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ABSTRACT Accurate and efficient clustering of large-scale functional data is of utmost importance in the
era of big data. However, the current research falls short in fully considering the differentiability inherent
in functional data. To tackle this significant challenge, we propose a novel method, namely Dynamic and
Static Enhanced-BIRCH (DSE-BIRCH), which incorporates both the constant and derivate features to
simultaneously measure the static and dynamic distances between functional samples. To this end, a novel
matrix factorization-based approach is introduced to transform constant features, extracted through principal
component analysis, into derivative features. Subsequently, these two sets of features are fused to form
global clustering features with different weighting coefficients are assigned to each of them, reflecting
their respective importance. Finally, an enhanced BIRCH algorithm is employed to handle both static
and dynamic constraints, enabling hierarchical clustering from a more comprehensive perspective. The
mathematical definition of the algorithm is rigorously provided. The superior empirical performance of
our method on publicly available datasets and simulated datasets fully demonstrates its effective capture of
dynamic information and its capability to achieve accurate clustering on real-world data. Further experiments
involving noise and complexity attest to the algorithm’s robustness and efficiency, highlighting its broad
potential for applications in various complex scenarios involving large-scale functional data.

INDEX TERMS Functional data, clustering, BIRCH, dynamic and static information fusion.

I. INTRODUCTION

With the application of Internet of Things (IoT) technology
and the development of big data, an increasing amount of
discrete data with functional characteristics is being recorded
and stored. In statistics, these continuous, dynamic data with
functional characteristics are referred to as functional data.
The concept of functional data was first proposed by Ramsay

including medicine, biology, and finance. It encompasses the
analysis of variables such as rainfall over a specific time
period, stock trading prices in financial markets, and GDP
indices, among many others [4], [5], [6], [7], [8]. Currently,
research on functional data has become increasingly exten-
sive, particularly in the areas of principal component analysis,
regression analysis, clustering, and classification [9]. While

in 1982 [1], followed by a comprehensive exploration of its
properties [2]. Since the publication of Ramsay and Silver-
man’s monograph [3], functional data analysis has received
extensive attention and recognition. With ongoing research,
functional data has been widely utilized in various fields
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there have been numerous studies on principal component
analysis and regression analysis of functional data, research
on clustering and classification, especially efficient clustering
of large-scale high-dimensional functional data, still requires
further exploration. According to the representation of the
functional objects and the modeling approaches used, cluster-
ing methods for functional data can be categorized into four

types.
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Raw-data direct clustering is the most straightforward
method for clustering, where the original data is directly
used as discrete high-dimensional objects for analysis. Each
observation time is treated as a one-dimensional feature, and
conventional clustering methods are applied based on multi-
dimensional distance measures [10], [11], [12]. For example,
Boullé [11] proposed a method for functional data by mod-
eling the probability distribution of the number of discrete
observations falling into fixed-width intervals, thus avoiding
the problem of selecting basis function. However, this method
requires noise-free observations and uniform sampling at
the same time points for all functions in the function set.
Furthermore, discretizing functional data in this manner fails
to leverage the continuous differentiability advantages of
functional data.

Two-step tandem clustering involves fitting the discretely
observed data to selected basis functions, and then using the
fitted parameter coefficients as features for clustering [13],
[14], [15], [16], [17], [18]. For instance, Yamamoto [15]
proposed a method for clustering functional data in a
low-dimensional subspace based on principal component
analysis and k-means criterion, which enhances the applica-
bility and effectiveness of the two-step sequential clustering
framework. Zhang [18] proposed an adaptive weighted prin-
cipal component-based k-medoids clustering method that
combines adaptive weights and principal component analysis
to address the clustering of functional data. Although TSTC
adheres to the core principles of Functional Data Analysis
(FDA), it suffers from a disconnect between feature selection
and the clustering process, and the clustering results can be
influenced by the choice of basis functions.

Nonparametric clustering of functional data relies pri-
marily on derivative information extracted from the func-
tions or through bayes nonparametric methods to quantify
the similarity between curves [19], [20], [21], [22], [23],
[24], [25], [26]. Chiou and Li [19] proposed a clustering
method for longitudinal data, estimating the means and
covariances of the classes through non-parametric iterative
approaches, and subsequently predicting cluster membership
probabilities for the members. Fortuna et al. [24] utilized the
K-means algorithm and employed first and second derivatives
as semi-metric methods to measure the similarity between
functional data. Compared to clustering based solely on the
static features of functions (e.g., base function similarity),
these methods can more accurately differentiate the den-
sity relationships between functions by considering their
derivative characteristics. Although they provide clustering
information from multiple perspectives, the clustering results
are unstable or sensitive to the choice of derivative order, and
they fail to capture the hierarchical structure within the data.

In model-based clustering methods, the probability den-
sity of functional data is used to describe the distribution
characteristics, typically assuming that the expansion coef-
ficients of the basis functions follow a specific distribution
as random variables. An alternative method to estimate the
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distribution of functional data is to use non-parametric kernel
density estimation based on principal components analysis.
This replaces the original probability density of the functions
with a kernel density estimate constructed from the principal
component scores [27], [28], [29], [30], [31], [32], [33], [34],
[35], [36], [37]. For example, Wu et al. [35] incorporated
non-parametric curve features and developed a probabilistic
model based on Bayesian criteria for functional data cluster-
ing. These methods integrate data dimensionality reduction
with the clustering process, performing both data reduction
and clustering analysis simultaneously. However, the clus-
tering results are highly sensitive to the initial parameter
values, leading to poor result stability. Additionally, due to
the complexity of the model itself, it is challenging to extract
hierarchical structural information from the data.

In summary, existing clustering methods for functional
data suffer from several limitations: 1. Most existing cluster-
ing algorithms do not fully consider the high-order differen-
tiability and fail to leverage its advantages. While algorithms
that utilize derivative features often exhibit sensitivity to the
choice of derivative order. 2. Many algorithms are sensitive
to parameter selection, leading to poor stability of cluster-
ing results. The robustness of the algorithms needs further
improvement. 3. The algorithms have high computational
complexity, making them less suitable for large-scale data
analysis. They struggle to scale effectively for big data analy-
sis. Therefore, there is a need to address these challenges and
develop new clustering methods for functional data that can
fully leverage the advantages of high-order differentiability,
improve result stability and robustness, and enhance scalabil-
ity for large-scale datasets.

To address the aforementioned clustering challenges, some
researchers have attempted to develop new clustering meth-
ods, such as using novel metrics to replace traditional
distance or similarity measures for improved clustering per-
formance [38], [39], [40], [41], [42], [43]. For example,
Sharma et al. [38] proposed an improved spectral clustering
algorithm based on S-divergence for customer churn predic-
tion and indicator clustering. They then presented clustering
algorithms leveraging Kullback-Leibler divergence and Jef-
freys divergence for uncertain data clustering, as well as an
efficient density peak clustering method with adaptive mixed
distances for detecting and diagnosing faults in mechanical
gearboxes [39], [40]. Albert-Smet et al. [41] put forward an
improved k-means algorithm with bootstrap Random Initial-
ization to find optimal initial seeds for functional data. And
some other studies have focused on enhancing the compu-
tational efficiency of large-scale data clustering algorithms.
Hu et al. [42] proposed a more efficient k-means clustering
approach, providing inspirational ideas for improving exist-
ing methods. While these algorithms successfully address
clustering challenges for discrete data, they do not consider
the temporal properties of time series data. Motivated by
the above approaches and given certain limitations of cur-
rent functional data clustering techniques, this paper aims to
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FIGURE 1. The framework of the proposed method in this paper. a, Method architecture, which consists of three main steps: Functional principal
component analysis (FPCA), dynamic-static similarity weighted measurement, and improved BIRCH clustering. b, comparison of static and dynamic
information in functional data. c, Key improvements of DSE-BIRCH. The left section represents the original BIRCH, where clustering is based solely on
constant features. In contrast, the improved BIRCH incorporates both constant and derivative features, enabling the construction of CF trees while

considering both static and dynamic constraints.

propose a clustering algorithm suitable for functional data
with continuous characteristic.

According to the literature review, the BIRCH (Bal-
anced Iterative Reducing and Clustering using Hierarchies)
algorithm [44] tackles the challenge of managing large-scale
clustering problems by incorporating explicit constraints on
time and memory. It capitalizes on the observation that
data points in the spatial domain frequently exhibit uneven
distribution, implying that not all data points hold equal
significance for clustering objectives. BIRCH significantly
reduces the size of the dataset, making it much smaller than
the original dataset. Studies [45], [46], [47] have shown that
the BIRCH algorithm exhibits strong scalability and demon-
strates notable efficiency advantages in clustering large-scale
data while producing accurate clustering results. Therefore,
based on the BIRCH algorithm, we propose a new approach
to integrating static and dynamic information for measuring
similarity in functional data clustering. Our goal is to develop
an efficient, accurate clustering method for functional data
that can uncover hierarchical structures.

To accurately distinguish the similarity and dissimilarity
between functions, relying solely on static distance based on
function values may not provide valuable information when
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functions have similar values in certain intervals but signif-
icant differences in their derivatives, as shown in Fig. 1b.
Therefore, it is necessary to examine the dynamic shape
features of functions. In order to leverage the high-order
differentiability of functional data and address the issues
mentioned earlier, this paper proposes a method based on the
BIRCH algorithm that enhances the clustering of large-scale
functional data by combining dynamic and static infor-
mation. The architecture of our method is illustrated in
Fig. 1a and mainly consists of three steps: functional prin-
cipal component analysis (FPCA), similarity measurement
based on weighted dynamic and static distances, and hierar-
chical clustering leveraging an improved BIRCH algorithm.
Specifically, the method first employs FPCA to extract con-
stant features from functional data, which are subsequently
used to define the static similarity measure in the hierar-
chical clustering algorithm. When measuring the clustering
similarity based on dynamic information, conventional mul-
tivariate feature clustering methods cannot be directly applied
due to the involvement of distance calculations with non-
unit matrices. To address this issue, this study introduces
an additional matrix in conjunction with the original unit
matrix through matrix factorization, thereby transforming the
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problem into a conventional multivariate clustering prob-
lem. As shown in Fig. Ic, the importance of constant and
derivative features in clustering is balanced by setting opti-
mal weights and creating a joint constraint that integrates
static and dynamic similarity measurements. The improved
BIRCH clustering algorithm explores the internal hierarchi-
cal relationships of functional data, leading to accurate and
efficient clustering. To fulfill the requirements of functional
data clustering, our approach extends the maintenance of a
single clustering ball to the maintenance of two clustering
spheres by introducing new triplets. The proposed method
effectively compensates for the information loss in clustering
based solely on static information, significantly reduces the
complexity of the clustering algorithm, and enhances the
efficiency of processing large-scale data.

il. METHOD
A. FUNCTIONAL PRINCIPAL COMPONENT ANALYSIS
Assuming that the function x; () represents square-integrable
data in a Hilbert space that has been centered, functional
principal component analysis (FPCA) seeks to identify a
set of orthogonal unit bases in the Hilbert space. The main
objective of FPCA is to capture maximum information from
the original data while achieving dimensionality reduction.

Suppose ¢1 (1), ¢2 (1), ....,¢p (¢) are sets of orthonormal
bases of L (T), the original function can be expressed as a
linear combination of these bases, x; (f) = Zl}:: 1 Cip®p (1),
p = 1,2,...,P where c;, represents the score of the i-th
sample in the p-th dimension. The first principal component
in FPCA aims to find a function ¢ (¢) that maximizes the
variance of the projection of x; (¢) onto ¢ (¢), while satisfying
the constraint that the norm of ¢ (¢) is equal to 1.

The optimization problem for identifying the first principal
component can be formulated as follows:

max ZL] = max % ZLI ( /T & (1) x; (1)dr)?

s.t./ > (dt = 1 (1)
T

To solve for the weight function of the j-th principal
component, we need to satisfy the following optimization
condition:

 J—
max - Z,-Zl ( /T o (H)xi(t)dr)?

z. 2 (Hdt =1,
5.t /Tqbp(t) t
/T¢k ®)¢p (1) dt =0,

k=1,2,....p—1 2

Based on the Mercer theorem and the Karhunen-Logve
(K-L) transform principle, the function ¢ (¢) satisfies the
characteristic equation [48]:

/TG(S’ N¢ (s) = r¢ (1) 3
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FIGURE 2. Reconstruction process of the Meat dataset. a, Raw curves
constructed from the raw data points of the Meat dataset. b, Smoothing
and denoising of the Meat dataset using B-spline basis functions. c,
Centering the functional data obtained in Fig. 2b. d, Reconstruction of the
centered functional data using the principal component bases.

where covariance function is G (s, t) = % Z:': 1% (8) x; (1),
and the value of ¢ (¢) can be directly obtained through numer-
ical integration.

Taking the Meat dataset [49] as an example, we demon-
strated the process of utilizing FPCA for denoising and
reconstruction of the data, as illustrated in Fig. 2. The dataset
consists of 60 spectral curves categorized as chicken, pork,
and turkey. These spectral curves were obtained through
Attenuated Total Reflectance (ATR) sampling using Fourier
Transform Infrared spectra. Each spectral curve is truncated
within the wavenumber range of 1000 to 1800 cm ™!, resulting
in 448 sampling points. Fig. 2 depicts the process of denois-
ing and reconstruction on the first two principal component
bases of the data. It can be observed that after denoising
and reconstruction, the selected first two principal component
bases effectively represent the function samples. The two
principal component bases account for accumulative contri-
bution variance of 94.7%, indicating their ability to explain a
significant portion of the data variability and their importance
as the most crucial components. Compared to the original
data, the denoised and reconstructed data using principal
component bases exhibit improved functional properties. The
noise has been effectively removed, resulting in smoother and
more regular reconstructed data. This enhanced representa-
tion of the data highlights the key features and provides better
insights into the underlying characteristics.

B. THE SIMILARITY MEASUREMENT FOR FUNCTIONAL
DATA CLUSTERING

After the function samples represented by the principal com-
ponent bases, the mean function can be expressed using the
following formula:

1 n
SIOEED IS I 10 @
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At this point, the static distance between two function
samples can be represented as follows

dy (xi (1), x; (1))

1
= /T (xi (1) — x; (1) dr)

- ( /T (cintp (1) — iy () (cinty (1) — cipp (r))T) :

1

= ((ci—c.;) /T ¢ (o (T (c,-—cj)T)z )

where (1) = (¢1(1), ....dp()T, ci=(ci1, cia, ... .cip)” .
Let W = [; p()¢(t) dt, then
W =1Ipyp (6)
d1(xi(1), x;(t)) = ((¢;i — ¢j)(ci — Cj)T)% )

In this case, the static distance between function-based data
is transformed into the Euclidean distance between coeffi-
cient vectors. Similarly, we can define the dynamic similarity
measurement between two functional samples based on their
derivatives as follows:

dy (xi (1), x; (1))
1
2

= (/ (Dx; (1) — Dx; (1)) di)
T

1

2
= (/T (Cip¢1/7 (1) = cjp#) (t)) (cipd’y (1) — cjpd’, (z))T)

= ((ci—c,-) /T ¢ (e 1) (ci—cj)T)z ®)

where Dx;(¢) and qbl’,(t) represent the firs-order derivative of
the functional data and the basis functions respectively.
Let W' = [ ¢'(t)¢/(t)! dt, then

di (xi(1),x;(1)) = ((c; — W' (ci — Cj)T)% €))

Meng et al. [50] have demonstrated that this distance satis-
fies the metric properties of a spatial distance measure on the
function space L*(T).

C. THE CLUSTERING FEATURE (CF) IN THE ORIGINAL
BIRCH

The CF triplet, which represents the clustering features, is the
most crucial building element of the algorithm. By utilizing
basic arithmetic operations to calculate the clustering fea-
tures, the complexity is reduced and the computational speed
is improved. The structure of CF is typically represented as a
triplet in the following form:

CF = (N,LS,SS) (10)

where N represents the number of points in the cluster,
LS denotes the linear sum of the features for each sample,
and SS is the sum of squares for each feature dimension of
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the data points. The calculation formulas for LS and SS are
as follows:

n -
LS = Zi:lxi (11)
ss=>" i (12)

The CF features possess the property of linearity additivity.
When merging two disjoint sub-clusters with CF features
CF, = (N1,LSy,SS)) and CF, = (N,, LS, SS;), a new
cluster CF can be obtained that satisfies the additivity prop-
erty. Mathematically, the additivity property is expressed as
CF = CF{ + CFy = (N1 + Ny, LS + LS>, 851 + 55»).

For a cluster containing n samples of p dimensions, the
calculation methods for cluster centroid xg, cluster radius R,
and cluster diameter D are as follows:

1 n
X0 = ;gxi (13)
=
n . 2 — LS2
RZ\/21:1 ()Z X0) z\/n*Sb;12 S (14)

pI= 27:1 (xi _xj)
nn—1)

D=

2
2n % SS — 2LS?

= (15)

nn-—1)

R represents the average distance from individual points
within the cluster to the cluster centroid, while D represents
the average pairwise distance between data points within the
cluster. The proof of Equation 14 is provided in the Appendix.
Given X = {x1,x2,x3,...,x,1}, Y = {y1,y2,¥3, ..., yn2},

the distance D between two clusters, X and Y, can be calcu-
lated using the following formula:

1

> >3 \2\ 2
SIL T (R -5,
D, = i=1 &=j=n1+1 ( ! J) (16)
ninz

D. THE PRESENTATION OF CF FOR FUNCTIONAL DATA
When using the static distance d; as a similarity measure
for clustering function samples, according to Equation 6,
the matrix W is the identity matrix. Based on Equation 7,
we can directly use the Euclidean distance between coeffi-
cient vectors, which represents the static distance between
constant features, to cluster the functional data. This approach
transforms functional data clustering into a conventional
multivariate feature clustering problem. In this case, the
representation of CF triplets remains consistent with the con-
ventional CF representation method.

However, when using the dynamic distance d, as a sim-
ilarity measure, W' is a non-identity matrix, which implies
that generating the required CF triplets directly from the
coefficient vectors is not feasible. Since W’ is a symmetric
matrix, we can perform a Cholesky decomposition of W' as
W’ = KK . In this case, Equation 9 can be transformed as
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follows:
1
d> (xi @), x (t)) = ((C,‘ — Cj) w’ (C,' — Cj)T) :
= (=) KK (ci— )T (17)
Theorem 1. Assuming that CF1 is the static information tuple
generated from d, represented as CF1=(Ny, LSy, SS1), the
dynamic information triplet CF, generated from d> can be
expressed as CF, = (N, LSK, KSSKT).

Proof. Let c¢i=(cj1, cia, .. .cjp) be the projection coeffi-
cients of functional data on the principal component bases,
and let ¢ = ¢;K. Denote LS = >7  ¢;, SS = Y1 c.
According to Equation 17, we have:

d (x5 (1), x; (1) = (ciK — ¢iK) ((ci — ¢j) K)
T
= (c;—¢f) (c; - cj’) (18)

This indicates that, similarly, function-based clustering
using the dp distance measure can be transformed into a
multivariate feature clustering based on the Euclidean dis-
tance. The information can be stored in CF triplets in a
consistent manner. The original feature, represented by c;,
is transformed into the new feature c;K. In this case, CF; is
obtained as CF, = (N, LSK, KSSKT).

T

E. IMPROVED BIRCH WITH FUSION OF DYNAMIC AND
STATIC INFORMATION

Intuitively, for functional data, conventional constant features
reflect the static characteristics of the data, while derivative
features capture the dynamic information from a different
perspective. Dynamic information is crucial for functional
data as it reveals the fundamental functional traits. In some
cases, functions with approximately similar values in certain
intervals may not provide valuable information to distinguish
their differences. Therefore, relying solely on static distance
based on functions may struggle to accurately differenti-
ate the similarity and dissimilarity between functions. It is
necessary to consider the dynamic shape features of func-
tions, such as the velocity and acceleration of the derivative
function. Incorporating supplementary dynamic information
helps achieve more effective clustering.

By considering both constant and derivative information,
the static distance d; and dynamic distance d> can be merged
through a weighting parameter that balances their impor-
tance. This leads to the definition of a global distance:

d=d| +axd (19)

where o is the weight coefficient for the global distance
measure. Let CF and CF; be the CF vectors for the constant
and derivative features, respectively. This global distance
metric enables a comprehensive assessment of the similarity
between functions. It can be represented as:

CF = (CF,, CF»)
= (N, LSy, 8§81, LS>, 85»)

= (N,LS, SS, LSK, KSSKT ) (20)
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v

Finish scaning and
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END

FIGURE 3. The workflow of the DSE-BIRCH algorithm.

Given the relative magnitudes of constant and derivative
quantities, the cluster sphere radius thresholds are defined
as T1 and T,, respectively. The specific workflow of the
DSE-BIRCH algorithm is illustrated in Fig. 3. DSE-BIRCH
differs from the conventional BIRCH algorithm by concur-
rently maintaining spheres for both constant and derivative
features. Supposing the two spheres are denoted as R; and
R> to represent the respective radii. During the insertion of a
new sample point, it will be placed in a leaf node if and only
if Ry < T1 & Ry < T, hold true.

Before constructing a CF tree, three parameters need to be
defined in advance.

(1) The branch balance factor §, indicates the maximum
permissible number of child nodes for every internal node,
guaranteeing that the branching of internal nodes does not
exceed this factor.

(2) The leaf balance factor A, denotes the maximum capac-
ity of each leaf node to CF.

(3) The threshold T, represents the maximum allowed
sample radius or diameter for each CF within a leaf node.

It should be noted that the branch balance factor and
the leaf balance factor can be set to the same value.
The DSE-BIRCH algorithm is summarized in Algorithm 1.
It operates on a matrix X, which contains m func-
tional data samples of p dimensional principal components
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Algorithm 1 Dynamic and Static Enhanced BIRCH Clustering Algorithm for Functional Data

Input:Data matrix X of size mxn, number of clusters K, branching factor B, thresholds 7 and 73, and weighting coefficient «

Procedure:
1: Functional data processing

a. Functional principal component analysis

b. Compute the projections of the functional data onto the principal components to obtain C;
c. Compute the inner product W of the derivative of the basis functions, solving the equation KKT= W, obtaining matrix

K and the dynamic feature Co,=C1K

2: Initialize a CF tree with a single node
3:fori=0,1,2,...do

a. Compute the static and dynamic d1, d, for sample i based on corresponding features
b. Measure the distance d = d| + « * d», and find the leaf CF node closest to the new sample
c. Insert the sample and check if it satisfies Ry < T1&Ry < T». If true, update all CF triplets along the path and end the

insertion. Otherwise, proceed to step d

d. Check if the current leaf node has fewer CF nodes than B. If true, create a new CF node and place the new sample.

Otherwise, proceed to step e

e. Split the leaf node into two new leaf nodes, selecting the two CF nodes that are farthest apart as the initial CF nodes for

the new leaf nodes

f. Update all CF triplets along the path as CF=(n,LS1, SS1, LS2, SS$2)

4: end for

5: All samples have been scanned, and the CF tree construction is complete.

Output:Cluster Centroids = {ct1, cta, ..

., cty, for the m samples and the classification results Clusters = {cly, cla, ..

., ¢y}

projection coefficients. The algorithm takes several input
parameters, including the maximum number of clusters K,
the weighting coefficient «, and the radius thresholds T
and T, the branching factor 8 = A = B. During the
clustering process, the CF tree is constructed through iter-
ative updates by sequentially scanning the dataset. Finally,
the algorithm outputs the cluster partitioning results for m
samples as Clusters = {cl1, cla, . . . ,cl;,}, where each sample
is assigned to a specific cluster represented by cl;.

Additionally, the algorithm provides the centroids of
each sample’s corresponding cluster as Centroids =
{ct1,ct2, ..., cty}. In our experiments, different hyper-
parameter ranges are considered:

ae {10—5, 1074, ....10%, 105},
Tre {1,10, 100, T; = 0.2, B = 20.

The optimal hyperparameter settings may vary depending
on the dataset. Notice that different values of o uniquely
characterize the differences in importance between constant
and derivative information across different datasets.

F. ALGORITHM COMPLEXITY ANALYSIS

Unlike most iterative clustering algorithms such as KMeans
that require multiple iterations until convergence, the BIRCH
clustering algorithm stands out by constructing the CF tree
and completing the clustering process with just a single scan
of the dataset. In this article, the primary motivation behind
proposing DSE-BIRCH for clustering functional data is to
harness the time complexity advantage of BIRCH, enabling
fast and efficient clustering of large-scale functional data.
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Typically, the time complexity of KMeans is given by:
Ok=xn*xixd)

where k represents the number of data points in the dataset,
n denotes the size of the dataset, d signifies the number
of iterations required for convergence, and d indicates the
dimensionality of the data. Typically, the number of iterations
in an algorithm is linearly related to the size of the dataset,
which means that the variables i and » are of the same order.
Therefore, the time complexity of the KMeans algorithm can
be simplified as:

O(k#*nxd)

In the case of the BIRCH algorithm, the data is compressed
and clustered by the CF tree, leading to a significant reduction
in the algorithm’s time complexity to O(nlogn), where n
represents the size of the dataset.

During the construction process of the CF tree in DSE-
BIRCH, the time complexity increases due to the calculation
of distance measures for both constant and derivative features
separately. This results in a doubling of the time overhead
compared to BIRCH. However, despite this additional over-
head, the time complexity of both DSE-BIRCH and BIRCH
algorithms remains within the same order, ensuring that their
overall time complexities remain unchanged as:

O(n log n)

IlIl. RESULT
This section commences with a concise introduction to
clustering evaluation metrics, providing a foundation for
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assessing the performance of clustering algorithms. Sub-
sequently, the effectiveness of the DSE-BIRCH algorithm
is evaluated by comparing it with the original KMeans
and BIRCH algorithms on publicly available datasets. This
comparison is aimed to validate the superiority of the
DSE-BIRCH algorithm in terms of clustering quality and
accuracy. Furthermore, the generalizability and robustness of
the DSE-BIRCH algorithm are thoroughly examined through
simulated experiments, using various synthetic datasets to
assess its performance under diverse scenarios. Additionally,
noise-injection experiments are conducted to investigate the
algorithm’s resilience against noisy data. Lastly, an in-depth
analysis of the time complexity of the DSE-BIRCH algorithm
is presented. This analysis sheds light on the algorithm’s
computational efficiency and scalability, providing valuable
insights into its practical applicability for large-scale datasets.

A. CLUSTERING EVALUATION METRICS

Several commonly used clustering evaluation metrics are
employed to assess the performance of the algorithm from
multiple perspectives in our experiment. One of these met-
rics is the Rand Index (RI), which evaluates the consistency
between the clustering results and a reference standard by
measuring the allocation of samples to clusters. The Rand
Index provides a value between 0 and 1, where a higher
value indicates a higher degree of consistency between the
clustering results and the reference standard. RI is defined as
follows:

a+b
RI = 3

n

1)

C
where a is the number of correctly classified pairs, b is the
number of incorrectly classified pairs, and cﬁ represents the
total number of samples pairs.

Similar to the RI, Purity also measures the consistency
between the clustering results obtained by the algorithm and
areference standard in terms of sample allocation to clusters.
Purity is defined as follows:

. 1 K k
Purity = + Zk:l max |jc=k1 Ny | (22)

where N is the total number of samples, K is the number of
clusters, c; represents the sample set within each cluster, and
t; represents the sample set within each true class j.

The Davies-Bouldin Index (DB Index) measures the bal-
ance between the compactness and separation of clusters
obtained by a clustering algorithm. It quantifies the average
similarity between each cluster and its most similar cluster
while considering the distances between their respective cen-
troids. The DB index takes values in the range [0, c0), where
a lower value indicates better clustering performance. It is
defined as follows

1 n S; + §;
DB Index = — Z max { —— (23)
n =1 j£i djj
where 7 is the number of clusters, s; represents the average
distance between each sample in cluster i and its centroid,
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(a). ArrowHead

A

(¢). Fungi

(b). ECG200

(d).SonyAIBORobotSurface2

FIGURE 4. The curves of the four functional datasets. a-d are the curves
of Arrowhead, ECG200, Fungi and SonyAIBORobotSurface2 dataset,
respectively.

and d;; represents the distance between the centroids of clus-
ters i and j.

The Silhouette Coefficient (SC) measures the similarity
and dissimilarity of a sample with its cluster compared to
other clusters. The Silhouette Coefficient takes values in the
range of [1, -1], where a higher value indicates a better
clustering result. It is defined as follows:

so= Ly POzl gy
i=1 max {a (i), b (i)}

where N is the total number of samples, a; denotes the
average distance between sample i and other samples within
its cluster, and b; represents the minimum average distance
between sample i and all samples in other clusters.

B. EVALUATION ON PUBLIC DATASETS

In this study, a total of 10 time series datasets were selected
from the UCR2018 Archive database [17] (available at
www.cs.ucr.edu/~eamonn/time_series_data_2018/).

These datasets were specifically chosen to encompass a
wide range of real-life scenarios and were collected from
diverse domains such as sensors, spectrum analyzers, images,
and electrocardiograms. Table 1 presents a concise overview
of these datasets. The inclusion of datasets from different
domains ensures evaluating the algorithm’s performance in
handling various types of time series data, thus demonstrating
its versatility and applicability across different real-world
applications.

In Fig. 4, the time series plots of four datasets, namely
ArrowHead, ECG200, Fungi, and Sony AIBORobotSurface2,
are showcased. These plots provide a visual representation of
the temporal patterns and distinctive features present in the
respective datasets.

To examine the necessity and effectiveness of the design
elements proposed in this study, we conducted ablation stud-
ies on the public datasets. Specifically, using the control
variable method, we constructed the following baseline meth-
ods as control groups to assess the impact of introducing
derivative features and the different approaches to incorporat-
ing them: KMeans-const, KMeans-comb, BIRCH-const, and
BIRCH-comb. The methods with “const” as a suffix indicate
the use of only constant features, while ‘““comb” indicates that
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TABLE 1. A summary of the 10 series datasets.

Data Scale
Name Dataset Description
Train Test Category
ArrowHead 36 175 3 The dataset consists of 16 discrete points representing the outline of an arrow.
Beef 30 30 5 The dataset contains spectra of 60 dietary beef muscle samples.
ECG200 100 100 2 The dataset consists of 200 samples of electrocardiogram signals.
ECG5000 500 4500 5 The dataset comprises 5000 samples of electrocardiogram signals.
FaceFour 24 88 4 The dataset consists of four different directions of 2D facial contours.
Fungi 18 186 18 The dataset comprises 112 fungi images.
Herring 64 64 2 The dataset consists of 64 echograms for recognizing cracked herring.
SemgHandGenderCh2 300 600 2 The dataset contains EMG signals of hand muscles for both males and females.
SonyAIBORobotSurface2 27 953 2 The dataset consists of vibration signals from a robotic motion control system.
Strawberry 613 370 2 The dataset comprises 232 near-infrared spectral samples of strawberries.

TABLE 2. Clustering performance evaluation of different algorithms on
the FaceFour dataset of 10 replicates.

TABLE 3. Clustering performance evaluation of different algorithms on
the ECG5000 dataset of 10 replicates.

DB DB
Method/Metric RI Purity SC Method/Metric RI Purity SC
Index Index
KMeans-const ~ 0921%  0-3644% L1911 0.3147% KM 07A4E 00098k 15308= 03120=
0.03 0.03 0.24 0.03 cans-cons 0.02 0.00 0.07 0.01
KMeanscomp 06895 05518+ 11657+ 0.3032+ M y 07167 091226 12019+  0.3206%
cans-co 0.04 0.08 0.22 0.08 cans-com 0.00 0.00 0.03 0.01
0.6790+ 05442+ 12133% 02403+ 07751+ 09043+ 14817+ 03173+
BIRCH-const ) 5 0.03 0.09 0.08 BIRCH-const ) s 0.01 0.22 0.04
0.6717+ 05391+ 12555+ 02461+ 07413+ 09087+ 12749+ 03064+
BIRCH-comb  “o456 008 027 0.09 BIRCH-comb 4 o) 000 009 003
07211+  0.6288+ 1.0144= 03645+ 08671+ 09211+ 1.1484+ 0.3885+
DSE-BIRCH 0.02 0.01 0.10 0.03 DSE-BIRCH 0.01 0.00 0.04 0.02

the method incorporates both constant and derivative features.
Regarding the approach to introducing derivative features, the
baseline methods employed a simple weighted concatenation,
where the constant features C; and derivative features C, are
merged into the feature vector:

C =ClaCy

where « is the weight coefficient. ““|” denotes the sequential
concatenation of features along the feature dimension.

For each control groups, we randomly shuffled the train
dataset with 10 different random seeds then conducted
10 repeated experiments. We reported the mean and standard
deviation of the four performance evaluation metrics. The
clustering results of the proposed DSE-BIRCH algorithm and
the baseline algorithms on the 10 time series datasets can
be found in Table 2 to Table 5, as well as in the Appendix
Tables 13-18. The DSE-BIRCH algorithm outperforms the
baseline algorithms in terms of various evaluation metrics,
demonstrating its superior clustering capabilities. Higher val-
ues of the RI and Purity indicate better consistency between
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TABLE 4. Clustering performance evaluation of different algorithms on
the SonyAIBORobotSurface2 dataset of 10 replicates.

Method/Metric RI Purity DB SC
Index
CMeamscons; 003905 07504 10055+ 04459+
0.02 0.02 0.03 0.03
KMeanscony 02885 075245 102655 04344+
0.03 0.03 0.08 0.02
0.6030+ 07258+ 1.0863+ 04181+
BIRCH-const 0.03 0.03 0.06 0.04
0.6241+ 07479+ 1.0476+ 04214+
BIRCH-comb 0.03 0.03 0.03 0.04
0.6728= 07938+ 09726+ 0.4653%
DSE-BIRCH 0.02 0.02 0.02 0.01

the clustering labels generated by DSE-BIRCH and the true
labels. A lower DB Index suggests a higher ratio of com-
pactness (intra-cluster distance) to separability (inter-cluster
distance) in the clustering. Moreover, a higher Silhouette
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TABLE 5. Clustering performance evaluation of different algorithms on
the Fungi dataset of 10 replicates.

DB
Method/Metric RI Purity SC
Index
KMeans.consg | 0-5046+ 04592+ 09103+ 0.1901+
- 0.02 0.03 0.06 0.05
KMeans.comp 03789 0.5200&  0.8617+ 03245+
0.02 0.03 0.12 0.06
0.8550+ 0.4140+ 0.8493+ 0.3081+
BIRCH-const 0.02 0.03 0.06 0.05
0.8780+  0.5296+ 0.8055+ 0.3429+
BIRCH-comb 0.02 0.03 0.08 0.05
0.8809+ 0.5387+ 0.7879+ 0.3693+
DSE-BIRCH 0.01 0.03 0.08 0.05

Coefficient reflects that data points within the same cluster
are closer to each other and farther away from data points
in other clusters. These metrics collectively demonstrate the
effectiveness of the DSE-BIRCH algorithm from different
perspectives.

The inclusion of derivative information improves the
clustering performance on the 10 datasets, indicating the
necessity of incorporating derivative features for cluster-
ing function-based data. For instance, on the Fungi dataset,
simply combining the dynamic features with the static
information resulted in a 1.62% mean improvement in RI
for KMeans and a 2.72% mean improvement for BIRCH,
with the values increasing from 0.8646 and 0.8550 to
0.8789 and 0.8789, respectively. The Silhouette Coefficients
for both algorithms increased from 0.1901 and 0.3081 to
0.3245 and0.3429, respectively, exhibiting mean improve-
ments of 62.1% and 11.3%. When the static and dynamic fea-
tures are fused using the weighted combination approach in
DSE-BIRCH and the global clustering hypersphere is main-
tained through the dual constraints, DSE-BIRCH achieves
further significant mean improvements of 7.7% in SC, sur-
passing the results of the best baseline methods with values
of 0.3429. For more experimental results, please refer to
Tables 2-5 and the Appendix.

However, as shown on the majority of the comparative
results, it is worth noting that simply weighted concatenation
of derivative features and constant features may not nec-
essarily improve the clustering performance (as shown in
the Appendix). The effective fusion of derivative informa-
tion is crucial for achieving more accurate clustering results.
Compared to simple weighted concatenation, DSE-BIRCH
iteratively maintains separate spheres for constant and deriva-
tive features, thereby preserving their individual properties
while integrating their similarities.

The above results of 10 replicates characterize the mag-
nitude of the performance improvements enabled by the
effective derivate information incorporation on our model.
To further investigate the significant level of the differ-
ences between our propose model and the baseline models,
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we conducted three statical hypothesis tests. Specifically,
Wilcoxon’s Signed-Rank Test is utilized to compare whether
there is a significant difference in the medians of two paired
performances from the proposed model and a baseline model.
And the paired t-test is used to compare whether there is a
significant difference in the means of paired performances.
Furthermore, the one-tailed test is used to test whether the
performance metrics of DSE-BIRCH are significantly better
than the baseline models. We compared our model and the
ablated models in pairs, resulting in four groups denoted as
G1 to G4. We used the Rand Index and Silhouette Coefficient
from the 10 replicates as paired samples, respectively. Their
respective comparison results are summarized in Table 6
and Table 7. The results show that our proposed model
exhibits p_values < 0.05 in nearly all of the four comparison
groups under the three statistical tests, indicating statistically
significant differences between the full model and ablated
models. Specifically, the statistics from Wilcoxon’s Signed-
Rank Test and paired T-test suggest significant performance
differences between our proposed model and the ablated
models, while the one-sided tests further indicate these sig-
nificant differences are advantages of our model. Together,
these statistical tests better characterize the significance of
the performance improvements enabled by our approach.

In summary, the 10 repeated random experiments and sta-
tistical hypothesis testing jointly indicated that our proposed
model demonstrates significantly superior performance over
the baseline models, highlighting the advantages of our model
and reflecting the efficacy of our innovations and model
design.

To provide a more intuitive visualization of the clustering
results, the data points in the clustering results were presented
as scatter plots, where different colors represent different
clusters. Fig. 5a presents the clustering results of the Fungi
dataset after performing FPCA and retaining two principal
components. The x and y axes represent the two dimensions
of the constant features. On the other hand, Fig. 5b dis-
plays the clustering results of the SonyAIBORobotSurface2
dataset after performing FPCA and retaining ten principal
components. The three dimensions of the coordinate axes
were obtained by reducing the constant features using T-SNE.
From these figures, it can be observed that there is a high con-
sistency between the predicted clusters and the true clusters,
indicating that the clustering results align well with the true
distribution.

C. SIMULATION EXPERIMENTS
To further validate the advantages of the fusion approach in
the DSE-BIRCH algorithm compared to the simple weighted
concatenation approach, this section conducts simulation
experiments using three synthetic datasets from the UCR
Archive 2018 database: BME, SyntheticControl, and UMD.
The time series curves of the UMD dataset in the training set
are shown in Fig. 6.

The control groups for this experiment are DSE-BIRCH,
KMeans-comb, and BIRCH-comb. The experimental results
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TABLE 6. Statistical tests on rand index of 10 replicates.

Wilcoxon’s Rank-Sum Test

Paired T-Test

One-Tailed Test

Dataset
G1 G2 G3 G4 G1 G2 G3 G4 Gl G2 G3 G4
ArrowHead 0.00407 0.00016 0.00029 0.00038 0.0666 2x107*  5x107° 0.00059 0.00015 9x1071% 9x10™° 2x107%
Beef 0.16200 0.00016 0.00171 0.00016 0.0562 6x107° 0.00152 8x107% 2x1071" 1x10"" 5x107 2x107™
ECG200 0.00035 0.00049 0.00357 0.00035 0.00040 0.01370 0.01780 2x107°5 8x1077 6x107° 7x107° 5x107%
ECG5000 0.00016 ~ 0.00016  0.00016 ~ 0.00016 3x107° 2x107 2x1075 3x10™° 8x107"" 1x107" 1x10™° 7x1071
FaceFour 0.05760 0.12200 0.00708 0.03410 0.00020 0.00622 0.00055 0.00409 0.00503 0.00179 0.00031 0.00011
Fungi 0.13100 0.40600 0.01560 0.40600 0.00211 4x107° 5x10° 3x10°° 0.00351 0.34200 0.00019 0.34200
Herring 0.00016 0.00407 0.00016 0.00016 4x107° 4x107° 4x107° 7x10"° 2x1077 0.00040 1x1077 6x1077
SemgHand.. 0.00016 0.00016 0.00016 0.00016  3x107* 4x10° 4x107° 0.00025 6x1078 4x107* 2x107% 9x107%2
SonyAIBO.. 0.00194 0.00115 0.00029 0.00115 0.00133 0.00125 0.00014 0.00022 5x107° 2x1075 3x1077 7x107°
Strawberry 0.00016 0.00016 0.00051 0.00033 4x107% 2x1077 1x1075 7x10° 2x107® 9x10® 3x107°® 1x10°°
TABLE 7. Statistical tests on silhouette coefficient of 10 replicates.
Wilcoxon’s Rank-Sum Test Paired T-Test One-Tailed Test
Dataset Gl G2 G3 G4 Gl G2 G3 G4 Gl G2 G3 G4
ArrowHead  0.001940  0.000157  0.000157  0.000157  0.001920 4x1077 3x107® 4x107% 4x1077 1x107% 1x107* 4x107%
Beef 0.015600  0.000212  0.002500  0.000157  0.017700 4 x 1075  0.000762 9x107'° 0.000180 8x10™% 7x107® 2x107*
ECG200 0.004110 0.00232 0.00268 0.000487 6x107® 0.055200 0.002380 0.001620 9x10™° 1x1077 9x107° 8x107*
ECG5000 0.000157  0.000157  0.000670  0.000157 2x10™° 7x1077 0.000350 6x10™5 1x1077 3x1077 2x1077 6x107°
FaceFour 0.001720  0.057600  0.000349  0.007080  0.001060  0.020800  0.002910  0.004800  0.000553  0.000142 8x 1077 1x107°
Fungi 0.000157  0.049400  0.010200  0.131000 2x107%  0.000258  0.000139 4 x10™* 3x1077 0.006360 0.001110  0.050500
Herring 0.000285  0.000285  0.000285  0.000157 0.00024 0.000981 2x10° 1x1075 2x107° 0.000412 2x107¢ 7x1077
SemgHand..  0.000157  0.000212  0.000157  0.000157 3 x 1075 1x107° 3x10™° 0.089600 1x107° 9x1077 1x10™® 3x107!
SonyAIBO..  0.112000  0.000246  0.000157  0.000157  0.095100  0.002030  0.004720  0.006010 5x 1077 8x10™° 2x107° 4x107"
Strawberry 0.000157  0.000157  0.000507  0.000507 7x1077 2x1077 9x107® 0.001740 3x1077 4x10% 2x1075 3x10™"
a. Fungt BIRCH Clustering a. All the time series of synthetic data b. Time series of cluster 1
True abeled Prcict labeled 4
X °g o OODS ’ ©00g o & : o
R M I Y 0
? %'B':"- O j@;’ j D:ﬁ;'b Q :iﬁ; -2 -2
¢ & 8 & e
i 8 -0 8 c. Time series of cluster 2

SonyAIBORobotSurface2 DSE-BIRCH Clustering
True labeled

Predict labeled

FIGURE 5. Visualization of clustering results on the fungi and
SONYAIBOROBOTSURFACE?2 datasets.

of the three algorithms are shown in Table 8. Taking the
BME dataset as an example, DSE-BIRCH outperforms the
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FIGURE 6. The time series curves of the UMD synthetic dataset.

two baseline models with a lead of 31.9% and 32.4% in terms
of RI, and achieves improvements of 40.2% and 63.8% in
terms of SC. The outstanding performance of DSE-BIRCH
on the three synthetic datasets demonstrates its superior abil-
ity to integrate derivative information, further confirming
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TABLE 8. Clustering results of combining constant and derivative
information on synthetic time series datasets.

Dataset Method RI Purity DB SC
Index
DSE- 0.8674  0.6600 1.5155  0.2680
BIRCH . . . -
BME KMeans- ) (577 04233 13483 0.1911
comb
BIRCH- (553 04400 14222 01636
comb
DSE- 0.6486  0.6200 1.2353  0.3210
Synthetic- BIRCH ’ : : i
Control -
ontro KMeans- ) (313 05333 12181 03207
comb
BIRCH- 6203 05133 11411 03376
comb
DSE- 0.6458  0.5486  1.4792  0.2553
BIRCH - - : -
UMD KMeans- 5001 05604 17467  0.2548
comb
BIRCH- 5385 05278 13502 02871
comb
a. b. [

Raw Curve Gaussian Noisy Curve

FIGURE 7. Time series curves of the arrowHead training dataset before
and after noise addition. a, Raw curve. b, Curve after adding Gaussian
noise. ¢, Curve after adding uniform noise.

its effectiveness in incorporating and utilizing derivative
information.

D. ROBUSTNESS ANALYSIS WITH NOISE ADDITION

To investigate the robustness of the DSE-BIRCH algorithm,
two types of noise, Gaussian noise and uniform noise, were
introduced to the 10 datasets used in the evaluation section.
In our experiment, Gaussian noise was generated from a
Gaussian distribution with a mean of 0 and a standard devi-
ation of 0.01, while uniform noise was generated from a
uniform distribution with values ranging from -1 to 1. The
noisy data was obtained by adding these noises to the orig-
inal data. Taking the ArrowHead dataset as an example, the
time series curves of the ArrowHead dataset before and after
adding noises are shown in Fig. 7.

The experimental results are shown in Fig. 8. It can
be observed that after adding Gaussian noise and uniform
noise, the metrics RI and Purity only slightly decrease
overall, while the changes in DB Index and SC are rela-
tively small. In absolute terms, higher values of RI, Purity,
and SC, and lower values of DB Index, indicate high con-
sistency between the predicted clusters and the true clusters,
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with compact within-cluster structure and well-separated
between-cluster structure. The experimental results demon-
strate that the addition of noise did not significantly affect
the clustering performance of the DSE-BIRCH algorithm.
The DSE-BIRCH algorithm exhibits good robustness, main-
taining high clustering quality even in the presence of noise,
suggesting its wide applicability in real-life scenarios.

E. ALGORITHM COMPLEXITY EXPERIMENT

To explore the computational efficiency of the DSE-BIRCH
algorithm under different experimental scenarios, we con-
ducted controlled experiments in this subsection. Initially,
we constructed a high-dimensional function-based dataset
comprising 7000 samples. By applying FPCA, we retained
2 to 10 principal components, yielding corresponding con-
stant features C; and derivative features C,. Subsequently,
using the controlled variables method, we measured the
algorithm’s computational time under two experimental
setups: (1) fixed feature dimensions and varying sample sizes
(Setup 1), and (2) fixed sample sizes and varying feature
dimensions (Setup 2).

In Setup 1, we held the feature dimensions con-
stant at 10 and systematically increased the sample sizes
from 1000 to 7000, repeating the experiment for 5 rounds.
The average time with standard deviation as the confidence
interval is shown in Fig. 9a. It can be observed that the
algorithm based on BIRCH had significantly lower com-
putational time cost compared to the algorithm based on
KMeans, and the DSE-BIRCH algorithm had approximately
twice the computational time of the BIRCH-comb base-
line. Moving to Setup 2, we maintained the sample size
at 7000 while linearly increasing the feature dimensions
from 2 to 10, repeating the experiment five times. Fig. 9b
reveals a similar trend to Fig. 9a, underscoring the compu-
tational efficiency of the DSE-BIRCH algorithm. Although
the computational time of DSE-BIRCH is an integer multiple
of the two baseline algorithms based on BIRCH, it remains
significantly smaller than that of the baseline method relying
on KMeans.

The experimental findings highlight the DSE-BIRCH
algorithm’s effective trade-off between clustering accu-
racy and computational cost. Despite incurring a compu-
tational time twice that of the BIRCH-comb baseline, the
DSE-BIRCH algorithm exhibits substantial improvements
in clustering performance compared to the KMeans-based
baseline method. Moreover, it demonstrates efficiency
and scalability when handling large-scale datasets, ensur-
ing accurate clustering. These results establish the prac-
tical feasibility and effectiveness of the DSE-BIRCH
algorithm.

F. EMPIRICAL APPLICATION ANALYSIS

To further verify the practicality and generalizability of
the DSE-BIRCH algorithm, we conducted experiments on
three real-world datasets of three different scales. Specif-
ically, a dataset with a small number of records but a
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FIGURE 8. Evaluation of DSE-BIRCH clustering performance before and after noise addition. a-d are the comparisons of evaluation results for

metrics R, Purity, DB Index, and SC, respectively.
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FIGURE 9. The variation of computational cost for DSE-BIRCH clustering concerning changes in the scale of dataset
samples and feature dimensions. a, Comparison of computational cost for different dataset scales across five
algorithms. b, Comparison of computational cost for different dimensions across five algorithms.

large number of attributes, a dataset with a small number
of attributes but a large number of records, and a dataset
with a large number of records and a large number
of attributes are collected from standard UCI reposi-
tory (https://archive.ics.uci.edu/datasets). Correspondingly,
the three datasets are Musk (Version 1) [51], Online Shop-
pers Purchasing Intention [52], and Multiple Features. The
summary information for the three is presented in Table 9.
Specifically, the Musk dataset describes a set of 92 molecules
of which 47 are judged by human experts to be musks and
the remaining 45 molecules are judged to be non-musks.
The goal is to learn to predict whether new molecules will
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TABLE 9. Summary of the three real-world datasets.

Dataset Samples  Features  Clusters
Musk (Version 1) 476 169 2
Online Shoppers
Purchasing Intention 12330 17 2
Multiple Features 2000 649 10

be musks or non-musks. The Online Shoppers Purchasing
Intention dataset contains 12330 sessions over time. And the
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TABLE 10. Clustering performance comparison on the musk dataset of
10 replicates.

Method/Metric RI Purity DB SC
Index
KMeamscons; | 09013% 05635 07035+ 03611+
0.00 0.00 0.01 0.01
KMeanecomp | 0-S017E  0.56355 07048+ 05597+
0.00 0.00 0.01 0.00
05005+ 0.5635+ 07078+ 0.5573+
BIRCH-const 0.00 0.00 0.03 0.02
0.4976-  0.5635+ 0.7604+  0.4999+
BIRCH-comb 0.00 0.00 0.03 0.04
05032+ 0.5646+ 0.6830+ 0.5701+
DSE-BIRCH 0.00 0.00 0.01 0.01

TABLE 11. Clustering performance comparison on the online shoppers
purchasing intention dataset of 10 replicates.

Method/Metric RI Purity DB SC
Index
Meamsconst 070195 084525 04986+ 07737
0.02 0.00 0.06 0.02
KMeanscomp 07158 0.84525 044595 07936
0.01 0.00 0.06 0.02
07015+ 0.8452+ 04468+ 0.7872+
BIRCH-const 0.04 0.00 0.13 0.06
07015+ 0.8452+ 04666+ 0.7811+
BIRCH-comb 0.03 0.00 0.12 0.05
07392+  0.8460+ 02206+ 0.8631%
DSE-BIRCH 0.00 0.00 0.02 0.01

TABLE 12. Clustering performance comparison on the multiple features
dataset of 10 replicates.

DB

Method/Metric RI Purity SC
Index
KMeansconst | OSBI3E 05312% 12277+ 03095%
0.01 0.03 0.08 0.01
CMeanscomy 8792 05350 LIS26E 03189+
0.00 0.01 0.07 0.00
08749+ 05125+ 12514+ 02958+
BIRCH-const 0.01 0.03 0.05 0.01
0.8800+ 0.5437+ 1.1246+ 03108+
BIRCH-comb 0.01 0.04 0.02 0.03
0.8944+ 05769+ 1.0635+ 03518+
DSE-BIRCH 0.00 0.02 0.03 0.01

Multiple Features dataset consists of features of handwritten
numerals extracted from a collection of Dutch utility maps.
The clustering experiments on the three datasets are con-
ducted 10 times with 10 random seeds. The comparative
performance of our proposed model and the baseline mod-
els on the three datasets are demonstrated in Table 10-12,
respectively. DSE-BIRCH consistently outperformed the

VOLUME 11, 2023

baseline models with significant advantages, demonstrating
its generalizability in complicated application scenarios and
its broad applicability in the real world.

IV. CONCLUSION AND DISCUSSION

In the era of big data, the application of functional data in
various fields such as medicine, biology, and finance has
gained significant traction. However, clustering algorithms
specifically designed for large-scale functional data remain
a research challenge. Many existing methods in this field
tend to overlook the dynamic information present in func-
tional data and primarily rely on conventional static features,
failing to fully exploit the continuous and differentiable char-
acteristics of functional data. Additionally, investigating the
integration of static and dynamic information in a com-
plementary manner is also an important research question.
Addressing these issues, this study proposes DSE-BIRCH,
which aims to integrate both static and dynamic informa-
tion and establish a comprehensive measure of similarity.
The DSE-BIRCH algorithm takes into account the similarity
between functions from both static and dynamic perspec-
tives, thereby enabling a more comprehensive utilization of
the inherent characteristics of functional data. The algorithm
first performs principal component analysis on the func-
tional data to extract the static features, which are then
transformed into dynamic features using our newly proposed
matrix factorization-based method. By integrating these two
types of features, a global feature is obtained, and static
and dynamic similarity measures are defined based on these
features. The importance of these features in clustering is bal-
anced by assigning weights to the global similarity measure.
Building upon an improved BIRCH algorithm, DSE-BIRCH
performs hierarchical clustering, leveraging the algorithm’s
capacity to capture hierarchical information and handle
large-scale datasets. As a result, DSE-BIRCH effectively
captures the hierarchical structure within high-dimensional
functional data and enables efficient clustering of large
datasets.

The fundamental differences between DSE-BRICH from
the other similar algorithms are uniformity, simplicity, effi-
ciency, and theoretical basis. We ingeniously implemented
the simultaneous measurement of static and dynamic dis-
tance metrics in a unified framework through a novel matrix
decomposition approach, while in other methods the two are
separated. This makes the heterogeneity between the con-
stant and derivative features constructed by our algorithm
lower, thus enabling better integration and performance when
fusing them. Additionally, the unified framework makes our
algorithm more concise, meaning stronger robustness and
better generalization.

Experimental results on the public and synthetic datasets
demonstrate that DSE-BIRCH significantly outperforms
baseline methods in terms of multiple evaluation metrics.
By fully leveraging the differentiability of functional data,
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DSE-BIRCH achieves superior clustering accuracy, effi-
ciency, and granularity compared to existing methods.
Moreover, the robustness of DSE-BIRCH against noise
interference is demonstrated through a noise experiment.
The algorithm maintains high clustering quality even in the
presence of noise, making it highly applicable in real-world
scenarios. Furthermore, complexity experiments highlight
the favorable trade-off between time complexity and clus-
tering accuracy achieved by DSE-BIRCH, showcasing its
practical feasibility and effectiveness in clustering large-scale
functional data. The empirical study on the three real-world
datasets demonstrates the generalizability of DSE-BIRCH
in complicated application scenarios and its broad appli-
cability in the real world. The superior performance of
the model on these datasets of varying scales demonstrates
the adaptability of our algorithm across different applica-
tion scenarios. Thanks to the lower time complexity of
the BIRCH, our algorithm can be effectively extended to
large-scale functional data clustering scenarios. We hope
that our method can inspire more researchers to explore
clustering studies that fully exploit the inherent character-
istics of functional data. To facilitate further research, our
code is publicly available at https://github.com/SallyLi0606/
DSE-BIRCH.

Although this study focuses on first-order derivatives as
the derivative information, future research directions include
exploring higher-order derivatives and effectively integrating
them into the clustering process. Additionally, further inves-
tigation into non-empirical methods for accurate weighting
fusion of constant and derivative features, such as determin-
ing the optimal weighting coefficient, would contribute to
enhancing the performance of the DSE-BIRCH algorithm.
While this study verifies that fusing dynamic and static
information can enhance clustering performance, and further
shows the value of higher order derivative data for func-
tional data clustering, it remains unclear if adding more
higher order derivative information will continue improving
results, and how many orders of derivatives are optimal.
Further investigation is still needed to determine the impact
of including increasing orders of derivatives on cluster-
ing performance. In addition, the method proposed in this
study primarily addresses the fusion of dynamic and static
information for univariate functional data, and does not
consider the fusion approach for multivariate functional
data. As future work, principal component analysis on mul-
tivariate functional data could be incorporated to extend
the application of DSE-BIRCH to multivariate functional
data clustering.

APPENDIX A
RROOF OF THEOREM

iy (i=x0)? NSS—LS?
Theorem 2. R = |/ =1 &= _ SS_LS

n N
Proof. Assuming x;=(x;1, X2, . . . ,Xiq), if a cluster contains

n samples and its centroid is denoted as xp, then it follows that
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TABLE 13. Clustering performance evaluation of different algorithms on
the arrowHead dataset of 10 replicates.

Method/Metric RI Purity DI SC
KMeans.consg 00275+ 05789+ 11743+ 02974+

0.03 0.02 0.01 0.03
KMeans.comp 03466 03983 1.4556+  0.1998+

- 0.01 0.00 0.17 0.04
0.5837+ 0.5509+ 1.1945+ 0.2360+

BIRCH-const 0.03 0.02 0.03 0.03
0.4309+ 04554+ 12879+ 0.2208+

BIRCH-comb 0.14 0.09 0.02 0.02
0.6473+ 0.6034+ 1.1573+ 0.3399+

DSE-BIRCH 0.01 0.01 0.01 0.01
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APPENDIX B
EXPERIMENT RESULT
See Tables 13-18.

APPENDIX C

PROOF OF CONVERGENCE

BIRCH is a heuristic aggregation-based algorithm that deter-
mines merging by iteratively computing ‘“‘clustering feature
distances” without an objective function. Since the iteration
process of the BIRCH algorithm is a non-convex optimization
problem and does not yield a global optimum, its convergence
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TABLE 14. Clustering performance evaluation of different algorithms on
the beef dataset of 10 replicates.

TABLE 17. Clustering performance evaluation of different algorithms on
the SemgHandGenderCh2 dataset of 10 replicates.

DB DB
Method/Metric RI Purity SC Method/Metric RI Purity SC
Index Index
KMeans.const 03018+ 03634+ 05611+ 04812+ KMeans.const | 0-3191%  0.6500+ 08332+ 0.6221+
: 0.07 0.01 0.08 0.04 - 0.00 0.00 0.01 0.01
KMeans.comp 05586 03233 0.5845+ 04060+ KMeans.comp 05295 0.6500=  0.7996+  0.6374+
0.02 0.03 0.06 0.06 0.01 0.00 0.01 0.00
0.4851+ 03667+ 0.6051+ 0.4564+ 0.5277+ 0.6500+ 0.8236+ 0.6320+
BIRCH-const 0.09 0.00 0.09 0.04 BIRCH-const 0.01 0.00 0.01 0.00
0.5050+ 03200+ 0.7495+ 0.2828+ 0.5255+  0.6500+ 0.8247+ 0.6181+
BIRCH-comb 0.02 0.02 0.06 0.03 BIRCH-comb 0.01 0.00 0.05 0.05
0.6101+ 03777+ 04805+ 0.5278+ 0.5473+  0.6550+ 0.7709+  0.6460+
DSE-BIRCH 0.00 0.01 0.05 0.03 DSE-BIRCH 0.00 0.00 0.02 0.00

TABLE 15. Clustering performance evaluation of different algorithms on
the ECG200 dataset of 10 replicates.

Method/Metric RI Purity bB SC
Index

KMeamoconsg 000565 07333 12444 03156+

0.02 0.02 0.15 0.02
05773%  0.7089+ 1.8958+ 02675+

KMeans-comb =) ¢ 0.05 1.38 0.11
0.6134= 07411+ 12729+ 03032+

BIRCH-const 0.02 0.02 0.19 0.03
05273+  0.6578+ 2.0395+  0.1462+

BIRCH-comb 0.04 0.03 0.97 0.12
0.6375- 07656+ 0.9547+ 03491+

DSE-BIRCH 0.01 0.01 0.11 0.02

TABLE 16. Clustering performance evaluation of different algorithms on
the herring dataset of 10 replicates.

Method/Metric RI Purity DB SC
Index
KMoans.const 03090 0.5985%  0.9532& 03616+
0.01 0.01 0.02 0.01
KMeans.comp 05273 0.6312&  0.9266+ 03758+
- 0.01 0.01 0.00 0.00
0.5084+ 0.5985+ 0.9553+ 0.3615+
BIRCH-const 0.01 0.01 0.02 0.01
0.5136x 0.6047+ 09421+ 0.3577+
BIRCH-comb 0.01 0.01 0.03 0.01
0.5380+ 0.6500+ 09076+ 0.3901+
DSE-BIRCH 0.01 0.01 0.02 0.01

cannot be rigorously proven [53]. The original BIRCH
paper [54] and numerous subsequent improvement papers,
such as [47], did not provide a strict convergence proof. Our
algorithm, DSE-BIRCH, as an enhanced version of BIRCH,
improves the clustering feature distance measure to make
it suitable for functional data. Similarly, it is a heuristic
algorithm. Although we cannot provide a rigorous mathemat-
ical proof of the convergence of the DSE-BIRCH algorithm,
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TABLE 18. Clustering performance evaluation of different algorithms on
the strawberry dataset of 10 replicates.

DB
Method/Metri RI Puri

ethod/Metric urity Index SC
KMeans.consg 04995+ 0.6432+ 08431 04112+

) 0.00 0.00 0.02 0.01
KMeans.comp 05037+ 06432+ 09600+  0.3764+

0.00 0.00 0.18 0.03
0.5125+ 0.6432+ 0.6988+ 0.4591+

BIRCH-const 0.01 0.00 0.06 0.02
0.5100+ 0.6432+ 2.0108+ 0.1837+

BIRCH-comb 0.01 0.00 0.72 0.25
0.5294+  0.6625+ 0.5335+ 0.5325+

DSE-BIRCH 0.01 0.01 0.06 0.03

we can demonstrate that it can complete clustering within a
finite number of iterations and converge to a local optimal
solution:

Let nbe the initial number of sample data points.

1. Initially, each data point is treated as a cluster, resulting
in m = n clusters.

2. DSE-BIRCH incrementally constructs the CF tree.
At each step, under the constraints of both static and dynamic
distance measures, a new data point is assigned to the most
suitable sub-cluster. Each leaf node can contain a maximum
of L clusters, where L is a predefined threshold.

3. The maximum number of non-leaf nodes is n/L, based
on rounding down.

4. The sum of clusters of non-leaf nodes per layer is upper
bounded by B, where B is a preset threshold.

5. From root to leaf, the height of the CF Tree is upper
bounded by h = [logB(n/L)1, which is a constant.

6. In each merge iteration, the number of clusters decreases
by 1 or remains the same.

7. After at most m—literations, the number of clusters at
root reaches 1.

8. Therefore, the maximum number of iterations for the
entire CF tree construction and clustering merge is upper
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bounded by O(m). Since m = n is the sample size, the upper
bound on the number of iterations is also a constant, denoted
as N.

9. Each merge greedily improves the current clustering
density of samples.

10. After N greedy merge iterations, the sample distribu-
tion tends to stabilize.

11. When iterations can no longer improve clustering,
i.e., reduce the entropy of sample distribution, DSE-BIRCH
is considered converged. The sample distribution reaches a
locally stable state.

Through the analysis of controlling the tree height and
node size during the construction process, it can be proven
that the number of iterations for DSE-BIRCH clustering is
upper-bounded by the number of samples n, ensuring clus-
tering is completed within a finite number of times and
converges to a locally optimal solution. The above is only an
intuitive description of the convergence of algorithms based
on heuristic aggregation, and more rigorous mathematical
proofs are still needed through further exploration.
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