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ABSTRACT interaction weighting; bot/noise mitigation; attribute
Social media platforms generate massive, complex integration) that make methods reliable at
networks in which users, posts, and interactions form scale.
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synthesize foundations (graph models, modularity, Network Representation Learning

conductance, and information-theoretic criteria), Fig.1 Community Detection in Social Media

classical algorithms (Louvain, Leiden, Infomap, Data,Source([1]

spectral clustering, label propagation), and modern Our methodology compares six  approaches—

embedding/GNN-based approaches. To ground the Louvain, Leiden, Infomap, spectral clustering, label
discussion, we design a simulation research protocol

propagation, and node2vec+k-means—under
using the LFR benchmark to emulate social graphs

controlled scenarios. Evaluation uses modularity (Q),
with power-law degree distributions, variable

Normalized Mutual Information (NMI) against
community sizes, overlapping memberships, noise, and

ground truth (for simulations), and cut quality
temporal drift. We also outline preprocessing steps for

(conductance) alongside runtime. Statistical analysis
real platforms (retweet/reply/mention graphs;

over 10 randomized runs shows that Leiden improves
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modularity by ~5.4% and NMI by ~6.2% over
Louvain with a small runtime overhead; Infomap
yields the best conductance but is slower; label
propagation remains fastest yet unstable; spectral
performs strongly in quality but scales poorly; and
embedding-based clustering is competitive and
flexible, especially when attributes are informative. We
discuss limitations (resolution limits, sensitivity to
parameter choices, sampling bias, and temporal
dynamics) and offer design guidelines for production
pipelines—covering graph construction, algorithm
selection, quality assurance, and ethical use. The study
concludes with a set of actionable recommendations for
deploying community detection in real social

media analytics.
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INTRODUCTION

Community detection is the task of partitioning a graph
into groups of nodes that are more densely connected
internally than externally. In social media, communities
often correspond to topical interest groups, fan clusters,
language/culture cohorts, or coordinated networks.
Identifying them is central to:

* Discovery: mapping interest-
based or ideological segments for content
curation.

*  Trust & Safety: spotting coordinated inauthentic
behavior, spam rings, and bot farms.

* Influence & Diffusion: tracing information
cascades and optimizing outreach.

*  Measurement: evaluating campaign lift within

and across segments.

Rest of the Res! of the
Network Network

Fig.2 Graph Analytics for Community

Detection,Source([2]) However, social
media graphs are challenging: they are massive (millions
to billions of edges), heterogeneous (users, posts,
hashtags), noisy (spam/bots), temporal
(edges appear/disappear quickly), and often attributed
(profiles, text, images). Algorithm selection and pipeline
design must therefore balance scalability, stability, and
interpretability with quality.
This paper addresses these challenges through a
simulation-driven comparison of major community
detection families, coupled with practical preprocessing
and evaluation strategies that translate to real-world

social media analytics.

LITERATURE REVIEW

Graph models & quality criteria. A social graph
G=(V,E)G=(V,E) typically models users as nodes and
interactions as edges (weighted by frequency, recency, or
type). Community quality metrics include:

*  Modularity (Q): difference between observed
intra-community edges and expectation under a
null model; efficient and popular but subject to
resolution limits.

* Conductance: ratio of cut edges to internal
volume; lower is better and emphasizes

boundary sharpness.
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Information-theoretic criteria: e.g., map
equation (Infomap) that trades off within- vs.
between-community flow encoding length.
Agreement metrics: NMI/ARI compare
discovered communities to ground truth

(available in benchmarks or labeled datasets).

Algorithmic families.

1.

2.

3.

4.

5.

Modularity optimization:

o Louvain greedily aggregates nodes to
maximize modularity, then coarsens the
graph. Fast and scalable, but may yield
disconnected communities.

o Leiden improves Louvain by enforcing
connectivity guarantees and refining
partitions; typically higher Q and NMI
with moderate overhead.

Information flow:

o Infomap uses random walks and the map
equation; strong at finding flowbased
modules; can better capture
hierarchical/overlapping structure but
slower on large graphs.

Spectral methods:

o Use eigenvectors of
Laplacian/modularity matrices;
highquality splits,  but  eigen-
decomposition is expensive at scale
unless using approximations (e.g.,
Nystrom, Chebyshev).

Label Propagation (LPA):

o Iteratively adopts the most frequent
neighbor  label;  extremely fast,
parameter-light, but unstable with noisy
ties and may produce very large
communities.

Embedding- and GNN-based approaches:

o Shallow  embeddings  (DeepWalk,
node2vec) preserve proximity/structural
roles; clustering in embedding space can
surface communities, especially when
attributes  (text,  language) are
concatenated.

o Graph Neural Networks
(GCN,

GraphSAGE) can incorporate

attributes and supervision (semi-

supervised community membership),

but require labels or pseudo-labels and

careful evaluation to avoid overfitting.
Key practical themes.

* Resolution & multiscale: No single partition
fits all. Resolution parameters (e.g., y\gamma in
modularity) or hierarchical methods recover
small and large groups.

e Overlapping communities: Many users belong
to multiple interests; mixed-membership and
link clustering can model overlaps.

* Dynamics: Communities evolve; temporal
smoothing and change-point detection stabilize
tracking.

*  Bias & ethics: Bot amplification and sampling
skew can distort communities; transparency and
audits are essential, particularly for high-stakes

moderation or policy uses.

METHODOLOGY
Data and Graph Construction
Although the core experiments rely on simulations for
controlled ground truth, the pipeline mirrors social media
practice:
1. Source events. Interactions such as retweets,
replies, mentions, co-commenting, or

cohashtagging form edges.
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2. Edge weighting. Combine frequency, recency
(temporal decay), and type (e.g., reply > retweet
> like) into a single weight:

wij=a freqij+f typeij+d e—AAtw_{ij} = \alpha
\\text{freq} {ij} + \beta \\text{type} {ij} + \delta \,e"{-

\lambda \Delta t}
with a,f3,0\alpha,\beta,\delta tuned by cross-validation on

proxy labels (e.g., shared hashtags).

3. Cleaning & filtering. Remove self-loops,
deduplicate multi-edges into weights, and prune
extreme-degree bots using heuristics (degree
zscore, entropy of targets, content similarity).

4. Attributes (optional). Text embeddings (e.g.,
sentence-level) for bios/posts and language tags;
image-derived features when available.

Simulation Research Design

We use the LFR benchmark to emulate social networks
with power-law degree and community size distributions,
with parameters varied across scenarios:

*  Nodes Ne{10,000, 50,000} N \in \{10{,}000,\;
50{,}000\};
k™=20\bar{k }\approx20.

average degree

*  Degree exponent t1=2\tau_1=2, communitysize
exponent 12=1\tau_2=1.

*  Mixing parameter pe{0.1,0.3,0.5}\mu \in \{0.1,
0.3, 0.5\} controlling inter-community edges.

*  Overlap: up to 20% of nodes with 2-3
memberships.

* Noise: missing edges (5-20%), spurious edges
(5-10%).

*  Dynamics: for temporal trials, we evolve graphs
over 5 snapshots with 10% edge churn per step
and 5% node turnover to mimic topic drift.

Algorithms Compared
*  Louvain (Q maximization).
*  Leiden (improved Louvain with refinement).

* Infomap (map equation).

* Spectral (k-way spectral clustering using
approximate eigensolvers).

* Label Propagation (asynchronous LPA with tie-
breaking jitter).

* node2vec + k-means (128-dim embeddings,
walk length 80, return/in-out parameters tuned on
validation).

Evaluation Metrics and Protocol

* Intrinsic quality: Modularity QQ and
conductance (lower is better).

* External agreement: NMI vs. known LFR
ground truth.

» Efficiency: runtime on identical hardware;
memory monitored but not tabulated.

*  Stability: metrics reported as mean + standard
deviation over 10 trials (random seeds and noise
realizations).

*  Temporal smoothness (for dynamics): Jaccard
overlap of community assignments for persistent
nodes and variation of information (VI) between
snapshots.

Reproducibility Considerations

*  Fixed random seeds per trial set; batched runs;
logging of parameters.

*  For scale, we use graph partitioning for spectral
and parallel implementations for

modularitybased methods.

» Early stopping and coarsening thresholds are

recorded to contextualize runtime differences.

STATISTICAL ANALYSIS

The table below summarizes the mean = SD performance
over 10 runs on an LFR graph with
N=50,000N=50{,}000, k™=20\bar {k}=20,
p=0.3\mu=0.3, no overlap, and 10% noisy edges.
Runtime is wall-clock seconds on the same hardware

profile.

Interpretation.

-
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Leiden vs. Louvain: +0.04 absolute in QQ
(5:4%relative);+0-05-1-NMI(6.2%), and —0.03
conductance (~9.1% lower), at ~7.1% higher
runtime.

Infomap: best boundary sharpness (lowest
conductance), competitive QQ/NMI, but ~2.2x
slower than Leiden.

LPA: fastest, but quality and stability lower
(larger SDs).

Spectral: high quality but limited scalability;
suitable when accuracy trumps speed.
Embeddings: robust, flexible, and
attributeready; quality near modularity methods

with moderate runtime.

SIMULATION RESEARCH

We ran controlled experiments across five LFR scenarios

to probe method behavior under realistic social-media

conditions.

1.

2.

Varying community
(mixing

separation

p\mu).

o At p=0.1\mu=0.1 (clear communities):
all methods achieve high QQ and NMI;
differences narrow. Infomap and
spectral marginally outperform
modularity methods on conductance.

o At p=0.5\mu=0.5 (weak communities):
Leiden maintains the best trade-off; LPA
quality degrades sharply; embeddings
remain usable if walk
parameters are tuned to emphasize local
context.

Overlapping memberships (20% overlap).

o Node2vect+k-means often
outperforms modularity on NMI when

clusters are

genuinely

overlapping because embeddings can

3.

place a node near multiple centroids; hard
partitions still force assignment, but
distances provide soft clues for
downstream multi-labeling.

o Infomap with multilevel/hierarchical
output captures nested structure, but
overlapping handling is not explicit
without extensions.

Noise robustness (edge deletion/addition).

o With 20% missing edges, spectral
quality drops unless eigen-solvers are
warmed with coarsened graphs.

o Spurious edges inflate conductance;
Leiden is more resilient than Louvain
due to its refinement stage; LPA is most

sensitive.

4. Attribute-guided clustering.

5.

o When we concatenate text embeddings
(e.g., topic vectors from posts) with
node2vec, NMI rises by ~0.02—0.04 in
mid-p\mu settings; improvements are
larger when communities are defined by
interest similarity rather than purely by
interaction volume.

Temporal dynamics (5 snapshots, 10% churn).

o A simple temporal
smoothing

(penalize assignment changes unless

gain > ¢) reduces VI between

snapshots by ~15-25% without

sacrificing much modularity,
stabilizing dashboards and alerts.

o Community births/merges are detected
via sudden increases in intercommunity
edges and drops in conductance;

Leiden’s connectedness property avoids

flickering microcommunities.

Ablations & sensitivity.
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* Resolution parameter y\gamma: higher
y\gamma yields more, smaller communities; set
via elbow in modularity vs. community count
plot or by maximizing external agreement (NMI)

on a validation snapshot.
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node2vec hyperparameters: return/in-out
parameters (p,qp,q) alter exploration; g>1g>1
(BFS bias) improves local-community quality;
p<Ip<lI helps structural equivalence.

Preprocessing: mild degree-capping (e.g., top
0.1% out-degree trimmed) reduces hub
dominance and improves conductance for all

methods.

RESULTS

Overall ranking by objective quality. On midseparation

graphs, Leiden produces the best balance of modularity,

NMI, and conductance. Infomap edges out others on cut

quality but at higher cost. Spectral is strong but least

scalable. Embeddings are robust all-rounders, especially

when attributes matter. LPA is the speed king but

sacrifices stability and precision.

Scalability and efficiency.

Louvain/Leiden scale roughly linearly with
edges when implemented with efficient data
structures and parallelization (e.g., node moves
in parallel per phase).

Infomap’s random-walk and code-length
optimization are costlier but tractable for tens of
millions of edges with multithreading.

Spectral’s bottleneck is eigen-decomposition;
approximate methods help but still lag.
Embedding pipelines amortize cost: once
embeddings are computed (which can be done

incrementally), reclustering is cheap.

Stability & interpretability.

Leiden’s refinement reduces disconnected or

fragmented communities, improving

interpretability for analyst workflows.

Embedding-based
can be

communities

explained with nearest-neighbor exemplars
and centroid terms (top TF-IDF keywords),
aiding narrative reporting.

LPA’s stochasticity leads to run-to-run variance;
seeding  with

anchors  (e.g., hashtag

communities) reduces drift.

Impact of noise and bots.

Degree-entropy and reciprocity filters notably
improve all methods; removing the noisiest 0.5—
1% edges (by weight or anomalous patterns)
boosts NMI by ~0.01-0.02 and lowers
conductance by ~0.02 on average.

Communities dominated by high-throughput
broadcasters (e.g., bot clusters) are flagged by

unusually low internal reciprocity; excluding

them stabilizes modularity-based methods.

Temporal tracking.

Using a two-stage process—detect communities
per snapshot with Leiden, then align across time
via  maximum-overlap matching—yields
smoother trajectories than incremental-only or
global dynamic methods, and is simpler to
maintain.

Alert rules based on conductance spikes and
drop in internal density detect impending

community splits before they are obvious in

modularity alone.

Practical guidance.

Start with Leiden for general-purpose,

largescale detection; tune y\gamma for
granularity.
Prefer Infomap when boundary sharpness is
critical (e.g., detecting tightly coordinated
clusters).

Use embeddings when  attributes
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(text/language) are informative or when overlap
is expected; combine with soft clustering or
thresholded multi-assignments.

* Keep LPA for rapid exploratory passes or
streaming  triage, complemented by a
higherprecision second stage.

For reporting, pair partitions with top
terms/URLs and exemplar accounts per
community, and monitor drift monthly or per

campaign.

CONCLUSION

Community detection in social media is both a classical
graph problem and a modern, production-scale
engineering challenge. Through a simulation-based study
designed to mirror real platform conditions, we compared
six prominent approaches and found that Leiden
consistently offers the best quality—efficiency trade-off,
improving upon Louvain in modularity, agreement with
ground truth, and boundary sharpness with only a modest
runtime increase. Infomap excels at discovering sharply
delineated modules and hierarchical structure, while
spectral methods deliver strong quality when resources
permit. Label propagation provides unmatched speed
for rough segmentation, and node2vec-based clustering
proves  particularly  valuable when integrating
user/content attributes or handling overlapping interests.
Successful deployment depends as much on pipeline
design as on algorithm choice: carefully constructed edge
weights, noise/bot mitigation, multiscale resolution, and
transparent evaluation are decisive. Temporal smoothing
and snapshot alignment stabilize communities over time,
which is crucial for monitoring and decision-making.
Ethical considerations—bias, privacy, and the potential
for misinterpretation—must be embedded into reviews
and documentation, especially for high-stakes
applications such as moderation or policy analysis.

Actionable takeaways:

1. Use Leiden with tuned resolution as a default;
validate with conductance and NMI (when labels
exist).

2. Add attribute signals via embeddings to
improve semantic coherence.

3. Implement pre-filters for bots/spam and cap
extreme degrees to reduce artifacts.

4. Track temporal stability and set alerts on
conductance/modularity shifts.

5. Report communities with
explainable summaries (exemplar
nodes, top terms, reciprocal links) to aid

analysts. Limitations & future work. Our

experiments, though extensive, rely on simulated
benchmarks; real-world graphs exhibit
richer heterogeneity  (multilayer
interactions, content modalities, and platform-
specific dynamics). Future work should evaluate
overlapping and dynamic methods more
deeply, explore GNN-based weak supervision
for community membership, and test
privacy-preserving analytics (e.g., differentially private

edge weighting) at scale.
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