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Abstract. This paper proposes an entropy-normalized multidimensional
framework foruseractivity segmentation inthe Redditsocial network. The relevance
of the study is determined by the rapid growth of large-scale weakly structured
behavioral data generated by modern digital platforms and online social systems.
User engagement indicators such as likes and comments are shown to exhibit
heavy-tailed statistical distributions characterized by strong variability, nonlinear
interaction dynamics, and scale-free structural properties. Such characteristics
significantly limit the applicability of classical statistical assumptions and motivate
the development of scalable analytical approaches for intelligent behavioral
modeling. To address this problem, we introduce a composite activity index
integrating standardized engagement indicators with normalized Shannon entropy
of temporal behavior. The proposed representation enables simultaneous analysis
of interaction intensity and temporal regularity within a unified multidimensional
behavioral framework. Temporal entropy is used to quantify uncertainty and
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irregularity of user activity across hourly intervals, allowing the model to distinguish
structurally different behavioral profiles even when engagement intensity remains
similar. Heavy-tailed properties of engagement distributions are investigated
using power-law analysis and complementary cumulative distribution function
(CCDF) modeling in logarithmic coordinates. User segmentation is performed
using the KMeans clustering algorithm, while clustering quality is evaluated
using the silhouette coefficient. Experimental analysis confirms the existence of
scale-free interaction dynamics in Reddit engagement data and demonstrates that
entropy-normalized representations improve cluster separation and interpretability
compared to raw-feature clustering approaches. The developed analytical pipeline
is computationally scalable and suitable for large-scale digital platforms containing
massive volumes of user-generated interactions. The proposed framework may
be applied in intelligent analytics, recommendation systems, anomaly detection,
behavioral profiling, and computational social science research. Furthermore, the
obtained results indicate that entropy-aware multidimensional representations
provide an effective foundation for future graph-based interaction analysis and
machine learning approaches in complex online ecosystems.
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Annoramusi. by makanama Reddit omeymerTik jKemiciHAET! MmaimanaHyIrbl
OeNCeHUNIriH CerMEHTTey YIIiH JHTPONHUSIMEH HOpPMallaHFaH Kol eJmeM/Il
KYpBUIBIM YCBIHBIIAJBL. 3€pTTEYAiH ©3eKTiUTri 3amMaHayn HHQPIBIK Tuardop-
Majap MEH OHJIAaH QJIeyMETTIK JKyielep apKbUIbl KacaiFaH ipl KeJeMmal dJci3
KYpbUIBIMJAJIFaH MiHE3-KYJIBIK ICPEKTEepiHiH Te3 ecyiMeH aHbIKTalaabl. YHaTy
YKOHE TIKipJep CHAKTHI MaiiaganybuIapAblH KaThICy KOPCETKITepl KYIITi 03-
TEePTIlITIKIICH, CHI3BIKTHIK €MeC 03apa OpeKeTTeCy TMHAMUKACHIMEH YKOHE Mac-
MTa0TAIMaNTBIH KYPBUIBIMIBIK KAaCHETTEPMEH CHUIATTAJaThIH ayblp KYHPBIKTHI
CTaTUCTHKAJBIK YJeCTipiMaepli KepceTeTiHi cunartangsl. MyHaai cumarraMa-
Jap KIACCHUKAaJBIK CTATUCTHKAIBIK OOJDKaMIap/IblH KOJNJAHBUTYBIH aiTapibIKTan
LIEKTEHAl KOHE MHTEJJIKTYalAbl MiHE3-KYJIBIKTBI MOJEJbCY YIIiH MacmradTa-
JaThIH aHAINTHKAIIBIK TOCUIIEpl 93ipieyre TypTKi 6onaasl. Byn MaceneHi menry
yirie 0i3 CTaHIapTTaJFaH KaTbICy KOPCETKIIITEpiH yaKbITIIa MiHE3-KYJIBIKTHIH
HopMananraH llIeHHOH SHTPOMUSACHIMEH OIpiKTIpeTiH Kypama OeJICeHIUTIK HH-
JICKCIH eHrizemi3. ¥ ChIHBUIFAH KOpiHIC OipbIHFall KOm eJmeMii MiHe3-KYJIBIK
nieHOepiHIe e3apa OpeKeTTeCcy KapKBIHIBUIBIFBl MEH YaKBITIIA TYPAKTHUIBIKTHI
Oip Mesrinze TangayFa MYMKIHAIK Oepeni. YakbITIIa SHTPONHS ITaidaaHyIIIbl
OeJICCHIUNITIHIH caFaTThIK apallbIKTaFbl OeNTici3airi MeH OipKesKi eMecTiriH caH-
JIBIK Oaranay YIIiH KOJJaHBUIAJbI, OYJT MOJIENbIe KaThICy KapKbIHIBUIBIFBI YKCAC
0O0JBITT KaJica J1a, KYPBUIBIMIBIK KaFbIHAH OPTYPIl MiHE3-KYJIBIK TpoduiIbaepin
aXbIparyFa MYMKiHIik Oepeni. Karbicy ynectipiMaepiHiH ayblp KYHPBIKTBI Kacu-
eTTepi TorapudMaiK KOOPAMHATTAPAAFHI TOPEKETIK 3aH TAIIAYhI JKOHE TOIBIKTHI-
pyLIbl KyMyasTHBTIK yiecTipiMm ¢ynkuusacein (CCDF) mopenbaey apKplibl 3epT-
teneni. [lalinananymiel cermentanuscel KMeans kiactepiiey aJlrOpUTMIH KOJiza-
HY apKBUIBI )KY3€Te achIPbUTAIbI, all KJIacTepiIey camachl CUIy3T KO3 PHUIINEHTIH
KOJIJIaHy apKbUIbI OaranaHajbel. DKCIEpUMEHTTIK Tannay Reddit xateicy mepek-
TepiHje MacmTaOChI3 e3apa OpeKeTTeCy JMHAMUKACHIHBIH Oap €KeHiH pacTaii-
IIBI KOHE JHTPOIHUs OOWBIHIIA HOpPMaJlaHFaH KOPIHICTep MIMKI epeKIIeTiKTepIi
KIJIACTEPJIey TOCUIAEpIMEH CalbICTBIPFaHa KiIacTeplli 0oyl >KoHe TYCIHIIpYIi
KaKCapTaThIHBIH KOPCEeTeAl. O31pIeHTeH aHAINTHKAIIBIK KYOBIp ecenTey apKbLIbl
MaciTadTa aThlH JKOHE TMaljalaHyIIbl JKacaFaH e3apa dPEKETTECYNIEP/IiH YIKeH
KOJIeMiH KAaMTHTHIH ipi KeJIeMJIi CaH IBIK IUIaTGopMaliapFa skapamabl. ¥ CBIHBUIFaH
KYpBUIBIM MHTEJUIEKTYaI bl aHAJTUTHKAJa, YChIHBIC KYHelepiHae, aHOMaIUsHbI
aHBIKTAy/Ia, MiHE3-KYJIBIK TPO(ITIHAE )KOHE €CEeNTEy OJIEYMETTIK FHUIBIMIAPBIH
3eprTeyne KoigaHbulybl MYMKiH. COHBIMEH KaTap, aJIblHFaH HOTHIKEJIEpP HTPO-
MUSTHBI €CKEPETIH KO JIIIeM/Ii KopiHicTep KypAeli OHIaiiH dKoxKyienepae 6omna-
mak rpaduKKe HETi3[eITeH 63apa OPEKETTECy TalAayhl )KOHE MAIIUHAIIBIK OKBITY
ToCiNepi YIIiH THIM/I HeTi3 OOJaThIHBIH KOpCceTe/Ii.
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AnHoOTanus. Axkmyansnocms. B crarbe npeaiaraeTcsi SHTPONUUHO-HOPMaIIU-
30BaHHAsi MHOTOMEPHAs CTPYKTypa AJIsl CErMEHTAMK aKTHBHOCTH TT0JIb30BaTeNeH
conmanpHOM cetu Reddit. AkTyaapHOCTh HcCieOBaHHS 00yCIOBIIEHA OBICTPBIM
pocToM 00bEeMOB €I1a00CTPYKTYpPHUPOBAHHBIX TOBEIEHUYECKHUX JTAaHHBIX, TEHEPUPY-
EMBIX COBPEMEHHBIMHU IM(POBBIMH MIaTGopMaMy U OHJIANH-COLUATBHBIMH CHU-
cremamu. [lokaszarenn BOBICYEHHOCTH MOJIB30BATENCH, TAKHE KaK JJAWKU M KOM-
MEHTapUH, JEMOHCTPUPYIOT CTATUCTHYECKUE PACHPEACICHHS C TSDKEIBIMH XBO-
CTaMH, XapaKTepU3yIOIINECs BHICOKOH N3MEHYMBOCTHIO, HEIMHEHHON AMHAMUKON
B3aMMOJCHCTBUS M MaclITaOHO-UHBAPHAHTHBIMU CTPYKTYPHBIMH CBONHCTBAaMH.
Takue 0COOCHHOCTH OTPaHUYMBAIOT MPUMEHUMOCTh KIACCHYECKHX CTaTHCTHYE-
CKHUX TPEATION0XKEHNH 1 TpeOyIoT pa3paboTKKU MacITA0UPyEMBIX aHATUTHIECKUX
MOJXOAOB AJISl MHTEJUIEKTYAIbHOTO MOJECINPOBAHMS TTOBEICHUS ITOJIb30BaTEIICH.
L]ens. Pa3paboTars MHOTOMEPHYIO 3HTPONMUIHO-HOPMAIN30BaHHYIO MOAEb IS
CEerMEHTALlMM AKTUBHOCTH Nojb3oBaTeneil Reddit, mo3BossionIyto y4uTHIBaTH
KaK MHTEHCUBHOCTH B3aUMOJICHCTBHSI, TAK U BPEMEHHYIO PEryJISIPHOCTH MOJb30-
BaTEeJIbCKOTO TOBeACHUSA. Memoout. JIst pelieHns MOCTaBICHHON 3aJja4i BBEICH
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COCTaBHOW MHJEKC aKTUBHOCTH, HHTETPUPYIOIINNA CTaHJapTU3UPOBAHHBIE ITOKa-
3aTeJIM BOBJICUEHHOCTH C HOpMaiau3oBaHHOM sHTponuel [IleHHOHa BpeMeHHOIo
noBeneHus. [IpennoxeHHoe npencTaBiIeHHE MO3BOJSAET OJHOBPEMEHHO aHaJIH-
3UpOBAaTh NHTEHCUBHOCTH B3aUMOJEHCTBHUS M BPEMEHHYIO PETYISIPHOCTh B paM-
KaX €IMHONM MHOTOMEPHOM IIOBEIECHUYECKON CTPYKTypbl. BpemeHHas 3HTpomus
HCIIOJIB3YETCsI ISl KOJIMYECTBEHHON OIIEHKH HEONPEAEIEHHOCTH U HEPETYIIpHO-
CTH aKTHBHOCTH IOJIb30BaTeNIell B TEUEHHE YaCOBBIX MHTEPBAJIOB, YTO IMO3BOJISA-
€T MOJENH pa3inyarh CTPYKTYPHO pasHble MOBEACHUECKUE MPOPHIN AaKe MpHU
CXOITHOH WHTEHCHBHOCTH BOBJICUCHHOCTH. CBOWCTBA pacIpeaeIeHU IOJIb30-
BaTeJIbCKOM aKTUBHOCTH C TSXKEJbIMH XBOCTAaMU HCCIIEOBAaHbl C MPUMEHEHHUEM
CTEIIEHHOI'0 aHAJIM3a U MOJAEIMPOBAHUS JONOJHUTEIBHON KyMYJISITUBHON (yHK-
uun pacnpenenenus (CCDF) B norapudmuuecknux xoopanHarax. CermeHTanus
10JIb30BaTeIel BBINIOJIHEHA C MOMOIIBIO aJdroputMma kiactepuzanuu KMeans, a
KaueCTBO KJIACTEPU3aLMM OLICHEHO C HCIOIb30BaHMEM Ko3(duiuenTa cuiysra.
Pesynomamut 1 66160061 DKCTIEPUMEHTAIBHBIN aHATH3 MOATBEPANI HATUYHE 0e3-
MaciITaOHOM TMHAMUKH B3aMMOJCHCTBHS B TaHHBIX 00 aKTUBHOCTH I10JIb30BaTE-
neit Reddit. YcraHoBIeHO, YTO SHTPONMMKHHO-HOPMAIH30BaHHbBIC MPEACTABICHUS
YIy4lIaloT pa3feleHHe KIACTEPOB M MOBBIIMIAIOT MHTEPIPETUPYEMOCTD PE3YIb-
TaToB MO CPABHEHMIO C IOIXO/IaMHU KJIACTEPH3AI[MM HA OCHOBE MCXOJHBIX IMPH-
3HakoB. Pa3zpaOoTaHHBIA aHATUTUYCCKUH KOHBEHEp SIBISIETCS BBIYMCIUTEIHHO
MacIITabUpyeMbIM M MOXKET HCIHOJIb30BaThCs Ul aHAJIN3a KPYIHBIX HH(POBBIX
w1aThopM, colepKaIuX 3HAYUTEIbHbIE 00bEMBI MOJIB30BATEIbCKUX B3aUMOJICH-
ctBuil. [IpennoxenHas cTpykTypa NpUMEHUMa B MHTEIIEKTYaJIbHONW aHAJINTHUKE,
pEKOMEHaTeIbHBIX CHUCTEMax, OOHApyKEHWU aHOMAaJHi, MOBEACHUYECKOM IIpO-
(GWIMPOBAaHUM U BBIYMCIUTEIBHBIX UCCIEIOBAHUAX B 00JIACTH COLMAIbHBIX HayK.
ITomydeHHBIE pe3ynbTaThl HOKA3BIBAIOT, YTO MHOTOMEPHBIE NIPEACTABICHUS C yde-
TOM SHTPOIIHU MOTYT CITYXHTb 3()()EKTUBHON OCHOBOM JUIsI JajbHEUIIET0 aHAIN3a
B3aMMOJEHCTBUI HAa OCHOBE I'pa)OB U METOI0B MAIIMHHOTO OOY4EHUSI B CJIOKHBIX
OHJIAMH-3KOCUCTEMAX.

KurodeBblie ci1oBa: SHTPONUIHOE MOJEIUPOBAHNE, CTEIIEHHBIE pacIpeselie-
HUS, WHTETPAJbHBIM WHIAEKC aKTUBHOCTH, KJIACTEPHBIM aHajiu3, MaciTaOHo-
nHBapuaHTHble cucteMsbl, Reddit, KMeans, moBeaeHueckas aHaJIMTHKA

Introduction. In the modern digital ecosystem, social networks generate large-
scale weakly structured data reflecting user behavior and interaction dynamics.
Understanding engagement patterns has become an important research direction
in data mining, computational social science, and intelligent analytics (Aggarwal,
2015). Reddit represents a structurally organized platform composed of thematic
communities known as subreddits, which makes it particularly suitable for
modeling heterogeneous engagement behavior. However, engagement indicators
such as likes and comments typically exhibit heavy-tailed statistical distributions
and strong variability, limiting the applicability of classical statistical assumptions
(Clauset et al., 2009).
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This study proposes an entropy-normalized multidimensional model for user
activity segmentation. The key contribution lies in constructing a composite
activity index integrating engagement intensity and temporal regularity of user
behavior.

Main Contributions. The main contributions of this study are summarized as
follows:

- An entropy-normalized multidimensional representation of user activity is
proposed for behavioral segmentation in online social platforms.

- A composite activity index integrating engagement intensity and temporal
regularity is developed.

- Heavy-tailed properties of Reddit engagement distributions are empirically
validated using power-law analysis.

- Comparative clustering experiments demonstrate that entropy-aware
representations improve cluster separation and interpretability.

- A computationally scalable analytical pipeline suitable for large-scale digital
platforms is constructed.

Unlike traditional engagement-based clustering approaches that rely primarily
on interaction magnitude, the proposed framework integrates entropy-aware
temporal regularity into a unified multidimensional representation. This allows
the model to distinguish structurally different behavioral patterns even when
engagement intensity is similar.

The novelty of the proposed approach lies in combining heavy-tailed
engagement modeling, entropy-based temporal analysis, and multidimensional
behavioral embedding within a computationally scalable clustering framework for
online social systems.

Modern online platforms produce extremely heterogeneous interaction
environments where user activity evolves dynamically under the influence of
collective attention, information diffusion, and temporal behavioral cycles. Such
environments generate massive volumes of weakly structured behavioral data
characterized by nonlinear dependencies, scale-free interaction patterns, and
substantial statistical variability.

Traditional statistical models often assume approximately Gaussian
distributions and homogeneous behavioral structures. However, empirical
observations demonstrate that social media engagement metrics frequently violate
these assumptions due to the presence of highly active outliers and long-tail
interaction dynamics. As a consequence, scalable analytical approaches capable
of capturing heavy-tailed statistical properties become critically important for
modern behavioral analytics.

In recent years, entropy-aware representations and multidimensional behavioral
embeddings have become increasingly important in computational social science
and intelligent digital analytics. Such approaches enable simultaneous analysis
of interaction intensity, temporal uncertainty, and structural heterogeneity within
large-scale online systems.
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Literature Review. Heavy-Tailed Behavior in Online Social Networks

The study of user activity in online social networks is closely connected to the
theory of complex networks and scale-free systems. Barabasi and Albert (1999),
in their seminal work Emergence of Scaling in Random Networks, introduced the
preferential attachment mechanism to explain the emergence of power-law degree
distributions in complex networks. Later, Clauset, Shalizi, and Newman (2009)
proposed rigorous statistical procedures for identifying and validating power-law
distributions in empirical data, providing a methodological foundation for heavy-
tailed analysis in social systems.

Newman (2005) further demonstrated that power-law, Pareto, and Zipf
distributions frequently arise in natural and social phenomena, including online
communication networks. In the context of social media, Vosoughi, Roy, and Aral
(2018) showed that information diffusion processes exhibit strong heterogeneity
and scale-free characteristics. Similarly, Cinelli, Quattrociocchi, and Galeazzi
(2021) investigated echo-chamber effects and highlighted the role of collective
attention in shaping online engagement dynamics.

Behavioral Analytics and Post Segmentation.

The rapid growth of user-generated content has stimulated extensive research
in computational social science. Lazer et al. (2009) emphasized the importance
of large-scale behavioral data analysis for understanding social dynamics in
digital environments. Aggarwal (2015), in Data Mining: The Textbook, and
Tan, Steinbach, and Kumar (2019), in Introduction to Data Mining, presented
comprehensive frameworks for clustering and behavioral analysis that remain
widely used in posts segmentation tasks.

Zhou, Liu, and Wang (2022) reviewed machine-learning approaches for user
behavior modeling in online social networks and demonstrated the effectiveness
of clustering-based segmentation techniques. Zhao and Karypis (2022) further
reported that multidimensional user representations improve clustering quality
and behavioral interpretability in online social systems.

Temporal Dynamics and Entropy-Based Modeling.

Temporal behavior has become an increasingly important aspect of social
network analytics. Ribeiro, Perra, and Baronchelli (2021) quantified temporal
regularity in online user activity and demonstrated the existence of strong daily
and weekly behavioral cycles. Yang and Leskovec (2022) analyzed temporal
variation in online media and showed that engagement dynamics evolve according
to complex time-dependent processes.

Entropy-based approaches provide a natural framework for quantifying
behavioral uncertainty and temporal variability. Shannon (1948), in his seminal work
A Mathematical Theory of Communication, introduced entropy as a fundamental
measure of information uncertainty. Since then, entropy has been widely applied
in information theory, communication systems, complex networks, and behavioral
analytics. In the context of online social systems, entropy enables the quantification
of temporal regularity and activity diversity, providing an interpretable measure
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of behavioral variability. Recent studies have demonstrated that entropy-aware
representations can improve user profiling, behavioral segmentation, and the
analysis of interaction dynamics in large-scale digital platforms.

Network Science and Advanced Behavioral Representations.

Modern behavioral analytics increasingly combines network science,
machine learning, and temporal modeling. Fortunato and Hric (2016) reviewed
community-detection techniques and emphasized their importance in identifying
structural patterns within complex networks. Rosvall et al. (2014) demonstrated
that memory effects in network flows significantly influence community formation
and information propagation processes.

Holme and Saraméki (2012) introduced the concept of temporal networks,
providing a theoretical framework for analyzing dynamic interactions over
time. Furthermore, Hofmann, Scholkopf, and Smola (2008) demonstrated
the effectiveness of kernel-based machine-learning methods for constructing
multidimensional behavioral representations.

Despite substantial progress in computational social science, relatively few studies
integrate heavy-tailed engagement modeling, entropy-based temporal analysis, and
multidimensional clustering within a unified analytical framework. The present
study addresses this gap by combining scale-free interaction analysis with entropy-
normalized behavioral representations for Reddit user activity segmentation.

Methods. Problem Formulation. Let each user it; be characterized by
engagement metrics:

L, = average number of likes:

C, = average number of comments.

Additionally, let a; ;, denote the number of user actions during hour h, where
h =1, ...,24. The objective is to construct a multidimensional representation of
user activity that:

1. Accounts for heavy-tailed engagement distributions;

2. Incorporates temporal behavioral patterns;

3. Enables interpretable segmentation;

4. Improves clustering quality.

Recent advances in machine learning and network science further emphasize
the importance of multidimensional behavioral representations in large-scale
online systems. Modern analytical frameworks increasingly combine statistical
modeling, temporal analysis, graph representations, and scalable clustering
algorithms in order to capture complex interaction dynamics emerging in digital
ecosystems. Several recent studies demonstrate that entropy-aware representations
improve robustness and interpretability of user segmentation models, particularly
in environments characterized by high variability and nonlinear interaction
structures. Such approaches are especially relevant for Reddit-like platforms
where collective attention processes and information cascades strongly influence
engagement dynamics.

187



Academic Scientific Journal of Computer Science 2.2026

Dataset Description.

The dataset was collected using the official Reddit API during the period from
January 2024 to March 2025. Data aggregation was performed across several
thematic communities related to technology, science, gaming, and education.
The final dataset contains approximately 12,438 users, 84,210 posts, and more
than 310,000 user interactions, including likes and comments. For each user,
engagement statistics and temporal activity distributions were extracted.

Preprocessing included duplicate removal, inactive-user filtering, elimination
of bot-like activity using heuristic thresholds, and normalization of engagement
indicators. Missing values were removed during preprocessing to ensure statistical
consistency of the dataset. Temporal activity was aggregated across 24 hourly
intervals in order to analyze behavioral regularity and daily interaction patterns.

Dataset statistics. Basic descriptive statistics of the engagement metrics are
presented in Table 1.

Table 1 — Descriptive statistics of engagement metrics

Metric Mean Std Min Max
Likes 18.7 24.5 0 214
Comments 9.2 16.3 0 205
Posts per user 3.1 2.4 1 18
Entropy H* 0.63 0.17 0.21 0.94

The statistics confirm strong variability of engagement metrics, which is typical
for user-generated content platforms (Vosoughi et al., 2018).

Heavy-Tailed Distribution Analysis.

Empirical studies demonstrate that engagement metrics in online platforms
follow heavy-tailed distributions (Zhao & Karypis, 2022).

Such scale-free properties are characteristic of complex interaction networks
(Barabasi & Albert, 1999).

A distribution is considered heavy-tailed if its tail approximately follows a
power-law form (1):

P{X == x} oo (1)

where a is the scaling exponent describing the decay rate of the distribution tail.
The scaling exponent @& can be estimated using the maximum likelihood estimator
(MLE) proposed in (Clauset et al., 2009) (formula 2):

d=1+n(Zm ) 2

min

where x_ ;. denotes the lower bound of the power-law regime and 7 is the
number of observations in the tail of the distribution. Empirical studies of online
attention dynamics typically report scaling exponents in the interval: 2 < @ < 3,
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which is characteristic of heavy-tailed distributions observed in complex systems
(Zhao & Karypis, 2022).

For the Reddit engagement dataset, the estimated scaling exponent for likes
is approximately: @, # 2.3, while the exponent for comments is slightly larger:
ae ~ 2.6.

These values are consistent with previously reported measurements of
popularity dynamics and information diffusion in online social networks (Tan et
al., 2019) (Figure 1). The distribution of likes demonstrates strong right skewness,
indicating that most posts receive relatively few interactions while a small fraction
becomes highly popular (Figure 2).
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Figure 1 — Empirical distribution of likes Figure 2 — Distribution of comments exhibiting
demonstrating strong heavy-tailed behavior long-tail interaction dynamics commonly
characteristic of scale-free engagement dynamics. observed in online social systems.

The distribution of comments reveals a similar heavy-tailed structure, which
is consistent with previously observed patterns in online communities (Figure 3).

The scatter plot demonstrates a positive association between engagement
metrics, although the variability remains substantial. Such behavior is typical
for attention dynamics in online social platforms where a small number of posts
attract the majority of interactions.
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Figure 3 — Relationship between likes and comments indicating positive correlation and high
variability of engagement behavior.
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To further verify the heavy-tailed nature of engagement distributions,
we analyze the complementary cumulative distribution function (CCDF) in
logarithmic coordinates (Figure 4).

CCDF of Reddit Engagement Metrics
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Figure 4 — Complementary cumulative distribution function (CCDF) of engagement metrics in
logarithmic coordinates demonstrating approximate power-law decay

The CCDF representation further confirms the existence of scale-free
engagement dynamics. The approximately linear decay observed in logarithmic
coordinates supports the validity of the power-law assumption for the upper tail of
the engagement distributions. In log-log representation, power-law distributions
appear as approximately linear segments in the tail region. The empirical CCDF
plots demonstrate near-linear decay in the upper tail, which indicates scale-free
behavior of engagement metrics.

Such patterns are typical for attention dynamics in online platforms, where a
small fraction of posts accumulates the majority of interactions (Holme & Saramaki,
2012). These values are consistent with previously reported measurements of
popularity dynamics and information diffusion in online social networks (Tan et
al., 2019).

To validate the heavy-tailed hypothesis, the complementary cumulative
distribution function (CCDF) was analyzed in logarithmic coordinates. The
empirical distributions demonstrate approximately linear behavior in the tail
region, which is consistent with scale-free systems.

Additionally, the Kolmogorov—Smirnov goodness-of-fit test was applied
following the methodology proposed by Clauset et al.

The estimated scaling exponents were found within the interval characteristic
of heavy-tailed interaction dynamics observed in online social systems.

The Kolmogorov-Smirnov statistic for the likes distribution was found to be
D = 0.067 with p << 0.05, supporting the heavy-tailed hypothesis.

Entropy-Based Temporal Modeling.

Recent studies demonstrated that entropy-aware behavioral representations
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improve user profiling and behavioral segmentation (Liu & Chen, 2023; Wang et
al., 2023).

To capture temporal regularity of user activity, we compute Shannon entropy
based on hourly activity distributions (formula 3):

— Cih
pi_.h E;-;_ ay ] (3)
H,=-X¥%, P;xlog, Dy
The normalized entropy is defined as (formula 4):
¥ Hi
i log, 24 (4)

User engagement tends to increase toward the end of the week, reflecting
typical leisure-time behavior patterns (Figures 5 and 6).
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Figure 5 — Average engagement level Figure 6 — Average engagement distribution during
across days of the week. Activity gradually  the day. Peak activity is observed in evening hours.
increases toward the weekend.

The temporal distribution demonstrates peak activity between 18:00-22:00,
which corresponds to common daily behavioral cycles.

Entropy measures provide an effective mathematical mechanism for quantifying
uncertainty and irregularity of temporal behavioral patterns. In the context of
online social systems, entropy reflects the degree of variability of user activity
across different time intervals.

Users with highly regular behavioral schedules typically demonstrate lower
entropy values, while irregular activity patterns produce higher entropy values.
Such distinction becomes particularly important in large-scale digital ecosystems
where users may exhibit similar engagement intensity but fundamentally different
temporal dynamics.

The normalization of Shannon entropy ensures comparability between users
with substantially different activity magnitudes. As a result, entropy-normalized
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representations become less sensitive to absolute interaction volume and more
sensitive to structural behavioral regularity.

From a computational perspective, entropy-based aggregation remains
computationally efficient and scalable for large-scale online systems containing
millions of user interactions.

Feature Normalization

Given heavy-tailed distributions, engagement indicators are standardized
(formula 5):

Li—pg,
F ==L
L= )
Ci—ue
Z. ==

This transformation reduces scale sensitivity and stabilizes clustering.

Integrated Activity Index. Each user is represented in the multidimensional
feature space by the vector x, = [Z 1o Zeo H ;]J where standardized engagement
indicators and normalized temporal entropy jointly characterize user behavior.
The proposed representation embeds each user into a normalized behavioral space
that simultaneously captures interaction intensity and temporal regularity.

Users with similar engagement patterns occupy nearby regions of the feature
space, improving clustering interpretability and separation quality. We introduce a
composite activity index (formula 6):

I, = aZ, + BZ, +yH; (6)

where

a+f+y=1

In the experiments:
a=04,=04,y =02

Clustering Model (Figure 7).
User segmentation is performed using the KMeans algorithm minimizing
(formula 7):

I= ;kf:j_ ZII:EC?{ |Ix§ _P:kllj (7

The value K = 3 was selected based on preliminary silhouette analysis, which
indicated that three clusters provide a reasonable balance between clustering
quality and interpretability.

Three interpretable user groups emerged:

1. Low-activity users
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2. Moderately active users

3. Highly engaged users

KMeans clustering was selected due to its computational simplicity,
scalability, and interpretability in multidimensional behavioral spaces. The
algorithm partitions users into groups by minimizing intra-cluster variance while
maximizing separation between cluster centroids.

In the proposed framework, clustering is performed within the entropy-normalized
feature space, allowing the algorithm to simultaneously account for engagement
intensity and temporal regularity. Such representation improves robustness against
extreme outliers frequently observed in heavy-tailed interaction distributions.
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Figure 7 — User segmentation obtained using KMeans clustering. Three distinct behavioral
clusters are observed.

Visualization is presented in a two-dimensional standardized feature space for
illustration purposes.

The obtained clustering structure demonstrates that entropy-aware behavioral
representations provide more interpretable segmentation boundaries compared to
raw engagement-based clustering approaches. In particular, temporal regularity
enables the identification of users exhibiting structurally distinct activity dynamics
despite comparable interaction magnitude.

Results. Clustering Quality Evaluation

Clustering quality is evaluated using the silhouette coefficient (formula 8):

_ b—a
- maxia.b) (8)

Experimental results indicate improved cluster separation when using the
integrated activity index compared to raw engagement metrics.

Comparison with baseline methods.

To evaluate the effectiveness of the proposed entropy-normalized index,

we compare clustering results with baseline approaches using raw engagement
features.
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The clustering results reveal three distinct behavioral groups corresponding to
low-activity, moderate-activity, and highly engaged users. The proposed entropy-
normalized representation produces clearer cluster boundaries and improved
separation compared to engagement-only features.

Table 2 — Comparison of clustering approaches

Method Features Silhouette score | Interpretability
Baseline KMeans (Zn.Z0) 0.42 Medium
Temporal clustering (Z,.Z..H™) |0.47 High

Proposed model I index 0.53 Very high

The results indicate that incorporating entropy-based temporal features
improves both cluster compactness and separation.

Discussion.

The empirical results reveal several important structural properties of user
engagement in online social platforms.

First, engagement distributions demonstrate strong heavy-tailed characteristics,
confirming previously reported observations in large-scale digital ecosystems
(Clauset et al., 2009). Such distributions imply that a small fraction of users
generates a disproportionately large share of interactions.

Second, the analysis of temporal entropy reveals systematic behavioral patterns
related to daily and weekly activity cycles. Peak engagement periods occur during
evening hours and toward the end of the week, suggesting that social media activity
is strongly coupled with user lifestyle dynamics and leisure time availability.

Third, clustering results demonstrate that the proposed entropy-normalized
representation improves the interpretability of behavioral segmentation. While
classical clustering based solely on engagement magnitude captures interaction
intensity, the inclusion of temporal entropy allows the model to distinguish
between structurally different behavioral patterns.

From a broader perspective, the proposed framework contributes to the growing
field of computational social science by providing a scalable analytical pipeline
for behavioral segmentation in digital ecosystems. Unlike purely statistical
approaches, the entropy-normalized model combines structural, temporal, and
behavioral characteristics into a single interpretable representation.

Such integrated modeling approaches are particularly important for modern
digital platforms where user behavior emerges from complex interactions
between network structure, temporal dynamics, and collective attention
processes (Lazer et al., 2009).

The obtained results also demonstrate the importance of incorporating temporal
behavioral regularity into engagement modeling frameworks. Users with similar
interaction intensity may nevertheless exhibit substantially different temporal
dynamics, which cannot be captured by purely magnitude-based clustering
approaches.
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From the perspective of intelligent analytics, entropy-aware behavioral
segmentation may improve recommendation systems, anomaly detection
algorithms, and adaptive content delivery mechanisms. Temporal regularity
measures may additionally provide useful indicators for distinguishing between
organic user behavior and artificially amplified activity patterns.

Another important implication concerns the scalability of the proposed
framework. Since the developed representation relies on computationally efficient
statistical features and entropy-based aggregation, the methodology remains
applicable to large-scale social platforms containing millions of user interactions.

The proposed multidimensional representation may also serve as a foundation
for future graph-based behavioral models integrating interaction topology,
semantic content analysis, and temporal network dynamics within unified machine
learning architectures.

The proposed framework demonstrates robustness, scalability, interpretability,
and computational efficiency advantages.

The proposed analytical framework may additionally be useful for monitoring
collective attention dynamics and identifying abnormal engagement behavior
in online communities. Since entropy-aware behavioral representations capture
both interaction intensity and temporal uncertainty, the model may potentially
support early detection of coordinated activity patterns and anomalous interaction
structures.

Another promising research direction involves integrating semantic content
analysis with entropy-normalized behavioral modeling. Combining textual
embeddings with temporal interaction features may improve user profiling
and enable more sophisticated recommendation systems for large-scale digital
ecosystems.

Furthermore, recent advances in graph neural networks and temporal graph
learning create opportunities for extending the proposed methodology toward
dynamic interaction modeling. Such approaches may capture evolving structural
dependencies between users, communities, and information propagation processes
within online social systems.

Limitations and Future Work.

Several limitations of the present study should be acknowledged. First, the
dataset was collected from a limited subset of Reddit communities and may not
fully represent the diversity of behavioral patterns observed across the entire
platform. Different thematic communities may exhibit substantially different
interaction dynamics and temporal activity structures.

Second, the proposed framework focuses primarily on statistical engagement
indicators and temporal regularity without incorporating semantic content
analysis. Future studies may integrate natural language processing methods and
semantic embeddings in order to analyze relationships between textual content
and behavioral activity patterns.

Third, the current clustering framework relies on classical KMeans
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segmentation. Although the obtained results demonstrate improved cluster
separation, future work may investigate more advanced clustering approaches
including density-based clustering, graph neural networks, and deep representation
learning techniques.

Finally, future research may extend the proposed methodology toward dynamic
graph-based interaction modeling, misinformation propagation analysis, and
intelligent recommendation systems for large-scale online social platforms.

Conclusion.

This study proposed an entropy-normalized multidimensional framework
for user activity segmentation in Reddit social networks. The obtained results
demonstrate that engagement indicators exhibit strong heavy-tailed properties
characteristic of complex online interaction systems. The empirical analysis
confirms that user activity distributions follow scale-free behavioral patterns
commonly observed in large-scale digital ecosystems. The integration of temporal
entropy with standardized engagement indicators improves both clustering quality
and interpretability of behavioral segmentation. Experimental evaluation showed
that the proposed composite activity index provides better cluster separation
compared to traditional raw-feature representations.

The proposed multidimensional representation enables simultaneous analysis
of interaction intensity and temporal regularity within a unified analytical
framework. Such representation improves the ability to identify structurally
different user behavior profiles in online communities. From a broader perspective,
the developed framework contributes to computational social science and
intelligent digital analytics by providing a computationally scalable approach for
behavioral modeling in large-scale online platforms. Future research may extend
the proposed methodology toward graph-based interaction analysis, anomaly
detection, recommendation systems, graph neural networks, and deep learning
approaches for behavioral prediction in complex social systems.
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