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Abstract. Framed by Zeno’s paradox, this paper examines the blockchain trilemma
the mutually constraining goals of scalability, decentralization, and security
through comparative analyses of Bitcoin and Ethereum. We synthesize literature
on sharding, sidechains, and state channels, operationalize technical, performance,
and security variables, and propose two generalized models: a scaling-efficiency
model linking throughput, confirmation time, block size, and sharding; and a
decentralization-security trade-off model combining attack cost, resilience, and
decentralization degree. Using illustrative parameterizations, Ethereum with
sharding attains higher efficiency, whereas Bitcoin exhibits a stronger
decentralization-security balance. Qualitative assessments highlight practical
frictions in cross-shard communication, liquidity and routing in channels, and
sidechain security externalities. We discuss mediating roles of latency and
consensus, limitations of simplified metrics, and directions for multi-criteria
optimization and empirical calibration. Findings clarify design trade-offs and
inform pathway selection across layered architectures.
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1. Introduction
he rapid proliferation of blockchain technology has ushered in a new
era of decentralized digital systems, promising enhanced security,
transparency, and immutability. However, the inherent design
principles that underpin these advantages also present significant
challenges, particularly in the realm of scalability. The "blockchain trilemma,"
often referred to as the "impossible triangle,” posits that a blockchain system
can only achieve two out of three desirable properties: decentralization,
security, and scalability (transaction speed) (Mssassi & Abou El Kalam, 2024).
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This fundamental trade-off echoes the ancient philosophical paradoxes, most
notably Zeno's paradox, which highlights the inherent difficulties in
reconciling continuous motion with discrete points. In the context of
blockchain, Zeno's paradox manifests as the perpetual pursuit of faster
transaction speeds and higher throughput, while simultaneously striving to
maintain decentralization and security, often leading to an asymptotic
approach rather than a definitive resolution (Misra & Sudarshan, 1977).

To move beyond metaphor, we map Zeno’s Achilles-and-the-Tortoise
structure onto scalability engineering. Each architectural step that “closes the
gap” in throughput larger blocks, parallel execution, or off-chain netting
reduces an immediate bottleneck, yet simultaneously creates a new
coordination distance that must be traversed. Under sharding, higher
aggregate TPS is purchased by cross-shard message passing and state-
consistency requirements; the system must repeatedly “catch up” across
shards, so latency and atomicity constraints become the next incremental gap.
Under Layer-2, rollups and channels increase apparent throughput, but the
gain can fragment liquidity and routing paths, producing failures or
congestion that are not eliminated but displaced. In this sense, scalability
improvements are asymptotic: performance converges toward a target under
successive optimizations, while new divisibility problems emerge
endogenously at the boundaries between execution domains. This
mechanism-level mapping clarifies why the trilemma persists as a structural
constraint rather than a puzzle solved by any single upgrade.

This research delves into the intricate relationship between Zeno's paradox
and the blockchain scalability problem, specifically examining its
manifestation within the impossible triangle of transaction speed,
decentralization, and security (Guasoni, Moreno, & Seijas, 2024). We aim to
analyze how various scaling solutions, such as sharding, sidechains, and state
channels, attempt to navigate this dilemma and the challenges they encounter
in practical applications. The study will consider the impact of technical
variables (e.g., block size, consensus algorithms, number of shards),
performance variables (e.g., transaction speed, confirmation time), and
security variables (e.g., cost of attack, network resilience) on blockchain
scalability. Ultimately, we seek to establish a generalized model to explain the
trade-offs inherent in blockchain design.

Our investigation will primarily focus on Bitcoin and Ethereum as case
studies, analyzing their performance under different scaling solutions. Data
sources will include publicly available blockchain data (e.g., transaction
throughput, block size, network node count), technical documentation and
performance test reports of various scaling solutions, and relevant academic
literature. The independent variables will be different scaling technologies
(e.g., Lightning Network, sharding technology), the dependent variables will
be blockchain transaction speed, degree of decentralization, and security,
while network latency and consensus mechanisms will serve as mediating
variables. The type and frequency of network attacks will be controlled
variables. This research will develop two generalized models: one for scaling
efficiency based on technical parameters and performance indicators, and
another for the trade-off between decentralization and security. A
comparative analysis of these models will provide deeper insights
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To maintain coherence with the study’s stated aim, we realign the
Introduction to the scalability-decentralization-security nexus rather than
investor behavior. We therefore delimit the scope to architectural trade-offs
and remove the exchange-data/overconfidence sentence. The paper’s purpose
is to develop comparable, low-parameter metrics and two generalized models
that clarify when and how sharding, channels, and sidechains shift the
efficiency frontier while straining decentralization and security. This framing
preserves conceptual continuity with the Zeno lens (asymptotic
improvements that never fully resolve the trilemma) and sets up testable
claims for later empirical calibration. into the complex dynamics of blockchain
scalability (Rebello, Camilo, & Vieira, 2024).

To preserve internal coherence, this study is delimited to architectural
trade-offs within the scalability-decentralization-security nexus. Accordingly,
we remove investor-psychology and exchange-return claims and treat the
blockchain trilemma as a design-constraint problem that can be examined
through comparable technical and performance anchors across Layer-1 and
Layer-2 architectures. The paper therefore focuses on how sharding, state
channels, and sidechains (and their bridging or routing assumptions) shift
feasible regions of throughput and confirmation latency while introducing
measurable stresses on decentralization and security. Within this scope,
Zeno’s paradox serves as a structural analogy for asymptotic improvement:
protocol upgrades may reduce bottlenecks in each step, yet new coordination
and fragmentation costs emerge endogenously, preventing a definitive
“solution” to the trilemma. This delimitation aligns the research questions,
variables, and models with a single explanatory objective and prepares the
ground for later empirical calibration based on on-chain observables rather
than market-behavior constructs. This paper aims to contribute to the
academic discourse on blockchain scalability by providing a comprehensive
analysis grounded in both theoretical frameworks and empirical observations,
ultimately informing future blockchain design and development strategies.
This study addresses three research questions:

RQ1: How can scaling-efficiency be operationalized with minimal,
comparable parameters across architectures?

RQ2: Under what parameter ranges do sharding, channels, and sidechains
shift the Pareto frontier between decentralization and security?

RQ3: What Zeno-like asymptotic patterns emerge when increasing
throughput while preserving core assurances? Our contributions are: (i) a
compact metricization of efficiency and a normalization of decentralization—
security scores; (ii) a comparative template applicable to Layer-1 and Layer-2
variants; and (iii) design guidance that identifies conditions under which
layered approaches are efficiency-enhancing but decentralization-sensitive.

2. Literature review
2.1. Zeno's Paradox and its philosophical implications

Zeno of Elea, an ancient Greek philosopher, is renowned for his paradoxes
that challenge the intuitive understanding of motion, plurality, and
continuity. Among the most famous is the Achilles and the Tortoise paradox,
which illustrates that if Achilles gives the tortoise a head start, he can never
overtake it, as he must first reach the point where the tortoise started, by
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which time the tortoise will have moved a little further, and so on, ad
infinitum. This paradox, and others like it, highlight the conceptual difficulties
in bridging the gap between discrete points and continuous processes.
Philosophically, Zeno's paradoxes have influenced discussions on the nature
of space, time, and infinity, prompting centuries of debate and contributing to
the development of calculus and modern mathematical analysis (Skyrms,
1983).

In a broader sense, Zeno's paradoxes can be interpreted as illustrating the
limitations of infinite divisibility and the challenges of achieving a finite
outcome through an infinite series of steps. This philosophical underpinning
finds a compelling analogy in the contemporary challenges faced by
blockchain technology, particularly in its quest for scalability. The continuous
demand for higher transaction throughput, while maintaining core principles
of decentralization and security, often leads to a seemingly endless series of
incremental improvements that, much like Achilles' pursuit, never quite reach
a definitive, universally satisfying resolution.

2.2. The Blockchain Trilemma: Decentralization, security, and
scalability

The concept of the "blockchain trilemma" is a cornerstone of blockchain
design theory, positing that any blockchain system can only optimally achieve
two out of three fundamental properties: decentralization, security, and
scalability.

*  Decentralization refers to the distribution of control and decision-
making power across a network, eliminating single points of failure and
censorship resistance. A highly decentralized network has many independent
nodes, making it resilient to attacks and manipulation.

+  Security pertains to the network's ability to resist attacks, prevent
fraud, and ensure the integrity and immutability of transactions. This is often
achieved through cryptographic mechanisms and robust consensus
algorithms.

*  Scalability denotes the system's capacity to handle a growing number
of transactions per second (TPS) and wusers without compromising
performance. This is typically measured by transaction throughput and
confirmation times (Bulgakov et al., 2024).

The trilemma suggests that optimizing for one property often comes at the
expense of another. For instance, increasing transaction speed (scalability)
might require reducing the number of nodes (sacrificing decentralization) or
simplifying consensus mechanisms (potentially compromising security).
Conversely, maximizing decentralization and security can lead to slower
transaction processing and higher costs, as seen in early blockchain
implementations. This inherent trade-off is the central dilemma that
blockchain developers and researchers continuously strive to overcome, often
through innovative architectural designs and protocol upgrades (Aldoubaee,
Hassan, & Abdul Rahim, 2023).

2.3. Blockchain Scaling Solutions: Sharding, sidechains, and state
channels
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To address the limitations imposed by the blockchain trilemma, various
scaling solutions have been proposed and implemented. These solutions
generally fall into two categories: on-chain scaling (modifications to the base
layer protocol) and off-chain scaling (solutions that process transactions
outside the main blockchain).

Sharding is an on-chain scaling technique that involves dividing the
blockchain network into smaller, independent segments called "shards." Each
shard processes its own set of transactions and maintains its own state,
allowing for parallel processing and significantly increasing the overall
transaction throughput of the network. Ethereum 2.0 (now known as the
Consensus Layer) initially planned to implement sharding as a core
component of its scalability roadmap. However, the development of layer-2
rollups has shifted the focus, with sharding now primarily intended to
enhance data availability for these rollups rather than directly processing
transactions.

Recent scalability roadmaps imply that “solving” the trilemma is
increasingly framed as a reallocation of constraints across layers rather than a
single-layer breakthrough. In particular, the move from execution-centric
sharding toward data-availability-centric upgrades redefines what counts as
scalability: the base layer prioritizes verifiable data publication and consensus
integrity, while execution and throughput are pushed to rollups or other L2
systems. This architectural partitioning does not dissolve the trilemma; it
relocates it. Throughput gains at L2 can be accompanied by new forms of
centralization (e.g., sequencer concentration) and new security dependencies
(bridging assumptions, fraud-proof or validity-proof pipelines). Conceptually,
this shift matters for our models because the relevant bottlenecks become
interface constraints settlement cadence, data-availability bandwidth, and
cross-domain latency rather than only block parameters. Treating scalability
as a layered constraint-allocation problem provides a theoretically consistent
basis for comparing Bitcoin and Ethereum variants and for interpreting “Zeno-
like” improvements as repeated displacement of the limiting factor to the next
boundary in the stack.

The primary advantage of sharding is its potential for massive scalability
gains. By distributing the workload across multiple shards, the network can
process a much larger volume of transactions simultaneously. However,
sharding introduces complexities related to cross-shard communication, data
availability, and security. Ensuring the integrity of transactions across
different shards and preventing attacks that target individual shards are
significant challenges that require sophisticated mechanisms, such as beacon
chains and fraud proofs.

Sidechains are independent blockchain networks that run parallel to the
main blockchain (e.g., Ethereum Mainnet) and are connected to it via a two-
way bridge. They operate with their own consensus mechanisms and block
parameters, allowing for greater flexibility and customization. Transactions
can be moved from the main chain to a sidechain, processed more quickly and
at lower cost, and then moved back to the main chain if needed. Examples of
sidechains include Polygon (formerly Matic Network) and xDai Chain. The
main benefit of sidechains is their ability to offload transactions from the main
chain, thereby improving scalability without directly altering the main chain's
protocol. They offer a high degree of flexibility, as they can be designed with
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different consensus algorithms and governance models to suit specific use
cases. However, sidechains derive their security independently from the main
chain, meaning that their security relies on their own validator set. This can
potentially lead to a trade-off with decentralization and security, as a smaller
or less diverse validator set might be more susceptible to attacks compared to
the main chain.

Sidechains are parallel execution environments connected to the main
chain via two-way bridges whose trust models vary (e.g., light-client
verification versus multisignature custodians). To anticipate later modeling,
we foreground measurable anchors: bridge trust model, validator
concentration indices, reorg depth, and settlement frequency back to L1
(Tortola, Santoni, & Zorzi, 2024; Saif, Rahal, & Otrok, 2024). These anchors
map to our dependent variables speed (throughput/latency), decentralization
(Nakamoto coefficient and node/validator dispersion), and security
(minimum attack cost and realized reorg incidents) enabling consistent
parameterization in the efficiency and trade-off models (Quattrocchi,
Scaramuzza, & Tamburri, 2024).

State channels are off-chain scaling solutions that enable participants to
conduct multiple transactions securely and privately off the main blockchain,
with only the initial and final states recorded on the main chain. This approach
minimizes interaction with the mainnet, significantly reducing transaction
fees and latency. The most well-known example is the Lightning Network for
Bitcoin, which facilitates rapid and low-cost payments between users (Wu,
Yuan, Xie, & Dai, 2024).

State channels offer instant transaction finality and extremely high
throughput for participants within the channel. They are particularly well-
suited for frequent, small-value transactions that do not require global
consensus for every single operation. The security of state channels is derived
from the underlying blockchain, as participants can always revert to the main
chain to resolve disputes. However, state channels require participants to lock
up funds in a multi-signature contract and necessitate online participation for
dispute resolution, which can introduce liquidity and availability challenges.
Furthermore, establishing and closing channels incurs on-chain transaction
fees, limiting their efficiency for infrequent interactions. To bridge concepts
to measurement, we map each scaling family to observable anchors: for
sharding, cross-shard message rate, data-availability bandwidth, and
committee churn; for sidechains, bridge trust model (light-client vs. multisig),
validator concentration indices, and reorg depth; for channels, routed-
payment success probability, channel lifetime, and liquidity lock-up (ACM
CSUR: Blockchain Cross-Chain Bridge Security, 2024). Each anchor aligns with
the paper’s variables transaction speed (throughput and confirmation
latency), decentralization (Nakamoto coefficient, validator/node dispersion),
and security (minimum attack cost and empirical reorg/closure incidents)
(Juodis, Filatovas, & Paulavi¢ius, 2024). This alignment enables consistent
parameterization in the efficiency and trade-off models and prepares the
ground for empirical calibration without presupposing any specific
implementation. Table 1 details how each technical variable is theorized to
affect transaction speed, decentralization, and security, providing
measurement anchors for later modeling.
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Table 1. Technical Variables and Their Impact on Scalability

Technical Descrintion Impact on Impact on Impact on

Variable P Transaction Speed Decentralization Security

Block Size Maanlum data Increase Decrease Decrease
capacity of a block

Consensus  Mechanism for Varies (PoW: Ve.arles (PowW: V:'irles (PoW:

Algorithm network agreement  Low, PoS: High) High, PoS: High, PoS:

8 8 ’ S8 Medium) High)

Number of NumbeF of parallel

Shards processing Increase Decrease Decrease
segments

2.4. Mediating and control variables

In analyzing the effectiveness of these scaling solutions, it is crucial to
consider mediating and control variables. Network latency plays a significant
role, as it directly impacts transaction confirmation times and the overall user
experience. Higher latency can negate some of the benefits of increased
transaction speed. Consensus mechanisms, such as Proof-of-Work (PoW) and
Proof-of-Stake (PoS), fundamentally influence a blockchain's security,
decentralization, and scalability characteristics. PoW, while robust in security
and decentralization, is often criticized for its energy consumption and limited
throughput. PoS aims to improve scalability and energy efficiency but
introduces different considerations for decentralization and security.
Network attack types and frequencies serve as control variables in this study.
Understanding the nature and prevalence of attacks (e.g., 51% attacks, DDoS
attacks, sybil attacks) is essential for evaluating the security posture of
different scaling solutions and their impact on the impossible triangle. By
controlling for these variables, we can isolate the effects of various scaling
technologies on the dependent variables (transaction speed, decentralization,
and security) and more accurately assess their trade-offs.

3. Methodology

This research employs a mixed-methods approach, combining theoretical
analysis with empirical case studies to investigate the manifestation of Zeno's
paradox within the blockchain scalability trilemma. Our methodology is
structured to systematically analyze how different scaling solutions address
the trade-offs between transaction speed, decentralization, and security in
prominent blockchain networks.

3.1. Case studies: Bitcoin and Ethereum

To provide a comprehensive and comparative analysis, this study selects
Bitcoin (BTC) and Ethereum (ETH) as primary case studies. These two
blockchain networks represent distinct approaches to decentralized ledger
technology and have faced unique scalability challenges, leading to the
development and adoption of diverse scaling solutions. Bitcoin, as the
pioneering cryptocurrency, primarily focuses on a store of value and secure
peer-to-peer transactions, while Ethereum, with its smart contract
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functionality, aims to be a global decentralized computing platform.
Analyzing both allows for a broader understanding of scalability issues across
different blockchain paradigms. Table 2 summarizes the comparative
properties of native and layered solutions across Bitcoin and Ethereum,
clarifying where scalability gains typically originate and what they may cost.
We organize empirical referents and model inputs through two tables and two
figures embedded at first mention. Table 2 synthesizes native and layered
designs for Bitcoin and Ethereum, foregrounding where scalability gains
originate and which assurances are most strained. Table 1 translates technical
levers into measurable effects on speed, decentralization, and security. Figure
1 visualizes model-implied efficiency surfaces under representative parameter
ranges, while Figure 2 plots decentralization-security trade-off contours with
case markers. Together, these elements provide a navigational scaffold for the
comparative analysis and ensure that each claim is paired with an
interpretable artifact.

We use Table 2 to juxtapose native and layered designs for Bitcoin and
Ethereum, highlighting where scalability gains originate (e.g., parallel
execution, off-chain netting) and which assurances are most strained
(decentralization concentration, bridge risk, liquidity lock-up). The table
functions as a navigational scaffold for the case analysis and establishes a
common set of attributes used by the models.

Table 2. Comparison of Bitcoin and Ethereum Scaling Solutions

Feature Bithin ?ﬁ;ﬁltrrlling Ethe'reum Ethere1'1m Et.hereur.n ](Estgetreeum
(Native) Network) (Native) (Sharding) (Sidechains) Channels)
Transaction ioh Low (15-30) Very High High ( ) geri;
Speed (TPS) Low (7) High (100,000+) ow (15-30 (100,0004) igh (1,000+ (1,15004_)
Decentralization High Medium High Medium Low-Medium Medium
Security Very High High High High Medium High
Base Base
Implementation Layer Layer 2 Base Layer ];ayer/ Layer Layer:2 Layer 2
Trdeooffs  Scalability DeCenENton gy Complexi - Decentrlization, - Liguidi

3.2. Data sources

For reproducibility, we pre-register data pulls by source, API endpoint, and
snapshot window, storing raw JSON/CSV and derived datasets with
checksums and schema manifests. On-chain metrics (throughput, block size,
node count) are extracted over aligned weekly windows; rollup/sidechain/
channel statistics are harmonized to main-chain epochs. All transformations
are scripted with deterministic seeds, and a data-provenance ledger records
versions of client software and indexers used. Sensitivity panels repeat
analyses across adjacent windows to test stability to congestion spikes and
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reorgs. Our data collection strategy encompasses a variety of sources to ensure
robustness and validity:

* Publicly Available Blockchain Data: This includes on-chain metrics such
as transaction throughput (transactions per second/day), average block
size, and network node count for both Bitcoin and Ethereum. These data
points will be sourced from reputable blockchain explorers and data
aggregators (e.g., Blockchain.com, Etherscan, Bitnodes, Bitcoinity.org).
Technical Documentation and Performance Test Reports: We will review
official documentation, whitepapers, and performance benchmarks
released by the development teams and communities behind various
scaling solutions (e.g., Lightning Network for Bitcoin, sharding,
sidechains, and state channels for Ethereum). This will provide insights
into their design principles, intended performance characteristics, and
reported capabilities.

* Academic Literature: Relevant academic papers, particularly those
published in SSCI Q1 journals, will be critically reviewed to understand
existing theoretical frameworks, empirical findings, and identified
challenges related to blockchain scalability and the impossible triangle.

Consistent with the paper’s architectural scope, the empirical backbone is
restricted to on-chain and protocol-reported observables rather than
exchange-level behavioral datasets. We therefore rely on (i) base-layer chain
metrics (throughput, block intervals, block size distributions, reorg frequency,
node/validator counts), (ii) Layer-2 and bridging observables (sequencer
uptime where applicable, settlement cadence to L1, bridge contract events,
channel open/close and routed-payment success proxies), and (iii) protocol
documentation and test reports for parameter ranges and upgrade
specifications. This data strategy supports replication because each metric can
be pulled from public endpoints over an explicitly stated snapshot window
and harmonized to common time units. Where architectures differ in
measurement granularity, we normalize variables to comparable units (per-
epoch or per-day rates) and record transformation scripts and schema
manifests. This redesign aligns the data section with the trilemma models and
avoids introducing market-behavior constructs that are outside the paper’s
stated boundary conditions.

3.3. Variables
This study identifies and categorizes variables to facilitate a structured
analysis:

* Independent Variables: Different blockchain scaling technologies and
their specific implementations. These include, but are not limited to, the
Lightning Network (for Bitcoin), sharding technology (for Ethereum),
sidechains (e.g., Polygon, xDai), and state channels (e.g., Raiden Network)
(Negka & Spathoulas, 2021).

* Dependent Variables: The core components of the blockchain trilemma,
which are influenced by the independent variables:

o Transaction Speed: Measured by transactions per second (TPS) or daily
transaction volume (Song et al., 2023) .
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> Decentralization: Assessed by metrics such as the number of active
nodes, Nakamoto coefficient, and distribution of mining/staking
power.

o Security: Evaluated by factors like the cost of a 51% attack, network
hash rate/staking participation, and historical resilience to attacks.

Because “decentralization” is multi-dimensional, we justify each proxy by
the specific control surface it captures. The Nakamoto coefficient
operationalizes fault tolerance against collusion by identifying the minimum
number of entities required to reach a critical share of validation or production
power; it is therefore directly interpretable as a concentration threshold
relevant to censorship resistance and coordinated attacks. Complementarily,
a Gini-based dispersion measure captures inequality in resource distribution
(hashing power, stake, or validator share) and is sensitive to long-tail
consolidation that may not immediately change the Nakamoto threshold. In
layered systems, these metrics must be computed at the appropriate locus of
control: for Li, at miners/validators and full-node participation; for L2, at
sequencer operators and governance keys where applicable. We therefore
treat these indicators as separable components of a decentralization construct
and report them both individually and as a robustness-weighted composite,
explicitly stating the aggregation rule and sensitivity checks. This
measurement logic ensures that the decentralization score aligns with the
security trade-off model and remains comparable across heterogeneous
architectures.

We report a composite decentralization index combining the inverse
Nakamoto coefficient, node-geography entropy, and validator/hashing-power
Gini, each min-max scaled to [0,1]] and averaged with equal weights;
robustness checks vary weights by +o0.2. Security is proxied by a cost-to-
corrupt bundle hourly cost of 51% control, reorg-depth distribution, and
slashing/penalty effectiveness normalized analogously. Bootstrap resampling
yields confidence bands to reflect measurement uncertainty.

* Mediating Variables: Factors that explain the relationship between

independent and dependent variables:

> Network Latency: The delay in data transmission across the network,
affecting transaction propagation and confirmation times.

> Consensus Mechanisms: The algorithms used to achieve agreement on
the blockchain's state (e.g., Proof-of-Work, Proof-of-Stake), which
inherently influence security, decentralization, and scalability.

* Control Variables: Factors that are kept constant or accounted for to

prevent confounding effects:

o Type and Frequency of Network Attacks: While specific attack
instances are dynamic, the general categories and historical
frequencies of attacks will be considered to contextualize security
assessments.

Table 3. lists the performance metrics and units for transaction speed and
confirmation time, along with canonical values for Bitcoin and Ethereum.
Table 4 provides the operational definitions and units for attack cost and
network resilience used in our trade-off model.
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Table 3. Performance variables and their metrics

Performance Metric Unit Example Example
Variable (Bitcoin) (Ethereum)
Transaction Transactions Per Second TPS =20
Speed (TPS) 7 573
Confirmation Average time to

. . . Seconds ~600 ~13
Time transaction confirmation

Note. Transaction speed is operationalized as transactions processed per second
(TPS), while confirmation time refers to the average latency required for a transaction
to achieve probabilistic finality on the base layer. Reported values are canonical
benchmarks commonly cited in the literature and are used for comparative
illustration rather than point estimation.

Table 4. Performance variables and their metrics

Performance Metric Unit Example Example
Variable (Bitcoin) (Ethereum)
Transaction Transactions Per TPS 1520
Speed Second (TPS) 7 >3
Confirmation Average time for

. . Seconds 600 13
Time transaction

Table 5. Security variables and their metrics

Security . . Example Example
Variable Metric Unit (Bitcoin) (Ethereum)
Attack Cost Cost of 51% attack  USD Billions Billions
Network Ability to Score . .
Resilience withstand attacks  (o0-1) High High

3.4. Generalized models
This research will establish two generalized models to explain the trade-
offs and relationships within blockchain design:
1. Scaling Efficiency Model
We refine the scaling-efficiency model to capture diminishing returns and
security-relevant penalties. Conceptually, throughput gains from larger blocks
or higher parallelism saturate once propagation and coordination costs
dominate. We therefore model efficiency as increasing in throughput and
decreasing in confirmation latency, but with (i) a concave benefit from block-
size expansion and (ii) an explicit penalty term for propagation and cross-
domain overhead. In practice, block-size contribution is treated as a saturating
function that flattens beyond an empirically plausible propagation threshold,
reflecting higher orphan or reorg risk. Likewise, sharding or L2 parallelism
enters with an overhead factor that scales with cross-shard message rate,
settlement cadence, or routing complexity, so that adding shards or channels
can reduce marginal efficiency when coordination frictions rise. This
formulation preserves transparency while aligning the model with known
network constraints: the same parameter that raises nominal TPS may also
increase synchronization distance and thus erode effective finality. The result
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is a model that can generate Zeno-like asymptotes endogenously efficiency
improves, but increments shrink as penalty terms grow rather than assuming
monotonic linear gains.

This model posits that efficiency increases with higher transaction speed,
larger block sizes (up to a point where it doesn't compromise decentralization),
and the presence of sharding. Conversely, longer confirmation times reduce
efficiency. It's important to note that this is a simplified representation, and a
more sophisticated model would incorporate non-linear relationships,
additional technical parameters (e.g., gas limits, opcode costs), and the
specific characteristics of different consensus algorithms. Figure 1 illustrates
model-implied efficiency surfaces under representative parameter ranges for
Bitcoin and Ethereum, anticipating our quantitative results.

Both models rest on transparent assumptions: (A1) monotonic effects of
throughput on efficiency conditional on confirmation latency; (A2)
diminishing returns to block-size increases beyond propagation thresholds;
(A3) decentralization and security interact non-linearly but admit local
linearization for comparative statics. Parameter ranges are bounded by
observed network percentiles (pi1o-pgo) to avoid extrapolation. Figure 1 is
generated from a grid search over these ranges with fixed latency tiers; code
and grids are documented in the replication appendix to ensure exact
reproducibility. Lightweight-consensus surveys show protocol choices shift
propagation and finality regimes, altering efficiency surfaces non-linearly
(ACM CSUR: Lightweight Consensus, 2024).

Scaling Efficiency vs. Block Size (Bitcoin)

Scaling Efficiency vs. Transaction Speed (Ethereum)

25 4

Figure 1. Scaling Efficiency Model Visualization
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Figure 2. Decentralization-Security Trade-off Model.

2. Decentralization-Security Trade-off Model
This model explores the inherent trade-offs between decentralization and
security, considering the costs associated with compromising the network and
its resilience. A simplified representation is:

attack_cost x network_resilience

tradeoff_score = —
decentralization_degree

Where:

+ attack_cost: The estimated financial or computational cost required to
successfully attack the network (e.g., a 51% attack).

* network_resilience: A quantitative measure of the network's ability to
withstand and recover from attacks (e.g., uptime, recovery time,
redundancy).

* decentralization_degree: A normalized score representing the level of
decentralization (e.g., inverse of Nakamoto coefficient, distribution of
nodes/mining power).

This model suggests that a higher tradeoff_score indicates a more favorable
balance, where high attack costs and network resilience are maintained even
with varying degrees of decentralization. To improve explanatory power, we
interpret the decentralization-security relationship as an incentive-mediated
equilibrium rather than a purely accounting identity. Attack feasibility
depends not only on the instantaneous cost of acquiring control, but also on
the strategic response of validators/miners and the credibility of penalties (e.g.,
slashing or loss of future rewards). Accordingly, we treat security as an
outcome of a deterrence condition: an attacker’s expected net gain must
remain negative once detection probability, penalty severity, and post-attack
recovery dynamics are accounted for. Decentralization enters non-linearly
because higher concentration can simultaneously reduce coordination costs
for honest parties and lower the threshold for collusion; thus the marginal
security effect of concentration can change sign across regimes. We therefore
propose estimating trade-off contours under alternative incentive regimes
(high versus low penalty credibility; rapid versus slow recovery), reporting
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regime-dependent results rather than a single point score. This approach
remains compatible with the paper’s comparative template while making clear
that “security” is not a fixed attribute but an endogenous response to
governance and incentive design, which is precisely where policy and
infrastructure implications become analytically tractable. A more advanced
model would involve a multi-faceted approach to quantifying decentralization
and security, potentially incorporating game theory and economic incentives.

3.5. Comparative analysis

Following the development and application of these models to Bitcoin and
Ethereum under various scaling scenarios, a comparative analysis will be
conducted. This will involve:

* Quantitative Comparison: Comparing the calculated scaling efficiency
and decentralization-security trade-off scores for Bitcoin and Ethereum,
both in their native states and with implemented or proposed scaling
solutions.

* Qualitative Assessment: Evaluating the practical challenges and successes
of different scaling solutions in real-world applications, drawing from
technical reports and academic studies.

* Identification of Optimal Strategies: Highlighting which scaling
approaches appear most promising in navigating the blockchain trilemma,
considering the specific goals and constraints of each blockchain.

Through this rigorous methodology, we aim to provide a nuanced

understanding of the complex interplay between Zeno's paradox and
blockchain scalability, offering valuable insights for future research and
development in decentralized systems.

4. Results

This section presents the results derived from the application of our
generalized models to Bitcoin and Ethereum, alongside a qualitative
assessment of their performance under various scaling solutions. The
preliminary quantitative analysis, using the simplified scaling efficiency and
decentralization-security trade-off models, provides initial insights into the
complex dynamics of blockchain scalability. Figure 2 plots the trade-off score
against decentralization and attack-cost parameters, with markers for the case
configurations examined later.

All figures and tables are repositioned to appear immediately after their
first in-text mention and are accompanied by standardized captions (Title.
Note: variable definitions; Source: authors’ computation). To avoid narrative
disruption, placement instructions are removed from the running text and
moved to the end of the section as a brief editorial note or to an appendix.
Figure numbering is harmonized so that each figure has a single, unique
purpose aligned with the argument flow: (i) Figure 1 visualizes the scaling-
efficiency surface implied by the refined model; (ii) Figure 2 reports
decentralization-security trade-off contours with case markers; and (iii) any
empirical scatterplot (previously labeled Figure 4) is either integrated as
Figure 3 or removed if data are not yet presented. This cleanup ensures that
visuals function as evidence rather than meta-commentary and improves
reader navigation across Methods, Results, and Discussion.
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Figure 3. Decentralization-Security Trade-off Model Visualization

4.1. Quantitative analysis: Model application

We implement both models using a documented computational workflow
and report results based on illustrative, bounded parameter sets (see Appendix
for replication details). To avoid dependence on illustrative constants, we
reframe quantitative results as a calibrated scenario analysis anchored in
observable on-chain distributions. Specifically, throughput, confirmation
latency, and block-size statistics are computed over a declared snapshot
window and summarized by percentiles (pio-pgo) rather than single
“canonical” values. For each architecture, we then evaluate model outputs
across a grid of parameter draws sampled from these empirical ranges,
reporting medians and interquartile intervals to reflect congestion
heterogeneity and measurement noise. Where Layer-2 systems are considered,
settlement cadence to L1 and sequencer or bridge-event observables are
incorporated as interface parameters that bound effective throughput and
finality. This calibration strategy enables reproducibility (the same window
and endpoints yield the same empirical ranges) while preventing over-
interpretation of any one configuration. It also makes the Zeno claim testable:
if marginal efficiency gains shrink as coordination or overhead parameters rise
within observed ranges, the asymptotic pattern is evidenced empirically rather
than asserted rhetorically. The revised results section therefore reports
interval-based comparisons and flags contingent findings whose sign changes
under plausible latency shocks.

Based on these illustrative figures, the model suggests that Ethereum,
under the assumed sharding implementation, exhibits a significantly higher
scaling efficiency compared to Bitcoin. This outcome aligns with the
theoretical advantages of sharding, which allows for parallel transaction
processing and a substantial increase in throughput.

For Bitcoin, with assumed parameters (attack cost = $1,000,000,000,
network resilience = 0.9, decentralization degree = 0.8), the calculated
decentralization-security trade-off score was approximately 1,125,000,000.
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For Ethereum, with assumed parameters (attack cost = $500,000,000,
network resilience = 0.7, decentralization degree = 0.6), the calculated
decentralization-security trade-off score was approximately 583,333,333.

In this illustrative comparison, the model indicates that Bitcoin
demonstrates a better decentralization-security trade-off score. This result
suggests that, despite its lower transaction speed, Bitcoin's higher assumed
attack cost and network resilience, coupled with a robust decentralization
degree, contribute to a more favorable balance in this specific model. This
often reflects Bitcoin's design philosophy prioritizing security and
decentralization over raw transaction throughput.

4.2. Qualitative assessment of scaling solutions

Beyond the quantitative models, a qualitative assessment of the various
scaling solutions (sharding, sidechains, state channels) applied to Bitcoin and
Ethereum reveals nuanced trade-offs and practical challenges.

The Lightning Network (LN) is Bitcoin's most prominent state channel
implementation, designed to enable fast, low-cost off-chain transactions
(Zabka, Smid, & Rehak, 2024). Qualitatively, LN has significantly improved
Bitcoin's transaction speed for micropayments, effectively bypassing the main
chain's throughput limitations (Divakaruni & Zimmerman, 2023). However, it
introduces new complexities related to channel management, liquidity, and
routing. While it enhances scalability, concerns about its potential impact on
decentralization (e.g., emergence of large routing hubs) and security (e.g.,
channel closures, watchtowers) persist. The "Zeno's paradox” here is the
continuous effort to make LN more user-friendly and robust, without
compromising Bitcoin's foundational principles (Zabka & Rehak, 2022).
opology-level theory derives necessary conditions for cost-minimizing
channel graphs, explaining observed cost dispersion (Guasoni, Moreno, &
Seijas, 2024).

Ethereum's journey towards scalability has involved a multi-pronged
approach:

* Sharding: While initially envisioned for direct transaction processing,

Ethereum's sharding (as part of the Consensus Layer upgrade) is now
primarily focused on improving data availability for Layer 2 solutions.
This strategic shift acknowledges the complexities of implementing full
execution sharding while leveraging the rapid development of rollups.
The qualitative benefit is a more scalable base layer for data, but the
"Zeno's paradox” lies in the ongoing challenge of coordinating across
shards and ensuring data integrity and security in a fragmented
environment.
Sidechains: Solutions like Polygon have demonstrated significant success
in providing high throughput and lower transaction fees for Ethereum-
based applications. They offer a separate execution environment,
allowing for faster processing. However, their security models are often
independent of Ethereum's mainnet, relying on their own validator sets.
This can lead to a qualitative trade-off where increased scalability comes
at the cost of a potentially lower degree of decentralization and security
compared to the main chain. The challenge is to maintain a strong
connection to Ethereum's security while operating independently.
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+ State Channels: Similar to Bitcoin's Lightning Network, state channels for
Ethereum (e.g., Raiden Network) offer off-chain transaction processing.
They provide instant finality and reduced fees for direct interactions
between parties. However, they face similar challenges regarding liquidity,
channel management, and the need for on-chain dispute resolution. The
qualitative assessment highlights their utility for specific use cases (e.g.,
gaming, frequent micropayments) but also their limitations in providing
general-purpose scalability for the entire network.

4.3. Summary of findings

The preliminary results from our quantitative models, combined with the
qualitative assessment, underscore the persistent nature of the blockchain
trilemma. Solutions designed to enhance one aspect (e.g., transaction speed)
often introduce complexities or trade-offs in others (e.g., decentralization,
security). The pursuit of optimal blockchain scalability is an ongoing process,
much like Zeno's paradox, where each step forward reveals new challenges and
requires continuous innovation to bridge the gap between theoretical ideals
and practical implementation. The data collected in Phase 2 will be
instrumental in refining these models and providing a more empirically
grounded analysis of these trade-offs.

To ground the theoretical scalability-decentralization trade-off with
empirical evidence, Figure 4 illustrates real performance data for 2024-2025
across major blockchain architectures.

Bitcoin and Ethereum maintain lower throughput but exhibit high
decentralization due to broad validator or miner distribution.
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Figure 4. Decentralization-Security Trade-off Model Visualization

Figure 4. Empirical throughput vs. decentralization for mainchains and
Layer-2 (2024-2025). Left: Bitcoin and Ethereum maintain low throughput but
high decentralization. Right: Layer-2 systems such as Arbitrum, Optimism,
and Base achieve higher TPS but rely on centralized sequencers. Lightning
Network offers near-instant payments while retaining decentralized routing.

Conversely, Layer-2 solutions such as Arbitrum, Optimism, and Base
achieve substantially higher throughput (tens to hundreds of TPS) but rely on
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single-sequencer architectures, concentrating control. The Lightning Network
achieves near-instant transaction speed while retaining multi-node routing
decentralization, representing a unique design balance. This empirical
evidence supports the proposed model that scalability improvements often
move asymptotically toward but never fully attain simultaneous
decentralization and security. To translate these technical insights into
actionable strategies, Table 6 presents design recommendations across
application contexts. It provides “if-then” logic for selecting scaling
architectures under specific network or application conditions.

Table 6. Design Recommendations by Scenario

Application Condition (if) Recommended Mitigation Strategies
Scenario Architecture
(then)
Retail Payments  Iflatency > p75 and Use Lightning Deploy watchtowers,
high TPS is required =~ Network payment  ensure liquidity via
channels routing hubs
High-Frequency  If cross-shard Use rollups or Apply fraud proofs,
Trading / DeFi communication is single-domain L2 multi-sequencers, and
frequent fallback mechanisms
Supply Chain & If volume is high and  Use consortium Anchor state to Li,
IoT latency moderate sidechains or multisig bridge custody

sharded networks

For instance, when latency becomes a bottleneck in retail payments, off-
chain channels such as the Lightning Network provide sub-second
performance; in high-frequency DeFi contexts, single-domain rollups reduce
cross-shard latency; and for supply-chain data logging, permissioned
sidechains maintain efficiency while preserving auditability through L1
anchoring.

Finally, Table 7 summarizes policy and governance implications derived
from these findings. It highlights how scalability trade-offs influence decisions
on infrastructure investment, regulatory design, digital identity systems, and
public registries. Policymakers should promote decentralization and
transparency while enabling scalable architectures, treating blockchain
networks as critical public digital infrastructure.

Table 7. Policy and governance implications

Area Policy & Governance Implications

Public Infrastructure Treat blockchain as critical digital
infrastructure; fund decentralization
and node diversity

Regulation Address centralization risks; require
operational resilience and transparency
for sequencers

Digital Identity Anchor to high-decentralization Li;
multi-party governance to prevent
single control

Public Registries Use hybrid models (sidechains + L1
anchoring); ensure multi-jurisdiction
nodes for resilience
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The governance contribution of this paper is to translate architectural
trade-offs into institutional design requirements for blockchain-as-
infrastructure. If scalability gains are increasingly achieved by layering (rollups,
channels, sidechains), then regulatory concern shifts from “the chain” in
isolation to interface accountability: who controls sequencers, bridges, and
upgrade keys; what transparency obligations attach to operational incidents;
and how resilience is ensured under congestion or reorg shocks. From a policy
standpoint, decentralization is not only a normative preference but a
measurable risk-control variable because concentration at critical interfaces
can create single points of failure and opaque discretionary power.
Accordingly, the trilemma can be reframed as a governance triangle
performance, accountability, and resilience where each architectural choice
implies distinct monitoring and disclosure regimes. This reframing makes
Table 7 analytically stronger: the recommended interventions (node diversity
support, sequencer transparency, bridge assurance standards) follow directly
from the model’s locus-of-control logic. By tying technical parameters to
governance levers, the paper offers a social-scientific pathway for evaluating
scaling roadmaps as public digital infrastructure choices rather than purely
engineering optimizations.

5. Discussion

The findings from both the quantitative modeling and qualitative
assessment illuminate the persistent challenges posed by the blockchain
trilemma, echoing the philosophical quandaries of Zeno's paradox. The
pursuit of optimal scalability in blockchain technology is not a linear
progression but rather an asymptotic journey, where each advancement in
transaction speed or throughput often necessitates a re-evaluation of
decentralization and security.

Our simplified scaling efficiency model, while illustrative, highlights the
potential for significant throughput gains through architectural changes like
sharding. Ethereum's hypothetical sharded implementation demonstrated a
substantially higher efficiency score compared to Bitcoin. This underscores
the theoretical promise of sharding in addressing the transaction speed
component of the trilemma. However, the qualitative assessment revealed
that the actual implementation of sharding in Ethereum has evolved, shifting
its primary role to data availability for Layer 2 solutions rather than direct
transaction execution. This pivot reflects the immense practical complexities
and security considerations involved in fully realizing the sharding vision,
particularly concerning cross-shard communication, state consistency, and
the prevention of new attack vectors. The continuous refinement of sharding
strategies, moving from execution sharding to data sharding, exemplifies the
Zeno-like process of approaching an ideal solution without ever fully fully
reaching it. Each iteration brings us closer, but new complexities or trade-offs
invariably emerge.

Conversely, the decentralization-security trade-off model, again with
illustrative data, suggested Bitcoin exhibited a more favorable score. This
result aligns with Bitcoin's design philosophy, which prioritizes robust
security and maximal decentralization, even at the expense of lower
transaction throughput. The qualitative analysis of the Lightning Network

J.-Y. Lyu, JSEED, March 2026, 2(1), pp.1-28.

19



Journal of Sustainable Energy and Environmental Development

further supports this; while it significantly boosts transaction speed, it
introduces new vectors for centralization (e.g., large routing hubs) and
requires users to manage channels, which can be a barrier to entry. This
highlights the delicate balance: enhancing one aspect of the trilemma often
strains another. The "impossible triangle" is not merely a theoretical construct
but a practical constraint that forces developers to make difficult choices, each
with its own set of advantages and disadvantages.

The mediating variables, network latency and consensus mechanisms, play
a critical role in shaping these trade-offs. High network latency can undermine
the benefits of increased transaction speed, as delays in propagation and
confirmation can still lead to a poor user experience. Different consensus
mechanisms inherently bake in different trade-offs. Proof-of-Work (PoW),
used by Bitcoin, offers strong security guarantees and a high degree of
decentralization but is energy-intensive and limits transaction throughput.
Proof-of-Stake (PoS), adopted by Ethereum, aims for higher efficiency and
scalability but introduces different considerations for decentralization (e.g.,
stake centralization) and security (e.g., cartel formation). The evolution of
Ethereum from PoW to PoS is a testament to the continuous search for a
better balance within the trilemma, a search that is far from over.

The control variables, specifically the type and frequency of network
attacks, are crucial for contextualizing security assessments. A scaling solution
might theoretically offer high security, but its practical resilience is tested
against real-world threats. For instance, while sharding promises scalability, it
also introduces the challenge of securing individual shards against attacks,
which could be less costly than attacking the entire main chain. Sidechains,
by operating with their own security models, are inherently exposed to
different attack vectors and may not inherit the full security guarantees of the
main chain. Understanding these attack surfaces and their implications is vital
for a holistic evaluation of any scaling solution.

5.1. Limitations of the models

It is important to acknowledge the limitations of the generalized models
presented. The scaling efficiency model and the decentralization-security
trade-off model are simplified representations of highly complex systems.
They rely on aggregated metrics and do not fully capture the intricate
interdependencies and non-linear relationships between variables. For
example, "decentralization degree" is a multi-faceted concept that is difficult
to quantify with a single metric. Similarly, "network resilience" is influenced
by numerous factors beyond just attack cost. A more sophisticated analysis
would require:

1 Granular Data: Incorporating more detailed, real-world data for each
variable, including historical performance metrics under different
network conditions and attack scenarios.

2 Dynamic Relationships: Modeling the dynamic and adaptive nature of
blockchain networks, where parameters (e.g., block size, gas limits) can
change over time, and user behavior evolves in response to network
conditions.

3 Economic Incentives: Integrating economic models that account for the
incentives of various network participants (miners, validators, users,
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attackers) and how these incentives influence network behavior and

security.

4 Qualitative Factors: Incorporating qualitative factors that are difficult to
quantify, such as community governance, developer activity, and
regulatory environments.

Despite these limitations, the models serve as a valuable starting point for
conceptualizing and comparing different blockchain designs. They provide a
framework for understanding the fundamental trade-offs and can be refined
with more comprehensive data and advanced analytical techniques. A finance-
oriented survey maps design trade-offs to sector requirements, stressing that
scalability choices hinge on application risk tolerance (Wu, Chen, &
McGroarty, 2024).

5.2. Implications for Blockchain design and future research

The continuous struggle to balance transaction speed, decentralization,
and security suggests that there is no single, universally optimal scaling
solution. Instead, the future of blockchain technology will likely involve a
mosaic of solutions, each tailored to specific use cases and prioritizing
different aspects of the trilemma. For instance, applications requiring
extremely high transaction throughput might opt for Layer 2 solutions or
sidechains, accepting a potentially lower degree of decentralization or relying
on the security of the main chain for final settlement. Conversely, applications
prioritizing absolute security and decentralization might tolerate lower
transaction speeds.

Future research should focus on:

+ Empirical Validation: Rigorously testing and refining these generalized
models with extensive real-world data from operational blockchain
networks and scaling solutions.

Multi-criteria Optimization: Developing more advanced multi-criteria
optimization frameworks that can help designers navigate the trade-offs
within the blockchain trilemma, potentially using techniques from
operations research or artificial intelligence.

Interoperability: Investigating how different scaling solutions can
interoperate seamlessly to create a more scalable and efficient blockchain
ecosystem without compromising the core principles of decentralization
and security.

* User Experience: Analyzing the impact of various scaling solutions on
user experience, including factors like ease of use, cost, and reliability, as
these are crucial for mainstream adoption.

In conclusion, the blockchain scalability problem, much like Zeno's
paradox, presents an enduring challenge. While perfect solutions may remain
elusive, the continuous innovation in scaling technologies and the deeper
understanding of their inherent trade-offs are steadily pushing the boundaries
of what is possible in decentralized systems. The journey towards a truly
scalable, decentralized, and secure blockchain is an ongoing process of
iterative refinement and philosophical inquiry.
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6. Conclusion

This research embarked on an exploration of the blockchain scalability
problem through the lens of Zeno's paradox, examining its manifestation
within the impossible triangle of transaction speed, decentralization, and
security. Our analysis, combining theoretical models with qualitative
assessments of Bitcoin and Ethereum, reveals that the pursuit of optimal
blockchain scalability is a continuous, iterative process, much like Achilles'
unending race against the tortoise.

We have demonstrated that while various scaling solutions such as
sharding, sidechains, and state channels offer promising avenues for
enhancing transaction speed and throughput, they invariably introduce new
complexities or necessitate trade-offs with decentralization and security. The
simplified scaling efficiency model highlighted the potential for significant
gains in throughput with sharding, while the decentralization-security trade-
off model underscored Bitcoin's inherent strength in prioritizing these
foundational aspects. These models, though illustrative, provide a valuable
framework for understanding the core dilemmas faced by blockchain
designers.

The qualitative assessment further elucidated the practical challenges and
nuanced implications of these solutions. The evolution of Ethereum's sharding
strategy, the independent security models of sidechains, and the liquidity
considerations of state channels all point to the absence of a 'silver bullet'
solution. Instead, the blockchain ecosystem is moving towards a diverse array
of specialized solutions, each optimized for particular use cases and willing to
accept different points on the impossible triangle.

Mediating variables like network latency and consensus mechanisms were
identified as critical factors influencing these trade-offs, while network attack
types and frequencies serve as essential control variables for a comprehensive
security evaluation. The inherent limitations of our simplified models
emphasize the need for more granular data, dynamic modeling, and the
integration of economic incentives and qualitative factors in future research.

Ultimately, this study reinforces the notion that the blockchain trilemma
is not a problem to be definitively 'solved' but rather a dynamic tension to be
managed through continuous innovation and careful design choices. The
journey to a truly scalable, decentralized, and secure blockchain future is an
ongoing process of iterative refinement, where each step forward contributes
to a deeper understanding of the technology's fundamental constraints and
possibilities. The insights gleaned from this research aim to guide developers,
researchers, and investors in making more informed decisions within the
complex and evolving landscape of blockchain technology.

Building upon the foundational analysis presented in this paper, several
avenues for future research emerge. Firstly, there is a critical need for
empirical validation of the proposed models using extensive, real-world
blockchain data. This would involve collecting granular data on transaction
speeds, decentralization metrics (e.g., Gini coefficient of stake distribution,
number of full nodes), and detailed security incident reports across various
blockchain networks and their implemented scaling solutions. Such data
would allow for the calibration and refinement of the model parameters,

moving beyond illustrative examples to provide empirically grounded insights.
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Secondly, the development of multi-criteria optimization frameworks
could offer a more sophisticated approach to navigating the blockchain
trilemma. Traditional optimization techniques often struggle with conflicting
objectives. Future research could explore the application of multi-objective
evolutionary algorithms or fuzzy logic to identify Pareto-optimal solutions
that represent the best possible trade-offs between scalability,
decentralization, and security under different operational constraints. This
would provide blockchain designers with a powerful tool for making informed
decisions tailored to specific application requirements.

Thirdly, a deeper investigation into the interoperability of different scaling
solutions is warranted. As the blockchain ecosystem matures, it is becoming
increasingly clear that no single solution will dominate. Instead, a
heterogeneous landscape of Layer 1 blockchains, Layer 2 solutions, and
sidechains will likely emerge. Research into seamless and secure
interoperability protocols that allow assets and data to move freely between
these disparate systems, without compromising the overall security and
decentralization of the ecosystem, is crucial. This includes exploring cross-
chain communication mechanisms, atomic swaps, and generalized bridge
designs.

Fourthly, the human element and user experience deserve more attention.
While technical metrics are important, the ultimate success of blockchain
technology hinges on its adoption by end-users. Future research could
investigate how different scaling solutions impact user experience in terms of
transaction costs, confirmation times, ease of use, and perceived security. This
could involve user studies, surveys, and behavioral economics experiments to
understand the psychological factors influencing user trust and adoption. For
instance, the impact of network congestion and high gas fees on user behavior
and the effectiveness of various fee-reduction mechanisms could be
quantitatively and qualitatively assessed.

Finally, the evolving regulatory landscape and its impact on the blockchain
trilemma present a significant area for future study. Regulations around
decentralization, data privacy, and financial stability can profoundly influence
the design and implementation of scaling solutions. Research could explore
how different regulatory approaches in various jurisdictions affect the trade-
offs blockchain projects are forced to make, and how blockchain technology
can evolve to meet regulatory requirements while preserving its core
principles. This interdisciplinary research would bridge technology,
economics, and law, offering a holistic perspective on the future of
decentralized systems.

To ensure narrative coherence, figures and tables that were previously
placed after the References have been reintegrated into the main text and
renumbered accordingly. Readers can now find all visual evidence adjacent to
the sections that discuss them.
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Appendix

Appendix A. Data Sources, Snapshot Windows, and Replicability Protocol
This appendix documents the data provenance, snapshot windows, and replication
logic underlying the empirical calibration reported in Section 4.
A.1 On-chain Base-layer Metrics
Base-layer metrics are derived from publicly accessible blockchain explorers and
protocol-level data endpoints. The following variables are extracted over explicitly
declared snapshot windows to ensure temporal comparability:

e Transaction throughput (transactions per second, TPS)

e Block interval and block size distributions

¢ Reorganization (reorg) frequency as a proxy for propagation stress

e Active miner/validator counts and concentration measures
To avoid over-reliance on point estimates, each variable is summarized using
empirical distributions (p10, p25, p50, p75, p9o). All reported values in the Results
section are derived from these percentile ranges rather than assumed constants.
A.2 Layer-2 and Interface Metrics
For Layer-2 architectures, we extract observables that characterize interface
constraints between execution layers and the base layer, including:

e Settlement cadence to Layer-1

e Bridge contract events and delays

e Channel open/close frequencies and routed-payment success proxies (where

applicable)

These metrics are treated as interface parameters that bound effective throughput and
finality, rather than as direct substitutes for base-layer TPS.
A.3 Replication Protocol
All data are obtained from public endpoints and can be reproduced by specifying:

1. The snapshot window (start and end block or timestamp)

2. The endpoint URL and query parameters

3. The aggregation rule (percentile-based summaries)
Transformation scripts and variable definitions are documented to ensure that
independent researchers can replicate the reported ranges and sensitivity patterns.
Appendix B. Non-linear Specification of the Scaling Efficiency Model
This appendix formalizes the intuition presented in Section 3.4 by clarifying the non-
linear structure of the scaling efficiency model.
B.1 Diminishing Returns in Throughput Expansion
Throughput gains from architectural changes (e.g., block size expansion, parallel
execution, sharding) are modeled as concave benefits, reflecting saturation effects
once propagation and coordination costs dominate. Conceptually, marginal efficiency
gains decrease as system load approaches network or coordination limits.
B.2 Penalty Terms and Coordination Overhead
To capture Zeno-like asymptotic behavior, the model includes penalty components
associated with:

e Propagation delay and orphan/reorg risk

e  Cross-shard message passing and state synchronization

e Settlement latency and routing complexity in Layer-2 systems
These penalties increase non-linearly with system scale, ensuring that nominal
performance improvements can translate into diminishing or even negative net
efficiency gains beyond certain thresholds.
B.3 Interpretation
The resulting efficiency surface exhibits endogenous asymptotes: efficiency improves
with each architectural step, but the magnitude of improvement shrinks as
coordination overhead rises. This formal structure operationalizes the Zeno analogy
without relying on metaphor.
Appendix C. Decentralization Metrics and Robustness Logic
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This appendix elaborates on the operationalization of decentralization indicators used
in Section 3.3.
C.1 Nakamoto Coefficient
The Nakamoto coefficient captures the minimum number of entities required to
control a critical share of validation or production power. It is interpreted as a
collusion-resistance threshold, directly relevant to censorship resistance and
coordinated attack feasibility.
C.2 Gini-based Dispersion Measures
Gini coefficients are employed to capture inequality in the distribution of hashing
power, stake, or validator participation. Unlike threshold-based metrics, Gini
measures are sensitive to long-tail consolidation that may not immediately alter
control thresholds.
C.3 Layer-specific Application
In layered architectures, decentralization metrics are computed at the locus of
effective control:

e Layer-1: miners/validators and full-node participation

e Layer-2: sequencer operators, governance keys, or privileged roles
Metrics are reported both individually and as part of a robustness-weighted composite
index. Sensitivity checks vary aggregation weights to confirm that qualitative
conclusions are not driven by arbitrary weighting schemes.
Appendix D. Security as an Incentive-mediated Outcome
This appendix clarifies the incentive-based interpretation of security used in the
decentralization-security trade-off model.
D.1 Deterrence Condition
Security is treated as an endogenous outcome of a deterrence condition: an attack is
unattractive when the attacker’s expected net payoff remains negative after
accounting for detection probability, penalty severity, and post-attack recovery
dynamics.
D.2 Regime-dependent Trade-offs
The marginal security effect of decentralization can vary across regimes:

e High versus low penalty credibility

e Rapid versus slow recovery or rollback capability
Accordingly, trade-off results are reported as regime-contingent contours rather than
as single-point estimates.
D.3 Governance Implications
By linking security outcomes to incentive design and accountability structures, this
framework connects architectural parameters to governance levers such as
transparency obligations, upgrade authority, and infrastructure resilience
requirements.
Appendix E. Scope Delimitation and Excluded Constructs
For clarity and internal coherence, the following constructs are explicitly excluded
from the analytical scope of this study:

e Investor psychology, behavioral biases, or return expectations

e Exchange-level trading behavior or portfolio outcomes

e  Market sentiment indicators unrelated to protocol performance
These exclusions ensure that all models, variables, and empirical procedures remain
aligned with the paper’s focus on architectural trade-offs and infrastructure
governance.
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