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Abstract

Reducing the features while preserving a dataset’s inner dynamics is a challenging task. This is particularly evident for
nonlinear and time-dependent processes. We propose a novel dimension reduction technique, Average Volatility Dimensioning
(AVD), which captures the behavior between features and reduces the multiple dimensions to a univariate signal. This article
describes the developed mechanisms and compares this dimension reduction technique against nine state-of-the-art methods.
The ability to retain the information of the data is evaluated by using the reduced dimensions for machine learning classification
tasks and comparing the phase-space portraits. The validation is performed on eight different datasets featuring nonlinear
time series data, covering domains such as movement recognition, fault detection, and environmental monitoring. Overall, the
results show that AVD encapsulates the data dynamics best, demonstrating superior performance for the discussed machine
learning approach while maintaining an interpretable phase-space trajectory, resisting noise, and remaining computationally

efficient.

Keywords Dimension reduction - Average Volatility Dimensioning - AVD - Machine learning - Curse of dimensionality

1 Introduction

Handling datasets that incorporate numerous features (dimen-
sions) typically presents considerable challenges in Machine
Learning, data, and signal processing. Often labeled as the
“curse of dimensionality,” the problem describes the expo-
nential increase in volume associated with adding extra
dimensions to a mathematical space [1, 2], which is also
a well-known problem in machine learning tasks [3-5]. As
dimensionality increases, the available data becomes sparse,
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creating greater demands on computational resources and
negatively impacting the performance and generalization of
machine learning algorithms. The abundance of dimensions
can also increase the amount of non-relevant information for
the machine learning classifier, leading to sub-optimal behav-
ior of trained models. This issue is especially pronounced in
big data scenarios where computing time and storage are
often constrained [6]. Substantial efforts have been made
in recent years to research dimension reduction techniques
to enhance the accuracy and efficiency of machine learning
tasks. One approach for tackling the curse of dimension-
ality focuses on simplifying high-dimensional data (many
features) into more manageable substructures or identifying
fundamental patterns [6—11]. The information derived from
these methods can replace or augment existing input vari-
ables, thereby improving algorithms’ learning performance
and efficiency.

Despite the advancements in this field, there remains a
scarcity of efficient dimension reduction methods for mul-
tivariate time series and even fewer that are interpretable
for humans. This is particularly critical for fields that use
many different sensors to monitor their objects and rely
on human decision-making based on data-driven analysis,
such as for industrial processing or medical monitoring. Tra-
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ditional techniques such as Principal Component Analysis
(PCA) and Linear Discriminant Analysis (LDA) often fall
short when dealing with temporal correlations between fea-
tures and nonlinear interactions of time series data. As big
data applications become increasingly common and most
contemporary challenges are in the realm of nonlinear sys-
tems [12, 13], advancements in reducing data complexity
could offer significant improvements in data management,
computational power, and accuracy across various fields such
as medicine, biology, and chemistry.

As such nonlinear dynamics are often described as prob-
lems of organized complexity [14], methods have been
lacking that capture such system dynamics that are pro-
duced by a definite number of elements that are neither
small and highly interdependent (problems of simplicity that
use deterministic approaches) nor extremely high in num-
bers and loosely coupled (problems of organized complexity
that use probabilistic/stochastic methods) [14, 15]. Tech-
niques such as PCA, Independent Component Analysis, or
Forecastable Component Analysis rely on stochastic model
assumptions, which render them less ideal for determinis-
tic data properties (e.g., robotics and automation, medical
systems, astronomy) [6, 7, 16, 17]. They optimize variance
or correlation and presume (at least) finite fourth moments,
weakly correlated residuals, and often approximate Gaus-
sianity. These prerequisites break down as soon as the data
exhibit heavy-tailed shocks, intermittent bursts, or sensor
drop-outs. In such cases, the variance inflates, eigenvec-
tors become unstable, and the retained components reflect
outliers more than structure. Conversely, recent determin-
istic approaches such as Dynamical Component Analysis
(DyCA) succeed on low-noise chaotic flows by assuming an
underlying low-dimensional system of differential equations
and solving a generalized eigenvalue problem on correlation
matrices [7]. Due to this application logic, DyCA is very hard
to interpret for humans, while non-differentiable or stochas-
tic processes could render the idealized reduction vulnerable.
As many modeling use cases that display nonlinear behavior
are found in the realm of organized complexity, one often
encounters a mixture of stochastic and deterministic dynam-
ics in the data. Therefore, using methods that are designed
particularly for stochastic or deterministic processes might
prove inadequate to capture the system dynamics.

To address this research gap, we introduce a novel
dimension reduction technique named “Average Volatility
Dimensioning (AVD)” which captures the temporal dynam-
ics of the data and collapses it into a human-readable and
interpretable univariate signal. The algorithm demands only
finite first, or if desired, second moments, allowing users to
select between mean absolute deviation (MAD) and standard
deviation (SD) formulations. This flexibility enables control
over sensitivity to outliers, with the MAD variant provid-
ing increased robustness, while the SD variant favors higher
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responsiveness to larger deviations. The method remains
distribution-free by construction. Because it captures relative
volatility rather than variance or correlation, AVD is equally
applicable to data with mixed deterministic and stochastic
components. We evaluate this method against state-of-the-art
dimension reduction techniques by training various machine
learning classifiers and comparing the validation metrics
(accuracy, precision, recall, F1-score) based on the features of
the collapsed dimensions. Eight multi-variate datasets from
different domains will be presented to show the generaliz-
ability of AVD. All discussed datasets feature multivariate
signals, which are to be classified.

Given this context, this article provides the following con-
tributions:

e Introduction of a novel dimension reduction technique
for multivariate time series data called Average Volatility
Dimensioning (AVD)

e Analysis and comparison of AVD against nine state-of-
the-art dimension reduction techniques and their result-
ing phase space topologies

e Evaluation of AVD on eight datasets and with various
machine learning algorithms for time series classification
tasks

Within this article, Sect. 2 gives an overview of state-of-
the-art dimension reduction techniques and corresponding
related work. Section 3 introduces the developed technique,
while Sect. 4 describes the performed experiments. Sec-
tion 5 elaborates on the usability of the techniques in a
machine learning context and via phase space analysis. Sec-
tion 6 provides a critical discussion on the technique’s current
limitations and future work, while Sect. 7 summarizes and
concludes this article.

2 Related work

Significant research has been conducted in recent years on
dimension reduction and feature extraction techniques to
enhance the accuracy and efficiency of Machine Learn-
ing tasks [6-11]. This research focuses on simplifying
high-dimensional data (many features) into substructures or
extracting underlying patterns to improve algorithmic learn-
ing capabilities. The resulting information may serve as a
replacement or an additional feature to the existing input
variables.

Methods like Discrete Fourier Transformations [18] and
various polynomial approximations [19] reduce the com-
plexity of the time series by extracting coefficients that
represent the series in the frequency domain or as polynomial
terms. Complementary to this, wavelet-based methods were
originally developed for efficient signal representation [20],
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and later applied to dimensionality reduction and entropy-
based analysis [21]. Techniques such as the Discrete Wavelet
Transform (DWT) and Wavelet Packet Transform (WPT)
extract time-localized frequency information using multi-
resolution coefficients, which serve as compact, interpretable
features. Recent extensions, including wavelet-based projec-
tions and wavelet-inspired deep learning architectures, have
demonstrated improved performance over PCA, Isomap, and
UMAP in medical and genomic applications [22].

Symbolic Aggregate Approximation reduces the com-
plexity by converting the time series into a sequence of
symbols, which approximate the original data [23]. These
approaches, however, could actually lead to an increase in
features as they extract additional information. Other dimen-
sion reduction techniques focus on reducing the total length
of the signal. Prominent examples are Perceptually Important
Points [24] and Piecewise Aggregate Approximation [25],
which focus on simplifying the representation of the time
series by selecting key points or averaging segments, respec-
tively. These are particularly relevant if the total length of
the feature is reducing the computational efficiency of a task.
On the other hand, methods like Dynamic Component Anal-
ysis (DyCA) [7], Multidimensional Scaling (MDS) [26], or
Principal Component Analysis (PCA) [27] capture underly-
ing patterns and structures of (multidimensional) data and
thereby reduce the feature space to lower-dimensional rep-
resentations. Approaches such as Factor Analysis (FA) [28]
and Independent Component Analysis (ICA) [16] likewise
seek low-dimensional directions that explain the observed
covariance structure or achieve statistical independence,
respectively. These techniques allow practitioners to reduce
the total amount of features (dimensions) necessary to model
and predict time series data, which is the primary focus of
this article.

In this category, a primary distinction is made between lin-
ear and nonlinear feature extraction techniques [6]. A linear
dimension reduction technique transforms high-dimensional
data into a low-dimensional space using linear algebraic
methods, usually retaining linear relationships and projec-
tions from the initial data space (e.g., Principal Compo-
nent Analysis, Linear Discriminant Analysis). A nonlinear
dimensionality reduction technique utilizes more complex
transformations that can preserve the intrinsic, nonlinear
structures and relationships within the data (e.g., Isomap).
Other widely used manifold learners include Locally Linear
Embedding (LLE) [29], T-distributed Stochastic Neighbor
Embedding (t-SNE) [30], and the more recent Uniform Man-
ifold Approximation and Projection (UMAP) [31], each aim-
ing to preserve neighborhood structure in a low-dimensional
space. Some research has also enhanced linear techniques
to capture nonlinear behavior through kernels (e.g., Kernel
Principal Component Analysis) [32] or monotonic regression
(non-metric Multi-Dimensional Scaling) [33].

One primary limitation of many dimension reduction
techniques is the assumption of independence among obser-
vations, which is better suited for static datasets. Although
there is no practical limitation to applying these techniques
to time series data, the inherent logic to capture the vari-
ance or between-object distances might render them less
ideal for time series data. Other approaches like Forecastable
Component Analysis [17] or methods based on Granger
causality [34] rely on different stochastic model prerequi-
sites, assuming random processes are inherently present in
the data. This lowers their usability for rather deterministic
time series data, as it can be found in controlled environments
like industrial plants, energy infrastructure, or building main-
tenance. Recent advances in extracting nonlinear dynamics
in deterministic time series data can be found by Seifert et
al., [7], which introduced the Dynamical Component Anal-
ysis (DyCA). The researchers introduce a novel technique
that performs eigenvalue decompositions of Jacobian Esti-
mations of the dynamical system and exemplify its usability
on simulated and EEG data. However, it is not clear how well
the DyCA models nonlinear dynamics of other domains.

3 Average volatility dimensioning

We consider a collection of multivariate signals denoted by

X xj(t) xj(n) -+ x{(1r)
” X5 xp (1) x;(2) -+ x5(1L)
Xi, xjy (1) X}y (1) -+ x)y (11)

X' eRM*L jef{l,...,N}. (1)

where each X! € RM*L represents the i-th realization of
M discrete-time signals observed at L time steps. X ’] denote
the individual vectors composing the multivariate signal.

Eachscalar entry xj. (tx) denotes the value of the j-th signal
(or channel) in the i-th sample at time step #; = kA¢, with
index sets
ie{l,....,N}, je{l,....M}, kef{l,...,L}. 2)

In the following, we drop the index i as we present the
whole construction for a single matrix X — X.
Local scale in a sliding window: MAD and SD
Let a single channel be denoted by the discrete series xj (),
where j € {l,..., M} is fixed and ty = kAt with k €
{1,..., L}. Choose a window length w (1 < w < L) and
define the index set

Wiw =Ftk—w+1,...,k}, k> w. 3)
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Inside that window the local (sample) mean is

1
5o w) = — 3 xj(ty). )

PEWk w

We quantify dispersion around Xx;(#, w) in two closely
related ways, mean absolute deviation (MAD) and standard
deviation (SD) [35]:

1
871 (e w) = — 37 ) = Fte w), (5)
pEWk.w
1
P wy = | — [ (1)) — & (6, w)]*. )

PEWk w

Moment requirements. Fix a time index k and channel j.
Because the variables x  (; ) are discrete, they take valuesina
(finite or countable) alphabet X C R with probability—mass
function

pik(x) = Pr{xj(tk)zx}, x e X.
For any measurable function g the expectation is the finite
(or at most countable) sum

Elg(x;@))] = 8(x) pjr(x). )

xeX

First absolute moment. MAD in (5) is finite for every win-
dow if and only if

D lxl i) < oo @®)

xeX

forall j, k. No higher moments are needed; this is why MAD
is regarded as an L|-scale estimator [36].
Second moment. SD in (6) additionally requires

szpjk(x) < 0.

xeX

Heavy-tailed series that violate this condition still admit
MAD but not SD, a distinction highlighted in [37].
Higher moments. Neither estimator depends on the third
moment ) . |x|3 Djk(x); skewness enters only if one wishes
to normalize or bias—correct SD. For the purposes of scale
measurement the existence of the first moment is sufficient
for MAD, while the first and second moments are sufficient
for SD.

Thus, MAD operates under strictly weaker distributional
assumptions than SD. In the remainder of the manuscript
we keep both notations; all derivations hold with §; (#, w)

@ Springer

interpreted either as the L scale (MAD) or the L, scale (SD),
provided the respective moment conditions are met.
Rolling window-wise calculation of all channels.

The following construction and properties hold for both
the mean absolute deviation-based approach and the stan-
dard deviation-based approach. Thus, we refer to both
a}W\D(rk, w) and 5§D(tk, w) as deviation & (tx, w). We also
use these notations for the different deviation calculations
throughout the remainder of the article, i.e., SD for stan-
dard deviation and MAD for mean absolute deviation. By
evaluating Eqgs. 5 and/or 6 across all valid time indices
k = w,..., L, we obtain a sequence of deviation values
for channel j,

6/-(w) = (Sij(lw, w), (Sj(tw+la w), ...,8J(IL, w))
8 (w) e RE7wHL ©)

Deviation matrix across all channels.
Extending this to all channels j = 1,..., M, we find our
multivariate deviation matrix as:

Sl(tw,w) 5](¢w+1,w) Tt Sl(tLaw)
82(tuh w) 82(tw+1 ) w) e SZ(IL5 w)
S(w) = . . . )
Sm (tyw, w) 8M([w+1v w) .- Sy (tp, w)
S(w) € RM>(L—wtD) (10)

This describes the dispersion across all channels and time
steps for a single sample i (which we omitted for simplicity).

Signal Properties of MAD or SD

Before collapsing the multivariate deviation matrix &(w)
we discuss assumptions and trade-offs that come with the
mean absolute deviation (MAD) and the standard devia-
tion (SD). The following collects requirements and practical
remarks.

Throughout we treat every channel j and time index k as a
discrete random variable supported on a (finite or countable)
alphabet X C R with probability-mass function pji(x) =
Pr{x;(tx) = x}. For any measurable mapping g : X — R
the expectation is the finite sum

He(xj)] = D e(x) pjx(x). (11)
xeX

For later assumptions of signal properties, we define the lag—
£ covariance as

Co[x; (1), x; (trre) ]
= Z Z(x—,uj)(y—ﬂj) Pjkk+e(x, y), (12)

xeX yeX
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where pijr kre(x,y) = Prx;(t%) = x, xj(tx+¢) = y} and
i =E[x; @]

Similarly to the lag—¢ covariance, we define the Autoco-
variance function as
i (€) == Cofx (), xj(tr0) ], L € Z. (13)

Based on these assumptions, the signal properties of MAD
or SD are as follows:

e Weak stationarity A process is weakly stationary (WS)
if its first and second moments are time-invariant:
Elxj(t)] = 1y, Covx;(t), xj ()] = v (0,
Under WS the local mean X (#, w) is an unbiased esti-
mator of u;; both MAD and SD then measure genuine
scale rather than drift. See [38] for a textbook treatment.
For a weakly stationary channel, y;(£) does not depend
on the specific time index k; it captures how strongly the
process is linearly correlated with itself after a lag of £
steps.

e Strict stationarity The channel is strictly stationary
if every finite block of observations is distribution-
invariant under time shifts, i.e. {x; (), ..., xj (1)} 4

{xjtkym)s - Xj(tk,4m)} for all integers ki, ...,k

and shift m. In particular the one-step law is time-

homogeneous: pji(x) = p;(x) for every k.

Whenever the first two moments exist, strict stationarity

automatically implies weak stationarity («; and y;(£) do

not depend on k); see [38]. Consequently

Blxj(t) — il = D I — )l pjx), (14)
xeX

Bxj(n) — ) = Y @ — wj)2p; (), (15)
xeX

so the almost-sure limits in (5) and (6) are well defined
for every window position.

e Ergodic convergence Under strict stationarity and ergod-
icity the sliding-window sums obey Birkhoff’s theorem,
[39]:

AP (e w) = Y " |x — w1l pj(x), (16)
as. 1/2
8P w) == [V —up?pm] T an

The above limits state that, as the window expands, the
sample MAD and SD converge almost surely (a.s.), that
is, with probability 1, to their respective population L
and L, scales.

Meaning that if the channel process {x (1) }rez is either

(i) @—mixing with coefficients satisfying ) ", (¢) 172 -
oo [40] or (ii) 6—weakly dependent in the sense of [41],
then for every fixed time index k

d
ﬁ(aj(tk, w) — H8; (1., w)]) —— M0.03;).
(18)
Hence long windows approximate population scales,
whereas short windows react more quickly to regime

changes.

Taken together, these points give the distributional and prac-
tical conditions under which either scale can be trusted.

3.1 From the deviation matrix to a scalar:
cross-channel pairwise variance

We begin with the classical cross-channel pairwise variance

identity for a univariate sample {zy, ..., zp}:
Var(zy,...,2Mm)
1 2
= — =z ) . 19
M=) o @i—z) (19)

I<j<j=M

For the composition of AVD we take the proxy values z; >
3j(tk, w), i.e. the window-wise scale of channel j at time
index #; over a sliding window w. Substituting these into the
pairwise variance formula and discarding the factor 2 gives
the mean pairwise squared difference

V (e, w)
1

- m Z [8j(tk7 w) — & (I, w)]z, (20)

1<j<j'=M

which equals % times the sample variance of the scale
vector §(t;). Thus V (#;, w), and hence AVD(#;, w), retains
the interpretability of a variance while collapsing the multi-
channel scale information to a single, non-negative scalar for
each time window.

Variance identity.

A standard combinatorial identity gives [42]

> =807 =M Var(sy.....6m). 1)
I<j<j'=M
so that
V(tk, w)
M
= o7 7 Va1 (e w), . B (1, w)). (22)
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Up to the constant factor M /(M — 1), V (#, w) is therefore
the sample variance of the channel-wise scales.

Metric property.

Define d(fx, w) := +/V(i, w). Because +/Var is the
Euclidean norm after centering, d(-, w) is a seminorm on
RM and induces a metric on the quotient space obtained
by identifying vectors that differ only by a constant shift.
Non-negativity, symmetry, and the triangle inequality follow
directly from the properties of the Euclidean norm.
Connection to energy statistics.

Energy statistics are built from expectations of Euclidean
distances [43, 44]. Edelmann, Richards and Vogel [45] show
that replacing those expectations by finite averages yields
a distance variance whose univariate form is proportional
to (21). Thus, V(#;, w) can be viewed as a finite-sample,
energy-style dispersion measure with transparent metric and
variance interpretations.

Absolute Volatility Dimensioning (AVD).

We retain the notation

AVD(t;, w) == V(tx, w)

1 2
=0~ Z [8 (1, w) — 8 (. w)]", (23)
1<j<j'=M
Thus:
AVD (X, w)
i= (AVD(ty, w), AVD(tyy41, w), ..., AVD(1, w))
AVD (X, w) € RE-wH!, (24)

This vector is the final outcome of the AVD algorithm and
captures the volatility/heterogeneity of a multivariate sample
X — X'—reintroducing our sample index i. Thus, for a
dataset of i € {1, 2, ..., N} multivariate time series samples,
we obtain N such vectors of length L. That is, AVD collapses
each multivariate signal, consisting of M individual samples,
into a one-dimensional vector that captures its heterogeneity,
which is well-suited for, e.g., machine learning classification.

Because V (tx, w) depends only on pairwise squared gaps
of the §;(t, w), it inherits the moment requirements of the
chosen channel-wise scale estimator (finite first moments for
MAD, finite first and second moments for SD) and introduces
no additional assumptions.

3.2 Signal classes and assumptions for MAD, SD &
AVD

Whether we work with the Li—scale SI;MD(tk, w) or the

L,—scale (SJS.D(tk, w), and whether we ultimately collapse
either one into an AVD value, the same high-level regularity
requirements surface:

@ Springer

1. First and/or Second Moment existence.
2. Weak/strong stationarity on the analysis horizon.
3. Ergodicity or sufficiently fast mixing.

The canonical models below show how these three condi-
tions are met after elementary preprocessing (detrending or
differencing) as these provide blueprints for a range of such
signals.

Gaussian AR(1).

For |¢| < 1 the chain Y1 = @Y) + & with g ~ N(0, 082)
is strictly stationary, ergodic, and geometrically mixing [38].
All moments exist, giving the closed-form window limits

P = % (25)

==
sMAD _ f2 Tt 26
o o

Sampled Ornstein-Uhlenbeck.

Sampling the SDE dY;, = —60Y,dt + «/ﬁdW, att, = kAt
produces Yiy1 = e 7Y + np with g ~ N(O, D(1 —
e~20A1)). The discrete skeleton inherits strict stationarity,
ergodicity, and geometric mixing from the Ornstein—Uhlen-
beck flow [46]. Marginal variance is D /0, so

85D = \/§ , (27)
SMAD = /28 (28)

Chaotic flows and moment conditions.
For the Lorenz flow at the classical parameter set (o, p, 8) =
(10, 28, 8/3) a mixing SRB (physical) measure is known to
exist: [47] establish mixing, while [48, 49] obtain quantita-
tive rates and limit laws. Consequently, a uniformly sampled
coordinate yields a strictly stationary, ergodic, geometri-
cally mixing time series with finite moments, so both the
MAD- and SD-based AVD constructions are valid. The same
moment, ergodicity, and mixing properties are available for
other singular-hyperbolic flows that support mixing SRB
measures (e.g. the class studied in [49-51]), ensuring that
the AVD framework extends to a broad family of chaotic
signals.
Composite signals.
Empirical series often decompose as Yy = Sk + ¢, (determin-
istic or chaotic core plus noise). If each component separately
meets the three bullet conditions, so does their sum. In prac-
tice a short detrend or first difference is usually enough to
render real data locally stationary and ergodic on the chosen
window scale.

These examples confirm that the moment, stationarity,
and ergodicity assumptions needed for the windowed scales
carry over directly to AVD, because AVD is built only from

the 8?4AD/ SD(tk, w) values. The combined MAD/SD-AVD
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Fig.1 Depiction of the
employed pipeline. The entire
process is separated into two
parts. The first part, denoted as
preprocessing, encompasses all
data manipulations performed,
with an emphasis on the
dimension reduction techniques
employed. The second part
demonstrates how we validated
our approach, i.e., by using
machine learning to classify the
feature-reduced datasets and

analyzing the phase space
topologies

Dimension .
Reduction I'Y'a‘:h'."e
earning
Multivariate AVD'CP ey e Classfication
Time Series DyCA, el of Errors and
Data MDS, FA, Space Tlme Movements
ICA, LLE, Series Data
Isomap,
tSNE,
UMAP
ALY
.",V It Pé‘::iij;ice Qualitative
9 Comparison
| between AVD,
PCA, DyCA,
MDS, FA, ICA,
LLE, Isomap,
tSNE, UMAP
h Y J L - J
Preprocessing Validation

framework is therefore applicable to a broad range of deter-
ministic, stochastic, and hybrid signals found in applied
work.

3.3 Summary

We provided a detailed construction of the developed Aver-
age Volatility Dimensioning algorithm and presented the
corresponding properties of the signals on which our con-
struction and assumptions are based. The main steps of our
construction are:

1. Window-wise scale estimation. For each channel we
compute either the mean absolute deviation (MAD, (5)),
requiring only a finite first moment, or the standard
deviation (SD, (6)), requiring a finite second moment.
Both statistics are evaluated in an overlapping window
of length w.

2. Cross-channel aggregation. The M window scales at
time f; are collapsed via the adapted cross-channel
variance (23), yielding a single Absolute Volatility Dimen-
sioning value AVD (#;, w) in (24). Two AVD variants are
therefore available: one based on MAD (L scale) and
one on SD (L scale).

3. Regularity requirements. The framework is valid under
(i) weak stationarity and (ii) ergodicity (or sufficiently fast
mixing) of each channel, together with the moment con-
dition appropriate to the chosen scale (first moment for
MAD, first and second moments for SD). Section 3.2
shows that these assumptions are met, after mild pre-
processing, by a wide range of canonical and composite
signals that approximate real-world data.

4 Experimental design

We test our developed technique on three multivariate time
series classification problems. These problems are similar
in structure in that they involve a multitude of time series
data representing a single sample. Thus, one faces challenges
with a large number of features, i.e., a large feature matrix. To
reduce the number of features and make the data more under-
standable, we employ our developed techniques to condense
this multitude of time series data into a single time series.
After this dimension reduction stage, we validate the devel-
oped technique against other dimension reduction techniques
in two ways. First, we test if the datasets, with their features
reduced, can still be classified correctly by a machine learn-
ing algorithm, i.e., we evaluate if the reduced datasets contain
enough information to be classified correctly. Second, we
look at a specific phase space embedding of a sample of the
reduced signals and subjectively evaluate the resulting sig-
nal. This means that we choose phase space embeddings for
the different signals and compare them to each other based on
similar approaches from the literature. Our entire approach
and both validation strategies, respectively, are depicted in
Fig. 1.

In the following, we describe the employed datasets, nec-
essary preprocessing steps, and our validation approach.

4.1 Datasets

Eight different datasets are used in this experiment to com-
pare the power of generalization of the proposed dimension
reduction techniques to state-of-the-art approaches. The data
collection includes five datasets focused on human activities,
two related to industrial processes, an one concerning envi-
ronmental data. All the datasets are structured as sequential

@ Springer
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multivariate time series, with the number of features varying
between 2 and 45 and the number of time steps per sample
ranging from 30 to 7500. No outliers were removed, reflect-
ing the sensor errors and measurement anomalies typical of
real-world data.

e Movement Dataset: The dataset was created by Filippo
Palumbo et al. and can be found here [52]. It contains sen-
sor data associated with seven classes, which correspond
to different types of movements: cycling, lying, sitting,
standing, walking, and two styles of bending. For each
sample, the mean and the variance over 250 ms of three
sensor measurements are collected during a time interval
of 120s. The goal is to predict the movement type from
the sensor data.

e Sports Dataset: Gyroscope and accelerometer data over
3 sthatis collected while players play one of the following
strokes: squash forehand, squash backhand, badminton
clear, badminton smash. The data was collected by Phillip
Perks, processed by Florian Huber, and can be down-
loaded here [53]. Given the sensor readings, the task is
to classify each instance into one of the four classes rep-
resenting the type of stroke recorded.

e Gait Dataset: The data was collected by Shorter et al.
(2008) [54], preprocessed by Helwig et al. (2011) [55],
and published by Helwig et al. (2016) [56]. It consists of
measurements from 10 subjects walking on a treadmill
under three different conditions: normal walking, walk-
ing with a right knee brace, and walking with a right
ankle brace. For each subject, the angles of the ankle,
knee, and hip joints were recorded for both legs over 101
time points, resulting in 6 features per sample. The task is
to classify the subjects’ gait into one of the three walking
conditions. The data can be accessed here [57].

e Activities Dataset: The dataset contains data associated
to 19 types of daily and sports activities: sitting, standing,
lying on back and on right side, ascending and descend-
ing stairs, standing in an elevator and moving around
in an elevator, walking in a parking lot, walking on a
treadmill with a speed of 4km/h (in flat and 15 degree
inclined positions), running on a treadmill with a speed
of 8 km/h, exercising on a stepper, exercising on a cross
trainer, cycling on an exercise bike in horizontal and ver-
tical positions, rowing, jumping, and playing basketball.
Each of the activities was performed by 8 subjects dur-
ing a time interval of 5min at 25Hz sampling frequency,
resulting in 7500 timestamps per subject per activity

matrices of size 7500 x 45, the task is to classify each sam-
ple to one of the 19 classes. The dataset can be accessed
on the UCI Machine Learning Repository [58].

Hand Dataset: The dataset, collected by Christos Sap-
sanis et al. [59], contains time series data recorded at
500Hz from five subjects performing six distinct hand
grasps: cylindrical, tip, hook, palmar, spherical, and lat-
eral. Each subject completed 30 repetitions of each grasp.
Two sensors recorded hand muscle activation during
these movements. The objective is to classify each sam-
ple into one of the six grasp categories.

Hydraulic Dataset: It is based on the work of Helwig et
al. [60], who built a complex hydraulic test rig to simu-
late system behavior under various fault scenarios. The
data is available on the UCI Machine Learning Reposi-
tory [61]. The testrig was continuously monitored for 60 s
per cycle, during which different failure modes were sim-
ulated by introducing varying degrees of severities, such
as optimal valve switching behavior, small lag, severe
lag, and close to total failure. Each cycle corresponds
to a specific error type and is an individual sample. The
original aim of the researchers was to predict the indi-
vidual failure modes based on the measurements from
17 independent sensor modes. After eliminating classes
that only contain 1 sample, a total of 156 different classes
are predicted.

Actuator Dataset: This data is based on the work of
Ruiz-Carcel and Starr [62], who built a linear actuator
test rig. It was used to identify healthy and faulty cases
under different loading conditions and motion profiles.
Each data sample consists of three measurements over
2000 timestamps at 0.04s intervals. A total of 13 different
classes are predicted. The data can be found here [65].
Plant Dataset: The data, collected by Eduard Buss et
al. and used for the work PhytoNodes for Environ-
mental Monitoring: Stimulus Classification based on
Natural Plant Signals in an Interactive Energy-efficient
Bio-hybrid System [64], aims to monitor environmental
conditions through plant signals. The study focuses on
the plant Zamioculcas zamiifolia, which is exposed to
five different stimuli: wind, temperature, blue light, red
light, and no stimulus. Each sample contains 12 sensor
readings collected over a period of one hour and ten min-
utes. The objective is to classify each multivariate time
series according to the type of stimulus applied. The data
can be downloaded here [65].

and 19 x 8 = 152 samples, with 8 samples per class.
For every activity, 5 sensors were placed on different
body parts of the subjects, and 9 coordinate values were
obtained from every sensor (3-3 axis measurements each
for accelerometer, gyroscope, and magnetometer), total-
ing 45 measurements per timestamp. Given such sample
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4.2 Preprocessing

As the first step, all datasets have been transformed into the
same shape and conditions to ensure comparability. Thereby,
we transformed the datasets into a multi-index table. Each
sample (first index) contains the different sensors and the



International Journal of Data Science and Analytics (2026) 22:30

Page90f38 30

timeframes (second index), as shown in Sect. 3. Then, we
employed mean normalization to scale the data in each indi-
vidual sample. Furthermore, the hydraulic set was monitored
by sensors with sampling rates ranging from 1 to 100 Hz. To
avoid manipulating the test data by interpolation, the data
was uniformly downsampled to 1 Hertz resulting in 1 mea-
surement per second. In some of the cycles, missing values
(zero-valued measurements) are present for particular sen-
sors. As the existing implementation of DyCA lacks a proper
mechanism for handling linear dependencies (which occur
when a feature is entirely composed of 0-values or when one
feature is a linear combination of others), the authors chose
to exclude the column PS4 (one of the pressure sensors)
from all experiments in order to maintain consistency across
the analysis. Regarding the movement dataset, due to the
small number of samples classified as one of the two types
of bending movements (“bendingl” or “bending2”), these
two classes were excluded. As a result, the dataset became
balanced, with the remaining five classes containing equal
numbers of samples. The plant dataset consists of samples
categorized into five classes: exposure to wind, temperature,
blue light, red light, and no stimulus. However, the data for
blue and red light exposure is limited, with only 8 samples
each, compared to 272 samples for both wind and no stimu-
lus, and 252 samples for temperature exposure. Additionally,
the blue and red light data only includes 2 out of 12 features.
As aresult, we exclude the blue and red light exposure classes
from the analysis and retain only the wind, temperature, and
no stimulus classes.

4.3 Dimension reduction

After the initial preprocessing steps, the features have been
extracted from the respective datasets described in section
4.1. Therefore, we used the mean absolute deviation as well as
the standard deviation for the AVD calculation, which is sim-
ilar in scope to the different kernels used in PCA. To cover a
broad range of nonlinear approaches for dimension reduction
[6], the new method of AVD is compared against a nonlinear
Principal Component Analysis (PCA) [27] with a sigmoid
kernel, a PCA with an RBF kernel, a Dynamical Compo-
nent Analysis (DyCA) [7], Multidimensional Scaling method
(MDS) [26], Factor Analysis (FA) [28], Independent Compo-
nent Analysis (ICA) [16], Locally Linear Embedding (LLE)
[29], Isomap [66], T-distributed Stochastic Neighbor Embed-
ding (tSNE) [30] and Uniform Manifold Approximation and
Projection (UMAP) [31]. This selection enables a wider com-
parison between techniques with different assumptions about
data properties (e.g., dependent and independent). These
approaches will be set as a baseline for testing the usabil-
ity of the introduced AVD approach.

For the baseline dimension reduction techniques, we
experimented with two different setups. The initial config-

uration involved reducing the dimensionality of the dataset
to one dimension using each technique. This approach facil-
itated a direct comparison with the AVD, which also reduces
the feature space to a single dimension. In the second setup,
we aimed to maximize the explained variance while con-
straining the dimensionality to a maximum of three. Under
these conditions, all baseline methods reduced the feature
space dimension to three in the second setup. The hand
and actuator datasets were excluded from the second exper-
iment because one dataset contains only 2 features and the
other contains 3 features, making the application of dimen-
sion reduction techniques inappropriate. The objective of this
experimental setup was to compare AVD also against tech-
niques that utilize multiple features for dimension reduction.
This highlights its potential to store information while keep-
ing the feature space minimal.

As the AVD approach is based on a rolling window, it
requires several time steps to compute the first value, and the
metric initialization is the 10th time step of the series in our
experiment, except for the sports dataset. This dataset con-
tains a time series of length 30. Therefore, a shorter window
size was chosen to better suit the data. The moving window,
as formally described in Sect. 3, takes incremental steps of
“1” time step per iteration. This results in a feature space
of ty — movingwindowsize + 1. This hyperparameter can
be changed depending on the size of the dataset or if local
or more general trends should be preserved in the reduced
dimensions.

4.4 Validation—machine learning

In order to validate the use of AVD as a dimensionality
reduction tool we will test the ability of the new method
to encapsulate information for correct classification of mul-
tiple datasets described in Sect. 4.1. Hereby, the comparison
will be made against state-of-the-art dimension reduction
techniques as well as the datasets containing all original
features. All datasets are structured as a multivariate time
series that describes the system state based on its features.
If the dimension reduction technique has extracted several
dimensions, these have been concatenated to a single row
to allow the application of different machine learning clas-
sifiers. Ultimately, we configured our supervised machine
learning approach as a multiclass classification task.

For this, the information will be evaluated through an open-
source Python library called LazyPredict,! which is designed
to facilitate the quick and efficient training and evalua-
tion of numerous machine learning algorithms on a dataset.
LazyPredict provides baseline performance metrics across
a wide range of models, which enables the identification of
suitable algorithms for more focused optimization and fine-

! Github link: https://github.com/shankarpandala/lazypredict.
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tuning. All machine learning algorithms have been tested on
a 70/30 train-test split.

The described experiment setup will be evaluated based
on the accuracy metric, which is formulated as follows:

correct classifications
ccuracy = - ; .
A y (29)
all classifications

In addition to evaluating classification performance using
accuracy, we also report precision, recall, and F1 scores to
provide a more comprehensive assessment. The three evalua-
tion metrics are defined for each class of a dataset as follows:

.. TP
Precision = , (30)
TP+FP
TP
Recall = 3D
TP+FN

where TP (true positives) is the number of instances correctly
predicted as belonging to the class, FP (false positives) is the
number of instances incorrectly predicted as belonging to
the class, and FN (false negatives) is the number of instances
that belong to the class but were incorrectly predicted as some
other class.

2 x precision X recall
F1 score = P — . (32)
precision + recall

To obtain a single score per dataset for the three metrics (pre-
cision, recall, and F1 score), we compute the macro-averaged
metric values.

All calculations are done on a notebook with an Intel i5
with 2.40Ghz and 16Gb RAM, using Python 3.11.

4.5 Validation—phase space

Phase space and reconstructed phase space analysis are
techniques to gain insight into a system’s dynamics. These
methods are well known for their applicability to classical
systems like the pendulum but also apply to chaotic sys-
tems like the Lorenz system or the Roessler attractor, where
phase space analysis reveals regularities not visible by simply
observing the system’s time series data, the so-called strange
attractors. However, these tools can be used for non-model
data as well to observe and analyze attractor structures, as
discussed by [7, 67-69].

The work by Brunton et al. [67] uses the embedding, i.e.,
reconstructed phase spaces from univariate time series, of
systems like the Lorenz system or of actual univariate time
series data like the New York measles cases together with
Koopman theory to decompose a signal into its chaotic and
non-chaotic components. Additionally, the work by Seifert et
al. [7] not only introduces DyCA but also uses an embedding,
i.e., reconstructed phase space, for a qualitative/subjective
analysis of the transformed signal, in their case, the Roessler
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attractor. Similarly, we use both the notion of a phase space
and the notion of a reconstructed phase space/embedding to
gain insights into the workings of AVD. This means we per-
form an embedding of our obtained univariate signal and
compare it to both 3D signals from PCA, DyCA, MDS,
FA, ICA, LLE, Isomap, tSNE and UMAP, and to respec-
tive embeddings from univariate signals. Thus, we obtain
both a 3D dataset for each technique and a univariate sig-
nal for each technique. For the univariate signal, we perform
an embedding using a time delay 7 = 1 and an embed-
ding dimension of dg = 3. This is known to work well for
non-model data, as the methods to determine the embedding
dimension or time delay of real-life time series often fail
to do so or provide inconclusive and contradictory results
[68]. Thus, without limiting the general applicability of our
approach and with respect to a subjective interpretation based
on a three-dimensional phase space and reconstructed phase
space, we chose 7 = 1 and dp = 3.

5 Empirical validation
5.1 Machine learning

Python’s Lazy Classifier was employed to evaluate and com-
pare the classification accuracy of our AVD feature with
that of the reduced feature spaces produced by the various
state-of-the-art dimension reduction algorithms. This com-
parison is illustrated for the movement and hydraulic datasets
(one human activity recognition and one industrial dataset)
in Sect. 5, while the results for the other datasets are dis-
played in the Annex. For this, Table 1 represents the results
on the movement dataset for all machine learning algorithms
deployed in the experiment. For better comparison to the
AVD feature, each of the other methods was also set to
reduce the dimension to 1 feature. All the classifiers have
been deployed without hyper-parameter tuning and serve to
give an overview of the performance of the models using
the different dimension reduction methods. Out of the 27
models, 12 yielded the highest accuracy when using AVD
MAD, while 10 times the AVD SD feature produced the best
results. The performance of the other methods was consider-
ably worse in most cases.

Carrying out the same comparison on the hydraulic
dataset with 156 classes, the results in Table 2 confirm the
potential in the AVD dimension reduction method. In most
cases, classification performed on one of these two fea-
tures (MAD or SD) yielded significantly better accuracies
than the other methods. While nonlinear PCA (Sigmoid),
DyCA, LLE, tSNE, and UMAP produced close to random
classification results, the rest performed better. The second
best-performing method after AVD was MDS; however, the
only two cases in which MDS outperformed the AVD fea-
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Table 3 Number of models (out of 27) on which each dimension reduction-technique to one feature performed the best. In cases of tied best
performance, all techniques with equal scores were counted as best; therefore, row totals may exceed 27

Dataset AVD (MAD) AVD (SD) PCA (RBF) PCA (SIGMOID) DyCA MDS FA ICA LLE Isomap tSNE UMAP
Movement 12 10 6 1 2 1 0 1 0 0 0 0
Sports 2 9 0 5 0 1 9 0 0 3 0 0
Gait 12 21 0 2 0 3 0 0 0 0 0 0
Activities 9 1 4 1 3 6 0 0 3 1 2
Hand 9 3 2 2 3 0 1 0 1 0 0
Hydraulic 18 0 0 0 6 2 1 0 1 0 0
Actuator 13 15 0 0 5 0 0 0 0 0 0 0
Plant 0 0 0 3 7 1 1 10 1 5 2 1

Highest value per dataset is highlighted in bold

Table 4 Number of models (out of 27) on which each dimension reduction technique to three features (except the AVDs to one) performed the
best. In cases of tied best performance, all techniques with equal scores were counted as best; therefore, row totals may exceed 27

Dataset AVD (MAD) AVD(SD) PCA (RBF) PCA (SIGMOID) DyCA MDS FA ICA LLE Isomap tSNE UMAP
Movement 11 7 7 0 3 0 0 0 0 1 0 1
Sports 4 0 8 3 2 5 0 0 4 0 0
Gait 13 22 0 3 0 3 0 0 0 0 0 0
Activities 9 1 3 2 2 0 0 1 6 0 6
Hydraulic 10 0 0 0 3 8 0 0 0 0 0
Plant 1 1 0 5 0 9 1 8 2 0 2 3

Highest value per dataset is highlighted in bold

tures were the distance-based models, namely the K-Nearest
Neighbors and the Nearest Centroid classifiers.

Both tables described above clearly show that in most
cases the machine learning classifiers can utilize the extracted
dimension from AVD best compared to the other methods.
This is also true for the other datasets and for the comparisons
of AVD against multiple dimensions of the state-of-the-art
methods, the tables for which can be found in the Annex.
To provide a comprehensive overview of the performance
across all datasets (based on the accuracies in Tables 1 and
2 and Tables 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20),
Tables 3 and 4 show for each dataset the number of times
each dimension reduction method yielded the highest accu-
racy over the machine learning models evaluated by the Lazy
Classifier. Table 3 shows the results for the case when each
dimension reduction method is used to reduce the dimension
to one, while Table 4 contains the results on three compo-
nents (except the AVD to one). It can be seen that, for nearly
all datasets, the AVD features achieved the highest accuracy
across the greatest number of machine learning models.

To further generalize the comparison, we present plots
showing the highest classification accuracy achieved by each
dimension reduction method, independent of the machine
learning model used. Figure 2 displays the results for reduc-
tion to a single feature, while Fig. 3 illustrates the highest

accuracies obtained with reduction to three features (except
the AVD to one).

In the case of reduction to one feature, AVD yielded the
highest accuracy for 5 datasets, while PCA (RBF), PCA (Sig-
moid), FA and ICA all performed best for one dataset. On
the other hand, in the case of reduction to three dimensions
with the state-of-the-art methods and one with AVD, the latter
yielded the highest accuracy for exactly half, namely 3 out of
the 6 datasets, while Isomap performed second best, yielding
best accuracy for two datasets. PCA (Sigmoid) and MDS per-
formed best in 1-1 case. We note that in the case of equally
high accuracies, all methods with the same highest accu-
racy were listed. However, in all cases when AVD performed
best, it achieved the highest accuracy with no other methods
matching its performance. Overall, both figures highlight that
AVD achieves superior accuracy not only across individual
machine learning models but also overall.

To further assess the performance of the AVD, similarly
to the accuracy, we also analyzed the precision, recall and F1
score for each dataset (reduced to one or three dimensions),
see Figs. 8,9, 10, 11, 12 and 13 in the Appendix. The pre-
cision and recall plots (Figs. 8, 9, 11 and 12) show that the
AVD achieved the best performance, simultaneously attain-
ing high values for both metrics across nearly all datasets. The
F1 score plots (Figs. 10 and 13) further confirm the superior-
ity of our method. In the case of dimension reduction to one
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component, on 5 out of the 8 datasets, AVD produced the
best F1 score, while in the case of three components, AVD
performed best on 4 datasets out of the 6.

Applying different dimension reduction techniques to the
datasets and using the reduced dimensions as features for
machine learning tasks usually decreases the accuracy sig-
nificantly compared to the original dataset. To evaluate the
differences in classification accuracy between the full feature
sets and the AVD feature, we present the results in Fig. 4. The
plot shows that the performance varies significantly depend-
ing on the dataset. In four out of eight cases, the classification
with only the AVD feature yielded equal or higher accuracies
compared to the original data. Enhanced classification accu-
racies are visible for the movement and actuator datasets. In
contrast, comparing the accuracies on the full datasets with-
out dimension reduction with the accuracies achieved by the
state-of-the-art methods in Tables 1, 13 and 15 shows that
all other dimension-reduction techniques are decreasing the
baseline accuracies as seen in Fig. 4. Similarly to the move-
ment and actuator data, in the hand dataset, AVD MAD shows
improved performance. However, a decrease in accuracy is
observed for the sports, activities, and hydraulic datasets.
The drop for the activities and hydraulic datasets is antici-
pated, as these datasets have the highest number of features.
Consequently, the reduction in information due to using only
the AVD feature set is more pronounced. Nevertheless, Fig-
ures 2 and 3 demonstrated that AVD generally outperforms
the other dimension reduction methods for the three datasets
in question. This highlights that while there can be an inher-
ent trade-off between accuracy and dimensionality reduction,
AVD manages to achieve a favorable balance.

5.2 Phase space analysis

The second part of our validation strategy is the analysis of
phase space portraits. We embedded the obtained AVD time
series with T = 1, dg = 3 for a single sample and provided
comparative phase space portraits for all other techniques
(PCA, DyCA, MDS, FA, ICA, LLE, Isomap, tSNE, UMAP),
for both, three components, and a single embedded compo-
nent (again, T = 1,dg = 3)

The results of this conducted phase space analysis are
shown in Figure 5 for an actual phase space of PCA (RBF),
DyCA, MDS, FA, ICA, LLE, Isomap, tSNE and UMAP (3
extracted dimensions) for one sample, i.e., cycle 30 of the
Movement dataset. This dataset was chosen as it provided
high accuracies for AVD, DyCA, PCA, and MDS, respec-
tively. Further, we also applied all techniques such that we
obtained only one component for the regarded sample and
used the discussed embedding to obtain the phase space
portrait depicted in Figure 6. Finally, we used the regarded
embedding to also get a phase space portrait of the univari-
ate time series obtained by applying AVD, as depicted in
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Figure 7. These phase space portraits show that when apply-
ing PCA, DyCA, MDS, FA, ICA, LLE, Isomap, tSNE and
UMAP to obtain a 3D signal, we cannot derive any insights
from their phase space portraits such that we would clearly
see an attractor structure (Fig. 5). PCA, MDS, FA, tSNE
and UMAP provide us with phase space portraits that are
all over the place, whereas DyCA shows one point where
a lot of behavior is happening on the left side of the phase
space portrait and outliers on the right, we see a similar por-
trait for FA and Isomap. Contrary to all others is the portrait
by LLE, where all the behavior is just happening along a
few straight lines. We interpret these phase space portraits
as inconclusive. The reconstructed phase space portraits for
univariate signals of all reference techniques (Fig. 6) show
us better interpretable images; the reconstructed phase space
of the univariate signals from PCA, FA, and Isomap shows
an attractor mostly on the left side of the phase space portrait
with behavior that does not fit into this attractor moving to
the right. The phase space portrait of the DyCA reconstructed
phase space shows a very concentrated attractor in the center
of the image with surrounding outliers. The MDS, ICA, tSNE
and UMAP portraits show us all a central region where most
of the behavior is happening and edgy surroundings depict-
ing outliers. Finally, we again observe non-centered behavior
but straight lines and very edgy trajectories for the LLE phase
space portrait. However, we cannot conclude a clearly visible
structure from these portraits, as, e.g., Brunton et al. show for
real-life datasets, [67].

The reconstructed phase spaces for AVD show a much bet-
ter interpretable picture (Fig. 7). Here, we see for both MAD
and SD embedded signals that central loops form an attractor
with outlier loops surrounding it, expanding to the right side
but returning to the central attractor structure. Not only are
the outliers much smoother than for the other phase space
portraits, but they also depict what we call strange attrac-
tors: fractal, self-similar structures that never truly repeat.
However, we see some similarities to the reconstructed phase
space portrait of PCA (Fig. 7); the central attractor structure
on the right side is present for both the AVD and PCA plots,
and further, we see outliers expanding to the right that also
return to the attractor.

Summing up our findings from the phase space analy-
sis, we observe that AVD for both MAD and SD allows for
smoother and better interpretable phase space portraits. Fur-
ther, AVD shows us fractal behavior and a strange attractor,
which is still somewhat distorted by noise, as expected for
real-life data. We do not see this behavior for the other phase
space portraits. Thus, we conclude that AVD can identify
and properly depict the dynamics of the discussed multivari-
ate real-life datasets in terms of an interpretable phase space
portrait.
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Fig. 2 Accuracy of classification across the eight datasets, compar-
ing various dimension reduction techniques. Only the best performance
results of each dimension reduction algorithm are presented. Each tech-

6 Discussion

The previous section empirically evaluated the usability of
AVD for different datasets and domains. The new technique
was shown to perform strongly for large (activities dataset
with 45, and hydraulic dataset with 16 dimensions) and small
feature amounts (movement, sports and gait datasets with 6,
actuator dataset with 3 and hand dataset with 2 dimensions).
It successfully captures the dynamics of the time series and
reduces the features to one dimension, which can be seen
in Figure 7 and the corresponding discussion in Sect. 5.2).
This suggests promising applications in fields characterized
by high-dimensional, nonlinear, and time-dependent dynam-
ics, such as Medicine, Biology, and Industry. By limiting the
feature space, AVD also shows potential for domains with
large data volumes (e.g., Bioinformatics, IoT) or domains
with constraints on computing time and storage (e.g., wire-
less sensor networks for environmental monitoring).

The AVD approach performs well for sparse data sam-
ples. This can be observed in the hydraulic dataset with 156
features, in which we have an imbalanced distribution of
samples (some with several hundred samples and some with
only two). It captures the dynamic of a given error state in an
informative and unique way so that the classifiers can differ-

nique is applied to reduce the feature space dimensionality to one. The
two dark-blue lines correspond to AVD MAD and AVD SD

entiate the error classes with high precision. This can also be
seen in the phase space visualization of the computed AVD
time series for the movement dataset, Sect. 5.2. The represen-
tation shows that the dynamics of all different features can be
found within one time series. This makes AVD a particularly
strong contestant for machine learning use cases in which
the individual samples are very similar, which renders the
identification of a decision boundary quite hard for machine
learning models. This is supported by our construction in
Sect. 3, where we assume weak stationarity and finite first
and second moments; under these conditions, AVD amplifies
subtle cross-channel heterogeneity even when the distribu-
tions of individual channels are nearly identical.

The presented implementation of AVD is designed for
multivariate time series data. It utilizes a moving window,
calculates the statistical properties of that feature within
the given timeframe, and compares this to all other fea-
tures in the same time step. Thereby, this approach assumes
several numerical descriptions of a feature within a given
sample. The size of the moving window is an important
hyperparameter of the AVD method, as it determines the tem-
poral resolution and scale of comparison across features. In
principle, the window defines the granularity of the signal
analysis. Small windows emphasize short-term variability
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Fig.3 Accuracy of classification across the six datasets that had equal
to or more than three features, comparing performance with various
dimension reduction techniques. Only the performance results of each
dimension reduction algorithm are presented. Each technique is applied

and local fluctuations, while larger windows capture longer
trends or structural changes in the signal. This is similar to
neighborhood-size parameters in nonlinear dimension reduc-
tion techniques such as t-SNE or UMAP, in which the win-
dow length directly affects the smoothness of the resulting
manifold representation. The optimal choice in supervised or
unsupervised settings depends on the signal complexity and
sampling rate. If no domain information exists that would
establish a window baseline (e.g., like heart rate for ECG
signals), it can be guided by established techniques such as
the first minimum of the autocorrelation function or by using
the method of mutual information, which both indicate the
temporal separation at which observations become approxi-
mately independent [70-73]. Moreover, these methods have
their origin in phase-space embedding approaches applied to
dynamical systems (such as the Lorenz attractor). Recently,
similar to the presented study, they have been employed more
broadly to inform the choice of embedding dimension or
input/moving window size for time-series analysis and pre-
diction, particularly for neural networks and other machine
learning regressors (e.g. [74-76]).

Normalization is generally not required for the use of
AVD. As AVD compares the volatility between features, nor-
malization could significantly reduce the information caused
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to reduce the feature space dimensionality to three, except AVD MAD
and AVD SD, which always reduce the dimensionality to one. The two
dark-blue lines correspond to AVD MAD and AVD SD
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Fig.4 Accuracy of classification across the eight datasets, comparing
performance with both full feature sets and reduced feature space to one
with the AVD (AVD MAD and AVD SD)

by outliers or strong deviations from the mean. If uniformity
of features is not given, AVD might be more dominated by
features that show a higher numeric range. In that sense, AVD
can be sensible to outliers if the features are not normalized.
However, the more features are compared, the less significant
individual outliers will be. That said, the stationarity require-
ment stated in Sect. 3 still applies: non-stationary signals
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Fig. 5 Phase space representation of the first three PCA (RBF), DyCA, MDS, FA, ICA, LLE, Isomap, tSNE, UMAP features for cycle 30 in the

movement dataset

must be detrended (or otherwise rendered mean-reverting)
before AVD is computed.

Another important factor to consider is the computational
efficiency of a dimension reduction approach, particularly
if one computes millions of data points. Table 5 shows the
time complexity of the different dimension reduction meth-
ods used on a multivariate time series with ¢ timestamps and k
features. AVD has the same theoretical runtime of O (tk?) as
the fastest methods (PCA, DyCA, FA, ICA). This is because
AVD computes the squared differences for each pair of fea-

tures over ¢t — w windows, where w is the window size (the
incremental step size is taken to be 1).

In the following, we also evaluate the runtimes exper-
imentally. As shown in Table 6, ICA and DyCA are the
fastest techniques among all tested ones, with AVD ranking
mid-range in terms of speed. Aligning with the theoretical
runtimes, t-SNE, UMAP, LLE, MDS and Isomap are the
slowest, with the experimental runtimes being highly depen-
dent on the convergence behavior. Overall, the runtimes
indicate that AVD is computationally efficient for small and
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Fig.6 Reconstructed phase space from the first PCA (RBF), DyCA, MDS, FA, ICA, LLE, Isomap, tSNE, UMAP feature of the movement dataset

for cycle 30

large datasets while providing high accuracy (see Sect. 4.4).
However, future work could potentially optimize the compu-
tational efficiency.

Another benefit is the interpretability of AVD. Given a
high-dimensional multivariate time series, it is difficult, if
not impossible, to qualitatively make sense of the inherent
dynamics of such a dataset. As shown in Sect. 5.2, AVD
allows for qualitatively interpretable phase space embed-
dings of high-dimensional time series data, capturing the
volatility of such datasets. Although the observation of a
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phase space embedding is not a technical tool that pro-
vides a quantitative metric, it allows for interpretability. It
enables one to see (strange) attractors in real-life time series
data, whereas plots of single time series often do not allow
to see these otherwise hidden patterns. However, we must
acknowledge that when we observe a system with, say, 16
sensors, we get a 16-dimensional phase space, which pro-
vides more details on the system’s dynamics than collapsing
these 16 dimensions into one and then displaying it in, e.g.,
3 dimensions. We could make partial projections of the 16
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Table5 Upperboundary of time complexity of the dimension reduction

methods

Method Runtime Method Runtime
AVD 0(tk?) t-SNE O(tlogr)
PCA O (tk?) UMAP O(tlogt)
DyCA 0(tk?) LLE 0(t%k)
FA O(tk?) MDS O (t%k)
ICA O(tk?) Isomap 0(t2%k)

dimensions, e.g., taking three of them randomly and plotting
them in three dimensions. This allows for an interpretable
but reduced portrait of a system’s dynamics. On the con-
trary, the embedded phase space of our one-dimensional
signal contains information from all of these 16 dimen-
sions. Furthermore, given the long history of phase space and
reconstructed phase analysis, starting with the early works
of Lorenz [77] and continuing with novel contributions into
the 21st century [7, 67, 69], we conclude that this is still a
valid tool for analyzing and interpreting a system’s dynamics.
Future work in this direction could involve studying a sys-
tem’s dynamics by observing its Lyapunov exponents and
corresponding Lyapunov exponents of the AVD-condensed
time series for both model cases and real-life data.

While AVD focuses on capturing variability, it may not
effectively capture strong deterministic patterns, such as peri-
odicity or trends, if they do not result in significant variability
differences between features. In such cases, important struc-
tural information might be overlooked. In our approach, we
used the mean rather than the median as the central tendency
measure for computing the L norm. The mean is more sen-
sitive to subtle shifts in the data, which allows the method
to better capture small but meaningful variations, particu-
larly those introduced by gradual sensor changes or system
drifts. While the median is more robust to outliers and would
therefore reduce the influence of isolated anomalies, it may
also obscure smaller fluctuations that are relevant for detect-
ing structural dynamics in our setting. Since the analyzed

datasets were not preprocessed for outlier removal, and the
current approach demonstrated stable performance, the use
of the mean provided useful results while also providing
an interpretable phase space portrait. Nonetheless, further
research is needed to systematically compare both strategies
and identify scenarios in which the median may offer advan-
tages.

To evaluate the robustness of the AVD feature represen-
tation under noisy sensing conditions, several noise types
were simulated to reflect common sensor issues. Gaussian
noise models random electronic fluctuations, heavy-tailed
(Laplace) noise represents rare but strong outliers, drift
noise captures slow calibration or temperature-related shifts,
dropout noise emulates temporary signal loss, and temporal
warp noise reflects irregular sampling or clock desynchro-
nization. The respective noise intensities (Int.) denote the
strength of the applied perturbation, expressed as the stan-
dard deviation or amplitude for additive noises, the fraction of
signal loss for dropout, and the temporal distortion strength
for warp noise. The noisy AVD signals are then used for clas-
sification with the random forest algorithm from sklearn (see
Tables 7 and 8).

Both AVD variants showed high resilience to most pertur-
bations. Across datasets, Gaussian, drift, dropout, and warp
distortions typically caused absolute accuracy changes below
0.01 (ca. 1 %). The only dataset with strong deviations from
the initial accuracy was for Actuator and the heavy-tail noise
application. Except for this, outliers or perturbations typi-
cally had only a minor influence on the accuracy. The highest
sensitivity to outliers was detected using SD, with an aver-
age relative reduction of 7.79 percent. The largest difference
between MAD and SD occurred under heavy-tailed noise,
where the average accuracy reduction reached approximately
0.06 (about 8%) for SD and 0.05 (about 7%) for MAD. Across
all noise conditions, MAD achieved a slightly lower mean
reduction in accuracy (1.29%) compared to SD (1.39%),
indicating better robustness on average. Drift and warp per-
turbations showed almost no measurable effect, and in some
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Table 6 Execution times in seconds of performing dimension reduction to one feature with different techniques
Method Movement Gait Sports Activities Hand Hydraulic Actuator Plant
AVD (MAD) 5.97 4.01 1.21 389.48 354.15 34.73 218.79 723.89
AVD (SD) 4.89 3.56 1.15 386.43 304.12 21.90 180.35 516.48
PCA (RBF) 1.81 1.71 0.78 361.65 447.54 9.84 215.75 1153
PCA (Sigmoid) 2.39 1.90 0.76 604.91 652.27 9.26 265.09 1141
DyCA 0.75 1.16 0.55 35.97 59.23 6.82 35.09 128.07
MDS 151.68 6.46 1.91 139663 163274 18.74 9500 193973
FA 2.52 7.18 3.04 128.11 114.81 50.24 54.19 504.93
ICA 1.39 1.34 0.67 38.39 92.59 8.28 55.76 126.27
LLE 4.15 3.33 1.49 667.26 2429 111.01 461.71 335.11
Isomap 7.8 2.64 1.08 4315 6411 120.6 2130 5330
tSNE 66.6 69.09 46.47 3563 7604 449.16 2941 9788
UMAP 160.02 596.48 623.26 1188 8296 4337 3896 4062
Table 7 Summary of AVD MAD accuracy across noise types and all eight datasets used in this study
Noise Int Activ Actua Gait Hand Hydr Move Plant Sport Avg. Red. Avg. Red. (%)
No Noise - 0.630 0.752 0.989 0.730 0.838 0.778 0.692 0.786 0.000 0.000
Drift 0.1 0.620 0.759 0.989 0.728 0.843 0.778 0.690 0.780 0.001 0.198
Drift 0.5 0.630 0.756 0.983 0.720 0.840 0.778 0.690 0.791 0.001 0.085
Drift 1.0 0.641 0.741 0.983 0.717 0.843 0.778 0.688 0.791 0.002 0.174
Dropout 0.01 0.652 0.735 0.983 0.730 0.838 0.756 0.688 0.786 0.003 0.356
Dropout 0.05 0.696 0.735 0.983 0.730 0.808 0.756 0.690 0.786 0.001 —0.099
Dropout 0.1 0.663 0.744 0.989 0.724 0.808 0.778 0.690 0.786 0.002 0.073
Gaussian 0.1 0.587 0.675 0.983 0.713 0.844 0.756 0.690 0.797 0.019 2.625
Gaussian 0.5 0.565 0.566 0.983 0.694 0.820 0.778 0.690 0.813 0.036 4918
Gaussian 1.0 0.598 0.504 0.994 0.685 0.799 0.778 0.688 0.786 0.045 6.114
Heavy-tail 0.1 0.609 0.682 0.978 0.700 0.847 0.800 0.690 0.791 0.012 1.707
Heavy-tail 0.5 0.609 0.517 0.983 0.696 0.824 0.800 0.692 0.786 0.036 4.827
Heavy-tail 1.0 0.598 0.506 0.967 0.670 0.793 0.800 0.688 0.775 0.050 6.592
Warp 0.1 0.663 0.737 0.978 0.720 0.827 0.822 0.692 0.797 —0.005 —0.817
Warp 0.5 0.663 0.741 0.989 0.711 0.842 0.778 0.692 0.791 —0.002 —0.296
Warp 1.0 0.663 0.746 0.989 0.711 0.827 0.867 0.695 0.753 —0.007 —1.005

The first row represents the classification accuracies without noise. The average reductions compared to the no-noise application are given in
absolute (Avg. Red.) and relative (Avg. Red. (%)) values. The intensity of the applied noise is stated in (Int.) and indicates the strength of the
perturbation, expressed as the standard deviation or amplitude for additive noises, the fraction of signal loss for dropout, and the temporal distortion

strength for warp noise

cases even led to small accuracy gains. These results high-
light AVD’s capacity to preserve temporal structure under
various outlier and distortion scenarios. Further investiga-
tions are required to assess the impact of such noise effects
in real-world sensing environments.

The proposed AVD algorithm has been used only for clas-
sification tasks in this experiment. Future work is needed to
validate the dimension reduction technique for regression
tasks or time series forecasting. Particularly for forecasting,
the AVD could serve as an additional feature or a filtering
technique in ensemble methods. For the later, we will pro-
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duce several different forecasting predictions and filter the
results to match the dynamics of the training set best, as seen
in [15].

Other metrics have been initially tested as measures of
volatility and as inputs for the specialized cross-channel pair-
wise variance, including the Hurst exponent, the variance of
the second derivatives along a phase space trajectory [78],
Lempel-Ziv, and various entropy metrics. They have been
discarded at an early stage, as they did not provide promis-
ing results. However, it is still possible that these metrics
could yield promising results for other datasets.
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Table 8 Summary of AVD SD accuracy across noise types and all eight datasets used in this study

Noise Int Activ Actua Gait Hand Hydr Move Plant Sport Avg. Red. Avg. Red. (%)
No Noise — 0.620 0.733 0.983 0.735 0.850 0.778 0.690 0.764 0.000 0.000
Drift 0.1 0.609 0.759 0.983 0.724 0.844 0.778 0.692 0.764 —0.000 0.012
Drift 0.5 0.609 0.746 0.983 0.733 0.850 0.778 0.690 0.769 —0.001 —0.069
Drift 1.0 0.620 0.746 0.983 0.746 0.854 0.778 0.690 0.775 —0.005 —0.655
Dropout 0.01 0.630 0.737 0.989 0.724 0.850 0.756 0.688 0.764 0.002 0.221
Dropout 0.05 0.609 0.737 0.989 0.724 0.801 0.756 0.688 0.764 0.011 1.368
Dropout 0.1 0.652 0.722 0.989 0.741 0.801 0.756 0.688 0.764 0.005 0.474
Gaussian 0.1 0.609 0.692 0.989 0.707 0.847 0.756 0.690 0.786 0.010 1.345
Gaussian 0.5 0.576 0.583 0.989 0.689 0.827 0.756 0.690 0.769 0.034 4.749
Gaussian 1.0 0.554 0.534 0.989 0.689 0.807 0.778 0.690 0.769 0.043 5.950
Heavy-tail 0.1 0.620 0.686 0.983 0.694 0.854 0.756 0.690 0.780 0.011 1.514
Heavy-tail 0.5 0.587 0.517 0.983 0.689 0.825 0.778 0.686 0.786 0.038 5.202
Heavy-tail 1.0 0.565 0.500 0.961 0.650 0.788 0.756 0.690 0.769 0.059 7.977
Warp 0.1 0.609 0.731 0.983 0.724 0.811 0.800 0.692 0.808 —0.001 —0.108
Warp 0.5 0.620 0.724 0.983 0.709 0.843 0.800 0.692 0.769 0.001 0.192
Warp 1.0 0.630 0.744 0.994 0.713 0.830 0.756 0.695 0.769 0.003 0.319

The first row represents the classification accuracies without noise. The average reductions compared to the no-noise application are given in
absolute (Avg. Red.) and relative (Avg. Red. (%)) values. The intensity of the applied noise is stated in (Int.) and indicates the strength of the
perturbation, expressed as the standard deviation or amplitude for additive noises, the fraction of signal loss for dropout, and the temporal distortion

strength for warp noise

Further investigations are needed to understand which
baseline comparison (SD vs. MAD) is favorable for which
datasets and use cases. Based on the mathematical descrip-
tion, the SD approach may be favorable if the outliers are
more important, as it squares the absolute values compared
to the MAD. If outliers should be equally treated, then MAD
might provide more accurate results to describe the system’s
dynamic. In this context, further research is also needed to
assess the influence of the window size on capturing the tem-
poral patterns of different signals.

7 Conclusion

We introduce a novel dimension reduction technique, Aver-
age Volatility Dimensioning (AVD). AVD measures the
volatility of time series features and calculates the average
distances of mean deviations/volatilities between all feature
pairs. Thereby, it focuses on the inter-feature relationship
and collapses the given features into an univariate signal.
Based on the empirical evaluation of AVD against state-of-
the-art dimension reduction techniques, it is shown that AVD
is a promising approach to compress and contain the com-
plex dynamics of time-dependent data. It is human-readable,
computationally efficient, and robust under varying noise
conditions. By using the reduced dimensions as features
for machine learning classification tasks, AVD achieves, on
average, the highest accuracy of all employed dimension
reduction techniques (PCA, DyCA, MDS, FA, ICA, LLE,
Isomap, tSNE, UMAP). It was shown that the reduced fea-

ture space of AVD leads in four out of eight use cases to
equal or even higher accuracies compared to the original
datasets that have not been subject to dimension reduction.
It captures the dynamic of one dataset to the degree that it
increases the accuracy in the machine learning task from 60%
to 78% while only using one (AVD) feature vector instead
of the original six features, i.e., the full feature matrix of
a single sample. This provides promising application fields
for areas that are prone to high dimensions, complex non-
linear and time-dependent dynamics, such as in Medicine,
Biology, or Industry; areas where multiple measured sen-
sory inputs can characterize a system’s behavior. We also
show that AVD provides an interpretable phase-space por-
trait suitable for signal analysis (e.g., assessing periodic and
repetitive behavior or strange attractors). By reducing the
feature space, other potential applications of AVD include
domains in which either the amount of data is large (e.g.,
Bioinformatics, IoT) or computing time and storage are con-
strained (e.g., wireless sensor networks for environmental
monitoring). Future research is still needed to apply and val-
idate AVD for other (machine learning) tasks like forecasting
or regression analysis.

Appendix A Extended empirical evaluation
of AVD

See Tables 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20 and
Figs. 8,9, 10, 11, 12, 13.
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Fig.8 Precision of
classification across the eight
datasets, comparing various
dimension reduction techniques.
Only the best performance
results of each dimension
reduction algorithm are
presented. Each dimension
reduction technique is applied to
reduce the feature space
dimensionality to one. The two
dark-blue lines correspond to
AVD MAD and AVD SD

Fig.9 Recall of classification
across the eight datasets,
comparing various dimension
reduction techniques. Only the
best performance results of each
dimension reduction algorithm
are presented. Each dimension
reduction technique is applied to
reduce the feature space
dimensionality to one. The two
dark-blue lines correspond to
AVD MAD and AVD SD

Fig. 10 F1 score of
classification across the eight
datasets, comparing various
dimension reduction techniques.
Only the best performance
results of each dimension
reduction algorithm are
presented. Each dimension
reduction technique is applied to
reduce the feature space
dimensionality to one. The two
dark-blue lines correspond to
AVD MAD and AVD SD
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Fig. 11 Precision of —— avd mad
classification across the six — avdsd
— bf
datasets that had equal to or pearmt
—— pca sigmoid
more than three features, 10 — dyca
comparing various dimension —— mds
. . —
reduction techniques. Only the - i:a
best performance results of each 0.8 — e
dimension reduction algorithm \ isomap
are presented. Each dimension 7 Esr::p
reduction technique is applied to 06
reduce the feature space g
dimensionality to one. The two 2
. >
dark-blue lines correspond to
0.4 —
AVD MAD and AVD SD
0.2
0.0
Movement Sports Gait Activities Hydr‘aulic Plant
Datasets
Fig. 12 Recall of classification — avd mad
across the six datasets that had — avdsd
—— pca rbf
equal to or more than three pearbt
. N —— pca sigmoid
features, comparing various 1o — dyca
dimension reduction techniques. ’ —— mds
Only the best performance - Tja
results of each dimension 08 — lle
reduction algorithm are ’ isomap
presented. Each dimension — Esn’::p
reduction technique is applied to 06 .
reduce the feature space 9 '
dimensionality to one. The two 2
. >
dark-blue lines correspond to o4
AVD MAD and AVD SD ’
0.2
0.0
Movement Sports Gait Activities Hydraulic Plant
Datasets
Fig. 13 F1 score of —— avd mad
classification across the six — avdsd
— bf
datasets that had equal to or peardt
—— pca sigmoid
more than three features, 10 — dyca
comparing various dimension —— mds
. . —
reduction techniques. Only the - i:a
best performance results of each 0.8 e
dimension reduction algorithm isomap
are presented. Each dimension : Esr::p

reduction technique is applied to
reduce the feature space
dimensionality to one. The two

" —
dark-blue lines correspond to

AVD MAD and AVD SD o %
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