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ABSTRACT

 Zero Knowledge Proofs (ZKPs) are cryptographic security techniques that allow secure data exchange
without revealing secret information.

* This research study investigates and analyzes efficiency factors, robustness features, applicability, and
uses, along with challenges for the implementation of these techniques.

e ZKPs Types: interactive, non-interactive, and succinct non-interactive arguments of knowledge (SNARKs).

e Libra stands out for its outstanding efficiency, requiring a one-time trusted setup depending on the input
size among different prominent models of ZKPs.

* The study explores various challenges in ZKPs to enhance their robustness.

* To solve problems like the trusted setup dilemma and quantum computing attacks, the research suggests
making progress by integrating different models, improving efficiency, looking into new mathematical
problems etc.

* The results highlight the need to overcome constraints and improve ZKPs security and effectiveness in
practical setups to enhance their efficiency.
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INTRODUCTION

* ZKPs are a special kind of security technique in which two parties try to convince each other's claims while
protecting the privacy of underlying data [1, 2].

 These parties (Prover and Verifier) communicate in a non-interactive manner, which guarantees an
extremely safe way to verify claims without disclosing private information.

 Cryptography classifies Zero Knowledge Proofs as non-black box approaches due to their sophisticated
and advanced nature

e ZKPs protocols can be used in voting, auctions, and blockchains, digital signatures, verifiable encryption,
blind signatures, cryptocurrencies, proof-of-identity etc.

 Zero Knowledge Proofs stand as a beacon of security, offering a robust solution to the challenges posed by
the ever-expanding data-sharing networks.

e Secure communication without unnecessary information disclosure, ZKPs pave the way for a future where
privacy and integrity are paramount in the digital realm.

* This review study explores various challenges associated with ZKPs, aiming to enhance their robustness
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FUNDAMENTALS OF ZERO KNOWLEDGE
PROOFS

ZKPs help us secure digital communication by allowing a prover to authenticate a claim to a verifier
without disclosing additional information that is presented in the question itself.

These proofs are based on three main features known as completeness, soundness, and zero-knowledge:
Completeness: If the statement is true, an honest prover can convince an honest verifier of its validity.
Soundness: If the statement is false, no cheating prover can convince an honest verifier that it is true,
except with a small probability.

Zero-knowledge: The verifier learns nothing beyond the truth of the statement.

This study investigates and discusses protocols such as the Schnorr ZKPs Protocol for the discrete
logarithm problem [44], Fiat-Shamir Heuristic, Bulletproofs, ZKBoo, zk-SNARKs, and ZKIP.

We can achieve a high level of security by using interactive ZKPs, but multiple communication rounds are
required.

NIZKPs address communication overhead and offer efficient proofs.

SNARKS is a subclass of NIZKPs that takes efficiency to the next level, achieving impressive succinctness
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RESEARCH METHODOLOGY AND
CONTRIBUTIONS

Theoretical analysis has been used to conduct a literature review, gathering and comprehending existing
zero-knowledge proof techniques, along with their associated security properties, protocols, and
computational complexities across various problems and applications.

We have used empirical and comparative studies for the performance analysis of ZKPs.

Our research contribution are as following:

We have proposed the use of ZKPs in conjunction with subset sum problem techniques to meet security
requirements for various types of communications and transactions.

we have analyzed the efficiency matrix of different IZKPs and NIZKPs in order to easily select efficient ZKPs
techniques for use in our required application design.

We have explored different kinds of applications of I1ZKPs and NIZKPs for use in different domains,
identified significant challenges in ZKPs, and proposed potential future research directions in this field
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* The research focuses on conducting a detailed analysis of communication efficiency within cryptographic
protocols, specifically examining the exchange of group (G) and Z, items from a prover (P) to verifier (V)
and vice-versa.

 The cost comparison given by Henry et al. [44] for discrete logarithm (DL) problem in G given as in Tablel

 The research paper [33] includes Table 2, offering a comprehensive cost comparison between integer
factorization and discrete logarithms.

TABLE II. EFFICIENCY COMPARISION OF INTEGER FACTORIZATION

TABLE I. CoST COMPARISONS OF OPERATIONS AND DISCRETE LOGARITHM PROBLEM
Operation Concrete cost Asymptotic cost Integer Factorization Discrete Logarithm Problem
ExpCost,(7) 37/2 T+7/lgT Problem
P Operation Concrete | Asymptotic Concrete Asymptotic
ExpCost; "' (1) 3mt/2 T+ mt/lg(mt) Cost Cost Cost Cost
ExpCost,((n,7)) T+ nt/2 T+ nt/lg(nt) ExpCostg(7) (Ig1)? 1/a 3t/2 T+t/lgt
ExpCosty"' ((n,7)) | mt + mnt/2 - min{m,n} + mnt/lg(mnt) E;{ngstE}mj (1) m(lg1)? mr /4 3mt/2 T+ mt/lg(mt)
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TABLE III. YEARWISE EFFICIENCY MATRIX ANALYSIS OF ZKPS
Year | References | Tvpes of ZKPs Mathemaneal Problem/F eatares Efficiency
1998 _J3I5] i A ol Circait S-amﬁal:-:ljrr-.' Q(knlog(n/e)) and O(nlg(n/e]))
=010 | J11} LIRS Circust Satsfiability Clpaly log(k) bits
014 | [#4] LERs Discrete Loganthm Problem Ot + t/lgr)
2014 [33] 1FK Py !:l!E-_E-:: Factorization Problem a(r**y
2018 | [37] ZEPs Low Degree Polynomials 2({log N/ (log log N1}
2019 | [38] NIZKPs general carcuits by Giacomelli et al. Q{|FIA + |x]}4)
L 019 | [34] | LEREs | Cwadratzc Residuosity Froblem | o{(lg 1Y)
abld] L | &RF's Louble Discrete Loganthm Problem | O0(1) time as well as space complexaty
=021 | [40] LS Lattsce-based k-, ploy, and k., I.
2022 | [35] IZRPs General Number Fiald Sieve O(exp({1923 (Ing)* *(Ining)*'*})
(Integer Factorization Problem)
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From the discussion we find that ZKPs encompass diverse classes, including 1ZKPs, NIZKPs, and SNARKs.

Using these cryptographic techniques, a prover and a verifier exchange a fact (an assertion) without

disclosing any confidential information about the assertion.

Each class offers unique advantages in terms of security, efficiency and usability.
SNARKS are a specific class of NIZKPs that excels in proof size and verification time efficiency
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APPLICATIONS OF ZERO KNOWLEDGE PROOFS

e ZKPs can be used for various kind of cryptographic protocols desigh and implementation without

compromising security in comparison to traditional technique for the same.

* The Research paper "QuickSilver: Efficient and Affordable Zero-Knowledge Proofs for Circuits and
Polynomials over Any Field" [46] has been implemented the zero-knowledge (ZK) proof protocols that
make computations using circuits or polynomials much faster and cheaper.

e ZKPs can be used for identification scheme such as access control and authentication security system
design and implementation in different applications.

* The research papers [42, 45] discuss different types of applications of Zero-Knowledge Proofs (ZKPs), such
as Anonymous Verifiable Voting, Exchanging Digital Assets, Remote Biometric Authentication, Secure
Auction, Confidential Transactions (Privacy-Preserving Transactions), ZKP for Graph Three Colorability, ZKP
for Feige-Fiat-Shamir Identification Scheme, and so on
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CHALLENGES AND FUTURE RESEARCH DIRECTIONS

In the research paper [42], the authors have identified significant challenges in zero-knowledge proofs
(ZKPs) and propose potential research avenues on the following topics:

Reducing Assumptions: Obtaining better efficiency without involving a reliable third party is a major
difficulty in the context of zkSNARK

Integration of Diverse Mechanisms: Different kinds of ZKPs models offer distinct advantages, and exploring
the integration of strengths from various models into a unified system holds promise.

Efficiency Optimization

Strongly Linear Version of Proof: Enabled verifiers can implement linear queries on inputs by investigating a
new ZKPs type and a strongly linear version of the proof

Other Mathematical Problems: If we want to enhance ZKPs efficiency, then it is essential to explore
mathematical problems beyond bilinear group calculations

Cryptographic Tools: Integrating cryptographic tools such as signature and commitment methods with non-
interactive ZKPs models can enhance efficiency

Lattice-Based Cryptography: Public-key cryptographic algorithms in blockchain-based ZKPs models are
vulnerable to quantum computing attacks
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* This review study comprehensively investigates and analyzes efficiency factors, robustness features,
applicability, and uses, along with challenges for the implementation of the ZKPs technique used in
cryptography.

* The paper categorizes ZKPs as interactive, non-interactive, and SNARKs, each with distinct trade-offs.

e Efficiency metrics analyze models like zkSNARK, Ligero, Bulletproofs, Hyrax, Aurora, and Libra, highlighting
Libra's standout efficiency with a one-time trusted setup.

* The review study investigates several ZKPs challenges that need to be addressed in order to make it more
robust, including the trusted setup problem and quantum computing risks.

* Future research aims to enhance ZKP efficiency and security by integrating models, optimizing, exploring
new problems, incorporating cryptographic tools, and exploring lattice-based cryptography.
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