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Delay-coordinate mapping is an effective and widely used technique for reconstructing and analyzing the
dynamics of a nonlinear system based on time-series outputs. The efficacy of delay-coordinate mapping has long
been supported by Takens’ embedding theorem, which guarantees that delay-coordinate maps use the time-series
output to provide a reconstruction of the hidden state space that is a one-to-one embedding of the system’s attractor.
While this topological guarantee ensures that distinct points in the reconstruction correspond to distinct points
in the original state space, it does not characterize the quality of this embedding or illuminate how the specific
parameters affect the reconstruction. In this paper, we extend Takens’ result by establishing conditions under
which delay-coordinate mapping is guaranteed to provide a stable embedding of a system’s attractor. Beyond only
preserving the attractor topology, a stable embedding preserves the attractor geometry by ensuring that distances
between points in the state space are approximately preserved. In particular, we find that delay-coordinate mapping
stably embeds an attractor of a dynamical system if the stable rank of the system is large enough to be proportional
to the dimension of the attractor. The stable rank reflects the relation between the sampling interval and the number
of delays in delay-coordinate mapping. Our theoretical findings give guidance to choosing system parameters,
echoing the tradeoff between irrelevancy and redundancy that has been heuristically investigated in the literature.
Our initial result is stated for attractors that are smooth submanifolds of Euclidean space, with extensions provided

for the case of strange attractors.
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I. INTRODUCTION
A. Motivation and contribution

Modern science is ingrained with the premise that repeated
observations of a dynamic phenomenon can help us understand
its underlying mechanisms and predict its future behavior.
While this idea dates back to ancient times with the observation
of sunspots [1], today we model the behavior of a wide
variety of measured phenomena from the life, physical, and
social sciences [2—11] as observations arising from complex
dynamical systems. Understanding and predicting a time series
is often approached by postulating a structured model for
a hidden dynamical system that drives the data generation.
Linear statistical models were used in early work [12] and
are now reflected in standard tools such as the autoregressive-
moving-average model and the Kalman filter (e.g., [13]). More
recently, the field of nonlinear time-series analysis models
time-series data as observations of the state of a (possibly high-
dimensional) deterministic nonlinear dynamical system [11].
While the underlying dynamical system may exhibit chaotic
behavior, itis often postulated as being governed by an attractor
that is a low-dimensional geometric subset of the state space.

Due to the low-dimensional behavior in the underlying state
space, it is reasonable to postulate that temporal dependencies

“The first two authors contributed equally, as did the last two authors.
tCorresponding author: crozell @gatech.edu

2470-0045/2018/97(2)/022222(26)

022222-1

in time-series observations can provide some insight into the
structure of the hidden dynamical system. This leads to a
fundamental question: How much information about a hidden
dynamical system is available in time-series measurements of
the system state? The seminal Takens’ embedding theorem
[14,15] asserts that (under very general conditions) it is
possible to use the time-series data to reconstruct a state
space that is a topologically equivalent image of the attractor
through a simple procedure known as the delay-coordinate
map. Indeed, many algorithms for tasks such as time-series
prediction and dimensionality estimation take inspiration and
justification from this fundamental guarantee [16-24]. While
the topological guarantee of Takens’ theorem provides that
the delay-coordinate map is one to one (i.e., distinct points in
the reconstruction correspond to distinct points in the original
state space), it does not speak to the overall quality of the
reconstruction or how this quality is affected by specific details
such as the algorithm parameters, the measurement function,
or the system characteristics.

Many fields of data science also rely on capturing low-
dimensional structure from high-dimensional data, and recent
advances have shown the value of guaranteeing geometric
stability of an embedding as a measure of quality for sub-
sequent inference. In such a stable embedding, the embed-
ding approximately preserves the distance between any two
points in the data set of interest, which has proven to be
valuable for robustness to imperfections in many forms (i.e.,
noise, numerical imprecision, etc.). In computer science, the
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FIG. 1. (a) The state-space trajectory of the Lorenz attractor in R?, demonstrating the characteristic butterfly pattern. (b) The time series
obtained by a measurement function that only keeps the x; coordinate of the trajectory. (¢c) The delay-coordinate map points with M = 2,

recreating the butterfly pattern using only the time series.

Johnson-Lindenstrauss lemma constructs stable embeddings
for finite point clouds using random linear projections [25]. In
compressive sensing [26,27], the restricted isometry property
(RIP) condition captures the notion of a stable embedding
for sparse signal families, ensuring that signal reconstruction
from random linear measurements is robust to noise and stable
with respect to model nonidealities [28]. For dimensionality
reduction with signal families belonging to low-dimensional
manifolds and more general sets, various types of stable
embeddings have been constructed using adaptive nonlinear
techniques such as ISOMAP [29], adaptive linear techniques
[30,31], and nonadaptive linear techniques that again employ
randomness [32-35].

The main contribution of this paper is to extend the notion of
Takens’ embedding theorem to stable embeddings, providing
insight into the conditions for when time-series data can
(and cannot) be used to reconstruct a geometry-preserving
image of the attractor. In addition to providing the formal
foundations to justify the numerical algorithms based on
delay-coordinate mapping, these results also give guidance
to practitioners about how algorithm and observation design
choices affect the overall quality of the representation. In
particular, examination of our main theoretical findings gives
guidance to choosing these system parameters, echoing the
tradeoff between irrelevancy and redundancy that has been
heuristically investigated in the literature. For clarity and to
gain as much insight as possible, our main result is first
described for attractors that are smooth submanifolds of the
Euclidean space (similar to Takens’ original result) and then
extended to the case of strange attractors. The remainder of the
Introduction will provide a simplified version of the main result
to give the flavor of the contribution from this paper, with the
full technical results given in Secs. IIIC (smooth manifolds)
and III E (strange attractors). To streamline readability as much
as possible, the proofs and additional technical details are
contained in appendices for the interested reader.

B. Delay-coordinate maps and Takens’ embedding theorem

We consider x(-) as the trajectory of a dynamical system
in the state space RV such that x(¢) € RY for ¢ € [0,00).
While the system has continuous underlying dynamics, we
observe this system at aregular sampling interval 7 > 0. Given
this sampling interval, one may define the discrete dynamics
in terms of the flow ¢ : RY — RY such that x(t + T) =
¢r(x(1)). In words, ¢7(-) moves the system state into the

future by 7. We assume that during the times of interest the
state trajectory is contained within a low-dimensional attractor
[11] A such that x(#) € A Cc RN for ¢ > 0. The attractor
A is assumed to be a bounded, boundaryless, and smooth
submanifold of RY with dim(A) < N. The flow operator
restricted to this attractor is a diffeomorphism on A so that
there exists a smooth inverse ¢, "x@) =x@ = T).

In applications of interest we often cannot directly observe
this system state but rather receive indirect measurements via a
scalar measurement function 2 : A — R. This function gener-
ates a single scalar measurement at a regular sampling interval
T > 0, producing the resulting discrete time series {s;}icN =
{h(x(iT))};, where each s; € R. The goal is to “reconstruct” the
hidden state trajectory x(-) given only {s;};. To approach this
task, consider the delay-coordinate map Fy 1y 1 A — RM,
defined for an integer number of delays M through the relation

5; h(x(iT))
Sic1 h(x(G — DT))

Frprm(x@T))

[ Si—m+1 h(x((i — M+ 1)T))
[ h(x(T))

h(p7' (x(GT)))

Lh(p7 M (x(GT)))

Note that the delay-coordinate map is simply formed at a given
time by stacking the last M observed time-series values into
a vector. Commonly, R is referred to as the reconstruction
space.

Takens’ embedding theorem [14,15] asserts that it is indeed
possible to reconstruct the state space from the time-series
data. With this setup, Takens’ result roughly states that if M >
2dim(A), then the delay-coordinate map Fj 7 p(-) resulting
from almost every smooth measurement function /(-) embeds
the attractor A into the reconstruction space R¥ (i.e., the
delay-coordinate map forms a diffeomorphism for A). In other
words, the topology of the attractor A is preserved in the
reconstruction space RM under the delay-coordinate map, and
therefore the trajectory in the reconstruction space Fj, 7,y (x(-))
is (in principle) equivalent to the trajectory in the state space
x(-). Figure 1 illustrates the concept of a delay-coordinate map
in the case of the widely known Lorenz attractor. Despite
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this embedding guarantee ensuring that no two points from
the attractor map onto each other in the reconstruction, the
mapping could be unstable in the sense that close points may
map to points that are far away (and vice versa). While the
simplified main result of this paper is presented for the case
of attractors that are smooth submanifolds, the extensions
presented in Sec. IIIE include strange attractors such as the
Lorenz attractor.

C. Simplified main result

To quantify the quality of the embedding in the recon-
struction space, we seek the stronger guarantee that the delay-
coordinate map Fj, ,y(-) is a stable embedding of the attractor
A. By stable embedding, we mean that Fj, 7 (-) must act as a
near isometry on A, in the sense that

| Fnrm(x) — Frr D)3
< 3
Mlx — yll5

<e, Yx,yeA x#y

2)

for some isometry constants 0 < €; < €, < 0o. Said another
way, if €; =~ ¢,, the stable embedding condition of (2) guar-
antees that the delay-coordinate map preserves the geometry
of the attractor (rather than merely its topology) by ensuring
that pairwise distances between points on the attractor are
approximately preserved in the reconstruction space. Since
x(-) C A, the same would hold for the trajectory and its image,
thereby guaranteeing the quality of the trajectory embedding
in the reconstruction space R,

The main result of this paper is to determine the conditions
on the attractor A, measurement function A(-), number of
delays M, and sampling interval T such that Fj, 7 p(-) is a
stable embedding of A. This is a more ambitious objective
than Takens’ embedding theorem (leading naturally to more
restrictive conditions), but with the benefit of quantifying
the quality of the embedding and relating that quality to
the problem-specific parameters. Roughly speaking, our main
result shows that F, 7 (-) stably embeds A (in the sense of (2))
for most measurement functions /, provided that the following
condition is satisfied:

3)

o vol(A ) w7
RH,T,M(A) = dlm(A) ln (—rch(A) .

Here, dim(A) and vol(A) are the dimension and volume of
the attractor A C R¥, and rch(A) is an attribute of A that
captures its geometric regularity. To quantify the notion of
“most” measurement functions, our result is probabilistic and
holds with high probability over measurement functions drawn
from arich probability model H. The stable rank Ry 7 1 (A) of
A quantifies the ability of the random measurement functions
to observe the system attractor. Both reach and stable rank are
well-studied concepts, and will be discussed (along with the
detailed probability model H) in full technical detail later.
Typically, if a dynamical system is fairly “predictable,” then
Ry 7.m(A) grows proportionally with M as the number of
delays grows. In this case, the delay-coordinate map stably
embeds A when the number of delays scales linearly with the
dimension of the attractor as in Takens’ original theorem. On
the other hand, if the dynamical system is highly unpredictable,

thenitis likely that R 7 7 4 (A) plateaus rapidly with increasing
M and it will be more difficult to stably embed this system
through delay-coordinate mapping even with very long delay
vectors. In Sec. III, the main contribution of this paper pre-
cisely quantifies these conditions governing the quality of the
embedding from the delay-coordinate map. As we also discuss,
these conditions have a natural interpretation in the context of
classical empirical methods for choosing T and M.

II. BACKGROUND AND RELATED WORK

A. Takens’ embedding theorem

To expound on the overview in Sec. | B, we turn our attention
to a detailed technical statement of Takens’ theorem [14]
showing that the delay-coordinate map Fj, r y(-) embeds the
attractor A (and, of course, the trajectory x(-) C A).

Theorem 1: (Takens’ embedding theorem [14]). Let A C
R¥ be a smooth, bounded, and boundaryless submanifold of
RY, and let M > 2dim(A) be an integer. For pairs (¢7,h)
where the flow ¢r : A — A is a diffeomorphism on A and
where 4 : RV — R is a smooth measurement function, it is
a generic property that the delay-coordinate map Fj 7 (-)
is an embedding (i.e., diffeomorphism) of A C R" into the
reconstruction space RY.

In this theorem, “generic” means that the set of pairs (¢7,h)
for which Fj, 1 (-) yields an embedding is open and dense in
the set of all mappings. This topological notion of genericity
was later extended to an “almost every” probabilistic argument
by Sauer et al. [15]. In fact, the probe space framework
developed in Ref. [15] was the inspiration for our analysis
which involves drawing # randomly from a subspace of
measurement functions (see Sec. IIT A). We also note that by
relaxing the manifold assumption, Takens’ theorem has also
been generalized to cover embedding of fractal sets such as
strange attractors [15] (formed by chaotic dynamical systems
[11]) and embeddings of forced systems [36].

Note that, under Takens’ theorem, Fj, 7y (A) C RM is
diffeomorphic to A C R¥, so that the topology of the attractor
A and the flow on this attractor are preserved under delay-
coordinate mapping. In particular, we may trace Fj, 7 p(x(-))
with its samples and “reconstruct” the trajectory in the (often
inaccessible) state space using only the time-series data. In
fact, several important characterizations of dynamical systems
are preserved under delay-coordinate mapping and can be
computed directly in the reconstruction space, including the
number (types) of fixed points (orbits), the dimension of the
attractor (i.e., dim(Fy 7, »(A)) = dim(A)), and the Lyapunov
exponents [11,37]. Justified by these properties, the recon-
struction space representation formed by the delay-coordinate
map has been used for many practical time-series processing
algorithms [38], including tasks such as prediction [11,39],
noise reduction [40], chaos synchronization and control
[41-43], system identification [44], and detection of causality
in complex networks [45].

While Takens’ original theorem proves that the delay-
coordinate map is theoretically equivalent to the attractor in
the hidden state space, it may map close points far apart and
far points close together. This warping, though topologically
equivalent, means that even small changes in the reconstruction
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space representation (e.g., due to noise, etc.) can amount to
arbitrarily large changes in the corresponding points in the state
space. One might ask the following: Are there any conditions
where the delay-coordinate map is guaranteed to bound the
errors due to noise? Will changes to the delay-coordinate map
parameters (e.g., increasing the number of delays, decreasing
the sampling interval), the system, or the measurement function
affect the quality of the reconstruction or its tolerance to
noise? Takens’ original theorem does not address these issues,
motivating our study of geometrically stable embeddings.

B. Related work

Prior work by Casdagli et al. [16] begins to methodically
address the issue of noise in delay embeddings by studying the
effects of the sampling interval 7' and number of delays M on
asymptotic quantities defined to capture the effects of noise on
the delay-coordinate map. We note that, when the image of an
attractor is warped or folded (and thus, not a stable embedding),
noise sensitivity can be a problem as the conditional probability
of the state given a noisy observation of the delay vector may
be poorly localized. In addition, the conditional variance of
h(x((i + 1)T)) (the next value in the time series) may increase,
which reduces the ability to predict the time series.

While some approaches have been developed to perform
noise reduction in the reconstruction space [46], more gener-
ally, one finds a rich literature on methods of choosing the opti-
mal T and/or M that account for noise by examining quantities
that can typically be interpreted as having some dependence on
the distortion of the attractor. To illustrate the concept (without
claiming to be an exhaustive review), methods have been
proposed to choose parameters by examining how they change
the neighborhood relationships between points (e.g., the in-
troduction of “false nearest neighbors”) [47—49], geometric
quantities (e.g., space filling) intended to separate trajectories
[50,51], test statistics proposed for determining whether the
result is a valid embedding of the input [52], and statistics
related to the predictive power of the time series (e.g., mutual
information) [17,19]. The work in [20] recommends the mean
orbital period (approximated from the oscillations of the time
series) as a reliable choice for the window length (i.e., TM),
noting that most methods for choosing embedding parameters
are based on empirical arguments, use arbitrary criteria, and
ultimately do not guarantee good reconstructions. While not
primarily introducing a method to choose parameters per se,
our results provide a theoretical basis for proposed methods
by explicitly illustrating the impact of parameter choices
(and other problem-specific details) on a natural measure for
assessing reconstruction quality: geometric stability.

Our approach to guaranteeing the stability of delay-
coordinate mapping relies heavily on recent advances in
the fields of compressive sensing and geometric functional
analysis. As mentioned previously, a central condition in
compressive sensing is the RIP, which requires a linear mea-
surement operator to provide a stable embedding of the sparse
signal family. Of particular interest in compressive sensing are
randomized linear measurement operators. In particular, when
the measurement operators are constructed randomly (e.g., as
a random matrix populated with independent and identically
distributed Gaussian entries), the RIP can be satisfied with

high probability [53]. The basic compressive sensing results
have been extended to various classes of structured randomized
measurement functions [32,54-56] as well as other low-
dimensional models [57] such as smooth manifolds [33-35].
This work is especially indebted to recent developments in
geometric functional analysis which appeared first in Ref. [55]
to establish the RIP for a class of structured random matrices.
It is also worth noting the recent work [58], in which sparse
recovery tools are used to help identify a dynamical system in
spite of large erasures in the available data.

A study of stable delay-coordinate mapping for linear
dynamical systems and with measurement functions that are
deterministic and linear has previously appeared in Ref. [59].
The current result is a significant extension of this previous
work by allowing general nonlinear systems and measurement
functions that are both randomized and nonlinear. However,
the main result in this work has a similar flavor to [59],
as both papers highlight cases where the embedding quality
plateaus and cannot be improved by increasing the number of
delays M.

C. Differential geometry

Because we will consider attractors A that are submanifolds
of R¥, itis helpful to review the differential geometry concepts
that characterize A and play a major role in the present results.
The reader may also refer to [60] for a more comprehensive
introduction.

To any point x € A we can assign a tangent subspace
T.A C RY comprised of the directions of all curves on A
that are tangent to x. The linear subspace T, A has dimension
dim(A) in R", and the union of all tangent subspaces is called
the tangent bundle of A:

TA = | Jix) x T.A.
xeA

Consider a smooth map v : A — A. The derivative of this
map at x € A is the linear operator Dyr(x) : T, — Ty, that
satisfies

lim |y (x +y (1) — ¥ (x) = [DY Oy (@)l =0, (4

for every smooth curve y : [—1,1] — A that passes through
x with y(0) = x. The normal subspace N.A is the (N —
dim(A))-dimensional orthogonal complement of T,A with
respect to RYN. The normal bundle of A is the union of all
normal subspaces:

NA := | J{x} x NA.
xeA

Forr > 0,we alsolet N” A denote the open normal bundle of A
of radius » comprised of all normal vectors of length less than
r. For example, when A is the unit circle in R2 and r € (0,1),
N"A may be identified with an annulus of width 2r (around
the circle).

A geodesic curve on A is a smooth curve that minimizes the
£, distance between every pair of nearby points that it connects
[60]. The geodesic distance between a pair of points on A is
the length of the shortest geodesic curve that connects them.
The £, distance between points never exceeds their geodesic
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distance. Throughout, we assume that A is regular in the sense
that, for some geodesic regularity geo(A) € [1,00), we have

lx = yll2 < dalx,y) < geo(A)llx — yll2, Vx,y €A (5)

where da (x,y) stands for the geodesic distance between x,y €
A. For a circle, geo(A) = 7.

The reach measures the regularity of a manifold and is
closely related to its condition number [33,53,61].

Definition 1: (Reach of a manifold [62]). Let A be abounded
and smooth submanifold of RY. The reach of A [denoted
with rch(A)] is the largest number » > 0 having the following
property: the open normal bundle about A of radius r is
embedded in RY for all r < rch(A).

In perhaps the simplest example, the reach of a circle
with radius p is simply p. Reach controls both local and
global properties of a manifold. Its role is summarized in
two key relationships. First, the curvature of any unit-speed
geodesic curve on A is bounded by 1/rch(A). Second, at long
geodesic distances, reach controls how close the manifold may
curve back upon itself. For example, supposing x,y € A with
da(x,y) > rch(A), it must hold that ||x — y|l, > rch(A)/2.
See [33] for more details.

II1. MAIN RESULT

We are now prepared to give a precise setup and statement
of the result that was summarized in Sec. IC, along with
additional interpretation and discussion.

A. Measurement apparatus

We first set up our framework for choosing a measurement
function h(-) that is used to observe the trajectory x(-). In
general we seek a result in which the choice of measurement
function is not specific and arbitrary measurement functions
chosen according to some probability measure will work with
overwhelming probability. To do this, inspired by an approach
developed in Ref. [15], we limit the measurement function
to some subset H of the space of all smooth functions. To
establish this subset, we fix a finite collection of P measure-
ment basis functions h, : A — R, p € {1,2, ..., P}. For any
coefficient vector & € R”, we define a measurement function
he : A — R that is a corresponding linear combination of the
measurement basis functions:

P
ha() = alplh,(). 6)
p=I
‘We limit our attention to the class H of measurement functions
formed by arbitrary linear combinations of this set of basis
functions:

H = {he() : « e RF} = span[{h,,(~)},1:=1]~ @

Note that while the sum in Eq. (6) is linear, each basis function
can be nonlinear, resulting in a rich and flexible set of potential
measurement functions. Note two concrete examples:

(i) H isthe class of all linear functions on RY when 4 () =
(-,ep) for p € {1,2,...,P}with P = N.Here, ¢, € R" is the
pth canonical vector in RY (i.e., ep[pl=1and e,[n] =0
when n # p).

(i1) M is the set of all N-variate polynomials of degree K
if {h p(~)}[f=l is the set of all monomials of degree K with
p = (K+Ny

Our main theorem will depend on certain properties of the
measurement basis functions that are revealed by defining the
map H : A — R”, where

H(x) = [h1(x) ha(x) -+ hp(x)]* € RF, VxeA. (8)

The superscript asterisk indicates the transpose of a matrix or
vector. We will require that the measurement basis functions
are sufficiently well behaved in that the following three
assumptions on H are met:

(A1) H(-) is a bi-Lipschitz map on A, in the sense
that/y|lx — yll2 < [H(x) — H(y)ll2 < unllx — y|l2 forevery
pair x,y € A, and for some ly,uy € (0,00).

(A2) H(-) is a diffeomorphism between A and H(A),
resulting in H(A) C R” being a bounded, boundaryless, and
smooth submanifold of R? with dim (H(A)) = dim(A).

(A3) The nonzero singular values of DH(x) belong to
some interval [9in, Mmax] C (0,00), where D H () is the deriva-
tive of H (see Sec. I1C).

Under the above assumptions on the basis functions, the
flow ¢7 : A — A in the state space naturally induces a flow
éu.r : H(A) — H(A) (in R?) specified as

én,r()
H(x) = ¢ur(H(x)):= H(pr(x)), YxeA. (9
As with the flow ¢7(-), the induced flow ¢y 7(-) is a diffeo-
morphism [but on H(A) rather than A].

Let Fj, 7.m(-) denote the delay-coordinate map formed
with a measurement function h,(-) € H, and let Fj, (-
denote the delay-coordinate map associated with the pth basis
function £ ,(-). For x € A, we will find it useful to collect the
components of the delay-coordinate map due to the different
measurement basis functions and write them as columns of a
matrix such that

Xur.m i=Fn,1.m(x) Fpyr.0(x) -+ Frprm(X)]
e RM*P, (10)

Using (6), we can confirm the following useful identity:

Furm(x)=Xprma, VxeA aeRP. (11
The introduction of ¢y r(-) above allows us to rewrite
Xu.r.m € RM*P (see (10)) as
X = [HE) H(gr' (@) - H(gr" )]
(see (8))
= [H) ¢ p(HX)) - ¢t (H@)]
(see (9)). (12)
We also define the “trajectory attractor” as
H(x)

o' r(H(x))

Agry = cxeA} cRMP(13)

2T H ()
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Taken together, (11) and (12) show that the reconstruction
vectors produced by the delay-coordinate map Fj,, 7 p(-) can
be viewed as linear operator (which depends on «) acting on
points in the trajectory attractor. The reach of the trajectory
attractor will play a role in our main result.

B. Stable rank

Lastly, our main result depends on a certain quantity that
summarizes the quality of the measurement apparatus for
a given dynamical system. To that end, drawing from the
scientific computing literature [63], we first define the stable
rank of a matrix A € RM*P as

_ A1
IAI?”

where || Al and ||A|| are the Frobenius and spectral norms of
A, respectively. It is straightforward to confirm that

> ai(A)
01(A)?

where 01(A) > 02(A) = - -+ > 0 are the singular values of A.
In a sense, stable rank R(-) is a more robust alternative to the
standard rank in that it is less sensitive to small changes in
the spectrum. Supposing that P > M, two extreme cases are
worth noting here. First, if the rows of A are orthonormal,
then R(A) = M. In this case, the rows of A are equal in length
and have “diverse” directions. Second, if the rows of A are
identical, then R(A) = 1.

The star of this show will in fact be the stable rank of the
attractor A, which we define to be

Rurm(A):= inf RXpyrm—Yurm), (16)
x,y€A, x#£y |

R(A) :

(14)

1 <R(A) = < rank(A), (15)

Ry 7.(A) > Cymax | 672 dim(A)In nmax\/dim(A)< mn_ o
o _Sam _q

where Xy 7.y € RM*P is defined in Eq. (11) (see also (12)),
and Yg 1 is defined analogously with y in place of x.
If P > M, then (15) dictates that

Ry rm(A) € [1,M]. A7)

For example, when H(A) is a subset of an r-dimensional sub-
space (say with r < M), then (16) dictates that Ry 7 4 (A) <
r < M. On the other hand, if the rows of Xy 7m0 — Yu.r.m
have similar lengths and diverse directions (forevery x,y € A),
then Ry 7y (A) might be close to M. As we see next, the larger
Ry r.m(A), the better.

C. Main result

We are now in position to state the main result of this work.

Theorem 2: (Stable Takens’ embedding theorem). Let A C
RY be a smooth, bounded, and boundaryless submanifold of
R¥. For a fixed sampling interval 7 > 0, assume that ¢7(-)
is a diffeomorphism on A and that the singular values of the
derivative of ¢ (-) belong to the interval [0pin,0max] C (0,00).
For an integer P, fix the measurement basis functions /% :
A — R for p € {1,2,...,P} and let H be the linear span of
{h,(-)}p. The random coefficient vector a € R? is assumed
to have entries that are independent and identically distributed
zero-mean and unit-variance sub-Gaussian random variables
with sub-Gaussian norm 6 [64].

Consider the map H : A — R constructed in Eq. (8),
and suppose that H(-) satisfies the assumptions A1-A3 listed
in Sec. III A. Let Ry 7 »(A) denote the stable rank of A as
defined in Eq. (16). For arbitrary isometry constant § € (0,1)
and failure probability p € (0,1), suppose that

)

v o
- 2M dim(A) 1 2dim(A) VOl(A)‘“m(A)
rch(Ay 1 m)

min

. _s2 1
where Cy is a constant that depends only on 6, and make the mild assumption that
vol(A)m 1 o —2Mdim(A) _ | — TS
Z g ( max__ ) ’ (19)
rch(Ag 7.m) ™ Nmin/dim(A) Ur;fxdlm(A) —1

with Ay 7.y C RMP defined in Eq. (13) and W(-) denoting the Lambert W function [66].
Then, except with a probability of at most p (over the choice of «), the delay-coordinate map Fj,, 7, m(-) stably embeds A in
the sense that

oM Furm(x) — F . M _
(1 — 8)13 geo(A) > max_ < | P10 el 2] B < (1 + 8y geo(A)2 —min_— —_ (20)
M(O-I;ax - 1) Mx — y”2 M(omin - 1)

for every pair x,y € A with x # y.

(

The proof of this result is found in Appendix A. In Eq. (20), values cluster near 1. In particular,
regarding the behavior of the terms involving o, and oy
(the largest and smallest singular values of the derivative of

¢7(+)), we note that these terms are close to 1 if the singular

oM _ |

o Mo 2 — 1)
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D. Observations and interpretation

Several remarks are in order to help shape our understanding
of Theorem 2.

Remark 1: (Comparison with Takens’ theorem). Let us fix
the measurement basis functions {4 ,(-)}. Note that the distri-
bution of the random coefficient vector & € R in Theorem
2 induces a distribution on the space of measurement func-
tions, H = span[{A,(-)}]. Qualitatively speaking, Theorem 2
establishes that, except on a subset with an exponentially small
measure, every function in H forms a delay-coordinate map
that stably embeds A, if Ry 7 »(A) is proportional to dim(A)
with a proportionality constant that depends chiefly on the
geometry of A and the flow ¢7 ().

In contrast, Takens’ original theorem (Theorem 1) estab-
lished that generic choices of the flow ¢y and measurement
function 4 will yield an embedding so long as that M >
2 dim(A). The refinement of Takens’ theorem by Sauer et al.
[15] established that, for a fixed flow ¢r and a random choice
of h from a certain probe space, one will obtain an embedding
with probability one. This result also required that M >
2dim(A) but placed certain restrictions on the periodicities
of the orbits of ¢7 on A.

Thus, Theorem 2 provides a stronger embedding guarantee
than the topological and probabilistic Takens’ theorems, but it
does so with a nonzero failure probability and it is contingent
on a condition involving the stable rank Ry 7 p(A). If this
condition can be satisfied for a given attractor A, flow ¢, and
space of measurement functions H, it may require choosing
the number of delays M larger than 2 dim(A).

Remark 2: (Stable rank). The requirement on the stable
rank of A in Eq. (18) merits special attention. Let us fix the
measurement basis functions (and consequently the map H (-)).
The condition in Eq. (18) must be satisfied to stably embed A,
which may require the user to sufficiently increase Ry 7, a(A)
by adjusting the sampling interval 7 and the number of
delays M. In fact, (18) helps justify certain design rules
that are commonly employed in constructing delay-coordinate
mappings.

Suppose for the moment that an oracle could inform the user
of Ry 7.m(A) for a given pair (T,M) and let us examine the
behavior of the stable rank under these variables. If P < M,
then Ry 1 4 (A) is upper bounded by P. However, if P > M,
recall from (17) that Ry 7 y(A) € [1,M]. If Ry 7 pu(A) =
M, the user could eventually enforce (18) by increasing M
(thereby stably embedding A). But how can the user enforce
Ry r.m(A) =~ M by adjusting 7'? From (16), Ry 7.y (A) = M
means that the rows of Xy 7.4 — Yu.7.;0 € RM*? are nearly
orthonormal for every pair x,y € A (see the discussion in
Sec. IIIB). Roughly speaking, the following considerations
are relevant:

(i) For the rows of Xy 7. — Yu r.m (see (12)) to have
nearly the same length, 7 must be substantially smaller (in
magnitude) than the Lyapunov exponents of the flow ¢ (-) on
A so that

|éy" (Hx) — " (HO)|, ~ |1 H(x) — HY)|2.
Vx,yeA, me{01,....M—1}, 21)

by the invariance of Lyapunov exponents under the diffeomor-
phism H(-) [[11], Sec. 11.2]. Note that when T is comparable
to the Lyapunov exponents (in magnitude), then the rows
of Xy r.m — Yu r.m might differ considerably in length, and
Ry r.m(A) is likely to be small (leading to a poor embedding
of A).

This aspect of our theoretical result mirrors the well-
recognized phenomenon of irrelevancy [16,19,20]. Indeed,
when T is comparable to the Lyapunov exponents (in mag-
nitude), entries of the delay vector Fj_ 7. (x(t)) € RM are
likely to be “causally independent.” In this case, the trajectory
Fy,.7.u(x(-)) C RM in the reconstruction space will be unnec-
essarily more complex than the original trajectory x(-) C RV
in the state space.

(ii) For the rows of Xy r y — Yu, 1 M to be nearly orthog-
onal for every x,y € A, the trajectories of the flow ¢y 7(-)
on H(A) should be “diverse” in that they should “visit”
different dimensions as time progresses. Adjusting 7 here
might help push the rows of Xg 7y — Y 7r.m to become
nearly orthogonal. However, when T is very small, the rows of
Xur.m — Yur.m (for apair x,y € A) are similar in direction
and length, and consequently Ry 7y (A) is likely to be small
(resulting in a poor embedding).

Similarly, this aspect of our theoretical result mirrors a
known phenomenon called redundancy [16,19,20]. Indeed,
when T is very small, the adjacent entries of a delay vector
Fn,r.m(x(t)) € RM are likely to be highly similar (or “cor-
related”) and the information contained in Fj, 7 p(x(2)) is
largely redundant. In this case, the trajectory Fj,_ 7 m(x(-)) C
RM in the reconstruction space will be stretched out along
the identity line (regardless of the geometry of the attractor
A Cc RM).

To summarize the main points, if 7 is chosen too large or
too small, then Ry 7 »(A) will rapidly plateau when the user
increases M. Thus, our theoretical findings echo the (mainly
heuristically investigated) tradeoff between irrelevancy and
redundancy in the literature, suggesting the user may improve
the embedding quality if a sampling interval in this ideal
intermediate range can be found.

Remark 3: (Choice of T and M ). The discussion in Remark
2 raises the following question:

Can the user experimentally find the right range for 7' and
M without prior knowledge of the quantities involved in (18)?

To answer this question, we first point out that a similar issue
has arisen in the past with choosing the number of delays M
for Takens’ original theorem. As a practical method for setting
this parameter [11], the community has observed that dim(A)
is preserved under delay-coordinate mapping effectively as
long as M > 2 dim(A) and there is no noise. This observation
suggests the following procedure for estimating dim(A) and
consequently estimating the required number of delays M in
Takens’ theorem. For fixed T and every M within a fixed
range {M,, ..., M,}, the user constructs a sequence of delay-
coordinate maps for many example test observations from the
system. For each M, the user applies the Grassberger-Procaccia
algorithm [68] to estimate dim(F}, 7 »(A)) and searches for
a range of values of M where the graph of dim(Fj, 7 (A))
(versus M) plateaus. This plateau is an estimate for dim(A),
and a reasonable choice of M immediately follows. When
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TABLE 1. Prescription to find the proper range of the sampling interval 7' and the number of delays M in delay-coordinate mapping.

How to choose T and M in delay-coordinate mapping

1. Given a time series {s;}; and a scalar measurement function x(-), compute the delay vectors {Fj, 7 4 (x(iT))}; C R for every pair
(T,M) il’l the WiﬂdOW [TmianmaX] X [MminaMmin + 17 e ,Mmax]-

2. For each pair (7, M), empirically compute the dimension dr s and volume Vr j of the surface formed by the delay vectors
{Fur.m(x(@T))};, and plot \/VT% for various pairs (7', M) in the above window.

3. Find the range of (7', M) for which the graph is nearly constant. This provides the recommended range for 7 and M in delay-coordinate

mapping of the system under study.

noise is present, this plateau may disappear at large values
of M as well, resulting in a “sweet spot” in the graph where
M = 02 dim(A)) and dim(Fj, 7. (A)) = dim(A).

Returning to the present problem, a similar approach can
be used. If (18) indeed holds, then (with high probability) the
delay-coordinate map with parameters 7 and M stably embeds
A into the reconstruction space R and the volume of A is
preserved. In general, (2) implies that

2 Vol(A).
(22)

A)
2 vol(A)

< VOI (FhD,,T,M(A)) < (Gu

This claim is proved similar to those in Appendix B. This
observation implies a variant of the algorithm described above
where volume is used in place of dimension to find the correct
range of T and M, which we detail in Table I.

Remark 4: (Quality of embedding). Let us again fix the basis
functions (and thus H(-)), and suppose that (18) holds for a
given isometry constant § € (0,1) and failure probability p €
(0,1). Then the quality of embedding in (20) clearly depends
on

(i) the bi-Lipschitz constants of H(-) (i.e., ly,up);

(ii) the spectrum of the derivative of the flow ¢ (-) (through
Omin»Omax); and

(iii) the geodesic regularity of the attractor A [i.e., geo(A)].

Large values of ”: Imx and geo(A) in Eq. (20) all resultin a
poor embedding guarantee for A (i.e., alarge disparity between
the upper and lower bounds in Eq. (20)). In particular, when
the dynamical system is highly unpredictable (e.g., has a large
Lyapunov exponent), then == is likely to be very large and
the embedding guarantee (and 'indeed, the embedding itself) is
likely to be poor. In a nutshell, stably embedding unpredictable
systems (e.g., chaotic systems) is often difficult.

Remark 5: (Orbits and other pathologies). The flow ¢r(-)
has an orbit with period n if ¢%(x) = ¢,r(x) = x for some
x € A. As noted in Remark 1, the probabilistic statement of
Takens’ theorem by Sauer et al. [15] placed certain restrictions
on the periodicities of the orbits of ¢ . Indeed, the existence of
orbits also typically deteriorates the stable rank of a system. As
an extreme example, consider an orbit of period one, otherwise
known as a fixed point: ¢7(x) = x forsome x € A. Using (16),
we may easily verify that Ry 7 y(A) = 1 for any choice of
basis functions and any number of delays M. That is, the stable
rank of A does not increase at all when the user increases M. In
view of (18), this leads to a very poor embedding of the attractor
A. We note that orbits of period one are explicitly forbidden by
Sauer et al. [15] and implicitly forbidden in Theorem 1 through
the genericity of ¢r.

E. Extensions to strange attractors

While our discussion thus far has focused on attractors that
comprise smooth submanifolds of R”, many dissipative dy-
namical systems (e.g., chaotic systems) converge onto attrac-
tors that are not smooth submanifolds of the Euclidean space.
In this section, we discuss what changes when considering the
stable embedding of more general (e.g., strange) attractors. In
what follows, we continue to assume that the state lies on the
attractor A so that for every time ¢, x(¢) € A.

1. Global enveloping manifolds

The easiest scenario arises when there exists a global
enveloping manifold M that subsumes the attractor A. Roughly
speaking, we say that Ml C R” is a global enveloping manifold
of an attractor A C R” if A C M and at every point x € A,
T, A = T, M (see [69,70] for a more precise definition). Here,
T, M denotes the conventional tangent space of M at x (recall
Sec. IIC), and T, A denotes a generalized tangent space of A
at x, defined as follows.

Definition 2: (Generalized tangent space [70]). Consider an
attractor A C R" and a point x € A. The generalized tangent
space of A at x, denoted T, A, is the smallest linear space
containing all unit vectors of the form (z; — vi)/llzi — vill
generated by sequences {y;} and {z;} in A with y; — x and
i —> X.

In scenarios where there does exist a global enveloping
manifold M for A, Theorem 2 can be naturally extended to
provide conditions for the stable embedding of M (and thus
A). In order to prove this result, one merely replaces A with
M throughout the statement and the proof of Theorem 2;
consequently, all of the geometric quantities that appear in the
resulting bound, dimension, volume, reach, and so on, will refer
to M instead of A. As noted in Remark 4, when the dynamical
system is highly unpredictable (e.g., has a large Lyapunov
exponent), then 2 is likely to be very large and the embedding
guarantee (and, 1ndeed the embedding itself) is likely to be
poor. In such a case, Remark 6 may have some value.

However, because it may be unreasonable to assume that
the enveloping manifold is invariant under the flow (i.e., that
¢ (M) = M), one may relax this assumption in the statement
and proof of the theorem; all that is needed is that ¢7 acts as
a diffeomorphism between M and ¢ (M) (or, more precisely,
between M and each ofqﬁ;l(M), ... ,qb;M“ (M)), and that the
assumptions on H listed in Sec. III A hold not only on M but
also on each of ¢ ' (M), ... ,¢; M (M).
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2. More general attractors

Alas, a counterexample in Ref. [70] shows that not all sub-
sets of Euclidean space, and thus potentially not all attractors
of dynamical systems, can have a global enveloping manifold.
When the attractor A does not have a global enveloping
manifold, we require a few additional definitions that will
endow the attractor with certain geometric properties that make
it amenable for our analysis. We first describe these properties
in terms of a general subset B C RV,

Definition 3: (Box-counting dimension [15]). Consider a
set B C RY. Suppose R is divided into cubes of size ¢ by a
grid based at points whose coordinates are ¢ multiples of the
integers. Let A/(¢) be the number of boxes or cubes of size
¢ that intersect B. Then, the box-counting dimension of B,
denoted by boxdim(B), is defined as

boxdim(B) := }m}) - h;’:l\(/g).

Definition 4: (Covering regularity). We say that the set B
has covering regularity cov(B) (depending on some maximum
size &) if for every ¢ < o,

N(©) < cov(B)g ~Poxdim®),

where N (¢) is the number of boxes or cubes of size ¢ that
intersect B (see Definition 3).

One can think of the covering regularity cov(B) as a
proxy for the volume of B because volume is proportional to
N (£)¢Pxdm®) i the limit of small ¢ when B is a submanifold.

Definition 5: (Tangent covering regularity). We say that the
set B has tangent covering regularity tancov(B) (depending
on some maximum size ¢p) if for every a € B, whenever
lx —all2,ly —all, < ¢ < ¢ for some x,y € B, we can find
av € T,B such that

< tancov(B)¢.

s
2

v_—
lx = yll2

J

Here, tancov(IB) can be thought of as a measure the curvature
of B.

Definition 6: (Tangent dimension). We define the tangent
dimension tandim(IB) of the set B as

tandim(B) := sup dim (T, B),
xeB
where T, B refers to the generalized tangent space of B at x
(see Definition 2).

Asnoted in Ref. [70], the tangent dimension bounds the box-
counting dimension from above: for any set B, tandim(B) >
boxdim(B). In what follows, we shall ignore the dependence
of the regularity quantities on their maximal resolution &p.

With these properties thus defined, we present our result
for the stable embedding of a general (including strange)
attractor. The following theorem makes a series of assumptions
not on the attractor A itself, but rather on the trajectory
attractor A g 7., C RM? defined in Eq. (13). We discuss these
conditions further after presenting the main result, which is
proved in Appendix C.

Theorem 3: (Stable Takens’ embedding theorem for strange
attractors). Let A C RY be an attractor. For a fixed sampling
interval T > 0, assume that ¢7(-) is a flow on A. For an
integer P, fix the measurement basis functions /2, : A — R
for p € {1,2,...,P} and let H be the linear span of {/,(-)},.
The random coefficient vector « € R is assumed to have
entries that are independent and identically distributed zero-
mean and unit-variance sub-Gaussian random variables with
sub-Gaussian norm 6.

Consider the map H : A — R constructed in Eq. (8),
and suppose that H(-) satisfies assumption Al listed in
Sec. IITA. Let Ay 7y C RMP be the associated trajec-
tory attractor defined in Eq. (13). Suppose Apy 7y has
box-counting dimension boxdim(A y ), tangent dimension
tandim(A g 7 »), covering regularity cov(Ag 7 ) > 1, and
tangent covering regularity tancov(A g r ) > \/%. Finally,
letR 5 7.4(A) denote the stable rank of A as defined in Eq. (16).

For arbitrary isometry constant 6 € (0,1) and failure prob-
ability p € (0,1), suppose that

Ry r.m(A) > C) max (52 tandim(A 7. 3) In(v/'M P tancov(A 7. 731 )(cov(A g 1. pp)) "/ POXEMAra0)y,

e—min W(W(Z,T.M)),S_z hl(l)) ’
0

(23)

where Cj is a constant that depends only on 6. Then, except with a probability of at most p (over the choice of &),

1 —

| Fnymma () — Fha,T,M(Y)”i-

holds for all x,y € A with x # y.

SN H (¢ ) — H (7))

>

Moreover, if (24) holds for all x,y € A with x # y and if there exist quantities geo(A), omin, Omax Such that for all x,y € A

andm=1,2,... M —1,

geo(A) oy mlx — vl < [¢7" (%) — 7" ()|, < geo(A)oin[lx — vl (25)

it follows that

M | Fyrmx) — F ’ —2M
(1 — 8)0 geo(A) > Tmas_—— < LR ATIC) o T e ¢ 4 8y’ geo(Ay? Tmin_—_ (26)
Omax — 1 ||X - )’||2 Omin — 1

holds for all x,y € A with x # y.
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Much like our original Theorem 2, Theorem 3 guarantees a
stable embedding of an attractor with high probability, under
the condition that the stable rank Ry 7 »(A) is sufficiently
large. However, whereas the right-hand side of (18) involves
mostly properties of the attractor A itself, the right-hand side
of (23) references properties of the trajectory attractor A g 7.y
instead. Indeed, a key step in the proof is bounding the covering
number of the set of all normalized secants of the trajectory
attractor. In the proof of Theorem 2, we used Lemma 3 to
relate properties of A i 1y to those of A. In the case of strange
attractors, we leave this connection as an open question.

Perhaps interestingly, Theorem 3 does not require any
assumptions regarding ¢y or H being a diffeomorphism, nor
any assumptions on the singular values of their derivatives.
Such properties do likely affect the quality of the embedding.
In the proof of Theorem 2, we used these properties both
in Lemma 3 (to relate properties of Ay 1 to those of A)
and to guarantee that a condition equivalent to (25) holds.
However, the original proof of the condition equivalent to (25)
required an argument involving geodesic distance, which is
not appropriate for a strange attractor. Here, we pull out (25)
as its own assumption, which could conceivably hold even for
a strange attractor. Thus, in Eq. (25), the quantities geo(A),
Omin» Omax d0 not necessarily refer to the geodesic regularity of
the attractor A or the singular values of the derivative of ¢7(-).
However, for (25) to hold, these parameters would likely play
similar roles to those that they played in Theorem 2.

IV. EXAMPLES

In this section, we present two examples that support the
theoretical findings in Sec. III C, emphasizing the relationship
between the stable rank of a system and the number of delays
in delay-coordinate mapping.

A. Moment curve

We begin with an example where we can analytically
calculate (or bound) the quantities of interest. Strictly speaking,
Theorem 2 applies to subsets of RY and not to A C CV as
in this example. However, study of the “real” moment curve
(formed from the real part of y(-)) is far more tedious, and is
therefore not pursued here for the sake of the clarity. In fact, we
strongly suspect that Lemma 15 in Ref. [33] and consequently
Theorem 2 can be extended (with minor changes) to account
for complex attractors.

For an integer N, let A be the moment curve in CN. Thatis,

1
ei 2mt

A={y@®):t>0cCV, y@t) = : . @27

pi2T(N=D)t

Note that A is a closed curve because y(n) = y(0), for every
integer n. For a fixed T > 0, we endow A with a linear
dynamical system with flow ¢ (). This linear flow, which we
identify with an N x N matrix, is specified as

¢r = diag[y(T)] e CV*V, (28)

where diag[a] returns the diagonal matrix formed from the
entries of vector a. For any t > 0, observe that ¢ (y (1)) =
¢ry(t) = y(t + T); thatis, A = y(-) is parametrized by time.

Let H be the space of all linear functionals on CV, so that
every scalar measurement function may be characterized as
ho(-) = {-,a) for some & € CV. In the language of Theorem 2,
we set P = N and take H (-) to be the identity operator (and, in
particular, H(A) = A). Assume also that the entries of « are
independent Gaussian random variables with zero mean and
unit variance (the variance of a complex random variable is the
sum of the variances of its real and imaginary parts).

We next compute the relevant geometric quantities. Since
A is a curve, dim(A) = 1, and vol(A) is simply its length:

dy(r)

dt

dt
2

1
vol(A) = length(y(-)) = /
0

N-1 1
=27 Zn2 / dt  [see (27)]
0

n=0

= n\/g(N —1)N@2N —1). 29)

Next, we turn to the geodesic regularity of the moment curve
which involves comparing geodesic and Euclidean distances
between an arbitrary pair of points on A. Using (29) (and the
implicit observation therein that y (-) has constant “speed”), we
deduce that the geodesic distance between y(f1),y(f;) € A is
given by

da(y(t),y () = |t; — to|length[y ()]

=|tn - lzlﬂ\/g(N — DNQ@N - 1),
Y t,h €[0,1). (30)

In Appendix E, we calculate the Euclidean distance ||y (¢;) —
y(t)|l> and estimate the geodesic regularity of the moment
curve by comparing the two metrics.

Lemma 1: (Geodesic regularity). For an integer N, let A
be the moment curve in CV (see (27)). Then, the geodesic
regularity of A (see (5)) is bounded as

2

eo(A) < . NN -1
EOS 308 ’

VN >N, (3l

Above, B; > 0 is a (small) absolute constant, and N,, is a
sufficiently large integer (which is subject to change in every
appearance).

In other words, the geodesic regularity of A is poor,
geo(A) = O(N?) which, in light of (20), suggests that delay-
coordinate mapping might poorly embed this system (when
the dimension of the state space N is large). The guarantees in
Theorem 2 appear to be conservative here as our simulations
indicate later in this section.

Next, to compute the reach, we borrow from Lemma 1 in
Ref. [33]:

Bov/N <rch(A) < /N, VN > N,,. (32)

Here, B, < 1 is independent of N, and N, is a sufficiently
large integer (note that the discrepancy in the definition of
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FIG. 2. Stable rank and quality of delay-coordinate mapping for the linear system described in Sec. IV A. (a) Stable rank versus M (number

1

of delays) with sampling interval 7 ~ 5.

Note that the stable rank of the system gradually improves with increasing M. (b) Quality of

embedding through delay-coordinate mapping as measured by the isometry constants ¢, < €, versus M with T’ ~ ﬁ [see (2)]. Note that, like
the stable rank, the quality of embedding gradually improves with increasing M.

moment curve here and in Ref. [33] is inconsequential). That
is, fortuitously, the reach of the moment curve is relatively
large. Next, we turn to the stable rank of this system. The
estimate below is obtained in Appendix F.

Lemma 2. For aninteger N, let A be the moment curve in CV
[see (27)]. For T € (0, %], equip A with the linear flow ¢7(-)
specified in Eq. (28). Then, the stable rank of A [as defined in
Eq. (16)] satisfies

M
40 T
20 + N In(e/ tan (%))
<RyrmA)< M, YN >N,

(33)
where N, is a sufficiently large integer.

Roughly speaking, as long as % ST L ﬁ, the stable rank
of our system is large (R g 7.y (A) ~ M). (Note that M < N is
necessary for this claim to hold.) Since the stable rank of any
system is bounded by the number of delays M (see (17)), this
result is nearly ideal.

Let us now empirically compute the stable rank of this
system (see (16)) for variable number of delays M and with
N =250 and T = 1/(N + &), where & is chosen randomly
from a standard normal distribution. The outcome appears in
Fig. 2(a). To see the connection between the stable rank and
the quality of embedding, we plot in Fig. 2(b) the isometry
constants ¢; < ¢, (recall (2)) versus the number of delays M.
To produce the plot, we generated 100 independent copies
of hy(-) and computed the isometry constants according to

5}

< 200
2

400
€ 600

800
0 5 10 0

time (seconds)

5

time (seconds)

(2). The curve shows the mean isometry constants (over
100 repetitions). As M increases, the stable rank increases
(improves) and the isometry constants tighten (the quality of
embedding improves); this matches Theorem 2.

B. Nonlinear Schrodinger system

As a case study involving a nonlinear system, we consider
a sequence of points on a trajectory generated by a certain
partial differential equation, the nonlinear Schrédinger (NLS)
equation:

iu(z,t) + Ju-(z.0) + lu(z,0)]*u(z,t) = 0.

Here, t denotes the continuous time variable and z denotes the
continuous space variable; u, denotes the partial derivative of
u with respect to ¢ and u,, denotes the second order partial
derivative of u with respect to z; and we adopt the boundary
conditions # — 0 as z — Fo0o. Adapting the construction
provided in [[71], Chap. 19], we sample N = 800 points
between z = —30 and 30 at each time to generate data in CV.
Data are generated with a time step of 0.02 s. The evolution
of the trajectory over time is shown in Fig. 3, which plots the
magnitude of the entries of each data vector. The three different
plots correspond to three different integer values of a parameter
S which is used in the initial conditions

u(z,0) = S sech(z + zg)e' .

The resulting solutions are known as the S-soliton solutions
(with § = 1,2,3) and have an initial center position zo = 23.5

10 0 5
time (seconds)

10

FIG. 3. Magnitude of trajectory vectors for the nonlinear Schrodinger system, with (from left to right) S = 1, 2, and 3 soliton solutions

displayed.
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FIG. 4. Embedding demonstration for the nonlinear Schrédinger system, S = 2 soliton solution with nonlinear RBF measurement functions.
(a) Visualization of data vectors x € C" on the original trajectory, projected via a random linear map to R3. Color (shading) is used to indicate
the time (in seconds) corresponding to each data vector x. (b) Pairwise distances ||x — y||3 between all pairs x,y € C" on the original trajectory.
(c) Visualization of the resulting delay-coordinate vectors Fj, 1. (x), projected via a random linear map to R3. Again, color (shading) is used
to indicate the time (in seconds) corresponding to each original data vector x. (d) Pairwise distances || Fj,, 7.(x) — Fi,.7.()|| between all

points in the reconstruction space.

and a drift over time due to the group velocity parameter
Q=m.

We begin by presenting a specific example involving the
S = 2 soliton solution. Figure 4(a) plots a random projection
of the data vectors from CV to R3, and Fig. 4(b) shows the
pairwise distances ||x — y||§ between all pairs x,y € CV on
the trajectory. This projection, which is useful for obtaining
a generic visualization of the trajectory, is computed by
constructing a real-valued 3 x N matrix & populated with
independent zero-mean and unit-variance Gaussian random
variables. For each data vector x € CV, we compute Ex and
preserve the real part of the resulting vector. Here, we consider
only the final ~5 s of the data; the initial ~10 s are used for
populating delay-coordinate vectors when needed.

In this example, we set T = 0.06 s and M = 160. To
construct the class H of measurement functions, we consider
a set of P = 50 nonlinear radial basis functions (RBFs), each
defined by a center v, € C¥ randomly chosen from a ball with
radius comparable to the data set. The resulting measurement
basis functions take the form 4 ,(x) = e F=vl7/20% where o
is a scaling parameter chosen to be comparable to the norm of
a typical data vector.

Figure 4(c) shows a random projection of the resulting
delay coordinate vectors Fj, 7 a(x), where the entries of o
are independent Gaussian random variables with zero mean
and unit variance. Figure 4(d) shows the pairwise distances

| Fn, 7.m(x) — FhmT’M(y)H% between all points in the recon-
struction space. Figure 5(a) shows a scatter plot comparing the
original distances ||x — yl|3 between points on the trajectory
to the corresponding distances || Fp, 7 m(x) — FhmT’M(y)H% in
the reconstruction space R. The dashed lines have slopes
equal to the minimum and maximum observed values of the
ratio || Fy,.7.;(x) — Fi,.r.u)I3/Ix — yl3 over all pairs
x,y € CN on the trajectory. Under a highly stable embedding
[and in particular if the left- and right-hand sides of (20) were
comparable to one another], the two lines in Fig. 5(a) would
have slopes comparable to one another. In this experiment, the
ratio of the larger slope to the smaller slope is approximately
8.80. Up to some degree of approximation, small pairwise
distances remain small, and large pairwise distances remain
large.

We can unpack the factors that affect the degree of
tightness in this embedding. The careful reader of Appendix A
and especially (A29) will note that the variability
of the ratio |[Fy, r.u(x)— FurOI3/Ix — yI3 s
affected, in turn, by the variability of the ratios
| H(x) — H)|3/llx — yll5 (see assumption Al in Sec. IITA
as well as (A27)), |Xprm— Yurmly/llx —yl3 (see
(A28)),  and || Fp, 7.m () — Fa, ro O3/ N X s —
Yur, M”%: (see (A23)). Figures 5(b)-5(d) show scatter
plots corresponding to these three sets of pairwise distances,
respectively. Variability in ||H(x) — H(y)|3/llx — y|I3 can
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FIG. 5. Pairwise distance preservation in the various stages of a delay-coordinate embedding, S = 2 soliton solution with nonlinear RBF

measurement functions.

be caused by a large ratio between uy and [y ; the ratio of
the slopes in Fig. 5(b) is approximately 6.35. Variability in
| Xb1.m — YH,T,M||%/||x — y||% is affected not only by upy
and Iy, but also by opnin, Omax, and geo(A). The ratio of
the slopes in Fig. 5(c) is approximately 8.05. Variability in
I Fpp () = Fy 7ot O3/ 1 X 17,00 — Yo7, || % is affected
by the stable rank Ry 7 y(A), which in this example is
approximately 5.66. The ratio of the slopes in Fig. 5(d) is
approximately 2.14. The tests below further reveal the causes
and effects of changing the parameters we have discussed
here.

To further our study, we also experiment with the S = 1
and 3 soliton solutions, and we test additional classes H
of measurement functions. In addition to the RBF kernel
already considered, we also take H to be the space of all
linear functionals on CV, as in Sec. IV A. We also consider
a set of nonlinear monomials of maximum degree K in N
variables. Any such monomial can be written as & ,(x) =
x[1171 x x[2]%2 x - -+ x x[N]#¥ for some {B,}, with Y B, <
K. We use a set of P = 200 randomly picked monomials with
maximum degree K = 3.

With a fixed value of 7 = 0.06 s, Fig. 6(a) plots, as a
function of M, the ratio of the largest and smallest isometry
constants corresponding to || Xg.7.m — Yu.rmll%/llx — yl3.
[In the previous example, this corresponded to the ratio
of the slopes in Fig. 5(c), which was approximately 8.05.]
Figure 6(b) shows the corresponding plot for || Fj,, 7 m(x) —
Fuy 13/ X tr.7.m — Yir,m 1%, and Fig. 6(c) shows the
corresponding plot for || Fy, 74(x) — Fi, 7.2/ l1x = yI13,

reflecting the tightness of the overall embedding. Figure 6(d)
shows the stable rank Ry 7 )(A) as a function of M. In these
plots, we see several general trends:

(i) The overall embedding is generally tightest for the
S = 1 soliton solution and weakest for the S = 3 soliton solu-
tion. As illustrated in Fig. 3, the complexity of the trajectories
generally increases for larger values of S. For example, the tra-
jectory for S = 1 has constant speed, while the instantaneous
speed of the trajectory when § = 3 varies over a dynamic range
of approximately 6.95. This variability affects factors such
as Omin and omay, leading to more variability in | Xy 7 0 —
Yur.mll%/lx — yl5 as shown in Fig. 6(a). There is relatively
little effect of S on || Fy,.7.m(x) — Fure O3/ 1 X 11,70 —
Yur.m ||2F as shown in Fig. 6(b).

(i) The linear measurement functions generally result in
the tightest embeddings; partly this is due to the fact that [y =
uy = 1 in the linear case. The nonlinear monomial functions
produce the loosest embeddings. However, the nonlinear RBF
functions perform nearly as well as the linear functions.

(iii) In general, as M increases, the stable rank increases
Ry 7.m(A), which reduces the variability of || Fj, 7 m(x) —
Fha,T’M(y)H%/HXH,T,M — YH,T,M”%* and thus of the overall
embedding || Fy, 7.3(x) — Fi, 7.3/ l1x — yl13. This is as
expected in light of Theorem 2.

Finally, over a fixed total delay of 9.6 s, we experiment with
a range of M values. In each case, we choose T = 9.6/M.
Results are shown in Figs. 6(e) and 6(f). These results show
that, over this total amount of time it is not necessary to sample
densely in time; moderately small values of M (around 40),
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FIG. 6. Embedding demonstration for the nonlinear Schrédinger system, including the S = 1, 2, and 3 soliton solutions and various linear
and nonlinear measurement functions. With 7 fixed t0 0.06 s: (a) x — y vs X g7, — Yu.r.m, 0) Xuromt — Yuoom VS Frg 7o m(X) — Fiy 7. (),
(©)x —yvs Fy, 7.u(x) — Fp, 7.m(y), (d) stable rank. With M T fixed to 9.6 s: (e) x — y vs Fy, 7. m(x) — Fp, 7.1 (y), (f) stable rank.

corresponding to moderately large values of T (around 0.24 s)
lead to delay-coordinate embeddings with a reasonable degree
of tightness.

V. CONCLUSIONS AND OPEN PROBLEMS

The main result of this paper extends Takens’ celebrated
embedding theorem to provide conditions when a delay-
coordinate map can provide a stable embedding of a dynamical
system attractor. Given the prevalence of these techniques in
nonlinear time-series analysis, this result provides a much
needed theoretical justification of their numerical performance
in the presence of real-world imperfections such as noise and
quantization. While the conditions of this result are restrictive
and it may not always be possible to meet them in practice,
there is significant value in knowing for which scenarios one
can guarantee a given quality level of the embedding. In fact,

researchers have informally conjectured that instability issues
may limit the performance of numerical techniques based on
delay-coordinate mapping without the theoretical foundations
to examine this issue formally (e.g., see the discussion regard-
ing Takens’ theorem in the Supplemental Material of [72]). The
examination of our results has also led to new and insightful
interpretations of classical (generally heuristic) techniques for
selecting parameters such as the sampling time and number of
delays.

Building on these results, there appear to be no shortage of
interesting directions for future work. For example, note the
following:

(i) Remark 3 and Table I provide a recipe for choosing
the sampling interval 7 and the number of delays M in
delay-coordinate mapping. It is of interest to experimentally
validate this procedure and perhaps find alternatives with lower
computational complexity.

022222-14



STABILIZING EMBEDOLOGY: GEOMETRY-PRESERVING ...

PHYSICAL REVIEW E 97, 022222 (2018)

(i) An open question is whether it is possible to improve
(increase) the stable rank of a dynamical system (and hence
improve the quality of delay-coordinate mapping) by optimiz-
ing over the choice of scalar measurement functions. While we
suspect that answer is negative, a rigorous study of this topic
does not currently exist.

(iii)) A remaining technical challenge is the role of
rch(A g 7.a) (reach of the “trajectory attractor”) in Theorem 2
(also see (13)). We suspect that rch(A g 7)) can be expressed
entirely in terms of rch(A) (and T, M, and basis functions
{h,}). Such an expression will substantially simplify and
clarify Theorem 2 but has remained elusive despite our efforts.

(iv) While multivariate time-series have been occasionally
discussed in the literature (e.g., [73]), as with our work,
most treatments of delay-coordinate maps are restricted to a
single scalar measurement function. An open question is how
the presence of multiple measurement functions (producing
diverse observations at each sampling time step) would affect
the stability of the attractor embedding.
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APPENDIX A: PROOF OF THEOREM 2
(STABLE TAKENS’ THEOREM)

We reserve the letters C,Cy,C», - - - to represent universal
positive constants. We adopt the following (semi)order: a < b
means that there is an absolute constant C; such thata < Cb.
If, instead of being an absolute constant, C; = C(8) depends
on some parameter 6, we write a <y b. Of course, a = b and
a Zg b are defined similarly. Occasionally, we will use the
convention that [a : b] = a,a + 1, --- ,b for integers a < b.

Throughout the proof, the dependence on different quanti-
ties might be suppressed if there is no ambiguity. Consider x €
A and scalar measurement function 4, (-) = Zp alplhp(-) as
a linear combination of basis functions. Recall from (11) and
(12) that the corresponding delay vector can be written as

Fr,rm(x) = Xy rma,
Xurm= [H(x) H(qﬁ;l(x)) H(¢;M+l(x))]* c RM*P,
(A1)

and where ¢7 : A — A is the flow on the attractor. For a fixed
pair of points x,y € A, consider the random variable

| Forom () — Fhu.T,M(.V)Hi _

I Xurm — Yarmls

I Xm 7m0 — Yo rmell

I\ Xarm—Yurmls
(A2)

and note that

]E|: | Fiy. .01 (x) — Fha,T,M(y)||§j|

I Xe 7m0 — Yo rmll%

 ElNXurm — Yaraal3l

I Xurm— Yurmls

17

where the second identity holds because the entries of @ € R”
are independent and have unit variance. This suggests that for
all pairs of points in A, the ratio in Eq. (A2) might be close to
one. That is, we hope that the following quantity is small with
overwhelming probability:

I Xarm — Yurmls

| Forom () — Fhu,T,M()’)Hi .
x,yeA

=sup |1 Zal3 — E[I1Za3]]. (A3)
Ze3

Above, we conveniently set

3= { Xurm— Yurm
I Xarm — Yurmlr

DX,y € A} c RM*P_(A4)

To control the supremum in Eq. (A3), we invoke a recent result
by Krahmer et al.

Proposition 1: [[55], Theorem 3.1]. For integers M and
P, let 3 ¢ RM*P be a collection of matrices. Moreover, let
a € R? be a random vector whose entries are independent
zero-mean, unit-variance random variables with sub-Gaussian
norm of 6. Set

dr(3) =sup |Z|lF, da(3) = sup |Z]],

Ze3 Ze3
where || - || and | - || stand for the Frobenius and spectral
norms, respectively. Also, let 1»(3, || - ||) be the Gaussian width

of 3 with respect to the spectral metric, and define

Ey =30 - 1D - 2Bl - D) + dr(3) + dr(3)da(3),
Ey == d;(3),
E3 := (31231 - 1D+ dr(3)).

Then, for arbitrary v > 0, it holds that
P[sug [1Zall; — E[IZal3]| > C2O)E, + v:|
Ze

v v?
< 26xp (—Cg(@)mln (E—Z,E>>,
3

where C,(0) and C3(0) depend only on 6.
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Without dwelling too much on the concept of Gaussian width above, we recall the following well-known relation [74]:

2GR RIS /(; V In@#G3, 1| - l.5)) ds. (A5)

Above, #(3,] - |I,s) is the covering number of the set 3 with respect to the metric || - || and at scale s > 0. That is, #(3,] - ||,s)
is the smallest number of balls of radius s (and with respect to the metric || - ||) needed to cover the set 3. In order to apply
Proposition 1 to (A3), we must first calculate dr(3), d2(3), and #(3,] - ||,s) [with 3 as in Eq. (A4)]. That, we set out to do next.
Observe that

W Xarm—Yurmlre

dr(3) = sup | Z|lr = sup =1 (see (A4)), (A6)
Ze3 vyeA 1 Xurm — YarmllF
d(3) = sup |7 = sup = Yrol 1 (see (16)). (A7)
Ze3 vyea I Xarm —Yurullr  /Ryrmu(A)
Estimating the covering number of 3 is more involved. From the order between norms || - || < || - || 7, first deduce that
#3.0- 11s) <H#G - NlF.s), YVs > 0. (A8)

The covering number on the right-hand side above is easier to control, as 3 C RM*P is isometric to another (more malleable)
object that we denote here with U (A g 7 ) and define next. Set

H(x)

Xprm = Xurm(X) = vec(Xp rm) = : eR"P VxeA (A9)

H(¢;M+l(x))
Apgrm:={xgrm : x €A} C RM?. (A10)

Then, let U(A g 7, )) denote the set of all directions in Ay 1y, i.e.,
XHT.M — YHT.M MP—1
UAprm) = { DX,y € A} (@i ; (A11)
lxur.m — yu1.mll2

where §¥7~1 is the unit sphere in RM”, Recalling (A4), we observe that the pair (3,| - || ) is isometric to the pair (U (A .7 ),

| - I2). Thanks to this isometry, we may continue to simplify (A8) by writing that
#3,0- 11s) <H#HG - NlF.s) = #U A7) - Nl2,5). (A12)

Next, we estimate the covering number of U (A y 7). Recall that the attractor A C RY is a well-behaved manifold and the flow
¢r(-) is a diffeomorphism on A. Not surprisingly, then, Ay 7 ) (defined in Eq. (A10)) too is a well-behaved manifold whose
geometrical attributes can be expressed in terms of those of A. This observation is formalized next and proved in Appendix B.

Lemma 3: Recall the attractor A C R”, and the flow ¢7 : A — A, which by assumption is a diffeomorphism on A. Let
Dor(x) : TyA — Ty, A be the derivative of the flow at x € A (see Sec. IIC). The linear map D¢y (x) may be identified with
a dim(A) x dim(A) matrix. Assume that the singular values of this matrix belong to some interval [oin,0max] C (0,00). Lastly,
recall the properties of the map H(-) listed in Sec. IITA.

Then, Ay 7.y C RMP as specified in Eq. (A10), is a bounded, boundaryless, and smooth submanifold of R™” with
dim(A g 7.4) = dim(A) . Moreover,

A 072M dim(A) 0_sz dim(A)

dim(A) max - dim(A) min —

Mmin \| ——zama) 1 YOUA) < VOl(A p7.m) < M @ Vol(A).
Omax -1 ‘min —1

The above lemma controls the geometric properties of U (A g 1 a): its dimension and volume. By substituting these estimates
into Lemma 15 of [33], we can in turn control the covering number of U (A g 7.)) by writing that

2dim(A
(6.12 dim(AH,T,M)) e ”‘””( vol(A .71
S2

#UApr.m), - 12,5) <2

2
reh(A )dim(AHTM)> (invoke [33, Lemma 15])
H.T.M T

_ 2(6.12./dim(A)>2d*“‘(A’ 2 i) T A g ( vol(A)
Q= n
S

max —2dim(A) 1 I‘Ch(A H,T,M)dim(A)

min

2
) (invoke Lemma 3),
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which holds for any s < %, and under the mild assumption that the volume of A is sufficiently large:

- dim(A 7.0 im
VOI(AH,T’M) . dim(A) Umziz)(M dim(A) -1 vol(A) N 21 im(Apy,7.m B 21 dim(A)
rch(A g 7,y )imAnra) = Tmin o2 dmA) _ 1 reh(A g7 a0)%™A 7\ 2, /dim(A y 7.) — \2/dimA) '
In light of (A12), we conclude that
Y o 6:12/dim(A) PAMA) ) T Am ) vol(A) 2
Gl - 1s) < - 2 Mmax r;iidim(A) — 1 \rch(Ay 7 p)im@A) )
and we denote the right-hand side by
A Hdim(A)
(—) . (A13)
s
The above bound holds for every s < %, and as long as
1 . S
VO](A) TmA) B 0_72XM dim(A) 1 Zdim(A) 21
—_— 2 Tlmi]n(aZdT e (Al14)
rch(Ap, 1, m) O 1 2,/dim(A)

With the covering number of 3 at hand, we now use (A5) to control the Gaussian width of 3:

Y231 1D 5/0 vV In@#G, | - Il.s)) ds

2d»(3)

= vV In#G, | - 1s)ds  (from (A7): s > 2d2(3) = #(3.[ - Il.s) = 1)
0

< /W In(#@3,| - |I,s))ds (see (A7)
0

< J4dim(A) / VL /ln<%> ds (see (A13))
0
\/4d1m(A)<—4 \// RHTM(A ( )ds / Vfls)ds < a/u f(s)ds
Ru,r,m(A) 0

1 2
4 N Wy A
< \/4dim(A)<— \/ / fan ) 1n<l + —) ds
S

Ru,r,m(A)
. % Ru,r,m(A)
< JAdimA
e )<RH,T,M(A)> RHTM(A 2 )
(/aln<l+é>ds 2aln< ) ifa < b
0 S
dim(A)
<8 In(AyRyrm(A)  (In(1+a)<2In(a),Va=2) (A15)
\/RH r.m(A)

and, by simplifying the last line,

) 1 ,

dlm(A) : O,—'ZM dim(A) 1 Zdim(A) VOl(A)i‘“m(A)
Zl-hHhS [ —— |1 dim(A Wl /= — R A A13)). Al6
PEN DS [ || Vi )nma<a_;dlm(m_1 Ly R ) | (see (A3 (L0

min

For the fourth and seventh lines to hold, we must impose that
Ruru(A) > 16 max(1,A72). (A17)

For (A17) to hold, it actually suffices to assume that
Ruru(A) 21, (A18)
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5 2MdimA) _ |\ T Vol(A ) @
>1 (see (A13)). (A19)

dim(A)nmax min_____— eh(A o )
im(A)n (G—Zdlm(A)_l rch(Ag 7. m)

min
We note that (A19) is guaranteed to hold if (A14) (which appears in the theorem statement as (19)) holds. Given the estimates
of dr(3), d2(3), and 11 (3,|| - ||) (see (A6), (A7), and (A16)), we are now in position to apply Proposition 1 to 3 (specified in
Eq. (A4)). For ,p € (0,1), assume that

—2Mdim(A) _ |

R A) > 572 dim(A) In( /dim(A O " = 1) T vol(AymE R o))+ s2m( L A20
Hru(A) > im(A) In im(A)Nmax s rchGAn ) ar.m(A) )+ n o) (A20)

min

Under this assumption, we obtain that

N
dr(3) =1 (see (A6)), da(3) = sa(ln<;)) (see (A7), 1G]+ 1) S8 (see (AL6).

1
VRu,7,M(A)

Subsequently, the quantities £, E», and E3 in Proposition 1 may be bounded as

1 »
E.58(8+1>+5(m<%)) <5 (<) E2§82(ln<%)) ,
Iy - Iy -
E355(m<_)) (5+1)§5(1n<—>) .
P p

We now recall (A3), substitute the above quantities into Proposition 1 with an arbitrary v > 0, and finally find that

2
F; — F
P( up | Four. i) = Fip )|
x,yeA

—2 -1
1 Xwrm —Yurmly
= ]P(su;; 1Zall3 —E(IZal3)| > C20)8 + v) (see (A3))
Ze?

> C2(0)8 + v)

< P(sup [IZall3 — E(IZal3)| > C2O)E; + v) (see (A21))
Ze3

2

< 2 exp ( — C3(0) min (é,%)) (see Proposition 1)
3

< 2 exp ( — Cz(zé) ln(%) min(vz,v)> (see (A21)). (A21)

By assigning v = § above, we conclude that

B sup | Frorbt ) = Fip 2t O3
x,yeA

I Xerm— Yormls
for C4(0) and Cs(0) that depend only on 6. Equivalently, if we replace 2 in Eq. (A20) with 24, we can further simplify the above
inequality to read as
P( sup
x,yeA

for Ce(0) that depends only on 6. Here, 24 hides the explicit dependence on 6 for convenience. This proves the version of
Theorem 2 that appears in Remark 6.

Fix x,y € A. We can in fact replace || Xy 7.0 — Yu.7.m || F above with a more approachable quantity as follows. From (A1),
recall that

Gs(0)

—1|> c4(9)5> <2 exp ( - 5—21n(%) min(52,5)) <Cs@p B <1) (A22)

| Fny () — th,T,M(y)Hi

—1
| Xurm— Yourml

> 8) < Co(0)p, (A23)

M-1

IXnrm = Yaruly =Y [H(p:" () — H(ér" ()

m=0

. (A24)

which suggests that we should find a more convenient expression for each summand above. Invoking the assumption in Theorem 2
that the spectrum of D¢ (-) (the derivative of the flow) belongs to some interval [opmin,0max] € (0,00), we may easily verify that

O da(x,y) < da (97" (0,07 (1)) < opindalx,y), (A25)
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where da (-,-) returns the geodesic distance between a pair of points on A (see Sec. IIC). To relate the geodesic metric on A to
the Euclidean metric in R", we recall the regularity condition (5), from which it follows that

geo(A) o itlx — yll, < @77 () — 7" ()], < geo(A)ai llx — yll,.- (A26)
Next, recalling the bi-Lipschitz property of H(-) in Sec. IIT A allows us to update the above relation to read as
I geo(A) 'opmtllx — yll, < | H (o7 (0) — H(p7" ) |, < un geo(A)aix — yll,. (A27)
From (A24), it then follows that
—2M __ —2M -1
Iy geO(A)_zLIIX — 15 <\ Xurm — Yuruls <uj geO(A)lelx - yli3. (A28)
Umdx 1 O'mm -1
In turn, (A23) now implies that
oM _ F x) — F oM _
(1 — 8)03 geo(A) > Tmax < [ P 7 h‘;’T’M(y I < (1 + O geo(a)? Tmin_—— (A29)
Omax — 1 ”x - )’||2 Gmln —1

except with a probability of at most C¢(0)p. To reiterate, the above relation holds under (A20) (with 24 rather than ), and under
the mild assumption that

] —2Mdim(A) - m
vol(A)m® 1 (0 1) . (A30)
tch(Ag7.m) ™~ Nmind/dim(A) \ g 28mA)

As our last step, we now remove the stable rank from the right-hand side of (A20). To accomplish that, we focus on the
requirement that

Ry r.m(A) Zo 872 dim(A) In(Rpy, 7. (A)). (A31)
The Lambert W function W(-) [[67], Sec. 4.13] is defined through the relation W(z)e"@ = z. Strictly speaking, the Lambert W
function is not a function, as it is multivalued when z < 0. In this case, W(z) denotes the preimage of W(z)e"@ = z. Then, it is
not difficult to verify that the requirement above is equivalent to
. 52
Ry rm(A) Zg e ™ W), (A32)
This allows us to rewrite (A20) as
—2M dim(A) 2dim(A) 1
. . o -1 VOI(A) dmA T N 1
R A) > max | §72dim(A) In | n7yue/dim(A) | R — — 1, min W(gna) § 2 In( —
Hr.mA) Zo (A) Nma ( )( n:iidlm(A) 1 ) reh(Ap 700) e P
(A33)
The proof of Theorem 2 is now complete.

Remark 6: (Poor geodesic regularity). If the geodesic regularity of the attractor is poor [i.e., if geo(A) in Eq. (5) is large], also,
if the singular values have a high ratio (as in a chaotic system), then perhaps the following slightly weaker result is more useful.
Theorem 2 holds verbatim but with the following replacing (20):

2
| Fry7.00() = Figre |

M | H (@7 ) — H(e7" () Hz

1 —

1468, Vx,yeA. (A34)

APPENDIX B: PROOF OF LEMMA 3

Recall that A ¢ RY is a bounded, boundaryless, and smooth manifold. Also, both ¢7 : A — A and H : A — H(A) are
diffeomorphisms. It follows that Ay 7 C RMP [defined in Eq. (A10)] too is a bounded, boundaryless, and smooth manifold,
and that dim(A g 7 ) = dim(A).

As for vol(A g, 7, m), we argue as follows. Forx € A, let DH(x) : TyA — Tg)H(A) be the derivative of H(-) at x € A (see
Sec. IIC). Each tangent space may be identified with RAm(A) and, consequently, D H (x) may be identified withadim(A) x dim(A)
matrix. By assumption, the singular spectrum of D H (x) belongs to the interval [1min, Mmax] C (0,00) (see Sec. Il A). Then, the
volume element of A under H(-) deforms as

4im(A) 7 vol(x) < d vol (H(x)) < n%™™ g vol(x), Vx € A. (B1)

nmm max

Similarly, let D¢y (x) : TeA — Ty A be the derivative of the flow at x € A. By assumption, the singular spectrum of D¢(x)
belongs to the interval [omin,0max] C (0,00). Then, the volume element of A under ¢ ! (-) deforms as

o~ dmB) g yol(x), Vx € A. (B2)

mm

OB vol(x) < d vol (¢7' () <

max
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Predicated on the above observations, we have that

vol(Ap.7.m) = f dvol(xg 1 m) (see(Al0))
xeA

- / N Zdvol (67" (x)))* (see (A9))

< / iﬁi““Z o2 4mA) g vol (x) (see (B1) and (B2))
xeA \

m=0

072M dlm(A) 0_72M dim(A)
dim(A) min _dim(A) min —
= Nk / —72 T dvol (x) = npax R Ty — . vol(A).
xeA min min -

A similar argument establishes that

A U—2Md1m(A)
d max
vol(A gy 7)) = o) PE=TT Y vol(A).

Omax

APPENDIX C: PROOF OF THEOREM 3 (STABLE TAKENS’ THEOREM FOR STRANGE ATTRACTORS)

The proof follows the same arguments as outlined in Appendix A. We define the set 3 as in Eq. (A4), and we aim to control
the supremum in Eq. (A3) by invoking Proposition 1. To invoke this proposition, we must compute dr(3), d2(3), and y»(3,]| - |).
As in Eq. (A6), we have

dr(3) =1,

and as in Eq. (A7), we have
1

h(3) = ——.
? VRu 1 m(A)

To bound y,(3, || - ||), we have

ZIGN R DS /0 V In#Q, [ - [1.s) ds  (see (AS))
245(3)
= /0 VIn#EG - s ds (from (AT): s 2 2dx(3) = #3.1- ,9) = 1)

< f I SinG B 1) ds (see (AT)

/ «/RH .M A

VIEUA a0 25D ds (see (A12)). (CI)

This allows us to focus on estimating the covering number of U (A g 7). The following lemma is proved in Appendix D.

Lemma 4. Under the assumptions of Theorem 3, for all 0 < s < 2,

7 tandim(A g 7 0)
#UA M) - 12,8 < (?) ; (C2)

where

A= \/24\/ M P tancov(A g 7.41)(cov(A g 7. pr)) 1/ boxdim(A sz

Now, with (C2), we may further bound the right-hand side of (C1). Omitting some intermediate steps, we conclude that

7 tandim(A
Gl D < \/ % In(A2R 7 7.4 (A)) (C3)

as long as Ry 7 y(A) > 16A~2. (This is guaranteed since A > 4.) Then, if we assume that

1
Ry r.m(A) =g 8727 tandim(A . 7.4) In(A? Ry 7.41(A)) + 87 In (-) (C4)
0
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we can guarantee that the following inequalities hold:

1 1\\ 2
d =— <, §| In| — C5
) = R ((p>> (©

and

Y23l 1) e 8. (C6)

Subsequently, the quantities E, E;, and E3 may be bounded as in Eq. (A21) (with < replaced by <y throughout), and finally
applying Proposition 1 with v = § yields

P{ sup
x,yeA

for C7(0) that depends only on 6. This gives one conclusion (analogous to Remark 6), which may be of some value: with
probability at least 1 — p, (24) holds for all x,y € A with x # y.

We may further strengthen this conclusion by following the remaining steps in Appendix A. If we suppose that (25) holds,
then we can use the bi-Lipschitz property of H(-) in Sec. IIT A to conclude (A27), (A28), and thus (26).

Finally, as in Appendix A, we can remove the stable rank from the right-hand side of (C4) using the Lambert W function to
obtain (23).

| Fpp e (x) — Fhu,T,M()’)“i

—1
I Xerm— Yormls

> 5) < C1(0)p, (C7)

APPENDIX D: PROOF OF LEMMA 4

To bound the covering number of U (A g 7y ), we start by defining the sets of long and short chords as

/ a—>b
U, =1———abeU@Apyrnu)la—>bla> vy,

a—>b

U, = {— ca,b e UAgrm)lla—Dbl < J/},
lla — Dbl

where y > 0 is a parameter to be set below. Noting that U(A gy 7 y) = Uf/ U U;, it suffices to bound the covering numbers of U)Z,

and Uy separately.

We first bound the covering number of U}l,. Let K’ denote a % | - Il2) cover of Ap 7 p. To each point in K’ (which has
distance Z* or less from A g 7)), we may associate its closest point that belongs to A 4 7). Gathering these points, we obtain a
new covering we will denote by K such that #K < #K', K C Ay 7 m,and K is a ?, Il - |l2) cover of Ag 1.p.

Now, for an arbitrary ”a"_;:nz € U}’,, we have |la — b||; > y by the definition of U)Z,. Also, by the covering construction above,
there exist points a’,b’ € K such that

Vs Vs
lla —a'lla < T and [[b—b'|2 < T

Now, consider the Euclidean distance between —4=2— and 2=

. Following the proof techniques of Lemma 4.1 in Ref. [34],

we have lla=bll2 lla"=b'|l2
a—>b a —b a—>b a —b a —b a —b
Mm—Mh_Hw—ﬁkZ\WHa—Mh_Ha—Mz2 la—bl>  lla’ =12,
:nm—ab—w—bwz+mw—wmyﬁm—bmmd_yh
la — bll> la = blialla’ — />
Ma=a)=G=b)l>  lla’ =2 = lla = bl
la — bll> lla — bll>
_la—a) =@ =0l la=a)—= b=l
= la — bll> la — bll>
la=dlat1b=bl) _, iys _
la = bll> 2

a—b
la—bll>

where the triangle and inverse triangle inequality were used several times. Since the choice of

that the set
r_p
[V ]
la" — o'l

€ U)l, was arbitrary, it follows
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isan (s, | - [|2) cover of U},. Therefore, #(U.|| - |l2.s) < (#K)* < (#K')?, where it remains to bound #K'. Recalling the definitions
of box-counting dimension and covering regularity, we know that A 7 5, can be covered with cubes such that

NAu1m,8) < cov(A g )¢~ PoxImA i)

where we use N (A 7.,¢) to denote the number of boxes or cubes of size ¢ that intersect Ay 1y C RM?_ To construct a
covering with Euclidean balls of radius 7, one can begin with a covering of cubes with sidelength —2— and inscribe each of these

VMP
cubes in a ball of radius r. Thus, there exists a (%, | - 1l2) cover K" of Ay r p with
ik N<A " ) < covi )( ys >b0xdim(AH,T4M) o)
< H,T,M’4m < H,T,M 4P

Finally,

ys
4/ M P
We now bound the covering number of U;. The idea is to use the generalized tangent vectors of A,z y to form a cover of

U;.Foreveryd € K, let S, denote the unit sphere in the generalized tangent space of Ay 7.y atd, T,A g 7.y. Let Cy denote a
(5.1 - ll2) cover for Sz, and consider the finite set
C .= U Cd.

—2boxdim(A y.7,m)
#(U), 1 - Ihos) < BK') < (cov(AH,r,mf( )

deK
Observe that
)/S — bOXdim(AyirvM) dim(TdAH_T_M)
#C < #K)sup#Cy < cov(Apy T, )( ) su <1 + —)
dex HEMWN 4y M P dex s
—boxdim(A y.7.p) tandim(A .7 41)
ys o 4
< cov(Anr, )(—) (1 + _) ,
M\ 4P s

where the second inequality uses #K < #K', (D1), and a well-known bound on the covering number of the Euclidean ball (see,
e.g., [[65], Lemma 1]). The third inequality holds by the definition of the tangent dimension tandim(A g 7 ).

Now, for an arbitrary \\a(l;b})\\z € Uy, we have [la — b|>» < y by the definition of Uj. Pick d € K such that ||d — all,» < %.
Using the triangle inequality, it follows that ||d — b|l, < y(1 + s/4). Thus, both a and b are within a distance of y (1 + s/4) from

d. By the definition of tangent covering regularity, it follows that there exists v € TyA g 7y such that

—b
‘ v— 472 < tancov(A g 7. )y (1 + 5/4).
lla — bl |,
To achieve an (s, | - [|2) cover for U;, we must keep the right-hand side of the above smaller than s. Since s < 2, this is guaranteed
by choosing
s
y=re)= 3 tancov(A g 7.p)
With this choice of y, we have that C is an (s, || - ||2) cover for U,.
Adding the covering numbers for U)l, and U, completes the proof: for 0 < s < 2,
2 boxdim(A g.7.4)
124/ M P tancov(A ) '
#HUA 70 - 2.9) < (cov(AH,T,M>)2< R
boxdim(A .7, 1) .
124/ M P tancov(A o 4\ ndim(Ap.r.0)
+COV(AH_T'M)< 3 ( H’T’M)> (1 + —>
s s
2 tandim(A g 7.0)
12 MPt A
< (COV(AH,T,M))Z( ar;zov( H’T’M))

52 s

tandim(A g 7. p) dim
12+/M P tancov(A g 1 um) 6\ endim(A p.7.n)
+ cov(Ap.1 M)

6 landim(AH,T_M)

_ \/12\/ M P tancov(A g 7. )(cOV(A gy 7 7))/ Poxdim(An.r.u) (6 ) tandim(A 7.
= N N
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7 tandim(A g, 7,m)

\/24«/ M P tancov(A g 7.4)(COV(A g 7 p))"/ boxdim(A s 7.p)

N

where the second inequality follows because tandim(A g 1 3) = boxdim(A g 7 ), because s < 2, and because we assume
tancov(A gy 7 m) > J%' The third inequality follows from multiplying the two summands from the second inequality, both

of which are greater than or equal to 2. The fourth inequality follows because we assume tancov(Ay 7 y) > \/% and
cov(Agr.m) > 1.

APPENDIX E: PROOF OF LEMMA 1

We begin by calculating the Euclidean distances on A. For #;,#, € [0,1), note that

N-1
i2mn i2mnty |2
ly () — vyl = D [ — ™| (see (27))
n=0
N—-1

=4 sin’ (xn(n —1n) = 2N — 1)(1 _
n=0

Dirichlet,y_ 1 (t; — 1)
2N —1

) (trigonometric identity). (ED)
Above, for integer N’, Dirichlety:(-) is the Dirichlet kernel of width NW’ that is,
sin(z N't
Dirichlety (1) 1= SNV v R (E2)
sin(rrt)
We recall an elementary property of the Dirichlet kernel.

Lemma 5: [[33], Lemma 13). For an integer N, let Dirichlety(-) be the Dirichlet kernel as defined in Eq. (E2). Then, it holds
that
|D1rlchletNr(t)| Bi. <<}

: . VN >N, (E3)
N (1—(N))+ﬂ3l2 |t|

N/ b
for (small) universal constants 81,83 > 0. Here, N,, = N,,(83) is a sufficiently large integer.

In light of this lemma, we may compare the geodesic and Euclidean distances between y (t1),y (f2) € A by writing that

da(y(t),y (1)) 72 f— 1)
< Dty y )y 2))2 <N - D D(mlcmet 2) i (see (30) and (E1))
Sy -yl T3 — Tt h)
and, consequently,
-0 2
L dabt).y @) 27 5 In =0l > g5
ST -y @3~ 3 N =D T I — 1] < 55
Yy 2 [n(ZN—];((Jt]—rz)] By(t1—1r)? 2N—1
22 NN - 1) 1 ) I —nl > 21\12—1 o anN(N D 1 1
=— - 2 — — 1) max )
3 W, I —n|l < 555 3 1—pBi 712(2411\871)2 Bs
27 .
= 3(1—,3)N(N — 1), (when N is large enough: N > N,,). (E4)
- B

Above, N, is a sufficiently large integer. This completes the proof of Lemma 1.

APPENDIX F: PROOF OF LEMMA 2

From (16), observe that

”GtTM_Gt’TM”F
”>0 IGer.m — Geroml?’

Girm—Gromi=ly®)—y@)yt —T)—y@ =T) - yt — (M = DT) — y(t' — (M — 1)T)] e CV*M (F1)

Rurm(A) =
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where we have dropped H from the notation since H(-) is the identity operator throughout Sec. IV A. Let us first compute the
Frobenius norm in Eq. (F1). Note that

M—1
Grrm = Grrmlly =Y llyt =mT) — y(t' —mT)|3
m=0
and, consequently,
N—1
1Grrm = Grrmlly =4M Y sin’(wn(t — 1)) (see (E1)). (F2)
n=0

Computing the spectral norm in Eq. (F1) requires a more elaborate argument. Using (27), we may verify that
Girm — Grrm = diagly (1) — y (1l (0) y(=T) -+ y(=MT))], (F3)

HeCNxM

from which it immediately follows that

1Ge = Grarwl < Iy@ =yl Al = | max [sinGrn(t —DIA] (see 27). (F4)

Next, we bound the spectral norm of the Vandermonde matrix H e CN*M Ip particular, if T = N and M < N, then H simply
consists of the first M columns of the (unnormalized) N x N Fourier matrix. Consequently, ||H | =+/N.

In general, we bound the spectral norm of H as follows. After some algebraic manipulation, one recognizes that the
corresponding Grammian matrix G € CY*¥ is both Hermitian and Toeplitz, and that (the magnitude of) its entries are specified
as

\Glm,m']| := |[H*H)[m,m']| = |Dirichlety(m — mT)|, ¥ m,m €[0: M — 1]. (F5)

Above, Dirichlety(-) stands for the Dirichlet kernel of widt] N% (see (E2)). Using the Gershgorin disk theorem, it then follows
that

M—1 M—1
IH|> < ) Dirichlety(nT)| = N + Y |Dirichlety (mT)]. (F6)
m=0 m=1
Assuming that MT < 1, we may use the bound sin(z Nt) < 1 to further simplify (F6) as
M—1 |
HI?=N Dirichlet T N +2 _ E2
IH|* =N+ ; |Dirichlety (mT)| < N + ; Gty e E)

N2

and, consequently,

~ 2 2 2 1
IHI> < N+ SnT) + ?fT e dt (sin(m) is increasing on [0,1/2])

Nt~ 2l (CE)) < v+ -2 m(eyan (L)) (sinGeT) < 7T
= S T) n—Tn<an<T>>\ SnrT) n(e/ an<7>> sin(mT) < nT).

After substituting the estimate above back into (F4), we obtain that

2 s 2 7112
IGirm — Grrmll® < max sin“(zn(t —1")|H|l
ne[0:N—1]

< max sin’(zn( — )| N + 2 In{ e/ tan mr (F7)
= nel0:N—1] sin(zw T) 2 '
With the estimates in Egs. (F2) and (F7) in hand, we finally find that

1Gir.m — Grrmll%
R A) = inf F1
nruA) = inf o7 =Gl (see (F1))
2 /
sin“(wn(t —t AMN
> inf NZ " sin?(rn( )

1,20 max,eqo.y 1) Sin> (n(t —t')) N + Sm(ﬂ) In(e/ tan (ZF))

sin? (rnt M
= inf w Lo sin’ (o)

) (F8)
<! Max,cjo.y—1) Sin’ (7nt) +m n(e/ tan (Z1))
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We are now left with the task of controlling the infimum in the last line above. For a fixed ¢ € [—

1 N—1 . 2 Dirichletoy (1)
¥ Don—o Sin” (wnt) 2N -1 1 — =527

max, c[o:N—1] SiIl2 (mtnt) B N

1 — Dirichlet,y _; (7)
2N—1

max,e[0:N—1] sin® (;rnt)

=

>
min(1,(z Nt)%)

and, consequently,

— . — _2

~ 25201 sin® (7 nt) 1 /31; It > 55—
) = [n(2/\;al>t]- —/3312 2

maXue[o:n—1] SIN (nnt) W’ |t| < IN-T
=B ll> 53

> ) N=T 5 min

LB < 2
40 7IN2’ N 2N-1

min(1,(w Nt)?)

g 1 B\~ i 5 1 1
—B1,— — Z>min|l—-8,— )= —
D40 T 72N2 80 80

11
3731, observe that
(trigonometric identity)
=B 1] > 52—
’ 2N—1
TN —1)] 2 < 2 (see Lemma 5)
20 = B3t |t < 53—

(B1 ~ 0.23),

(F9)

where B1,83 > 0 are (small) absolute constants and, in particular, 8; ~ 0.23. The fourth and last two lines above hold for
sufficiently large N: N > N,, = N,,(B3). The above estimate is independent of # and, by substituting in Eq. (F8), leads us to

1
Rurm(A) >

M

0 1
804—1

This completes the proof of Lemma 2.

+ 2Nsirll(71T) ln(e/ tan (ﬂ))
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