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Abstract. The blockchain security architecture is transforming from a single-di-

mensional protection to a multi-level comprehensive guarantee system. This ar-

ticle analyzes three key evolutionary trends in blockchain security: the paradigm 

shift of consensus mechanisms from proof of work to proof of stake, break-

throughs in privacy protection and scalability of zero-knowledge proof technol-

ogy, and cryptographic security challenges under the threat of quantum compu-

ting. By analyzing the collaborative evolution mechanism of these three dimen-

sions, the development laws of blockchain security are revealed, and a unified 

security architecture framework for the next decade is proposed. Research has 

found that blockchain security is shifting from relying on computing power com-

petition to an integrated system that combines economic incentives, advanced 

cryptography, and quantum security protection. Zero-knowledge proofs will be-

come the core component of the next-generation blockchain infrastructure, and 

the post-quantum cryptography layout will determine the security of blockchain 

in the quantum era. This article aims to provide future research directions for 

researchers in related fields. 

Keywords: Blockchain security; Evolution of consensus mechanism; Zero-

knowledge proof; Quantum security; The transformation of the security para-

digm. 

1 Introduction 

Since Satoshi Nakamoto proposed the Bitcoin protocol in 2008 [1], the security mech-

anism of blockchain technology has evolved from relying on a single hash function and 

digital signature to a multi-level comprehensive security system [2]. Currently, block-

chain security is at a critical juncture of transformation: traditional proof-of-work 

mechanisms are under dual pressure from carbon neutrality goals and scalability de-

mands, exposing energy consumption and performance bottlenecks [3]. The maturity 

of zero-knowledge proof technology provides a new path for resolving the contradic-

tion between privacy protection and performance scalability [4,5]. The enhancement of  
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quantum computing capabilities poses a threat to the existing cryptographic foundation 
based on integer factorization and discrete logarithms [5,6]. 

The evolution of consensus mechanisms towards economic incentive orientation has 
created flexible architectural conditions for the application of zero-knowledge proof 
technology. The breakthroughs of zero-knowledge proof in privacy computing and 
state compression provide new tools for building quantum-secure blockchains. The lay-
out of quantum-secure cryptography directly affects the technical choices of future con-
sensus protocols and zero-knowledge proof systems. 

This article conducts an analysis centered around three core arguments: 
The evolution from the physical computing power security model of proof of work 

to the economic game security model of proof of stake reflects the transformation of 
blockchain systems from relying on external resource consumption to building endog-
enous economic incentives, and redefines the balance between security and economy 
in distributed systems. 

Zero-knowledge proof technology surpasses traditional privacy protection functions 
and provides technological innovations in dimensions such as computational integrity 
verification, state compression, cross-chain interoperability, and scalability, offering a 
cryptographic framework for building the next-generation high-performance block-
chain infrastructure. 

The development of quantum computing will pose a challenge to the existing block-
chain cryptography foundation within the next 5 to 15 years, promoting a comprehen-
sive security architecture reconfiguration from the underlying post-quantum cryptog-
raphy to the upper-level consensus protocols. This includes the adoption of lattice-
based cryptographic systems and hash-based signature schemes as quantum-resistant 
alternatives [7, 8]. 

2 A Historic Shift in the Security Paradigm of Consensus 
Mechanisms 

2.1 Paradigm Shift from Computing Power Security to Economic 
Security 

 

The Essence of the PoW Computing Power Security Model. The proof-of-work 
mechanism is based on a simple yet powerful assumption: the control network needs to 
control the majority of computing power, and obtaining the majority of computing 
power requires a huge economic investment. This "computing power equals security" 
model has the following characteristics: 

The foundation of physical security: The security of PoW is rooted in the energy 
consumption of the physical world. Attackers must invest real power and hardware re-
sources. This physical constraint enables the cost of an attack to be precisely calculated. 
The security of the Bitcoin network can be expressed by a simple formula ($A as attack 
cost, $C as Network total computing power, $E as electricity cost, $D as duration of 
attack):  

$𝐴𝐴 =  ($𝐶𝐶 ×  51%)  ×  $𝐸𝐸 ×  $𝐷𝐷 (1) 
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Security in the time dimension: PoW offers "probabilistic finality", and as the num-
ber of confirmed blocks increases, the probability of a transaction being rolled back 
decreases exponentially. This security in the time dimension provides users with quan-
tifiable security guarantees. 

The natural tendency of decentralization: Theoretically, anyone can participate in 
mining, and this permissionless participation model inherently possesses the character-
istic of decentralization. 

Deep-seated Challenges of the PoW Model. However, the PoW model has exposed 
deep-seated problems in practice:  

The energy efficiency paradox: The annual power consumption of the Bitcoin net-
work has reached approximately 150TWh, surpassing the annual electricity consump-
tion of medium-sized countries such as Argentina [3,9]. This large-scale energy con-
sumption forms an irreconcilable and sharp contradiction with the global goal of carbon 
neutrality by 2050 [10]. More crucially, this energy consumption is only used to main-
tain the consensus on network security and does not directly translate into an increase 
in computing processing capacity or the functional value of the network [2]. 

The trend of centralized computing power: The emergence of specialized mining 
equipment (ASics) and the rise of mining pools have gradually concentrated computing 
power in the hands of a few entities. This trend of centralization is in fundamental con-
flict with the decentralized concept of blockchain. 

Scalability bottleneck：There is a fundamental trade-off between the security of 
PoW and transaction throughput. Enhancing security requires increasing the block con-
firmation time, while increasing throughput will reduce security. 

Innovation of PoS Economic Security Model. The proof-of-stake mechanism repre-
sents a brand-new security paradigm - shifting from the competition of computing
power in the physical world to the binding of interests in the economic world: 

Economic security modeling based on game theory: The security of the proof-of-
stake mechanism is established on the assumption of economically rational actors, and 
the strategy choices of verifiers can be modeled through Nash equilibrium theory. The 
optimal strategy of a rational verifier must satisfy that the expected benefit of honest 
behavior is greater than the difference between the expected benefit of aggressive be-
havior and the penalty loss: 

𝐸𝐸[𝑅𝑅_ℎ𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜]  >  𝐸𝐸[𝑅𝑅_𝑎𝑎𝑜𝑜𝑜𝑜𝑎𝑎𝑎𝑎𝑎𝑎]  −  𝐸𝐸[𝑃𝑃_𝑜𝑜𝑠𝑠𝑎𝑎𝑜𝑜ℎ] (2) 

Here, E[R_honest] represents the expected gain of honest verification, E[R_attack] 
represents the expected gain of the attack behavior, and E[P_slash] represents the ex-
pected loss of being punished. 

Optimization of capital allocation efficiency: Unlike the irreversible consumption of 
computing power resources in PoW, the pledged capital in PoS systems maintains its 
intrinsic value while providing security guarantees. Although the staked tokens are tem-
porarily locked to ensure the validator's commitment, their value is not consumed and 
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can be fully recovered after the contribution period ends, achieving a balance between 
security and capital efficiency. 

Dynamic parameter adjustment mechanism: The PoS system can dynamically adjust 
security parameters based on network conditions, including staking reward rate, penalty 
coefficient, validator threshold, etc. This flexibility provides the system with environ-
mental adaptability that the PoW mechanism cannot achieve. 

2.2 Case Analysis of Security Paradigm Shift in Ethereum 2.0 

Systematic technical Challenges of large-scale consensus Mechanism transfor-
mation. The transition of Ethereum from PoW to PoS is the largest security paradigm 
shift in the history of blockchain technology, facing complex technical challenges
[11,12]: 

Weak subjectivity issue: In the PoS mechanism, new nodes cannot determine the 
correct branch merely through computational verification; they must rely on external 
social consensus to establish the initial state [11]. Ethereum establishes the root of trust 
through checkpoint mechanisms and community governance structures to ensure the 
secure synchronization of new nodes [12]. 

Long-range attack protection: Attackers with historical staking rights may recon-
struct the alternative chain [13]. Ethereum reduces the staking share of long-term of-
fline validators through the "inactive leak" mechanism, ensuring that the network is 
controlled by active validators and eliminating the feasibility of long-term attacks [11]. 

Economic finality: Ethereum 2.0 achieves "economic finality" through the Casper 
protocol [11]. Once a transaction is finally confirmed, any rollback behavior will result 
in the complete loss of the staked assets of the participants, making finality mathemat-
ically provable [12]. 

A Quantitative Safety Assessment System Based on Economic Models. Ethereum 
2.0's security can be quantitatively evaluated through economic and technical indica-
tors: attack costs requiring approximately $10 billion for one-third validator control 
with complete asset loss upon detection, making rational attacks economically unfeasi-
ble; network participation showing 99%+ validator uptime, 25% ETH staking rate, and 
over one million active validators demonstrating strong decentralization; and perfor-
mance optimization achieving 99%+ energy consumption reduction with improved 
transaction throughput while maintaining security. 

2.3 The Deep-seated Impact of the Evolution of Consensus Mechanisms 

Fundamental Philosophical Reconstruction of the Blockchain Security Paradigm. 
The PoW-to-PoS evolution represents fundamental philosophical transformation
through three dimensions: security resource internalization shifting from external phys-
ical consumption (power, hardware) to internal economic resources (token staking), 
creating positive feedback between network value and security strength; game structure 
reconstruction transforming zero-sum mining competition into cooperative models
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where validator interests align with network health, forming self-reinforcing incentive 
cycles; and dynamic adaptive mechanisms enabling flexible adjustment of staking re-
quirements, penalties, and rewards through governance protocols, providing evolution-
ary capability against unknown threats unlike rigid PoW difficulty adjustments. 

The systematic reshaping of the blockchain ecosystem by the evolution of consen-
sus mechanisms. The widespread adoption of the proof-of-stake mechanism has had a 
profound structural impact on the entire blockchain ecosystem, an impact that goes far 
beyond the mere technical level: 

The institutionalized evolution of the decentralized governance paradigm: The inte-
gration of token holders and network validators in proof-of-stake systems provides a 
technical foundation and economic incentives for true on-chain governance. Tokens are 
no longer merely tools for storing value but have evolved into participation credentials 
with governance weights. This transformation enables the concept of decentralized au-
tonomous organizations (DAOs) to be realized at the technical level. It also brings about 
a new balance challenge between governance efficiency and the degree of decentrali-
zation, as well as the potential impact of token concentration on governance fairness. 

The structural redefinition of token economics: The proof-of-stake mechanism has 
fundamentally altered the economic attributes and value acquisition mechanism of to-
kens. Staking returns have become an important component of the intrinsic value of 
tokens. This change not only affects the pricing model and investment logic of tokens, 
but more importantly, it provides new revenue sources and risk management tools for 
the entire decentralized finance (DeFi) ecosystem. The emergence of innovative finan-
cial products such as liquid staking and staking derivatives has further enriched the 
complexity and diversity of the blockchain financial ecosystem. 

Strategic redirection of technological innovation paths: The certainty and low energy 
consumption characteristics of the proof-of-stake mechanism provide a more solid in-
frastructure support for the development of cutting-edge technologies such as sharding 
technology, Layer2 scalability solutions, and cross-chain interoperability. The optimi-
zation of this technology stack not only promotes the overall performance improvement 
of blockchain systems but also creates necessary technical conditions for the large-scale 
commercial deployment of Web3 applications. This has thus accelerated the transfor-
mation process of blockchain technology from experimental exploration to industrial 
application. 

3 Zero-knowledge Proof, A Revolutionary Breakthrough 
in Blockchain Security 

3.1 The Security Revolution Essence of Zero-Knowledge Proofs 

The Fundamental Contradiction Between Transparency and privacy in Tradi-
tional Blockchain Architectures. Blockchain technology is built on complete trans-
parency. All transaction records are publicly visible to all nodes in the network,
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providing verifiability and decentralized trust for the system. However, this design
gives rise to structural contradictions in practical applications: 

The conflict between privacy and transparency: Complete transparency means the 
sacrifice of user privacy. Users' transaction history, asset status, and transaction rela-
tionships are all permanently recorded in the public ledger, and anyone can track and 
analyze them. This is unacceptable in scenarios such as financial services and enterprise 
applications, hindering the commercial application of blockchain. 

Scalability bottleneck: Traditional blockchains require each node to verify all trans-
actions. Although this provides security guarantees, it creates performance bottlenecks. 
The network processing capacity is limited within the computing power of a single 
node, leading to extended confirmation times, increased transaction fees, and network 
congestion. 

Regulatory compliance conflicts: The complete transparency of blockchain may
conflict with data protection regulations and privacy protection rules, especially under 
legal frameworks such as GDPR. The immutability and public transparency of tradi-
tional blockchain make it difficult to meet compliance requirements. 

Paradigm Innovation and Theoretical Breakthroughs in Zero-knowledge Proof 
Technology. Zero-knowledge proof technology offers a revolutionary solution to the 
structural contradictions of traditional blockchain. Its core innovation lies in realizing 
the concept of "verifiable privacy", redefining the relationship between verification and 
privacy: 

Breakthroughs in cryptography theory: Zero-knowledge proofs are built on cutting-
edge mathematical theories such as elliptic curve discrete logarithms, bilinear pairings, 
and polynomial commitments, constructing a powerful theoretical framework to
achieve three goals while maintaining complete privacy Prove the possession of secret 
information without disclosing the content, prove the correctness of the calculation pro-
cess without revealing the intermediate steps, and prove the validity of the data without 
exposing the data itself. 

Computational complexity applications: Zero-knowledge proofs take advantage of 
the asymmetry between proof generation and verification. Generating proofs requires 
a large amount of computing resources, but verification can be completed in a short 
time, providing a new security guarantee mechanism for blockchains and achieving 
efficient verification and privacy protection without sacrificing the decentralized fea-
ture. 

"Verifiable Privacy" Reconstruction: Zero-knowledge proof redefines the relation-
ship between verification and privacy from a philosophical perspective, demonstrating 
that these two concepts can coexist and enhance each other, opening up new application 
Spaces for blockchain technology. 
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3.2 Three Application Paradigms of Zero-Knowledge Proof in 
Blockchain 

Privacy Protection Paradigm: Redefining Blockchain Privacy. The technical archi-
tecture of the Zcash privacy transaction system: 

Zcash builds a fully private digital currency trading system through zk-SNARKs 
technology. Its core innovations include: a dual-address architecture design, allowing 
users to choose transparent addresses or blocked addresses for transactions; The verifi-
cation mechanism driven by zero-knowledge proof enables nodes to verify the legiti-
macy of transactions without knowing the transaction amount, sender, or receiver. The 
selective transparency function enables users to disclose transaction information to spe-
cific third parties as needed. 

Technical in-depth analysis: 
The zk-SNARKs system of Zcash is based on the following formula: 

𝑃𝑃𝑃𝑃𝑜𝑜𝑜𝑜𝑃𝑃 𝑜𝑜𝑠𝑠𝑜𝑜𝑜𝑜𝑜𝑜𝑠𝑠 =  (𝑆𝑆𝑜𝑜𝑜𝑜𝑆𝑆𝑆𝑆,𝑃𝑃𝑃𝑃𝑜𝑜𝑃𝑃𝑜𝑜,𝑉𝑉𝑜𝑜𝑃𝑃𝑉𝑉𝑃𝑃𝑠𝑠) 

𝑆𝑆𝑜𝑜𝑜𝑜𝑆𝑆𝑆𝑆 (1^𝜆𝜆,𝐶𝐶)  →  (𝑆𝑆𝑎𝑎,𝑃𝑃𝑎𝑎)
∶  𝐺𝐺𝑜𝑜𝑜𝑜𝑜𝑜𝑃𝑃𝑎𝑎𝑜𝑜𝑜𝑜 𝑜𝑜ℎ𝑜𝑜 𝑆𝑆𝑃𝑃𝑜𝑜𝑜𝑜𝑃𝑃 𝑎𝑎𝑜𝑜𝑠𝑠 𝑆𝑆𝑎𝑎 𝑎𝑎𝑜𝑜𝑎𝑎 𝑜𝑜ℎ𝑜𝑜 𝑃𝑃𝑜𝑜𝑃𝑃𝑉𝑉𝑃𝑃𝑉𝑉𝑎𝑎𝑎𝑎𝑜𝑜𝑉𝑉𝑜𝑜𝑜𝑜 𝑎𝑎𝑜𝑜𝑠𝑠 𝑃𝑃𝑎𝑎 

𝑃𝑃𝑃𝑃𝑜𝑜𝑃𝑃𝑜𝑜 (𝑆𝑆𝑎𝑎, 𝑥𝑥,𝑤𝑤)  →  𝜋𝜋
∶  𝐹𝐹𝑜𝑜𝑃𝑃 𝑜𝑜ℎ𝑜𝑜 𝑆𝑆𝑆𝑆𝑝𝑝𝑠𝑠𝑉𝑉𝑎𝑎 𝑉𝑉𝑜𝑜𝑆𝑆𝑆𝑆𝑜𝑜 𝑥𝑥 𝑎𝑎𝑜𝑜𝑎𝑎 𝑜𝑜ℎ𝑜𝑜 𝑆𝑆𝑃𝑃𝑉𝑉𝑃𝑃𝑎𝑎𝑜𝑜𝑜𝑜 𝑤𝑤𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑤𝑤,𝑔𝑔𝑜𝑜𝑜𝑜𝑜𝑜𝑃𝑃𝑎𝑎𝑜𝑜𝑜𝑜 𝑆𝑆𝑃𝑃𝑜𝑜𝑜𝑜𝑃𝑃 

𝑉𝑉𝑜𝑜𝑃𝑃𝑉𝑉𝑃𝑃𝑠𝑠 (𝑃𝑃𝑎𝑎, 𝑥𝑥,𝜋𝜋) →  {0,1}: 𝑉𝑉𝑜𝑜𝑃𝑃𝑉𝑉𝑃𝑃𝑠𝑠 𝑜𝑜ℎ𝑜𝑜 𝑃𝑃𝑎𝑎𝑠𝑠𝑉𝑉𝑎𝑎𝑉𝑉𝑜𝑜𝑠𝑠 𝑜𝑜𝑃𝑃 𝜋𝜋 𝑃𝑃𝑜𝑜𝑃𝑃 𝑜𝑜ℎ𝑜𝑜 𝑎𝑎𝑜𝑜𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜 𝑉𝑉𝑜𝑜𝑆𝑆𝑆𝑆𝑜𝑜 𝑥𝑥 (3) 

This system satisfies Completeness, Soundness and Zero-Knowledge, and its secu-
rity is based on mathematical assumptions such as the difficulty of bilinear pairing, 
Knowledge assumptions, and the security of trusted Settings. 

Zcash blocks transactions to achieve a high level of privacy protection: The transac-
tion amount is completely hidden, and external observers cannot know the specific 
amount. The identity information of the sender and the receiver is fully protected. The 
transaction flow is completely hidden, traditional blockchain analysis tools are ineffec-
tive, and even advanced on-chain analysis technologies cannot track the flow of funds. 

Scalability Paradigm: The Security Foundation of Layer2. zk-Rollups scalability 
technology architecture: 

zk-Rollups achieve performance improvement by separating computing from veri-
fication, transferring transaction computing to Layer2 execution while retaining verifi-
cation work on the main chain. This not only maintains the security of the main chain 
but also enhances processing capacity. 

The zk-Rollup solution demonstrates significant performance improvements com-
pared to Ethereum mainnet through three key metrics: transaction processing capacity 
increases from 15 TPS to 2000-4000 TPS representing over 100-fold improvement; 
transaction confirmation time reduction from 12 seconds to near-instant processing 
[14]; and transaction cost reduction exceeding 90%, enabling small-scale and high-fre-
quency trading [15]. 
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StarkNet achieves significant breakthroughs through zk-STARKs technology [16], 
delivering three key advantages: elimination of trusted setup requirements by relying 
entirely on publicly verifiable cryptographic primitives [16]; inherent quantum attack 
resistance based on post-quantum security features of hash functions [16]; and superior 
scalability for large-scale computing through logarithmic proof generation time in-
creases [16]. 

Interoperability Paradigm, The New Foundation for Cross-Chain Security. The 
Application of Zero-knowledge Proofs in Cross-Chain: 

Traditional cross-chain solutions rely on multi-signatures, federalism or relay
chains, all of which have trust assumptions. Zero-knowledge proofs provide a new se-
curity model for cross-chain. 

Zero-knowledge proof mechanism for cross-chain transaction processes： 
1. Generation of source chain state proof: The source chain generates a zero-

knowledge proof π_source for specific transactions or state changes 
2. Cross-chain message passing: Pass the proof π_source and related public param-

eters to the target chain 
3. Target Chain verification: The target chain validator verifies the validity of

π_source 
4. Status synchronization execution: After verification is passed, the target chain 

performs the corresponding status update operation 
This mechanism enables cross-chain security verification without trusting a third 

party, significantly reducing the security risks of cross-chain Bridges. 

3.3 The Profound Impact of Zero-Knowledge Proof Technology 

Fundamental Transformation of the Security Model. Zero-knowledge proof repre-
sents a fundamental transformation in blockchain security models through three para-
digm shifts: the evolution from transparent verification to privacy verification, where 
traditional blockchains achieve verifiability through public information disclosure
while ZK technology ensures verifiability while protecting privacy; the transition from 
full-node verification to simple verification, where ZK technology makes complex 
computation verification simple and efficient, laying foundations for large-scale block-
chain applications; and the progression from trust minimization to trust elimination, 
where ZK technology completely removes third-party trust requirements in specific 
application scenarios. 

Reshaping the Blockchain Ecosystem. In the DeFi field, zero-knowledge proof tech-
nology is driving the development of privacy, including privacy DEXs that protect trad-
ers' strategies and position information, privacy lending protocols that safeguard the 
financial privacy of both lenders and borrowers, and privacy voting systems that enable 
truly anonymous DAO governance. In terms of enterprise-level applications, ZK tech-
nology achieves a balance between the protection and transparency of commercially 
sensitive information in the supply chain, the consideration of regulatory requirements 



 

 

 

152             J. Dai

and customer privacy in financial compliance, as well as multi-party data collaboration 
for privacy protection. At the Web3 infrastructure level, zero-knowledge proofs are 
upgrading identity systems, storage systems, and computing systems, respectively
achieving privacy-protected decentralized identities, verifiable privacy storage, and pri-
vacy-protected decentralized computing. 

Future Directions of Technological Development. Zero-knowledge proof technolo-
gy's future development presents three interconnected trends: generalization evolution 
from application-specific ZK systems to general-purpose ZK virtual machines that sup-
port arbitrary computing zero-knowledge proofs while lowering ZK application devel-
opment thresholds; performance optimization through continuous advancement in
proof generation time optimization, proof size compression, and verification efficiency 
improvement; and standardization processes encompassing ZK proof system standard-
ization, interoperability protocol establishment, and security audit standard formula-
tion. 

4 Reconstruction of Blockchain Security under Quantum 
Threats 

4.1 The Fundamental Threat of Quantum Computing to Blockchain 
Security 

Quantum computing poses a disruptive threat to blockchain security, and the root cause 
lies in the mathematical disruption of classical cryptographic assumptions by quantum 
algorithms. 

The Shor algorithm poses disruptive threats to blockchain security by solving integer 
factorization and discrete logarithm problems in polynomial time [5], impacting core 
security components through three mechanisms: digital signature system failure where 
mainstream algorithms including ECDSA, RSA, and DSA lose security guarantees and 
transaction non-forgeability is undermined [5,17]; key exchange protocol security col-
lapse where Diffie-Hellman and elliptic curve discrete logarithm-based key agreement 
mechanisms become transparent and breakable, eliminating secure inter-node commu-
nication guarantees [18]; and address generation mechanism privacy leakage where el-
liptic curve public key cryptography-based address systems lose anonymity, fully ex-
posing user identity and asset privacy [17,18]. 

Quantum threat timeline: 2025-2027, 100-1000 logical qubits threaten RSA-1024; 
From 2028 to 2032, 1,000 to 10,000 qubits will pose a threat to RSA-2048 and ECC-
256. From 2033 to 2040, over 10,000 qubits will crack RSA-4096 and ECC-384, re-
quiring blockchain systems to complete post-quantum cryptography migration by 2030 
[17,18]. 

Grover algorithm threat: The Grover algorithm halves the security strength of sym-
metric cryptographic algorithms [6], reducing AES-128 to 64-bit security level and 
SHA-256 to 128-bit strength, and requires doubling the key length to maintain the se-
curity level [17]. 
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4.2 Systematic Reconstruction of Quantum-Secure Blockchain 

In the face of quantum threats, blockchain needs a comprehensive security architecture 
reconstruction to form a coordinated transformation with the PoS consensus mecha-
nism and zero-knowledge proof technology. 

Quantum security design principles encompass three integrated approaches: for-
ward-looking security assurance that provides system architecture with long-term se-
curity capabilities for 10-15 year quantum computing development while reserving se-
curity redundancy for novel quantum attacks; dynamic adaptive upgrade capabilities 
enabling hot cryptographic component upgrades and supporting algorithm replacement 
without service interruption; and technology collaborative integration that deeply inte-
grates quantum security measures with PoS economic security models and zero-
knowledge proof privacy protection technology to achieve multi-level comprehensive 
security protection. 

Technology integration mechanism: 
The economic security model of the PoS mechanism provides a democratic frame-

work for the upgraded governance of quantum security and supports the rapid deploy-
ment of quantum security technology. Zero-knowledge proof technology offers a new 
path for blockchain applications in the quantum era, achieving the unification of pri-
vacy protection and verifiability in the post-quantum cryptography environment. 

5 The Coordinated Evolution and Future Outlook of the 
Three Major Trends 

5.1 The Intrinsic Logic of Collaborative Evolution 

The PoS consensus mechanism establishes foundations for large-scale zero-knowledge 
proof technology applications through four synergistic dimensions: performance
matching where PoS rapid finality and zero-knowledge proof immediate verification 
complement each other technically, enabling fast and secure transaction confirmation; 
resource collaboration where PoS low energy consumption provides computational
overhead space for zero-knowledge proofs, supporting privacy-protected computing 
while maintaining energy efficiency; governance support where PoS democratic gov-
ernance provides flexible decision-making mechanisms for zero-knowledge proof tech-
nology iterative deployment; and technology empowerment where zero-knowledge 
proofs provide enhanced privacy protection and scalability for PoS systems, supporting 
complex application scenarios. 

Quantum threat-driven technology convergence: 
Quantum threats inject urgency into technological development and act as a catalyst 

for integration: driving PoS systems towards modular and upgradable architectures to 
ensure a rapid switch to quantum-secure components; Promote the development of 
zero-knowledge proofs towards post-quantum security and explore privacy protection 
schemes in quantum environments. 
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5.2 A Unified Architecture for Future Blockchain Security 

Based on the coordinated evolution of the three major technological trends, the future 
blockchain security system will evolve into a highly integrated multi-level unified ar-
chitecture, integrating PoS economic security, zero-knowledge proof privacy protec-
tion and scalability, and quantum-secure cryptography guarantee. 

The unified architecture hierarchy integrates three complementary layers: an eco-
nomic security foundation layer based on PoS economic security models that ensures 
network participant behaviors align with system security goals through economic game 
design and incentive regulation mechanisms; a privacy computing core layer utilizing 
zero-knowledge proof technology for privacy protection and scalability, providing per-
formance improvements through concise proofs and batch verification; and a quantum 
security assurance layer where quantum cryptography serves as underlying security 
guarantee ensuring long-term system security under quantum threats. 

Architectural technology implementation: 
The unified architecture is presented as the integration of three core components: a 

PoS consensus protocol based on post-quantum cryptography that combines traditional 
PoS with quantum-resistant cryptography algorithms including lattice-based systems 
[7] and hash-based signatures [8]; A zero-knowledge proof system supporting quantum 
security builds a new generation of privacy protection schemes based on post-quantum 
cryptography. The dynamic quantum threat adaptive governance mechanism assesses 
quantum threats in real time and dynamically adjusts security parameters. 

6 Conclusion 

Through an in-depth analysis of the evolution trend of blockchain security mechanisms, 
this study identified three interrelated core findings: 

The paradigm shift of the PoS consensus mechanism: The PoS consensus mecha-
nism represents a fundamental transformation of the blockchain security model from 
external physical security to internal economic security. Through economic game de-
sign and incentive regulation mechanisms, it achieves an efficient, flexible, and sus-
tainable security guarantee model. 

The technical value of zero-knowledge proofs: Zero-knowledge proofs offer break-
through solutions for blockchain privacy protection, scalability, and cross-chain in-
teroperability, and will become a core component of the next-generation blockchain 
infrastructure, driving the evolution from transparent verification to privacy verifica-
tion. 

The security challenges of quantum threats: Quantum computing poses a fundamen-
tal threat to the existing blockchain security system and is a disruptive impact on the 
foundation of cryptography. Laying out post-quantum cryptography research and quan-
tum security architecture design in advance is a strategic task to ensure the long-term 
development of blockchain. 

Based on collaborative evolution analysis of three major technological trends, this 
study presents forward-looking prospects for blockchain security technology develop-
ment through three interconnected dimensions: multi-dimensional security protection 
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systems where future blockchain systems break away from single security mechanism 
reliance by integrating PoS economic security, zero-knowledge proof privacy protec-
tion, and quantum-secure cryptography to construct comprehensive protection covering 
economic, computing, and cryptographic layers; professional security service ecosys-
tems where increasing blockchain security complexity drives professional service pro-
viders to become essential ecosystem components offering full life-cycle services from 
security audits and threat monitoring to emergency response; and standardization with 
international collaboration where global challenges including quantum threats, privacy 
protection, and cross-chain interoperability make industry standardization and interna-
tional technological cooperation key driving forces for blockchain security technology 
development. 

This study mainly focuses on the analysis of the innovative development trajectory 
and security mechanism characteristics at the technical level, while the exploration of 
the following dimensions is relatively limited: game theory modeling and equilibrium 
analysis of economic incentive design; Dynamic evolution of decentralized governance 
mechanisms and evaluation of decision-making efficiency The influence of external 
factors such as the macroeconomic environment, regulatory policies and social ac-
ceptance. These limitations restrict a comprehensive understanding of the integrity and 
dynamic evolution laws of the blockchain security ecosystem. 

Based on the current research foundation and the limitations of the discoveries, fu-
ture in-depth studies can be carried out from the following key directions:  

Integration of security technology and economic models: Explore the correlation 
mechanism between technical and economic elements such as PoS economic security, 
zero-knowledge proof incentive design, and quantum security return on investment, 
and construct a technology-economy integrated security model. 

Analysis of the Impact of Decentralized Governance: This study examines the influ-
ence of different governance models on the efficiency of blockchain security decision-
making, the flexibility of parameter adjustment, and threat response capabilities,
providing a basis for the optimization of governance mechanisms. 

Cross-chain security standardization framework: For multi-chain ecological envi-
ronments, establish unified cross-chain security assessment standards, certification sys-
tems, and risk management frameworks. 

Synergy of Artificial Intelligence and Blockchain Security: Exploring the applica-
tion of machine learning and deep learning in blockchain security threat detection, ab-
normal behavior recognition, and adaptive protection. 
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