, shown in Fig. 3(b), approxi-
mate the eigenvalues of the full transfer operator 77 very well. In particular, for
the second dominant eigenvalue holds

AT — AZy| ~ 0.001.

As a consequence, the relaxation rate of the projected system &;(X;), denoted
o¢, and computed from A¢ 1 via (1), also approximate the rate of the full system
oral very well; we have og, =~ 0.43, o =~ 0.43 . In contrast, projections onto
other, naively chosen RCs, such as

62(:”) =,

seem to systematically over-estimate the equilibration rate, hence under-
estimates the metastability of the system. Specifically, we have o¢, ~ 0.46.
Reduced models built based on & would therefore run the risk of equilibrating
quicker than the full model by artificially increasing the number of transitions.

That said, the difference between |o¢, — 0¢,| ~ 0.03 is rather small, so the
naive RC &; can already be considered quite good. The reason is that at low
temperatures the dynamics concentrates near the MEP, and here for each level
set of &, there exists a level set of & that is close (in the sense that the mini-
mum pairwise point distance is small), and the RCs are both smooth. Still, the
difference is measurable, and this causes the discrepancy.
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Overall, this example confirms that

(1) the RC &; derived from a parametrization of Mygp is good, and
(2) the error bound (16) derived from the characterization of Miygp as a weak
TM is reasonably accurate.

5 Conclusion and Outlook

In this work, we derived an improved and generalized characterization of good
reaction coordinates for timescale-separated stochastic processes. We built upon
a recently developed framework that constructs good RCs from parametrizations
of the so-called transition manifold, a potentially low-dimensional manifold in the
space of probability densities. We have shown that the criteria on the underlying
system to possess such a manifold were overly strict, in the sense that certain
systems with demonstrated good reaction coordinates do not possess a transition
manifold by the old definition. We thus provided an alternative, relaxed definition
of the transition manifold that is applicable to a larger class of systems, while
still allowing the construction of good reaction coordinates.

One natural next step would be to implement the novel definition of weak
TMs into a data-driven algorithm for the identification of good RCs. Unlike
in the toy example from Sect.4, the parametrization of the transition mani-
fold (or of a suitable candidate) is not known analytically in practice. Instead,
an approximate parametrization is identified by applying a nonlinear manifold
learning algorithm to a large sample of M (or a suitable embedding thereof) [4].
Many manifold learning algorithms, such as the diffusion maps algorithm [9] can
be tuned to ignore outliers, which can be seen as a heuristic way weighing with
respect to the invariant measure pu. A more rigorous approach however would
be to directly implement the weighted distance (8) into the diffusion maps algo-
rithm. This could be achieved by using the target measure-extension of diffusion
maps [1], which at the same time allows one to estimate the in general unknown
measure p from data.
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Abstract. Rare weather and climate events, such as heat waves and
floods, can bring tremendous social costs. Climate data is often limited
in duration and spatial coverage, and so climate forecasting has often
turned to simulations of climate models to make better predictions of
rare weather events. However very long simulations of complex models,
in order to obtain accurate probability estimates, may be prohibitively
slow. It is an important scientific problem to develop probabilistic and
dynamical techniques to estimate the probabilities of rare events accu-
rately from limited data. In this paper we compare four modern meth-
ods of estimating the probability of rare events: the generalized extreme
value (GEV) method from classical extreme value theory; two impor-
tance sampling techniques, geneaological particle analysis (GPA) and the
Giardina-Kurchan-Lecomte-Tailleur (GKLT) algorithm; as well as brute
force Monte Carlo (MC). With these techniques we estimate the proba-
bilities of rare events in three dynamical models: the Ornstein-Uhlenbeck
process, the Lorenz ’96 system and PlaSim (a climate model). We keep
the computational effort constant and see how well the rare event proba-
bility estimation of each technique compares to a gold standard afforded
by a very long run control. Somewhat surprisingly we find that classi-
cal extreme value theory methods outperform GPA, GKLT and MC at
estimating rare events.

1 Extremes and Rare Event Computation.

Rare weather and climate events such as heat waves, floods, hurricanes, and
the like, have enormous social and financial consequences. It is important to
be able to estimate as accurately as possible the probability of the occurrence
and duration of such extreme events. However the time series data available
to predict rare events is usually too short to assess with reasonable confidence
the probability of events with very long recurrence times, for example on the
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order of decades or centuries. In this regard, one may consider return levels of
exceedances which represent the level that is expected to be exceeded on average,
say, once every 100 years by a process. For example, a 100-year return level
estimate of a time series of temperature or precipitation data would tell us the
temperature or amount of precipitation that is expected to be observed only once
in 100 years. It is common, however, that the amount of weather data available
is limited in spatial density and time range. As a result, climate forecasting
has often turned to simulations of climate models to make better predictions
of rare weather events. These simulations are not without limitations; a more
accurate model requires a large amount of inputs to take into account most
of the environmental factors which impact weather. With these more complex
models, very long simulations may be required to obtain probability estimates
of rare events with long return times. These simulations may be very slow and
have motivated the study of statistical techniques which allow for more accurate
rare event probability estimates with lower computational cost.

One approach to estimate the probability of rare events or extremes is to use
classical extreme value theory, perhaps aided by clustering techniques or other
statistical approaches suitable for the application at hand. Other techniques to
accurately estimate the probabilities of rare events include importance sampling
(IS) methods. In general, importance sampling is a probabilistic technique which
allows us to choose those trajectories or paths in a random or deterministic model
which will most likely end in an extreme event. This reduces the number of long
trajectories that are required to obtain an estimate on the tail probabilities of
extremes and essentially changes the sampling distribution to make rare events
less rare. The goal of importance sampling is not only to estimate probabilities
of rare events with less computational cost, but also more accurately in that the
ratio of the likely error in estimation to the probability of the event is lessened.

Importance sampling algorithms have been successfully applied in many
fields, especially in chemical and statistical physics [3,26,28]. Recently these
techniques have been applied to dynamical systems and dynamical climate mod-
els [27,29]. In this paper we will consider two similar types of IS techniques,
geneaological particle analysis (GPA) and the Giardina-Kurchan-Lecomte-
Tailleur (GKLT) algorithm. The GKLT algorithm is designed to estimate prob-
abilities of events such as heatwaves as it considers time-averaged quantities.
GKLT is motivated by ideas from large deviations theory, though in its imple-
mentation it does not explicitly require calculation of large deviation quantities
such as rate functions.

The main goal of this paper is to compare the performance of the gener-
alized extreme value (GEV) method with GPA, GKLT and brute force Monte
Carlo (MC) at estimating rare events of our test models: the Ornstein-Uhlenbeck
process, the Lorenz ’96 system and PlaSim (a climate model). We keep the com-
putational effort constant and see how well the rare event probability estimation
of each technique compares to a gold standard afforded by a very long run con-
trol. Somewhat surprisingly we find that GEV outperforms GPA, GKLT and
MC at estimating rare events. Perhaps this advantage comes from the fact that
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GEV methods are parametric and maximum likelihood estimation, in practice,
results in close to optimal parameters and confidence intervals.

2 The Four Methods

Extreme value theory is a well-established branch of statistics [5,8,23]. Over the
last ten years or so the theory has been investigated in the setting of chaotic
dynamics, for a state of the art review see [2, Chapters4 and 6]. The goal
of extreme value theory is to estimate probabilities associated to rare events.
Another way to approach this problem is via importance sampling. Recently
ideas from importance sampling have been successfully applied to several dynam-
ical models (a non-exhaustive list includes [16,17,19,20]). How do the methods
compare, for a given computational cost, at accurately determining the proba-
bilities of rare events? We now describe the four methods we investigate in this

paper.

2.1 Generalized Extreme Value Distribution (GEV)

There are two main approaches for classical extreme value theory: peaks over
threshold; and the block maxima method. They are equivalent mathemati-
cally [5], but more research has been done on the block maxima method in
the setting of deterministic models (for a treatment of this topic and further ref-
erences see [2, Chapters4 and 6]). We will use the block maxima method in this
paper. In the context of modeling extremes in dynamical models, Galfi et al. [14]
have used the peaks over threshold method to benchmark their large deviations
based analysis of heat-waves and cold spells in the PUMA model of atmospheric
circulation. Given a sequence of iid random variables {Xi, Xs,...,X,,...} it is
known that the maxima process M, = max{Xi, Xo, ..., X, } has only three pos-
sible non-degenerate limit distributions under linear scaling: Types I (Gumbel),
IT (Fréchet) and IIT (Weibull) [13], no matter the distribution of X;. By lin-
ear scaling we mean the choice of a sequence of constants A,, B, such that
P(A,(M, — B,) < y) = H(y) for a nondegenerate distribution H. The extreme
value distributions are universal and play a similar role to that of the Gaussian
distribution in explaining a wide variety of phenomena. These three distributions
can be subsumed into a Generalized Extreme Value (GEV) distribution

G = exp( = [1+¢(~—H)17)

defined for {x : 1+ ¢(=F) > 0} with three parameters —co < p < co, o > 0,
—00 < ¢ < oo. The parameter y is the location parameter, o the scale and ¢
the shape parameter (the most important parameter as ¢ determines the tail
behavior). A type I distribution corresponds to the limit as { — 0, while Type
IT corresponds to ¢ > 0 and Type III to ¢ < 0. The three types differ in the
behavior of the tail of the distribution function F for the underlying process
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(X;). For type III the X; are essentially bounded, while the tail of F decays
exponentially for Type I and polynomially (fat tails) for Type II.

The advantage of using GEV over brute force fitting a tail distribution by
simulation or data collection is that a statistical distribution is assumed, and only
three parameters need to be determined (like fitting a normal distribution, where
only 2 parameters need to be estimated). This has enormous advantages over
methods which try to determine an a priori unknown form of distribution. The
GEV parameters may be estimated, for example, by the method of maximum
likelihood. Once the parameters are known G(x) can be used to make predictions
about extremes. This is done for a time series of observations in the following
way. A sequence of observations are taken Xi, Xs, ... and grouped into blocks of
length m (for example it could be daily rainfall amounts clumped into blocks of
one year length). This gives a series of block maxima M, 1, My, 2, ... where M, ¢
is the maximum of the observations in block ¢ (which consists of m observations).
Using parameter estimation like maximum likelihood, the GEV model is fitted
to the sequence of My, ¢ to yield u, o and . The probability of certain return
levels of exceedance for the maximum of time-series of length m are obtained
by inverting (*) and subtracting from 1. For example, m could correspond to a
length of one year made of m = 365 daily rainfall data points, then the result is
the level of rainfall a that the yearly maximum is expected to exceed once every
1/(1 — G(a)) years.

One issue in the implementation of GEV is the possibly slow rate of con-
vergence to the limiting distribution. There are some results [12,22] on rates
of convergence to an extreme distribution for chaotic systems, but even in the
iid case rates of convergence may be slow [21]. Another is the assumption of
independence. Time-series from weather readings, climate models or determin-
istic dynamical systems are usually highly correlated. There are conditions in
the statistical literature [6,11,15,23] under which the GEV distributional limit
holds for maxima M, of observables ¢(X;) which are “weakly dependent” i.e. the
underlying X; are correlated, and which ensure that M, has the same extreme
value limit law as an iid process with the same distribution function. Usually two
conditions are given, called Condition D5 (a decay of correlations requirement),
and Condition D" (which quantifies short returns) which need to be checked. Col-
let [6] first used variants of Condition Dy and Condition D’ to establish return
time statistics and extremes for certain dynamical systems. Recent results [2]
have shown that maxima of time-series of Holder observables on a wide variety
of chaotic dynamical systems (Lorenz models, chaotic billiard systems, logistic-
type maps and other classical systems) satisfy classical extreme value laws. The
development of extreme value theory for deterministic dynamical systems has
been an intensive area of research. For the current state of knowledge we refer
to “Extremes and Recurrence in Dynamical Systems” [2, Chapters4 and 6].

Even using a parametric model like GEV there is still an issue of having
enough data. There are several approaches to extract the most information pos-
sible from given measurements. For example, in [1,4] sophisticated clustering
techniques based on information theory ideas were used to group measurements
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from different spatial locations and amplify time-series of temperature record-
ings to improve the validity of GEV estimates for annual summer temperature
extremes in Texas and Germany.

Despite these caveats this paper shows that GEV works very well in estimat-
ing probabilities of rare events in realistic models such as PlaSim, performing
better at the same computational cost than MC and the two IS techniques we
investigate.

2.2 Brute Force Monte Carlo

Given a random variable X distributed according to a distribution p(x), we want
to estimate the probability of a rare event,

va=PXeA) 1

As a naive approach, one could do this by a brute force Monte Carlo (MC)
estimate,

1 N
YaN) = = > 1a(X)
i=1

for some sequence of random variables X; sampled from p(x). Here, E(y4) = ya
(as ¥4 is an unbiased estimator) and for large enough N,

VNYA(N) ~ N(ya, 0*(¥a)

by the central limit theorem (where valid). The relative error of an estimator is
defined to be the standard deviation of the estimator divided by the estimated
quantity. As

o?(1a) = E(1a(X) = ya)*) = EQa(X) = ¥4 =va = Y3 = 7a

for small y4, and Varys(N) = %, the relative error is estimated as

o(Ya)(N)/ya =

1
VNYA

which is large for small y4. This analysis can be found in [16].

2.3 Importance Sampling Techniques

Importance sampling methods work to lower the relative error by a change of
measure from p to another measure p. The idea is to change the distribution of
X in a way that rare events are sampled more often under p and if the steps
in the algorithm by which we do this are accounted for, we obtain an accurate
estimate of the probability of the rare event under p with a significantly decreased
relative error in our estimator. In our applications X is a real-valued random
variable (distance from the origin in Ornstein-Uhlenbeck process, energy level in
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the Lorenz’96 model and temperature or averaged temperature in the PlaSim
model) and rare events will correspond to high values of X.

We alter the probability of rare events by using a weight function whose goal
is to perform a change of measure. Provided X has tails which decay exponen-
tially, the weight function can be chosen as an “exponential tilt”. We now provide
an illustration of the exponential tilt in the context of a normally distributed
random variable. Details for the following estimates are provided in [16].

Suppose we want to estimate the probability y4 of a rare event A = {X > a}
for X ~ N(0,1) so that p(X) = 12 1f we choose,

—(X - C)?

CcX
P = = el M

E(X) ~ Var

we obtain a shift of the average by C. The error of our estimate in the shifted
distribution is given by its variance,

pX) =

~ 2
o2 (Fa) = Pca(X > a)e€ —y3

where Pc,; denotes the probability under a normal distribution with mean C
and variance 1. If we take a = 2 there is a unique minimum of the variance for
a value of C close to 2. In this example a decrease of relative error by a factor
of roughly 4 is produced. Because of the scaling N;A it would take a 16 times

longer brute force run to achieve this result. We remark that this exponential tilt
of the original distribution results in an optimal value of C(a) for each threshold
a for which y4 = P(X > a). Part of the finesse in using IS techniques is to tune
the parameter C.

We now describe the two importance sampling techniques we investigate.

2.3.1 Genealogical Particle Analysis

Genealogical particle analysis (GPA) [16,17] is an importance sampling algo-
rithm that uses weights to perform a change of measure, by a weight function
V(x) (in the previous example V(x) was taken to be Cx but V(x) is application
specific) applied to the original distribution of particles x, under the dynam-
ics. When we talk of particles we may mean paths in a Markov chain model
or trajectories in a dynamical model such as the Ornstein-Uhlenbeck process or
Lorenz’96. These weights can be thought of as measuring the performance of
a particle’s trajectory. If the particle is behaving as though it comes from the
distribution tilted by the weight function V(x) then it is cloned, otherwise it is
killed and no longer used in the simulation. The act of killing or cloning based on
weights is performed at specified time steps separated by length 7. We will refer
to 7 as the resampling time. In theory, the resampling time can chosen between
the limits of the Lyapunov time, so as to not be too large that samples relax
back to their original distribution and the decorrelation time, so as to not be too
small that all clones remain close to each other. In practice, the decorrelation
rate of a trajectory x; under the dynamics is calculated as the autocorrelation
taken over a time lag and the sampling time is then chosen as the smallest time
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lag that results in the autocorrelation of x; being close to zero at a specified
tolerance. A description of the algorithm is given below.

1. Initiate n =1,..., N particles with different initial conditions.
2. Fori=1,...,T¢/t where Ty is the final integration time.

2a.
2b.

2c.

2d.

Iterate each trajectory from time t;-1 = (i — 1)7 to time t; = it.
At time ¢;, stop the simulation and assign a weight to each trajectory n

given by,
eXp(V(xn,ti) - V(xn,ti_l ))

Woi= 2
y ~ 2)
where
1N
Zi=—= ) Wyi
§ 2 W (3)

is the normalizing factor that ensures the number of particles in each
iteration remains constant.
Determine the number of clones produced by each trajectory,

Cn,i = |_Wn,i + ”nJ (4)

where |-] is the integer portion and u, are random variables generated
from a uniform distribution on [0, 1].
The number of trajectories present after each iteration is given by,

Ni = Cn,i (5)

M=

n=1

Clones are used as inputs into the next iteration of the algorithm. For
large N, the normalizing factor ensures the number of particles N; remains
constant; however, in practice the number of particles fluctuates slightly
on each iteration i. To ensure N; remains constant it is common to com-
pute the difference AN; = N; — N. If AN; > 0, then AN; trajectories are
randomly selected (without replacement) and killed. If AN; < 0, then AN;
trajectories are randomly selected (with replacement) and cloned.

3. Provided 7 is chosen between the two bounds specified above, the final set of
particles tends to the new distribution affected by V(x) as N — oo,

- p(x)e’™)
p(x) = m- (6)

where p(x) is the original distribution of the sequence of realizations x, o and
p(x) is the distribution tilted by the weight function V(x).

Probability estimates for rare events y4 = P(X > a) under p(x) are obtained
by the reversibility of the algorithm and dividing out the product of weight
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factors applied to the particles. Suppose A is the event (X > a) for X ~ p(x),
then the expected value in the original distribution denoted by Ey is given by [16],

Tf/‘l'
¥a = Eo(1a) = Z 1a(xn,7, 2)e¥ Om0)e “Vnrye) n Zi (7)

Since GPA weights consider the end distribution of particles, they result in
a telescoping sum in the exponential where the final rare event estimate is a
function of the first and last weight terms only. For a detailed proof of this
equivalence, we refer the reader to [16]. For an illustration of this algorithm, see
Fig. 1.

!

'IIo To +T Tf
e(x) ()

Fig. 1. Illustration of the GPA algorithm.

As seen above, the change of measure is completely determined by the choice
of weight function V(x) in the algorithm.

Furthermore, the algorithm can be applied to any observable ¢ by considering
the continuous random variable X; = ¢(x;) and defining

o exp(V(dB(xn’,i )) - V(¢(xn,ti—1 ))
ni — Zi .

where x,(7) is one of our n =1,..., N realizations and x,;, = x,(#;).
If we are interested in estimating rare event probabilities of a time-averaged
VT xn(t)dt)
quantity the weight W, ; = /t"lz— is given by an integral rather than the

difference W, ; = exp(Vxn.r; ) Vi) and the increments do not telescope. We
next discuss a method, the 'GKLT algorithm, based on large deviations theory
to estimate probabilities of rare events for time-averaged quantities in the next
section. We note here that the GKLT algorithm in its implementation does not

require explicit computation of large deviation quantities such as rate functions.
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2.3.2 Giardina-Kurchan-Lecomte-Tailleur (GKLT) Algorithm
This technique was developed in a series of papers [7,19,20] and uses ideas
from large deviations theory to make estimates of extremes for time-averaged
quantities, for example heatwaves lasting a couple of months or more where the
averaged maximal daily temperature over the two month period would be high.
The advantage is that over long periods of averaging large deviation theory gives
a method which works well, but a disadvantage is that the period of averaging
needs to be long enough for the heuristic arguments involving the rate function
and other quantities from large deviations theory to be valid. In practice, to
calculate the probability of summer heatwave extremes in Europe, the duration
of heatwaves has been set at the order of 90 to 120 days in the literature [14,18].
Suppose ¢ is an observable. We will consider time-averaged quantities
% tg;Tl)T ¢(x(t)) dt over a fixed time-window of length T, j = 1,...,|Ts/T|. We
may choose to apply the weight function V to the integral of n = 1,..., N real-
izations ¢(x,(t)) by defining the set of weights as,

VU ¢ dn)
ni — Zi

L&
Zi=— ) Wy;

where the resampling time 7 = t;_1 — t; is chosen between the limits described in
Sect. 2.3.1 and may differ from the choice of the time-average window length 7.

Applying the method described in algorithm Sect.2.3.1 equipped with Eq. 8
tilts the distribution of the integral -/Zil ¢(x(2)) dt by V(). As a result, the distri-

(8)

with normalizing factor,

bution of the T-time average trajectory % ft S;TI)T ¢(x(t)) dt is tilted in a similar
way. For an illustration of this algorithm, see Fig. (2).

Since the weight is a function of segments of the trajectory (rather than
the distribution of end particles), the telescoping property no longer holds and
estimates in the original distribution require the reconstruction of N-backward
trajectories ¢(xn(t)), n=1,...,N.

Let Ey denote the expected value in the original distribution and suppose O
is some functional of ¢(x,(¢)). Then it can be shown [18],

Ty /T

N T .
Eo(OU8Caozr<r ) ~ 1 3 OUSm (D orary e 900 [ 7, (9)
n=1 i=1

Often, O in Eq.9 is taken as some indicator function of a rare event so
that, Eo(O({¢(x(1))}o<r<ty)) provides some rare event probability estimate. For
example, to obtain the rare event probability estimate that the T-time averaged



160 M. Carney et al.

(b)

Fig. 2. (a) Illustration of the GKLT algorithm and (b) assembly of N backward trajec-
tories. Although shifts in the distribution of the integral are defined by the resampling
time 7, reconstruction of backward trajectories allows for estimates on T-time averaged
trajectories after implementation of GKLT.

observable exceeds some threshold a, we may rewrite Eq.9 as,

Eo (1{; /jﬁ;’”” P(x(1))dt>al0<j<|Ty/T ] }(¢(x(t))))

1 N fo . i
~— DT - b e Vo dxn)(@)dr) .
N £ 1E (1{% ™ ¢(xn(t))dt>a|0<j<|.Tf/TJ}(¢(xn(t)))) ¢ 1_1[ Z
= : i
(10)

A consequence of Eq. 10 is that rare event probabilities P(¥ o ¢(x(t)) > a) for
any functional ¥ of the observed trajectory ¢(x(z)) can be calculated in a similar
way.

Hence, rare event probabilities for longer time-averages can be estimated at
no further computational expense. Different observables are considered in the
next section. We end by remarking that a natural choice is to take V(x) = Cux, if
the rare event consists of exceedance of a certain level.

3 Numerical Results

IS algorithms hinge on their ability to shift the sampling distribution of a system
to increase the probability of the rare event. They open the possibility of reducing
numerical cost while providing a more (or similarly) accurate estimate over a
brute force method. Shifting of the sampling distribution relies on a convergence
assumption to hold for a sufficiently large number N of initial particles. In [16] it
is shown in certain models that the relative error (also a quantity relying on the
number of initial particles N) is smaller for tail probability estimates obtained
from IS methods if the shift is chosen optimally for a specific threshold. For a set
of thresholds ay, statistics on tail probabilities and return time estimates may be
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obtained by averaging over a set of trials, as in [18]. However, this requirement
adds to the true numerical cost of the IS methods. Optimal values of a shift
for any given threshold usually cannot be determined a priori. Moreover, the
magnitude of a shift in the sampling distribution cannot be chosen arbitrarily
because of its heavy dependence on the choice of observable, system and initial
conditions. This dependence limits the algorithm in practice to smaller shift
choices, larger errors and hence, less reliable return time estimates.

We compare numerical results from two well-known IS methods (GPA and
GKLT) with GEV and MC under true numerical costs of obtaining statisti-
cal estimates for sequences of thresholds. In implementation of IS methods, we
choose shifting values as large as possible to obtain accurate return-time esti-
mates and illustrate the problems that occur with dependence on initial condi-
tions. Following recent literature, we use the Ornstein-Uhlenbeck process as a
benchmark for our work and expand to the more complex Lorenz’96 and PlaSim
model. In all systems, we find that the GEV outperforms GPA, GKLT and MC

under the same numerical cost.

3.1 The Generalized Extreme Value (GEV) Model for Numerical
Comparison

3.1.1 GEYV Model for Comparison to GPA Tail Estimates

Since the GPA algorithm considers only the distribution of end particles, tail
probability estimates of a trajectory X; are provided at a sampling rate of T
intervals denoted P(Xr, > ax) for a sequence of thresholds ax. Recall that in
the case of considering an observable under the dynamics, X; can be seen as
the random variable X; = ¢(x;) where x; is the trajectory under the dynamics
at time ¢. To compare across methods, we use the same sampling rate for MC
brute force and GEV modeling. Following standard literature, we may choose
to consider one long trajectory X; of length N- T¢, so that we obtain N samples
taken at Ty intervals of X;. From here we define the subsequence of X; taken at
the sampling rate Ty to be X; 1 for j=1,---,N. We may then define the block
maxima over blocks of length m taken over our subsequence X;r, by,

Mem = maxem<i<e+ym Xiy

such that the number of total block maxima is [N/m| and £ = 1,---,|N/m] and
m is chosen at a length that ensures convergence of the block maxima. For the
purposes of this paper, m = 10 and 100 were checked with m chosen as the value
providing the best fit to the control.

Another option is to run many, say N again, trajectories X;, fori=1---,N
up to time Ty. We denote the sequence of end particles X; 1, SO that X; 1 coincides

with the appropriate fixed sampling rate Ty for each i. Then, we may define the
block maxima over blocks of length m by,

Mt’,m = max{mgfg(f+1)m Xf,Tf
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so that once again, £ = 1,---, N/m] and the total number of block maxima is
LN /m]. In both cases, the distribution of Mg, is theoretically the same, however
we choose the latter to lower numerical error which builds over long trajectories.
An illustration of how the maxima are defined and their relationship to the GPA
algorithm outcome can be seen in Fig. 3.

Xi1,

ur )8y Jo Porg

5T
|
Fig. 3. Illustration of the block maxima for GEV to GPA comparison. Many trajecto-

ries are run under the dynamics up to the sampling time Ty and the final values are
used to form the block maxima (indicated by dashed boxes).

o

N

Classical results for fitting a GEV to the sequence of block maxima M,
require the sequence X: i1 to be independent and stationary. The choice of Ty > 7
ensures that samples taken at Ty intervals are nearly independent. We may fit
the generalized extreme value (GEV) distribution G(x) to the sequence My, by
maximum likelihood estimation of the shape, £, scale o, and location y parame-
ters [5, Section 3.3.2]. Independence assumptions on the sequence X: i1y allows for
reversibility of the probability estimates of the m-block maxima by the following
relationship [5, Section 3.1.1],

G(x) = P(Mem < x) = (F(x))™

where G(x) is the GEV of the m-block maxima estimated by maximum likelihood
estimation and F(x) is the c.d.f. of the trajectory X; sampled at a rate of Ty
intervals. Hence,

P(Xr, > x) ~ 1 - %/G(x) (11)

In the event that independence of X: iy cannot be established, the dependence

weaker conditions such as conditions D2 and D’, if valid, entail convergence of
the sequence of m-block maxima to a GEV distribution.



Analysis and Simulation of Extremes and Rare Events in Complex Systems 163

3.1.2 GEYV Model for Comparison to GKLT Tail Estimates

In the GKLT algorithm, we consider the distribution of the T-time averages
created from the N-backward reconstructed trajectories X, ;. That is, we consider
the probability P(Ar > ay) that the T-time average, Ay = % /OT X(t) dt is greater
than some threshold (or sequence of thresholds) ai. Recall that X, ; = ¢(x,(2)) is
some realization of a trajectory under the dynamics equipped with an observable
#. We run N trajectories under the dynamics up to time 7y and denote this
sequence as X;, for 0 < ¢ < Ty and i =1,---,N. Then the sequence of (non-
overlapping) T-time averages created from the set of trajectories X;, is defined

as,
1 G+)T
A= = X:. dt
T,i,j T ‘[T it

for j =1,---,|Tf —T]. For each fixed j, we define the sequence of maxima taken
over blocks of length m

Mpjm = — max  Ap;.
hm<i<(h+1)m

for h=1,---,||Tf —T]/m] so that we have [|Ty —T|/m] - N number of maxima
in total. Defining the maxima over trajectories for every fixed time step j, rather
than over time steps of a single (long) realization, allows us to keep the integra-
tion time small and minimize numerical error. Following our previous discussion,
we may also choose to consider one long trajectory X;, break it up into a sequence
of non-overlapping T-time averages, and consider the sequence of maxima taken
over blocks of length m taken from this long sequence of averages. Once again,
we note that T > 7 is chosen so that the sequence of averages is roughly inde-
pendent. Hence, the GEV G(x) can be fitted by maximum likelihood estimation
to the sequence My, j,,. The independence of the sequence of T-time averages
allows for reversibility of the probability estimates of the m-block maxima by,

G(x) = P(Mp,j,m < x) ~ (F(x))™

where G(x) is the maximum likelihood estimate for the GEV model of the
sequence of m-block maxima M, j,, and F(x) is the c.d.f. of the sequence of
T-time averages taken from the trajectory X;. Hence,

P(Ar > x) ~ 1 - YG(x) (12)

An illustration of how the block maxima in estimating the GEV are defined
in terms of the sequence of T-time average trajectories for comparison to the
GKLT algorithm can be found in Fig. 4.
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Fig. 4. [llustration of the block maxima for GEV to GKLT comparison. Many trajecto-
ries are run under the dynamics up to time 7y. T-time average sequences are calculated
from the trajectories. For each fixed time step j, the block maxima (indicated by dashed
boxes) are calculated. The 7 interval is shown here to emphasize its difference to T and

does not represent any weighting done to trajectories used in the GEV model.

3.1.3 Return Time Curves
We consider a long trajectory X; such that X; is sampled for over threshold
probability estimates at time Ty > 7 and a rare event threshold a such that
X; < a for most times t. We define the return time r(a) as the average waiting
time between two statistically independent events exceeding the value a.
Following the scheme of [18] we divide the sequence X, into pieces of duration
AT and define ax = max{X;|(k — 1)AT <t < kAT} and sg(a) = 1 if ax > a and
0 otherwise. Then the number of exceedances of the maxima a; over threshold
a can be approximated by a Poisson process with rate A(a) = 1/r(a). Using the
return time c.d.f. FT‘1 for the Poisson process, we have

RS ~log(1 - % S, k(@)
1 — K “k=1
Fy <E;sk(a))— )

where % lele si(a) = Fr(AT) is the probability of observing a return of the
maxima a; above threshold a in AT time steps. For any a; we have an associated
probability px. We denote the reordering of this sequence (ag, px) such that a; >
dg > -+ > dg. Then the return time is given by,

1
log(1 = X5, Pm)

where Zﬁ:k Pm gives an approximation of the probability of exceeding threshold
ay.

Return time plots estimated from outcomes of importance sampling methods
are the result of first averaging return time estimates over a number of exper-
iments for each C, then averaging over all C-return time plots. See Fig. (7) for

r(ar) = - (13)
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an illustration. Only those return times corresponding to threshold values that
fall within 1/2 standard deviation of the tilted distribution are used in this aver-
aging. For the remainder of this paper, the term experiment will be used to
describe a single run of an importance sampling algorithm.

3.2 Ornstein-Uhlenbeck Process

The Ornstein-Uhlenbeck process given by,
dx = —Axdt + ocdW

is a nice toy-example for importance sampling application because it is simple
to implement, has low numerical cost, the distribution of position x is approxi-
mately Gaussian, and it’s correlations decay exponentially. We use this process
with 4 =1 and o =1 as a benchmark for the following numerical investigation.

3.2.1 GKLT
The GKLT importance sampling algorithm is performed on the Ornstein-
Uhlenbeck process with N = 100 initial trajectories, resampling time 7 = 0.1,
and a total integration time of Ty = 2.0. Here, the observable of interest is the
position. At each time step of the algorithm, a new value of noise ‘W is sam-
pled from the standard normal distribution for each cloned trajectory to ensure
divergence of the clones. Time average trajectories are calculated by averaging
the N = 100 backward-reconstructed trajectories over time-windows of length
T = 0.25 with step size equal to T so that no window has overlapping values.
Above threshold probabilities of the T-time average position P(Ar > ag)
where Ay = %/OT x(t) dt are estimated for C = [0.01,0.03,0.05,0.07]. We define

the sequence of T-time averages obtained from realizations ¢(x,(¢)) of the N-
backward reconstructed trajectories as,

1

G+yT .
Anj = = / B, (14)
T Jir

for j = 1,---,|T¢/T]. Then the probability estimate for P(Ar(t) > a) above a
threshold a from Eq. 10 is given as,

Tf/T

l_[ Zi.
i=1

N T
1 ~ _ Ty .
Eo(1x()ag>alosi<ry—1) ~ 7 D, EQ@Cn(0)(a, ;> alj=ro-prppe” o Sxndn
n=1

This approach results in a unique probability estimate for each predefined
threshold a.

Return times are estimated for each value C and sequence of thresholds ax by
Eq. 13 resulting in four return time curves. We perform 100 experiments under
these conditions for a total of 400 return time curves and average to obtain
the result shown in Fig.(5). This process is illustrated in Fig. (7). The total
numerical cost for this estimate is 4 - 10*. Monte Carlo (MC) brute force and
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generalized extreme value (GEV) (Eq.11) probability estimates are obtained
through numerical costs of the same order. We find that GEV and MC brute
force methods outperform GKLT by providing estimates of return times longer
than 1 - 10°.

Another option is to define the sequence corresponding to the maximum
T-time average quantity of a single realization ¢(x,) given by,

1 (j+1)T .
T) = = t))dt. 15
w) =, e [ b (15)
This results in a sequence of maximum thresholds a,(T), one per each realiza-
tion of ¢(x,(t)). For each threshold a,(T), there exists an associated probability

estimate,
Tf/T
1 Ty -
Pn = Ne_CﬂJ ¢(xn(t))dt l_[ Zi,
i=1

which is the result of plugging the threshold values of Eq.15 into Eq.10 and
noting that,

E(l(x”(t)){% /JF}“)T qS(xn(t))dt>a,,(t,r)\osrng—T})

The sequence (a,(T), pn) for 1 < n < N is then reordered for decreasing values
of a,. We denote the ranked sequence (a,(¢), p,) where d; > ds > --- > dy and
associate a return time r(d,) defined by Eq. 13 using the reordered sequence p,,.
We refer to [18] for more details on this approach. Return time curves are then
obtained by linearly interpolating the pair (a,(T), r,(a,)) over an equal spaced
vector of return times. GKLT is run with the same initial conditions as stated
above. We refer to Fig. (6) for this discussion. Choosing to calculate return time
curves in this way allows for estimates of longer times; however, this tends to be
at the expense of accuracy. Equation 14 allows for more control over the choice
of range of thresholds included from the shifted distribution.

GEV and MC estimates are obtained through numerical costs of the same
order. Deviation statistics for GKLT, GEV, and MC methods, represented by
dashed lines in Fig. (6), are calculated by finding the minimum and maximum
deviation in 100 experiments. Solid lines about the GEV represent the 95% confi-
dence intervals coming from the likelihood function for the GEV estimated from
the corresponding MC simulation. We compare all results against a long control
run of order 1-10%. We find that GEV and GKLT methods provide more accu-
rate estimates of return times longer than 1 -10° compared to the MC method.
Moreover, the GEV outperforms the GKLT algorithm by providing surprisingly
accurate return time estimates with smaller deviation for all thresholds except
in a small fraction of cases.

A possible explanation for the poor performance of the GKLT algorithm
comes from the fact that the tilting coefficient C cannot be chosen arbitrar-
ily large to obtain longer return time estimates without some change in the
initial conditions (e.g. integration time, number of starting trajectories). Large
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choices of C result in a lower number of parent trajectories (as many copies are
killed) which causes the tilted distribution to breakdown Fig. (8). This break-
down results in increasingly inaccurate return time estimates, even for thresholds
sitting close to the center of the tilted distribution.

3.2.2 GPA

The GPA importance sampling algorithm is performed with N = 100 starting
trajectories, resampling time 7 = 0.1, and a total integration time of Ty = 2.0.
The final trajectories X, 7, from GPA with tilting constants C = [2, 3,4] are used
to estimate the above threshold probabilities P(X7, > ax) and return time curves.
To begin, we perform 10 experiments, with the initial conditions described above,
resulting in a total of 30 return time curves (10 experiments for each value of
C) and average to obtain the result shown in Fig. (9). The total numerical cost
for this estimate is 3 - 103 compared to the long control run of 1-105. We find
that GPA and GEV methods provide nearly equivalent results for return times
up to 1-10* with GPA and GEV methods outperform Monte Carlo brute force
estimates for return times longer than 1 - 10%. On average, GPA provides a
slightly closer approximation to the control curve than that of the GEV method
for longer return times; however, the deviation of this estimate is much larger
than that of GEV.

Next, we consider larger values of C to test whether reliable estimates can
be obtained for thresholds exceeding the control run. We run 30 experiments
for 10 different values of C = [1,2,...,10] under the same initial conditions
as stated above for a total numerical cost of 3 - 10*. We average the resulting
return time curves shown in Fig. (7) to obtain the final return time plot Fig. (10).
As seen in the estimates for GKLT, higher values of C with unchanged initial
conditions provide less accurate return-time results even for those thresholds
which sit at the center (e.g. have the highest probability of occurrence) of the
tilted distribution. On the other hand, GEV methods with the same numerical
cost of 3-10* show surprisingly reasonable estimates for return times longer than
the control method can provide at numerical costs of 1 -10°.

3.2.3 Relative Error Estimates
We now discuss relative error estimates on return probabilities across GPA,

GEV, and MC methods. The relative error is estimated as ,/Z]K:l %()7 - y)2/y

where 7 is the estimate for each of K = 100 experiments and vy is the long control-
run estimate. The relative error is essentially the average deviation of the tail
probability estimate ¥ from the true value y where it is assumed that y follows
a Gaussian distribution with mean y [16,17] for a sufficiently large number N
of starting particles. For lower values of N, the relative error calculated in this
way has an underlying measurement error in the bias that is observed for y in
lower N values. Although this bias is often considered negligible, the sensitivity
of long return times to small deviations in the tail probability estimate suggest
otherwise. We first illustrate that the relative error cannot be used reliably for
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thresholds whose optimal tilting value is not approximately C. We calculate an
estimate of the mean u(y) = % Z,Ile vk for K = 100 experiments with N = 1000
and three different values of C. Then, we calculate the relative deviation of u(y)
from the “true” mean y by /(u(y) — y)?/y for each value of the threshold. Results
in Fig. (11) show that this deviation is small only for thresholds whose tilting
value C lies near the optimal value.

The effects of this deviation can be seen in return time estimates. We calculate
the return time curves from 100 experiments of GPA and GEV methods with N =
1000 (Fig. (13)) Clearly, GEV methods produce a larger standard deviation for
return times. Under the assumptions above, the relative error for GEV methods
would be larger than that of GPA; however, the mean of the tail probabilities
obtained from GEV are nearly exactly those of the long control run. On the other
hand, GPA produces a much smaller standard deviation (relative error) while
the mean of the tail probabilities have accurate estimates only near thresholds
for which the C value is chosen optimally.

We remark that for a single threshold and a close to optimal value of C,
relative error estimates are reliable and GPA outperforms GEV and MC methods
under relative error (Fig. (12)) while providing accurate return time estimates
(Fig. (13)). These results are consistent with those of [16]. Interestingly, though
not surprisingly, are the results on equivalent relative error for the GEV and MC
methods for shorter return times. This equivalence suggests that the advantage
of GEV over MC methods comes from its ability to estimate longer return times
where MC methods fail to provide results.

3.3 Lorenz Model

The Lorenz 1996 model consists of J coupled sites x; on a ring,
X1 = x-1(X41 — X1-2) + R—x;

[=0,...,J —1 where the indices are in Z mod J. The parameter R is a forcing
term and the dynamics is chaotic for R > 8 [24,25]. The energy E(x) = % Zl]=1 xf
is conserved and there is a repelling fixed hyperplane x; = R, [ = 0,...,J — 1.
The extremes of interest investigated numerically in [16] and in our preliminary
work were tail probabilities of the form P(E(x(¢)) > E;). The energy observable
on this system has an approximately Gaussian distribution.

3.3.1 GPA, GEV and MC
The weight function is taken to be the change AE of energy i.e. E(x(t+1))—E(t) for
a single time step and from this an exponential weight function W = exp(CAE) is
constructed, depending on a single parameter C (large C makes tail probabilities
greater). For this analysis, we choose J = 32 sites and a forcing coefficient R = 64.
The GPA importance sampling algorithm is performed with N = 2000 and
5000 starting trajectories, a resampling time 7 = 0.08, and a total integration
time of Ty = 1.28. At each time-step of the algorithm, a random perturbation
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sampled from [-&, &] where ¢ = O(1073) is added to the clones of the previ-
ous iteration to ensure divergence. The final trajectories from GPA with tilting
constants C = [3.2-1073,6.4-1073] are used to calculate the above threshold prob-
abilities and return time curves. The return time curve is calculated by averaging
over 10 experiments. Return time curves from the GEV and MC methods are
created from runs of equal numerical cost 4 - 104, and 1 - 10°, respectively. All
estimates are compared to a long control run of 1-10°. For N = 2000 initial start-
ing particles both GEV and MC methods outperform GPA by providing more
accurate return time estimates for times longer than 1-10% (Fig. 14). GPA seems
to provide more accurate estimates for returns longer than 1-10° for N = 5000;
however, the deviation of the averaged return time curve is much larger than
that of GEV or MC methods for all thresholds (Fig. 15).

The complexity of the Lorenz’96 highlights some of the major pitfalls in GPA.
Intuitively, the choice of tilting value C is (roughly) the shift required for center
of the distribution of the observable to lie directly over the threshold of interest.
The Lorenz system provides an example of the difficulties involved in choosing
this tilting value in practice. Similar to the OU system, the underlying dynamics
of the Lorenz system equipped with the energy observable distorts the shifted
distribution. Unlike the OU system, this occurs for very low values of C even
though the observable range is much larger. As a result, the intuitive choice of
C for thresholds in the tail of the distribution cannot be used. The values of C
chosen here are taken from preliminary work related to [16].

A related issue is the number of initial particles required to give an accu-
rate return time curve. Relative error arguments for GPA do not hold here both
because the optimal tilting value C to threshold pair is nontrivial for complex
systems and because the value C cannot be chosen arbitrarily large. An alterna-
tive to this issue is to choose a large enough number of initial particles N so that
relative error is only affected by the standard deviation of the tail probability
estimates 7 (see. Sect.3.2); however, this number is nontrivial as convergence
depends on how far the optimal value is from the chosen tilting value.

GEV and GPA methods are able to estimate longer return times compared
to MC brute force methods for the Lorenz 96 system. GEV has the advantage
of maintaining the same relative error growth while difficulties in the optimal
choice of C and initial values cause probability tail estimates from GPA to have
much larger relative error. Furthermore, GEV likelihood estimation requires a
single run to estimate the optimal return level plot with confidence intervals
where relative error can be approximated by the standard brute force growth
rate (~ 1/\/N7A). On the other hand, GPA requires many runs to estimate the
relative error and return level plot for threshold values that do not correspond
to the center (or near center) of the C-shifted distribution.

3.4 Planet Simulator (PlaSim)

We now describe a climate model on which our analysis will focus—Planet Simu-
lator (PlaSim): a planet simulation model of intermediate complexity developed
by the Universitat Hamburg Meteorological Institute [10]. Like most atmospheric
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models, PlaSim is a simplified model derived from the Navier Stokes equation in
a rotating frame of reference. The model structure is given by five main equa-
tions which allow for the conservation of mass, momentum, and energy. For a
full list of the variables used in the following equations please see Table 1. The
key equations are as follows:

e Vorticity Equation
a¢ 1 90 9 & h o 2h
— =% - —% - = -K(-1)"v 16
o S Toman T ap T KeUtvRe (16)
e Divergence Equation
Uz +v?
2(1-4?)

D 1 3 d

2
— = = —F, -V
ot 1 Zan otV

+ @+ TR Inpg) - TB -K(-1"v* p (17)
F

Thermodynamic Equation

T’ 19 i) T Tw Tr-T h o
= (UT") -~ —(VT')+ DT’ = 6 —— + k— + —— — K(-1)" T (1
ot (1 -u?) 6/1( ) 0,14( )+ s e P * TR DtV ( 8)

Continuity Equation

d(In py) U d(nps) . d(npy) filoa
=- -V -p-2Z 19
ot 1-u2 04 ou oo (19)
e Hydrostatic Equation
o0
S 2
d(lno) (20)
Here,
U=ucosp—uyl—pu2 V=vcos¢—vyl-—p2
L oU ,0(Inpy) % , 5. 0(In py)
W =Vi—o— -T2 = Ul - —T'(1 - 2=
FumVe-0gs a D §=05; TU-1)—5)

The combination of vorticity (16) and divergence (17) equations ensure the
conservation of momentum in the system while the continuity equation (19)
ensures conservation of mass. The hydrostatic equation (18) describes air pres-
sure at any height in the atmosphere while the thermodynamic equation (18) is
essentially derived from the ideal gas law .

The equations above are solved numerically with discretization given by a
(variable) horizontal Gaussian grid [9] and a vertical grid of equally spaced levels
so that each grid-point has a corresponding latitude, longitude and depth triplet.
(The default resolution is 32 latitude grid points, 64 longitude grid points and
5 levels.) At every fixed time step 7 and each grid point, the atmospheric flow is
determined by solving the set of model equations through the spectral transform
method which results in a set of time series describing the system; including
temperature, pressure, zonal, meridional and horizontal wind velocity, among
others. The resulting time series can be converted through the PlaSim interface
into a readily accessible data file (such as netcdf) where further analysis can be
performed using a variety of platforms. We refer to [10] for more information.
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Table 1. List of variables used in PUMA.
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¢ | Absolute vorticity A | Longitude
¢ | Relative vorticity ¢ | Latitude
D | Divergence o | sin(g)
® | Geopotential k | Adiabatic coefficient
w | Vertical velocity 7R | Timescale of Newtonian cooling
p | Pressure 7 | Timescale of Rayleigh friction
ps | Surface pressure o | Vertical coordinate p/ps
K | Hyperdiffusion o | Vertical velocity do/dt
u | Zonal wind v | Meridional wind
h | Hyperdiffusion order | Tg | Restoration temperature
T | Temperature T |T-Tg
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Fig. 5. Return time estimates for the Ornstein Uhlenbeck process time average observ-
able using GKLT for 4 different C values and 100 experiments, GEV, and Monte Carlo
brute forces methods with numerical cost 4 - 10%. Relative error curves for MC brute
force and GEV estimates are represented by dashed lines. Relative error estimated by

100 experiments of the GKLT process is represented by the shaded red region.
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Fig. 6. Return time estimates from the sequence of maxima taken over each
trajectory for the Ornstein Uhlenbeck process time average observable using GKLT
for 4 different C values and 100 experiments, GEV, and Monte Carlo brute forces
methods with numerical cost 4-10%. Relative error estimates for GEV and MC methods
(dashed lines) and GKLT (red region) are estimated from 100 experiments.

3.4.1 GKLT, GEV and MC
Our observable of interest in PlaSim is the time series of summer European spa-
tial average temperature anomalies. For simplicity, we set the climate bound-
ary data to consistent July 1st conditions and remove the diurnal and annual
cycles. This allows for perpetual summer conditions and saves on computational
time. We define the European spatial average as the average over the set of 2-
dimensional latitude and longitude pairs on the grid located between 36°N-70°N
and 11°W-25°F. Spatial average values are taken at 6h intervals. We subtract
the long-run mean to obtain the sequence of summer European spatial average
temperature anomalies used in this analysis.

We perform the GKLT algorithm on the European spatial averaged temper-
ature time-series by considering initial values as the beginning of a year (360
days) to ensure each initial value is independent. It is important to note that
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Fig. 7. Return time estimates for the Ornstein Uhlenbeck process time average observ-
able illustrating the choice of return time curves after GKLT implementation.
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Fig. 8. Return time estimates for the Ornstein Uhlenbeck process time average observ-
able illustrating the breakdown of the distributions for large values of C.

initial values may be taken at much shorter intervals. We choose one year inter-
vals because this initial data was readily available from the long control run. We
estimate the resampling time 7 = 8 days as the approximate time for autocor-
relation to reach near zero. For each experiment, we use 100 years (100 initial
values) run for 17 complete steps of the GKLT algorithm, or 136 days, to esti-
mate anomaly recurrence times for the 7' = 8-day time average. We remark that
the choice of T and 7 here are the same, however this is not a requirement of the
algorithm as illustrated in the Ornstein-Uhlenbeck system in Sect. 3.2. Results
are compared to a 400 year (144,000 day) control run. Added noise to ensure
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Fig.9. Return time estimates for the Ornstein Uhlenbeck process using GPA for 3
different C values estimated over 10 experiments, GEV, and Monte Carlo brute forces
methods with numerical cost 3-103. Relative error estimates for GEV and MC methods
(dashed lines) and GPA (red region) are estimated from 10 experiments.

divergence of cloned trajectories is sampled uniformly from (preprogrammed
noise) [-£V2, £V2] where & = 0(107%).

Six experiments of the GKLT algorithm are performed on a starting ensemble
of N = 100 trajectories with initial values taken as the starting value of the Euro-
pean spatial average at the beginning of each year. The values C = [0.01,0.05] (3
experiments per C value) are chosen to tilt the distribution of the spatial-time
average at resampling times 7 = 8 days. We remark that constants C = [0.1, 2]
are also tested with less favorable results; however, these tests are not included
in the total numerical cost of MC brute force and GEV methods. We choose the
observable described by Eq.(15), with ¢(x,(¢)) taken as the European spatial
average temperature, to estimate return time curves of the 8-day time average
of European spatial averaged temperature.

We refer to Fig. 16 for this discussion. GEV and MC methods agree almost
completely up to return times of 1-10% with the GEV continuing to provide
estimates for longer return times. 95% confidence intervals for the GEV (green
thin lines) are a result of the likelihood function. The return time curve for GKLT
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Fig. 10. Return time estimates for the Ornstein Uhlenbeck process using GPA for 10
different C values estimated over 30 experiments, GEV, and Monte Carlo brute forces
methods with numerical cost 3-10%. Relative error estimates for GEV amd MC methods
(dashed lines) and GPA (red region) are estimated from 30 experiments.

is formed by the set of return time values from each of the 6 experiments that fall
within 1/2 standard deviation of the mean of the shifted distribution. Hence, the
deviation for GKLT (red region) is estimated by the minimum and maximum
deviation of anywhere between 2 and 6 return time values for each threshold.
Compared to that of the long control run, GKLT provides reliable estimates for
return times up to 1-10%, while GEV estimates remain near those of the long
control run for return times up to 1 - 10%. Deviation estimates for GKLT are
smaller than the 95% confidence interval for the GEV for return times longer
than 1-10%; however, this may be the result of a low number of experiments. We
also remark that the deviation estimate of the GKLT method for return times
of the 8-day average anomaly near 1.5 K are much smaller compared to other
thresholds. This reduction suggests that at least one of the C values chosen in
GKLT is close to optimal for the 1.5 K threshold.
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Fig.11. Relative deviation for the OU process of the estimated mean u(yy) from
K = 100 runs of GPA with N = 1000 from the assumed, asymptotic mean y. This
deviation is only near zero for thresholds whose optimal tilting value C is chosen in
the weight function (marked with a o). Relative deviation of the estimated mean from
the GEV method is consistently near zero, suggesting that even though the deviation
is larger, the estimate is more reliable.

4 Discussion

In this paper we have discussed two importance sampling (IS) methods:
Genealogical particle analysis (GPA) which is used to estimate tail probabili-
ties of a time series of observations at a fixed sampling rate, and GKLT which is
used to estimate tail probabilities of a corresponding time average. Both methods
work by tilting the distribution of observations in a reversible way so that the
rare events corresponding to tail probabilities are sampled more often. We have
illustrated the particular case when the observations of interest are distributed
according to a roughly symmetric distribution and a rare event consists of an
exceedance of a certain level where the natural choice of tilt corresponds to a
shift towards the tail.
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Fig. 12. Relative error for OU process of MC, GEV and GPA probability estimates of
fixed threshold 2 and corresponding optimal tilting value C = 4.

We compare results of these two methods with classical statistics where rare
event estimation is given by the Generalized Extreme Value (GEV) distribution.
Under the goal of obtaining a return level curve, we have shown that the GEV
outperforms both IS methods for all three systems used in this analysis by pro-
viding generally lower relative error and longer return time estimates. We have
also illustrated a few disadvantages in IS methods including the strict depen-
dence of the tilting value to initial conditions and requirement of multiple runs
for return time curve and relative error estimation while demonstrating that
classical GEV results only require a single run to estimate return time curves
and follow standard brute force relative error growth. On the other hand, we
have shown that our results do not conflict with previous literature and that
both the GEV and IS methods outperform Monte Carlo brute force methods
in estimating longer return times. In fact, following previous literature we have
shown that IS methods can result in lower relative error than that of the GEV
on subsets of tail probabilities (and hence, that of MC brute force) provided the
optimal tilting value can be chosen.
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Fig. 13. Illustration for the OU process of the deviation of the return time curves from
the control for GEV and 3 different tilting C values of GPA. Notice that the average
return time curve (red) for the GEV fits the control (black o) for all long return times
while accurate estimates for GPA only occur near the optimal threshold value.

In general, these results support the idea of using GEV methods over IS
under the condition that optimal tilting values cannot be determined a priori
and/or return time curves, rather than returns for a single level, are of interest.
We emphasize that these results should not be taken to discount the value of
importance sampling. The power of these methods can be seen in the decrease in
relative error when optimal tilting values can be chosen. It would be interesting
to see more theoretical work in estimating such values which, at the moment,
requires an explicit formula of the (unknown) distribution of the observable.
Other numerical work can also be completed using IS methods which does not
involve tail probability estimation. One particular perspective we plan to explore
is the algorithms’ ability to provide the set of trajectories which most likely end
in an extreme event.
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Fig. 14. Return time estimates for the Lorenz’96 process using GPA for C = [3.1 -
1073,6.4-1073] estimated over 10 experiments for N = 2000 starting particles, GEV, and
Monte Carlo brute forces methods with numerical cost 4 -10%. Relative error estimates
for GEV amd MC methods (dashed lines) and GPA (red region) are estimated from
10 experiments.
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Fig. 15. Return time estimates for the Lorenz’96 process using GPA for C = [3.1 -
1073,6.4-1073] estimated over 10 experiments for N = 5000 starting particles, GEV, and
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for GEV amd MC methods (dashed lines) and GPA (red region) are estimated from
10 experiments.
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Fig. 16. Return time estimates for 8-day average temperature anomalies from PlaSim
using GKLT for C = 5-1072 for N = 100 over 136 days starting particles, GEV and
Monte Carlo estimates are provided with numerical cost 6 x 100x 136 days. The control
return time curve comes from a long brute-force run of 144,000 days. Green outer
lines indicate the 95% confidence interval of the GEV. Red filled region indicates the
deviation of the GKLT algorithm estimated over 6 runs.
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Abstract. This article surveys the burgeoning area at the intersection of
dynamical systems theory and algorithms for NP-hard problems. Tradi-
tionally, computational complexity and the analysis of non-deterministic
polynomial-time (NP)-hard problems have fallen under the purview of
computer science and discrete optimization. However, over the past few
years, dynamical systems theory has increasingly been used to construct
new algorithms and shed light on the hardness of problem instances.
We survey a range of examples that illustrate the use of dynamical sys-
tems theory in the context of computational complexity analysis and
novel algorithm construction. In particular, we summarize a) a novel app-
roach for clustering graphs using the wave equation partial differential
equation, b) invariant manifold computations for the traveling salesman
problem, c) novel approaches for building quantum networks of Duffing
oscillators to solve the MAX-CUT problem, d) applications of the Koop-
man operator for analyzing optimization algorithms, and e) the use of
dynamical systems theory to analyze computational complexity.

Keywords: Computational complexity -+ Dynamical systems theory -
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1 Introduction

Dynamical systems theory and computational complexity have, predominantly,
been developed as independent areas of research over the last century with little
interaction and mutual influence. Dynamical systems theory has its origins in
the seminal work of Henri Poincaré [1] on celestial mechanics. Computational
complexity theory, on the other hand, originated in the works of Alan Turing [2]
and Alonzo Church [3] in the 1930s and has played an intimate role in the
computing revolution of the twentieth century.

Eventually, dynamical systems theory (or nonlinear dynamics) found broad
application beyond celestial mechanics. In particular, it has been used extensively
to model and analyze engineering systems [4], physics of natural phenomena, bio-
logical [5] and chemical processes [6], fluid dynamics [7], and epidemiology [8] to
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name a few. Moreover, the analysis of dynamical systems is typically intimately
tied to numerical methods [9,10] and scientific computation [11].

Links to the applications (outlined in the previous paragraph) have played a
critical role in the theoretical development of the field. For example, they have
influenced the development of various sub-areas within nonlinear dynamics such
as ergodicity [12], chaos theory [13], and symbolic dynamics [14] to name a few.
For a broad overview of the theoretical approaches to dynamical systems, we
refer the reader to [15]. Although, dynamical systems theory has found wide
application in engineering and the sciences, it has received scant attention from
the computer science community.

Local continuous optimization techniques such as Nesterov’s method [16]
have recently been analyzed from a dynamical systems perspective [17]. Nes-
terov’s method is an optimal gradient descent algorithm in terms of convergence
rate. In [17], the authors derive a dynamical system by invoking a continuous
time limit of the optimization step size. They then analyze the resulting ordi-
nary differential equations (ODEs) to provide valuable insight into the algorithm
and its associated optimality. Additionally, in [18] the authors use calculus of
variations to gain additional insight into the convergence rates of accelerated
gradient descent schemes. Although, this body of work does fall under the cate-
gory of novel application of dynamical systems theory to optimization methods,
we will not discuss it at length in this paper for two reasons (a) this work has
sparked extensive follow-on work and consequently, various summary articles
and presentations are already available, and (b) they appear to be restricted to
accelerated gradient methods with no clear extension to the broader theory of
computational complexity.

Non-deterministic polynomial-time (NP)-hard and -complete complexity
classes can be traced to seminal work by Cook in 1971 [19]. The broad applica-
bility of this work was outlined in a highly influential publication by Karp [20].
NP-hard problems such as the traveling salesman problem (TSP) [21] and lattice-
based vector problems [23] arise in a wide variety of applications ranging from
DNA sequencing and astronomy [22] to encryption [23]. In essence, the compu-
tation of optimal solutions for these problems quickly becomes intractable with
the size of the instance (unlike problems that lie in the P complexity class).
Note that some problems such as graph isomorphism [24] lie in the NP com-
plexity class but are not expected to be NP-complete or NP-hard. Over the last
few years, several efficient heuristic algorithms for approximating the solutions
of NP-hard problems have been developed. For example, careful implementa-
tions of the Lin-Kernighan [25] and branch-and-bound [26] heuristics have been
successful in computing optimal solutions of several large instances of the TSP.
However, most NP-hard problems suffer from a lack of scalable approaches.
Moreover, as long as P # NP (where P is the complexity class of problems
that can be solved in poylnomial time on a deterministic Turing machine), even
efficient heuristics for some of these problems will remain elusive. See Fig. 1 for
the hypothesized relationship between the most popular classes.
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Fig. 1. The computational complexity map for the most common complexity classes.

In this work, we start by surveying the use of dynamical systems in the
context of constructing state-of-the-art algorithms for NP-hard problems. In
particular, we will cover the use of dynamical systems theory for constructing
decentralized graph clustering algorithms [27,28], solutions for the TSP [29],
and quantum-inspired networks of Duffing oscillators for solving the MAX-CUT
problem [30]. We then switch to the use of dynamical systems theory for analysis
of algorithms [31] and the underlying problems [32,33].

The goal of this survey paper is to highlight the potential application of
dynamical systems theory for optimization of complex functions and analysis
of computational complexity theory. This is a nascent field which presents the
possibility of tremendous impact. Additionally, we expect this area to lead to
new theoretical developments in nonlinear dynamics theory and novel algorithms
for computationally intractable problems.

Ziessler, Surana, Speranzon, Klus, Dellnitz, and Banaszuk have all served as
co-authors in my efforts in this area. However, my extensive discussions with
Prof. Michael Dellnitz inspired me to delve deeper into the area of dynamical
systems and the analysis of algorithms!
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2 Novel Algorithm Construction: Decentralized Graph
Clustering

Algorithms for graph analysis have a wide variety of applications such as routing,

pattern recognition, database searches, network layout, and Internet PageRank
to name a few [34]. Although some of the problems can be solved efficiently on
present day computing devices, several graph analysis problems are computa-
tionally intractable [35]. For example, the problem of partitioning graphs into
equal size sets while minimizing the weights of cut edges arises in a range of
settings such as social anthropology, gene networks, protein sequences, sensor
networks, computer graphics, and Internet routing algorithms [28]. To avoid
unbalanced cuts, size restrictions are typically placed on the clusters; instead
of minimizing inter-connection strength, if one minimizes the ratio of the inter-
connection strength to the size of individual clusters, the problem becomes NP-
complete [36,37].

In [27,28], a novel decentralized algorithm for clustering/partitioning graphs
that exploits fundamental properties of a dynamically evolving networked system
was constructed. In particular, by propagating waves in a graph, one can compute
partitions or clusters in a completely decentralized setting. The method is orders
of magnitude faster than existing approaches [39]. This is our first example of
a dynamical systems theory based algorithm for a combinatorial optimization
problem. We now discuss the details of the approach.

Let G = (V,E) be a graph with vertex set V' = {1,..., N} and edge set
E CV xV, where a weight W;; > 0 is associated with each edge (i,5) € E,
and W is the N x N weighted adjacency matrix of G. We assume that W;; = 0
if and only if (4,7) ¢ E. The (normalized) graph Laplacian is defined as,

1 ifi = j
Lij={-Wy/XL, We if(ij) € E (1)
0 otherwise,

or equivalently, L = I — D~'W where D is the diagonal matrix with the row
sums of W.

Note that in [28], only undirected graphs were considered. The smallest
eigenvalue of the Laplacian matrix is Ay = 0, with an associated eigenvector
vl =1 = [1,1,...,1]T. Eigenvalues of L can be ordered as, 0 = A1 < Ay <
Az < -+ < Ay with associated eigenvectors 1,v() v ...v(N) [36]. Tt is well
known that the multiplicity of A\ is the number of connected components in the
graph [36].

Given the Laplacian matrix L, associated with a graph G = (V, E), spectral
clustering divides G into two clusters by computing the signs of the N elements
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of the second eigenvector v(?), or Fiedler vector. For further details about the
computation of two or more clusters see [36].

There are many algorithms to compute eigenvectors, such as the Lanczos
method or orthogonal iteration [38]. Although some of these methods are dis-
tributable, convergence is slow [38] and these algorithms do not consider/take
advantage of the fact that the matrix for which the eigenvalues and eigenvectors
need to be computed is the adjacency matrix of the underlying graph. In [39], the
authors propose an algorithm to compute the first k largest eigenvectors (asso-
ciated with the first k eigenvalues with greatest absolute value)! of a symmetric
matrix. The algorithm in [39] emulates the behavior of orthogonal iteration using
a decentralized process based on gossip algorithms or deterministic random walks
on graphs. This approach can be slow as it converges after O(r log® N ) itera-
tions [39] where 7 is the mixing time for the random walk on the graph and N
is the number of nodes.

This procedure is equivalent to evolving the discretized heat equation on the
graph and can be demonstrated as follows. The heat equation is given by,

ou

T Au,
where u is a function of time and space, du/0t is the partial derivative of u with
respect to time, and A is the Laplace operator [28].

When the above equation is discretized on a graph G = (V, E) one gets the
following equation:

w(t+ 1) =w(t) - Y Liju(t),

JEN(4)

for 4,5 € V. Here u;(t) is the scalar value of u on node i at time ¢ and N (4)
are the neighbors of node ¢ in the graph. The graph Laplacian L = [L;;] is the
discrete counterpart of the A operator. The above iteration can be re-written,
in matrix form, u(t + 1) = (I — L) u(t) where u(t) = (uy(t),...,un(t))’. The
solution of this iteration is,

u(t) = Col+ C1(1— A)'v® 4. 4 On(1 = Ay) v (2)

where constants C; depend on the initial condition u(0). It is interesting to
note that in Eq. (2), the dependence of the solution on higher eigenvectors and
eigenvalues of the Laplacian decays with increasing iteration count. Thus, it is
difficult to devise a fast and distributed method for clustering graphs based on
the heat equation.

In [27,28], a novel algorithm based on the idea of permanent excitation of the
eigenvectors of I — LL using dynamical systems theory is constructed. In a theme
similar to Mark Kac’s question “Can one hear the shape of a drum?” [40], it was
demonstrated that by evolving the wave equation in the graph, nodes can “hear”

! Note that in the case of spectral clustering we desire to compute the smallest k

eigenvectors of L. The algorithm is still applicable if we consider the matrix I — L.
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the eigenvectors of the graph Laplacian using only local information. Moreover,
it was shown, both theoretically and on examples, that the wave equation based
algorithm is orders of magnitude faster than random walk based approaches for
graphs with large mixing times. The overall idea of the wave equation based
approach is to simulate, in a distributed fashion, the propagation of a wave
through the graph and capture the frequencies at which the graph “resonates”.
In other words, it was shown that by using these frequencies one can compute
the eigenvectors of the Laplacian, thus clustering the graph.

The wave equation based clustering approach can be described as follows.
Analogous to the heat equation case (Eq.2), the solution of the wave equation
can be expanded in terms of the eigenvectors of the Laplacian. However, unlike
the heat equation where the solution eventually converges to the first eigenvector
of the Laplacian, in the wave equation all the eigenvectors remain eternally
excited (a consequence of the second derivative of u with respect to time). This
observation is used to develop a simple, yet powerful, distributed eigenvector
computation algorithm. The algorithm involves evolving the wave equation on
the graph and then computing the eigenvectors using local FFTs. The graph
decomposition /partitioning algorithm based on the discretized wave equation
on the graph is given by,

u;(t) = 2u(t — 1) —wy(t — 2) — ¢ Z Liju;(t —1), (3)
JEN (i)

where >, ;) Liju;(t — 1) originates from the discretization of the spatial
derivatives in the wave equation. The rest of the terms originate from discretiza-
tion of the 9?u/0t? term in the wave equation. To update u; using Eq. (3), one
needs only the value of u; at neighboring nodes and the connecting edge weights
(along with previous values of u;).

The main steps of the algorithm are shown as Algorithm 1. Note that at each
node (node 7 in the algorithm) one only needs nearest neighbor weights L;; and
the scalar quantities u;(¢ — 1) also at nearest neighbors. We emphasize, again,
that u;(t) is a scalar quantity and Random([0, 1]) is a random initial condition
on the interval [0, 1]. The vector VEJ ) is the i-th component of the j-th eigenvec-
tor, Tinaz is a positive integer derived in [27,28], FrequencyPeak(Y,j) returns
the frequency at which the j-th peak occurs and Coefficient(w;) return the
corresponding Fourier coefficient.

Proposition 1. The clusters of graph G, determined by the signs of the elements
of the eigenvectors of L, can be computed using the frequencies and coefficients
obtained from the Fast Fourier Transform of (u;(1),...,;(Tmaz)), for all i and
some Tiaz > 0. Here u; is governed by the wave equation on the graph (shown
in Eq. 3) with the initial condition u(—1) = u(0) and 0 < ¢ < /2.

Proof. For the proofs see [27,28]. O
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Algorithm 1. Wave equation based eigenvector computation algorithm for
node i. At node i one computes the sign of the i-th component of the first k
eigenvectors. The cluster assignment is obtained by interpreting the vector of k
signs as a binary number.

1: u;(0) < Random (][0, 1])

2: ui(—l) — ui(O)

i t—1

4: while t < Trnax do

5: ui(t)<—2ui(t—1)—ui(t—2)—
’ c? Zjej\/(i) Liju;(t —1)

6: t—t+1

7: end while

8: Y « FFT ([u;(1),...... , Ui (Trnaz)])

9: for j € {1,...,k} do

10: wj < FrequencyPeak (Y, j)

11: vgj) «— Coefficient(w;)

12: if vgj) > 0 then

13: Aj —1

14: else

15: A;j <0

16: end if

17: end for

18: ClusterNumber «— Zle Ay2i~1

The above proof demonstrates that the approach is fundamentally decentral-
ized. Moreover, it is shown in [27,28] that the convergence of the wave equation
based eigenvector computation depends on the mixing time of the underlying
Markov chain on the graph, and is given by,

2(,—1/7 _ -1
Tnae = O | arccos (2 re (62 1)> + O(N), (4)
where 7 is the mixing time of the Markov chain. Thus, the wave equation based
algorithm has better scaling with 7 for graphs of any size (given by N, see Fig. 2).

The above work is an example of the construction of a state-of-the-art algo-
rithm using dynamical systems theory. This work has also found application
in distributed numerical computations [41] and uncertainty quantification [42].
We now present another example of constructing novel algorithms for NP-hard
problems using the theory of nonlinear dynamics and invariant manifold com-
putations.
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Fig. 2. Comparison of convergence rates between the distributed algorithm in [39]
and our proposed wave equation algorithm for ¢* = 1.99. The wave equation based
algorithm has better scaling with 7 for graphs of any size (given by N). The plots are
upper bounds on the convergence speed. For more details see [28].

3 Novel Algorithm Construction: Invariant Manifolds
and the Traveling Salesman Problem

Recently, dynamical systems theory was used to construct novel algorithms for
another iconic NP-hard problem [29]. The traveling salesman problem (TSP)
has a long and rich history in the areas of computer science, optimization the-
ory, and computational complexity, and has received decades of interest [19].
This combinatorial optimization problem arises in a wide variety of applications
related to genome map construction, telescope management, and drilling circuit
boards. The TSP also naturally occurs in applications related to target track-
ing [43], vehicle routing, and communication networks to name a few. We refer
the reader to [19,29] for further details.

In its basic form, the statement of the TSP is exceedingly simple. The task is
to find the shortest Hamiltonian circuit through a list of cities, given their pair-
wise distances. Despite its simplistic appearance, the underlying problem is NP-
hard [20]. Several heuristics have been developed over the years to solve the prob-
lem [19] including ant colony optimization, cutting plane methods, Christofides
heuristic algorithm, and the Lin—Kernighan heuristic.
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In [29], inspired by dynamical systems theory, the authors construct novel
orthogonal relaxation based approximations to the TSP. In particular, the con-
structed dynamical system captures the flow on the manifold of orthogonal
matrices and ideally converges to a permutation matrix that minimizes the tour
length. However, in general, the flow typically converges to local minima that are
not competitive when compared to state-of-the-art heuristics. Inspired by this
continuous relaxation, the authors compute the solution to a two-sided orthogo-
nal Procrustes problem [44] that relaxes the TSP to the manifold of orthogonal
matrices. They then combine the Procrustes approach with the Lin—Kernighan
heuristic [25] for computing solutions of the TSP. Additionally, the authors use
set-oriented methods to study the stability of optimal solutions and their stable
manifolds, thereby providing insight into the associated basins of attraction and
the resulting computational complexity of the problem.

Given a list of n cities {C1,Cs, ..., C,} and the associated distances between
cities C; and Cj, denoted by d;;, the TSP aims to find an ordering o of
{1,2,...,n} such that the tour cost, given by

n—1
¢=Y do@yotit1) T do(n),o1)s ()
i=1
is minimized. For the Euclidean TSP, for instance, d;; = ||z; — x;||2, where

z; € R is the position of C;. In general, however, the distance matrix D =
(d;;) does not have to be symmetric (for example see [45]). The ordering o can
be represented as a unique permutation matrix P. Note, however, that due to
the underlying cyclic symmetry, multiple orderings — corresponding to different
permutation matrices — have the same cost.

There are several equivalent ways to define the cost function of the TSP. The
authors restrict themselves to the trace? formulation. Let P,, denote the set of
all n x n permutation matrices, then the TSP can be written as a combinatorial
optimization problem of the form

min tr (A" PTBP), (6)
PeP,
where A = D and B = T. Here, T is defined to be the adjacency matrix of the
cycle graph of length n.

One uses the undirected cycle graph adjacency matrix for symmetric TSPs

and the one corresponding to the directed cycle graphs for asymmetric T'SPs.

2 The trace of a matrix A € R™*" is defined to be the sum of all diagonal entries, i.e.,

tr(A) = X7 a.
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The matrices are defined as,
01 0
01 1
Tdir: or Tundir: P
01 10
1 0 1 1

1
0 1

1
0
The work in [29] focuses on the undirected version of the TSP. By relaxing the
TSP problem to the manifold of orthogonal matrices (since permutation matrices
are orthogonal matrices restricted to 0 or 1 entries), one can use the two sided

Procrustes problem to solve the problem exactly, as outlined in the theorem
below.

Theorem 1. Given two symmetric matrices A and B, whose eigenvalues are
distinct, let A = VAAAV} and B = VBABVBT be eigendecompositions, with A 4 =

diag (XY, AY), A = diag (X, AF), and AL = - 2 A0 as well
as )\531) > > )\g). Then every orthogonal matriz P* which minimizes

. _ pT
jmin [[A—PTBP||p (7)
has the form

P* =VpSVY,

where S = diag(£1,...,£1).

A proof of this theorem can be found in [46]. If the eigenvalues of A and B
are distinct, then there exist 2™ different solutions with the same cost. If one or
both of the matrices possess repeated eigenvalues, then the eigenvectors in the
matrices V4 and Vp are determined only up to basis rotations, which further
increases the size of the solution space. The Procrustes problem is related to a
dynamical system formulation of the TSP as outlined below.

The orthogonal relaxation of the combinatorial optimization problem (6),
given by (7), can be solved using a steepest descent method on the manifold of
orthogonal matrices. For more details about this formulation see [29]. One can
pose the TSP as a constrained optimization problem of the form,

uin tr (ATPTBP), (8)
s.t. G(P)=0. 9)

This formulation gives rise to the following set of equations,
P=-P({P'BP,A} + {PTBTP,AT}) = AP ((Po P)"P - PT(PoP)),

A= %tr (PT(P—(PoP)).

(10)
The above set of equations are obtained by using gradient descent on the
Lagrangian cost function.
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Ezxample 1. In order to illustrate the gradient flow approach, let us consider a
simple TSP with 10 cities. Using (10), we obtain the results shown in Fig. 3. In
this example, the dynamical system converges to the optimal tour.

Fig. 3. Traveling salesman problem with 10 cities solved using the gradient flow (10).
The original positions of the cities are shown in black, the positions transformed by
the orthogonal matrix P in red. (a) Initial trivial tour given by o = (1,...,10). b—d)
Intermediate solutions. (e) Convergence to an orthogonal matrix which is “close” to
a permutation matrix with respect to any matrix norm. (f) Extraction of the corre-
sponding permutation matrix. The initial tour was transformed into the optimal tour
by the gradient flow.

The dynamical system without constraints converges to equilibria that are
given by the Procrustes solutions. To shed light on the stability and local dynam-
ics around the optimal TSP solutions one can approximate subsets of the stable
manifold of the Procrustes solutions such that two permutation matrices are
inside these sets. This numerical study enables the analysis of the robustness of
Procrustes solutions under small perturbations of the initial permutation matrix
and the assessment of the ‘closeness’ the Procrustes solution is to the optimal
permutation matrix. In order to compute the sets of interest, set-oriented con-
tinuation techniques developed in [47] are used in [29]. An example computation
is depicted in Fig. 4.

Moreover, one can also use set oriented methods to compute basins of attrac-
tion of optimal permutation matrices for small instances of the TSP. These basins
(subsets of the stable manifold) are computed by perturbing the optimal solu-
tions and integrating the flow backward in time [29]. The solutions are shown
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Fig. 4. Three-dimensional projection of two subsets of the stable manifold. The omega-
limit sets of a small neighborhood of the permutation matrices P, and P> form a half
circle on their corresponding Procrustes set.

in Fig. 5. These computations are interesting and capture the “hardness” of the
problem. In particular, one can see that the solutions of relaxed versions of the
problem (such as the relaxations to the manifolds of orthogonal matrices) do not,
in general, lie in the basin of attraction of the optimal solutions of the original
problem. Other such instances of analysis of relaxed solutions of the TSP using
dynamical systems theory are outlined in [29].

(b)

Fig. 5. (a)~(b) Three-dimensional projections of the basin of attraction of (P, X). The
dark cells depict the stationary solutions of the gradient flow (10) backward in time.

Although, dynamical systems theory demonstrates that the Procrustes solu-
tions do not typically lie in the basin of attraction of the optimal solutions of
the TSP, a new biasing scheme for the Lin—Kernighan heuristic is constructed
using the aforementioned relaxation [29].
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The Lin-Kernighan heuristic is a popular heuristic for the TSP [25]. Starting
from an initial tour, the approach progresses by extracting edges from the tour
and replacing them with new edges, while maintaining the Hamiltonian cycle
constraint. If & edges in the tour are simultaneously replaced, this is known as
the k-opt move [25]. To prune the search space, the algorithm relies on minimum
spanning trees to identify edges that are more likely to be in the tour. This
“importance” metric for edges is called a-nearness and described in [25,29]. The
algorithm has found great success on large instances of the TSP, see [19] for
more details.

In [29], the a-nearness metric is replaced with a new Procrustes solution—
based metric that prunes/identifies important potential edges to include in the
“candidate set list”. This list is then used to generate the k-opt moves. The met-
ric is captured in Fig. 6. The Procrustes solution tends to capture the longer edges
that are important. To increase the inclusion of the short edges, the approach
in [29] constructs a homotopy between the Procrustes (P-nearness) solution and
the distance matrix. Using a graph Laplacian approach, the mixture of the two
matrices is compared to the a-nearness approach on 22 well-known instances
of the TSP. P-nearness based LKH converges to lower cost values in 18 of the
instances when compared to a-nearness based LKH. Moreover, for 50 random
TSP instances of size 1000 (cities) it is found that P-nearness has lower tour
costs after a fixed number of k-opt moves in 31 of the instances, translating into
an improvement for 62% of the instances.

s

Fig. 6. Illustration of P-nearness for random TSP instances of size 50 and 100. The left
column contains the edges with shortest distance, the center column has the optimal
tour for the instances, and the right column contains the edges with the highest P-
nearness values for each city. For each city, we plotted the three edges with the highest
nearness values.
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Thus, this is another example that demonstrates that dynamical systems the-
ory can be used to analyze NP-hard problems and construct improved heuristics.

We now show how networks of Duffing oscillators can be used to construct a
new algorithm for the iconic MAX-CUT problem.

4 Novel Algorithm Construction: Network of Duffing
Oscillators for the MAX-CUT Problem

MAX-CUT [20] is a well-known NP-hard problem that arises in graph theory.
Simply stated, the goal is to compute a subset S of the vertex set in a graph
G, such that the number of edges between S and the rest of the graph are
maximized. The best known approximation ratio of 0.878 can be achieved in
polynomial time using semi-definite programming [48]. The problem naturally
arises in VLSI design and statistical physics, and has been extensively studied.

n [30], the authors construct an optimization algorithm by simulating the
adiabatic evolution of Hamiltonian systems which can be used to approximate
the MAX-CUT solution of an all-to-all connected graph. The approach is inspired
by quantum adiabatic optimization for Ising systems [49] with the following
energy,

EIszng

N N
ZZ 1 SiS5, (11)

where s; are the spins which can take values {—1,1} and J;; is the coupling
coefficient. Finding the lowest energy state of the Ising system is computationally
challenging (for a system with N spins, the potential number of states is 2V).
Note that one can map the Ising problem to the MAX-CUT problem by setting
Jij = —w;;, where w;; is the weight of the edge that connects nodes ¢ and j. It
is easy to show that minimizing the energy in Eq. (11) corresponds computing
the solution of the MAX-CUT problem.

The approach outlined in [30] relies on the adiabatic evolution of a network
of nonlinear oscillators. This system exhibits a bifurcation (called “simulated
bifurcation”) for each nonlinear oscillator. The two branches correspond to the
—1 and +1 values for each spin. The authors exploit Graphical Processing Units
(GPU) and Field Programmable Gate Array (FPGA) platforms to compute
the solution of these Hamiltonian systems. This method is compared to exist-
ing methods and displays orders-of-magnitude improvement. The approach is
demonstrated on an Ising system with 100,000 spins.

l\DI»—~
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Consider the Hamiltonian that arises in Kerr-nonlinear parametric oscilla-
tors,

N
Hleant) = 30 |t 90 = 2 = )+ G 4 4)

2 2
=1
N N
§
— gZZJ”(I'l(EJ +yiyj). (12)
i=1j5=1

Here z; and y; are position and momentum of the i-th oscillator respectively, K
is the Kerr coefficient, p(t) is the parametric pumping amplitude, and A; is the
detuning frequency between the natural frequency of the i-th oscillator and half
the pumping frequency. Using the standard Hamiltonian formulation, one can
derive equations of motion for each oscillator. Evolving these system of equations
for ; and y; converges to low energy solutions of an Ising system (Eq.11) with
high probability. Thus, the sign of z; at the end of the simulation determines
the i-th spin. However, the above equations are computationally challenging to
simulate from a numerical perspective.

Instead of using the equations that arise from the “full” Hamiltonian in
Eq. (12), the authors (in [30]) construct a simplified Hamiltonian of the form,

YA
H(z,y,t) = Z gy? + V(x,t)
i=1

N N N
Ay, [K 4 A=p@d) o] &

i=1 j=1
The above Hamiltonian corresponds to the following system of equations,

T = Ay,

N N
U= — [Kxf —p(t) + A] z; + &o ZZJijxj‘ (14)

i=1 j=1

It is easy to see that the above system of equations are a network of Duffing
oscillators [15]. The separability of the Hamiltonian (Eq. 13) makes the numerical
integration of the system of equations easier. In particular, the authors use an
explicit symplectic Euler scheme which makes it amenable for one to hard wire
the resulting computational circuits on an FPGA platform. The computation
proceeds as follows: all 2 and y variables are initially set to zero, p(t) is then
increased from 0 and the system in Eq. (14) is evolved. The sign of the final value
of x; serves as an approximation of the i-th spin of the associated Ising system.

The system in Eq.(14) has two branches of solutions as p(t) is increased
from zero. It is easy to see that these branches correspond to ++/p — A/K for
each oscillator and, consequently, leads to a 2V solution space. If one varies
p(t) slowly, the adiabatic theorem ensures that if one converges to a low energy
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solution for p(t) close to 0, the final solutions (for large p(t)) will also correspond
to low energy.

This method is compared to state-of-the-art approaches for two instances
of the MAX-CUT problem. In the first instance, an all-to-all 2000 node MAX-
CUT problem is solved on an FPGA using the above approach. The authors
demonstrate that the above framework successfully converges to the best known
solutions [48] very quickly. Moreover, they test the approach on a 100,000 size
problem (with 5x 10° edges) and find that their approach converges to the answer
100-1000 times faster than existing software on GPU hardware. For more details
of the work and associated results we refer the reader to [30].

Thus far, we have summarized three examples in which dynamical systems
theory was used to construct novel algorithms for NP-hard problems. We now
discuss approaches that exploit nonlinear dynamics theory to analyze optimiza-
tion algorithms for NP-hard problems.

5 Analysis of Algorithms: Koopman Operators Based
Analysis of Algorithms

Koopman operator theory is one of the most active and exciting sub-areas
within dynamical systems theory [50-53]. The approach is based on the con-
struction of an infinite dimensional linear operator that captures the evolution
of the observables of the underlying nonlinear system. Consequently, the spectra
and eigenfunctions of the operator, capture system dynamics. This methodology
has been used used in a wide variety of settings, including system control and
identification. An advantage of Koopman operator based methodologies is that
the computations are typically based on time trace data of system evolution [54].
In recent work [31], Koopman operator theory was used to analyze algorithms. In
particular, the authors consider optimization algorithms that evolve their state
in the form of iterations. An assumption is made that the algorithm state spaces
X C R? are smooth k-dimensional Riemannian submanifolds in d-dimensional
Fuclidean spaces. A single iteration of the state x,, is represented as,

Tnt1 = a(zp),n €N, (15)

where n is the iteration count. These iterative algorithms can sometimes be
represented in continuous form (akin to the process used in [16]). In other words,
one can (in the limit) represent the algorithm as a continuous vector field v : X —
RF. If one starts at an initial condition zg, the continuous time representation
is of the form [31],

=wv(c(s)), ¢(0)=xg. (16)
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As shown in [31], this continuous form can be approximated using a Koop-
man operator framework. The authors then use this approach to study gradient
descent and Newton-Raphson from a global dynamics perspective. Although the
examples fall under the category of continuous optimization, the approach can
certainly be used to study combinatorial optimization algorithms in the future.

Using the same nomenclature as in [31], consider a dynamical system of the

form,

500)  o(51(z0), (")

then the family of Koopman operators .# acts on the function space of observ-
ables g : X — C as follows,

[ g)(x) = (g0 Si)(2)- (18)

An L2 function space with an inner product is typically chosen for the space
of observables. For more details, on the approach and choice of function space
see [31]. Note that the Koopman operator is the adjoint of the Perron-Frobenius
operator [55]. Letting ¢ = 1, without loss of generality, The Koopman operator
can be expanded in terms of its spectrum,

H =Y MPy, +/ AE(N) (19)
k Tac

where A\ lie in the discrete part and o,. is the continuous spectrum of the oper-
ator. Py and dE()) are projection operators for their corresponding eigenspaces.
The eigenfunctions of the Koopman operator are,

[ ox](w) = (¢a 0 Si)(z) = Ao (). (20)

Thus, one can predict the evolution of observables,

J{tg = ZCk)\tQS,\’k. (21)
k

The operator can be numerically approximated using a data driven app-
roach as outlined in [52,53]. The popular extended dynamic mode decomposition
(EDMD) methodology introduced in [52] is used to analyze algorithms using the
Koopman operator lens [31].

The EDMD approach approximates the action of the infinite dimensional
operator using a finite set of real-valued functions (also called “dictionary”). In
particular, given a smooth manifold M C R sampled by a finite set of points
X = {x; € M}, the EDMD approach computes the action of the Koopman
operator on the dictionary of points in X. The operator itself is approximated
using a least squares approach [52] as outlined below. Given a dictionary of Np
observables D = {d; : M — R| i =1,...,Np} one can define a matrix of the
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form G = [d1(X),d2(X),...,dn,(X)]. Then the Koopman operator .#"* can be
approximated as, )
N%
where Nx is the size of the dataset and A = [#'dy(X), # " da(X),...,
Htdy,, (X)]. For more details see [52].

The operator gives a local approximation of the underlying algorithm applied
to a specific instance of a problem. In particular, one can use the data of a short
burst of computation to compute a local approximation of the dynamics of the
algorithm to accelerate its convergence. The eigenvalues, vectors, and modes are
computed using EDMD. This approximation is used as a data-driven surrogate
for the system to accelerate optimization. In [31], the authors use the following
cost function,

K= —-(GT@)T(AT A), (22)

f(z,20) = (x% + x9 — 11)2 + (1 + :ch — 7)2, (23)

to demonstrate utility of the Koopman approach. The function has one local
maximum and four local minima [31]. The authors study the the popular gradient
descent algorithm using the Koopman operator framework. In particular, they
use radial basis functions to form a dictionary and compute 503 eigenvalues
and eigenfunctions. They show that one can construct an ergodic decomposition
of the state space, thereby separating the different basins of attraction [31].
The approach is able to capture the global dynamics of the algorithm in this
setting, providing valuable insight regarding the performance and limitations of
the algorithm.

Additionally, the authors demonstrate the use of Koopman operators for
studying global dynamics of algorithms in high-dimensional spaces. They take
the example of a 100-dimensional problem and show that the dynamics quickly
contracts to a low dimensional subset. They demonstrate that one can accelerate
the prediction of trajectories of gradient descent with high accuracy. The work
concludes with the illustration of the utility of Koopman operators for analyzing
the iconic Newton-Raphson method for root finding [31]. For a complex poly-
nomial of degree two, they show that the eigenfunction diverges at the roots.
They also show that in cases of chaotic behavior of Newton-Raphson, one can
use approximations [56] of the continuous spectrum of the Koopman operator
to study statistical properties of the emergent chaos.

Although the above Koopman methodology was demonstrated on problems
of continuous optimization, it provides a new technique with which one can
study combinatorial optimization problems. We anticipate that the Koopman
operator approach will be a new tool with which to study algorithms for NP-
hard problems and improve their performance.



Dynamical Systems Theory and Algorithms for NP-hard Problems 201

6 Analysis of Algorithms: Chaos and Dynamical Systems
for Analyzing the Satisfiability (SAT) Problem

The satisfiability problem is another iconic problem that frequently arises in
the study of computational complexity theory. The challenge here is to find
a satisfying assignment for a logical formula. In particular, a k-SAT Boolean
formula ¢(z) of N Boolean variables and m clauses, ¢ : {0,1}¥ — {0,1}, is
written in the conjunctive normal form (CNF) [59] as follows,

3

dx) = N\ Ci= N\(@i, Vai, V... Va), (24)
1 =1

2

where x;, is the Ith literal in clause C;. A SAT formula is said to be satisfiable if
there exists an assignment for the binary variables x such that ¢(x) =1 (true).
It is well known that the satisfiability problem is NP-complete [19]. A criti-
cal parameter associated with the satisfiability problem is the clause density
a = m/N [58]. In particular, the probability that a random k-SAT instance
is satisfiable undergoes a phase transition as a function of o (N — o0) [58].
The MAX-SAT problem (and the corresponding weighted version) [59] requires
one to find that assignment (or assignments) that maximize the number (or the
cumulative weights) of satisfied clauses. Consider a SAT formula ¢, then every
assignment = can be mapped to an “energy” ®(x) such that,

B(x) = Z C;, (25)

where C; = 1, if the i-th clause evaluates to true. In other words, the goal under
the MAX-SAT problem is to find the assignment for x such that the number
of satisfied clauses (or energy) is maximized. The MAX-SAT problem is harder
(from a computational standpoint) than the SAT problem. In particular, it is
known to be strongly NP-hard (there are no polynomial time approximation
schemes). The problem of computing density of states (DOS) encompasses the
SAT and MAX-SAT problems. Classical and quantum algorithms for estimating
the DOS of logical formulae were constructed in [60].

In a series of seminal papers [32,33,57], the authors construct a dynamical
systems approach to study satisfiability problems. They construct a dynamical
system that computes the solutions of SAT instances. Here, the equilibria of
the dynamical system correspond to literal values for which the SAT formula
in Eq.(24) evaluates to true. They prove that the dynamical system admits
no false equilibria or limit cycles. Additionally, they relate the emergence of
transient chaos and fractal boundaries with optimization hardness of the problem
instance [32], pointing to a deep connection between dynamical systems theory
and computational complexity.
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As mentioned in the overview, in [32], the authors embed SAT equations into
a system of ordinary differential equations using the the following mapping: let
Sz, = [—1,1], i.e. 85, can take values between —1 and 1 such that,

Sg; =

~1, if #; = FALSE
1, ifz; = TRUE.

Generalizing the dynamical system for satisfiability problems constructed in [32],
one can define ¢,,; and K,, as follows,

—1, if s;, appears in negated form in m-th clause

Cmi =< 1, if 55, appears in direct form in m-th clause
0, otherwise,
k-1 N
Kp(s)=27F H H(l — CmiSe;) Ym=1,2,... M.
j=01i=1

Note that K,,,(s) = 0, if and only if m-th clause is satisfied i.e. ¢pis,, = 1 for
at least one variable x; that appears in clause m. In [32], the authors define an
energy function of the form V(s) = Z%ﬂ A K (8)% such that V(s*) = 0 only
at a solution s* of the satisfiability problem. The auziliary variables a,, € (0, 00)
prevent the non-solution attractors from trapping the search dynamics (for more
information see [32]).

In [32], the authors find that as the constraint density of the k-SAT problem
increases, the trajectories of the dynamical system display intermittent chaos
with fractal basin boundaries [32]. Note that, in this work, the existence of
chaos is associated with the emergence of positive finite size Lyapunov exponents
(FSLE) [15] and the emergence of chaos corresponds to the well known phase
transitions in the k-SAT problem [32].

In [33], the authors further exploit the above system of equations to study
the k-SAT problem with increasing constraint density. They find that hardness
appears as a second order phase transition and discover that the resulting tran-
sient chaos displays a novel exponential-algebraic scaling. In [57], the authors
exploit the above framework to construct novel solvers for the MAX-SAT prob-
lem. This body of work demonstrates that dynamical systems theory can, in fact,
be used to simultaneously study computational complexity theory and construct
novel algorithms for NP-hard problems.

7 Conclusion

Combinatorial optimization is a wide and important area of research with numer-
ous applications. For decades, computer scientists have developed novel algo-
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rithms for addressing these problems. Some problems are amenable to algo-
rithms and theory developed thus far (examples include graph routing and sort-
ing), while others, in general, remain intractable from a computational stand-
point (such as the traveling salesman problem and MAX-SAT) despite signif-
icant efforts. The classification of problems into different classes (such as NP,
NP-hard, and PSPACE) and associated analyses has given rise to the field of
computational complexity theory.

Nonlinear dynamics, on the other hand, arises in a multitude of engineering
and scientific settings. The theory has been used to explain system behavior in a
diverse set of fields such as fluidics, structural mechanics, population dynamics,
epidemiology, optics, and aerospace propulsion. However, the application of the
theory of dynamical systems to combinatorial optimization and computational
complexity remains limited.

In this survey article, we summarize five recent examples of using dynamical
systems theory for constructing and analyzing combinatorial optimization prob-
lems. In particular, we cover (a) a novel approach for clustering graphs using the
wave equation partial differential equation (PDE), (b) invariant manifold com-
putations for the traveling salesman problem, (¢) novel approaches for building
quantum networks of Duffing oscillators to solve the MAX-CUT problem, (d)
applications of the Koopman operator for analyzing optimization algorithms,
and (e) the use of dynamical systems theory to analyze computational complex-
ity of the SAT problem.

We note that the above set of examples are not comprehensive and there are
several examples that have been omitted in this survey. However, the goal of
this article is not to provide a complete list of all such examples but to demon-
strate that dynamical systems theory can be exploited to construct algorithms
and approaches for optimization problems. Even more importantly, we hope to
inspire others to extend existing dynamical systems approaches to construct the
next-generation of techniques and insights for combinatorial optimization.
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Abstract. Many dynamical systems possess symmetries, e.g. rotational
and translational invariances of mechanical systems. These can be bene-
ficially exploited in the design of numerical optimal control methods. We
present a model predictive control scheme which is based on a library of
precomputed motion primitives. The primitives are equivalence classes
w.r.t. the symmetry of the optimal control problems. Trim primitives as
relative equilibria w.r.t. this symmetry, play a crucial role in the algo-
rithm. The approach is illustrated using an academic mobile robot exam-
ple.

Keywords: Dynamical systems with symmetry - Model predictive
control - Motion planning + Motion primitives + Multiobjective
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methods

1 Introduction

Symmetry and dynamical systems are closely intertwined [52]. Besides discrete
symmetries such as reflections or rotations (by fixed angles), dynamical systems
typically possess continuous symmetries. Colloquially, an object is called sym-
metric if its reflection looks the same. For dynamical systems, symmetric trajec-
tories are indistinguishable, i.e., the dynamic behavior is the same and thus, it is
called invariant with respect to the symmetry action. Symmetry as a mathemat-
ical concept is well studied in the literature, cf. the classical textbooks [33,48],
for instance. Besides revealing and analyzing symmetry structures in dynamical
systems, the existence of symmetry can be used to simplify (i.e., reduce) the
formal description. For mechanical systems moving in R? or R?, symmetries are
often given by translational or rotational invariances. Throughout this chapter,
we focus on autonomous systems, such that translation in time provides another
symmetry indeed.
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The concept of symmetry in dynamical systems takes over to control systems
[7,8,13]. From an engineering point of view, a control system can be steered via
inputs such that a given control task is performed. It is thus natural to search
for a control input that performs best w.r.t. given performance criteria. Study-
ing optimal control of dynamical systems also has a long history, dating back
to the famous Brachistochrone problem [64]. Improved computational means
over the past 50 years today allow for the numerical treatment of increasingly
challenging optimal control problems, including the simultaneous consideration
of multiple conflicting criteria. In this case, one cannot hope for single (local)
optima. Instead, the set of optimal compromises — the Pareto set — has to be
computed.

In very early works, symmetries of optimal control problems have been con-
sidered based on symmetries of the optimal control Hamiltonian (see e.g. [67])
and used to construct decompositions of optimal feedback laws [31]. Symmetric
optimal control problems have also been studied in [5,16,65,66] where a Noether
theorem for optimal control problems is proven leading to generalized conserved
quantities along the solutions. However, so far, symmetry in optimal control has
been less studied in motion planning and model predictive control applications
even though it may be advantageously exploited for computational efficiency.

Optimal control and symmetries in dynamical systems both become crucial
when addressing up-to-date problems raising in the design and control of mod-
ern technical systems. Since intelligent technical systems shall autonomously
adapt to current situations and environmental conditions, as well as to tasks
and requirements, multiobjective optimal control problems arise continuously
during operation, and technical systems have to be equipped with highly effi-
cient on-board solution methods.

Having these challenges in mind, this contribution is concerned with model
predictive control (MPC) of symmetric dynamical systems subject to multiple
objectives. We study symmetry properties in the optimal control problems which
have to be solved continuously in MPC, and we provide a symmetry exploiting
planning method for trajectory optimization. Similar methods have been pre-
sented in [57] as well as in [36] for noisy systems. Here, we extend these ideas
by additionally taking into account the concept of trim primitives in motion
planning [24,25,28], where trims and maneuvers appear alternatingly. For illus-
tration, we use an academic example of a mobile robot system, resembling a
box-shaped robot moving on the ground via hovercraft-type propulsion (as intro-
duced e.g. in [21,55]).

Ezample 1 (Mobile robot). The simplified dynamics of a mechanical system mov-
ing on a plane (cf. Fig. 1) is defined by the Lagrangian function

. 1. . 1 ..
L(g,q) = im(ﬂfif +@5) + §@I3,
where ¢ = (21, z2, x3) is the robot’s configuration comprised of the two positions

in the plane, as well as the orientation with respect to the horizontal axis, and
m and © are the robot’s mass and inertia. Considering two control inputs as
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depicted in Fig. 1, the dynamics can be described by the following second order
differential equation:

(cos(z3)uy — sin(xs)us)

(sin(z3)uy + cos(xz)uz) | . (1)

_ruz

€]
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m
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Fig. 1. Simple model of an mobile robot in the plane with second order dynamics.

The remainder of this chapter is organized as follows: We collect mathe-
matical preliminaries in Sect.2. Symmetry in multiobjective optimal control is
studied in Sect.3. We present as symmetry exploiting MPC scheme in Sect. 4.
In Sect. 5, numerical results are presented, before we conclude in Sect. 6.

2 Preliminaries

In this section, we summarize the basic concepts in the fields of multiobjective
optimal control, model predictive control (MPC) and symmetry that will be
required throughout the chapter.

2.1 Multiobjective Optimal Control

In multiobjective optimal control one is interested in minimizing multiple con-
flicting objectives while taking the system dynamics into account which are here
described by an ordinary differential equation (see also [57]):

e Oy (), ult)) dt + s (a(te))

TEX ueU :
Jir Cr((t), ult)) dt + @p(a(te))
s.t @(t) = f(x(t), u(t)), t € (to, tel, (2b)
z(to) = 22, (2¢)
gi(z(t),u(t)) <0, i=1,...,1, t € (to,te, (2d)
hj(z(t),u(t)) =0, j=1,...,m, t € (to,te, (2¢)
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with system state x(¢) € R™ and control u(t) € U C R™ with U being closed
and convex and X = W12 ([tg, t.],R™) and U = L ([to, t.], U) being the corre-
sponding function spaces for the curves x and u respectively. The cost function
J : XxU — R¥ involves k conflicting objectives and the functions C; : R xU —
R, ®; : R — R are continuously differentiable. f : R™* x U — R™= is Lipschitz
continuous, and g : R x U — R, g = (g1,...,q/)" and h : R* x U — R™,
h = (hi,...,hn)", are continuously differentiable inequality and equality con-
straint functions, respectively.

(z,u) is a feasible pair if it satisfies the constraints (2b)—(2e). The space of
the control trajectories U is the decision space and the image of all feasible pairs
forms the objective space.

By introducing the flow of the dynamical system

oula® t) =20 + / Fa(t), ult)) dt, 3)

the explicit dependency of J, g and h on x can be removed. This leads to the
following simplified multiobjective optimal control problem:

min J (2, u)

ueU

(2% u) <0, i=1,...,1, t e (to,te], (MOCP)

hi(xw) =0, j=1,...,m,  t€ (totc],
with .

Ji(a®u) = [ Ci(a® u)dt + (2", u)
to

with Cy(2%u) 1= Ci(pu(2°,t),u(t)) and &;(z%u) 1= ®;(p, (a0, t.)) for i =
L,..., k. We use the notation u := ul, 4 to represent the control function up to

time ¢ which is assumed to uniquely define the state z(t) at time ¢. The con-
straints §(z°, u) and h(z°, u) are defined accordingly. u is a feasible curve if it sat-
isfies the equality and inequality constraints g;,2 =1,...,l,and h;,j =1,...,m.

Since there exists no total order of the objective function values in R¥ with
k > 2, we introduce the following partial order:

Definition 1. Let v,w € R¥. The vector v is less than w (denoted by v < w),
if v; <w; for all 4 € {1,...,k}. The relation < is defined in an analogous way.

In general, we cannot expect to find isolated optimal curves for (MOCP).
Instead, we look for a set of optimal compromises (also called the Pareto set or
set of non-dominated curves) which is defined as follows.

Definition 2. Consider problem (MOCP). Then

1. a feasible curve u* dominates a curve wu, if J(z%u*) < J(z°u) and

J (20, u*) # J(2°,u).
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2. a feasible curve u* is called globally Pareto optimal if there exists no feasible
curve u € Y dominating u*. The image J(z°, u*) of a globally Pareto optimal
curve u* is called a globally Pareto optimal value. If this property holds in a
neighborhood U (u*) C U, then u* is called locally Pareto optimal.

3. the set of non-dominated feasible curves is called the Pareto set P, its image
the Pareto front Pp.

An example of Pareto optimality is illustrated in Fig. 2 for a finite-dimensional
problem, i.e. curves reduce to points in the Euclidean space. By varying a point
in the Pareto set (red line in Fig.2 (a)), we can only improve one objective by
accepting a trade-off in at least one other objective, as shown by the red line in
Fig.2 (b).

Fig. 2. Red lines: Pareto set P (a) and Pareto front Pr (b) of an example problem
(two paraboloids) of the form min,cg2 J(u), J : R*> — R2. The point J* = (0,0)7 is
called the utopian point.

For the numerical solution of optimal control problems, there exist many
fundamentally different approaches which can be categorized into direct or indi-
rect solution methods. Direct methods rely on a discretization of the objective
functions, the dynamics and the constraints to transform the problem into a
finite-dimensional multiobjective optimization problem (MOP) — also denoted
as “first discretize, then optimize”, see e.g., [56]). On the other hand, indirect
methods derive necessary optimality conditions based on Pontryagin’s Maximum
Principle (also denoted as “first optimize, then discretize”). For an overview of
different methods, see e.g. [6,45]).

Solution methods for MOCPs typically rely on a direct approach such that
one is faced with finite-dimensional MOPs [46,58,62]. Well-established meth-
ods for solving such MOPs are scalarization techniques, continuation methods,
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evolutionary algorithms [9], set-oriented methods [15,62], or cell-to-cell map-
ping techniques [35,63]. For example, continuation methods make use of the fact
that under certain conditions, the Pareto set is a smooth manifold of dimen-
sion k — 1 that can be approximated using predictor-corrector schemes [37].
More recent continuation methods are, for example, the Pareto Tracer for mul-
tiobjective problems and the Pareto Explorer for many objective optimization
problems [50].

In scalarization, solution approaches for single objective optimization prob-
lems are extended to the multiobjective problem by transforming the MOCP
into a sequence of scalar-valued problems'. In this way, the Pareto set is approx-
imated by a finite set of Pareto optimal curves. There exists a large variety of
scalarization approaches in the literature such as the weighted-sum method, the
e-constraint method, normal boundary intersection, or reference point methods
[18]. In this work, we focus on the latter to solve MOCPs, which is illustrated
in Fig.3. In the reference point method, the minimization of the vector val-
ued objective function in (MOCP) is replaced by the minimization of a scalar
function which is the euclidean distance between a feasible point .J(u(?) and an
infeasible target T < J(u®):

~ ) 12
min ‘J(mo,um) -7
u() ey 2
Gy <0, i=1,....0,  t€(totd], (RP)

hi(a®u®)y =0, j=1,...,m, t € (to,te),

The solution of problem (RP) for one T yields one Pareto optimal curve and
the corresponding point on the Pareto front. Once two points of the Pareto front
are known, these are used to approximate the tangent space of the front and to
construct the target Tt1 for the next scalar problem, cf. Fig. 3 (b). This is done
by shifting the point first parallel (i.e., along the vector J (20, u(®)—J (20, ui=1))
and then orthogonal (parallel to the direction T) — J(2° u()) to the Pareto

J: 2 j 2

J (.T,[)7 u,("_l)) min, ci+1)

J (mm Ur(i_l)) minu.m HJ (o, ul®) —TMH: 7 (IO_' ultth) = T(Hl)Hz

J (,1‘()4 11[:”) :
P .// J (o, u““j)
7() T7) FE—

(a) (b)

Fig. 3. Reference point method. (a) Solution of the i*" scalar problem. (b) Construction
of the next target 70t prediction step u®**1) | and solution of the next scalar control
problem.

! In this situation, indirect approaches can be used as well, cf. e.g. [61].
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front. To accelerate the solution process for the next scalar problem (RP), linear
extrapolation is used to compute a predictor u(?*t1) based on the two points u(?)
and u(i~1). This approach ensures an almost equidistant covering of the front.
For a more detailed description see, e.g., [59, pp. 24-26].

2.2 Model Predictive Control

For taking unforeseen events, disturbances, or model inaccuracies during the
control design into account, MPC methods (also referred to as moving horizon
control or receding horizon control) have become very popular in recent years
[32]. In MPC, open-loop problems are solved repeatedly on a finite prediction
horizon of length t, = ph, where p € N>? and h € R>? is the sample time
(cf. Fig.4). More concretely, problem (MOCP) is solved on a moving horizon
(s =0,1,...) with time constants and initial conditions given as

tO = tsv
te =t + hp = ts—i—pa
20 = 2(t,).

After each finite horizon optimization, a fraction of the control is applied to the
system over the control horizon t. = qgh < ph = t, while the optimization is
repeated with the prediction horizon moving forward by the sample time h.
This results in a closed-loop control which is more flexible to react to system
disturbances and unforeseen events. Furthermore, the solution of finite horizon
MOCPs is computationally less expensive because shorter horizons are consid-
ered compared to the full problem. Nevertheless, for complex problems, it is
still hard to meet real-time requirements (note that the optimal control prob-
lem has to be solved within the control horizon ¢.). This is already challenging
for scalar-valued MPC problems, and considering multiple objectives is clearly
infeasible without taking further measures such as scalarization methods (see

Past A Prediction Reference state
= State
- - Al
- Control
7
’ .
7 -
L ’ - So . 4
. ’
~ /
Prediction horizon
Sample
Cor}trol tHime
horizon -
| | | | | | |
] ] ] ] ] ] ] P

bttt ot

s

Fig. 4. Sketch of the MPC method. Due to the real-time constraints, the optimization
problem has to be solved within the control horizon t. = qh.
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e.g. [4,69,70]), crude approximation of the entire front [29,44,54] or offline com-
putation of control parameters [34,43]. For a survey of feedback control with
multiple objectives we refer to [60]. Another way to meet real-time requirements
is explicit MPC [3], see also [1] for a survey. Here, the MPC problem is refor-
mulated as a multiparametric optimization problem which can be solved in an
offline phase and the solutions are stored in a library. During the MPC loop,
the computation of an optimal solution is then replaced by extracting the opti-
mal input from the library. The approach presented in this contribution can be
categorized as an explicit MPC method since we pre-compute Pareto optimal
controls in an offline phase. In addition, symmetries of the underlying system are
exploited to reduce the numerical effort. During operation, the best compromise
solution is picked online based on the current situation and the user’s preference.

2.3 Symmetry

Many dynamical systems show symmetry properties. Roughly speaking, a sym-
metric system possess a finite or infinite number of solutions “which look the
same”. In engineering systems, symmetry comes by design, e.g. by modularized
system structures or by reducing the system’s complexity. Here, we focus on
symmetries which can be formally described by actions of Lie groups. We intro-
duce motion primitives as equivalence classes w.r.t. the symmetry and identify
trim primitives as motions with special properties. The presentation follows the
lines of [25,57] and [24].

2.3.1 Equivariance and Equivalence

We formally describe symmetries by a finite-dimensional Lie group G and its
group action ¢ which are defined in the following way (see also [25]). A Lie
group is a group (G, o), which is also a smooth manifold, for which the group
operations (g,h) — goh and g — g~! are smooth. If, in addition, a smooth
manifold M is given, we call a map ¢ : G x M — M a left-action of G on M if
and only if the following properties hold:

e (e, x) = x for all x € M where e denotes the neutral element of (G, o).
o (g, ¥(h,x)) =¢(goh,x) for all g,h € G and x € M.

For convenience, we define ¢y : M — M with ¢4(z) := ¢(g,z) for g € G and
ze M.

Definition 3 (Symmetry (cf. [28])). Let (G, o) a Lie-group and 1) a left-action
of G on R™. Then a dynamical control system described by

a(t) = f(a(t),u(t) V€ [to,te], w(to) =2°, (4)

is invariant under the group action v, or equivalently, G is a symmetry group
for the system (4), if for all g € G, 2° € R t € [tg,t.] and u € U it holds

wg(Qou(‘rovt)) = Spu(d)g(xo)’t)' (5)
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This means that the flow commutes with the group action. Invariance under
a group action implies equivalence of trajectories in the following sense (see also
[24,28,57]).

Definition 4 (Equivalence of trajectories (cf. [28])). Two trajectories 7 :
t e [t071,t671] (a4 (l’l(t),ul(t)) and T t e [to,g,teg} = (.TQ(t),UQ(t)) of Eq (4)
are equivalent, if it holds that

(i) teq —to1 =te2 —to2 and
(ii) there exist a ¢ € G and an T" € R such that z1(t) = 4(z2(t — T)) and
Ul (t) = UQ(t — T)Vt S [t071,te71].

Thus, two trajectories are equivalent if one trajectory can be represented
solely by a time translation and the group action applied to the other trajectory.
All equivalent trajectories can be summed up in an equivalence class. By abuse
of notation, we call the equivalence class as well as its representative a motion
primitive (cf. [28]).

Remark 1 (Equivariance of vector fields (cf. [25,57])). Symmetry of a dynamical
control system can be described by the equivariance of the underlying vector
field, i.e., by the condition

f(wg(x)’u) = wag(f(x’u)) Ve € R"™,g €@, (6)

where D1y : R™ — R" is the tangent lift of 1, which acts on v = & as

Dz¢g(“) = %1%(7") v

Remark 2 (Invariance of Lagrangian systems). Symmetries of mechanical sys-
tems which can be derived by a Lagrangian L(q,¢) and corresponding Euler-
Lagrange equations C‘lit %5 (g,9)— —(q, ¢) = 0 can be described by the invariance
of the Lagrangian function which is defined by the condition

L(v4(q), Dgvy(d)) = L(g,q) VY(g,q) € R" xR", g € G,

where Dy, is the tangent lift of the group action v, as defined in Remark 1.

Typical symmetries of mechanical systems are translational (G = R™), rota-
tional (G = SO(n)) and combined (G = SE(n) =~ SO(n) x R™) symmetries. The
corresponding action and its lift are given by ¢, (¢) = Rg+Ag and Dy1py(v) = Rv
with R € SO(n) and Ag € R™. SO(n) is the special orthogonal group, which can
be represented by the set of matrices {R € R*"|RTR = I,det(R) = 1}. The
dimension of a Lie group is given by the number of elements required to repre-
sent a Lie group element g € G. For the examples above, we have dim(R") = n,
dim(SO(n)) =n(n —1)/2 and dim(SE(n)) = n(n —1)/2 + n.
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2.3.2 Symmetry Exploiting Motion Planning

It was first shown by Frazzoli et al. [26,28] how to formally take advantage
of symmetry in motion planning. Following the idea of quantization (see also
[24,27,40]), such so-called motion primitives are generated by solving optimal
control problems for intermediate problems which can be combined into various
sequences. The problem is thus reduced to searching for the optimal sequence
out of all admissible sequences in a library of motion primitives which can be
realized using global search methods. Extensions towards hybrid systems have
been considered in [22,23].

Definition 5 (Trim primitive (cf. [28])). A solution (x,u) to system dynam-
ics (4) on [tg,t.] with initial value 2°, that can be written as

x(t) = (exp(t€),z%), u(t) = u = const.Vt € [to, L] (7)

with £ € g, the Lie algebra which corresponds to symmetry group G and exp :
g — G, — exp(tf) € G the exponential map, is called a trim primitive, trim
for short.

Note that the time parametrization defines via exp(t{) a one-parameter group
orbit in G. If this generates a solution to the system dynamics via the symmetry
lift, we call this trajectory a trim.

Remark 3 (Trim primitives and relative equilibria in Lagrangian/Hamiltonian
systems). In dynamical system theory, trim primitives are known as relative
equilibria. Typically, uncontrolled autonomous systems with symmetry are con-
sidered. Here, a relative equilibrium is a solution which is generated by the
symmetry action and thus, an equilibrium in the non-symmetric part of the
system, i.e. the shape space. Lagrangian or Hamiltonian dynamics allow nice
characterizations of relative equilibria: Classically, Routh studied the case of
cyclic variables (see e.g. [7]), i.e. Lagrangian systems that are independent of
some of the configuration variables (#). The dynamics can then be reduced to
the remaining variables (g, ¢),

. . 0 d o0
R*q,q) = [L(q,q',ﬁ) —uﬂpzu = a7]11%“(q,d) - %%R“(q,d) =0,
and equilibria of the reduced dynamics correspond to relative equilibria of the
original system. In [49], the generalized version of Lagrangian reduction has been
studied and applied to a double spherical pendulum. In the general Lagrangian
case, a relative equilibrium can be characterized as the critical point of the
amended potential

1
Vﬂ =V+ 5 </L,]171M>

where p is the value of the conserved momentum, I the locked inertia tensor,
and () denotes the vector-covector pairing (see [47,49] for details). This can
then be extended to controlled Lagrangian systems: Assuming control that acts
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as a potential force, a trim primitive can be characterized as a critical point of
the constantly controlled amended potential,

u 1 1 ., 0
v ZV—V+§<M,H 1) with a—qu(q):u,

see [21,24] for details.

Trims are uniquely defined by their initial value z°, their control @ and the
Lie algebra element &, which makes them easy to store and handle in a library of
motion primitives. More concretely, only the shape space coordinates of the trim
have to be fixed, since any trim, as it is a motion primitive, can be shifted by the
symmetry action. A second benefit of trims is that they are simply parametrized
by time, i.e. their duration need not be fixed in advance, but can be adjusted
during the sequencing (cf. [24,28] for details).

Fig. 5. The spherical pendulum.

Ezample 2 (Spherical Pendulum (cf. [21])) Consider a mathematical pendulum
that can move with two degrees of freedom, i.e. on a sphere as depicted in Fig. 5.
Its dynamics (apart from the north/south pole) are described by

i cos(yp) .
)

¢ = sin(p) cos(p)6? + %sin(gp).

The system is symmetric w.r.t. rotations about the vertical axis and the sym-

metry group is G = S', acting by addition only in the horizontal coordinate.
Relative equilibria fulfill 62 = _#S(W’ i.e. they are purely horizontal rota-

tions (¢ = 0) in the lower hemisphere (cf. Fig.6(a)). For every angle ¢ in the

lower hemisphere, there is exactly one (up to the sign) rotational velocity which
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generates a relative equilibrium, i.e. a trim with zero control. If we allow control
in p-direction, the rotational velocity and the height of a trim can be chosen
arbitrarily with u, = —mgrsin(¢) — mr? sin(y) cos(p)6? (cf. Fig. 6(b)).

(b)

Fig. 6. Trim primitives for the spherical pendulum system: (a) trims without control,
i.e. relative equilibria exist in the lower hemisphere for correct rotational velocity. (b)
If ¢ and 6 shall be chosen independently of one another, a constant control value u,,
has to be chosen according to the control manifold, see [21] for a detailed discussion.

Maneuver Automaton: Typically, it is not possible to continuously switch a con-
trol system from one trim to another (kinematic mechanical systems being an
exception). Thus, control maneuvers have to be provided in order to smoothly
concatenate motion primitives. A finite set of trims and maneuvers form the
maneuver automaton which can be used for motion planning (Fig. 7). The design
procedure is as follows. For details and formal definition in terms of automata
theory, we refer to [28].

0. Assume the system dynamics (4), the symmetry (G, ¢) and the corresponding
Lie algebra g to be known.

1. Choose a finite set of trim primitives 7, e.g. by gridding the Lie algebra.
Store their generating triples (2°,, £).

2. Compute a finite set of maneuvers M that start and end on trims ¢;,t. € 7.
This can be done by optimal control methods, for instance [24,40]. Maneuvers
have to be stored as time-discretized control and state trajectories.
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3. Set up the graph structure of the maneuver automaton. Trim primitives form
the vertices and maneuvers the edges. A maneuver m;. € M which starts at
trim ¢; and end in trim t. is a directed edge between these two nodes.

Note that every maneuver and every trim of 7 UM is a motion primitive, i.e.
it can be shifted by the symmetry action in order to build trajectory sequences.
For given initial and final states on corresponding trims, a sequence can be found
by planning methods, i.e. sampling-based roadmap algorithms (see [28,40]) or a
modified version of the A* or the D* planning method?.

maneuver
final

trim

Fig. 7. Maneuver automaton adapted from [28]. Trim primitives form the nodes,
maneuvers are the edges. A solution from initial to final trim consists of an alter-
nating sequence of trims and maneuvers. This resembles the execution of a hybrid
automaton, [22].

Remark 4 (Specially structured maneuvers). The definition of a maneuver is
quite broad; the only restriction is that it is compatible with the dynamics
and it has to start and end on a trim primitive of the automaton. This allows
to consider specially structured maneuvers: In [21,24], maneuvers on stable and
unstable manifolds of the uncontrolled dynamics have been integrated into the
motion primitive concept. This formalizes the idea of energy efficient trajectory
generation in astrodynamics (see [10,12,14,30,41,42,51]) by exploiting inherent
system structures, namely stable and unstable manifolds of invariant objects in
the uncontrolled dynamics.

3 Symmetries in Multiobjective Optimal Control

Symmetries do not only play a major role in dynamical control systems but
also in optimal control problems. In this section, we will introduce the notion of
symmetry in multiobjective optimal control and discuss how it can be exploited
for the solution of multiobjective optimal control problems. We mainly follow

2 See e.g. D* code for planning with primitives provided by Marin Kobilarov,
Autonomous Systems, Control and Optimization (ASCO) Laboratory, Johns Hop-
kins University at https://github.com/jhu-asco/dsl.
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the definitions and explanation in [57]. Considering symmetries in multiobjec-
tive optimal control problems, we are interested in Pareto optimal solutions of
(MOCP) that remain Pareto optimal when the initial conditions are transformed
by the symmetry group action such that

argmin J(z°,u) = arg min J (1, (z°),u) Vg € G. (8)

This means that we require the Pareto set to be invariant under group actions
on the initial conditions. Symmetries in single-objective, linear-quadratic explicit
MPC have been studied in [11] and relations to the approach above and related
methods are discussed in [57].

The following theorem provides conditions under which Pareto sets are invari-
ant under group actions, i.e., that satisfy Eq. (8).

Theorem 1 (Symmetry of (MOCP) (cf. [57])). Let X = W1([tg, t.], R")
and U = L™ ([to, te], R™). If

1. the dynamics are invariant under the Lie Group action ¢, i.e. Eq.(5) holds
fort € [to,tel;
2. there exist a, 3,0 € R, a # 0, such that the cost functions C; and the Mayer

terms ®;, i = 1,...,k, are invariant under the Lie Group action 1 up to
linear transformations, i.e.,
01(1/’g(33)7u) :OZCz(I,U)—Fﬁ (9)
and
D;(Yg(xe)) = a®;(xe) + 0 fori=1,... k; (10)
3. the constraints g;, i = 1,...,1 and h;, 7 = 1,...,m, are invariant under the
Lie Group action v, i.e.,
9i(Yg(z),u) = gi(z, u) fori=1,...,1, (11)
hj(g(x),u) = hj(z,u)  forj=1,...,m, (12)

then we have
argmin J (v, (2°),u) = argmin J(z°,u) Vg € G. (8)

We say that problem (MOCP) is invariant under the Lie group action g, or
equivalently, G is a symmetry group for problem (MOCP).

A proof can be found in [57].

In principle, Theorem 1 states that if the objective function and the con-
straints are invariant (up to linear transformations) under the same group action
as the dynamical control system (Conditions 2 and 3), then all trajectories con-
tained in an equivalence class defined by (5) (Condition 1) will also be contained
in an equivalence class defined by (8). However, the latter class may contain
more solutions since we do not explicitly pose restrictions on the state but only
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require the solutions of (MOCP) (i.e., the control u) to be identical. This is
demonstrated with the following example which involves no dynamical control
system and consequently, no invariance condition on the flow has to be imposed
(see also Corollary 1 in [57]).

Ezample 8 (Invariance of the arg min) Let us consider the parameter dependent
objective function J(u,7) from [68, Example 3.12] with J : R? x R — R:

\/1 + (ul + U2)2 + \/1 + (u1 — u2)2) +up —ug ) + ,ye—(ul—ug)z

V14 (U +u2)?+ 1+ (ur —u2)?) —ug +us ) + ye(v1—u2)®

(13)
Here, no dynamical control system is considered as extra constraint, which yields
a finite-dimensional MOP. The Pareto sets and fronts for varying values of v are
shown in Fig. 8. Clearly, P is invariant under translations in + (i.e., the arg min
of (13) is invariant under translations in 7).

min
u€R2

N~ N|=

2
.vy=0.1 4! «y=0.1
11 vy =05 +y=05
v=0.9 v=0.9
3 H
g o <
2 L
At
1 L
) =
-2 -1 0 1 2 1 2 3 4
Uy Ji
(@) (b)

Fig. 8. Pareto set (a) and Pareto front (b) of Problem (13) for varying values of ~.
Although the fronts vary, P is invariant under translations in ~.

Remark 5 (Group actions on controls and parameters, cf. [57]). One can extend
the notion of symmetry for optimal control problems by introducing the Lie
group actions x, on the control trajectories u and & on extra parameters v € R™»
of the optimal control problem (with h and [ being elements of the Lie groups
H and L, respectively). More concretely, we consider the group action triple
(Vg, Xh, &) t R™ x R™ x R™ — R™ x R™ x R™. For a parameter dependent
flow @, (20, ;) the invariance condition (5) for the dynamical control system is
then replaced by

Yy (u(2®,£59)) = @ru(thy(2°), 1 61(7))- (14)
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and the invariance condition for a parameter dependent optimal control problem
(MOCP) reads

argmin J(2°, u,v) = argmin J (¢, (2°), xn(u), &(v)) Vg€ G,he Hile L. (15)

By Theorem 1, (15) is satisfied if dynamics, cost functions, Mayer terms and
constraints are all invariant under the Lie group action (¢4, xn,&1)-

Ezample 4 (Parameter dependent problems, cf. [57]) An example for parameter
dependent problems are tracking problems with cost functions in the following
form

C(z,7) = ||z =3,

where z is the state and + some reference to be tracked. For translation and
rotation invariant dynamical control systems, i.e., ¥4(x) = R-z+ Az, invariance
of the cost function is ensured by applying the same Lie group action v, to v,
e, Cy (@), (7)) = [y (0) =5 (3) |3 = | B-2+ Az — (R-v+A2)[3 = C(a,7)
where the last equality follows from the orthogonality of R. Another parameter
dependent optimal control problem is considered in Sect. 5.

4 Symmetry Exploiting Model Predictive Control

In this work, we exploit all the above mentioned concepts, i.e.,

multiobjective optimization,

model predictive control,

motion planning with motion primitives, and
symmetry exploitation in optimal control

in order to develop a real-time capable feedback algorithm for nonlinear systems
with the ability to adjust the prioritization of conflicting objectives online. A
similar algorithm was proposed in [57] and extended to uncertainties in [36]. The
main difference here is that we additionally use the concept of motion planning
with trim primitives, i.e., two maneuvers are connected by a trim primitive.
In contrast to classical motion planning with precomputed primitives, we do
not store entire maneuvers and trims in a library, but only the control inputs
resulting in the desired behavior. The dynamics themselves are then “created”
when the plant is running and the optimal control is applied. In general, this can
be done by numerical simulation. For trim primitives, in particular, the defining
expression via Lie algebra, exponential map, and symmetry action can be used
in order to avoid integration errors and improve numerical efficiency.

Remark 6 (Relation to existing methods). For single-objective, linear-quadratic
optimal control, explicit MPC was introduced by Bemporad et al. [3], where
an offline-online decomposition was introduced such that during operation, one
only has to select the precomputed optimal control from a library. For the con-
struction of the library, the control problem is reformulated as a parametric
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Algorithm 1. Offline phase

Require: Bounds z2;,, 22.c € R, Ymin, Tmax € R™7, distance between grid points § €
R tny,

1: Dimension reduction by exploiting symmetries: Decrease dimension of parameter
(2°,7) € R™ ™7 to (3°,7) € R™ ™ by exploiting the symmetry groups G and L
(cf. Section 3).

2: Construction of library: Create an (i + 11y)-dimensional grid £ for the parameter
(Z°,7%) between (T, Ymin) and (T, Ymax) with distance &; in the i*" direction.

3: Compute the Pareto sets Po 5y for all (z°,%) € L using the reference point
method.

optimization problem with the initial condition 2° as the parameter. For linear-
quadratic problems, only a finite number of problems has to be solved in the
offline phase to obtain the exact solution for all parameters, since the optimal
control is an affine function of the initial condition #°. The explicit MPC concept
was later extended to account for symmetries in [11]. This way, the numerical
effort of the offline phase could be significantly reduced. For nonlinear problems,
it is no longer possible to obtain an exact offline solution for all parameter val-
ues. Instead, interpolation between existing library entries has to be performed
[2,17,38,39].

The algorithm consists of an offline phase and an online phase. In the offline
phase, the parameter dependent problem (MOCP) is solved for many different
parameter values, where (2°,7) can be composed of both the initial condition
and external parameters. The parametrization is discretized on an equidistant
grid with dimension n, + n, = dim(z°, 7). This means that the numerical effort
of the offline phase grows exponentially with the parameter dimension. In order
to reduce the parameter dimension and thus the cost of the offline phase, symme-
tries in the dynamical control system are exploited. Then, one problem (MOCP)
is solved for each entry in the resulting symmetry-reduced library and stored to
the library £. The entire procedure is summarized in Algorithm 1.

The online phase (see Algorithm 2) is strongly related to classical explicit
MPC, but extended by the two steps

a) selection of a compromise solution according to a user-defined weight p (line
4 in Algorithm 2), and

b) usage of trim primitives (with u = 0) in case they dominate the solution from
the library with respect to the global objectives (lines 7-10 in Algorithm 2).
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Algorithm 2. Online phase
Require: Weight p € R* with Zle pi=1land p>0.
1: for t = to,t1,t2,... do
2: Obtain the current initial condition Z° = Z(t) and the parameter value 7 from
the plant.
3: Identify the 2(7 +7,) neighboring grid points of (z°,7) in £ (i.e., closest below
and above in each component of (z°,7)). These points are collected in the index
set Z.
4: From each of the corresponding Pareto sets P(zo
optimal control u; according to the weight p.
5: Compute the distances d; between the entries of the library and (z°,7):

di = [|@°,7)i — @, F) |2

)0 ¢ € I, select a Pareto

6: Interpolate between the entries in Z:
I
y— Zl |1 dl Ui
|I\ 1
2im1
T Compute the resulting objective values corresponding to the zero control trim
u = 0.
8: if the zero control trim dominates the control selected from the library then
9: u=0
10: end if
11: Apply u to the plant for the control horizon length ¢..
12: end for

5 Results for the Mobile Robot

Consider the mobile robot dynamics given in (1). Let’s first transform the second
order system (1) into a first order system:

T U1

X2 V2

3l = s = 16
vy % (cos(x3)uy — sin(xz3)us) flz,w), (16)
vy - (sin(x3)uy 4 cos(x3)uz)

V3 7%

with © = (z1, z2, x5, v1,v2,v3) and u = (u1, u2). Let us, furthermore, introduce
the variables ¢ = (x1, 22, 23), ¢ = (v1, v, v3) such that z = (g, q) and w = (¢, §).
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The aim is to control the robot in such a way that a desired destination x¢

is reached both as fast and as control-efficient as possible:

_ T
vexXmeu ( I8 |u(t)||gdt> -
st () = fz(t),u(t)), x(to) = °, t € (0,7],

[(z1(T), 2o(T)) " — 2| < r?

where T is the time for the entire trajectory, and the destination area is defined
by a circle? with fixed radius ¢ and center z?. Introducing the flow notation
(3), a reduced parameter dependent problem of form (MOCP) can be derived
with eight parameters. Of these, six stem from the initial condition of the robot,
and two from the destination:
(IO? FY) = (:I:(l)’ ‘/1:(2)’ Igv U?’ vg’ Il}g? I‘li’ 'Tg)?

see also Fig. 9.

Now we identify the symmetries of the MOCP (17). Counsider the Lie group
action 9y : R? — R3 with

V() = Qg+ Aq (18)

. _(Rg, 0 __ (cosgs —sings _ T . .
with Q = ( 0 1), Ry, = <sin93 €0 g5 and Aq = (g1, 92,93) ' - This action

represents translations of the robot’s center of mass (g1, ¢2) and simultaneous
translation in the robot’s orientation x3 and rotation about its center of mass.
The corresponding symmetry group is thus given by G = L = SE(2) with

(]
A7 (ot ) A
V2
X3
U1 rd A Do
T ¥ b I
> 3 (& >

Fig. 9. Left: Problem with eight degrees of freedom, from which six are the robot’s
degrees of freedom and two are the position z¢ of the destination. Right: Symmetry-
reduced problem with four degrees of freedom.

3 The reason for specifying the target as a circular area is that this way, the parameter
dimension can be further reduced by one, as we will see below.
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dim(G) = dim(L) = 3. The corresponding action D1, : RS — R® acting on
x = (q,q) is given by

with Az = (g1, g2, 93,03.1) " . Similarly, we can compute D21, : R® — RS acting
on w = (¢,§) as

0.

D%, (w) = @ O3xs W 20

sl = (o7, % (20)
We are now ready to prove the following result.

Proposition 1. Problem (17) with ¢ = (x1,22,23), ¢ = (v1,v2,v3), * = (¢,q)

and a destination area given by v = x¢ is invariant under the group action

(g, &) ,where g is given in (18) and

&(7) = Ryy -7+ Ay (21)

) __ [cosgz —sings . T
with Rg, = (Sing3 oS g3 > and Ay = (g1,92) ' -

Proof Equivariance of vector field: Using the first order system formulation (16),
we have

Q-q
| L (cos(z3 + g3)u1 — sin(z3 + g3)uz)
FDU@0) = | T gin(ay + ga)un + cos(as + o))

_Truz

©
Q-q
_ (cos(gg) - sin(gg)> (1 (cos(z3)uy — sin(xg)u2)>
sings cos(gs) Er(sin(xg)ul + cos(z3)usg)

2

e

Q 04 L,
(03><3 :223) f(:c,u) =D d’Q(f(x,U))-

Invariance of Cost Functions and Constraints: Since the cost function is inde-

pendent from the state x, it is invariant under the group action. The invariance
of the constraint ||(x1(T),z2(T))" — x¢|| < r? follows with the orthogonality of
R.

The statement follows with Theorem 1. O

Remark 7. To ensure symmetry of the MOCP, also the destination point 2% has
to be translated by the same group action as the center of mass (1, z2).
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Next, we compute the trim primitives based on the Lie algebra of the sym-
metry group. The Lie algebra of the group of rotation matrices Ry, is the group
of skew symmetric matrices

(&)
& 0

and the Lie algebra of the group of 2-dimensional translation is R2.

Proposition 2 (Trim primitives). The robot with dynamics (16) and sym-
metry action Dy as defined in (19) has two types of trim primitives:

a) Straight translation: Going straight with constant velocity

x(l) +& -t
71 ay + & -t & =17,
T2 0 5 0
x3 _ x3 ) 2 = U,
U1 (t) = 0 with ¢, = 0,
Vo 0 Uy = 07
Vs Vg Uy = 0.
0

b) Circular motion:

cos(&st)x) — sin(Est)al + &1 /Es sin(Est) — (1 — cos(Est))Ea/Es

x
T sin(&st) ) + cos(E3t)x + €1/€3(1 — cos(€3t)) + sin(€3)E2 /€3
€3 (t) _ €3t
1 o cos(&3t) oY — sin(&3t)vd
v2 sin(&3t) oY + cos(&3t)vd
V3 Ug
with

&1 = vf + &z,
52 = Ug - 531'(1)7
63 = Ug7
Ug = 0,
cos(€3t)v0€s — sin(&3t)v3és = 1/msin(z§ + E3t)uy,

—sin(&3t)vP€s — cos(&5t)vI€s = 1/mcos(z) + &st))uy.

Proof. When defining the Lie algebra as a subgroup of se(2) and using the
Rodriguez formula (cf. e.g. [53]) for the exponential map, the trim represen-
tation follows from direct computation. Constraints on the Lie algebra elements
&1, &9, &3, the initial value (29,29, 29, 09,09, v9) and the constant control values
(u1,uz) are derived from comparison with the dynamics (16), since a trim has
to be a valid motion. O
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In our numerical example, we will make use of trims of type a), i.e. straight
motions with constant velocity and zero control.

As an eight-dimensional parameter results in a prohibitively expensive offline
phase, we exploit the translational symmetries in z1, x2, and x3. As long as the
target point 2% is translated and rotated accordingly, this leaves the solution of
Problem (17) unchanged and results in a parameter of dimension five:

(xO’,y)/ = ( ?,’1)87’Ug,51,52),

where § = Ry, 2% now denotes the distance between the robot and the destination
in the rotated frame of reference. In order to further reduce the dimension by
one, we project the destination point onto the circle with radius ¢ such that
it can be specified exclusively by the angle 4 = arctan(d2/d1), cf. Fig.9 for an
illustration. This results in the four-dimensional parameter

('7?07'3/) = (U(l)vvg= vg7:7)7

for which we can now introduce a discretization according to Table 1. Note that
we can restrict 4 to positive values by exploiting an additional discrete reflection
symmetry, which reduces the computational effort by another 50%. This results
in an offline phase with 14 784 problems of the following form:

min = J((#°,7),u) = min e
feX,ucl VU= ZEX uel ftff Hu(t)||§dt

s.t. (16), (22)

d ~
. B 0 0 T _[r%cos(¥)
.’E(to) - (03()’071}1’1}27’03) ) x(te) - (,’,d sm(ﬁ)) )

where the Z notation indicates the rotated and translated frame of reference.
For the numerical solution, we use a direct method. We discretize both the
state and the control input on an 11-dimensional time grid with a constant time
step 0t = kh with h = 0.1 and approximate the dynamics by a fourth-order
Runge-Kutta scheme. The variable « is a scaling factor for the time step which
we use to allow for a variable end time t. in order to address the first objective.
This way, we obtain a 89-dimensional nonlinear MOP (6 - 11 state variables,
211 control variables and k) for each parameter (7°,7) that we solve using the

Table 1. Parameters for the library L.

Variable | Minimal value | Maximal value | Step size | Number of grid points
vl -7 7 2 8
V2 -7 7 2 8
V3 -5 5 1 11
o7 0 ™ /20 21
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Fig. 10. Visualization of the offline phase. The figures represent one entry of the library
L at (2°,%) = ((1,1,0),0.857). Left: Pareto optimal trajectories for Problem (22). As
the discretization of the Pareto set consists of 11 entries, the respective solutions are
identified via weights p € {0,0.1,...,1}. Right: The corresponding Pareto front.

reference point method (RP). For more details on the automated solution of a
large number of MOPs, see [57].

Figure 10 depicts an exemplary solution corresponding to one entry of the
library £. On the left, the trajectories resulting from the Pareto optimal inputs
u are shown. Here, the weight p indicates to which extent the second objective
is priorized, i.e., which of the entries from the Pareto set P(zo 5) is selected and
applied to the plant. Consequently, p = 0 results in fast and p = 1 in control-
efficient driving. The figure on the right side then shows the corresponding Pareto
front.

In Fig. 11, we see several solutions of the online phase (Algorithm 2) with the
initial condition (z°) = (0,0,0,1,0,0) and a control horizon of length ¢. = 0.3 for
different weights p. In the left plot, several trajectories are shown from the initial
point (0,0) to the target area around % = (—40, 20) with r? = 3. One can easily
identify the parts of the trajectories where the zero control trim dominates, as
these result in straight lines. This becomes also apparent in Fig.12, where the
corresponding controls that are applied to the plant are shown. Consequently, the
MPC behavior resembles the classical motion planning concept, where trims and
maneuvers are used alternatingly. The Pareto front of the corresponding global
objectives (i.e., the objectives evaluated over the entire trajectory) is shown on
the right, and we see that the desired trade-off behavior is achieved by varying
the weight. In addition, online adaptations of p (for instance, in order to react
to changing priorization) are easily performed. Two examples are also visualized
in Fig. 11 as dashed lines, where the weight is adapted towards a faster driving
style after 5 and 15s, respectively.
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Fig. 11. Left: Several robot trajectories for different weights p, generated by the
MOMPC Algorithm 2 based on Problem (17). The straight parts correspond to zero
control trims (cf. Fig. 12). The two dashed trajectories represent cases where the weights
are changed during operation. Right: The corresponding Pareto front for the global
objectives.

|—p=0— p=03-p=04—p=06— p=07--p=038

30 40

Fig.12. The control input generated by the MOMPC Algorithm 2. The large parts
where u = 0 correspond to trim primitives.

Remark 8. (Numerical challenges). It should be noted that the offline-online
multiobjective MPC procedure presented here faces several difficulties from a
numerical perspective:

a) Interpolation needs to be performed for parameter values that are not con-
tained in the library L.

b) The performance can be sensitive to the choice of the prediction horizon
length t.. In particular, a good choice may also depend on the weight p, as
optimal controls with a high priority on control costs often result in uncon-
trolled (straight ahead) driving on the first part of the prediction horizon. As
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a consequence, a repeated application of this first part may result in failure
to reach the destination.

These issues will be subject of further research. In particular, an additional —
much cheaper — online phase appears to be promising [36].

6 Concluding Remarks

We have presented an MPC algorithm for nonlinear dynamical systems with
multiple objectives which exploits symmetries in dynamical systems to reduce
the computational effort. Based on Lie group symmetries, Pareto optimal motion
primitives can be identified and stored in a motion planning library in an offline
phase. In the online phase — which is closely related to Explicit MPC — a Pareto
optimal motion primitive is selected based on the decision maker’s preference
and applied to the plant over the control horizon length. In contrast to classical
approaches from motion planning with motion primitives, only Pareto optimal
controls instead of controls and state trajectories have to be stored due to our
definition of symmetry in optimal control problems. Furthermore, as an extension
to [57], we take trim primitives into account which describe motions generated
by the symmetry action and thus, are very easy to store. For the mobile robot
example, the MPC algorithm is applied using trims corresponding to straight
motions with constant velocity. Future work can extend this to all possible types
of trim primitives. However, this requires a shortest path search in the maneuver
automaton. A formal proof of stability can be based on [25]. Moreover, revealing
the relation between motion primitives and turnpikes (cf. [19,20]) within MPC
is promising. Finally, increased robustness (cf. Remark 8) can be achieved by
introducing an online adaptive library. In this case, the library could grow (by
solving additional MOCPs online) if a required entry is missing.

Acknowledgments. We would like to acknowledge Michael Dellnitz, who has been an
inspiration to us from our initial PhD time until today in many areas of research that
jointly resulted in works on multiobjective optimization, dynamical systems, optimal
control and symmetries.

References

1. Alessio, A., Bemporad, A.: A survey on explicit model predictive control. In:
Magni, L., Raimondo, D.M., Allgéwer, F. (eds.) Nonlinear Model Predictive Con-
trol: Towards New Challenging Applications. volume 384, pp. 345-369. Springer,
Heidelberg (2009)

2. Bemporad, A., Filippi, C.: An algorithm for approximate multiparametric convex
programming. Comput. Optim. Appl. 35(1), 87-108 (2006)

3. Bemporad, A., Morari, M., Dua, V., Pistikopoulos, E.N.: The explicit linear
quadratic regulator for constrained systems. Automatica 38(1), 3-20 (2002)

4. Bemporad, A., de la Pena, D.M.: Multiobjective model predictive control. Auto-
matica 45(12), 2823-2830 (2009)



234

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

K. Flalkamp et al.

Betsch, P., Becker, C.: Conservation of generalized momentum maps in mechanical
optimal control problems with symmetry. Int. J. Numer. Meth. Eng. 111(2), 144—
175 (2017)

Betts, J.T.: Survey of numerical methods for trajectory optimization. ATAA J.
Guidance Control Dyn. 21(2), 193-207 (1998)

Bloch, A.M.: Nonholonomic Mechanics and Control. Springer (2003)

Bullo, F., Lewis, A.D.: Geometric Control of Mechanical Systems. Texts in Applied
Mathematics, vol. 49. Springer (2004)

Coello Coello, C.A., Lamont, G.B., Van Veldhuizen, D.A.: Evolutionary Algorithms
for Solving Multi-Objective Problems, vol. 2. Springer (2007)

Conley, C.: Low energy transit orbits in the restricted three-body problem. SIAM
J. Appl. Math. 16(4), 732-746 (1968)

Danielson, C., Borrelli, F.: Symmetric Explicit Model Predictive Control, vol. 4.
IFAC (2012)

Dellnitz, M., Junge, O., Post, M., Thiere, B.: On target for Venus - set oriented com-
putation of energy efficient low thrust trajectories. Celestial Mech. Dyn. Astron.
95, 357-370 (2006)

Dellnitz, M., Klus, S.: Sensing and control in symmetric networks. Dyn. Syst.
32(1), 61-79 (2017)

Dellnitz, M., Ober-Blobaum, S., Post, M., Schiitze, O., Thiere, B.: A multi-
objective approach to the design of low thrust space trajectories using optimal
control. Celestial Mech. Dyn. Astron. 105, 33-59 (2009)

Dellnitz, M., Schiitze, O., Hestermeyer, T.: Covering Pareto sets by multilevel
subdivision techniques. J. Optim. Theory Appl. 124(1), 113-136 (2005)

Djuki¢, D.S.: Noether’s theorem for optimum control systems. Int. J. Control 18(3),
667-672 (1973)

Dua, V., Pistikopoulos, E.N.: Algorithms for the solution of multiparametric
mixed-integer nonlinear optimization problems. Ind. Eng. Chem. Res. 38(10),
3976-3987 (1999)

Ehrgott, M.: Multicriteria Optimization, 2nd edn. Springer, Heidelberg (2005)
Faulwasser, T., FlaBkamp, K., Ober-Blébaum, S., Worthmann, K.: Towards veloc-
ity turnpikes in optimal control of mechanical systems. IFAC-PapersOnLine
52(16), 490-495 (2019)

Faulwasser, T., FlaBkamp, K., Ober-Blébaum, S., Worthmann, K.: A dissipativity
characterization of velocity turnpikes in optimal control problems for mechanical
systems. In: Accepted for 24th International Symposium on Mathematical Theory
of Networks and Systems 2021. arXiv:2002.04388 (2020)

FlaBkamp, K.: On the optimal control of mechanical systems — hybrid control
strategies and hybrid dynamics. Ph.D. thesis, University of Paderborn (2013)
Flalkamp, K., Hage-Packhauser, S., Ober-Blobaum, S.: Symmetry exploiting con-
trol of hybrid mechanical systems. J. Comput. Dyn. 2(1), 25-50 (2015)
Flalkamp, K., Ober-Blébaum, S.: Motion planning for mechanical systems with
hybrid dynamics. In: Fontes, M., Gilinther, M., Marheineke, N. (eds.) Progress in
Industrial Mathematics at ECMI 2012. The European Consortium for Mathematics
in Industry, vol. 19. Springer, Heidelberg (2014)

Flalkamp, K., Ober-Blébaum, S., Kobilarov, M.: Solving optimal control problems
by exploiting inherent dynamical systems structures. J. Nonlinear Sci. 22(4), 599—
629 (2012)

Flalkamp, K., Ober-Blébaum, S., Worthmann, K.: Symmetry and motion primi-
tives in model predictive control. Math. Control Signals Syst. 31, 445-485 (2019)


http://arxiv.org/abs/2002.04388

26.

27.

28.

29.

30.

31.

32.
33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Set Oriented Methods for the Numerical Treatment of MOPs 235

Frazzoli, E.: Robust hybrid control for autonomous vehicle motion planning. Ph.D.
thesis, Massachusetts Institute of Technology (2001)

Frazzoli, E., Bullo, F.: On quantization and optimal control of dynamical systems
with symmetries. In: Proceedings of the 41st IEEE Conference on Decision and
Control, pp. 817-823 (2002)

Frazzoli, E., Dahleh, M.A., Feron, E.: Maneuver-based motion planning for non-
linear systems with symmetries. IEEE Trans. Rob. 21(6), 1077-1091 (2005)
Garcia, J.J.V., Garay, V.G., Gordo, E.I., Fano, F.A., Sukia, M.L.: Intelligent Multi-
Objective Nonlinear Model Predictive Control (iMO-NMPC): towards the ‘on-line’
optimization of highly complex control problems. Expert Syst. Appl. 39, 65276540
2012

E}éme)z, G., Koon, W.S., Lo, M.W., Marsden, J.E., Masdemont, J., Ross, S.D.:
Connecting orbits and invariant manifolds in the spatial three-body problem. Non-
linearity 17, 1571-1606 (2004)

Grizzle, J.W., Marcus, S.I.: Optimization of systems possessing symmetries. In:
Bensoussan, A., Lions, J.L. (eds.) Analysis and Optimization of Systems, pp. 513—
524. Springer, Heidelberg (1984)

Griine, L., Pannek, J.: Nonlinear Model Predictive Control, 2 edn. Springer (2017)
Guckenheimer, J., Holmes, P.: Nonlinear Oscillations, Dynamical Systems, and
Bifurcations of Vector Fields. Applied Mathematical Sciences, vol. 42. Springer
(1983)

Hernédndez, C., Naranjani, Y., Sardahi, Y., Liang, W., Schiitze, O., Sun, J.Q.:
Simple cell mapping method for multi-objective optimal feedback control design.
Int. J. Dyn. Control 1(3), 231-238 (2013)

Hernédndez, C., Schiitze, O., Sun, J.-Q.: Global multi-objective optimization by
means of cell mapping techniques. In: EVOLVE—-A Bridge between Probability,
Set Oriented Numerics and Evolutionary Computation VII, pp. 25-56. Springer
2017

£Ierné)ndez, C., Ober-Blobaum, S., Peitz, S.: Explicit multi-objective model pre-
dictive control for nonlinear systems under uncertainty. arXiv:2002.06006 (2020)
Hillermeier, C.: Nonlinear Multiobjective Optimization: A Generalized Homotopy
Approach. Birkhauser (2001)

Johansen, T.A.: On multi-parametric nonlinear programming and explicit nonlin-
ear model predictive control. In: 41st IEEE Conference on Decision and Control,
vol. 3, pp. 2768-2773 (2002)

Johansen, T.A.: Approximate explicit receding horizon control of constrained non-
linear systems. Automatica 40, 293-300 (2004)

Kobilarov, M.: Discrete geometric motion control of autonomous vehicles. Ph.D.
thesis, University of Southern California (2008)

Koon, W.S., Lo, M.W., Marsden, J.E., Ross, S.D.: Shoot the Moon. Spaceflight
Mech. 105(2), 1017-1030 (2000)

Koon, W.S., Lo, M.W., Marsden, J.E., Ross, S.D.: Low energy transfer to the
Moon. Celestial Mech. Dyn. Astron. 81(1-2), 63-73 (2001)

Kriiger, M., Witting, K., Trachtler, A., Dellnitz, M.: Parametric model-order reduc-
tion in hierarchical multiobjective optimization of mechatronic systems. In: Pro-
ceedings of the 18th IFAC World Congress 2011, Milano, Italy, vol. 18, pp. 12611—
12619. Elsevier, Oxford (2011)

Laabidi, K., Bouani, F., Ksouri, M.: Multi-criteria optimization in nonlinear pre-
dictive control. Math. Comput. Simul. 76(5-6), 363374 (2008)

Liberzon, D.: Calculus of Variations and Optimal Control Theory: A Concise Intro-
duction. Princeton University Press (2012)


http://arxiv.org/abs/2002.06006

236

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

K. Flalkamp et al.

Logist, F., Sager, S., Kirches, C., Van Impe, J.F.: Efficient multiple objective opti-
mal control of dynamic systems with integer controls. J. Process Control 20(7),
810-822 (2010)

Marsden, J.E.: Lectures on Mechanics. Number 174 in London Mathematical Soci-
ety Lecture Note Series. Cambridge University Press (1993)

Marsden, J.E., Ratiu, T.S.: Introduction to Mechanics and Symmetry. Texts in
Applied Mathematics, 2nd edn., vol. 17. Springer (1999)

Marsden, J.E., Scheurle, J.: Lagrangian reduction and the double spherical pen-
dulum. Z. Math. Phys. (ZAMP) 44, 17-43 (1993)

Martin, A., Schiitze, O.: Pareto Tracer: a predictor-corrector method for multi-
objective optimization problems. Eng. Optim. 50(3), 516-536 (2018)

McGehee, R.: Some homoclinic orbits for the restricted three-body problem. Ph.D.
thesis, University of Wisconsin (1969)

Melbourne, 1., Dellnitz, M., Golubitsky, M.: The structure of symmetric attractors.
Arch. Ration. Mech. Anal. 123(1), 75-98 (1993)

Richard, M., Murray, S., Shankar, S., Li, Z.: A Mathematical Introduction to
Robotic Manipulation. CRC Press Inc., USA (1994)

Ntnez, A., Cortés, C.E., Sdez, D., De Schutter, B., Gendreau, M.: Multiobjective
model predictive control for dynamic pickup and delivery problems. Control Eng.
Pract. 32, 73-86 (2014)

Ober-Blébaum, S.: Discrete Mechanics and Optimal Control. Ph.D. thesis, Uni-
versity of Paderborn (2008)

Ober-Blébaum, S., Junge, O., Marsden, J.E.: Discrete mechanics and optimal con-
trol: an analysis. Control Optim. Calc. Var. 17(2), 322-352 (2011)
Ober-Blobaum, S., Peitz, S.: Explicit multiobjective model predictive control for
nonlinear systems with symmetries. arXiv:1809.06238 (2018)

Ober-Blébaum, S., Ringkamp, M., zum Felde, G.: Solving multiobjective optimal
control problems in space mission design using discrete mechanics and reference
point techniques. In: 51st IEEE International Conference on Decision and Control,
pp- 5711-5716, Maui, HI, USA, 10-13 December 2012

Peitz, S.: Exploiting structure in multiobjective optimization and optimal control.
Ph.D. thesis Paderborn University (2017)

Peitz, S., Dellnitz, M.: A survey of recent trends in multiobjective optimal control -
surrogate models, feedback control and objective reduction. Math. Comput. Appl.
23(2), 30 (2018)

Peitz, S., Ober-Blobaum, S., Dellnitz, M.: Multiobjective optimal control methods
for the Navier-Stokes equations using reduced order modeling. Acta Applicandae
Mathematicae 161(1), 171-199 (2019)

Schiitze, O., Witting, K., Ober-Blébaum, S., Dellnitz, M.: Set oriented methods for
the numerical treatment of multiobjective optimization problems. In: Tantar, E.,
Tantar, A.-A., Bouvry, P., Del Moral, P., Legrand, P., Coello Coello, C.A., Schiitze,
O. (eds.) EVOLVE - A Bridge between Probability, Set Oriented Numerics and
Evolutionary Computation. Studies in Computational Intelligence, vol. 447, pp.
187-219. Springer, Heidelberg (2013)

Sun, J.-Q., Xiong, F.-R., Schiitze, O., Herndndez, C.: Cell Mapping Methods—
algorithmic Approaches and Applications. Nonlinear Systems and Complexity, vol.
99 (2019)

Sussmann, H.J., Willems, J.C.: 300 years of optimal control: from the Brachys-
tochrone to the maximum principle. IEEE Control Syst. 17(3), 32-44 (1997)


http://arxiv.org/abs/1809.06238

65.

66.

67.

68.

69.

70.

Set Oriented Methods for the Numerical Treatment of MOPs 237

Torres, D.F.M.: Conservation laws in optimal control. In: Colonius, F., Griine,
L. (eds.) Dynamics, Bifurcations, and Control, pp. 287-296. Springer, Heidelberg
(2002)

Torres, D.F.M.: On the Noether theorem for optimal control. Eur. J. Control 8(1),
56-63 (2002)

van der Schaft, A.J.: Symmetries in optimal control. SIAM J. Control Optim.
25(2), 245-259 (1987)

Witting, K.: Numerical algorithms for the treatment of parametric multiobjective
optimization problems and applications. Ph.D. thesis, University of Paderborn
(2012)

Zavala, V.M.: A multiobjective optimization perspective on the stability of eco-
nomic MPC. IFAC-PapersOnLine 48(8), 974-980 (2015)

Zavala, V.M., Flores-Tlacuahuac, A.: Stability of multiobjective predictive control:
a utopia-tracking approach. Automatica 48(10), 2627-2632 (2012)



q

Check for
updates

1

A simplified optimal control problem is considered which is motivated by energy
efficient building operation. The goal is to reach a certain desired temperature
distribution in a room while choosing an optimal (underfloor) heating strategy.
The temperature is governed by a heat equation with convection which extends
our results in [3,4], where no convection was involved in the modeling of the
heat transfer. Since the heating is described by a time-depending discrete con-
trol, the optimization problem involves continuous and discrete variables. These
kinds of problems are considered in [10,11,22,32]. For partial differential equa-
tions (PDEs) we refer to the note [24]. In particular, mixed-integer problems for
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hyperbolic PDEs are considered, e.g., for problems in gas transportation systems
[15], electric transmission lines [12] and traffic flow [16,17].

Frequently, integer problems are solved with the branch-and-bound method
(see, e.g., [5]) to guarantee global optimality. Especially for finite-dimensional
linear integer programming, the branch-and-bound method is the method of
choice. However, this is often not possible or very expensive for optimal con-
trol problems, where infinite-dimensional control spaces are involved. Therefore,
methods are used to approximate an optimal integer solution by sufficiently accu-
rate solutions, which can be computed by techniques from infinite-dimensional
optimization. In this work we apply relaxation methods which can be found in
[31] for the case of ordinary differential equations and in [16,17] for the case
of PDEs. To solve the relaxed optimal control problems, we rely on techniques
from PDE-constrained optimization ([25,36]). Utilizing sum-up-rounding strate-
gies (introduced by Sager in [31,33]) we construct discrete controls from the
continuous ones; see also [26,27].

To speed-up the numerical solution of the relaxed optimal control problems
we apply reduced-order modeling; cf. [1,34], for instance. In this work the relaxed
optimal control problems are solved by POD Galerkin projection methods; cf.
[14,19]. The POD method is known to be very efficient for dynamical systems. An
POD a-posteriori error analysis — developed in [35] for optimal control problems
— is extended in such a way that the error of the computed suboptimal POD
solution can be controlled. This leads to an efficient and a certified optimization
method which is also analytically based on theoretical results in [17].

Let us mention that there are other reduced-order approaches available, e.g.,
the reduced basis methods; cf. [13]. Especially for non-linear problems, the proper
orthogonal decomposition (POD) method is a popular and widely used method.
Here, predefined points in time are considered by a previously released dynamic
system to build up the so-called snapshot space. The leading eigenfunctions of a
singular value decomposition are then chosen as the basis for the reduced space,
see for example [14]. It has been shown, that this method has good properties
in the context of optimal control problems, especially thanks to an available
a-posteriori estimate, see [23,35].

The chapter is organized as follows: In Sect. 2 the mixed-integer optimal con-
trol problem is introduced. Its relaxation is explained in Sect. 3. The numerical
solution approach is described in Sect. 4 and Sect. 5 is devoted to present numer-
ical results. Finally, we draw some conclusions in Sect. 6.

2 Problem Formulation

Let @ ¢ R", n € {1,2,3}, be a bounded domain with Lipschitz-continuous
boundary I' = 9Q. For T' > 0 we set @ = (0,7) x Q and ¥ = (0,7) x I.
Moreover, let H and V' denote the standard real and separable Hilbert spaces
L?(Q) and H'(Q), respectively, endowed with the usual inner products

<¢,¢>H=/Q<pwdw7 <w,w>vz/ﬂw+w-wdx
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and associated induced norms. For more details on Lebesgue and Sobolev spaces
we refer to [9]. Recall the Hilbert space W(0,T) = {p € L*(0,T;V)|p; €
L?(0,T;V')} endowed with the common inner product [8, pp. 472-479]. It is
well-known that W (0,T) is continuously embedded into C([0,T]; H), the space
of continuous functions from [0, 7] to H. When ¢ is fixed, the expression ()
stands for the function ¢(¢,-) considered as a function in Q only.

In this work we consider the following mixed-integer optimal control problem:

Y
min J(y, (t,x) t x)|* daedt + = / w;(t)]*dt  (la
win s =3 [ [ @) -2 }j P (1a)

subject to a convection-diffusion equation

m

et w) — Ay(t, ) + v(z) - Vy(t, o) = f(t,2) + Y ui(t)bi(z), (t,z) € Q, (1b)
i=1

9 (4,8) + als)u(t, 8) = glt,9), toex  (lc)

y(0,z) = yo (), z e (1d)

and binary control constraints
u(t) € {0,1}™ = {u'}Y, in [0,T]a.e. (almost everywhere), (le)

where the u’’s are 0-1-vectors in R™ and N = 2™ holds.

The desired temperature fulfills y¢ € L>°(Q). For the regularization param-
eter we have v > 0. The convection field v is supposed to be in L*°(Q;R").
The heat source function satisfied f € C(Q). For m € N we assume that the
control shape functions fulfill by,...,b, € C(Q) and b; > 0 on Q a.e., but at
least for one ¢ € {1,...,m} it holds b; > 0 on Q a.e. The isolation function
satisfies ¢ € L*°(I") with ¢ > 0 on I' a.e. The outer temperature is described by
g and belongs to C(X). Finally, for the initial temperature distribution we have
Yo € C(Q).

Since we are interested in weak solutions to the state equation (1b)—(1d), we
recall this solution concept for our case: A solution y € W(0,T) to (1b)—(1d) is
understood as a weak solution, i.e., y belongs to W (0,T) and satisfies

iy, Prp +alyt), ) = (F(t,ut), @)y, y  forallp € Vin (0,T], (2a)

dt
(y(0), ‘P>H = (Yo, ‘P>H forall p €V, (2b)

where the bilinear form a: V x V — R is defined as
a(p, d) = / ch-VgZ)d:c—k/(v . Vga)¢dw+/q<p¢ds for p,p €V
Q Q r

and the inhomogeinity F : [0, 7] x R™ — V' is given by

Fa vy = [ (f0)+ iuibi)sodm + [ att)eds
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for (t,u) € [0,T] x R™, v = (u;)1<i<m and ¢ € V. Note that the mapping
F(-,u) is continuous for every u € R™. The next proposition follows from the
results in [20, Chapter 5].

Proposition 1. Under the above assumptions on the data the following proper-
ties hold:

1) The bilinear form a(-,-) is continuous and coercive, i.e., there are constants
7 >0, >0 and n2 > 0 satisfying

la(e, o)l < nllellyllolly forall g, ¢ €V,

2 2
la(e, o)l = m llelly = n2 el for every o € V.

2) For any u € U = L?(0,T;R™) there exists a unique solution y € W(0,T)

to (2) that satisfies

19llwo.ry < CUFCwlleqoryvey + 19olla)
for a constant C > 0.

Remark 1. The bilinear form a(-,-) defines a bounded linear operator A : V —
V' by
<AS03 ¢>V’7V = a(% ¢) fOI‘ 905 d) S V

Furthermore, the operator A can also be considered as an unbounded operator
on H with domain Z(A) = H?*(2) NV N C(Q) which is dense in C(Q). The
operator —A generates a Cp-semigroup on C'(2) and the solution y to (2) belongs
to W(0,T) N C(Q); cf. [29, Chapter 5]. Utilizing the continuity assumptions for
f,b1,...,bm, g and y, we can write (2) as the Cauchy problem

(1) = —Ay(t) + F(t,u(®)) for t € (0,T],  y(0) = yo

posed in C(€2). It is proved in [28, Theorem 4.3] that —A also generates a holo-
morphic semigroup on C({2). %

Throughout this work the binary problem (la)—(le) is called (BIN). Its cost
value at an admissible solution is denoted by JZ~. Furthermore, we introduce
a relaxed problem, where (1le) is replaced by the relaxation

u(t) € [0,1]™ in [0,T] a.e., (1)

Problem (1a)—(1d) together with (1e’) is denoted by (RIN). We write JV for
the objective value obtained by an admissible solution for (RN). Let us mention
that (1la)—(1d) together with (1e’) does not involve any integrality constraints.
Thus, solution methods from continuous optimization can be applied.

3 Relaxation Method

Commonly, mixed-integer problems are solved with the branch-and-bound
method (see e.g. [5]) to guarantee global optimality. However, for optimal control
problems this is often computationally too expensive. In order to get an optimal
control problem without any integer restrictions we apply therefore the approach
in [17] which leads to convexified relaxed problems that can be solved by avail-
able techniques from PDE-constrained optimization; see [18,35], for instance.



242 C. Jakle and S. Volkwein

3.1 Convexification

Using (1le) we introduce the following representation of the control variable

N
B(t) € {0, 1}V, Zﬁl( ) =1 and u(t 26’ tyu'  for t € [0,T].
i=1

To solve our mixed-integer optimal control problem (BN) we consider the fol-
lowing convexification (cf. [17, Section 2])

1 T/ ; ) - N o T
min — t,x) —y*(t,x)|” dedt + - ut 2m/ 8:(t) dt 3
o, 2/0 et @) =yt @) 5 ;:1 Il | i) (3a)

subject to
(1), ) + alys(t Z@ L) @)y Ve Vin (0,7],
(3b)
(Y3(0),0) g = (Vo P Vo eV, (3¢)
Bt) = (Bi(t) ;o € 10,13 in[0,T7, (3d)
N
Z Bi(t) =1 in [0, 7). (3e)

The convexification (3) of (BIN) is called (BL) and we write JZL for the objec-
tive value obtained by an admissible solution. Of course, (BL) still contains the
integrality constraint (3d). Therefore, we introduce its relaxation — that we call
(RL) — by

N T
2 7 i||2
9 m i 4
(ya a) 2/ / Yo (t, ) — y?(t, x)|* dedt + 5 ;:1 lu']l& /0 a;(t)dt  (4a)

subject to
C (alt). 9) g + alualt Zaz Dehyy Ve eVin (0.7)
(4b)
<yo¢(0)a §0>H = <y07 50>H Vgﬁ € ‘/a (4C)
a(t) = (ait),.,cy €0, in[0,T], (4d)
N
Z ai(t) =1 in [0, 7. (4e)

We write J?L for the objective value obtained by an admissible solution.
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In the following theorem we show that the convexification does not change
the optimal values of the original problem (BN) and the convexified problem
(BL). The proof is similar to the one in [31, Theorem 4.6] and therefore adapted
from there.

Theorem 1. If the convezified binary optimal control problem (BL) has an
optimal solution (yg,ﬂ*) with objective value JBL, then there exists an m-
dimensional control function u* such that (y*,u*) is an optimal solution of
the binary optimal control problem (BN) with objective value JBN satisfying
JBL = JBN | The converse holds true as well.

Proof. Assume that (yj, 3*) is a minimizer of (BL). Since it is feasible we have
the special order set property (3e) with 57(-) € {0,1} for all i =1,..., N. Thus,
there exists one index 1 < j(t) < N for almost all (f.a.a.) ¢t € [0,7T] such that

The binary control function
uw(t) =uw', te|0,T] ae.

is therefore well-defined and yields an identical right-hand side function value

F(tu*(t)) = Ft, D) = Biw F(t, w®) Zﬁ t€10,T] a.e.

and identical objective function
J(y* u*) = J(y*7uj(')) :ﬁ;(,) yﬁ’uj Zﬁ J(ys.u

compared to the feasible and optimal solution (yj,3*) of (BL). Therefore
(y*,u*) is a feasible solution of (BN) with objective value JZZ. Next we show
— by contradiction — that there exists no admissible solution to (BN) with a
smaller cost value than JPL. Hence, we assume that a feasible solution (7, )
of (BN) exists with objective value JBN < JBL. Since the set {u',...,uN}
contains all feasible assignments of u, there exists again an index function j()
such that @ can be written as

at) =w, telo,T)] ae.

With the same arguments above, (3 is defined as

1 ifi=j(t
ﬂi(t):{ ne j()’} fori=1,...,2Y and ¢t € [0,T] a.e..

0 otherwise

Consequently, 3 is feasible for (BL) with objective function value JBN < JBL
which contradicts the optimality assumption of problem (BN). Thus (y*, u*) is
an optimal solution of problem (BN).

The converse is proven with the same argumentation starting from the optimal
solution (BN).
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In the following we want to apply [17, Theorem 1]. For that purpose we
additionally suppose that f(-,x) and g(-, s) belong to W>°(0,T') for almost all
x € Q and s € T, respectively. Next we verify assumptions (HO) to (H3) of [17,
Theorem 1]:

e (HO): In [20, Theorem 5.13] is proved that (RL) has a unique optimal
solution.

e (H1): Due to our regularity assumptions for the inhomogeneities f and g, the
objective J and F are (locally) Lipschitz-continuous.

e (H2): Utilizing the W1*°-regularity for the inhomogeneities f and g again,
we notice that F(-,u?) belongs also W1>°(0,T) for any i = 1,..., N. Now,
(H2) follows from [17, Proposition 1], i.e., there exists a constant C' > 0 with

d ,
H— (S_A(t_T)]:(T7 ul))H _ <C forO<7t<t<Tae and1<i<N.
dr c(@)

e (H3): It follows also that the mapping t +— F(t,u) is essentially bounded in

C(Q) for any i € {1,...,N}.
Summarizing we have the following result [17, Theorem 1 and Corollary 1]:

Proposition 2. Let the regularity conditions for the data stated in Sect. 2 hold.
Moreover, f(-,x) and g(-,s) belong to W>(0,T) for almost all z € Q and
s € T, respectively. Suppose that (y%,a*) is the solution to the relaxed problem
(RL) with objective value JEL. Choose an arbitrary e > 0. Then there ezists a
feasible solution (yX,uk) of problem (BN) satisfying

JBN < JRL 4 o

Remark 2. Notice that a feasible solution (y},u}) of problem (BN) can be con-
structed from (y7, a*) by sum-up rounding; cf. Sect. 4.2 and [17, Algorithm 1]. ¢

4 Numerical Solution Method

In the following we describe in detail how to apply the theoretical results in a
numerical realization. We utilize Algorithm 1 which is based on the approach
described in [17]. To guarantee convergence in a finite number of steps, the
sequences of non-negative accuracies {&j }ren and the time discretizations should
be chosen such that e, — 0 and Atj, = max;—; _+{tF —t¥ ;} — 0, according
to Theorem 1 in [17].

4.1 Solution of the Relaxed Problem

Let us introduce two particular solutions for the state and dual equations:
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Algorithm 1. Relaxation Method for the FEM Model

1: Choose a time discretization G° = {0 = t8 < t(l) < tgo = T}, a sequence of
non-negative accuracies {ex }xen and some fixed tolerance £ > 0.

2: for £ =0,1,... do

3: Find an optimal control o of (RL) which stops with a tolerance of ey.

4: Set JE = J(a*).

5: if o is binary admissible then

6.

7

8

break
end if
: Using G* and o to define a piecewise constant function 3* as described in 4.3.

9: Determine J* = J(3%).
10:  if [J% — J*| <e/2 and 0 < & < £ then
11: break
12: end if
13: Choose GFt! = {0= t'g“ < t’f“ < t’;ﬂl = T} such that G* c gkt
14: end for
15: Set y5, = SBF + 4, 87 = 8%, y* = SaF + ¢ and w*(t) = Z;.V:l ul BR(t).

e § € W(0,T) is the weak solution to

Je(t, ) — Ag(t, ) + v(x) - Vi(t,x) = f(t, ) in Q a.e.,
%(1,) + as)ilt.s) = glt.s)  onTae.
@(Oa w) = Yo (513) in Q a.e.

e Further, p € W(0,T) is the weak solution to

—pilt@) — Ap(t.@) — V- (v(@)p(t, @) = (@) — (ta) in Q ac.
%(t, s) + (q(s) +v(s) - n(s))p(t,s) =0 on ¥ a.e.,
p(T,x) =0 in Q a.e.,
where 1 denotes the outwart normal vector.
The first step in Algorithm 1 is to solve (RL). To do so we use a first-order
augmented Lagrange method. Thus, we consider for ¢ > 0

N 2

N
da(t)—1 dt st. a€Agand Y oi(t) =1, (5)

=1 j=1

R T
min J (o) + f/
2.Jo

where the penalty term
2

dt

S [e0-

is the augmentation term, J(a) = J(ya,a) is the reduced cost functional and
Yo solves (4b)—(4c). The set A,q is defined by

Aag = {a € Ala;(t) €[0,1] on [0,T] ae. for j=1,...,N}
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and A = L2(0,T;RY). For ¢ > 0 the augmented Lagrangian is given as

N 2
c
Le(a,\) = <Za] > —|—§ Zozj(-)—l
L2(0,7) j=1

L2(07T).
For the inner optimization (i.e., the minimization of L.(- \) with respect to the
primal variable o) we choose a multiplier \° € A and set k = 0. Then, for
k=0,1,..., we solve for ¢, >0

min Lo, (o, \F)  st. a € Aug (PF)

and set

N
AFL = AP ¢y, Zozj(-) -1
j=1

For more details about Lagrangian methods see, e.g., [6, Chapter 3 and 4]. We
repeat this process until we have

Z%‘(')—

for a given tolerance € > 0. The optimality conditions are given as

2
<e
L2(0,T)

Do L(a, ) (a0 — @) = (Vo Le(a,N),a—a)g >0 forall a € Ay,

where 0,L(a, ) : A — R stands for the partial derivative with respect to «,
L.(a,N) € A is the gradient with respect to a. Moreover, @ is a local optimal
solutlon to (P*

+), and we have
doL(a, )5:<vc(aX)a5>A
N N
= J'(a)a +Z L2(0T)+CZZ —1,0f) L2(0,T)
j=11=1

for all directions o’ € A. For a given point o € A,q and a direction o’ € A the
directional derivative J/'(a)a® can be computed as follows:

1) Compute for a given oo = (a;)1<i<n € Aad the state y, solving

(9o, %) — Ayt 2) + o) - Vyalt, z) = Z(Zb ) in Q ac.

7=1 =1
0
Fe (t,8) +q(8)yal(t,s) =0 on X a.e.,
on
Ya(0,2) =0 in Q a.e.

and set y = ¥ + yq.
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2) Solve the adjoint equation

_(pa) ( ) - Apa(t7w) -V (’U(m)pa(ta w)) = —ya(tw) in Q a.e.,
D (1 ) + (gls) + vls) - ()pa(t.5) =0 on S ac.
pa(T ) =0 in Q a.e.

and set p = p + pa.
3) Set for o’ € A

/OT u a dt) / /QZ (gbl x)u! )a t)p dedt

m

%Z (ugag(t)) —ad(t) / p(t, Z i (a)ul) ) dt

: .

2>l [ )3 (uta)ud) e Jado)a

j=1 i=1 Q@ i=1

’Y m m

! J_ X ) J s

2 2 /p( ’m)z(bl(m)ui)d@lgszv’a >L2(O,T).

Therefore we can introduce the Riesz representant of the linear, bounded func-
tional J'(«) : A — R by

(3= [t o) b)) = viea

=1

In particular, J'(a) = (VJ(«), -)12(0,1) holds true.

Remark 3. The first order optimality conditions for problem (P’f) are given by
the variational inequality

for all & = (a;)1<i<n € Aad, where @ is the optimal solution to (5). For more
details see [20, Chapter 5. O
4.2 Sum-Up Rounding

Assume that we have found an optimal solution « to (RL). The next step in
Algorithm 1 is to construct a binary admissible control function 8 for (BL).
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There we need to guarantee that we will not lose the special ordered set prop-
erty (SOS-1). Therefore we construct 8 by using the following so-called sum up
rounding strategy (compare to [17] and [31, Section 5.1]) as follows.

Let G = {to,t1,...,t,} be a time grid with 0 = ¢y < t; < --- < t, = T.
Define 3 = (B4, ...,0nx) : [0,7] — {0, 1} by

6i(t):pi,jv te[tjvtj+1), i:]-v"wij:Ow”»V_]-,
where for alli=1,...,N, j=0,...,v—1

1 if (ﬁi,j Zﬁlijle {1,7N}\{Z}) and

Pij = (i<l:¥Vle{l,...,N}\{i}: pi; =Di)
0 else
tjt1 J—1

Dji = / oy (T)dr — qui,l(tHl — ).
0 1=0

Finally, to define a binary admissible control function for (BN) « : [0,T] —
{0,1}™ we set

N .
u(t) =Yl B;(t).
j=1

Thanks to Theorem 1 we get then JB = JBN  where JPZ depends on 3 and
JBN depends on wu.

4.3 Redefine the Time Discretization

If the values between the cost functions of (BN) and (RL) are not small enough
we need to redefine the time grid to get a better solution. To do so, there are
several strategies given in [31, Section 5.3]. However, the simplest way would be
just to define the grid in an equidistant way by double it and to use the old
solution as a warmstart. In our numerical experiments this is the way we have
done.

4.4 The POD Method

The most expensive part in Algorithm 1 is to find an optimal control « of (RL).
If one use here, e.g., finite elements to discretize the state and adjoint equa-
tions these leads to huge computational time. Therefore, to reduce the cost of
the numerical solution method we apply a POD-method. To apply POD to the
convexified problem assume that we have already computed a POD basis of
rank ¢ and the corresponding POD space V* = span{t1,...,1;} C V is given.
Moreover, we assume that we have computed the inhomogeneous part 3 of the



POD-Based Mixed-Integer Optimal Control of Evolution Systems 249

solution to the state equation. With the same notations as in Sect. 4.1 we intro-
duce the weak formulation of the homogeneous part of the reduced-order state
equation

1)) + 0l <Zumw> v eVin (0,7),  (6)

(y6(0),9) ;=0 v e vh (7)

and set y* = § + y’,. Moreover we define the POD approximated reduced cost
function by

N T
~ 1 2 ~
J (@) = 3 Iy = yallz2(0) + 2 Z (|’ ||Rm/ () dt.

With the definition of the POD approximated reduced cost we can define the
POD approximated reduced problem for the inner optimization of the Lagrange
method, more precisely for (P]; ). For the inner optimization we consider therefore
the POD approximated reduced problem

min/jﬁk(a,Ak) st. @€ Ay (PLF)

for a given ¢, and A¥, where we have for ¢ > 0

Li(a,\¥) = <Zaj—1 )\k> +§

L2(0,T)

N

Zaj—l

j=1

2

LZ(O,T).

Then the gradient of Jt is given by
VJ ( Z u / ‘- x) Z (bi(z)ul) da:) €A,
i=1 1<j<N
where p’ = p + p’, holds true und p’, solves the adjoint problem

—% (e () )y + a($, (1) = =(Wa(t), ¥}y VP EVIn (0,7],  (8)

{Pe(T) %)y =0 vy e Ve 9)
In [20, Theorem 5.38] is the following a-priori convergence result given.

Theorem 2. Suppose assumptions from Sect. 2 hold. Let the linear, bounded
operator B: A — L%(0,T; (V")) be given as

=1

N m
(Ba)(t), ¥) ey ye = Zaj(t) Zu{(bi7z/)>H forae Ain[0,T] a.e.
j=1

We assume that B is injective. For arbitrarily given o € A we suppose that the
solutions yo and pe, to (6) and (9), respectively, belong to H*(0,T;V) \ {0}.
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1) If we compute the POD space V* by solving

4 T £
minY [ [P 0-3 @ 0.0y v

i=1

2
th s.t. {’(/Jz le C V, <wi>¢j>v = (Sij

using the snapshots y' = ya, ¥*> = (Wa)t, ¥° = Da and y* = (pa)¢, then the
optimal solution & of (Pf) and the optimal solution & to the reduced problem
(P5%) satisfy

lim ||a‘ —all 4, =0.

Jim [a” —all .

2) If an optimal POD basis of rank £ is computed by choosing the snapshots
¥ =va, ¥ = Wa)t, ¥* = pa and y* = (pa)t, then we have

o
lim [|af —al , < ;
Jim af —all, <0 Y
i=0+1

where {p}ien are the eigenvalues of the corresponding POD problem satisfying
the error formula

4 T ‘ | ) _
Z/ Hyj(t)—z<yﬂ(t),¢i>v¢i th: Z "

j=1"0 i=1 i=0+1

cf. [14], for instance.

The following a-posteriori error estimate guarantees that the error stays small
in the numerical solution method. A proof can be found in [20, Theorem 5.39].

Theorem 3. Let all assumptions of Theorem 2 hold. For arbitrarily given o € A
we choose the snapshots y* = Yo, ¥°> = (Ya)t, ¥° = pa and y* = (pa):. Define
the function ¢ € A by

—min(0,£/(t)) a.e. in Af,; = {t € [0,T]|al(t) = 0},
Gi(t) =1 max(0,&(t) ae nA,={te0,T]|al(t) =1},

—ff(t) a.e. in [OaT] \ (mé,z U Q[li,i%
where £ = VoLo(af,\) in A. Then, for ¢ > 0 we get the a-posteriori error

estimate
_ ) 2 1 ¢
la —a%lly < ZlI¢lLas (10)
and in particular, Elim ||CEHA =0.
— 00

With these results, we can solve (RL) with the POD method and control the
error with the a-posteriori error estimate in our numerical solution approach.
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Table 1. Parameter and function values for the numerical experiments

Symbol | Value Description

T 1 Final time

Q (0,1)? Spatial domain

v(z) (1,1)7 for all z € Q| Convection term

q(x) 0.1 on 992 Isolation of the room

ft,z) |0 No influence from the source term f

g(t,z) |see Fig.1 Outside temperature modeled by a
polynomial with degree 3

5 Numerical Experiments
In this section we investigate the mixed-integer optimal control problem numer-

ically by the method introduced in Sect. 4. To recall, we consider the following
mixed-integer optimal control problem:

)

1 /7 m .7
min J(y,u) = 7/ / ly(t,x) — y(t, «)|*dedt + z E / lus (t)?dt  (11a)
yu 2Jo Ja 2 i=1 /0

subject to a convection-diffusion equation

2yt—Ay+v-Vy:f+Zuibi in Q (11b)
i=1

g—z+qy:g on Y (11c)

y(0) = yo in © (11d)

and binary admissibility of u(-)

u(t) € {0,1}™ in [0, T] a.e. (almost everywhere). (11e)

We will use the parameters and function values which are given in Table1.
Moreover, for the desired temperature we first want a decrease in the temperature
to 10° until ¢ = 0.25, an increase to 18° until ¢ = 0.75 and then again a decrease
to 10°. With this we want to avoid simple solutions which are like u(t) = 1 or
u(t) = 0 for all ¢ € [0, T]. Therefore we set for all x € Q2

p 10 if ¢t < 0.25 or ¢ > 0.75,
y(t,x) = .
18 otherwise.

In the following we will use all notations from the previous sections. The
implementations are done in Python where we use the packages NumPy, SciPy
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and Matplotlib, see [21] as well as FEniCS, see [2,30]. All computations are
done on a standard laptop (Acer Aspire 5, Intel(R) Core(TM) i5-8250U, 1.6 GHz
(up to 3.4GHz), 8 GB DDR4-RAM).

For solving the relaxed optimal control problems (RL) we use for the inner
optimization in each iteration of the augmented Lagrange method (e.g. solving
(P¥)) the L-BFGS-B method from SciPy, [7]. The maximum number of iterations
for the L-BFGS-B method is set up to 100. For the first time grid we utilize a
tolerance of g = 10~*. After each modification of the time grid we divided
€0 by 10 until e, = 10~7 which give us a sequence of non-negative accuracies
{e1}. To solve the integer problem we use as a tolerance ¢ = 107°. The first
time discretization is given by an equidistant time grid G C [0, T] with 50 time
steps. The first optimal control problem (RL) is solved with a (pseudo) random
initial control function. After that one we reuse the old solution to get faster
convergence results. We stop the algorithm either if

|JBN_JRL’S€

or if the size of the time grid is bigger than 800 grid points. We redefine the time
grid in an equidistant way by double it.

In the tests we consider a tow dimensional control and impose a floor heating
in the subdomains €, = (0,0.25) x (0,0.5) C Q and €, = (0.25,0.5) x (0,0.5) C
Q Therefore we set bi(x) = 1 for all © € ), and ba(x) =1 for all © € OQp,. Set

ul =0, u? =1, ul = 0 and u2 = 1 the convexification and the relaxation leads
o (RL) which has the form

T
rlrlnn J(y,a) = / / ly(t, ©) — y(t, x)|*dedt + = 5 /0 (a2(t) + as(t) + 2au(t))dt
subject to

—Ay+v-Vy: f—|—b10&2 + boag + (bl +b2)0&4, in Q,

dy
an TW=9 on 3,
y(o) = Yo, in Qa
aft) € 0,1]%, in [0, 7] a.e.,

4

Zai(t) =1, in [0, 7] a.e..

=1

After finding an optimal control o we use the sum-up rounding strategy as
described in Sect. 4.2 to get a binary admissible 3 and set

)= () o+ () oo+ () sty + (1) suto

for all t € [0,T.
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Temperature in KN, 10.03.2018

—— Real Data
- Interpolated Polynom

111

10

Temperature

0 5 10 15 20
Time from 00:00 - 24:00

Fig. 1. Temperature outside given by real data and the interpolated polynom.

5.1 Full Finite Element Method Model

In our numerical experiments we compare the behavior of the algorithm with
different regularization parameters . Notice, that for v = 0 the problem leads
to a bang-bang solution. Therefore, as bigger the regularization parameter gets,
as more complicated is the integer problem. But on the other hand, big regular-
ization parameters should make the relaxed problem easier to handle.

5.1.1 Case v = 0.01

The first test is done with v = 0.01. Here we use the initial condition that
represents a constant temperature of 16° in the whole room, i.e. yo(x) = 16 for
all x € Q. After four times redefining the grid, the algorithm has found a solution
with a difference between JBN = JBL and J®L around 6-1075. The convergence
behavior is given in the left subfigure of Fig. 2. Notice, that in the same figure
we see also the difference between JBN = JBL and JEL (blue line) as well as the
difference between JZV and J®N (orange line) which is close to the other one,
caused of the small regularization parameter . Notice as well that we always
have that J#L < JBN which we could expect from the theoretical results. In
Fig. 3 are the optimal control functions u; and uy and the corresponding binary
functions (1, B2, B3 and (4. Notice that all control functions are close to bang-
bang. Notice as well that to guarantee the SOS-1 property for the binary control
functions 3; we need in G2 an additional 1 at time step t =~ 0.08 which we don’t
see in the relaxed control as.
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Difference between the cost Difference between the cost

—— Difference between /8N and JRt

Difference between J&V and JiV

H
3

H
2
L

difference between cost
difference between cost

—— Difference between J&V and JAt

107*

S Difference between J8V and JAN

0 1 2 3 4 0 1 2 3 4
number of iterations number of iterations

Difference between the cost

difference between cost
= =
2 N

,_.
2

—— Difference between /8" and JRt

——— Difference between J8V and JfV \

0 1 2 3 4
number of iterations

Fig. 2. Difference between JZV and J®L as well as between JZV and J®V. Case
~v = 0.01 on the top left, v = 0.1 on the top right and v = 1 on the bottom middle.

5.1.2 Case v =0.1

Next we increase the regularization parameter and set therefore v = 0.1. The
algorithm modifies the time grid four times to reach a tolerance around 10~6
for the difference of JBN = JBL and JL. The convergence behavior is given in
the right subfigure of Fig. 2. Notice that the difference of JBN = JBL and JEN
is bigger compared to the case v = 0.01 and would not converge to a solution
which is as close as that one we have found. Or in other words, just relax the
integer problem leads to big duality gaps which do not close by just redefining
the time grid.

5.1.3 Casev =1

Finally, we do the same test with v = 1. To avoid solutions which are zero
everywhere, we set yo(x) = 14 for all £ € Q. The algorithm is done after four
times redefinition of the time grid and a difference between JBV = JBL and JX
which is & 107%. The convergence behavior is given in the bottom subfigure
of Fig.2. Notice that there is a big difference between JZY and JEN. Here
we see again the nice benefit of the convexification. Without that, it would be
impossible to get such a small difference as for the solution, and we could say
nothing how good our solution would be. Again we see that the duality gab
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Fig. 3. Optimal control functions (relaxed and rounded) and corresponding optimal
binary functions (; for v = 0.01.

between the integer solution and the relaxed solution without convexification is
huge compared to the gap of the confexified problem.

If we have a look on Fig.4 we can see the influence of the convection term
in the control functions. The second control function is on the right side in the
domain and from the convection therefore more expansive in the costs, although
we do not weight our control functions. Therefore we get a zero control function
for the second control. For the first one we have a little (but less than in the
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Fig. 4. Optimal control functions (relaxed and rounded) and corresponding optimal
binary functions (; for v = 1.

case without convexification) chattering behavior. Summarized we see for a two-
dimensional problem that the convexification leads to good solutions and the
gap between integer and relaxed closes nicely. We also see, that the estimate
between JEV and JEL is sharp, in contrast to J* which we could expect from
the theoretical results. Moreover, we see a nice linear convergence behavior for
the solutions by redefining the time grid in an equidistant way by doubling it.
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5.2 The Reduced POD Model

In the following we do the same tests as in Sect. 5.1 but apply the POD method
on the corresponding relaxed problems. We investigated the quality of the POD
approximated solutions with the a-posteriori error estimate from Theorem 3 and
compare the computational time. Since we are solving an integer problem we
expect similar solutions as before and compare therefore the values of the cost
functions corresponding to (RL) as well as (RN).

To generate a POD basis of rank [ we use the snapshots y' = Sao and
y? = Aag, where o is a (pseudo) random initial control function which we
use for both problems as initial one e.g. we start both optimal control problems
with this one. We compute the POD basis as describes in [20, Section 4] using
trapezoidal weights and solve the eigenvalue problem corresponding to the POD
problem with the SVD method. As weighting matrix we use the mass matrix
and we use [ = 10 snapshots. The offline phase, which mean calculating the POD
ansatz functions need in all three cases around 0.025s.

5.2.1 Case v = 0.01

For the FEM method, the algorithm needs to redefine the grid four times and
found a solution after 1994.2s. The algorithm spends the most time (around
1400s) in the last time grid. This could come from a bad initial condition since
in all other cases, the reuse of the old solution works pretty well. The difference
between JBN = JBL and JRL is ~ 7% 1075,

The POD method needs 154.2s and is therefore more than 12 times faster,
although we have use the same initial condition. In this test for us, at ¢t ~ 0.5
the POD method has found a solution where u 9P (t) = 1 and u{"FM(t) = 0.
The rest is equal. The convergence behavior of the full problem and the POD
problem is given in Fig. 5 as well as the difference between JFE,, and JEE,,. In
Table 2 we have given all values of the cost in the different time grids for the full
problem as well as for the POD problem. Notice the interesting behavior of the
a-posteriori error functions (.

Finally we have a look of the difference of the controls in the final grid. Here
we have

[ ugeOlDHA =0.02171, |Juffy — “%DHA — 0.02.

Therefore we can conclude that the POD method founds a similar solution and
is much faster than the full method. Moreover, we can see that the POD method
has found a solution in each time grid which is equal or slightly bigger than that
one from the full model.
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Fig.5. Convergence behavior of the cost for v = 0.01. On the top left, difference
between the relaxed and the binary cost for the FEM. On the top right the difference
for the POD method and on the bottom middle the difference between the convexified
relaxed cost for the FEM and the POD method.

Table 2. Summarized values in the different time grids for v = 0.01.

Time instances | 50 100 200 400 800

¢l 6-107%10.00011|107® |6-107°|8-107°
JBN = jBL 11.5186 | 11.4813 | 11.4924 | 11.5009 | 11.5027
JRN 11.5143 | 11.4805 | 11.4919 | 11.5006 | 11.5026
JRE 11.5144 | 11.4806 | 11.4919 | 11.5006 | 11.5026
JBY, = JB5, |11.5186 | 11.4815 | 11.4924 | 11.5009 | 11.5028
JES, 11.5143 | 11.4805 | 11.4919 | 11.5007 | 11.5027
JEE, 11.5144 | 11.4806 | 11.4919| 11.5007 | 11.5027

5.2.2 Case v=0.1

Like before both algorithms need to redefine the time grid four times. For the
full model the algorithm needs 1789.4s. Again, the augmented Lagrange method
in the final time grid needs the most time of the whole process. The difference
between JBN = JBL and JRL is &~ 107 and therefore reached our accuracy.
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For the reduced POD model the algorithm needs 144.9 s and is therefore again
more than 12 times faster. But the difference between JBY, = JBL , and JEE
is &~ 10~° and therefore a bit worse than for the full model. The convergence
behavior of the costs for the full model and the POD model is given in Fig.6.
Table 3 shows again the different values of the cost and the behavior of the error
functions (.

Again we have a look at the difference of the control in the final grid. This
time we have

updn — upepll, =0.039, |Jugipy —updp| = 0.141.

The discrete control u; of the full model and the POD model differs for
t € {0.13625,0.48875, 0.49, 0.49125 }
and the discrete control uy differs for
t € {0.13375,0.135,0.41,0.4125,0.49125 }

which causes the difference of the binary control functions. Notice, again the
value of the cost function JBY, is equal at every time grid except in the case
where the grid is of the size 200. Here the value of J5J7, is slightly bigger.
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Fig. 6. Convergence behavior of the cost for v = 0.1. On the top left, difference between
the relaxed and the binary cost for the FEM. On the top right the difference for the
POD method and on the bottom middle the difference between the convexified relaxed
cost for the FEM and the POD method.



260 C. Jakle and S. Volkwein

Table 3. Summarized values in the different time grids for v = 0.1.

Time instances | 50 100 200 400 800

111¢|] 1-107°(8-107°[6-107°|5-1077 | 4-107°
JBN = jBL 11.5494 | 11.5126 | 11.5246 | 11.5338 | 11.5355
JEBN 11.5465 | 11.5115 | 11.5241 | 11.5335 | 11.5353
JRL 11.5467 | 11.5122 | 11.5243 | 11.5337 | 11.5355
JES, = JB5p |11.5494 | 11.5126 | 11.5247 | 11.5338 | 11.5355
JEY 11.5465 | 11.5116 | 11.5238 | 11.5335 | 11.5353
JEE 11.5466 | 11.5122 | 11.5246 | 11.5337 | 11.5352

5.2.3 Case~vy =1
The full model redefines the time grid three times and needed 277.1s. The differ-
ence between JBN = JBL and JRF is =~ 1075, so we reach our tolerance what is
the reason why the algorithm needs much less time and one time grid less than
in the cases of ¥ = 0.01 and v = 0.1. This could come from a good initial control
ug. Notice in the test of Subsect. 5.1 the algorithm needed one time grid more to
reach this tolerance. Using the reduced POD model the algorithm needs 42.8s
and redefined the time grids three times. The plots of the convergence behavior
are given in Fig. 7 and in Table4 we have summarized our findings. Notice this
time the value of J Eg p is a bit smaller or equal than the cost J BL for the full
model. The difference between JEY, = JEL, and JES,, is ~ 107F.

Having a look at the difference of the control functions in the final time grid
we get

|ug%y — uigp|| . = 0.0073,

|uia — uBdp| , = 0.02.

The only difference in the binary control functions is for u; at ¢ = 0.205.

Table 4. Summarized values in the different time grids for v = 1.

Time instances | 50 100 200 400

1<l 2:107°/1-107%6-107%1-107°
JBN = jBL 12.2703 | 12.2492 | 12.2561 | 12.2936
JRN 12.2697 | 12.2466 | 12.2529 | 12.2903
JRE 12.2697 | 12.2491 | 12.2566 | 12.2936
JBYp = JB5, 112.2703 | 12.2492 | 12.2561 | 12.2936
JEY, 12.2697 | 12.2466 | 12.2579 | 12.2903
JEE, 12.2697 | 12.2491 | 12.2561 | 12.2936
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Fig. 7. Convergence behavior of the cost for v = 1. On the top left, difference between
the relaxed and the binary cost for the FEM. On the top right the difference for the
POD method and on the bottom middle the difference between the convexified relaxed
cost for the FEM and the POD method.

Table 5. Different computational times for the FEM method and the POD method
for different regularization parameter.

Computational time

FEM/POD
v=0.01  FEM | 1994.2s5| 12,9
POD | 154.2s
v=0.1 |FEM |1789.4s|12.3
POD | 144.9s
y=1 FEM |277.1s |6.5
POD | 42.8s

Summarized we can definitely say that working with a reduced POD model
instead of the full model gives a huge improvement of the computational time
(see Table 5 for summarizing the speed up). Moreover, we get with this approach
similar solutions which can lead incidental to smaller values of the cost function,
therefore even better solutions. We have also seen, that a very small number [
of ansatz functions for the POD basis are enough to reach this good solutions.
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6 Conclusions and Outlook

In this chapter the authors have dealt with the application of relaxation meth-
ods combined with proper orthogonal decomposition (POD) methods for model
order reduction to solve mixed-integer optimal control problems governed by
linear convection-diffusion equations. After adopting the algorithm of [17] and
verifying that this problem satisfies the assumptions of Theorem 1 in [17] to
guarantee convergence a detailed description of the numerical solution method
was given. Since the finite element method to discretize the state and adjoint
equations from the optimization procedure leads to huge systems which have to
be solved frequently, the POD method was introduced. This reduced the time-
consuming optimization process and leads to a significant acceleration of the
CPU times while the error remains small. The functionality of the algorithm
and this behavior was verified by numerical experiments.
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An optimal policy has the property that
whatever the initial state and initial
decision are, the remaining decisions must
constitute an optimal policy with regard to
the state resulting from the first decision.

Richard Bellman, 1957

Abstract. We review an approach for discretizing Bellman’s optimality
principle based on piecewise constant functions. By applying this ansatz
to a suitable dynamic game, a discrete feedback can be constructed which
robustly stabilizes a given nonlinear control system. Hybrid, event and
quantized systems can be naturally handled by this construction.

1 Introduction

Whenever the state of some dynamical system can be influenced be repeatedly
applying some control (“decision”) to the system, the question might arise how
the sequence of controls — the policy — can be chosen in such a way that some
given objective is met. For example, one might be interested in steering the
system to an equilibrium point, i.e. to stabilize the otherwise unstable point. In
many contexts, the application of some control comes at some cost (fuel, money,
time, ...) which then is accumulated over time. Typically, one is interested in
meeting the given objective at minimal accumulated cost. This is the context of
Richard Bellman’s famous quote which already hints at how to solve the problem:
One can recursively construct an optimal sequence of controls backwards in time
by starting at the/some final state. It just so happens that this is also the idea
of Edsger Dijkstra’s celebrated algorithm for finding shortest paths in weighted
directed graphs.

At the core, this procedure requires one to store the minimal accumulated
cost at each state, the value function. According to the recursive construction
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of the sequence of optimal controls, the value function satisfies a recursion, i.e.
a fixed point equation, the Bellman equation. From the value function at some
state, the optimal control associated to that state can be recovered by solving a
static optimization problem. This assignment defines a function on (a subset of)
the states into the set of all possible control values and so the state can be fed
back into the system, yielding a dynamical system without any external input.
By construction, the accumulated cost along some trajectory of this closed loop
system will be minimal.

In the case of a finite state space (with a reasonable number of states),
storing the value function is easy. In many applications from, e.g., the engineering
sciences, however, the state space is a subset of Euclidean space and thus the
value function a function defined on a continuum of states. In this case, the
value function typically cannot be represented in a closed form. Rather, some
approximation scheme has to be decided upon and the value function (and thus
the feedback) has to be approximated numerically.

In this chapter, we review contributions by the authors developing an approach
for approximating the value function and the associated feedback by piecewise
constant functions. This may seem like a bad idea at first, since in general one
would prefer approximation spaces of higher order. However, it turns out that this
ansatz enables an elegant solution of the discretized problem by standard shortest
path algorithms (i.e. Dijkstra’s algorithm). What is more, it also enables a unified
treatment of system classes which otherwise would require specialized algorithms,
like hybrid systems, event systems or systems with quantized state spaces.

As is common for some discretization, the discrete value function does not
inherit a crucial property of the true one: In general, it does not decrease mono-
tonically along trajectories of the closed loop system. In other words, it does not
constitute a Lyapunov function of the closed loop system. As a consequence, the
associated feedback may fail to stabilize some initial state. This deficiency can be
cured by considering a more general problem class, namely a system which can
be influenced by two independent controls — a dynamic game. In particular, if the
second input is interpreted as some perturbation induced by the discretization,
a discrete feedback results which retains the Lyapunov function property.

On the other hand, as any construction based on the Bellman equation,
or more generally as any computational scheme which requires to represent a
function with domain in some Euclidean space, our construction is prone to the
curse of dimension (a term already coined by Bellman): In general, i.e. unless
some specialized approximation space is employed, the computational cost for
storing the value function grows exponentially in the dimension of state space.
That is, in practice, our approach is limited to systems with a low dimensional
state space (i.e. of dimension <4, say).

2 Problem Formulation

We are given a control system in discrete time

Tk41 :f(xlmuk)wk)a k:Oala"'7 (1)
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where x; € X is the state of the system, uy € U is the control input and
wy € W is some external perturbation. We are further given an instantaneous
cost function g which assigns the cost

g(xr,up) >0

to any transition zy — f(zk, uk, w), w € W.

Our task is to globally and optimally stabilize a given target set T C X by
constructing a feedback w : S — U, S C X, such that T is an asymptotically
stable set for the closed loop system

Tpt1 = flap,u(zy),wr), k=0,1,... (2)

with xg € S for any sequence (wyg )y of perturbations and such that the accumu-
lated cost

3 glar ulw)) (3)

k=0
is minimal.

System Classes. Depending on the choice of the spaces X,U and W and the
form of the map f, a quite large class of systems can be modelled by (1). Most
generally, X, U and W have to be compact metric spaces — in particular, they
may be discrete. Common examples which will also be considered later, include

e sampled-data systems: X, U and W are compact subsets of Euclidean space,
f is the time-T-map of the control flow of some underlying continuous time
control system and g typically integrates terms along the continuous time
solution over one sampling interval;

e hybrid systems: X =Y x D, where Y C R™ compact and D is finite, U and
W may be continuous (compact) sets or finite (cf. Sect. 8);

e discrete event systems: f may be chosen as a (generalized) Poincaré map (cf.
Sect. 8).

e quantized systems: The feedback may receive only quantized information on
the state z, i.e. x is projected onto a finite subset of X before u is evaluated
on this quantized state.

3 The Optimality Principle

The construction of the feedback law u will be based on a discretized version of
the optimality principle. In order to convey the basic idea more clearly, we start
by considering problem (1) without perturbations, i.e.

Tpr1 = flzp,ug), k=0,1,... (4)

and assume that X C R? and U C R™ are compact, 0 € X and 0 € U. We further
assume that 0 € X is a fixed point of f(-,0), i.e. f(0,0) = 0, constituting our
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target set T := {0}, that f: X xU — X and g : X xU — [0, 00) are continuous,
that ¢(0,0) = 0 and inf,cp g(z,u) > 0 for all x # 0.

For a given initial state zg € X and a given sequence u = (ug, uy,...) € UN
of controls, there is a unique trajectory x(xo,u) = (xg(xo,u))ren of (4). For
r € X, let

W(z) = {uc U": 2p(v,u) — 0 as k — oo}

denote the set of stabilizing control sequences and

S={z e X :Ux) # 0}
the stabilizable subset of X. The accumulated cost along some trajectory x(zo, w)
is given by

J(xo,u) =Y glwr(wo, w), up). (5)
k=0

Note that this series might not converge for some (zg,u). The least possible
value of the accumulated cost over all stabilizing control sequences defines the
(optimal) value function V : X — [0, o],

Viz) = ueu&f('z) J(x,u) (6)

of the problem. Let Sy := {z € X : V(z) < 0o} be the set of states in which the
value function is finite. Clearly, So C S. On Sy, the value function satisfies the
optimality principle [2]

V(z) = inf {g(z,u) + V(f(z,u))}. (7)
The right hand side
Llv)(z) == inf {g(z,u) +v(f(z,u))}

of (7) defines the Bellman operator L on real valued functions on X. The value
function V is the unique fixed point of L satisfying the boundary condition
V(0)=0.

Using the value function V', one can construct the feedback u : Sy — U,

u(z) = arngin {g(z,u) + V(f(z,u))}, (8)

whenever this minimum exists. Obviously, V' then satisfies

V() = g(z,u(x)) + V(f(z,u(x))), 9)

for x € Sy, i.e. the optimal value function is a Lyapunov function for the closed
loop system on Sy (provided that V is continuous at T = {0}') — and this
guarantees asymptotic stability of T'= {0} for the closed loop system. By con-
struction, this feedback w is also optimal in the sense that the accumulated cost
J is minimized along any trajectory of the closed loop system.

! This property can be ensured by suitable asymptotic controllability properties and
bounds on g.
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4 A Discrete Optimality Principle

In general, the value function (resp. the associated feedback) cannot be deter-
mined exactly and some numerical approximation has to be sought. Here, we
are going to approximate V by functions which are piecewise constant on some
partition of X. This approach is motivated by the fact that the resulting discrete
problem can be solved efficiently and that, via a generalization of the framework
to perturbed systems in Sect. 5 the feedback is also piecewise constant and can
be computed offline.

Let P be a finite partition of the state space X, i.e. a finite collection of
pairwise disjoint subsets of X whose union covers X. For z € X, let w(x) € P
denote the partition element that contains x. In what follows, we identify any
subset {P1,..., Py} of P with the corresponding subset |J,_; , F; of X.

Let R ¢ R¥ = {v: X — R} be the subspace of real valued functions on X
which are piecewise constant on the elements of P. Using the projection

Pll(a) == inf o(a’), (10)

z'en(z)
from R¥ onto R”, we define the discretized Bellman operator
Lg:v = w olL.

Again, this operator has a unique fixed point Vi satisfying the boundary condi-
tion V(0) = 0, which will serve as an approximation to the exact value function
V.

Explicitely, the discretized operator reads

Lypv)(z) = inf { inf {g(z',u) +v(f(z', u))}} :

z'en(z) (velU
and Vo satisfies the optimality principle

Vp(e)= | inf  {g(a',u) + Vo(f(a',u))}. (11)
z'en(z),uel
Recalling that Vp is constant on each element P of the partition P, we write
Vp(P) in order to denote the value Vp(x) for some = € P. We can rewrite (11)
as
Vp(z) = min (il,ﬂf) {g(',u) + Vp(P)} (12)
where the min is taken over all P € P for which PN f(w(z),U) # () and the

inf over all pairs ' € w(z), u € U such that f(2’,u) € P. Now define the
multivalued map F: P = P,

F(P)={P' €P: P nf(PU)+0} (13)
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and the cost function §: P x P — [0, 00),

G(P,P)= 7irelfU{g(ar:,u) |z € P, f(z,u) € P'}. (14)

Equation (12) can then be rewritten as

Vo(P) = min_ {S(P.P)+Vi(P')}.

Graph Interpretation. It is useful to think of this reformulation of the discrete
optimality principle in terms of a directed weighted graph Gy = (P, Ep). The
nodes of the graph are given by the elements of the partition P, the edges are
defined by the map F: there is an edge (P,P’) € Ep whenever P’ € F(P)
and the edge e = (P, P’) is weighted by G(e) := G(P, P’), cf. Fig.1. In fact,
the value Vp(P) is the length G(p) := >/, G(ex) of the shortest path p =
(e1,...,em) from P to the element 7(0) containing 0 in this graph. As such, it can
be computed by (e.g.) the following algorithm with complexity O(|P|log(|P]) +
IE]):

Fig. 1. Partition of phase space, image of an element (left) and corresponding edges in
the induced graph (right).

Algorithm DIJKSTRA [5]
for each P € P: V(P) :=o0; V(7(0)) :=0; Q:=P

while Q # ()
P :=argminp o V(P')
Q:=Q\{P}

for each @ € P with (Q, P) € Eyp
it V(Q) > S(Q, P) + V(P) then
V(Q)=5(Q,P)+V(P)

O

The time complexity of this algorithm depends on the data structure which
is used in order to store the set Q. In our implementation we use a binary heap
which leads to a complexity of O((|P| + |E|)log|P|). This can be improved to
O(|P|log |P| + | E|) by employing a Fibonacci heap.
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A similar idea is at the core of fast marching methods [16,18] and ordered
upwind methods [17].

Implementation. We use the approach from [3,4] as implemented in GAIO
in order to construct a cubical partition of X, stored in binary tree. For the
construction of the edges and their weights, we use a finite set of sample points
U CU and P C P for each P € P and compute the approximate image

F(P)={P e€P: P nf(P,U)+#0}, (15)

so that the set of edges is approximately given by all pairs (P, P’) for which
P’ € F(P). Correspondingly, the weight of the edge (P, P’) is approximated by

S(P,P)= min {g(z,u) | f(z,u) € P}
(z,u)ePxU

This construction of the graph via the mapping of sample points indeed consti-
tutes the main computational effort in computing the discrete value function. It
might be particularly expensive if the control system f is given by the control
flow of a continuous time system. Note, however, that a sampling of the sys-
tem will be required in any method that computes the value function. In fact, in
standard methods like value iteration, the same point might be sampled multiple
times (in contrast to the approach described here).

Certainly, this approximation of the box images introduces some error, i.e.
one always has that F(P) C F(P), but typically F(P) & F(P). In experiments,
one often increases the number of sample points until the result of the com-
putation stabilizes. Alternatively, in the case that one is interested in a rigor-
ous computation, either techniques based on Lipschitz estimates [13] or interval
arithmetic [19] can be employed.

Example 1 (A simple 1D system). Consider the system
Tpt1 =z + (1 — Q)ugzg, k=0,1,..., (16)
where x, € X =[0,1],ur, € U =[—1,1] and a € (0, 1) is a fixed parameter. Let
g(z,u) = (1 —a)x,

such that the optimal control policy is to steer to the origin as fast as possible,
i.e. for every z, the optimal sequence of controls is (—1,—1,...). This yields
V(z) = z as the value function.

For the experiment, we consider a = 0.8 and use partitions of equally sized
subintervals of [0,1]. The edge weights (14) are approximated by minimizing
over 100 equally spaced sample points in each subinterval and 10 equally spaced
points in U. Figure 2 shows the exact and two discrete value functions, resulting
from running the code in Fig. 3 in Matlab (requires the GAIO toolbox?).

2 Available at http://www.github.com/gaioguy/gaio.
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Fig. 2. Exact (red) and discrete value functions for the simple example on partitions
of 64 (black) and 1024 (blue) intervals.

0N U A WN =

T
oA WNR O

0.8;

@(x,u) [x + (l-a).*x.*u, (1l-a)*x];
linspace(-1,1,100)";
linspace(-1,1,10)";

control system
state samples
control samples

X o
o nn

o o° o°

depth = 6; ¢ = 0.5; r = 0.5;

tree = Tree(c, r);

subdivide(tree, depth);

A = dpgraph(tree, f, X, U, depth);
D = tree.search(0, depth);

[V,~] = dijkstra(A’, D);

construct full tree
construct partition
compute graph

find destination box
compute value function

o d° o° o o°

n = 2”depth; dx = 1/n; x = linspace(dx/2,1-dx/2,n);
clf; plot(0:1,0:1,'r"); hold on; bar(x,V,1);

axis tight; axis square;

xlabel(’$x$"); ylabel(’(discrete) value function’);

Fig. 3. Code: value function for a simple 1d system.

4.1 The Discrete Value Function

Proposition 1 [14]. For every partition P of X, Vp(z) <V (x) for allz € X.

Proof. The statement obviously holds for € X with V(x) = oo. So let z € Sy,

i.e.

V(x) < oco. For arbitrary € > 0, let w = (ug,u1,...) € U(z) be a control

sequence such that J(z,u) < V(z)+¢ and (zr(x, uw)); the associated trajectory
of (4). Consider the path

(e1y...yem), e = (m(xr-1),7(xx)), k=1,...,m,
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where x = xp and and m is minimal with x,, € 7(0). The length of this path is

Z S(er) = Z 51615{9(%”“) |z € m(zp-1), f(z,u) € ()}
k=1

k=1

<Y gk ue) <Y gl uo) = J(x,w),

1 k=1

NE

>
Il

yielding the claim. O

This property immediately yields an efficient aposteriori error estimate for Vip:
For x € Sy consider

e(@) = inf {g(e,u) + Vo(f (2, w))} — V(o). (17)
Note that e(z) > 0. Since
V(@) = Vi(w) = inf {gla,u) + V(f(z,0)} — Vo ()
> inf {g(e,u) + Va(f(, )} = Vi(e) = e(a),

we obtain

Proposition 2. The function e : Sy — [0,00) is a lower bound on the error
between the true value function V' and its approzimation Vp:

e(x) <V(x) —Vp(x), xS

Now consider a sequence (‘P“)) ¢en of partitions of X which is nested in the sense
that for all £ and every P € PUHD there is a P’ € P such that P ¢ P’. For
the next proposition recall that S C X is the set of initial conditions that can
be asymptotically controlled to 0.

Proposition 3 [14]. For fized x € S, the sequence (Vpw (z))een is monotoni-
cally increasing.

Proof. For © € S, the value Vp) () is the length of a shortest path p =
(e1,...,em), ex € Epw , connecting 7(z) to 7(0) in P¥). Suppose that the claim
was not true, i.e. for some ¢ there are shortest paths p in Gy and p’ in Gpeesy
such that G(p') < G(p). Using p’, we are going to construct a path p in Gy
with §(p) < G(p), contradicting the minimality of p: Let p’ = (ef,...,€,,,), with
e, = (P/_y,P}) € Epusn. Hence, f(P,_,,U)N P} #0, for k=1,...,m'. Since
the partitions P() are nested, there are sets P, € P such that P{ C Py for
k=0,...,m Thus, f(Py_1,U)NPy # 0, i.c. & = (Pr_1, Py) is an edge in Eqpe

and p = (€1,...,6y) is a path in Gy . Furthermore, for k =1,...,m/,

g(ék) = ulng{g(m,u) | LS Pk—lvf(x7u) € pk}
< inf {g(z,u) |z € Py, f(w,u) € P} = §(ep)-

This yields §(p) < §(p’) < G(p), contradicting the minimality of p. O
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So far we have shown that for every z € S we have a monotonically increasing
sequence (V) (2))een, which is bounded by V(z) due to Proposition 1. The
following theorem states that for points € S the limit is indeed V(z) if the
maximal diameter of the partition elements goes to 0. For some finite partition
P of X, let diam(P) := max; diam(P;) be the diameter of the partition P.

Theorem 1 [14]. If diam(P®)) — 0 then Vi (z) — V(z) as £ — oo for all
zeSs.

4.2 The Discrete Feedback

Recall that an optimally stabilizing feedback can be constructed using the (exact)
value function for the problem (cf. (8)). We will use this idea, replacing V' by its
approximation Vp: using U from (15)2, for x € S we define

ugp () = argHL}[in{g(fc, u) + Vo(f(z,u))} (18)

(the minimum exists because U is a finite set) and consider the closed loop
system

Tpt1 = f(zr,up(xg)), k=0,1,.... (19)

The following theorems state in which sense this feedback is stabilizing and
approximately optimal. Let again (P(©))sen be a nested sequence of partitions of
X and D C S, 0 € D, an open set with the property that for each € > 0 there
exists £o(e) > 0 such that

max [V(z) = Vpw(x)] <e, forl>Lly(e).

Let further ¢ > 0 be the largest value such that

Vo ([0,¢]) € D.

Note that by Proposition 3 this implies that Vj;(,}) ([0,¢]) € D for all £ € N.

Theorem 2 [7]. Under the assumptions above, there exists g9 > 0 and a func-
tion § : R — R with lim,_0 d(c) = 0, such that for alle € (0,eo], all £ > Ly(e/2),
allm € (0,1) and all xy € V?_(}) ([0, ¢]) the trajectory (zx)r generated by the closed
loop system (19) with feedback up) satisfies

k—1

V(zy) <max { V(zg) — (1 —n) Zg(xjvutl’(é)(xj))v o(e/n) +e
j=0

3 The subsequent statements remain true if we replace U by any set U c U with
U C U for which the argmin in (18) exists.
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This apriori estimate shows in which sense the feedback up approximately
yields optimal performance. However, the theorem does not give information
about the partition P which is needed in order to achieve a desired level of
accuracy. This can be achieved by employing the error function e from above.

Consider some partition P of X. Let go(x) := inf,ep g(x,u) and C(P) =
{z € V5 '([0,d] | go(x) < €} and define 6() := sup,cc. V(z). Note that if V is
continuous at 7' = {0} then d(¢) — 0 as € — 0 because C.(P) shrinks down to
0 since g and thus gg are continuous.

Theorem 3 [7]. Assume that for some e > 0 and some n € (0,1), the error
function e satisfies

e(r) < max{ngo(z), e} for allx € V; ([0, ). (20)

Then, for each zo € Vi '([0,¢], the trajectory (zx)r generated by the closed loop
system (19) satisfies

k—1

Vyp(z) < max { Vp(zo) — Zg zj,up(xz;)), d(e/n)+¢ep. (21)
7=0

Example 2 (An inverted pendulum). We consider a model for an inverted
pendulum on a cart, cf. [7,14]. We ignore the dynamics of the cart, and so we only
have one degree of freedom, namely the angle ¢ € [0, 2] between the pendulum
and the upright vertical. The origin (p,¢) = (0,0) is an unstable equilibrium
(with the pendulum pointing upright) which we would like to stabilize. The
model reads

(53 — mycos? @) @+ Zep?sin2p — 4 sing = —u 25 cos ¢, (22)

where m = 2 is the mass of the pendulum, M = 8 the mass of the cart,
m, = m/(m + M), £ = 0.5 the length of the pendulum and g = 9.8 the
gravitational constant. We consider the discrete time control system (4) with
fz,u) = ®(x,u), x = (p,9), for t = 0.1, where ®'(z,u) denotes the con-
trolled flow of (22) with constant control input u(r) = u for 7 € [0,¢]. For the
instantaneous cost function we choose

oz, u) = / 4@ (2, u), u) dr,

with the quadratic cost gq(z,u) = § (0.1¢? + 0.05¢% + 0.01u?).

We use the classical Runge-Kutta scheme of order 4 with step size 0.02 in
order to approximate ®, choose X = [—8,8] x [—10, 10] as state space for z =
(,¢), which we partition into 2% x 2% boxes of equal size, and U = [—64, 64]
as the control space. In approximating the graph’s edges and their weights, we
map an equidistant grid of 3 x 3 points on each partition box, choosing from 17
equally spaced values in U.
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Figure 4 shows the discrete value function as well as the trajectory generated
by the discrete feedback for the initial value (3.1,0.1), as computed by the GAIO
code in Fig.6. As shown on the right of this figure, the discrete value function
does not decrease monotonically along the feedback trajectory, indicating that
the assumptions of Theorem 3 are not satisfied. And indeed, as shown in Fig. 5,
this trajectory repeatedly moves through regions in state space where the error
function e is not smaller than go. In fact, on a coarser partition (27 x 27 boxes),
the discrete feedback (18) is not even stabilizing this initial condition any more.
We will adress this deficiency in the next sections.

10 7 7
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5 5
o b
14 2yl

9. 0

3 L
= 2 I
vl |

-10 0

0 2 4 6 8

0 50 100 150
2 k

Fig. 4. Left: Discrete value function and feedback trajectory for the inverted pendulum.
Right: Behaviour of the discrete value function along the feedback trajectory.

0 2 4 6 8
P

Fig. 5. Inverted pendulum: region where e(z) < go(z) (green) and feedback trajectory.


http://www.github.com/gaioguy/gaio
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iim=2; M=8, mr=m/(mM); 1 =0.5; g =9.8;

2/gql = 0.1; g2 = 0.05; r0 = 0.01;

3lv = @(x,u) [ x(:,2), ... % vector field & cost
4 (g/1*sin(x(:,1)) - 0.5*m r*x(:,2).72.%sin(2*x(:,1)) - ...

5 m_r/(m*l)*u.*cos(x(:,1)))./(4.0/3.0 - m r*cos(x(:,1))."2),

6 0.5%( ql*(x(:,1).72) + g2*(x(:,2).72) + r@*u.”2 )1;

71h = 0.02; steps = 5; % step size, # of steps
8| f = @(x,u) rkdu(v,[x zeros(size(x,1),1)],u,h,steps);% control system

9ln = 2; x1 = linspace(-1,1,n)";

10| [XX,YY] = meshgrid(x1,x1); X = [ XX(:) YY(:) 1; % sample points

11|U = linspace(-64,64,17)"; % control samples

12

13| depth = 18; ¢ = [0 0]; r = [8 10];

14| tree = Tree(c, r)

15| subdivide(trre, depth); % construct partition
16| G = dpgraph(tree, f, X, U, depth); % compute graph

17| dest = tree.search([0;0], depth); % target set

18| [V,~] = dijkstra(G’, dest); % discrete value function
19

20| V(find(V == Inf)) = NaN; V(find(V > 7)) = 7;

21| clf; boxplot2(tree, ’'density’, V); % plot value function
22| colorbar; colormap jet; shading flat; axis(’'tight’)

23| xlabel(’$\varphi$’); ylabel(’$\dot\varphi$’);

24

25| %% discrete feedback, trajectory of the closed loop system

26| x(1,:) = [3.1, 0.1];

27| for k = 1:200

28 fxc = f(ones(size(U))*x(k,:), U)"; % map current point under all controls
29 bn = tree.search(fxc(1:2,:),depth)’; % determine corresp. boxes

30 [v, k min] = min(fxc(3,:) + V(bn)); % determine minimizing control

31 V_fb(k) = V(bn(k_min)); % value at next point

32 x(k+1,:) = fxc(1l:2,k _min); % next iterate

33| end

34| hold on; plot(x(:,1),x(:,2), k.-", linewidth’,1, 'markersize’,22);

35| axis([-0.1 6 -8 8]);

36| figure(2); plot(V_fb,’.-’, 'linewidth’,1, 'markersize’,22)

37| xlabel('$k$"); ylabel('$V \mathcal{P}(x k)$");

Fig. 6. Code: discrete value function for the inverted pendulum

5 The Optimality Principle for Perturbed Systems

Let us now return to the full problem from Sect.2 of optimally stabilizing the
discrete time perturbed control system

Th+1 :f(mk:aukvwk:)a 1{3:0,1, (23)

subject to an instantaneous cost g(x, ux). For the convergence statements later,
we assume [ : X XU xW — X and g : X x U — [0,00) to be continuous
and X C R4, U ¢ R™ and W C R’ to be compact. More general spaces will
be discussed in Sect.8. For a given initial state zo € X, a control sequence
u = (ug)reny € UY and a perturbation sequence w = (wy)reny € WY, we obtain
the trajectory (zi(x,u,w))ren satisfying (23) while the associated accumulated
cost is given by

J(z,u,w) = Zg(xk(sc, U, W), Ug).
k=0
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Recall that our goal is to derive a feedback v : S — U, S C X, that stabilizes
the closed loop system

Tk41 :f(xkau(xk)awk)7 k:071a2a"' (24)

for any perturbation sequence (wy)g, i.e. for every trajectory (zx(xo, w))y of (24)
with 2o € S and w € WY arbitrary, we have z, — T as k — oo, where T C S
is a given target set, and the accumulated cost Y- g(zx, u(zy)) is minimized.

The problem formulation can be interpreted as describing a dynamic game
(see e.g. [6]), where at each step of the iteration (23) two players choose a control
u and a perturbation wyg, respectively. The goal of the controlling player is to
minimize J, while the perturbing player wants to maximize it. We assume that
the controlling player chooses uy, first and that the perturbing player knows uy
when choosing wy. We further assume that the perturbing player cannot foresee
future choices of the controlling player. This can be formalized by restricting the
possible w to

w = ((u),

where 3 : UN — WY is a nonanticipating strategy, i.e. a strategy satisfying
uk:u;i. VE< K = ﬁk(u)zﬁk(u’) Vk < K

for any u = (ug)g, w’ = (u})r € UN. We denote by B the set of all nonanticipat-
ing strategies 4 : UN — W,

The control task is finished once we are in T, we therefore assume that T
is compact and robustly forward invariant, i.e. for all x € T there is a control
u € U such that f(z,u,w) C T for all w € W, that g(x,u) = 0 for all x € T,
we U and g(z,u) >0forallze T, uelU.

Our construction of the feedback u : S — U will be based on the upper value
function V : X — [0, o0],

V(z) = sup inf J(z,u,S(u)), (25)
geB ucUN

of the game (23), which is finite on the set Sy := {x € X | V(z) < oo}. The
upper value function satisfies the optimality principle [9]

V(z) = inf |g(z,u) + sup V(f(z,u,w))|, =€ Sp. (26)
uelU weW
The right hand side L[v](z) = infycy [9(z, u) + sup,cw v(f(z,u, w))] of this
fixed point equation again defines a dynamic programming operator L : RX —
RX. The upper value function is the unique fixed point of L satisying the bound-
ary condition V(z) = 0, z € T. Like in the unperturbed case, using the upper
value function V', one can construct the feedback u : So — U,

u(x) := argmin |g(z,u) + sup V(f(z,u,w))|, (27)
uelU weWw

whenever this minimum exists.
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6 A Discrete Optimality Principle for Perturbed Systems

Analogously to the discretization in Sect.4 we now derive a discrete version of
(26), cf. [9]. Again, to this end, we will approximate the upper value function by
a function which is piecewise constant on the elements of some partition of X.
This approach will lead to a directed weighted hypergraph instead of the ordinary
directed graph in Sect.4 and, again, the approximate upper value function can
be computed by an associated shortest path algorithm.

Let P be a finite partition of X. Using the projection (10), the discretized
dynamic game operator Ly : RY — R7 is defined by

Ly :=1olL.

Again, this operator has a unique fixed point Vi satisfying the boundary condi-
tion Vp(xz) = 0, x € T, which will serve as an approximation to the exact value
function V.

Explicitely, the discretized operator reads

Lo[)(z) = inf (inf [g(x/7u)+ sup v(f(x’,mw))])

z'en(z) \uelU weW

and Vop satisfies the optimality principle

Vp(z)= — inf g9(@',u) + sup Vp(f(2',u,w))|. (28)
z’'en(z),uelU weW

Note that since Vp is constant on each partition element, we can rewrite this as

)

Vp(z) = inf g(z’,u)+ sup  Vp(P')
z'en(z),uel PeF(z’,u)

where
F(2',u) ={P e ?P| f(z',u,w) € P for some w € W}.

Since the partition P is finite, there are only finitely many possible sets F(z’, u)
and we can further rewrite (28) as

Vp(x) =min inf |g(z',u) + sup Vp(P)|,
N (2',u) P'EN

where the min is taken over all collections N € {F(2',u) | 2’ € w(z),u € U} and

the inf over all (z’,u) such that F(z’,u) = N. Now define the multivalued map
F:P=27,
F(P) ={F(z,u) : (x,u) € P x U},

and the cost function

S(P,N) = 7irelg{g(azr,u) cx € P,F(z,u) =N}
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Equation (28) can then be rewritten as

P)= mi PN P’
Vp(P) i S(P, )+1§}3VT( )|

Graph Interpretation. Like in the unperturbed case, we can think of this
reformulation of the optimality principle in terms of a graph. More precisely,
we have a directed hypergraph (P, Ep) with the set E C P x 2% of directed
hyperedges given by

Ep = {(P,N) | N = F(z,u) for some (z,u) € Px U},

and each edge (P,N) is weighted by G(P,N), c.f. Fig. 7. The discrete upper value
function Vp(P) is the length of a shortest path from P to some element P’ which
has a nonempty intersection with the target set T' (and, thus, by the boundary
condition, Vp(P’) = 0).

flx,u, W) p(f(x,u,W))

) \
< ,/,," 72222222377 :
P

Fig. 7. Illustration of the construction of the hypergraph.

Shortest Paths in Hypergraphs. Algorithm 1 can be generalized to the
hypergraph case, cf. [9,20]. To this end, we modify lines 5-7 such that the max-
imization over the perturbations is taken into account:

for each (@Q,N) € Ep with P e N
if V(Q) > S(Q,N) + maxyen V(N) then
V(Q) = §(Q,N) + maxyen V(N)

Note that during the while-loop of Algorithm 1,
V(P)>V(P') forall P" € P\Q.

Thus, if N C P\Q, then maxyen V(N) = V(P), and the value of the node @
will never be decreased again. On the other hand, if N ¢ P\Q, then the value of
Q will be further decreased at a later time — and thus we can save on changing it
in the current iteration of the while-loop. We can therefore save on the explicit
maximization and replace lines 5-7 by
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for each (Q,N) € Ep with P € N
if N C P\Q then
it V(Q) > S(Q,N) + V(P) then
V(Q) :==5(Q,N)+V(P)

The overall algorithm for the hypergraph case is as follows. Here, T := {P €
P | PNT # 0} is the set of target nodes.

Algorithm MINMAX-DIJKSTRA

for each P € P: V(P) := o0; foreach P € T: V(P):=0; Q:= P
while Q # ()

P :=argminp, g V(P')

Q:=9\{P}

for each (Q,N) € Ep with P € N

if N C P\Q then
If V(Q) > S(Q,N) + V(P) then
V(Q) = 9(Q.N) + V(P)
O

Time Complezity. In line 5, each hyperedge is considered at most N times, with
N being a bound on the cardinality of the hypernodes N. Additionally, we need
to perform the check in line 6, which has linear complexity in N. Thus, the overall
complexity of the minmax-Dijkstra algorithm is O(|P|log |P|+|E|N (N +log |P|))
(when using a binary heap for storing Q), cf. [20].

Space Complexity. The storage requirement grows linearly with |P|. This number,
however, grows exponentially with the dimension of state space (if the entire
state space is covered and under the assumption of uniformly large elements).
The number of hyperedges is determined by the Lipschitz constant of f, the size
of the hypernodes N will be given by the magnitude of the perturbation.

Implementation. We use the same approach as in the unperturbed case: A
cubical partition is constructed hierarchically and stored in a binary tree. In
order to approximate the set Ep C P x 2% of hyperedges, we choose finite sets
PcP,UcCUand W cC W of sample points, set

F(x,u) = {P € P| f(x,u,w) € P for some w € W}

and compute

F(P) := {F(z,u): (x,u) e Px U} c 2

as an approximation to F(P). Correspondingly, the weight on the hyperedge
(P,N) is approximated by

G(P,N) = min{g(z,u) : (z,u) € P x U, F(x,u) = N}.
Example: A simple 1D System. We reconsider system (16), adding a small
perturbation at each time step:

xk-‘rl:xk—i_(l_a)ukxk_'_wka k:Oala"'a
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with oy, € [0,1], ug, € [—1,1], wi, € [—¢, €] for some € > 0 and the fixed parameter
a € (0,1). The cost function is still g(z,u) = (1 —a)z so that the optimal control
policy is again ur = —1 for all k, independently of the perturbation sequence.
The optimal strategy for the perturbing player is to slow down the dynamics
as much as possible, corresponding to wy = € for all k. The dynamical system
resulting from inserting the optimal strategies is

Tpy1 =axp+¢e, k=0,1,....

This map has a fixed point at © = ¢/(1 — a). In the worst case, i.e. wy = ¢ for all
k, it is not possible to get closer than ag := &/(1 —a) to the origin. We therefore
define T' = [0, o] with « > g as the target set. With

log &=
k(x) = {W-‘ +1,

loga
the exact optimal value function is
Vi(z) = (z — ap) (1 - ak@)) +ek(z),

as shown in Fig.8 for a = 0.8, ¢ = 0.01 and o = 1.1ap. In that figure, we
also show the approximate optimal value functions on partitions of 64,256 and
1024 intervals, respectively. In the construction of the hypergraph, we used an
equidistant grid of ten points in each partition interval, in the control space and
in the perturbation space.

6.1 Convergence

It is natural to ask whether the approximate value function converges to the true
one when the element diameter of the underlying partition goes to zero. This
has been proven pointwise on the stabilizable set S in the unperturbed case [14],
as well as in an L'-sense on S and an L™ sense on the domain of continuity
in the perturbed case, assuming continuity of V' on the boundary of the target
set T' [9]. The same reference also provides an analysis for state constrained
problems. Here an additional robustness condition is needed, namely that the
optimal value function changes continuously with respect to the LP-norm for
some p € {1,...,00} if the state constraints are tightened. If this condition
holds, then the convergence statement remains valid under state constraints,
with L* replaced by LP.

Due to the construction of the discretization, the approximation Vo of the
optimal value function is always less or equal than the true optimal value func-
tion. This is not necessarily a good property. For instance, for proving stability
of the system controlled by the numerical feedback law it would be convenient if
Vp was a Lyapunov function. Lyapunov functions, however, are supersolutions
to the dynamic programming equation, rather than subsolutions as our Vp. In
order to overcome this disadvantage, in the next section we present a particular
construction of a dynamic game in which the discretization error is treated as a
perturbation.
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(discrete) value function

0 0.5 1
T

Fig. 8. Exact (red) and discrete upper value functions for the perturbed simple example
on partitions of 64 (black) and 1024 (blue) intervals.

1la = 0.8; ep = 0.01;

2| alpha0 = ep/(l—a), alpha = 1.1*alpha0;

3| f = @(x,u,w) [x + (1-a).*x.*u + w, (1l-a)*x]; % control system

4| X = linspace(-1,1,5)"; % state samples

5/ U = linspace(-1,1,2)"'; % control samples

6|W = linspace(-ep,ep,3)’ % perturbation samples
7

g| depth = 6; ¢ = [0.5]; r = [0.5];

construct full tree
construct partition

9| tree = Tree(c, r);
10| subdivide(tree, depth);
11

o° o°

12| G = computeihypergraph(tree, f, X, U, W, depth); % construct hypergraph
13| Gt = trnsp_hgraph(G); % transpose hypergraph
1T = tree.searchibox([ﬁ)], [alphal,depth); % target boxes

15| VP = minmax dijkstra(G, Gt, T); % upper value function
16

17| n = 2”depth; dx = 1/n; x = linspace(dx/2,1-dx/2,n);

18| k = @(x) floor(log((alpha-alpha0)./(x-alpha0))/log(a))+1;

19|V = @(x) (x>a1pha) *((x-alpha0).*(1-a.”k(x))+ep*k(x));% exact value function
20| bar(x,V _P,1,’k"); hold on; plot(x,V(x),'r");

21| axis tight; axis square; xlabel(’$x$’);

22| ylabel ('’ (discrete) value function’);

Fig. 9. Code: upper value function for the perturbed simple 1d system.

7 The Discretization as a Perturbation

As shown in Theorems 2 and 3, the discrete feedback (18) will practically stabilize
the closed loop system (19) under suitable conditions. Our numerical experiment
in Example 2, however, revealed that a rather fine partition might be needed in
order to achieve stability. More generally, as we have seen in Fig. 4 (right), the
discrete value function is not a Lyapunov function of the closed loop system in
every case.
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Construction of the Dynamic Game. In order to cope with this problem we
are going to use the ideas on treating perturbed systems in Sect.5 and 6. The
idea is to view the discretization error as a perturbation of the original system.
Under the discretization described in Sect. 4, the original map (x,u) — f(x,u)
is perturbed to

(z,u) — f(x,u,w) = flx +w,u), x+wéer(x).

Note that this constitutes a generalization of the setting in Sects. 5 and 6 since the
perturbation space W here depends on the state, W = W (z). Correspondingly,
the associated cost function is

§(z,u) = sup g(2',u). (29)

' em(x)
Theorem 4 [8]. Let V denote the value function (6) of the control system (f, g),
V' the value function (25) of the associated game (f,G) and Vp the discrete value

function (28) of (f,§) on a given partition P with numerical target set Tp C P,
T ={0} C Tp. Then Vp(z) =V (x) and

V(z) — max V(y) < Vo(z), (30)

yeTp

i.e. Vp is an upper bound for V. — max V|r,. Furthermore, Vp satisfies
Vo(z) 2 min {g(z, u) + Vp(f(z,u)} (31)

for allz € X\ Tp.

Proof. We first note that V is constant on the elements of P: On T, this is
true since Tp is a union of partition elements by assumption. Outside of T, by
definition of the game (f,§) we have

V(z) = inf { sup g(z',u)+  sup V(x')} :
uel z'en(z) z' € f(m(x),u)
so that infy cq(y) V(z') = V(). On the other hand, according to [9, Proposi-

tion 7.1] we have Vp(z) = inf/cr(a) V ('), so that Vp = V.
Now for x ¢ Tp, Eq. (26) yields

V(z) = inf sup : {g(z’,u) + V(f(z’,u))}

ueU{L”Eﬂ'(ZE
> min {g(:v, u) + V(f(x, U))} (32)
which shows (31).

In order to prove (30), we order the elements P, Py, ... € P such that i > j
implies Vp(P;) > Vp(P;). Since inf,cy g(z,u) > 0 for z # 0 by assumption,
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Vp(P;) = 0 is equivalent to P, C Tp. By the ordering of the elements this
implies that there exists ¢* > 1 such that P; C Tp < i € {1,...,i*} and thus
(30) holds for « € Py,..., P;». We now use induction: fix some ¢ € N, assume (30)
holds for z € Py,..., P,_; and consider = € P;. If Vp(P;) = oo there is nothing
to show. Otherwise, since V satisfies the dynamic programming principle, using
(32) we obtain

V()= V(@) < inf {g(e,u) + V(f(@,w)} —min { g, w) + V(f(,u))}
<V(f(eu) = V(f(x,u)),

where u* € U realizes the minimum in (32). Now, since g(z,u*) > 0, we have
V(f(x,u*)) < V(x) implying f(z,u*) € P; for some j < i. Since by the induction
assumption the inequality in (30) holds on P;, this implies that it also holds on
P; which finishes the induction step. a

The Feedback Is the Shortest Path. As usual, we construct the discrete
feedback by

up(x) :=argmin |g(z,u) + sup  Vp(z)
uelU z'ef(m(x),u)

By construction, this feedback is constant on each partition element. Moreover,
we can directly extract up from the minmax-Dijkstra algorithm: We associate
the minimizing control value u(P,N) to each hyperedge (P,N),

u(P,N) = argmin [supg(x,u)]. (33)
welU,F(P)=N LzeP

The feedback is then immediately given by
ugp(r) = u(r(z), N(x(2))), (34)

where

N(P) = argmin {S(P, N) + sup V(P(N)}
NEF(P) NeN

is defining the hypernode of minimal value adjacent to some node P in the
hypergraph. The computation of N(P) can be done on the fly within the minmax-
Dijkstra Algorithm 2:
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Algorithm. MINMAX-DIJKSTRA WITH FEEDBACK

for each P € P: V(P) := 00, N(P) :=0; foreach Pe T: V(P):=0; Q:=P
while Q # ()

P :=argminp, o V(P')

Q:=0\{P}

for each (Q,N) € Ep with P e N

if N C P\Q then
i V(Q) > §(Q.N) + V(P) then
V(Q) = $(Q.N) + V(P)
N(Q) = N

O

Consequently, the discrete feedback u can be computed offline. Once
u(P,N(P)) has been computed for every partition element P, the only remain-
ing online computation is the determination of m(xy) for each state xj on the
feedback trajectory. In our case, this can be done efficiently, since we store the
partition in a binary tree. Note, however, that the fast online evaluation of the
feedback law is enabled by a comparatively large offline computation, namely
the construction of the hypergraph.

Behaviour of the Closed Loop System

Theorem 5 [8]. Under the assumptions of Theorem 4, if (xx)x denotes the tra-
jectory of the closed loop system (19) with feedback (34) and if Vp(zg) < oo,
then there exists k* € N such that xg- € T and

Vp(xg) > g(zk, up(z)) + Vp(gy1), k=0,...,k" = 1.

Proof. From the construction of up we immediately obtain the inequality

Vp(xr) > g(@r, up(zr)) + Vo (Trr1) (35)

for all k € Ng with 2 € X \ Tp. This implies the existence of k* such that the
first two properties hold since g(zg,up(xg)) > 0 for xx & Tp, Vo is piecewise
constant and equals zero only on T+p. a

Theorem 5 implies that the closed-loop solution reaches the target Tp at
time step k* and that the optimal value function decreases monotonically until
the target is reached, i.e., it behaves like a Lyapunov function. While it is in
principle possible that the closed-loop solution leaves the target after time k*,
this Lyapunov function property implies that after such excursions it will return
to Trp.

If the system (4) is asymptotically controllable to the origin and V' is con-
tinuous, then we can use the same arguments as in [9] in order to show that on
increasingly finer partitions P, and for targets Tp, shrinking down to {0} we
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obtain Vp, — V. This can also be used to conclude that the distance of possible
excursions from the target Tp, become smaller and smaller as P, becomes finer.

We note that the Lyapunov function property of Vp outside T holds regard-
less of the size of the partition elements. However, if the partition is too coarse
then Vp = oo will hold on large parts of X, which makes the Lyapunov function
property useless. In case that large partition elements are desired—for instance,
because they correspond to a quantization of the state space representing, e.g.,
the resolution of certain sensors—infinite values can be avoided by choosing the
control value not only depending on one partition element but on two (or more)
consecutive elements. The price to pay for this modification is that the construc-
tion of the hypergraph becomes significantly more expensive, but the benefit is
that stabilization with much coarser discretization or quantization is possible.
For details we refer to [10,11].

Example 3 (The inverted pendulum reconsidered.). We reconsider Exam-
ple 2 and apply the construction from this section. Figure 10, which results from
running the code shown in Fig. 11 as well as lines 25ff. from the code in Fig. 6,
shows the discrete upper value function on a partition of 2'6 boxes with target
set T = [—0.1,0.1]? as well as the trajectory generated by the discrete feedback
(33) for the initial value (3.1,0.1). As expected, the approximate value function
is decreasing monotonically along this trajectory. Furthermore, this trajectory is
clearly closer to the optimal one because it converges to the origin much faster.

100

Fig. 10. Inverted pendulum: Discrete upper value function and robust feedback tra-
jectory (left); decrease of the discrete value function along the feedback trajectory.

8 Hybrid, Event and Quantized Systems

Hybrid Systems. The discretization of the optimality principle described in
Sects. 4-7 can be used in order to deal with hybrid systems in a natural way.
Hybrid systems can often be modeled by a discrete time control system of the
form
Trr1 = fe(Tk, Yk, ur) k=01 (36)
Ye1 = fa(Tr, Yr, ur) Y
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1iim=2; M=8;, mr =m/(mM); 1 =0.5; g =9.8;

2/ql = 0.1; g2 = 0.05; r0 = 0.01;

3lv = @(x,u) [ x(:,2), ... % vector field & cost

4 (g/l¥sin(x(:,1)) - 0.5*m r*x(:,2).72.*sin(2*x(:,1)) - ...

5 m_r/(m*1)*u.*cos(x(:,1)))./(4.0/3.0 - m_r*cos(x(:,1)).72), ...
6 0.5%( ql*(x(:,1).72) + g2*(x(:,2).72) + ro*u.”2 )1;

7/h = 0.02; steps = 5; % step size, # of steps
8| f = @(x,u) rkdu(v,[x zeros(size(x,1),1)]1,u,h,steps);% control system

9|n = 3; x1 = linspace(-1,1,n)";

10| [XX,YY] = meshgrid(x1,x1); X = [ XX(:) YY(:) ]; % sample points

11| U = linspace(-64,64,17)"; % control samples

12

13 [8 10];

depth = 16; c = [0 0]; r
tree = Tree(c, r); sd =
subdivide(tree, depth),

construct full tree

o°

8;

=oe e
o u A

construct hypergraph
transpose hypergraph
target boxes

value function, feedback

—
~

G = dphgraph2(tree, f, X, U, depth)

Gt = trnsp_hgraph(G);

T = tree.search _box([0;0], [0.1;0.1], depth);
[V, u] = minmax_dijkstra(G, Gt, T);

NN P e
= © © ©
o o° o° o°

unstabilizable set
plot value function

V(find(V == Inf)) = NaN;

figure(1l); clf; boxplot2(tree, ’'density’, V);
colorbar; shading flat; axis('tight’)
xlabel(’'$\varphi$’); ylabel(’$\dot\varphi$");

NN
& W N
o° o°

N
&

Fig.11. Code: discrete upper value function and robust feedback for the inverted
pendulum

with two maps f. : X XY xU - X CR" and f;: X xY x U — Y. The set
U of control inputs can be discrete or continuous, the (compact) set X C R™ is
the continuous part of state space and the set Y of discrete states (or modes)
is a finite set. The class of hybrid systems described by (36) is quite general: It
comprises

e models with purely continuous state space (i.e. Y = {0}, fo(z,y,u) = fe(z,u),
fa =0), but discrete or finite control space U;

e models in which the continuous part f. is controlled by the mode y and only
the discrete part f; of the map is controlled by the input (f.(z,y,u) = fo(x,y)
and fg(z,y,u) = fa(y,u) may be given by an automaton);

e models with state dependent switching: Here we have a general map f. and

Ja(x,y,u) = fa(x).

As in the previous chapters, we denote the solutions of (36) for initial values
2o = x, Yo = y and some control sequence u = (ug, uy,...) € UN by zp(z,y, u)
and yi(x,y,u), respectively. We assume that for each k, the map xx(,y,u) is
continuous for each y € Y and each u € UN. We prescribe a target set T C X
(i.e. a subset of the continuous part of state space) and our aim is to find a control
sequence u = (ug)ken such that zx(z,y,u) — T as k — oo for initial values
x,y in some stabilizable set S C X x Y, while minimizing the accumulated cost
Y e 09(Tk, Yk, uk), where g : X x Y x U — [0, 00) is a given instantaneous cost
with g(z,y,u) >0 forallz ¢ T, y € Y and u € U. To this end, we would like
to construct an approximately optimal feedback u : S — U such that a suitable
asymptotic stability property for the resulting closed loop system holds. Again,



From Bellman to Dijkstra 289

the construction will be based on a discrete value function. For an appropriate
choice of g this function is continuous in x at least in a neighborhood of T' [12].

Computational Approach. Let Q be a partition of the continuous part X of state
space. Then the sets

P={Qix{y}|Qi€Q yeY} (37)

form a partition of the product state space Z = X x Y. On P the approaches
from Sects. 4-7 can be applied literally.

Example 4 (Example: A switched voltage controller). This is an example
taken from [15]: Within a device for DC to DC conversion, a semiconductor is
switching the polarity of a voltage source V;, in order to keep the ouput voltage
1 as constant as possible close to a prescribed value Vi, cf. Fig. 12, while the
load is varying and thus the output current Ij,,q changes. The model is

. 1

=5 (22 — Tioaa)

. 1 R 1

T = —Zl’l — ZIQ + Z'LL‘/m (38)

3 = Viet — 21,

where u € {—1,1} is the control input. The corresponding discrete time system
is given by the time-t-map ®* (¢ = 0.1 in our case) of (38), with the control input
held constant during this sampling period. We use the quadratic instantaneous
cost function

g(z,u) = qp(P}(x) — Viet)® + qn(5(x) — Lioaa)® + ar®4(2)°.

The third component in (38) is only used in order to penalize a large L'-error
of the output voltage. We slightly simplify the problem (over its original formu-
lation in [15]) by using x3 = 0 as initial value in each evaluation of the discrete
map. Correspondingly, the map reduces to a two-dimensional one on the z1, zo-
plane.

load

Vin_L W_L

T switch

Fig. 12. A switched DC/DC converter (cf. [15]).

load

E

In the following numerical experiment we use the same parameter values as
given in [15],1.e. Vi = 1V, Vi = 0.5, R=1Q, L = 0.1H, C = 4F, L1paa = 0.3 A,
qgp =1, qp = 0.3 and ¢; = 1. Confining our domain of interest to the rectangle
X = [0,1] x [-1,1], our target set is given by T = {Vier} x [—1,1]. For the
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construction of the finite graph, we employ a partition of X into 64 x 64 equally
sized boxes. We use 4 test points in each box, namely their vertices, in order to
construct the edges of the graph.

Using the resulting discrete value function (associated to a nominal [}pqq =
0.3 A) and the associated feedback, we repeated the stabilization experiment
from [15], where the load current is changed after every 100 iterations. Figure 13
shows the result of this simulation, proving that our controller stabilizes the
system as requested.

0 50 00 150 200 300 350 400
| ' '

1
1
05F
-0.5
-1t i i
1 300 350 400

0 50 00 150 200
Sample

Switch sign
o

250
!
250

Fig. 13. Simulation of the controlled switched power converter.

Event Systems. In many cases, the discrete-time system (1) is given by time-
sampling an underlying continuous time control system (an ordinary differential
equation with inputs u and w), i.e. by the time-t-map of the flow of the con-
tinuous time system. In some cases, instead of fixing the time step ¢ in each
evaluation of f, it might be more appropriate to chosen ¢ in dependence of the
dynamics. Formally, based on the discrete time model (1) of the plant, we are
dealing with the discrete time system

Tp4+1 Zf(l‘g,Ug), EZO,I,..., (39)
where B
f(.’L‘, u) = fr(%u) ('75’ u)’ (40)
r: X xU — Ny is a given event function and the iterate f" is defined by
fOz,u) = x and f"(z,u) = f(f""(z,u),u), cf. [10]. The associated instanta-
neous cost §: X x U — [0,00) is given by

r(z,u)—1

g(x,u): Z g(fk(z7u)vu)' (41)

k=0
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The time k of the underlying system (1) can be recovered from the event time ¢
through
kg_;,_l =k, + T’(:L'[, ’U,[).

Note that this model comprises an event-triggered scenario where the event func-
tion is constructed from a comparison of the state of (1) with the state of (39),
as well as the scenario of self-triggered control (cf. [1]) where the event function
is computed from the state of (1) alone.

Quantized Systems. The approach for discretizing the optimality principle
described in Sects.4-6 is based on a discretization of state space in form of
a finite partition. While in general the geometry of the partition elements is
arbitrary (except from reasonable regularity assumptions), in many cases (e.g.
in our implementation in GAIO) cubical partitions are a convenient choice. In
this case, the discretization can be interpreted as a quantization of (1), where
the quantized system is given by the finite state system

Pk+1:F(Pk7uk77k)v k:()v]-v"'a (42)

with
F(Pu,y) =7(f(y(P),u)), PePuel,

where v : P — X is a function which chooses a point x from some partition
element P € P, i.e. it satisfies w(y(P)) = P for all P € P [10]. The choice function
models the fact that it is unknown to the controller from which exact state xj, the
system transits to the next cell Py4;. It may be viewed as a perturbation which
might prevent us from reaching the target set — in this sense, (42) constitutes a
dynamic game in the sense of Sect. 6.

9 Lazy Feedbacks

In some applications, e.g. when data needs to be transmitted between the system
and the controller over a channel with limited bandwidth, it might be desirable
to minimize the amount of transmitted data. More specifically, the question
might be how to minimize the number of times that a new control value has to
be transmitted from the controller to the system. In this section, we show how
this can be achieved in an optimization based feedback construction by defining
a suitable instantaneous cost function.

In order to detect a change in the control value we need to be able to compare
its current value to the one in the previous time step. Based on the setting from
Sect. 2, we consider the discrete-time control system

Zk+1 = f(zkyuk)a k:Oa1727"' (43)

with 2z, = (zg,wi) € Z:= X x U, u, € U and

u

Fz0) = F((2,w),u) = [f Wﬂ |
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Given some target set 7' C X, we define T := T x U as the target set in the
extended state space Z. The instantaneous cost function § : Z x U — [0, 00),
which penalizes control value changes is given by

ga(z,u) = ga((z,w),u) == (1 = AN)g(z,u) + Ad(u — w) (44)
with .
o ={} " (45)

Here, A € [0,1) (in particular, A < 1 in order to guarantee that g(z,u) = 0 iff
zeT).

In order to apply the construction from Sect. 7, we choose a finite partition
P of X. Let Vp denote the associated discrete upper value function, S = {z €
X : Vp(z) < oo} the stabilizable set, and g the associated feedback for the
original system (f, g). For simplicity, we assume that U is finite and use P x U
as the partition of the extended state space Z. We denote the discrete upper
value function of (f,gy) by Vi : Z — [0,00], the stabilizable subset by Sy :=
{2 € Z : V\(2) < 0o} and the associated feedback by iy : Sy — U.

For some arbitrary feedback wuy : Sy — U, consider the closed loop system

Zk41 :f(zk7u)\(zk))’ k:0,1727"" (46)

We will show that for any sufficiently large A < 1 the closed loop system with
uy = 1 is asymptotically stable on Sy, more precisely that for zg € Sy the
trajectory of (46) enters T in finitely many steps and that the number of control
value changes along this trajectory is minimal.

To this end, for some initial state zo € Sy, let (z1)r € Z%, 21, = (w1, wr),
be the trajectory of (46). Let x(zp,us) = min{k > 0: z; € T} be the minimal
number of time steps until the trajectory reaches the target set T,

(z0,ux)

E(zp,uy) = Z 8 (ux(z) — wy)

k=0

the number of control value changes along the corresponding trajectory as well
as

r(zo,ux) r(2z0,ux)
J(z0,urn) = Y glwx,u(z)), resp. J(zo,un) = Y Gz ulz))
k=0 k=0

the associated accumulated costs. Note that

J(z0,ux) = (1 = N)J(20,un) + AE (20, uy)-

Theorem 6. For all A € [0,1), S x U c 8y. Using the optimal feedback @y in
(46) and for zy € Sx, zx — T as k — oo. Further, there exists A < 1 such that
for any feedback uy : Sx — U and zy € Sx with k(z0,un) < K for some arbitrary
K € N, we have E(zp,uy) > E(zq, Uy).
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Proof. By construction, the system (43, 44) fulfills the assumptions of The-
orem 5, so we have asymptotic stability of the closed loop system (46) with
uy = 1y for all zy € S,.

In order to show that S x U C Sy for all A € [0,1), choose A € [0,1) and
some initial value zy = (zg,ug) € S x U. Consider the feedback

u(z) = u((z,u)) := ap(x)

for system (43). This leads to a trajectory (xg,ug)r of the extended system
with (zx)x being a trajectory of the the closed loop system for f with feedback
@p. Since zo € 9, Vy(xo) is finite and the accumulated cost J(zg,u) for this
trajectory does not exceed (1 — A\)Vap(x0) + Ak(z0, 1) which is finite. According
to the optimality of V),

Va(zo) < (1 = NV (z0) + Ak(20,u) < o0

follows, i.e. zg € Sy.

To show the optimality of @) with respect to the functional F, assume there
exists a feedback uy : Sy — U with E(zg,uy) < E(z9, %) — 1 for some 2y € Sy.
Since @) is optimal, the following inequality holds:

(1 — N)J(20,ur) + AE(20,uy) = J(20,uy)
J (20, @x)
(1= XN)J(20,an) + AE (20, @)
(I =X)J(20,ax) + AE(z0,ux) + A

Y

Y

and thus
(1 = X)J(z0,upn) > (1 — N)J (20, ux) + A (47)

Let C(uy) = max,,{J(z0,u)) | £(20,ux) < K} which is finite. From (47) we get
(I =XN)C(up) > (1 =N)C(an) + A. (48)
so that A — 1 leads to a contradiction. O
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Abstract. The purpose of this paper is to review and highlight some
connections between the problem of nonlinear smoothing and optimal
control of the Liouville equation. The latter has been an active area of
recent research interest owing to work in mean-field games and optimal
transportation theory. The nonlinear smoothing problem is considered
here for continuous-time Markov processes. The observation process is
modeled as a nonlinear function of a hidden state with an additive Gaus-
sian measurement noise. A variational formulation is described based
upon the relative entropy formula introduced by Newton and Mitter.
The resulting optimal control problem is formulated on the space of
probability distributions. The Hamilton’s equation of the optimal con-
trol are related to the Zakai equation of nonlinear smoothing via the log
transformation. The overall procedure is shown to generalize the classical
Mortensen’s minimum energy estimator for the linear Gaussian problem.

Keywords: Markov processes - Bayesian inference - Stochastic
smoothing * Nonlinear filtering - Duality - Optimal control

1 Introduction

There is a fundamental dual relationship between estimation and control. The
most basic of these relationships is the well known duality between controllability
and observability of a linear system [8, Ch. 15]. The relationship suggests that
the problem of filter (estimator) design can be re-formulated as a variational
problem of optimal control. Such variational formulations are referred to as the
duality principle of optimal filtering. The first duality principle appears in the
seminal (1961) paper of Kalman-Bucy, where the problem of minimum variance
estimation is shown to be dual to a linear quadratic optimal control problem.
In these classical settings, the dual variational formulations are of the following
two types [1, Sec. 7.3]: (i) minimum variance estimator and (ii) minimum energy
estimator.
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The classical minimum energy estimator represents a solution of the smooth-
ing problem. The estimator is modeled as a controlled version of the state pro-
cess in which the process noise term is replaced by a control input. The optimal
control input is obtained by maximizing the log of the conditional (smoothed)
distribution. For this reason, the estimator is also referred to as the maximum
a posteriori (MAP) estimator. The MAP solution coincides with the optimal
smoother in the linear-Gaussian case. The earliest construction of the minimum
energy estimator is due to Mortensen [11].

A variational formulation of the nonlinear smoothing problem — the focus
of this paper — leading to the conditional distribution appears in [10]. The for-
mulation is based upon the variational Kallianpur-Striebel formula [17, Lemma
2.2.1]. The divergence is expressed as an optimal control objective function which
turns out to be identical to the objective function considered in the MAP estima-
tor [11]. The difference is that the constraint now is a controlled stochastic pro-
cess, in contrast to a single trajectory in the MAP estimator. With the optimal
control input, the law of the stochastic process is the conditional distribution.

The purpose of this paper is to review and highlight some connections
between nonlinear smoothing and optimal control problems involving control
of probability densities. In recent years, there has been a lot of interest in mean-
field-type optimal control problems where the constraint is a controlled Liouville
or a Fokker-Plank equation describing the evolution of the probability density [2—
4]. In this paper, it is shown that the variational formulation proposed in [10]
is easily described and solved in these terms. The formulation as a mean-field-
type optimal control problem is more natural compared to a stochastic opti-
mal control formulation considered in [10]. In particular, the solution with the
density constraint directly leads to the forward-backward equation of pathwise
smoothing. This also makes explicit the connection to the log transformation
which is known to transform the Bellman equation of optimal control into the
Zakai equation of filtering [7,9]. Apart from the case of the It6-diffusion, the
continuous-time Markov chain is also described. The overall procedure is shown
to generalize the classical Mortensen’s minimum energy estimator for the linear
Gaussian problem.

The outline of the remainder of this chapter is as follows: the smoothing prob-
lem and its solution in terms of the forward-backward Zakai equation and their
pathwise representation is reviewed in Sect. 2. The variational formulation lead-
ing to a mean-field optimal control problem and its solution appears in Sect. 3.
The relationship to the log transformation and to the minimum energy estimator
is described. The conclusions appear in Sect. 4. All the proofs are contained in
the Appendix.

Notation. We denote the i*" element of a vector by [-];, and similarly, (i, )
element of a matrix is denoted by [-];;. C*(R?;S) is the space of functions with
continuous k-th order derivative. For a function feC?(R?;R), V£ is the gradient
vector and D?f is the Hessian matrix. For a vector field F e C*(R4;R%), div(F)
denotes the divergence of F. For a vector v € R%, diag(v) denotes a diagonal
matrix with diagonal entries given by the vector; e’ and v? are defined in an
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element-wise manner, that is, [e]; = e[*)i and [v?]; = ([v];)? for i = .,d. For
a matrix, tr(-) denotes the trace.

2 Preliminaries and Background

2.1 The Smoothing Problem

Consider a pair of continuous-time stochastic processes (X, Z). The state X =
{X;:t€[0,T]} is a Markov process taking values in the state space S. The
observation process Z = {Z;:t€[0,T]} is defined according to the model:

Z, = /(;th(Xs)der W, (1)

where h:S — R is the observation function and W = {W, :¢ >0} is a standard
Wiener process.

The smoothing problem is to compute the posterior distribution P(X;e€ - |Z7)
for arbitrary t € [0,T], where Z7:=0(Zs:0<s<T) is the sigma-field generated
by the observation up to the terminal time 7.

2.2 Solution of the Smoothing Problem

The smoothing problem requires a model of the Markov process X. In appli-
cations involving nonlinear smoothing, a common model is the Ité-diffusion in
Euclidean settings:

Euclidean State Space. The state space S=R?. The state process X is modeled
as an [t6 diffusion:

dXt :a(Xt)dt+0(Xt)dBt, Xo~1g

where aeC* (R4 R?), 0eC?(R%RYP) and B={B;:t>0} is a standard Wiener pro-
cess. The initial distribution of X is denoted as vy (x) dx where vg(x) is the prob-
ability density with respect to the Lebesgue measure. For (1), the observation
function h e C?(R%; R). It is assumed that Xo, B, W are mutually independent.

The infinitesimal generator of X, denoted as A, acts on C? functions in its
domain according to

(Af)(@):=a’(x)Vf(x) + %tr(UUT(I)(DQf)(x))-

The adjoint operator is denoted by A'. It acts on C? functions in its domain
according to

(ATf) (@) = ~div(af)(x) +

Z:: 8$J( T]ZJf)(x)

l\DM—\
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The solution of the smoothing problem is described by a forward-backward
system of stochastic partial differential equations (SPDE) (see [12, Thm. 3.8]):

(forward): dpe(x) = (ATpy) (z) dt + h(z)p(z) dZ,
po(z) =vo(z), VreR? (2a)
(backward): —dgi(z) = (Ag) () dt + h(m)qt(m)(d—Zt
qr(z)=1 (2b)

where (d_Zt denotes a backward It6 integral (see [12, Remark 3.3]). The smoothed
distribution is then obtained as follows:

P(X: e da |27) o< pi(z)qe(x) da.

Each of (2) is referred to as the Zakai equation of nonlinear filtering.

2.3 Path-Wise Representation of the Zakai Equations

There is a representation of the forward-backward SPDEs where the only appear-
ance of randomness is in the coefficients. This is referred to as the pathwise (or
robust) form of the filter [14, Sec. VL.11].

Using It6’s formula for log py,

1 1
d(logpe) () = ——(ATp)(x) dt + h(z) dZ; - =h*(z) dt.
pe(x) 2
Therefore, upon defining p; () : =log p;(z) — h(x)Z;, the forward Zakai Eq. (2a)
is transformed into a parabolic partial differential equation (pde):
%(gg) = e—(ut(w)+Zth(w))(ATe(m(~)+Zth(~)))(x) _ %;ﬂ(x)
po(z) =loguy(z), VaeR? (3)
Similarly, upon defining \;(z) =log ¢:(x) + h(x)Z;, the backward Zakai Eq. (2b)
is transformed into the parabolic pde:

_%(x) O (4N O-ZO) () %hz(x)

Ar(z) = Zrh(z), VzeR% (4)

The pde (3)—(4) are referred to as pathwise equations of nonlinear smoothing.

2.4 The Finite State-Space Case

Apart from Ito-diffusion, another common model is a Markov chain in finite
state-space settings:
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Finite State Space. Let the state-space be S = {ej,es,...,¢e4}, the canonical
basis in R%. For (1), the linear observation model is chosen without loss of gen-
erality: for any function h:S — R, we have h(x) = h™x where h e R? is defined
by h; = h(e;). Thus, the function space on S is identified with R%. With a slight
abuse of notation, we will drop the tilde and simply write h(xz) = hTx.

The state process X is a continuous-time Markov chain evolving in S. The
initial distribution for X is denoted as 1. It is an element of the probability
simplex in R%. The generator of the chain is denoted as A. It is a d x d row-
stochastic matrix. It acts on a function f e R? through right multiplication:
f = Af. The adjoint operator is the matrix transpose AT. It is assumed that X
and W are mutually independent.

The solution of the smoothing problem for the finite state-space settings
is entirely analogous: Simply replace the generator A in (2) by the matrix A,
and the probability density by the probability mass function. The Zakai pde is
now the Zakai sde. The formula for the pathwise representation are also entirely
analogous:

[%] - [e—(uwzth)]i[ATe;mZth]Z_ _ %[h2]i (5)
1AM v zi)y [ ahe-Zeny  Lrioq
[ =L LA 7, - (], (6)

with boundary condition [pug]; =log[ro]; and [Ao]; = Zr[h];, for i=1,...,d.

3 Optimal Control Problem

3.1 Variational Formulation

For the smoothing problem, an optimal control formulation is derived in the
following two steps:

Step 1. A control-modified version of the Markov process X is introduced. The
controlled process is denoted as X : ={X;:0<t<T}. The control problem is to
pick (i) the initial distribution 7o € P(S) and (ii) the state transition, such that
the distribution of X equals the conditional distribution. For this purpose, an
optimization problem is formulated in the next step.

Step 2. The optimization problem is formulated on the space of probability laws.
Let P denote the law for X, P denote the law for X, and Q* denote the law for
X given an observation path z={z;:0<¢<T}. Assuming these are equivalent,
the objective function is the relative entropy between P and Q%:

).

Upon using the Kallianpur-Striebel formula (see [17, Lemma 1.1.5 and Prop.
1.4.2]), the optimization problem is equivalently expressed as follows:

mfin Els(log 3113) - Eﬁ(log C(lf]?j

: 5 T - 1 = -
min D(P\|P)+E(/O 2 dh(K) + SR At - 2rh(X0)). (7)
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The first of these terms depends upon the details of the model used to
parametrize the controlled Markov process X. For the two types of Markov
processes, this is discussed in the following sections.

Remark 1. The Schrodinger bridge problem is a closely related problem of recent
research interest where one picks P to minimize D(PHP) subject to the con-
straints on marginals at time t=0 and T cf., [5] where connections to stochastic
optimal control theory are also described. Applications of such models to the
filtering and smoothing problems is discussed in [13]. There are two differences
between the Schrodinger bridge problem and the smoothing problem considered
here:

1. The objective function for the smoothing problem also includes an additional
integral term in (7) to account for conditioning due to observations z made
over time t€[0,7T];

2. The constraints on the marginals at time t=0 and ¢=7T" are not present in the
smoothing problem. Rather, one is allowed to pick the initial distribution g
for the controlled process and there is no constraint present on the distribution
at the terminal time ¢ =T.

3.2 Optimal Control: Euclidean State-Space

The modified process X evolves on the state space R%. It is modeled as a con-
trolled It6-diffusion

dXtZa(Xt)dt‘FO'(Xt)(ut(Xt)dt‘F dBt), XONTFO
where B= {Bt :0<t< T} is a copy of the process noise B. The controlled process
is parametrized by:

1. The initial density mo(z).
2. The control function u e C1([0,T] x R4 RP). The function of two arguments
is denoted as u¢(x).

The parameter my and the function u are chosen as a solution of an optimal
control problem.

For a given function v e C*(R%;RP), the generator of the controlled Markov
process is denoted by A(v). It acts on a C? function f in its domain according
to

(A(0) ) (@) = (Af)(@) + (00) T (2)V f(2).

The adjoint operator is denoted by A'(v). It acts on C? functions in its domain
according to

(A (0)1)(2) = (ATf) (@) - div(ovf) ().

For a density p and a function g, define ( t= [ra g(x)p(x) da.
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With this notation, define the controlled Lagrangian £ : C2(R%;R*) x
CH(R%RP) xR - R as follows:

L(pvs)s =5l P +2) + (o, AR,

The justification of this form of the Lagrangian starting from the relative entropy
cost appears in Appendix A.1.

For a given fixed observation path z ={z;:0 < ¢ < T}, the optimal control
problem is as follows:

T
%EJ(WO,U;Z):D(WOHVO)-ZT<7TT,h>+fO L(mpusz)dt  (8a)
Subj.: 7 () = (A1 () ) (). (8b)

Remark 2. This optimal control problem is a mean-field-type problem on
account of the presence of the entropy term D(mg|vp) in the objective func-
tion. The Lagrangian is in a standard stochastic control form and the problem
can be solved as a stochastic control problem as well [10]. In this paper, the
mean-field-type optimal control formulation is stressed as a straightforward way
to derive the equations of the nonlinear smoothing.

The solution to this problem is given in the following proposition, whose
proof appears in the Appendix A.3.

Proposition 1. Consider the optimal control problem (8). For this problem, the
Hamilton’s equations are as follows:

(forward) %(m) = (AT (uy)m) (2) (9a)
(backward) —%(m) = e~ e(@)=zeh(@) (g O)=2eh()y () - %hQ(x) (9b)

(boundary) Ar(z) = zrh(x).
The optimal choice of the other boundary condition is as follows:

1
mo(x) = 51/0(1‘)6%(‘%)

where C = [pa vo(2)e*®) dz is the normalization factor. The optimal control is
as follows:

ug(x) =0 () V(N - zeh) ().
3.3 Optimal Control: Finite State-Space

The modified process X is a Markov chain that also evolves in S = {e1,e2,...,€eq}
The control problem is parametrized by the following:
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1. The initial distribution denoted as mg € Rd.
2. The state transition matrix denoted as A(v) where v e (R*
input. After [17, Sec. 2.1.1.], it is defined as follows:

)44 is the control

[AJij[v]is i%]
= YjulAW)]y =7

and we set [v];; =1if i=j or if [A];; =0.

[A(v)]; :{

To set up the optimal control problem, define a function C': (R*)?*? - R? as

follows
d

[C(v)] Z [v]ij(log[v];; - 1), i=1,...,d.

The Lagrangian for the optimal control problem is as follows:

£(p,0:)=pT(C(0) + 312) .y T (A(w)h).

The justification of this form of the Lagrangian starting from the relative entropy
cost appears in Appendix A.2.

For given observation path z = {z;:0<¢<T}, the optimal control problem is
as follows:

T
Min IJ(’/TQ,’LL;Z)ID(’]T()Hl/o)—ZT’]T;h-F[ L7y, ug; 2 ) dt (10a)
0

o, U

Subj. : % = AT (ug)my. (10b)

The solution to this problem is given in the following proposition, whose
proof appears in the Appendix.

Proposition 2. Consider the optimal control problem (10). For this problem,
the Hamilton’s equations are as follows:

dﬂ't =

(forward) T AT (ug)my (11a)
dA 1
backward — =2 = diag(e"Pim#M)) gerimzh - Zp2 11b
dt 2
(boundary) Ar = zrh.

The optimal boundary condition for wy is given by:

1 .
[mo]i = E[Vo]i[e)\o]i, i=1,....d

where C =1 e, The optimal control is

[Ut]ij _ e([At‘Zth]j_[)\t_Zth]i) )
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3.4 Derivation of the Smoothing Equations

The pathwise equations of nonlinear filtering are obtained through a coordi-
nate transformation. The proof for the following proposition is contained in the
Appendix A.5.

Proposition 3. Suppose (m:(x), M\(x)) is the solution to the Hamilton’s Eq. (9).
Consider the following transformation:

pi () =log(mi () = Ae(z) +1og(C).
The pair (pe(x), \e(x)) satisfy path-wise smoothing Eqs. (3)—(4). Also,
P(X;edx |Zr)=m(z)dx Vite[0,T].
For the finite state-space case (11), the analogous formulae are as follows:

()i =1og([m¢]i) = [As]i +1og(C)

and
P(Xt =e€; |ZT) = [ﬂ—t]i Vte [O,T]

fori=1,....d.

3.5 Relationship to the Log Transformation

In this paper, we have stressed the density control viewpoint. Alternatively, one
can express the problem as a stochastic control problem for the X process. For
this purpose, define the cost function [: R% x R? x R — R as follows:
1 -
Wz, v5y): =§Ivl2 +h?(x) + y(A(v)h) (@)

The stochastic optimal control problem for the Euclidean case then is as follows:

Min :J(mo,Us; 2)

70,0t
~ ~ T .
= E(log@(Xo) —ZTh(XT) + f Z(Xt,Ut,Zt)dt) (12&)
dl/o 0
Subj.: dX; = a(X;) dt + o(X;) (U, dt + dBy). (12b)

Its solution is given in the following proposition whose proof appears in the
Appendix A.6.

Proposition 4. Consider the optimal control problem (12). For this problem,
the HJB equation for the value function V is as follows:

a‘/;ﬁ 2 1 T 2
_E(Jj) = (A(Vt + zth))(aj) +h*(x) - §|a V(Vi + zeh) ()]

Vr(z) =-zph(x).
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The optimal control is of the state feedback form as follows:
Uy = us(Xy)
where uy(x) = -0V (Vi + z¢h)(z).
The HIB equation thus is exactly the Hamilton’s Eq. (9b) and
Vi(z)=-X\(z), VoeR? Vie[0,T].

Noting A¢(z)=log q:(x)+h(z)z, the HIB equation for the value function V;(x) is
related to the backward Zakai equation for ¢;(«) through the log transformation
(see also [7, Eqn. 1.4]):

Vi(x) = -log (qi(x)e* ™).

3.6 Linear Gaussian Case

The linear-Gaussian case is a special case in the Euclidean setting with the
following assumptions on the model:

1. The drift is linear in . That is,
a(z)=A"z and h(z)=H'x

where A e R™? and H e R?.
2. The coefficient of the process noise

o(x)=0

is a constant matrix. We denote Q:=co " e R9,

3. The prior v is a Gaussian distribution with mean m€eR? and variance £o>0.

For this problem, we make the following restriction: The control input u;(z)
is restricted to be constant over R?. That is, the control input is allowed to
depend only upon time. With such a restriction, the controlled state evolves
according to the sde:

dX, = A"X,dt + ous dt + 0 dB;, Xo~N(mo, Vo).

With a Gaussian prior, the distribution ; is also Gaussian whose mean m; and
variance V; evolve as follow:

dmy = A"my + ouy
dt
% =A"V,+V;A+o0".

Since the variance is not affected by control, the only constraint for the optimal
control problem is due to the equation for the mean.
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It is an easy calculation to see that for the linear model,
(A()h)(z) = H" (ATz + ov).
Therefore, the Lagrangian becomes
L(p,v;y)=vf* +|H m|* +te(HH'V) + yH (A"m + ov)

provided that p~N(m,V).
For Gaussian distributions mo=N (mq, Vp) and vo=N (mg, Xg), the divergence
is given by the well known formula

1 Vi d 1 _ 1 _ _ _
D(molvo) = 5 log ||E(())|| 3 + §tY(V0201) + §(m0 - mo)TZol(mo - mg)

and the term due to the terminal condition is easily evaluated as
(TFT, h) = HTmT.

Because the control input does not affect the variance process, we retain only
the terms with mean and the control and express the optimal control problem
as follows:

1
Minimize:J(mg,u;2) = §(m0 —1m0) "85 (mo - 1m0) (13a)
mo,u

T1 1
+[ §|ut|2+§|HTmt|2+thHTmtdt—z}HTmT
0

my

d
Subject to: = ATmy + ouy. (13b)

By a formal integration by parts,
1 _ \Ta- _
J(mo,u;2) = i(mo —1m0) "85t (mo - 1mg)

1o, 1 T2 1.
+f g2+ |5 - Hmy dt—f |52t
0o 2 2 0o 2

This form appears in the construction of the minimum energy estimator

[1, Ch. 7.3].

4 Conclusions

In this paper, we provide a self-contained exposition of the equations of nonlinear
smoothing as well as connections and interpretations to some of the more recent
developments in mean-field-type optimal control theory. These connections sug-
gest that the numerical approaches for mean-field type optimal control problems
can also be applied to obtain approximate filters. Development of numerical
techniques, e.g., particle filters to empirically approximate the conditional dis-
tribution, has been an area of intense research interest; cf., [13] and references
therein. Approximate particle filters based upon approximation of dual optimal
control-type problems have appeared in [6,9,13,15,16].
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A Appendix

A.1 Derivation of Lagrangian: Euclidean Case

By Girsanov’s theorem, the Radon-Nikodym derivative is obtained (see [13, Eqn.
35]) as follows:

dP , - d7r T o
——(X)= (Xo) exp( | (X dt+u(Xp)dB; ).
dP (%)= 2

Thus, we obtain the relative entropy formula:

D(P|P)=E(lo g?(Xo) fOT %|ut(Xt)|2dt+ut(Xt)dBt)

1
—{my, \ut|2)dt

T
=D +f
(mo[v0) . 3

A.2 Derivation of Lagrangian: Finite State-Space Case

The derivation of the Lagrangian is entirely analogous to the Euclidean case
except the R-N derivative is given according to [17, Prop. 2.1.1]:

d
—( )= (Ko exs z[ Jijludislx,-..)
[T Xluelijlx, o lg,=

0<t<T i%j

Upon taking log and expectation of both sides, we arrive at the relative entropy
formula:

D(P1P)~E(1os T2 C0) + [ - SlAL ulits,.,)
+E( > Zlog[w—]z‘jlxt_qilxt:ej)

0<t<T i%j

T
= D(mo|vo) + fo 7T C () dt.

A.3 Proof of Proposition 1

The standard approach is to incorporate the constraint into the objective func-
tion by introducing the Lagrange multiplier A ={\;:0<¢ < T} as follows:

j(ua)\;ﬂ-O,Z)
Tl 2 2 1
:D(7r0|\1/0)+/0 (o el + 1) + 2o, A )

T 0
+f0 <)\t,%—AT(ut)Ft)dt—ZT<7TT,h>.
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Upon using integration by parts and the definition of the adjoint operator, after
some manipulation involving completion of squares, we arrive at

3(u 570, 2) = D(mollo) + f (o, Jue — 0TV (A - ) ) dt

T 9 1, 1 . ,
—/0 (mis 55 A0 + AQ = 20h) = 312+ 50T T (A = 2eh) ) e
+(7TT,)\T—ZTh)—(7T0,/\0>.

Therefore, it is natural to pick A to satisfy the following partial differential
equation:

O @)= (A - 2h() = 5H3 (@) + 5[0 VO @ (14)

= M@=k @) (MO0 () %hQ(I)

with the boundary condition Ap(x) = zph(x). With this choice, the objective
function becomes

J(u; A\, o, 2) = D(mo o) = (70, Ao)
T1 T 2
+ﬁ 5m(|ut—0’ V(/\t—zth)| )dt
which suggest the optimal choice of control is:
ur(x) =o' (2)V( N\ — 2¢h) ().

With this choice, the objective function becomes

D(rolin) = (. Ao} = [ (o) o 23 -

= [ mo(z)lo _m(@) x
_/S o(@)1 guoexp()\o(x))d

Mo(x)mo(x) do

which is minimized by choosing

mo(#) = () exp(Mo(2))

where C' is the normalization constant.

A.4 Proof of Proposition 2

The proof for the finite state-space case is entirely analogous to the proof for the
Euclidean case. The Lagrange multiplier A = {\; e R?:0 <¢ < T} is introduced to
transform the optimization problem into an unconstrained problem:

~ T -
J(u, A;mo,2) =D(mo|vo) + f ) (C(u) + %hZ +2¢A(ug)h) dt

dm -
+f0 )\t( dtt AT(ut)m)dt—zThTﬂ'T.
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Upon using integral by parts,

- T .

3(u, A5 0, 2) = D(mo| o) + fo 77 (Cug) = Alur) (M - zh)) dt

T c1,
N f m] (A + 5h%) At + 7L (r = 21h) = m Do,
0

The first integrand is

[C(ue) = Aue) (N = Zih)];
= ZAU( ij (log[ut]ij — 1)
j#i
= [ud)ij ([N = Zeh]; = [Ae = Zih)i)) - A
The minimizer is obtained, element by element, as
[ue)i; = o(De=2hl;=[Ne=2ch]:)
and the corresponding minimum value is obtained by:

[C(U:)_At()\t—zth)]iz_[ eMe—zth ] [ (M- zth)]

Therefore with the minimum choice of u; above,

- T

J(u, A7, 2) = D(mollvo) + _[0 7rtT( — (At =y e_(’\"z*h)) dt

+ r T(_\ 1 2 T _ T
7y (= + 2h )dt + (A — zph) — 7y Ao-
0
Upon choosing A according to:
_[)'\t]i — [A Ar—zth ]1[ —(A¢— Zth)] h?, Ap = 2ph.

The objective function simplifies to

D(movo) = mg A —Zd:[w]-lo _lmoli
0I¥0 0 O_izl 0]: 108 [V()]ie[)‘o]i

where the minimum value is obtained by choosing

[mo]i = é[Vo] [ol:

where C' is the normalization constant.

A.5 Proof of Proposition 3

Euclidean Case. Equation (9b) is identical to the backward path-wise Eq. (4).
So, we need to only derive the equation for p;. Using the regular form of the
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product formula,

% _ 1 a’ﬂ't 8)\25

ot m ot ot
Lo 1
= E(Af(ut)m) + e Qemzeh) (gei()=2eh()) §h2

With optimal control u; = 0" V(A — 2:h),

(AT(ut)m) = (ATm) —div (O’UTV’ITt)
+m div (O’O’TV(/Lt + zth))
+ (V) (00" V (e + 2h))

and
6—()\,,—zth)(Ae)\,,(-)—zth(A))
=~ (Am) = 310" Vlogmf? - (A + 1))
+ %|JTV log(my) — "V (e + zth)|2.
Therefore,
% = %((A%) + (Am,) - div(ooTvm,))

— (A(pe + 2¢h)) + div (00" V (e + 2¢h))
1 2 1
+§|O'TV(/Lt+Zth)| —§h2

= (@)@ (Ll Orh 0 () - éha(x)

with the boundary condition o =logvy.
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Finite State-Space Case. Equation (11b) is identical to the backward path-

wise Eq. (6). To derive the equation for y;, use the product formula

dpe 1 rdm dA¢
[Tl:]_[t][dt] [H]
= o AT e O L -

SURl:

The first term is:

[AT(ui)me], = i( ljilueljilme]; = [A]z'j[ut]z‘j[ﬂt]i)

j=1
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and the second term is:

[e_()\t_zth)]i[Ae/\t+zth]i

d
= [m]z euwzt ; Z:l almel; (P‘tJthh)]j.
j=

The formula for the optimal control gives

[Ut]ij _ [ﬂt]]: [e—(m+z,,h)]j [em+zth]i.

d
[, = S ALl et - 502)

N

_ [~ (Ht+zeh) TAT petzehl
[6 ]1[ € ]z 2

which is precisely the path-wise form of the Eq. (5). At time t=0, po=log(C[mo];)-
[Ao]i =log[vo]:-

Smoothing Distribution. Since (M, i) is the solution to the path-wise form
of the Zakai equations, the optimal trajectory

leﬂt*')\t

C

Tt =
represents the smoothing distribution.

A.6 Proof of Proposition 4

The dynamic programming equation for the optimal control problem is given by
(see [1, Ch. 11.2]):

oV, ~
min {—a; () + (A(u)Va) (@) + 1w, w3 20) | =0, (15)
Therefore,
8Vt

5 (@)= (AV;)(z) + h*(2) + 2 (Ah) (z)
+min {§\u| +u'(0cTVV(2) + ztUth(m))}.
Upon using the completion-of-square trick, the minimum is attained by a feed-

back form:
u' =-0"V(Vi + z:h)(x).
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The resulting HJB equation is given by

i

2 1 T 2
5 (x):(A(V}+zth))(a:)+h (x)—§|a V(Vy + zch)|

with boundary condition Vr(z) =-zrh(z). Compare the HIB equation with the

Eq

. (14) for A, and it follows

Vi(z) = =Ae(2).
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Abstract. This contribution deals with the occurrence of “dents” in
Pareto fronts of continuous and adequately smooth multiobjective opti-
mization problems. After giving a formal definition of this notion, a sys-
tem of equations is derived that characterizes points on the boundary
of the dent. This can be used to obtain information about the structure
of the Pareto front without computing the entire Pareto set. Further-
more, the evolution of dents in parametric multiobjective optimization
problems is studied using results from bifurcation theory. Theory and
computations are illustrated by several examples, whose construction is
described as well.

Keywords: Multiobjective optimization - Parametric multiobjective
optimization - Dents in Pareto fronts

1 Introduction

In many fields of research and industrial applications optimization plays an
important role. In a variety of these not only one but several objectives are
required to be optimal at the same time. For instance, in manufacturing cost has
to be minimized, but at the same time also quality is desired to be maximized —
at least to a certain degree. The development of theory and algorithms for the
determination of solutions that are as good as possible with respect to all objec-
tives is the task of multiobjective optimization. Mathematically, a continuous
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multiobjective optimization problem is given as
min{F(z) :x € S CR"},
xT

where F' is defined as the vector of the objective functions fi,..., fx, k > 2,
which each map from R” to R, and S denotes the feasible region. The example
mentioned above already illustrates that the several objectives typically contra-
dict each other and thus do not have identical optima. Consequently, the solution
of a multiobjective optimization problem is given by the set of optimal compro-
mises of the objectives, the so-called Pareto set. In the case of minimization
problems the Pareto set is given by the set of solutions in which the value of any
objective function can only be decreased at the cost of increasing another one.

To obtain solutions that lie within the Pareto set many algorithms have been
developed. There are essentially two different types: algorithms that allow for the
computation of only one or a few Pareto points, and algorithms that approximate
the entire Pareto set. In the first case often a priori information, such as a specific
weighting or some kind of ordering of the objectives, is required. Examples for
those methods are the ‘weighted sums method’, the ‘c-constraint-method’ and
the ‘lexicographic ordering’ (see [8,20]). Over the past years algorithms that
are able to approximate the entire Pareto set have been developed (see e. g.
[2,4,5,11,19,22,23,30]). For the computations of Pareto sets in the examples
given in this work set-oriented, numerical methods which are implemented in
the software package GAIO have been used (see [24]).

Motivated by the fact that in the case of nonconvex objective functions it
is not possible to compute all Pareto optimal solutions by the weighted sums
method, in this chapter the occurrence of dents in Pareto fronts is studied
(restricted to continuous and adequately smooth multiobjective optimization
problems). In [3], Das and Dennis give a trigonometric argument why — in the
case of two objectives — the weighted sums method cannot be used to compute
points in the nonconvex part, as they call the subset of the Pareto front that
contains no global optima of the weighted sum of the objectives for every weight
vector. It is an interesting task to find out if a Pareto front contains nonconvex
parts. If one assumes that the Pareto front is connected, then every nonconvex
part contains a region in which the Pareto front ‘bends inside the feasible region’.
This part of the Pareto front will be called a dent. In Sect. 3 a formal definition
of a dent is given (see also [28]).

It will be shown that at the border of a dent (seen as a subset of the Pareto
front) typically the Hessian of the weighted sum of the objectives is singular.
These points will be called dent border points and the corresponding preimages
on the Pareto set will be called dent border preimages.

In the case of parametric multiobjective optimization problems naturally
the question comes up, how dents evolve under the variation of the external
parameter. This question is addressed in Sect.4. Making use of results from
bifurcation theory, it is proven that under certain assumptions dent border pre-
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images are turning points of the Kuhn-Tucker equations

k
Hgp(z,A) =Y iV fi(z,A) =0,
i=1

where a* ist the weight vector corresponding to the dent border preimage. Sev-
eral examples of parametric multiobjective optimization problems in which the
Pareto front contains dents will be given at the end of Sect. 4.

A A

Fig. 1. Typical shape of a Pareto front for a convex problem (left figure) and possible
shape in a nonconvex problem (right figure). The shaded regions represent the image
of the feasible set.

2 Theoretical Background

In this section the theoretical background from multiobjective optimization,
parametric multiobjective optimization and bifurcation theory needed within
the context of this chapter is summarized.

2.1 Multiobjective Optimization

A continuous (constrained) multiobjective optimization problem (MOP) is given
by
min{F(z):x € S CR"}, (MOP)

where F' is defined as the vector of the objective functions fi,..., fx, k > 2,
which each map from R” to R, i. e.

F iR =R, F(@) = (fi(e),..., fu(®)).
The feasible set S is given as
S={zeR":h(z) =0, g(x) <0}

with equality constraints A : R” — R™, m < n and inequality constraints g :
R™ — R?. The MOP is called unconstrained MOP, if S = R". In all the following
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considerations it is assumed that F' = (fy,..., fi) consists of at least continuous
objective functions.

It has to be explained what is meant by ‘min’ in the problem (MOP), as
a vector-valued function has to be minimized. The following definition which
introduces an appropriate partial order on R* allows comparisons of vectors (cf.

[6])-

Definition 1. Let u,v be two vectors in R¥. Then the vector u is less than v
(denoted by u <, v) if

u; <v; forallie{l,... k}.

In an analogous way, the relation <, is defined. The vector w is said to dominate
the vector v if

u <, vand u; < v; for at least one ¢ € {1,...,k}.

Using the relation <, we define what a solution of (MOP) is.

Definition 2. A point z* € R™ is called globally Pareto optimal for (MOP) (or
a global Pareto point of (MOP)) if there exists no z € S C R™ with

F(z) <, F(2*) and f;(x) < f;(«*) for at least one j € {1,...,k}.

If this property is only valid inside a neighborhood U(2*) C S C R™, then z* is
called locally Pareto optimal (or a local Pareto point).

The set of all Pareto points is the Pareto set . Following [10], the set of the
function values of all Pareto points is called the Pareto front .

In the literature, one can find several different names for Pareto optimal
solutions. Examples are ‘efficient solutions’ [9,25], ‘noninferior solutions’ [10],
‘nondominated points’ [17], ‘vector minimum points’ [1], and ‘admissible points’
[15]. Especially the image of a Pareto optimal solution often is denoted as an
efficient point .

The following classical result which goes back to Kuhn and Tucker [18] pro-
vides a necessary condition for Pareto optimality. The version of the theorem
written down here can be found in [16], which itself is a reformulated version of
the one given in [14].

Theorem 1 (Kuhn and Tucker, 1951 [18])

Let x* be a Pareto optimal solution of (MOP). It is assumed that Vh;(x*),i =
1,...,m and Vg;(x*) for j € {J : gs(«*) = 0} (the active constraints) are
lmeaﬂy independent. Then there exist vectors a € RF with a; > 0 fori=1,...,k
andz oy =1,7v€R™ and 6 € R with 6; >0 for j =1,...,q such that

Zanfz +Z%Vh +Z51Vgl =
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Following [20], points 2* € R™ that satisfy the Kuhn-Tucker condition (1) are
called substationary points . Given a Pareto point * the vector of multipliers «
is called the weight vector corresponding to x*.

Obviously the condition in the Kuhn-Tucker theorem is not sufficient for
Pareto optimality in general. In the case of convex! objective functions, convex
inequality constraints and affine? equality constraints, it is proven that for a > 0
the Kuhn-Tucker conditions are also sufficient [14]. However, numerical methods
often make use of this criterion.

An intuitive, classical approach to solve a multiobjective optimization prob-
lem is the weighted sums method, also called the ‘weighting method’, which goes
back to Gass and Saaty [12] and Zadeh [29]. It is a very popular approach which
makes use of the intuitive idea of converting the multiobjective optimization
problem into a single objective one. For this, the objective functions are summed
up, each multiplied with an individual weight. More precisely, k weights «; are
chosen such that a; > 0 for i = 1,...,k and Zle a; = 1 and the problem

min g, ()
- )

s.t.z € SCR",

with go(x) = Zle a; fi(x) is considered.

Varying the weights «;, different Pareto points can be obtained by solving
(2) — in the case of convex objective functions even all Pareto points can be
computed in this way. The reason for this is that the shape of the Pareto front
is also convex in such a situation. Moreover, the optimization of the weighted
sums results in different points on the Pareto front for different weight vectors.

In contrast to this, for nonconvex objective functions the Pareto front can
contain nonconvex parts as illustrated in Fig. 1 on the right. Here, the nonconvex
part is defined to be a subset of the Pareto front that contains no global optima
of the weighted sum of the objectives for every weight vector. Pareto points,
which are mapped into the nonconvex part of the Pareto front, can have the
same weight vector as other Pareto points whose weighted sum has a smaller
value (cf. Fig.2), as they are only local minima or saddle points of g, (x).

In [3], Das and Dennis give a trigonometric argument, why — in the case of
two objectives — the weighted sums method cannot be used to compute points
in the nonconvex part.

It is an interesting question to find out if a Pareto front contains nonconvex
parts. If one assumes that the Pareto front is connected, then any nonconvex
part contains a region in which the Pareto front ‘curves inside the image of the
feasible region’. This part of the Pareto front will be called a ‘dent’. In Sect. 3 the
formal definition of a dent is given and an approach which allows the numerical
computation of dents in Pareto fronts is presented.

L A function f:R™ — R is convex, if f(Azx 4 (1 — N)y) < Af(x) + (1 — X) f(y) for all
z,y ER®, 0 <A< 1, seee. g [27].

2 A function f : R™ — R is affine, if f(Az 4+ (1 — N)y) = Af(z) + (1 — N)f(y) for all
z,y €ER™", 0< A <1, seee. g [27].
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£iA

> i

Fig. 2. Schematic illustration of the weighted sums approach

2.2 Parametric Multiobjective Optimization Problems

An unconstrained (one-) parametric multiobjective optimization problem is
given as

mwln{F(x, )\) T e an A€ [)\starta )\end] c R}a (ParMOP)
where F' is defined as the vector of the objective functions, i. e.
F : Rn X [)‘starty /\end] - Rka F(Jf, A) = (fl(ma A)a R fk:(xa )‘))

The solution set of (ParMOP) is a A\-dependent family of Pareto sets.

Every point in this family satisfies the necessary condition of Kuhn and
Tucker with respect to the z-variables. As (ParMOP) is an unconstrained mul-
tiobjective optimization problem, Theorem 1 reduces to the fact that there exist
multipliers oy, ..., ar € Ry ¢ such that

Hyr(z, 0, \) = (Zii;zlvaa;fi(l’)\)> =0, (3)

where (z, A) is a solution of (ParMOP).

Definition 3. If z € R™ satisfies the Kuhn-Tucker condition (3) for a specific
value of A, then it is called — as in the non-parametric case — a substationary
point . The set of all substationary points for the respective value of X is denoted
by S)\.

2.3 Bifurcation Theory

Bifurcation theory analyzes the behavior of solutions of parameter-dependent
systems of equations when they become singular under variation of the parame-
ter. In the context of this work it becomes applicable when considering solutions
of the Kuhn-Tucker—Eq. (3) for the parametric, unconstrained case.
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It will be shown in Sect.3 that in a dent border point a zero eigenvalue
of the Hessian of g, occurs, where go(z,A) = Zle a;fi(z, A). The Hessian
of g, equals %HI%T, as Hgp(z,A\) = Vauga(z,A). Thus, the implicit function
theorem is not applicable to the Kuhn-Tucker equations (with respect to x) in
a dent border point. Whenever the Jacobian with respect to x of a parametric
system of equations is singular, the structure of the solution set may change. One
possibility is that the system of equations has no solution before the singularity
occurs, and two solutions afterwards (here, “before” and “afterwards” have to
be understood in terms of the values of X). In this case, the solution curve
“turns” at the point (z*, A*), where the Jacobian with respect to z is singular.
More formally, such a turning point — which sometimes is also called saddle-node
bifurcation or fold in the literature — is defined as follows:

Definition 4 (Turning point (see [21]))
Consider the solutions of a nonlinear system of equations H(z, A) = 0, where
H:RY xR — RY. Assume that (z*, \*) is such a solution which satisfies

(i) there exists ¢* € RV\{0} with ker (2 H(z*, \*)) = span{¢*},
(i) ZH(z* \*) ¢ im2 H(z*, \*).

Then, (x*,\*) is called a turning point .

Let ¥* be a left eigenvector of the zero eigenvalue of 8%H(:c*, AF), 1. e
o D H@ ) =0
Ox ’ '

If in addition to (i) and (i) ¥* ((%H(a: /\*)¢*¢*) £ 0, then the point (z*, \*)

is called a simple turning point .

In Fig. 3 an example of an equation whose solution curve includes a turning
point is sketched. As one can observe, the solution curve turns in the point (0, 0).

X A
0.6
0.4
0.2

-04-03-02 -010f 0.1 02 03 04 05 ;
-0.2

-0.4
-0.6

Fig. 3. For the equation H(z,\) = 2> — XA =0, H : R x R — R, a turning point occurs
in the point (0, 0)
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3 Dents in Non-parametric Pareto Fronts

In Fig.1 it has already been illustrated that the Pareto front may curve inside
the image of the feasible region in the case of nonconvex objective functions.
As already mentioned in Sect.2 Pareto points whose images lie in such a dent
cannot be computed by using the weighted sums method. The reason is that two
or more Pareto points satisfy the Kuhn-Tucker equations with the same weight
vector v while the weighted sum Zle a; fi(x) cannot be minimal for all these
solutions. The following definition gives a mathematical description of a dent.

Definition 5 (Dent point, Dent preimage)

Let P C S be the Pareto set of a multiobjective optimization problem
mingeg F(z) with F : R® — R*, F(z) = (fi(z),..., fu(®))" and f; at least
twice continuously differentiable Vi = 1,...,k. For o; € [0, 1] with Z?:o a; =1
define g, : R™ — R by

k
Ja(T) = Zaifi(-r)'

A point z* € P is called a dent preimage if it is a saddle point of g,. The
corresponding point y* = F(z*) on the Pareto front is called a dent point .

Definition 6 (Dent, dent border, complete dent)

Let P C S be the Pareto set of an at least twice continuously differentiable
multiobjective optimization problem mingcs F : R® — R¥ and let PF = F(P)
be the Pareto front. Let y* € PF be a dent point. Then, the connected com-
ponent of dent points which includes y* is called a dent corresponding to y*,
denoted by D,-:

Dy« ={y € PF |36 >0and3c: [0,0] — PF,c continuous, with ¢(0) = y*,
¢(6) =y, and ¢(s) is a dent point V s € [0,6]} .

A dent D is called complete , if
OPFN Dy =10,

where OPF is the boundary of the Pareto front PF as a subset of 9F(S) (with
the induced topology from R¥).

The boundary 0D, of a complete dent D« (seen as a subset of PF') is called
dent border and a boundary point y, € 0Dy~ is called a dent border point . A
point x, € P with F(x3) = yp is called a dent border preimage of ys.

Remark 1. In [16] dents have been studied from a differential geometric point of
view. In this book it has been shown that — under certain geometrical assump-
tions on the multiobjective optimization problem — saddle points of g, occur if
and only if the corresponding point on the Pareto front has at least one negative
principal curvature.
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In [16] it has already been considered what happens during the transition
from a minimizer z; of g,, to a saddle point z3 of g,, on a connected Pareto
front i. e. during the transition of non-dent preimages to dent preimages (o7 and
ag denote the weight vectors corresponding to z; and x2, respectively):
Assume that the non-dent preimage x; can be connected to the dent preimage
Zo by a continuous curve vy : [0,1] — P C S with v(7) = (z(7),a(7)), v(0) =
(21, 1) and y(1) = (22, az). To each curve point v(7) the n-tuple of eigenvalues
of %ga(x), denoted by (e1(7),.. .,en(T))T, is assigned, where a again is the
corresponding weight vector to x. This leads to another continuous curve 5 : 7 —
(e1(7),...,en(r))" corresponding to 7. As x; is a minimizer of gq,, 7(0) > 0.
In the saddle point x5 of g,,, there exists an index ¢ € {1,...,n} such that
e;(1) < 0. Because of the continuity of 4 there must exist 7 € [0, 1] with e;(7) = 0.

To sum up, in dent border points a zero-eigenvalue of the Hessian of g,
occurs.

Definition 7 (Simple dent border point/preimage)

Let P C S be the Pareto set of an at least twice continuously differentiable
multiobjective optimization problem F : R® — R and let PF = F(P) be the
Pareto front. Let y; € PF be a dent border point and let z; € P be a dent
border preimage of y;.

Then, y; is called a simple dent border point if the zero eigenvalue of the
Hessian g/, (x}) is simple. In this case, z is called a simple dent border preimage.

351 Pareto front for A = 0.6/
dent points

25 1

f,(x)
N

1.5 4

05 | | | | | !
0.5 1 1.5 2 25 3 3.5

f 1(x,k)

Fig. 4. Pareto front and dent points (black) for Example 1



324 K. Witting et al.

Ezample 1 (Computation of dents)
Consider the bi-objective optimization problem defined by the two objectives

1
:i(\/1+($1 +.’E2 +\/1 .’L’l—xg +x1—x2)+)\.6_($1—$2)2

1
)\)25(\/1-%(901—1—562 124+ /1+ (z1 — x2) —:c1+:c2)+)\~e_(””1_‘”2)2

with a fixed value A = 0.6 and x = (x1,22). Then, the Pareto set can be
approximated e. g. by use of the set-oriented techniques.

The algorithm returns a set of boxes that covers the Pareto set. Within
these boxes, a number of test points is evaluated, the best of which are in the
following considered as the Pareto set. By solving the Kuhn-Tucker equations of
F = (f1, f2) for each of these points, the corresponding weight vectors a € R”
can be computed. Then, the eigenvalues of the Hessians of the weighted sums of
the objectives are determined. All points z, in which both eigenvalues > 0 and
eigenvalues < 0 exist, are dent preimages. The Pareto front and the resulting
dent points for this example are visualized in Fig. 4.

4 Evolution of Dents in Parameter-Dependent Pareto
Fronts

In the previous section dents in Pareto fronts have been defined motivated by
the fact that these points cannot be computed by the weighted sums method .
Also, dent border points have been defined. When considering parametric mul-
tiobjective optimization problems, naturally the question arises, how dents and
especially dent border points evolve. The Kuhn-Tucker Eq. (3) provide a neces-
sary condition for Pareto optimality. Within this section this parametric system
of equations will be analyzed in order to obtain results about the local behavior
of parameter-dependent Pareto fronts.

Solutions of parametric systems of equations have already been widely stud-
ied in bifurcation theory. The first part of this section deals with the study of
properties of dent border points. It will be proven that under certain assump-
tions dent border preimages are turning points of the Kuhn-Tucker equations.
In the second part of this section, several numerical examples for parametric
multiobjective optimization problems in which dents occur are given.

Within this section it is assumed that the objective functions are at least
twice continuously differentiable. Only points © € Py are considered for which the
corresponding weight vector a is an element of (0, 1)*. Define HZ4 :R"xR — R"
by

Hip(z, ) Zazv fi(z, A).

1=1
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4.1 Properties of Dent Border Points

First, it will be shown that dent border preimages can be characterized as certain
turning points of the Kuhn-Tucker equations

Proposition 1. Let P, C S\ be the Pareto set of a parametric multi-
objective optimization problem minF : R™ x R — RN with F(x,\) =
(fi(@,N), ..., frul@,\)T. Let * € Py« be a simple dent border preimage. Let
a* denote the weight vector corresponding to x* and assume that the Jacobian

Hﬁfr/(x,)\) has full rank.
Then, (x*, \*) is a turning point of Hfé:r(m, ) with respect to \.

Proof. It has been shown in [16] (see also Sect.3) that dent border preim-
ages x* are solutions of the Kuhn-Tucker equations Hgy(z*,\*) = 0 in which
%ga* (z*, \*) is singular. Thus, there exists an eigenvector ¢* of 88—;9@* (z*, \%)
with
82 * * *
<8x290¢*(x 7)‘ )> ¢ =0. (4)

From the assumption that the dent border preimage is simple, i. e. exactly one
2
eigenvalue of % Jor (2%, X*) equals zero (cf. Definition 7), it directly follows that

52
dim ker (Wga* (x*, A*)) =1 (5)

As HE (2, ) = Vgga(z, A), and thus

2

o 9 B
%HKT(%/\) = 9 (Vaga(z,\)) = @ga(x,)\),

(4) is equivalent to

0 a* [k yx), %
%PIKT('r a/\ )410 =0

and (5) is the same as
. 0 a* * VK
dim ker %HKT(I‘ A =1

Thus, property (i) of Definition 4 is proven for H(x,\) = Hgp(z, \).

Property (ii) of Definition 4 directly follows from the assumption that the
Jacobian HI%:F/(;E, A) has full rank, i. e. rank n: if the vector Q%HKT‘X* (z*, \%)
were in the image of the n x n-matrix %Hﬁ}(m*, A*), then the rank of the Jaco-

bian HI%:F/(I, A) were n — 1, in contradiction to the assumption. Thus, it has to
be true that ((%H}O‘{:F(x*,)\*)) ¢ ima%Hﬁ}(w*,)\*).

To sum up, both properties given in Definition 4 are satisfied, and thus
(x*, A\*) is a turning point of H¥r(x, A) with respect to A. O
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Remark 2. Using the notation of the proof of Proposition 1 one observes that the
matrix %H}o‘{} is symmetric, as it is the Hessian of the weighted sums function
go. Thus, ¥* = (¢*)" is a left eigenvector of %Hﬁ}(z*, A*). Tt follows that, if
additionally to (i) and (ii) of Definition 4

0? .
@7 (e’ A 0% 20,

then (z*, \*) is a simple turning point of Hgy(x, \) with respect to \.

To sum up, a dent border preimage can be obtained by solving the system
of equations

Hgp(z,0) =0
o
%HKT(% )\) ~¢=0 (6)

T¢p—1=0

with an arbitrary but fixed vector I € R™ which satisfies {7 ¢* # 0 and has non-
zero entries, and x, ¢ € R™, A € R. In the literature, this system of equations is
also called the extended system of Hyp(z,\) (cf. [21]).

Remark 3. A family of dent border preimages can be obtained by solving

Viga(z,A) =0
k
Z oy — 1=0
=1
82
ya9a (@) @ =0 (7)
Top—1=0

with an arbitrary fixed vector [ € R which satisfies [7¢* # 0 and has non-zero
entries, 2,0 € R*, A€ Rand o € RF with a; >0Vi=1,... k.

4.2 Numerical Examples

In the following, several new examples for parametric multiobjective optimiza-
tion problems are presented and its construction is motivated. The examples
all have in common that the corresponding Pareto fronts contain dents for spe-
cific values of the external parameter \. Moreover, under the variation of A,
dents originate or vanish (cf. Examples 2 and 4), or dents double or merge
(cf. Example 3).
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Ezxample 2. We again consider the bi-objective optimization problem defined by
the two objectives

1 —(x1—x 2
Ji(z1,22,) = 5(\/14—(%1 +22)2 + /14 (21 — 22)2 + a1 —@2) + A" P12

]. —(r1— 2
fo(z1, 2, N) = 5(\/1+(ZE1+ZE2)2+\/1+($1*xz)zfim +x2)+A-e (®1-22)

which we have already seen in Example 1.

Before we are going to examine this example numerically, it is worthwhile
to note that it can be understood geometrically and/or analytically. To see the
picture, we can use the vectors ¢ = (1,1)7 and ¢t = (1,-1)T as a basis of R?
and new coordinates u; = x1 + x2 and us = r1 — 9, so that for x = (xl,xQ)T
we have x = 1/2- (uy - ¢ + uz - ¢-). Then we can write the objective as

1
F(ui,uz,\) = (2' (\/1+“%+\/1+U3)+/\-6_“§> qtuy-qt

1 7 1 7
| S ——
::Fl(ul) ::Fz(uz,)\)

This means the gt-component of F(uy,us, ) is simply us - ¢*, while the ¢-
component is a sum of three terms, two of which are functions of us only, and
only one of which depends on A. Now an easy computation shows that the ¢-
component of F? is a convex function for A < 1/4 and that it has a non-convex
part around us = 0 for A > 1/4. This is the reason for the generation of a dent
in the Pareto front. To see this, observe that the image of F'? determines the
form of the boundary of the image of F', as the F; term adds a component in
positive g-direction only, i.e. a component that moves the image “further inside”
the positive quadrant of R?, and has its minimum for u; = 0. Thus by adjusting
the value of A, we can control whether the boundary of the image of F' is given
by a convex function, that is, whether the Pareto front has a dent or not.

In Fig.5 the Pareto sets of these two objectives for (x1,72) € [—1.3,1.3]?
are plotted for different values of the external parameter A: for A\ = 0 (green),
A= 0.2 (gray), A = 0.4 (light blue), A = 0.6 (cyan), and for A = 0.8 (magenta).
We see that they are all part of the line given by u; = 0.

In the same figure, an example for a A-dependent solution path of the Kuhn-
Tucker equations with a fixed weight vector o* & (0.25,0.75) which corresponds
to the dent border preimage (z},z3) ~ (—0.28,0.28) of the dent border point
(y1,y35) =~ (1.23,1.79), located on the Pareto front for \* = 0.6, is visualized
for A € [0,1] (black paths). The paths have been computed with the help of
the software package AUTO2000 [7]. As one can observe, y* is indeed a simple
turning point of H}%*T(a:, A) with respect to A. Figure 6 shows the same results in
objective space. Here one clearly observes that the Pareto front does not have a
dent for A < 0.25 and does have a dent for A > 0.25.

In Fig. 7 the entire curve of dent border points in objective space is plotted.
To compute this A-dependent solution curve (red), again the software pack-
age AUTO2000 has been used. One can observe that the point (yf,y3, \*) =
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Fig. 5. Visualization of some Pareto sets and the solution curve of Hﬁ;(x, A) =0

(black) for the dent border preimage z* (red) for Example 2

f,(GA) A Pareto fronts for
A=0
37 —_— A=0.2
A=04
=06
25 | —_— A=0.8
objective values
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2 | Hen(e,\) =0
15 |
1 L
05 : : : : > f(x.2)
0.5 1 1.5 2 2.5 3

Fig. 6. Visualization of some Pareto fronts and the image of the solution curve of
Hgr(z,\) = 0 (black) for a dent border point y* (red) for Example 2

(1.25,1.25,0.25) (with the corresponding weight vector a* = (0.5,0.5)), marked
by a black dot, is specific: in this point a dent originates, i. e. for A < A* the
Pareto front contains no dent whereas for A > A* a dent is contained in the
Pareto front.
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fx1) 4 Pareto fronts for
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Fig. 7. Some Pareto fronts, the curve of dent border points (red) and the point in
which the dent originates (black dot) for Example 2

In Fig.8 the solutions of Hgp(z,\) = 0 with a* = (0.5,0.5), i. e. the A-
dependent path containing the specific point in which a non-dent point changes
into a dent point, are visualized for A € [0, 1]. One can observe that a pitchfork
bifurcation® occurs in this point. Figure9 shows the same results in objective
space.

Ezample 3. Consider the bi-objective optimization problem defined by the two
objectives

fi(zr, w9, A) = \/1 +af+ \/1 a4 e @V @t g

fa(wr, 22, ) = \/1 + i+ \/1 Fad e (2N L em @Vt gy

Using the same notation as in Example 2, we can write the objective as

F(x1,22,)) = \/1+27 g+ (V 14 a2 e (02N +€_(m2+k)2) g+ w-qt

=:F2(z2,\)

and apply a similar analysis. Here the g-component of F2 is non-convex for every
A (in fact, for A = 0 we have the same situation as for A = 1 in Example 2),

3 The definition and statements about properties of pitchfork bifurcations can be found
in [13] and [26], for example.
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Fig. 8. Visualization of some Pareto sets and the A-dependent solution curve of
Hgr(z,\) = 0 with o* = (0.5,0.5) (black) for Example 2
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Fig. 9. Visualization of some Pareto fronts and the image of the solution curve of
Hgr(z,\) = 0 with o* = (0.5,0.5) (black) for Example 2

[13

and a variation of A results in the movement of the “peaks” of the exponential
terms. Thus we obtain, for |A| sufficiently large, two separate non-convex parts
of the g-component of F2, while there is only one non-convex part for A = 0.
Correspondingly, one dent in the Pareto front for A = 0 will split into two dents
for a larger value of .
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Fig. 10. Pareto fronts for the multiobjective optimization problem given in Example
3 for different values of A

In Fig. 10 the Pareto fronts which result from the minimization of these two
objectives are plotted for different values of A. As one can observe the Pareto
front contains one dent for A = 0.4, for example. Under the variation of A
it changes into two dents (cp. for instance A = 0.8). In between, there is a
specific point in which the dent splits up into two dents, which is given by
(z1,22,) ~ (0,0,0.5716) with the corresponding weight vector a* = (0.5,0.5).
In Fig. 11 the solutions of the Kuhn-Tucker equations for the fixed weight vector
a* = (0.5,0.5) are sketched. One can observe that in the point where the dent
splits up into two dents a pitchfork bifurcation occurs.

Ezxample 4. Consider the three-objective optimization problem defined by the
following three objectives

fi(zr, 22,3, A) = \/1+$%+\/1+l‘§+ \/1—|—Lr§—|—)\-e_($§+x§) + V212

2
fo(z1, 22,23, \) = \/l—l—x%—i—\/1+a:§+\/1+x§+)\-ef<zg+7”§) — %mg—&- gxg

(22422 2 3
fg(x17:c27:cg,)\):\/l—l—x%—i—\/l—&—m%—&—\/l—i—m%—l—)\-e (w3+ 3)—§x2— 373
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Pareto fronts for

14 x=1.0
X=0..8

1.2 —— )\=06

A 1 — X\=04

Fig. 11. Pareto fronts and solutions of the Kuhn-Tucker equations for a* = (0.5,0.5)
in (fi1, f2, A)-space for Example 3

In this case, the analysis is somewhat more complicated. Using the vector ¢ =
(1,1, )T, we can write

(e2ta 2
F(xl,xz,ws,A):<\/1+x§+\/1+x§+\/1+x§+A~e 5 3*'%)—%%2) “q

8
35 U
4 3 T2
s
__4_ _ /3
3V2 2

where, similarly to Examples 2 and 3, the matrix ¢+ spans the orthogonal com-
plement to q. Thus we see that again the ¢g-component of F' consists of a convex
function independent of A and a A-dependent non-convex term that introduces
a dent into the Pareto front for sufficiently large values of .

Figure 12 shows the Pareto fronts which result when minimizing these three
objectives for z € [-2,2]? for different values of A\. One can observe that under
the variation of A a dent originates.

Remark 4. It has been observed in Examples 2 and 3 that pitchfork bifurcations
occur in those points where — under the variation of A — a dent originates in
the Pareto front PF), or a dent splits up into two dents, respectively. Pitchfork
bifurcations typically occur if the system of equations H(x,\) = 0, in our case
HI%:F (z,\) =0, includes a symmetry of the form

H(Sz,\) = SH(z, \), (Z2)
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A =06

Fig. 12. Pareto fronts for the multiobjective optimization problem given in Example
4 for different values of the parameter A

where S is a suitable symmetry matrix with S # 1 and S? = 1 (cf. [26]).

In the examples mentioned above, indeed symmetries occur. The Kuhn-
Tucker equations of the objective functions given in Example 2 have a Zo-
symmetry for o* = (0.5,0.5). In this case, possible symmetry matrices are given

as
01 -1 0
51:<10) and52:<0_1).

The Kuhn-Tucker equations of the objective functions given in Example 3
satisfy the symmetry condition (Z2) with

10Y .. o
S1 = <O _1> if o = (0.5,0.5), and

Sy = (_01 (1)) independent of the weight vector «.
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The Kuhn-Tucker equations for the objective functions given in Example 4
also satisfy the symmetry condition (Z2) with

-100
S=1010
001

for arbitrary weight vectors a*.

5 Conclusion and Outlook

In this work the occurrence of dents in Pareto fronts has been studied. A formal
definition of a dent has been introduced. Points at the border of a (complete)
dent have a significant property. In these points a zero eigenvalue of the Hes-
sian of the weighted sum of the objectives occurs. Thus, dent border points are
solutions of a certain system of equations. Given a sufficiently smooth multi-
objective optimization problem it is possible to find out if dent border points,
and thus also possibly dents, occur in the Pareto front by solving this system
of equations. Consequently, information about the geometry of the Pareto front
can be obtained without computing the entire Pareto set. This information can
for example serve as a criterion for the choice of the algorithm one wants to use
for solving the multiobjective optimization problem.

Based on theoretical results from bifurcation theory, parameter-dependen-
cies in multiobjective optimization problems have been studied in this chapter.
It has been proven that dent border points are turning points of the Kuhn-Tucker
equations with a fixed weight vector corresponding to the dent border point.

Several examples for parametric multiobjective optimization problems have
been constructed in which dents occur. It is still an open question what happens
if a dent originates or vanishes under the variation of the external parameter.
The examples given at the end of Sect.4 lead to the conjecture that in this
case pitchfork bifurcations of the Kuhn-Tucker equations occur. However, the
theoretical analysis of this statement has to be addressed in future work.
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Abstract. In this chapter, we consider equality constrained bi-level
multi-objective optimization problems, where the lower level problem is
convex. Based on a suitable reformulation of the Kuhn-Tucker equations,
we present an image set-oriented algorithm of reference point type for the
approximation of the solution set, the Pareto set respectively its image,
the Pareto front, of such a problem. The algorithm is designed such that
the generated representation of the Pareto front is well-distributed with
respect to the higher level image space. We first prove convergence for
this algorithm and further on indicate its efficiency on two academic test
problems.

Keywords: Bi-Level multi-objective optimization - Bi-level
optimization - Multi-objective optimization - Hierarchical
optimization - Image set-oriented methods - Reference point methods

1 Introduction

Both, multi-objective optimization problems as well as bi-level optimization prob-
lems have been considered thoroughly during the last decades. The relatively new
class of optimization problems considered in this article can be understood as
a combination of the two above mentioned problems in the sense that both the
higher and the lower level problem of such a bi-level optimization problem are
given by multi-objective optimization problems. In other words, we are concerned
with a multi-objective optimization problem (the higher level of the bi-level opti-
mization problem), where the feasible set itself is restricted by the solution set of
another (parametrized) multi-objective optimization problem (the lower level of
such a bi-level optimization problem). Therefore, we call these problems bi-level
multi-objective optimization problems (BLMOP). To demonstrate the relevance
of such problems from a practical point of view, consider the following exam-
ple. For the design of a perfect passenger car, two important goals are the fuel
consumption (to be minimized) and the power of the engine (to be maximized)
leading to a bi-objective optimization problem in the higher level. However, due
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to Springer Nature Switzerland AG 2020
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to safety reasons there is the restriction that in the first place optimality con-
cerning the mechanical guidance of the undercarriage in both horizontal and
vertical direction have to be optimized leading to another bi-objective problem
in the lower level.

In this chapter, we will concentrate on problems with equality constraints' for
both the higher and lower level problem. Moreover, we assume that the lower
level problem is convex, that is, the lower level objectives are assumed to be
convex and the lower level constraints are assumed to be affine-linear.

The outline of this article is as follows. In Sect.2 we review the basic def-
initions and concepts of multi-objective optimization and bi-level optimization
needed to understand the contents of the subsequent sections. The proposed
algorithm for the solution of a BLMOP is presented in Sect.3. In Sect. 4, we
prove convergence of the algorithm. Then, in Sect. 5, we indicate the efficiency
of the algorithm on two academic examples. Finally, we draw our conclusions in
Sect. 6.

2 Background and Related Work

In the following we briefly review the relevant definitions and concepts of multi-
objective optimization and bi-level optimization. Next, we describe in detail the
bi-level multi-objective optimization problem (BLMOP) that we will consider
in this article. We also state a Kuhn-Tucker based reformulation of the given
BLMOP, which is used for the construction of the subproblem to be solved
repeatedly in order to compute the individual points of the solution set as our
new BL-Recovering-IS algorithm presented in Sect. 3 proceeds.

In a multi-objective optimization problem (MOP) one is faced with the prob-
lem that several objectives have to be optimized at the same time. Mathemati-
cally, a continuous MOP can be expressed as

I;ﬂelg F(z). (MOP)

Hereby, the map F' is defined by the individual objective functions Fj, i.e.,

F:S—RF  F(z)=(F(2),...,F(z)7, (1)
where we assume all functions F; : S — R, ¢ = 1,...,k, to be continuous.
Problems with k£ = 2 objectives are termed bi-objective optimization problems

(BOPs).
The domain or feasible set S C R™ of F' can in general be expressed by
equality and inequality constraints,

S={zxeR"|Gi(x)<0,i=1,...,1, and Hj(z) =0, j=1,...,p} (2)

! Hereby, we assume that involved inequality constraints can be transformed into
equality constraints, e.g., via the use of slack variables.
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If S =R", we call the MOP unconstrained.
Optimality of a MOP is based on the concept of dominance.

Definition 1.(a) Let v,w € R*. Then the vector v is less than w (in short:
v <pw), if vy <w; foralli e {1,...,k}. The relation <, is defined analo-
gously.

(b) A wvector y € S is called strictly dominated (or simply dominated) by a
vector x € S (x < y) with respect to (MOP) if

F(z) <, F(y)  and  F(z) # F(y),
else y is called non-dominated by x.

If a feasible point x dominates another feasible point y, then we can consider
to be "better’ than y with respect to the given MOP. The definition of optimality
(i.e., the definition of the ‘best’ solutions) in multi-objective optimization is now
straightforward.

Definition 2.(a) A point x € S is called (Pareto) optimal or a Pareto point
of (MOP) if there exists no y € S that dominates x.
(b) The set of all Pareto optimal solutions is called the Pareto set, i.e.,

Ps:={x €S : xzisaParetopointof (MOP)}. (3)
(¢c) The image F(Ps) of Ps is called the Pareto front.

If all the objectives and constraint functions of the MOP are differentiable
one can state a necessary condition for optimality which is analog to ‘classical’
scalar objective optimization problems (SOPs, i.e., MOPs with k = 1).

Theorem 1 ([25]). Let z* be a Pareto point of (MOP), where S is as in (2),
and all objectives and constraint functions are differentiable in x*. Further, let
the wvectors VH;(z*), i = 1,...,p, be linearly independent. Then there exist
vectors o € RF, \* € R!, and p* € RP such that the tuple (z*,a*, \*, u*)
satisfies

Za*VF +ZA*VG +ZMZVH ) =0

i=1 i=1
af>0, i=1,...k

AE>0, i=1,...,1
ANGi(z) =0, i=1,...,1.

Moreover, it is known that these conditions are already sufficient under the
assumptions used in this article.
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Theorem 2 ([25]). Assume that the objectives F;,i = 1,...,k, are convexr.
Further, let the problem contain no inequality constraints and let all equality
constraints H;,i = 1,...,p, be affine-linear. Then the conditions stated in The-

orem 1 are sufficient for a solution of (MOP).

A reference point t € R* can be regarded as a vector that consists of desirable
objective values called aspiration levels or targets, t;,i =1,... k.

In the following we will focus on distance function based approaches, which are
relevant for our new algorithm presented in Sect. 3. As indicated by its notation,
distance function based approaches use a distance function, which is typically
based on a norm, to measure the distance between a reference point and a given
point in image space. To state the auxiliary problem corresponding to a target
vector t € R¥ let § : R¥ x R¥ — R, be a distance function derived from a norm,
i.e., d(a,b) = ||a—b|| for some norm |- || : R¥ — R, . Then the auxiliary problem
to be solved is

min §(F(x),1). (RPP)

z€eS
If we have 6(F'(z*),t) > 0, where z* is a solution to RPP, then we know that
F(z*) is on the boundary of the image F(S) = {F(z) : € S C R"}. Moreover,
if in addition t <, F(z*) we can expect that z* is (at least a local) Pareto point.
Thus, local Pareto points can be found by first choosing suitable targets and
then solving RPP. Indeed, Theorem 3, which was taken from [13], guarantees
that, under certain assumptions, z* is a Pareto point. For this, recall that a
norm || - || : R¥ — R is called strictly monotonically increasing, if ||y']| < ||y?||
for all y',4? € RF with |yJ1| < |y]2-|,j =1,2,...,k, and |yJ1| + |y12| for some j.

Theorem 3 ([13]). Let || - || be a strictly monotonically increasing norm and
assume t; = min{F;(x) : ¢ € S} fori=1,2,... k. If ©* is an optimal solution
of RPP, then x* is a solution of MOP.

We stress that throughout this article it will be || - || = || - ||2 unless stated
differently.

The analytic expression of the entire (exact) Pareto set/front is except for
some academic test problems in general not possible. In literature, a huge vari-
ety of different methods can be found for the effective numerical treatment of
MOPs. There are, for instance, mathematical programming (MP) techniques,
point-wise iterative search techniques that generate a sequence of solutions that
can converge toward one optimal solution (e.g., [16,30] and references therein.).
The most widely used sub-class of the MP techniques is given by scalariza-
tion methods that replace the given MOP into a suitable auxiliary SOP (e.g.,
[19,20,32,38,39]). Via identifying a clever sequence of such SOPs a suitable
approximation of the entire Pareto set/front can be obtained in certain cases
(e.g., [5,14,17,18,24,30,33]). Reference point methods use feasible or infeasible
reference points for the construction of scalar valued auxiliary functions. For an
overview on different types of reference point methods the reader is referred to
[16].
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Another class of methods are given by continuation-like methods that take
advantage of the fact that the solution set forms at least locally a manifold. Such
methods start from a given solution and perform a search along the solution
manifold ([22,27-29,34,36,37,43]). However, one potential drawback of all the
above mentioned methods is that they are of local nature, i.e, that they may
get stuck in local Pareto optimal solutions of the given MOP depending on the
chosen starting point and the chosen method to solve the auxiliary SOP.

Next to these point-wise iterative methods there exist specialized set oriented
methods such as multi-objective evolutionary strategies (MOEAs, e.g., [2,3,6]),
subdivision techniques [10,23,41,42] or cell mapping techniques [21,31,35,45,46,
48,49]. These methods have in common that they use entire sets in an iterative
manner and are thus able to deliver an approximation of the solution set in
one run of the algorithm. Further, the set based approach allows a more global
view on the problem leading to a reduced probability to get stuck in local opti-
mal solutions. Cell mapping techniques are particularly advantageous over other
methods if a thorough investigation of the entire (low or moderate dimensional)
system is of interest as they deliver next to Pareto set/front approximations also
approximations of the set of nearly optimal solutions as well as the set of local
solutions, as we will discuss in the following.

A bi-level optimization problem can be understood as an optimization
problem (the higher level problem), where the feasible set is restricted by the
solution set of another (parametrized) optimization problem (the lower level
problem,).

Many different approaches for solving (classical) bi-level optimization prob-
lems have been proposed in the past, as there are for example descent algo-
rithms, bundle algorithms, penalty methods, trust region methods, smoothing
methods, and branch-and-bound methods. Many of these approaches are based
on the conversion of the bi-level problem to an ordinary (or classical) opti-
mization problem (a one-level problem). One possibility is to replace the lower
level objective f by an additional non-differentiable equation f(z,y) = ¢(y),
where ¢(y) = min,{f(x,y) : g(z,y) < 0,h(xz,y) = 0}. Other approaches
use the implicit function theorem to derive a local description of the function
z(y) : R™ — R™, which is then inserted into the higher level problem. Another
concept is to replace the lower level problem by its Kuhn-Tucker conditions.
In general, the resulting one-level problem, which is a mathematical program
with equilibrium constraints or MPEC, see [26], is not equivalent to the original
problem, but the desired equivalence is ensured in the particular case where the
lower level problem is a convex one. For an overview on bi-level optimization the
reader is referred to [1,4,7,11,12,15,44,47].

In this article, we are concerned with the case where both the higher and lower
level problem are given by multi-objective optimization problems. Such problems
are called bi-level multi-objective optimization problem (BLMOP), see
[9,14,15).

The higher level problem of a BLMOP can be written as
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min mxm{F(ac,y) cxeY(y)} (BLMOP-H)

Y

s.t. H(z,y) =0,

where ¥(y) denotes for every fixed y € R™ the solution, that is, the Pareto
set of the lower level problem given by

min f(z,y) (BLMOP-L)
s.t. h(z,y) =0,

It should be mentioned that in the notions of [11], BLMOP-H and BLMOP-
L correspond to an optimistic formulation of the general Bi-Level Optimization
Problem. Since in this article we concentrate on the case with a convex lower
level problem, the lower level problem can be replaced by the corresponding
Kuhn-Tucker conditions stated in Theorem 1 to obtain an expression which is
equivalent to BLMOP-H. For this, we assume that the higher level problem
includes k objective functions F; : R™ x R™ — R, which are collected in the vec-
tor valued function I : R" x R™ — R*, F(z,y) = (Fi(z,9), ..., Fx(z,y))!, and r
equality constraints H; : R” x R™ — R, which are collected in the vector valued
function H : R™ x R™ — R", H(z,y) = (Hi(z,y),..., H.(z,y))". Analogously,
we assume that the lower level problem includes I objectives f; : R® x R™ — R,
which are collected in the vector valued function f : R" x R™ — R!, f(z,y) =
(fi(z,y),..., filz,y))! and p equality constraints h; : R™ x R™ — R, which
are collected in the vector valued function h : R" x R™ — RP, h(z,y) =
(ha(z,y),. .., hy(z,y))". We denote by

L(x,y,a,N) : Zalfzxy JrZ)\h z,y)

the lower level Lagrangian and by V,L the gradient of £ with respect to x.
According to Theorem 2, z € ¢(y) if and only if

h(z,y) =0,
V. L(z,y,a, ) =0,
!

a; >0, i=1,...,1
for some o € R and )\ € RP. Let

h(z,y)
H(z,y)
R Vi L(x,y,a,N)
F($7y7 a? )\7 5) :: l 9

ZOZ@ —1
i=1

—(sos)
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where s € R is a vector of [ slack variables and aob denotes the component-wise
product of two vectors a,b. Moreover, let z := (z,y,a, A, s), S = {z: F(z) =
0}, and denote by m(z) the projection of z to the (z,y)-space R"*™. Observe
that {m(z) : z € S} is the feasible set of BLMOP-H and therefore the desired
reformulation for the given Problem can be written as follows:

min F(r(z)), (BLMOP-R)
z€S

where again minimization has to be understood in the sense of Definition 1.

In order to handle BLMOP-R by the use of reference point methods, we define
the following variant of RPP:

min §(F(n(z)),t) (RPP-R)
z€S
Note that RPP-R will be the method used for the computation of the indi-
vidual Pareto points of the given BLMOP while our BL-Recovering-IS algorithm
presented in Sect. 3 proceeds.

3 Algorithm and Realization

We present the BL-Recovering-1IS algorithm for the solution of equality con-
strained BLMOPs with a convex lower level problem. This algorithm can be
understood as an extension of our algorithm for the solution of unconstrained
MOPs described in [8]. In addition, we state some theoretical results which apply
both to the algorithm presented here and to the algorithm presented in [8].

The aim of the BL-Recovering-IS algorithm is to generate both a box covering
and a discrete representation of the entire Pareto front of the given BLMOP (see
also Fig. 1).

We assume that this representation is required to be well-distributed in higher
level image space in the following sense: Denote by @ C RF the region of interest
in image space. For formal reasons denote by P4 a complete partition? of the set
(@ into boxes of subdivision size — or depth — d, which are generated by successive
bisection of Q. These boxes are understood to be half-open, that is, they can
be written as cartesian products [a1,b1)X, ..., X[ak, bg) of half-open intervals

[a;,b;),i = 1,...,k. Then there exists for every point F € @ exactly one box

B(F,d) € Py such that F' € B(F,d). The algorithm computes both a covering

5= U

BEP4NF(P)

and a discrete representation of the Pareto set P. The discrete representation is
well-distributed in the sense that for every B € Py N F'(P) there is at least one
computed point (z,y) € R"*™ such that F(z,y) € B.

2 P4 has not to be explicitly computed by our algorithm.



344 A. Dell’Aere

NN TN TN

S N DN N

L R R L

Fig. 1. Idea fo the BL-Recovering-IS algorithm: use boxes to obtain a uniform spread
of solutions around the Pareto front.

In order to compute these points, our new image set-oriented algorithm pre-
sented in the following repeatedly solves a variant of RPP-R while the targets are
varying. To state a corollary which guarantees that the corresponding solutions
are at least locally Pareto optimal we denote T' = (171, ...,T), where

T; = min{Fj(n(2)) : z € S} fori=1,2,...,k,
and define for a given target vector ¢ € R* the modified feasible set
S;={ze€8:F(n(z))>t,i=1,...,k}.

Furthermore, we define variants of BLMOP-R and RPP-R, respectively, by
replacing S by S;:

min F(7(z)), (BLMOP —R?)
2€S;
ireusn S(F(n(z)),t). (RPP —R’)

Now, with these notations we can state the following result.

Corollary 1. Let F be continuous on the compact domain S. Moreover, let
[| -] be a strictly monotonically increasing norm and assume that T <, t <,
F(n(z*)), where z* is an optimal solution of RPP-R’. Then 7w(z*) is a local
solution of the given BLMOP.

Proof. Since F} is continuous and since there are 7%, z* € § with Fy(n(z")) = T} <
t; < Fi(m(2*)), there exist z' € S such that Fj(w(z%)) =t; for all i =1,2,... k.
;From construction of S, it is obvious, that z* € S, and t; = min{F(n(2)) :
z € S’t} Thus, Theorem 3 guarantees that z* solves BLMOP-R’. Since S’t is
constructed from S just by constraining the image of F, such that F(7(S;))
contains a part of a local Pareto optimal set in image space, z* is a local solution
of BLMOP-R, that is, 7(2*) is a local solution of the given BLMOP. O



An Image Set-Oriented Method for the Numerical Treatment of BLMOP 345

In practice, a randomly chosen point ¢ € R¥ does not necessarily belong
to the image F(n(S)) = {F(n(z)) : z € S}, that is, we do not know a priori
whether there is any z € S such that F(n(z)) = t. Moreover, if F(m(z)) =t for
some z € S, we do not know whether m(z) is Pareto optimal. To get an answer
to these questions, we solve the auxiliary problem RPP-R’. If t <, F(mw(z*))
for a solution z* of RPP-R’, then we know that — under suitable assumptions
— 7(z*) is at least locally Pareto optimal. Otherwise, if t = F(n(z*)), then we
repeatedly have to vary ¢ and solve RPP-R’ until ¢ <, F/(m(z*)). A strategy for
the choice and variation of the targets ¢t can be found later on in this section. In
the algorithm described below and for the remainder of this article the distance
function § is based on the norm || - ||z that is, §(a,b) = ||a — b||2 for all a,b € R¥.
Our algorithm belongs to the family of continuation methods ([8,22,40]), that
is, the aim of every step is to compute Pareto points in the neighborhood of
Pareto points already found in a previous step. Accordingly, we assume that at
least one box B along with a point z* with F(w(z*)) € F'(P) has been computed
previously, e.g., by the solution of RPP-R’ for the target ¢t = (t1,...,tx), t; =
min{F;(n(z)): z € S} fori =1,2,... k.

Then, for a given box collection B; C R* (in image space) of subdivision
depth d and denoting by zp and Fg the previously generated solution (in param-
eter and image space, respectively) associated with a box B € B;, a step of the
BL-Recovering-IS algorithm can be written as shown in Algorithm 1.

It remains to answer the question of how to choose the target vectors t;,
1 =1,2,...,n4, near a current box B in order to compute Pareto points which
are well-distributed in the sense mentioned above. Efficient strategies for the
choice of target vectors can be defined, particularly by using local information
on the Pareto set, e.g. orientation or curvature, which can be calculated via
objective derivatives (or numerical approximations of the derivatives). In the
following we will focus on a particular strategy for the choice of the targets
which was originally designed for problems with smooth objectives, but is also
applicable and works satisfactorily in the case of more general objectives. Let us
assume that the higher level image F(P) C R* of the Pareto set P is smooth and
forms a (k—1)-dimensional manifold in a neighborhood N.(F™) of a given Pareto
optimal point F* € F(P) in higher level image space. Since an approximation of
F(P) at F* is given by the tangent space Tr+« F'(P), there are certainly further
Pareto points near T« F(P) N N.(F*). Consequently, we can expect that there
are A € R and p € Tp«F(P) N N(F*), such that suitable targets needed for
the computation of further Pareto points can be expressed by p + Ad, where
d <, 0 denotes a basis vector of the 1-dimensional space (Tp+F(P))*. Thus,
to apply this idea in practice, we first have to construct d and a basis V :=
{b1,ba,...,bg—1} of Tp+« F(P) and then to specify targets

k-1
t,‘:F;%-ZOéi’jbj—F)\id, 1=1,2,...,n4
j=1
by determining the coeflicients «; ; and A;. Fortunately, as stated in the following
lemma, if F'(P) forms a smooth manifold in a neighborhood of F* and if F* was
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Algorithm 1. Algorithm BL-Recovering-IS
Require: current box collection B;

Ensure: new box collection Bj1

1: for all B € B; do

2 B.active :=TRUFE

3: end for

4: for k=1,..., MaxStep do
5: B:=B;
6
7
8

for all B € {B € B; : B.active ==TRUE} do

choose target vectors {¢;}i=1,....n, near B with t; <, Fp

,,,,,

: find 27 = argminzeéti [|F(m(2)) —till,i=1,...,m¢ i=1,...,m
9: Fl=F(r(z])),i=1,...,n4
10: B.active := FALSE
11: foralli=1,...,n: do
12: if B(F7,d) ¢ B then
13: B := B(F?,d), z5 := 2z}, Fg:= Ff
14: B.active := TRUE
15: B:=BUB
16: end if
17: end for
18: end for
19:  if B== B, then
20: BREAK
21: end if
22: end for
23: Bj+1 = B

24: Return B,

found in a previous step by solving RPP-R’ for a given target t*,¢* <, F'™*, then
d can be obtained without any additional effort by d := t* — F*.

Lemma 1. Let F; € C*(R™,R) fori=1,...,k, and consider the multi-objective
optimization problem

min F(r(z)).

z€eS
Denote by P the corresponding Pareto set and let F* := F(mw(z*)), where z* is the
unique solution of RPP-R’ associated with the target t* <, F*. Moreover, assume
that F(P) makes up a (k — 1)-dimensional smooth manifold in a neighborhood
of F*. Then

F* —t* € Tp. F(P)*.

Proof. Let &F denote the boundary of {F(n(z)) : z € §}. Since F(P) forms
a differentiable manifold in a neighborhood of F*, there exists a differentiable
curve « : [—1,1] — OF with a(0) = F*, o/(0) € Tp+ F(P) and a(X\) € F(P) for
all A € [0,1]. Then, since z* is a solution of RPP’, A = 0 is a solution of

: A) — #* 2
anin [l =]
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and therefore

d *[12 d * R\ S _
() — #4117 = () — #,a(0) — ) =2(a()) — .0’ () =0
for A = 0. With a(0) = F* we obtain
(F* —t*,a/(0)) = 0,
that is, F* —t* € T+ F(P)*. O

Once d is available, any standard method for the construction of an orthogo-
nal basis, e.g. the Grahm-Schmidt method can be used to obtain the required

basis V. For all ¢ = 1,2,...,n, the coefficients a;; are chosen such that
p; = Zf;ll o j b; is located inside a neighbor box of the current box. More-

over, the p; should be well-distributed around F*. With this heuristic, it is very
likely to find new boxes containing the image of Pareto points. For the choice
of \; an adaptive concept has to be applied, because a computed solution z of
RPP-R’ can only be accepted, if t; <, F(mw(z)) is satisfied. Such an adaptive
concept should be guided by the fact that ¢; <, F(7(z)) certainly holds if A; is
sufficiently large, but it should also be considered that RPP-R’ is ill-conditioned
if \; is too large.

4 Convergence

Since the described BL-Recovering-IS algorithm is realized by minimizing a refor-
mulation of the BLMOP, which can be understood as an equality constrained
MOP, in the following we prove convergence for the more general class of image
set-oriented recovering algorithms for the solution of MOP as defined in Sect. 2.
This includes in particular the Recovering-IS algorithm presented in [8].

The proof is carried out in two steps: first, Theorem 4 states that for every
subset B C R* containing a part of the Pareto optimal solution in image space,
there is a minimal set of targets, such that for at least one of these targets the
corresponding distance minimization subproblem leads to a Pareto point z* with
F(z*) € B. Then, this result is used in Corollary 2 to complete the proof from
the global point of view. In the following, let

) — i
dist(y, X) = min [y, |

be the distance between a point y € R* and a subset X C R”.

Theorem 4. Let F : R* — R* S C R™ and denote by P the Pareto set of the
constrained MOP:

min F'(z).

zeS
Assume that the norm || - || is strictly monotonically increasing. Let B C R¥ be
an open subset such that BN F(P) # 0. Then there is d > 0, such that for any
set X C B of targets with dist(y,X) < d for all y € B N F(P) there exists a
target t € X with F(z*) € F(P)N B, where z* := arggéiél [|F(x) —t]|.
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Proof. There are § € F(P) and € > 0, such that U.(y) C B. Let d := S\E/E and
k

c=y—2 dz ei, where e; denotes the i-th standard basis vector in R*. Then,
i=1

for every y € Uy(c), we have

e e ¢

sVk 4 2

that is, Ug(c) C U.(7). Consequently, there is a target t = c+v € X, |[v]|| < d,

such that

lly =9l < lly —ell +lle =gl < d+2dVk = <

9
in ||[F -t <I|lt—-9| < =
min||F(z) — ] < [t = gl| < 3

and
ti=ci+v,=y;—2d+v; <y; for i=1,... k.

With z* = arg miél [|F(x) — t|], it follows that
reESt

3

2~ ¢

* — * — 5
18(@") =gl < [|F(2") =t + ][t = gl] < 5 +
and therefore
F(z*) e U.(y) C B.

Now we have to show that F'(z*) is not dominated by any § € F(P) N S;.
For F(z*) = g this nondominance is obvious. For the case F(z*) # 4 we have
to show that F;(z*) < ¢; for at least one i = 1,..., k. To see this, assume that
the opposite is true. Then F;(a*) > ¢; > t; for all i = 1,...,k, where, since
F(z*) # g, strict inequality holds for at least one ¢ € {1,...,k}. Consequently,
since || - || is strictly monotonically increasing,

1E (%) — ] > 1§ — I,

which is a contradiction to ||F(a*) —t|| = miér} |[|F(x) — t||. Finally, since F(x*)
TESE

is not dominated by any § € F(P)NS;, we have F(2*) € F(P), which completes
the proof. O

To guarantee that an image set-oriented recovering method converges towards
the union of those connected components of F'(P) which correspond to the initial
box collection By, in every step of the algorithm the set of targets ¢; has to be
chosen properly, such that all desired boxes are found, that is, boxes which are
both neighbors of the boxes generated in the respective previous step and contain
a part of the respective connected component of F(P). To this end, we denote
by B the closure of a box B and we state the following
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Corollary 2. Using the notations of Theorem 4 and denoting by By a box col-
lection of (fixed) subdivision depth d covering a part of F(P), assume that every
step of the Recovering-1S or BL-Recovering-1S algorithm, respectively, is realized
in a way such that for every B € B;\B;_1 targets are chosen according to The-
orem 4 within all bozes C € {C : CN B # 0,C ¢ B;}. Moreover, assume that
F(P) is bounded. Then, the algorithm terminates after a finite number of steps
such that the final box collection covers those connected components of F(P),
which correspond to at least one B € By.

5 Numerical Results

In the following we demonstrate the working principle and strength of the pro-
posed algorithm on two academic benchmark problems.

5.1 Example 1

In our first example we consider a classical (i.e., one-level) bi-objective optimiza-
tion problem in order to demonstrate the working principle of the IS recovering
techniques. For this, let the BOP be given by

F=(F,F)": R — R?

_ (@ =12+ (22— 1) + (w5 — 1)*
Flay,ws,2a) = <(xi P+ (a2 1) + (o5 + 1)2>

We assume that the decision maker is only interested in solutions for which
both objective values are located within the interval I := [0, 20], and therefore
define

S:={zecR®: Fz)el,i=1,2}.

Figure 2 shows the solutions generated by the Recovering-IS algorithm using
different box sizes (depths). Here, the reader can get an impression of how the
density of the computed representation can be controlled by choosing the box
size.

5.2 Example 2

Next, we consider the following equality constrained bi-level multi-objective opti-
mization problem with a convex lower level problem:

. A(z1 +1)2 + (22 — 1 —y)* + 23)
F =
z €RS, y €R (@9) ((551 — 1)+ (22 4+1—-9)* + (23— 0.5)* )’
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such that  H(z,y) = 2? + 23 —y* =0,
and x solves:
(r1 —1)%2 +0.5(z2 + y)? + (3 — 0.5)*
min f(z,y) = [ (x1+1)% +0.5(x2 + y)? + (v3 + 1)?
x €R3 2 2 2
xf + a5+ (z3+ 1)
such that hy = x1 — 22y = 0.

The solution of this problem was computed by the presented BL-Recovering-
IS algorithm. For this, we have chosen @ = [0, 10]? for the domain of interest
in higher level image space. The partition P; was chosen corresponding to 5
virtual subdivisions in each coordinate, such that all boxes B € P, are of the
size 0.31252. The computed solution in higher level image space along with the
generated boxes is shown on top of Fig.3. As expected, the solution is well-
distributed in the sense that there is at least one computed point in every box of
the box collection covering the Pareto set. The projection of the corresponding
Pareto set to the x-space is shown on the bottom of Fig. 3.

i WL S C R NN A RRA) s

i L"'."_‘.'_'_jj INNEN ln s veon
2 5

Fig. 2. Numerical results on Example 1 computed by the image set-oriented recovering
algorithm using different box sizes in image space.
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Fig. 3. The Pareto set of the example problem computed by our algorithm in higher
level image space (top) and in parameter space (projection to the z-space)(bottom).

6 Conclusions

In this chapter, we have considered the class of bi-level multi-objective opti-
mization problems (BLMOP) with equality constraints for both the higher and
lower level problem. The lower level problem was assumed to be convex, that
is, the lower level objectives are convex and the lower level equality constraints
are affine-linear. Due to the concentration to this particular subclass, we have
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been able to write down an equivalent formulation based on the well-known
Kuhn-Tucker optimality conditions for multi-objective optimization problems.
The resulting reformulation has the form of a general equality constrained multi-
objective optimization problem. We have presented an image set-oriented algo-
rithm for the approximation of the Pareto set P of the given BLMOP. The
representation of P computed by this algorithm turns out to be well-distributed
in the sense that in every box B C R¥ with BN F(P) # () of a given partition Py
of the higher level image space R*, there is the image of at least one of the com-
puted Pareto points. Convergence has been proved in the sense that after a finite
number of iterations, the box collection formed by those boxes containing the
images of the computed Pareto points, covers the image of the entire connected
components of P, which correspond to the given initial points. The efficiency
of the algorithm was demonstrated on an academic example, where comparison
to the state-of-the-art is still missing, which we leave for future work. Finally,
also the development of algorithms for the solution of the more general BLMOP,
which includes non-convex lower level problems, shall be investigated in the
future.
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Abstract. Evolutionary algorithms are very popular and are frequently
applied to many different optimization problems. Reasons for this suc-
cess include that methods of this kind are of global nature, very robust,
and only require minimal assumptions on the optimization problem. It
is also known that such methods need quite a few resources to generate
accurate approximations of the solution sets. As a remedy, researchers
have used hybrid (or memetic) algorithms, i.e., evolutionary algorithms
coupled with local search for which mainly techniques from mathematical
programming are utilized. Such hybrids typically yield satisfying results,
the problem, however, remains that the algorithms are relatively expen-
sive since the gradients have to be computed or approximated at each
given candidate solution that is designated for local search.

In this chapter, we review the Gradient Subspace Approximation
(GSA) which allows to compute a descent direction in a best fit manner
from given neighborhood information that is e.g. already given in evo-
lutionary algorithms. The computation of such directions comes hence
for free in terms of additional function evaluations of the given problem
which opens the door for the realization of low-cost local search engines
within evolutionary algorithms. In a next step, we show how GSA can be
applied to the context of bi-objective optimization. Finally, to demon-
strate the benefit of the method we present some results on a hybrid that
is based on the evolutionary algorithm NSGA-II.

Keywords: Gradient Subspace Approximation - Gradient free
optimization - Bi-objective optimization - Descent directions

1 Introduction

In many problems in engineering and finance the problem arises that several
objectives have to be optimized concurrently [3,7,8,11,12,14,17,22,27,28,30,
37]. One main challenge of such multi-objective optimization problems (MOPs)
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is that their solution set—the so-called Pareto set respectively its image, the
Pareto front—typically forms a (k — 1)-dimensional object, where k is the num-
ber of objectives involved in the problem. This is in contrast to classical scalar
optimization problems (SOPs), where one expects that the optimum is taken
at one single solution. Modern heuristics such as Multiobjective Evolutionary
Algorithms (MOEAs, e.g., [2,9,10,23]) are able to provide an approximation of
the entire Pareto set/front of a given MOP in one single run of the algorithm
due to their set oriented approach. These methods are very robust e.g. to ini-
tial conditions and only require minimal assumptions from the model (e.g., no
derivative information). Evolutionary algorithms as well as other related heuris-
tics are hence very popular for the numerical treatment of MOPs as well as
other optimization problems. One drawback, however, that most of them suf-
fer is that they need quite a few function evalutions in order to obtain accuate
approximations of the Pareto sets/fronts. As a remedy, many researchers have in
the past hybridized the (global) evolutionary algorithms with local search tech-
niques mainly coming from Mathematical Programming that utilize derivative
information from the objectives and the constraint functions. Such methods are
termed hybrid evolutionary algorithms or memetic algorithms. While such meth-
ods yield in almost all cases satisfying results, they are still relatively expensive
since the derivative information is required for every point that is designated for
local search.

In this chapter, we review several recently developed tools that allow to real-
ize a local search within a population based optimization algorithm with low
computational cost. The basic idea of the Gradient Subspace Approximation
(GSA, [33]) is to utilize existing neighborhood information to estimate the most
greedy direction within the search space that is spanned by the samples. One
advantage of this approach is that it can easily be extended to the context of
constrained problems. The focus of this chapter is on bi-objective optimization
problems (BOPs, i.e., MOPs with k = 2 objective functions). For this, we will
consider the descent direction for BOPs proposed in [25] and present recent
adaptations for constrained problems ([38]). Next, we will show how GSA can
be used to build a low-cost local search engine that can be used within a pop-
ulation based algorithm such as a MOEA. In order to show the efficiency of
the method, we will show some numerical results from a hybrid evolutionary
algorithm that coupled the GSA based local search engine with the famous evo-
lutionary algorithm NSGSA-II ([10]) which is state-of-the-art for MOPs with
two and three objectives.

The remainder of this chapter is organized as follows: in Sect.2, we review
the Gradient Subspace Approximation for the approximation of the most greedy
search direction out of given neighborhood information. In Sect. 3, we review a
particular descent direction for bi-objective optimization problems for uncon-
strained, equality and inequality contrained problems. We further combine these
two concepts in order to build a low-cost local searcher within a chosen set-
oriented optimization method (such as an evolutionary algorithm). In Sect.4
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we present some numerical examples on a hybrid evolutionary algorithm that is
based on the famous NSGA-II. Finally, we draw our conclusions Sect. 5.

2 Gradient Subspace Approximation

In this section, we will review the Gradient Subspace Approximation that aims to
compute a descent direction at a given point xy and a given scalar optimization
problem using existing neighborhood information. For more details the reader is
referred to [33].

2.1 Background and Related Work

In this section, we will consider continuous scalar optimization problems (SOP)
of the following form

min f(x)
st.gi(x) <0,i=1,...,p (1)
hj(z)=0,j=1,...,m.

Hereby, f : R® — R is called the objective function, and the functions
gi : R® — R and h; : R® — R are called the inequality and equality constraints,
respectively. We assume that all functions f, g; and h; are differentiable.

A point z is called feasible if it satisfies all constraints. A point z* is called
a solution to (1) if it is feasible and if there exists no other feasible point y that
has a lower objective value.

The object of interest in this section is the gradient of a function at a given
point zg. Formally, the gradient of the objective at xzq is defined by

Vix)= (%(w),,ﬁ(a&)) € R™ (2)

A vector v € R" is called a descent direction for f at xq if
(Vf(2o),v) <0;

in that case, it holds for all sufficiently small step sizes ¢t > 0 that f(zo + tv) <
f (o).

When the gradient of a function is not available in analytic form, there are
several ways to obtain either Vf(xg) at a given point xy or approximations
of this vector. The most prominent and widely used technique is to use finite
differences (e.g., [29]). The method presented in this section, GSA is also using
a finite difference approach. The variance, however, is that GSA can gather
the sampling points from all directions whereas the classical finite difference
method utilizes samples in coordinate directions. GSA is hence more suited to
the use within population based algorithms since in this case the neighboring
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samples are already given (and typically not aligned in coordinate directions).
In [6], a very similar method is proposed to approximate the Jacobians of the
objective map of a given unconstrained multi-objective optimization problem.
This work, however, does not discuss how to address constrained problems. The
Hill Climber with Sidestep [26] and the Directed Search Method [35,36] both use
neighborhood samples in order to determine promising search directions for the
local search within hybrid evolutionary algorithms. The difference to the GSA
is that these works do not directly aim to approximate the gradient. Automatic
Differentiation (AD, [18]) can be used to evaluate the exact gradient at a given
point xq if the function is specified by a computer program. One drawback of
AD is that it can not be applied if this computer program is provided in form
of binary code.

Further, there are several methods that replace the original objective by
easier models. One example is response surface methodology (RSM), where the
objective function f is replaced by low-order polynomials f (mainly of degree
one and two) those gradients are approximated using least squares techniques
[24]. If a first-order model is chosen, the match of the gradients V f(zg) and
V f(x0) is typically quite good for a nonlinear function f if the chosen point zq is
sufficiently far away from the optimum. For second-order models, the match is in
general much better, however, this accuracy comes with an additional cost since
n? parameters have to be fitted at every point xy. Further works that can utilize
scattered samples can be found in [13,20]. In [20], a least squares regression is
performed while in [13] statistical expectation is used. In both works, the authors
restrict themselves to unconstrained problems.

2.2 The Basic Idea

The task is to compute a cost-free good approximation of the normalized gradient

_ Vf(2o)
Vo)l ®)

evaluated at a given point xg within a particular subspace of the R™. For this, we
make use of the fact that the gradient is the direction of the steepest ascent, and
hence n(zg) can be seen as the solution of the following optimization problem:

min (V U
vehn ( J;(xo) ) )
st ||v]|5 = 1.

n(xg) :=

To avoid to directly compute the gradient we can make use of neighboring
information as follows: assume that we are given the points zi,...,z, in the
vicinity of xg (e.g., these samples may be contained within the population or
archive of a set based optimization method such as an evolutionary algorithm)
as well as their function values f(z;). In that case, we can use this information
to approximate the directional derivatives in the directions

S i=1,...,m (5)

Vi = 0,
|zi — 2ol|2
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Since it holds
f(iﬂz‘) — f(xo)

lzi — o2

£, (@o) = (Vf(zo),vi) = + O([|lz: — woll2), (6)

where O denotes the Landau symbol, and since we are given the points zy and
x; with their respective objective values f(xo) and f(z;), we can hence use the
approximations

f(xi) — f(x0)

f(xo) = , i=1,...,7 7
Given the samples z1, ...,z and v; as above we define the subspace S as
S = span{vi,...,vp} (8)

and are interested in a best approximation of n(xg) within S. Since every v € S

can be written as .
v = Z )\iVi (9)
i=1

for some A = (Ay,...,\.) € R", and

s

(V (o), v) = > NilV f(xo), vi) (10)

i=1
we can state problem (4), where we restrict the search to S, as follows:

T

min AV f(x0),v4)

AER" =
R (11)
s.t. Z)\iyi =1.
i=1 2

Hence, when using an approximation of the directional derivatives as in (7)
via using neighboring samples, we can avoid to directly compute the gradient.
One advantage of using problem (11) is that constraint information can directly
be incorporated.

In the following, we will analyze the best fit approximations of n(xo) within
the subspace S both for unconstrained and constrained SOPs. For this, we will
first consider the ideal scenario where we assume that we are given all directional
derivatives, and later on we will discuss the gradient-free realizations.

2.3 Gradient Subspace Approximation

We will in the following discuss how to approximate the most greedy search direc-
tion out of the given data, separately for unconstrained, equality constrained,
and inequality constrained problems.
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2.3.1 TUnconstrained Problems

We are given the problem
mziél f(ax), (12)
zeR?

where f : R® — R. Further, we are given a point g € R™ and the samples
Z1,...,2, € R™ in the vicinity of x, together with their objective values f(x;).
Further, for purpose of a better analysis of the problem we also assume that we
are given the directional derivatives

(Vf(zo),vi), i=1,...,m (13)
Define the matrix V by
V=, R (14)
Then, the most greedy search direction within the subset
S = span{vi,..., v} (15)

is given by the solution of the following problem

T

min 3 AV f(zo), vi) (16)

st. ATVTva—1=0.

The following result shows that the solution of (16) can be computed in closed
form.

Proposition 1. Let vq,...,v,. € R™, r < n, be linearly independent and
Noi= —(VIV)"WTV f(x). (17)
Then -
A*
A= — (18)
VA3
is the unique solution of (16) and
-1
v = ——=VVIV) VTV f () (19)
VA3
is the most greedy search direction in S.
Proof. The Karush-Kuhn Tucker (KKT) system of (16) reads as
VAL ) = VIV f(zo) +2uVIVA=0 (20)

h(A) = ATVIVA—1=0. (21)
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Apparently, Equation (21) is only used for normalization. If we omit this
equation and the factor 2u in (20) we can rewrite (20) as the following normal
equation system

VIVA = VIV f(x). (22)

To solve the entire KKT system we have to choose 2 = ||V A*||3. Finally, the
claim follows since the Hessian of the Lagrangian

VLA p) =VTV (23)
is positive definite since the directions v; are linearly independent. a

Next, we discuss how to approximate the most greedy solution v* without
explicitly computing or approximating the gradients. Since

<Vf($0), V1>

VTV (20) = ; (24)
(Vf(zo),vr)
we can do the approximation as follows: let d = (dy,...,d;) € R", where
d; = L3) = 1(@0) i=1,...,r (25)
3 ||xl _ 1'0H2 ) ) b b

and \ be the vector that solves the system of linear equations

VIV =—d, (26)
then the most greedy search direction can be approximated as
-1
7t = ——V(VTV)~ld. (27)
VA3

Remark 1. (a) To compute v* one has to solve system (22). It is hence advisable
to avoid to choose directions v; that nearly point into the same directions.
The linear equation system yields the best condition number if the directions
are chosen orthogonal to each other. In this case, we obtain

-1
v = ——=VVIVf(20), (28)
A2
i.e., the orthogonal projection of Vf(zg) onto S. That is, v* is the best
approximation of n(zg) in S.

(b) In the special case that the coordinate directions are chosen, i.e., if we choose
$i:$0+ti€j”i:1,...,7”, (29)

for the samples, where e; denotes the j-th unit vector, we obtain for the
Ji~th entry of #* (without normalization)
5+ _ f@o+tiej,) — f(zo)
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That is, if we for instance choose x; = xo + tie;, @ = 1,...,n (i.e., all
coordinate directions), the search direction v* coincides with the forward
difference quotient.

(c) The idea of GSA is to utilize existing data whenever possible. However, it
may be the case that for a given point zy that the existing data is not
sufficient (e.g., not enough individuals of the current population are close
enough to zp). A possible remedy may be to sample further points in order
to compute a search direction. In that case it makes sense to choose the
points so that the resulting directions v; are orthogonal to each other as
well as to all existing directions. See [1] for a possible realization.

Example 1. We consider the objective f : RS — R, where

f@):}jmﬁ (31)

Let 2o = [1,1,1,1,1,1]7, then V f(z0) = [2,2,2,2,2,2]" and
-1
RN

for which (V f(zg), g) = —4.8990.
First, we choose three orthogonal search directions that form the matrix V7
as follows:

[2,2,2,2,2,2]" (32)

201000
VvIi=1010300]. (33)

000031
Doing so, we obtain (V f(zo), m> = 2.6833, (Vf(zo), szu) = 2.5298 and
(Vf(xo), H27§H> = 2.5298. If we solve problem (16) we get

v* = [~0.5367, —0.1789, —0.2683, —0.5367, —0.5367, —0.1789]7,  (34)

for which (V f(zg), v*) = —4.4721.
Next, we use the samples

x; = x9 + 0.1v;, for i =1,2,3, (35)
and via formula (27) we obtain

7 = [—0.5237, —0.1813, —0.2618, —0.5438, —0.5438, —0.1813]”

which leads to (V f(zg), 0*) = —4.4714.
If choosing the non-orthogonal search directions

110000
vi=1021200], (36)
102012
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we obtain <Vf(x0),HZ—1H> = 2.8284, (Vf(xo), \Iz;|\> = 3.3333 and (Vf(xo),
oy = 3.7047.

llval|

Solving (16) leads to
v* = [~0.3769, —0.4744, —0.5686, —0.3054, —0.2080, —0.4159)7  (37)
with (V f(zg),v*) = —4.6985. For the discretized problem we obtain
7% = [-0.3595, —0.4674, —0.5770, —0.3171, —0.2092, —0.4184]" (38)

with (V£ (), 5*) = —4.6972.

2.3.2 Equality Constrained Problems
Next, we assume that the SOP contains some equality constraints, i.e., that we
are given the following problem

min f(x)
z€R" (39)
s.t. h1($):0, i:1;~"ap7

where we assume that each h; : R™ — R is differentiable.
Analogously to the unconstrained case discussed above the most greedy
search direction at zy in the entire space R™ is given by

min (Vf(zg),v)

veR"
st vz =1 (40)
(Vhi(z),v)y=0,i=1,...,p,

and the most greedy direction at xg within the subspace S is given by

T

Jmin 2 Ai{V (o), vi)

st. ATVIVA—-1=0 (41)
Z >\1<th(1‘0), I/i> = 0, ] = 1, ey D
i=1

Denote the matrix H by

Vhi(zo)"
H= : € RP*™, (42)
Vhy(z0)"

As for the unconstrained case, we can also express the most greedy solution
for an equality constrained problem analytically.
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Proposition 2. Let vy,...,v. € R" be linearly independent where p < r < n,
let rank(H) = p, and

\ % T -1 _ z
<>\ >: (V Vv (HV)T> ( VIV F( 0)>’ (49)
it HV 0 0

then ~
A*
A= — (44)
VA3
is the unique solution of (41) and thus
-1
f = e V(VIV) VTV f(0) (45)
VA2

is the most greedy search direction in spanf{v;,...,v,}.

Proof. The KKT system of (41) is given by

VIV f(xo) + 2uoVIVA+ (HV) ' =0 (
HVX =0 (
MvTyax—1=0,

—~
0 g O
o — T

and via applying the same “normalization trick” as above we can transform the
KKT equations into

T — X
(v 1% (HV)T) (A) _< VTV f( 0)>. (49)
HV 0 I 0

To show that the matrix is regular, let y € R™ and z € RP such that

T
<V 1% (HV)T> <y> L (50)
HV 0 z

It follows that HVy = 0 and hence that

T
(v vy (HV)T ¥\

Thus, it is y = 0 since VTV is positive definite. Further, by (50) it follows that
VTHT, = 0. Since VT € R™*" has rank r > p, it follows that VTHT has rank
p. This implies that also z = 0, and thus, that the matrix in (43) is regular.
The rest follows by the discussion above setting 2uo = || >.i_; A\f;[|3 and
since the Hessian of the Lagrangian V?\AL(A, w) = VTV is positive definite. O
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The key for a gradient-free approximation of the search direction is the matrix
HYV. Since
(HV)ZJ = Vhl (xo)Tl/j,

we compute an approximation M = (m;;) of HV via

hi(z;) — h; : .
mij::M, i=1,....p, j=1,...,7. (52)
25 — @il

Doing so, we can now solve the system
vty MT A —d
= (53)
M 0 I 0
which leads to A*. To obtain v* we proceed as for the unconstrained case using
the approximation VIV f(zg) ~ d.

Ezample 2. We consider the SOP from Example 1 and impose the constraint

h(z) =21 +x2 + 23 =0. (54)
For zo = [-1,0,1,1,1,1]" we have Vf(z) = [2,2,2,2,2,2]", g = 5 (2,2,2,2,
2,2]", Vi(zo) = [1,1,1,0,0,0]" and (V f(z0),g) = —4.8990.
First, we choose again the three orthogonal search directions
201000
vi=1010300|; (55)
000031
and, we obtain (V f(xg), HEH> = 2.6833, (Vf(xo), IIZ§H> = 2.5298, (V f(xo),
H%W = 2.5298, and
v* = [0.1210, —0.1815, 0.0605, —0.5444, —0.7662, —0.2554] " (56)
with (V f(zg),v*) = —3.1322.
Using the above setting and the samples
x; =x9+0.1v;, for 1=1,2,3 (57)

we obtain the search direction
% =10.1293, —0.1939, 0.0646, —0.5817, —0.7368, —0.2456]T

which leads to (V f(x¢),?*) = —3.1281.
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In a next step, we consider the non-orthogonal search directions

110000
vi=1021200 (58)
102012

leading to <Vf($0)’u%n> = 2.8284, (Vf(zo),
) = 3.7947.

lTvs]]

When solving (41) we obtain

V2
U2

2n) = 3.3333 and (Vf(xo),

v* = [0.4050, 0.2244, —0.6294, —0.3963, —0.2156, —0.4312]”

with (V f(zo),v*) = —2.0863 for the idealized problem and for the discretized
problem we obtain

5* = [0.4490,0.1617, —0.6107, —0.4742, —0.1868, —0.3736]”

with (V f(xo),0*) = —2.0691.

2.3.3 Inequality Constrained Problems
Finally, we assume we are given an inequality constrained SOP of the form

min f(x)
zeR™ (59)
st.gi(z) <0,i=1,...,m,

where we for simplicity assume that all inequalities are active at a given point
xzo. The most greedy search direction at x( is given by
(v 7
Juin (Vf(zo),v)
st vz =1 (60)
(Vgi(x),v)y <0,i=1,...,m,

and the related subspace optimization problem reads as

T

Jnin Ai{V (o), vi)

1=

st. ATVIVA—-1=0 (61)

ST Ai(Vgi(wo). ) <0, j=1,...,m.
=1

One way to find a solution to (61) is to use gradient projection which is
advantageous in particular if m is small and r > m. In the following, we first
discuss the special case m = 1 (i.e., one active inequality constraint) and will
later on discuss the general case.
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The classical gradient projection approach is to take the solution v* of the
underlying unconstrained problem (16) and to project it to the space Vg(zo)*
that is orthogonal to Vg(zg) (see Fig. 1): given a QR decomposition of Vg(xg),
ie.,

v9<x0) =QR= (QI7-~-aQn)R> (62)
then the vectors ¢a, . . ., g, build an orthonormal basis (ONB) of Vg(x()~*. Using
Qg = (g2, .., qn), the projection is hence given by

Vnew = QQQZ;V*' (63)

It is of course not advisable to follow this approach directly since Vg(xq) is
neither given, nor do we want to approximate it. Alternatively, we propose to
proceed as follows: let

M = VQ(I'O)TV = (<v9(x0)7 V1>7 ) (Vg(xo), VT>) € RIXT' (64)

Note that if w is a kernel vector of M then Vw is perpendicular to Vg(zg)
and vice versa. Thus, we can compute the matrix

K= (k... ,ke_1) e RT*(—1) (65)

those column vectors build an ONB of the kernel of M. If the search directions
v; are orthogonal, then also the vectors Vki,...,Vk,_; are orthogonal to each
other. The latter are the column vectors of VK € R™ ("1 (if the v;’s are
not orthogonal to each other, VK has to be orthogonalized via another QR
decomposition). Doing so, the projected vector to the kernel of M is given by

Unew = VK(VK)"v* = VKKV ", (66)

g(zo) =0

Fig. 1. Handling inequality constraints using gradient projection.

For a general number m of inequality constraints we can extend the method
as follows: let
M = GV = ((Vgi(w0), 1)) . (67)

J=1,...,7
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and perform the following steps

(1) compute an orthonormal basis K € R"*("=™) of the kernel of M

(2) compute VK = QR =(q1,---,Gr—ms---,qn)Randset O := (q1,...,Gr—m) €
Rnx(r—m)

(3) Unew = QQTV*

Ezample 3. We consider again the SOP from Example 1 but this time we impose
the inequality

g(z) =1—xz1 <0. (68)
Enxoz[LLlJJjHTweMWer@@::DﬂhllQﬂF,g:i%ﬂZZZ

2,2,2]" and V.(z0) = [~1,0,0,0,0,0]". Thus (Vf(z0),g) = —4.8990

First, we again choose the three orthogonal search directions

201000
vi=1010300 ], (69)
000031

and obtain (V f(xo), ”51”> = 2.6833, (Vf(xzo), ||52H> = 2.5298 and (Vf(zo),
i) = 25208,

llvs]]
For the search direction we obtain

v* = [~0.5367, —0.1789, —0.2683, —0.5367, —0.5367, —0.1789]”

with (Vf(zg),v*) = —4.4721. Then by the gradient projection approach and v*,
we obtain the projected vector

Unew = [0, —0.1789, —0.2683, —0.5367, —0.5367, —0.1789}T
with (Vf(20), Unew) = —3.3988. Next, we obtain
Onew = [0, —0.1789, 0, —0.5367, —0.5367, —0.1789]T
via Eq. (54) with (V f(20), Unew) = —2.8622.
Next we use the sampling
z; =x0+0.1v;, for 1=1,2,3 (70)
which leads to the search direction
% = [0.5237, —0.1813, —0.2618, —0.5438, —0.5438, —0.1813]"

with (Vf(z¢),0*) = —4.4714. Then by the gradient projection approach and
0%, we obtain Uy, = [0, —0.1813,0, —0.5438, —0.5438, —0.1813]T and (V f(xo),
Bnew) = —2.9004.
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3 Bi-objective Optimization

In this section, we will review a descent direction for bi-objective optimization
problems, and will show how GSA can be used approximate these directions
gradient-free. For details the reader is referred to [38].

3.1 Background and Related Work

In many applications one is faced with the problem that several objectives have
to be optimized concurrently leading to a multi-objective optimization problem
(MOP, e.g., [3,8,12,14,17,27,28,30,37]).

A continuous MOP can be expressed mathematically as

min (fi(2), .. fu(e))”
st.gi(z) <0,i=1,...,p (71)
hj(x):O, j:l,...,m,

where the f;, ¢ = 1,...,k are the objectives to be minimized, and the g;’s and
h;’s are the inequalities and equalities, respectively. Denote by @ the feasible
set. We assume that all objectives and all constraint functions are differentiable.
To define optimality of a MOP the concept of Pareto dominance is used: let
v,w € R¥ then we say that the vector v is less than the vector w (v <, w), if
v; < w; for all 4 € {1,...,k}; the relation <, is defined analogously. A vector
y € Q is dominated by a vector z € Q (z < y) with respect to (71) if F(z) <,
F(y) and F(x) # F(y), else y is called non-dominated by z. A point z* € R™ is
Pareto optimal to (71) if there is no y € @ which dominates x. The set of all the
Pareto optimal points is called the Pareto set and its image is the Pareto front.
Both Pareto set and front form under certain (mild) smoothness assumptions a
(k — 1)-dimensional object ([21]). We will in this section focus on bi-objective
problems (BOPs), i.e., on MOPs where k = 2.

A Multi-objective Descent Direction (MODD) v at a point zy and a given
MOP is a direction in which a sufficiently small movement yields dominating
solutions, i.e.,

xo + tv < xg vt € (0,t) (72)

for a certain ¢ > 0. In [25], a descent direction has been proposed for uncon-
strained BOPs.

Proposition 3 ([25]). Let x € R™ and f1, f2 : R™ — R define an unconstrained
BOP. If Vfi(x) # 0 fori € {1,2} then

v = - | VA2 V@)

IVA@I IV @]

(73)

s a descent direction of x at F.
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In the sequel we will show how to adapt this to the context of constrained
BOPs, and how to make a gradient-free realization via utilizing GSA.

It is worth mentioning that there exist some proposals to compute MODDs in
general; they make use of first or second-order information related to the objec-
tive functions. Among these proposals is what is called the Steepest Descent
Direction [15], which requires the solution to a quadratic programming problem
involving the Jacobian of F'. This method is valid for both convex or non-convex
Pareto fronts. In [32], the authors introduced a mathematical formula that uses
the solution of a stochastic differential equation related to the Karush-Kuhn-
Tucker conditions in order to generate the solution set. This technique requires
all the involved functions to be continuously differentiable, and it only works for
unconstrained MOPs. One particular work to mention is [5] where appears the
idea of the descent cone. The descent cone gets determined by the intersection
of the negative half-spaces generated by the objective function gradients. In [4]
the authors notice that computing a MODD yields again a multi-objective opti-
mization problem since the negative gradient of every objective function is in
conflict with the remaining objectives’ gradients. In this same work, the authors
propose a way to calculate the entire set of MODDs to take one of them at ran-
dom finally. Another proposal [19], called the Pareto Descent Method, computes
a set of possible Pareto descent directions by solving a linear programming prob-
lem with the information from the descent cones. This method applies just for
unconstrained and inequality CMOP. There exist also approaches based on the
Newton method as [14] where at each iteration of a line search, one minimization
subproblem has to be solved to obtain the direction to follow. In this method, the
Hessians of all functions need to be available. In this direction, also, [12,16,34]
proposed an extension of the multi-objective Newton method for equality con-
strained problems. In this chapter, we decided to work with expression (73) since
it is the easiest and no-cost proposal since no linear or quadratic programming
solvers are necessary for its computation. This feature also makes it suitable for
the application presented in Sect.4 when this direction will be introduced into
a population-based heuristic.

3.2 A Descent Direction for Constrained BOPs
3.3 Equality Constrained BOPs

Here we consider equality constrained BOPs of the form

min F(z) = [fi(z), f2(2)]7,

TER™
s.t hj(z) =0, ji=1,...,m. (74)

We will in the following discuss separately the cases where xy is feasible and
infeasible.
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Feasible Case

We first assume that xg is feasible, i.e., that hj(zg) = 0 for all j = 1,...,m.
One way to obtain a MODD for the given BOP is to project the MODD of the
related unconstrained BOP to the tangent space Tj,-1(g)(zo) of the feasible set
h=1(0) at xo: let v be the MODD for the unconstrained BOP, i.e.,

_ | Vfi(=o) V fa(zo)
Y= | W hGol T o @) (75)

and let

HT = (Vhi(zo) ..., Vhn(x0)) = QR =(q1,- - qm;Tm+1,---,qn) R (76)

be a QR-factorization of H”. Then, the vectors ¢i, ..., g,, build an orthonormal
basis of the image of HT. Further, since the image of H” is the orthogonal
complement of the kernel of H, we have fori =m+1,...,n:

Hqg; =0 = (th<x0)Tqi =0, j=1,... 7m>' (77)

That is, the column vectors of

Q := (qma1,--->an) (78)

form an orthonormal basis of the tangent space Tj-1(g)(x0) of h™(0) at z.
The orthogonal projection of v onto T},-1(p)(wo) is hence given by (see also
Algorithm 1)

v, = QQ . (79)

The following result establishes criteria under which v, is a MODD.

Algorithm 1. Computation of the search direction v, for equality constrained
BOPs, feasible case

Require: BOP of form (), zo with V fi(zo) #0, i =1,2

Ensure: search direction v,

., — _ | VMfi(=o) V f2(x0)
L= TV 71zl T IIsz(zo)H]
Vhl(.’Eo)T
2: H:=
th(mo)T
3: compute Q and R s.t. HY =QR=(q1,---,qm;q@m+1,---,qn)R
4: Q = (g’"ﬁ-h v 7q")
5: vp = QQ v
6: return v,
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Proposition 4. Let a BOP of the form (74) be given and xg with V f;(xo) # 0
for i € {1,2} and hj(zo) = 0, j = 1,...,m. Further, let v, by given as in
Eq. (79) such that (vp, Vhj(zo)) = 0 for j € {1,...,m}. Then the following
holds:

(a) If Vfi(x0)"QQTV fa(xo) > 0, then v, is a MODD of F at xo.

(b) If V f1(20)"QQTV fa(xo) = 0 and QTV fi(xo) # 0 for an index i € {1,2},
then v, is a MODD of F' at xy.

(c) If V f1(20)TQQTV fa(wo) < 0, then v, is not a descent direction of F at xg.

Proof. Note that for the first objective we obtained

Vi (IO)TVp =Vh (UCO)TQQTVL

_ V f1(20)" QQ"V f1(x0) n V f1(20)" QQ"V fa(x0) (80)
IV f1(zo)l IV f2 (o)l ’
and for the second objective
V fa(20) vy = V fa(20)'QQ vy,
| Va(@0)TQQTY f1 () n V f2(w0)TQQTV f(o) (81)
IV f1(zo) IV fa(@o)| '

Further, since 0 < ||V f1(zo)|| and 0 < ||V fa2(z0)]|, and QQT is symmetric we
obtain

V f1(20)"QQTV fa(wo) = V fa(20) " QQTV fi(x0) (82)

and
Y fi(20)"QQTV fi(wo) = (QV fi(w0), @7V fi(wo) )
= 10TV fi(zo)||2 > 0 for i€ {1,2}. (83)
Then, three cases arise:

Case 1. If Vf1(20)TQQTV f2(x0) > 0 holds, then by (80), (81) and (83) we
obtain
Vfl(xo)Tup <0 and Vfg(xo)Tup < 0;

which means that v, is a descent direction of F' at .

Case 2. If Vf1(20)TQQTV fa(20) = 0, then
() If |QTV fi(z0)] > 0 for i € {1,2}, then by (80), (81) and (83)
Vfi(xo)Tv, < 0 for i € {1,2}, ie., v, is a descent direction for F at
Zo- B 5
(ii) If |QTV fi(zo)| > 0 and ||QV fa(wo)|| = 0, then V fi(xo)Tv, < 0 and
V fa(20)Tv, =0, ice., v, is a descent direction for F at .
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(i) If ||QTV fi(zo)| = 0 and ||QV fa(zo)|| > 0, then Vfi(z9)Ty, = 0 and
V fa(x0)Tv, <0, ice., v, is a descent direction for F at .
Therefore, if Vf1(20)TQQTV fa(x¢) = 0 and QTV f;(x¢) # 0 for an index i €
{1,2}, then v, is a descent direction of F' at x.

Case 3. If Vfl(xO)TQQTsz(JCo) < 0 assume, for the sake of contradiction,
that v, is a descent direction for F' at z.

Then, if V f1(z0)Tv, < 0 we have by Eq. (80) the following:

Vfi(z0)TQQTV fa(wo) _ Vfi(20)"QQTV fi(xo)

Vil = VAl
(QTV f1(20), QTV fa(0)) - (QTV f1(20), QTV f1(x0))
IV fa(wo)| IV f1 (o)l

HQTVfl(xo)IIIIQTsz(xo)IIcos9 - 1QTV f1(zo)|?
[V fa(wo)]| IV f1 (o)l

o 197V )lcoss 17V o)l
Hsz(%)H IV f1(zo)ll

T vf2 xo T Vf1 330

< HQ I fa(20) ||H 086 < HQ IV f1 (o) ||H
HQT e H
& cosf < 2 (84)
HQT e H

Analogously, if V f2(z0)Tv, < 0 then by Eq. (81) we have

T Vf2(zo
HQ IIsz(wo)IIH

cosf < v F2(2a)
1(Zo
HQ V72 Ceo) ||H

When considering —1 < cosf < 1,

HQTugﬁ(iﬁ)uH H Tngffci(iﬁ)nu
HQT et H HQT AT H
leads to
e \gﬁ |H <|er |§ﬁ |H and Q" |§ﬁ |H <[ |§£ ;\

which is not possible. Thus, we conclude that if Vfi(z0)T QQTV fa(zo) < 0,
then v, is not a descent direction of F' at xy, and we are done. a



374 O. Schiitze et al.

0.8
0.6
=V fa
04
- 0.2 r
8 Vp
O L
-0.2
14
-04 -
Descent Cone
Feasible set
06 | O PSuu
15 -1 0.5
Zy

Fig. 2. Considering a feasible starting point when computing v, using Eq. (73). Here
vp is a MODD of BOP (85). This figure illustrates the case presented in Example 4.

Example 4. Consider the following BOP:
Minimize

fi(zr,x2) = 22 + (2 + 3)°
fa(zr,22) = (21 + 3)2 + l”g

subject to

h((El,LL'Q) = LL’% +£L‘% —1=0.

For this example, consider the computation of direction v, starting from a
feasible initial point. Figure 2 illustrates the case when v, lays over the descent

cone, hence v, is a descent direction.

Infeasible Case

Next, we consider that the initial point zq is infeasible, i.e., that for at least one
j € {1,...,m} it holds h;(z) # 0. Further, we assume that all equalities are

linear, i.e., we are given the problem
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min F(z) := [fi(x), f2(2)]" (86)

st h(z)=Ax—b=0,

where A € R™*", In this case we can consider the Newton method applied to
the residual r : R*™+k s R*Tm+E which is given by

J(x)Ta+ ATy
r(z,a,v) = Az —b , (87)
ela—1

where J denotes the Jacobian of F' and € = [1,..., 1]T € RE. The first order
Taylor approximation of 7 near an estimate y = (z, o, ) € R*T*+™ ig given by

r(y+z) = r(y) + Dr(y)z, (88)

where Dr(y) is the Jacobian of r at y. The Newton step Ay for the Newton
method applied to r solves the following linear system of equations:

Dr(y)Ay = —r(y). (89)
Denote )
Wa = ZajVij(x), (90)
=1
then

W, J(x)T AT
Dr(z,a,v)=| A 0 0 |, (91)

0 e’ o0

and the Newton step is given by the vector
Ay = (Az, Aa, Av)

that solves

Wy J(z)T AT Az J(x)Ta+ ATy
A 0 O Aa | =— Az —b . (92)
0 e o0 Av ela—1

If we set v := v 4+ Av, we can rewrite the above system as

W, J(z)T AT Az J(@)Ta
A 0 O Aa | =—| Az-b |. (93)
0 e o vt ela—1

The following discussion shows that the norm of r decreases for sufficiently
small step sizes in direction Ay: it is

d
@ +tAy)[?|,_, = =2r(y)" Dr(y)Ay

==2r(y)"r(y). (94)
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Taking out the square leads to

Lty + 189) g = ) r) = ) (99)

which is negative at y with r(y) # 0.

In the following we summarize this result.

Proposition 5. Let a BOP be of the form (86) and suppose xq is given such
that hj(zo) # 0 for at least one j € {1,...,m}. The Newton step on the residual
r as defined in (87) is given by the vector that solves equation system (93), and
lr|| decreases for sufficiently small steps in direction of the Newton step.

Proof. Tt follows by the above discussion. O

Example 5. Consider
F:R® — R?

subject to one linear equality constraint as

‘ N4
fi(z) = Z?:l,i;ﬁj (xl - ag)z + (xj - a?) =12 (96)

s.t. %xl = I9y.

Here, a' = [1,...,1]" € R and a2 = —a'. We apply Newton’s method for the
initial infeasible point py = a® with h(p,) = —0.5. Figure 3 shows the obtained
solutions in each Newton step in the (a) variable and (b) objective space. In the
fourth step we obtain the final solution

pa = [0.2668,0.1334, 0.3750, 0.3750, 0.3750] "
with h(ps) = —2.7756e—17, which can be considered to be feasible.

3.4 Inequality Constrained BOPs

Next we consider inequality constrained BOPs of the form

min F(z) = [fi(x), f2(2)]7,

TER™

8.t g;(x) <0, j (97)

I
\’H
&

Let zg be given and denote by

I(z0) = {gi1(20), gi2(20), - - -, gis(w0) } (98)

the set of active inequalities at xo. Assume that I(z() is not empty, i.e., that
s > 1. Denote by
V!Jﬂ(fﬂo)T
G:= : e R%*" (99)

v.gis (xO)T
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Fig. 3. Newton steps starting from po which is an infeasible point for Problem (96).
This figure illustrates Example 5.

the matrix formed by the gradients of the active inequality constraints.

Similarly to the feasible case for equality constrained BOPs, we can also
in this case generate descent directions via projection as follows: suppose that
rank(G) = s (i.e., maximal), then we can compute the factorization

G =QR=(q1,--,qs:qss1,---,qn) R, (100)

where @ € R™*" is orthogonal and R € R™*® right upper triangular. Doing so,
the last n — s column vectors of ) form an orthonormal basis of the tangent
space of the feasible set g; '(0) at zo with Vfi(zo) # 0 and g;(zo) = 0. The
orthogonal projection v? onto Tg;l(o) (x) is hence given by

vy = Q0T (101)

where vy, is as in (73) and

Q= (QS+1a-~-7Qn)- (102)

Similarly to the equality constrained case, v, is a descent direction under
certain conditions (see also Algorithm 2).

Proposition 6. For a BOP of the form (97), suppose V fi(xq) # 0 for i €
{1,2}. Let v, be as in Eq. (101) such that (v,,Vg;(xo)) = 0. Let © € R™ such
that g;(xzg) =0 for every i € I(xzg). Then

(a) If Vfi(20)"QQTV fo(x0) > 0, then v, is a MOPP of F at x.
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(b) If V f1(20) " QQTV fa(wo) = 0 and QTV fi(wo) # 0 for an index i € {1,2},
then vy, is a MODD of F' at x.

(c) If V f1(20)TQQTV fa(wo) < 0, then v, is not a descent direction of F at x.

Proof. Note that by construction Vg;(zo)Tv, = 0 for all active i € I(x¢); thus,

the proof is analog to the one from Proposition 4. O

Algorithm 2. Computation of the search direction v, for inequality constrained
BOPs

Require: BOP of form (97), zo with V fi(zo) #0, 1 =1,2

Ensure: search direction v,

., — _ | _Vfi(zo) V fa(z0)
Lve=—l1whGor T ||Vf2(wo)u]
Vgir(wo)”
2: G:= € RoX™
Vgis(w0)"
3: compute @ and R s.t. GT=QR=(q1,...,0s,qs+1,---,qn)R
40 Q= (gs41,--+,qn)
5: vy = QQ Y
6: return v,

Ezample 6. Consider the following BOP proposed in [8]:

Minimize
fi(z) =21 (103)
Z1
) =g (1[5,
with  g(z) =1+ 2.
Subject to
cos O (fa(z1,22) —€) —sinbfi(x1,x2) > (104)
alsin (b (sin @ (fo(w1, 2) — €) + cos O f1(z1,22))) |4, (105)

where 0 < z; < 1 fori € {1,2}. And a = 0.1,b = 10,¢ = 2,d = 0.5,e = 1 and
0 = —0.2 * m. Fig. 4 shows an example of the proposed MODD. Note that v,
lays over the descent cone and fulfills the above criterion; thus v}, is a descent
direction.
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Fig. 4. Considering a starting point for an active constraint when computing v, using
Eq. (73), it can be a descent direction or not. This figure illustrates the behavior in
decision variable space for Example 6.

3.5 A Gradient Free Approximation of a MODD for CBOPs

In the following we use the GSA method to compute the above discussed descent
directions for (unconstrained or constrained) bi-objective optimization problems.

We assume that we are given a candidate solution z( that is designated for
local search, and that we are given sample points x1, xs,...,x, in the vicinity
of xg. We further assume that their objective functions values f(z;) are already
known, which is indeed the case if the x;’s are chosen from a given population
within a MOEA. Recall from GSA that we can use

Ti — X d = f(@i) — f(wo)

= S = s1ed{l, ..., r}, 106
o=zl 4 o —wole € T (106)

v; .

Thus, (16) turns into

min A''d (107)
st. ATvIva—1=0,

which is the problem we have to solve. Then, consider the matrix
Vi=(v1,.. ), (108)

to finally obtain
= ————VWVTV) ld (109)
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Then, v* is the most greedy direction for a single-objective. It is worth to
notice that this derivation can be done for all objective functions in a MOP.

Unconstrained Case
For the unconstrained case, we can apply the previous idea to approximate

Eq. (73), hence obtaining a gradient-free descent direction. Recall that

A I £ (CORPS £ 1C) (110)

LIVA@IT T IV @I

then we can approximate V fi(z) and V fa(z) as follows:

- 1 o~ s .
vi=———VWVTV)“ld&, 111
; ey ( ) (111)

for j = {1,2}. Then, we can approximate vy, as

b, ::—[ a1 ] (112)

I3l sl

Equality Constrained Case
For this scenario assume that zg is a feasible solution, and that we are given
T1,Z2,...,T, which are sample points in the neighborhood of xg; also, that their

objective functions values f(x;) are already known. From the constrained case
of GSA recall that the Matrix M := (mj;) € R™*" is given by

hj(xs) — hyj , .
mj; = M, ie{l,...,r}, je{l,...,m} (113)
i — zol|2

Via Egs. (108) and (113) we can compute an approximation H of the Jaco-
bian matrix HT of the constraint functions given by

HT =vvTv)-tmT (114)

that will be used to compute the projection of v,. Then, considering a feasible
solution zq, we proceed analogously to the unconstrained case, and first compute
vr, asin Eq. (112). Next, in order to compute 7, we compute a QR decomposition
of HT, and define

Q = ((jm+17"'7qn)7

where G;, i € {m+1,...,n}, are the last n —m column vectors of the orthogonal
matrix @ obtained by the QR-decomposition of H”. Then
7 = QQ iy, (115)

is the orthogonal projection of 7, onto the set of feasible directions. Assuming the
notation for V and d] as in Eq. (108) and (106), the following criteria manages
the application of our gradient-free proposal:
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For a BOP of the form (74), with V f;(z) # 0 for ¢ € {1,2} and h;(z) = 0.
Compute 7, as in Eq. (115) and

C, = AT (VTV) VT OQTY (V) 2, (116)
Then we proceed as follows:

1. If Cy > 0, then perform a line search over 7.

2. If Cy = 0 and d'T(VIV)"'WTQQTV(VTV)~1d’ # 0 for an index i € {1,2},
then perform a line search over .

3. If C, < 0, then the line search is not applied.

Note that the above criteria allow us to decide, during the algorithm’s running
time, when the information available is likely enough to have an approximation
of a MODD. After deciding to approximate such direction, we compute the new
iterative point x; as follows:

x; = X0 + t0p, (117)

where t is a suitable step length. In this work, we computed ¢ by a backtracking
procedure based on the Armijo’s condition [29]. The description in Algorithm 3
corresponds to the standalone gradient-free algorithm for equality constrained
MOPs.

Inequality Constrained Case

In the case that inequality constraints are present, the consideration is made
over I(x), that is the set of active inequality constraints at z. Thus we obtain
the new approximation of 77 as follows:

P =QQ . (118)

Assuming the notation for V and d/ as in Eq. (108) and (113), the following
result states the criteria for the application of the gradient-free proposal:

For a BOP of the form (97), with V f;(x) # 0 for ¢ € {1,2} and g;(x) = 0 for
every i € I(x). Compute 7/ as in Eq. (118) and

C,y i AT (T TTOOTV (VT 2. (119)
Then we proceed as follows:

1. If Cy > 0, then perform a line search over 7.

2. If Cy =0 and dT(VIV)"WWVTQQTV(VTV)~1d' # 0 for an index i € {1,2},

then perform a line search over 7.
3. If Cy < 0, then the line search is not applied.
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Algorithm 3. Standalone gradient-free MODD for equality constrained BOPs.
Require: x¢ :initial solution, r :number of neighbors, € : threshold for Cy
Ensure: z; :final solution.

: while Stopping Criterion does not fulfill do

i — 1;

1
2
3 T; < Xo;

4:  Compute z1, ..., x, neighbor points for xo;
5. Compute v; and d as in Eq. (113);

6: Compute V as in Eq. (108);

7 if x; is a feasible solution then

8 Compute Cy as in Eq. (116).

9: cj — dTWVITVYTWTQQTV(VIV) I j=1,2;
10: if Cy > 0 then
11: Compute v, as in Eq. (115);
12: Compute t € R™;
13: Tiq1 < T + UL
14: i—1i4+1;
15: else if |Cy| < € then
16: if ¢ > 0 or c2 > 0 then
17: Compute U, as in Eq. (115);
18: Compute t € RT, a suitable step size
19: Tiy1 — T + UL
20: 1 — 1+ 1;
21: else
22: It is not a descent direction.
23: end if
24: else
25: It is not a descent direction.
26: end if
27: end if
28: end while
29:

30: return x; «— x;;

After deciding to approximate such direction, we compute the new iterative
point z; as follows:
x; = xo + tUY, (120)

where t is a suitable step length. In this work, we compute ¢ via a backtrack-
ing procedure based again on Armijo’s condition. The standalone algorithm for
inequality CMOPs is described in Algorithm 4.

We have presented in this section some criteria to decide when a solution is
a MODD. The potential of these criteria will be displayed in the next section
when used in combination with population-based heuristics.
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Algorithm 4. Standalone gradient-free MODD for inequality CBOPs.
Require: x :initial solution, r :number of neighbors, € : threshold for Cy, I(z) :active
set.
Ensure: z; :final solution.
while Stopping Criterion does not fulfill do

1:
2 i 1;

3 x; <+ xo; Compute 1, ..., z, neighbor points for zo;
4:  Compute v; and d as in Eq. (113);

5:  Compute V as in Eq. (108);

6:  Compute Cy as in Eq. (119);

T o e dT(VTV)IVTOOTV (VT = 1,2

8 if Cy > 0 then

9: Compute v, as in Eq. (115);
10: Compute t € RT, a suitable step size
11: Tivi «— T; +tvp;

12: 14— 141

13:  else if |Cy| < & then

14: if c1 > 0 or co > 0 then

15: Compute v, as in Eq. (115);
16: Compute t € RT;

17: Tit1 — Ti + tUL;

18: i —14+1;

19: else

20: It is not a descent direction;
21: end if

22:  else

23: It is not a descent direction;
24:  end if

25: end while

26:

27: return zy «— x4

4 Application: Use of GFDD Within NSGA-II

In order to apply the developed ideas, we will in the following show some exam-
ples of the integration the above ideas to perform a multi-objective local search
within the execution of the well-known algorithm NSGA-II [10] as demonstra-
tor. This is a state-of-the-art algorithm for bi- and three-objective optimization
problems that makes use of an archiving strategy based on the crowding dis-
tance. This strategy will play an important role in the hybridization as it will
help us to decide which individual is a suitable starting point to perform the
local search.

Algorithm 5 shows a pseudo code of a hybrid of GFDD and NSGA-II which
also shows that such a coupling can be done relatively easily with in principle
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Fig. 5. Points p; and p2 are considered to be neighbors of pg. The green triangles
outside the circle are population elements which are not used for the GSA computation.

Algorithm 5. Pseudocode of NSGA — II + Localsearch

Require: P; := Population size, size := Problem Size, P, := crossover probability,

P,, := mutation probability

Ensure: Set of approximated solutions

: Population < InitializePopulation(Ps, size)
: FitnessEvaluation(Population)
FastNondominatedSort (Population)
: Selected <« SelectParentsByRank(Population, P;)
: Offspring « CrossoverAndMutation(Selected, P, Pn)
while —StopCondition() do
FitnessEvaluation(Offspring)
Union < Merge(Population, Offspring)

9:  Fronts «— FastNondominatedSort(Union)
10:  CrowdingDistanceAssignment(F'ronts)
11:  Selected < SelectParentsByRankAndDistance(Parents, Ps)

12:  Population « Offspring
13: Selected individual xs

14:  ApplyLocalSearch(z,) if suitable
15:  Offspring < CrossoverAndMutation(Selected, P., Pp,)

16: end while
17:
18: return Offspring
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Fig. 6. This figure illustrates a particular instant of a certain iteration in the
population-based algorithm. The population is represented by circles, while the initial
and final solutions involved in the local search procedure are marked by light and dark
diamonds correspondingly. The tested function corresponds to the CZDT?2 from [31].

any other MOEA.The first part of the algorithm (lines 1 to 12) coincides with
the evolutionary process of the NSGA-II. Then, the interleaving of our proposal
starts; in lines 13 and 14 we select an individual x; related to the biggest crowding
value. If x, is feasible we decide based on the propositions presented above if the
local search is suitable. For the case of inequality constraints we just consider
the set of active constraints. Once the proposed low-cost MODD is successfully
computed, we apply a regular line search through it with a suitable step size
control provided with a traditional backtracking tuning.

At each generation, we applied the local search only to one selected indi-
vidual mainly because we do not want to make big changes through the entire
population of the evolutionary algorithm. If we apply the local search from many
individual the possibility of diversity losses or premature convergence increases.
Also, the computational cost (in terms of function evaluations) will increase
due to step size computation. When selecting the starting point for the local
search, the straight decision is to choose the individual with the most significant
crowding distance value in order to assure the existence of close neighbors. These
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Fig.7. This figure illustrates a particular instant of a certain iteration in the
population-based algorithm. The population is represented by circles, while the ini-
tial and final solutions involved in the local search procedure are marked by light and
dark diamonds correspondingly. The image of the constraint function is also marked
in the figure. The tested function corresponds to the CZDT3 from [31].

neighbors are used to approximate the gradient information required by the pro-
posed operator (see Fig.5). By doing this, there is a chance to generate a new
individual such that: (i) it is not that far from z,; but (ii) it can be deleted by
the crowding process itself. Therefore, there is a compromise between choosing
a candidate that has enough neighbors to approximate the gradient-free MODD
and the chances of losing the new candidate due to crowding. A better idea could
be to choose an individual x, with an average crowding value and at least r close
neighbors.

Numerical results that support the advantages of the use of this proposal
can be found in [38]. Next, we present some examples of the performance of a
population-based algorithm when applying this proposed low-cost local search.
Figures6 and 7 illustrates the application of NSGA-II applied to the CZDT?2
and CZDT3 benchmark functions given in [31]. These functions are bi-objective
optimization problems with equality constraints. The figures show a certain
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Fig.8. This figure illustrates a particular instant of a certain iteration in the
population-based algorithm. The population is represented by circles, while the ini-
tial and final solutions involved in the local search procedure are marked by light and
dark diamonds correspondingly. The tested function corresponds to the CF2 from [39].

generation of the Multi-objective Evolutionary Algorithm (MOEA) when the
local search is applied to generate a new individual. Figures8 and 9 illustrates
the application of NSGA-IT applied to the CF2 and CF4 benchmark functions
[39]. These functions are bi-objective optimization problems with inequality con-
straints. The figures show a certain generation of the MOEA when the local
search is applied to generate a new individual.
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Fig. 9. This figure illustrates a particular instant of a certain iteration in the
population-based algorithm. The population is represented by circles, while the ini-
tial and final solutions involved in the local search procedure are marked by light and
dark diamonds correspondingly. The tested function corresponds to the CF4 from [39].

5 Conclusions

In this chapter we have reviewed some tools that allow to realize a local search
engine for consrained bi-objective optimization problems with a low cost when
using within set based optimization strategies such as evolutionary algorithms.
The basic idea of the Gradient Subspace Approximation is to compute the most
greedy search direction at a given point out of given neighborhood informa-
tion. Next, we have presented a way of how to compute descent directions for
bi-objective optimization problems. The method can be applied both to uncon-
strained as well as to constrained problems. Next, we have shown how to utilize
GSA in order to obtain a “gradient free” approximation of these search direc-
tions. Finally, we have demonstrated the possible benefit of such a resulting
low cost searcher on a hybrid evolutionary algorithm, which couples the pro-
posed search technique with the widely used evolutionary algorithm NSGA-II.
We stress, however, that the gradient free local search engine can in principle
be integrated into any other evolutionary algorithm or any other set-oriented
search heuristic.
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