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Abstract: In light of the growing threat from quantum adversaries to traditional digital signatures, the paper investigates
a post quantum secure signature scheme integrates chameleon hash functions within a two-tier signing framework. The
proposed construction achieves essential security features such as non-repudiation and recipient-specific verification,
while maintaining a non-interactive structure compatible with efficient hash-and-sign paradigms. A novel enhancement of
the Kabatianskii-Krouk-Smeets (KKS) code-based scheme is incorporated, leveraging rank metric techniques over large
finite fields to bolster resistance against both classical and quantum attacks. The layered architecture, separating long-term
and ephemeral keys, supports multi-message authentication and improved key lifecycle management. Comprehensive
security definitions and reductions are provided to demonstrate the scheme’s unforgeability under realistic assumptions,
establishing its viability for robust post-quantum applications.
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1. Introduction

Rivest-Shamir-Adleman (RSA), as an influential public-key encryption schemes, initiated a major paradigm shift in
modern cryptographic theory [1]. The concept of “non-repudiation” or “invisibility” of signatures [2] mentioned in this
cryptosystem tells us that the recipient can only verify the signature with the cooperation of the signer. However, once
the signature is verified, the signer cannot deny its authenticity.

The design of digital signature schemes that allow controlled flexibility in message authentication has become a
central research focus in modern cryptography. Among the notable contributions addressing this challenge are chameleon
signatures, which provide a structured means to enable selective verifiability under recipient-specific constraints [3—6]. It
allows the recipient to modify a given signature o for a different message m'’ using a specific trapdoor. One advantage of
this approach is its increased flexibility. The key feature of Chameleon signatures are non-transferability, meaning that a
signature created for one recipient cannot be verified by others, thereby ensuring strong non-repudiation. These unique
properties provide a higher level of security, particularly in situations where authenticity and non-repudiation are crucial.
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Chameleon Signatures are unique in that they are non-transferable, meaning a signature from one recipient can’t be
verified by someone else, which ensures strong non-repudiation. This feature boosts security, especially when it comes
to confirming authenticity and preventing denial of signature. At the core of Chameleon Signatures lies the Chameleon
hash function, which reinforces security by enabling controlled collisions in a trapdoor-based setting. It enables effective
collision computation when using a trapdoor, while still resisting collisions even without it. This capability is essential for
non-interactive signature protocols, where the recipient can verify the signature’s validity independently, without needing
to communicate directly with the signer. Moreover, by adding an extra security layer on top of traditional hash functions,
the Chameleon hash offers a two-layer security approach, making it a powerful tool in modern encryption systems.

The latest advancements have further driven research momentum and development. There are some schemes such as
lattice-based signatures and hash-based signatures, that have become promising candidates for post quantum cryptography.
These schemes also have limitations regarding efficiency, storage requirements, and flexibility. In addition to extensively
discussed lattice-based and hash-based signature schemes, recent developments in code-based post-quantum signatures
provide alternative designs with distinct performance and security characteristics. For instance, Wave [7] utilizes
rank metric codes with generalized error decoding to produce short signatures and strong unforgeability guarantees,
although it requires complex parameter tuning and has relatively large keys. Meanwhile, the scheme [8, 9] proposes a
lightweight structure suitable for embedded environments, balancing signature size and computation cost using low-error
syndrome decoding. These code-based schemes broaden the spectrum of Post-Quantum Cryptography (PQC) designs and
further motivate the proposed integration of Chameleon hashing with code-based primitives. As is known, lattice-based
schemes offer strong quantum security, they have high computational complexity, making them unsuitable for many
practical applications. Hash-based schemes may result in large signature sizes and high memory consumption, posing
challenges in resource-constrained environments. As a result, many schemes are limited in applicability to scenarios
requiring multiple signature instances or reusing public keys across different messages. Recent efforts have also focused
on integrating cryptographic techniques with image privacy and embedded hardware design. For example, nonlinear
dynamics and transform-domain compression have been applied to privacy-preserving image processing [10, 11], while
hardware/software co-design techniques have significantly improved the performance and configurability of post-quantum
schemes such as CRYSTALS-Dilithium [12].

The two-tier signature architecture improves key usage by separating it into long-term and temporary components.
Traditional encryption schemes rely on a static master key, with auxiliary keys used for individual messages. Early
models [13] employed one-time auxiliary keys to enhance security. In previous work [14], we proposed a new approach
that combined Hidden Field Equations (HFE) and Internal Perturbation Hidden Field Equations (IPHFE) with code-based
and multivariate encryption to address limitations in both. This paper advances that work by enabling auxiliary keys to be
used across multiple messages, improving flexibility and scalability. Additionally, integrating Chameleon hash functions
and lattice-based tools significantly enhances security, making the system well-suited for secure code-based encryption
applications.

We propose an innovative post-quantum signature scheme that leverages Chameleon hash functions and a dual-
signature framework to balance quantum resistance, efficiency, and flexibility. Our design addresses key challenges in
post-quantum signatures, such as high computational complexity and large storage requirements. We also demonstrate
how this dual-layer architecture can be extended to multi-message security and provide formal security proofs against key
leakage and forgery attacks.

2. Mathematical background of cryptography

Let A be the security parameter, and assume that all algorithms used in this scheme are probabilistic in nature. When
we write x <— & (x1, ..., X,), we mean that algorithm 7 is executed on inputs xj, ..., x, using fresh internal randomness,
and the result of the computation is assigned to the variable x.
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2.1 Hard problems

The foundational work by Berlekamp in 1978 [15] demonstrated that decoding linear error-correcting codes and
identifying low-weight codewords are both Nondeterministic Polynomial time (NP)-complete tasks. These problems
have since formed the cornerstone of various code-based cryptographic constructions. One of the primary formulations
is the Computational Syndrome Decoding (CSD) problem, outlined below.

Problem 2.1 (CSD-Problem). For a matrix H € Fé’l_k)xn, a syndrome y € F;_k, and an integer w, the goal is to find
a vector x € 2 such that Hx" = y” and wy (x) = w.

Definition 2.1 (Syndrome Decoding Distribution). For parameters n, k, and w, the distribution SD(n, k, w) samples
H <+ IF((;’[/‘)X

Problem 2.2 (DSD-Problem). Given (H, yT) € ]Ff,"fk)xn x T3k, distinguish whether it was sampled from the

SD(n, k, w) distribution or from the uniform distribution over anik) T x IF;’".

" and a vector x < F, of Hamming weight w, then outputs the pair (H, Hx").

Replacing the Hamming metric with the rank metric in the above definitions yields the rank-based variants of these
problems.

Problem 2.3 (RSD-Problem). Let H € ]Féf’,fk)xn and y € Fp,, k. Given a positive integer w, find a vector x € Fym
satisfying Hx” = y” and rank weight of x is exactly w.

Definition 2.2 (Rank Syndrome Decoding Distribution). In the RSD(n, k, w) distribution, a matrix H € FE;:: Ky i
sampled along with a vector x € Fy, of rank weight w, and the pair (H, Hx") is returned.

Problem 2.4 (DRSD-Problem). Given (H, y) € IE"((;,’,fk)X" X ]FZ,Z k. determine whether the instance originates from
the RSD(n, k, w) distribution or is drawn uniformly at random from the product space.

To model broader parameter ranges, we consider the extended decoding distributions, which generalize the fixed-
weight constraint.

Definition 2.3 (extSD-Distribution). Let a < b be two integers. The distribution extSD(n, k, a, b) samples H €

IE"((;[/()X" and a vector x € F,, satisfying a < [|x[| < b (under the Hamming metric), and outputs (H, Hx").

Problem 2.5 (extDSD-Problem). Given an (H, yT) € IF{(;f[k) % Fom k. decide whether it originates from extSD(n, k,
a, b) or a uniform distribution.

Definition 2.4 (Extended Rank Syndrome Decoding Distribution). For the distribution extRSD(n, k, a, b) samples
He IF‘(;[ K)XM and a vector x € FJ such that a < ||x|| < b under the rank metric, then outputs the pair (H, Hx").

Problem 2.6 (extDRSD- Problem). Given (H, y') € ]Fg,’,fk)xn X Fp k distinguish whether the instance is from
extRSD(n, k, a, b) or sampled uniformly.

We treat the extDSD(n, k, a, b) and extDRSD(n, k, a, b) problems as computationally intractable, specifically
assuming that they are NP-hard and, under certain conditions, NP-complete [16].

Definition 2.5 (SIS-Problem). Let g € Z be a modulus, and let A € Zi*™ be a matrix drawn uniformly at random.
Given a bound f on the norm, the SIS problem is to determine a non-zero vector x € Z™ such that:

Ax=0 (modgq) and |x||]<B,

where ||x|| may be defined under different norms, such as:

» Euclidean norm: ||x||> = /Y1 x7,

« Infinity norm: ||x||. = max; |x;|.
The SIS problem is widely regarded as computationally hard and is fundamental to the design of secure lattice-based
cryptographic constructions.
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2.2 Trapdoor-based chameleon hashing

Next, we will introduces the concept of Chameleon Hash Functions (CHFs), outlining their formal definition and
highlighting their essential cryptographic properties.
Definition 2.6 A Chameleon Hash Function is defined as a tuple

CHF = (CHamGen(); CHamHash(); Coll()),

where:
1. CHamGen( 1* ), with security parameter A, outputs a public hash key chhk and a corresponding trapdoor chtd.
2. CHamHash(chhk; x; s) computes the hash output / for a message x using randomness s.
3. Coll(chtd; (x, s); £) returns a value § such that:

CHamHash(chhk; x; s) = CHamHash(chhk; %; §).

Definition 2.7 A Chameleon Hash Function CHF is said to be (¢, €)-collision resistant if no adversary .%, running
in time at most ¢, can find two distinct pairs (x1, s1) # (x2, $2) such that:

Pr [CHamHash(chhk; x; s1) = CHamHash(chhk; x;; 57)] < €.
(chhk, chid)+—CHamGen(1%)
(1, 1) (x2, $2)F (chhk)

The trapdoor chtd must satisfy the following security guarantees:
1. Collision Resistance: It is computationally infeasible to efficiently generate two message-randomness pairs
(x1, s1) and (x, s2) with x| # x, that hash to the same output:

CHamHash(chhk; x; s1) = CHamHash(chhk; x2; s2).

2. Trapdoor Collisions: Knowing the trapdoor chtd enables efficient computation of a collision. Specifically, given
(x1, s1) and any message x», one can compute s, such that:

CHamHash(chhk; x1; s1) = CHamHash(chhk; x2; s2).

3. Uniformity: The distribution of CHamHash(chhk, x, s) should appear uniform for any fixed input x, even when
s is selected at random. A relaxed requirement allows the hash outputs for different messages to be computationally
indistinguishable. That is, for x| # x,, we require:

{CHamHash(chhk; x1; s1) | s1 + D1} = {CHamHash(chhk; x3; s3) | 52 < D2},

where D and D, are distributions over the randomness, and are computationally indistinguishable.
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2.3 Design and implementation of two-tier signature mechanisms

The concept of a d-bounded two-tier signature scheme, a construction that enables secure signing over multiple
messages through a hierarchical key architecture. The scheme consists of four randomized algorithms, described as
follows.

Definition 2.8 [13] A d-time two-tier signature scheme 77 Sig is defined by a tuple of probabilistic algorithms:

TTSig = (PriGen, SecGen, TTSign, TT Verify)

with the following functionality:

« PriGen(1%, d): Takes the security parameter A and a positive integer d, and returns a primary key pair (psk, ppk)
for signing and verification.

* SecGen(ppk, psk): Generates a fresh secondary key pair (spk, ssk) associated with a specific signing session.

» TTSign(psk, ssk, x): Produces a signature ¢ on message x using the primary and secondary signing keys. A
stateful version TTSign(psk, ssk, x, j) incorporates a counter or session index j.

* TTVerify(ppk, spk, x, 6): Deterministically returns 1 if the signature is valid, 0 otherwise. The stateful verifier
TTVerify(ppk, spk, x, o, j) uses the state index j for session tracking.

This construction generalizes the one-time signature scheme when d = 1 and allows for multi-message signing under
key isolation.

Definition 2.9 We say that a two-tier signature scheme T7Sig is (¢, g, d, €)-existentially unforgeable under a non-
adaptive chosen-message attack (TT-EUF-NCMA) if the success probability of any PPT adversary .% in the corresponding
experiment is at most €. Formally:

Pr[Expf T (1, d) = 1] < e

for all adversaries .# running in time at most ¢ and allowed to issue at most g queries.

2.3.1 Security experiments for two-tier signature schemes

We describe the unforgeability experiments for two-tier signature schemes under non-adaptive and adaptive chosen-

TT-EUF-NCMA (l d) TT-EUF-CMA (l , d)

message attacks, denoted as Exp 5 and Exp

TT- EUF-NCMA (l d)

, respectively.
Non-Adaptive experiment Exp
1. The challenger generates the prlmary key pair by running (ppk, psk) < PriGen(1*, d).

2. The adversary .7 issues a single query to the oracle NTTSign(my, ..., my), which performs the following steps:
- Increments the session index i;

- Computes (spk;, ssk;) < SecGen(ppk, psk);

-Foreach j=1, ..., d, computes 6; < TTSign(psk, ssk;, m;);

- Stores the queried message set {m;, ..., my} as 2;;

- Returns the tuple (spk;, o1, ..., 04).

3. The adversary outputs a tuple (m*, o™, i*).

4. The experiment returns 1 if the signature verifies successfully, i.e.,

TTVerify(ppk, spk;«, m*, c*) =1

and the message m* was not among those in 2;+. Otherwise, the experiment returns 0.
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Adaptive experiment ExpTTFUF-CMA (3 = )

1. The challenger initializes the system with (ppk, psk) < PriGen(1%, d).

2. The adversary is given access to two oracles:

» OSKey(): On invocation, increments index i, sets j; = 0, generates (spk;, ssk;) < SecGen(ppk, psk), and returns
spk;.

« TTSign(i’, m): Increments jy and stores the message m as mj,. If j» > d or (spky, ssky) is undefined, returns L.
Otherwise, computes ¢ < TTSign(psk, ssky, m j[_,), stores m;j, in 2y, and returns ©.

3. The adversary eventually outputs a candidate forgery (m*, o*, i*).

4. The experiment outputs 1 if:

TTVerify(ppk, spkj, m*, c*)=1 and m" ¢ 2

indicating a successful forgery. Otherwise, it returns 0.

The security notion of existential unforgeability under adaptive chosen-message attacks (TT-EUF-CMA) for two-
tier signature schemes aligns conceptually with its traditional counterpart in standard signature frameworks. Similarly,
strong unforgeability is modeled for both adaptive and non-adaptive settings-namely, TT-SUF-CMA and TT-SUF-NCMA-
following corresponding formal structure incorporated into conventional signature scheme definitions.

2.4 Rank metric and rank codes

Let Fn be an extension field of degree m over Fy, withm, n € Z*. Abasis B={a, ..., 04} of Fyn over IF, allows
any o € Fyn to be uniquely written as:

m
o= Z)Li(xi, A,,' S Fq.
i=1

Forx=(x, ..., x,) € [Fn, define its matrix representation M € [F3 ™™ by expanding each x; in basis B, such that:
X1 (04]
= M .
X, O

This yields a one-to-one correspondence between x and M over IF,,.

Definition 2.10 The rank weight of x € Fj, is defined as the rank of its expansion matrix A € 7™, may be
represented as rank(x), or simply ||x|| or wg(x) when the context is clear.

The rank distance between x, y € Fy, is d(x, y) = rank(x —y). For comparison, the Hamming weight of x is wy (x),
and the Hamming distance is dg (x, y) = wg(x —y).

Remark 2.1 The rank of x equals the dimension over I, of the span of its coordinates, or equivalently, the rank of
its matrix representation. By construction, rank(x) < wy (x).

Definition 2.11 Let G € F’;ﬁ" have rank k. A rank metric code C C Fgm with length n and dimension £ is defined as:

C={xG \xGFSmL
where G is the generator matrix. Equivalently, using a parity-check matrix H, we have

Volume 6 Issue 4|2025| 4643 Contemporary Mathematics



C={xeF |Hx" =0}.

The minimum rank distance of C is:

dc = min{rank(x) | x € C\ {0}}.

Definition 2.12 Suppose B={a, ..., &} be a basis of Fym over IF,, and S be an invertible matrix of order m over
the base field. Define a map ¢@p : Fyn — 7", which associates each vector x € [Fgn with its associated matrix over Fy in
relation to basis B.

The transformed vector S x x is then given by:

Sxx= 5 (S p(x)),

where the action is performed by applying S on the row space of the matrix representation, followed by inverse mapping
back to .

Remark 2.2 The transformation S xx serves as a form of rank-preserving permutation, where the coordinates of x
are restructured through a linear transformation over the base field. This operation is analogous to general coordinate
permutations in Hamming-based settings, but is adapted to the rank metric.

2.5 Affine transformations

Affine transformations over extension fields are frequently used in the design of structured cryptographic functions.
Below, we present both the standard matrix-based formulation and its univariate extension using polynomial representations.

Definition 2.13 Let M7 € GL(n, ]qu) be an invertible n x n matrix and let vy € Fgm. For a vector x € Fgm, the affine
transformation 7 is defined by:

T(x)=Mr-x" +vr,

where the rank of the transformation is inherited from the matrix M, and all operations are carried out over the extension
field Fym.

To express this transformation in univariate polynomial form, consider an irreducible polynomial g(x) € Fyn[x] of
degree n, and define the extension field E = Fyn [x]/(g(x)). An isomorphism ¢ : [Fyn — E can be established by:

i—1

-

Olar, ..., ay) =

a;x

i=1

Under this isomorphism, the affine transformation 7' can be written in its Frobenius form over E:

n—1

T(X)= Y BXY +A4,
i=0
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where B;, A € E, and X € E is the image of x under ¢. This univariate representation is particularly useful for encoding
structure while preserving the algebraic properties of the transformation.

2.6 Permutation transformations

Permutations play a role in modifying both the input and output of multivariate polynomial functions. Let o € S,
act on an input vector x € Fy by rearranging its coordinates, and let 7 € S,, apply a similar transformation to the output
space of a polynomial mapping 22 (x).

The composite function 7o & o ¢ represents a sequence where the input is permuted, passed through &, and then
the result is permuted again. This structure provides a mechanism for reshaping polynomial mappings while preserving
algebraic properties, and can be useful for obfuscation or symmetry analysis in cryptographic constructions.

2.7 Gauss transformations

Gaussian elimination-comprising elementary row and column operations-forms the foundation for matrix reduction
techniques over ;. These operations are invertible and can be represented via elementary matrices, which constitute a
subset of affine transformations.

Due to their invertibility, Gaussian transformations preserve algebraic properties relevant to matrix rank and
polynomial systems. This makes them an essential component in solving linear equations and analyzing matrix-based
cryptographic constructions, such as those found in code-based schemes.

Example 2.1 Gaussian Transformation Consider the matrix A € Fg”:

B

I
~ O =
S W N
wnm —= O

To reduce A, we perform Gaussian elimination:
1. Use row 1 as the pivot.
2. Update row 3: subtract 4 x row, yielding:

(4,0,5)—4-(1,2,0)=(0, —8,5)=(0,2,5) (mod 5).

The resulting matrix is:

=

Il
S O =
W N
wn = O

This matrix is full-rank and thus suitable for use in the KKS key generation process.

3. The newly proposed signatures schemes
3.1 An improved KKS scheme

Otmani and Tillich [17] identified an exponential-time cryptanalytic attack targeting the original KKS signature
scheme over F,. Although the attack is computationally intensive, it reveals the necessity of selecting parameters with
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greater care. In response, the KKS assumption, which asserts the existence of a parameter regime under which one-time
Existential Unforgeability under Chosen Message Attack security can be achieved [18].

The improved KKS scheme employs two rank metric codes. The first is specified via a parity-check matrix H €
IF((;f[k)X", and the second is a linear code C C Ty, characterized by length n and dimension , and generated using a
matrix G. A notable feature of code C is, Vnonzero x € C, the rank weight ||x|| falls within the interval (/;, l>) with high

probability, where [, I € Z* and I; < I,. The scheme’s construction is described in what follows.

3.2 Key generation (Gen(1*))

Input: A parameter A indicating desired security level.
Output: A public/private key pair (ppk, psk).

1. Construction of the parity-check matrix H:
g,\n]*K)XN with a sparsity parameter pg, where 0.1 < pgy < 0.3.

* Validate H for full rank using LU decomposition. If it fails, regenerate H iteratively until the condition is met.

* Generate a sparse, full-rank matrix H € F

* Store H using the Compressed Sparse Row (CSR) format to optimize storage and computation.

* Derive a submatrix H; by randomly selecting a subset J C {1, ..., N} such that |J| = n > N — K. The generation
of J should be random but reproducible for key consistency.

2. Generator matrix G construction:

* Construct Gy, a sparse matrix with a sparsity parameter pg, .

» Generate a noise matrix E sampled from a Gaussian distribution .4 (0, 62), where 6> = O(y/n). Ensure the
randomness used for E is cryptographically secure.

* Define the generator matrix G = G| + E, combining structural sparsity and randomness.

3. Computation of the verification matrix Q:

Q=H;-G".

Utilize the sparsity of H; and G to achieve computational efficiency with complexity O(py - pg, -n?).

4. Generation of the SIS matrix Agys:

* Construct Ags to meet the SIS problem requirements, optionally maintaining a sparsity parameter pa;q.
5. Key outputs:

* Public key: ppk = (H, Q, Agis).

* Private key: psk = (J, G).

3.3 Sparse matrix generation algorithm

To construct the parity-check matrix H in a rank-metric cryptographic context, we employ a randomized sparse matrix
generation procedure, designed to ensure full rank while preserving a specified sparsity level. The algorithm iteratively
samples matrices until the desired rank condition is satisfied.

Algorithm 1: GenerateSparseMatrix (n, m, p)

Input: Number of rows n, number of columns m, sparsity rate p
Output: Full-rank sparse matrix A € Fy*"
repeat
Initialize A < 0,505
for i < 1 to n do;
for j < 1 to m do;
Draw r ~ 2 (0, 1);
if » < p then;
Ali][j] <~ RandomElement(F, \ {0});

~N N bW N

Co iporary Math tics 4646 | Eddie Shahril Ismail, et al.



8 until rank(A) = n;

9 returnA

Example 3.1 (Sparse Matrix Sampling with Full-Rank Verification)

Consider the parameter setting n = 4, m = 6, and sparsity rate p = 0.2. The count of non-zero elements within the
matrix generated equalsn-m-p =4-6-0.2=4.8.

Hence, approximately 5 out of the 24 entries will be non-zero, randomly distributed across the matrix. After each
generation, the algorithm verifies whether the matrix A has full rank (i.e., rank(A) = n) via Gaussian elimination. If the
rank is insufficient, the matrix is discarded and regenerated.

This process continues until a full-rank matrix is found. Empirically, for moderate values of p (e.g., 0.1 < p <0.4),
the process converges in few steps. The output matrix is suitable for use as a parity-check matrix H in code-based
cryptographic schemes such as KKS.

3.4 Signature generation (Sign(psk, m))

Input: Message m, private key psk = (J, G).
Output: Signature ¢ = (J, sy, x).
1. Derive the digest vector x € F’;m via the application of a cryptographic hash function H to the message m:

x < H(m),

where H can be realized using a secure hash algorithm like SHA-3 or BLAKE2.
2. Generate the codeword u: Calculate u as:

u=x-G=x-(G1+E)=xG| +xE.

3. Compute the SIS short vector xg;s:

* Solve for xgsg such that: Agss-xs;s = x (mod gq).

* Ensure ||xgzs]] < I using lattice basis reduction techniques, such as LLL or BKZ algorithms [19, 20].
4. Construct the signature vector s;:

Sj = U+ Xxsys-
5. Output the signature:
o =(J, sy, x).

3.5 Signature verification (Verify(ppk, (m, c)))

Input: Public key ppk = (H, O, Agjs), message m, signature o = (J, sy, x).
Output: Accept or reject the signature.
1. Recompute the message digest x':
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Verify x' = x. If not, reject the signature.
2. Recover the full signature vector s:

sy i, ifi€J,
N
0, otherwise.
3. Verify the norm constraint:
L < ||S|| <.
4. Validate the core equation:
H-sT=0-x"

5. Check the SIS condition:

Agzs - xs7s = x(mod ¢q).

3.6 Parameter considerations

The next part discusses key parameters that shape both the security level and practical efficiency of the proposed
KKS signature scheme. Each parameter has a direct impact on how well the scheme can defend against various attacks
while ensuring feasible performance.

1. Sparsity Parameters:

The sparsity parameters Py, Pg,, and pag govern the density of the matrices involved in the scheme. These
parameters influence both the computational complexity and the vulnerability to lattice-based attacks, particularly in the
context of decoding or cryptanalysis. It is essential to carefully select these parameters to balance efficiency with security.

* For the parity-check matrix H, a sparsity parameter in the range 0.1 < pgy < 0.3 is typically used based on empirical
tests.

* The sparsity parameters for the generator matrix G| and the SIS matrix Ag;s must also be carefully chosen and
tested to ensure their robustness against attacks such as lattice reduction attacks.

The selection of sparsity parameters impacts the security margin and efficiency. Excessively high sparsity may lead
to easier attack vectors, while too low sparsity could result in performance bottlenecks. Empirical testing in the context
of specific attacks should be performed to fine-tune these values.

2. Security of SIS:

The security of the SIS problem hinges on the careful selection of parameters n, ¢, and the bound 3. To ensure the
infeasibility of computing a short, non-trivial vector x satisfying

Asis-x=b (modg) and |[x[| <,

the chosen parameters must fall outside the range susceptible to efficient lattice reduction algorithms.
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* The dimension n, modulus ¢, and bound B should be selected in such a way that solving the SIS instance remains
computationally infeasible for potential adversaries, even under the best-known lattice basis reduction algorithms [19, 20].

* Empirical security analysis is required to test the difficulty of the SIS problem for different parameter values. These
evaluations help determine whether the chosen parameters yield instances that resist known algorithmic attacks.

The complexity associated with solving the SIS problem is influenced by factors such as the lattice dimension,
modulus size, and the size of the shortest solution. In practice, these parameters should be selected to resist known
lattice-based attacks such as those based on lattice basis reduction or quantum attacks.

3. Noise matrix E:

The noise matrix E is sampled from a Gaussian distribution .4 (0, 6%), where 6> = O(y/n). This noise is a critical
component for ensuring the security of the scheme by introducing sufficient randomness to make it computationally
infeasible for an attacker to exploit the structure of the code.

+ The value of 62 must be chosen carefully to ensure that the noise is large enough to introduce randomness and
obscure patterns in the code but not so large as to degrade the efficiency of the system.

« The noise variance ¢ directly influences both the security and operational efficiency of the scheme. An small
variance increases vulnerability to decoding attacks, whereas an excessively large noise may burden the signing and
verification routines

3.7 Security analysis and parameter tradeoffs

The KKS signature scheme, which is known to be vulnerable to exponential-time attacks such as the one outlined by
Otmani and Tillich [17]. To mitigate this, our parameter selection prioritizes larger values for the field extension degree
m and code length n, which directly impact the complexity of rank decoding attacks.

In particular, the attack described in [17] scales with the Gaussian elimination cost for low-weight codeword searches
in rank metric, requiring:

Vi <q<m—r><w>)

operations for decoding rank-r errors. By selecting parameters satisfying

(m—r)(n—r)> A,

where A is the security level (e.g., 128-bit), we ensure that even exponential attacks remain computationally infeasible.

Furthermore, we incorporate sparsity in both the parity-check matrix A and the generator matrix G, setting sparsity
rates py = 0.2 and pg = 0.3. This design choice reduces the exploitable algebraic structure and storage requirements,
while still preserving the necessary rank properties to maintain security.

However, increasing m and n also results in larger public key and signature sizes due to the use of dense
representations over Fym. This introduces a design tradeoff: higher rank weight thresholds improve resistance to structural
and decoding attacks, but inflate key sizes and reduce efficiency. Table 1 summarizes the selected parameters and the
corresponding decoding complexity, ensuring a conservative security margin under both classical and quantum models.

Our security proof establishes polynomial-time reductions from the extended Rank Syndrome Decoding (extRSD)
problem to the collision resistance of the proposed chameleon hash function. However, two limitations merit further study:
(1) the concrete hardness of extRSD with sparse matrices requires deeper cryptanalytic analysis, and (2) the quadratic
growth of key sizes with n» may limit deployment in ultra-constrained environments. Future work will explore hybrid
constructions combining rank and lattice-based primitives to optimize this tradeoff.
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Table 1. Parameter selection and security analysis

n m r Work factor (bits) ~ Public key (MB)  Signature (KB)

128 24 12 128 1.5 2.6
192 32 16 192 32 4.1
256 32 20 256 6.8 5.8

3.8 A4 constructive framework for chameleon hash functions

This section outlines a method for deriving Chameleon hash functions grounded in the KKS signature scheme over
the finite extension field F ». To facilitate the construction, we introduce two subsets of ]quvm defined by their rank weight
constraints:

Forc e ]qu\in, Ly :={c]|||c|| =4d}, Ly, 1) = {c|h < ||| < I}

In particular, by applying the permutation techniques described in Section 2.8 and the structural properties formalized
in Definition 2.11 we derive the functional mapping used in the hash construction.
Definition 3.1 For x € ]F’;m, ceLlyletf: ]F';m X Lg — ]F];,,TK be defined as

F(ppk, x, ¢) = Q- (S1xxP))" +H - (Syxchy)T,

where ppk = (H, Q) is the public key derived from the KKS framework (see Section 3.1). Here, P; € GL(k, Fyn),
P, € GL(N, Fyn) are random invertible matrices. Additionally, Sy, S> € GL(m, FF,) are linear operators over the base
field.

In the special case where P;, P>, S| and S, are identity matrices, the function simplifies to:

f(ppk, x, ¢)=Q-x" +H ",

Solution 1 Given the function f as introduced in Definition 3.1, we now present a procedure for constructing a
trapdoor collision.

Assume (x1, ¢1) € ]F’;m x Ly and another input x; # x;. We define the trapdoor collision function Coll( psk, (x1, c1), x2)
through the following process:

(i) Compute vI' = (S;xx1 Py — S1xx2P)T € Fgm using the trapdoor matrices S and P;.

(ii) Solve Q-v" = H - ¢" to obtain ¢ € Ly, ). This aligns with the signature generation mechanism in the KKS
framework, where c¢ serves as the signature for vector v.

(iii) Compute c; by solving ¢’ = (Sy xcoPy — Sy xc1P>)T using the trapdoor matrices Sy, P>.

The final output is set as ¢, = Coll(psk, (x1, c1), x2).

A collision in this setting refers to the case where two distinct inputs (x1, ¢1) # (x2, ¢2) for x1, x; € ]F’;m, yield the
same function output:

f(ppk, x1, c1) = f(ppk, x2, c2),
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where ¢; € Ly, and ¢2 € Ly, ]
To ensure that collisions do not undermine the security of the function, f must guarantee that the outputs resulting
from inputs ¢y = Ly and ¢z = Ly, ;) are indistinguishable to any efficient adversary, satisfying

{f(ppk, x1, c1) | c1 < La} = {f(ppk, x2, c2) | e2 = Ly, 1)} -

If this indistinguishability condition holds, then f can be regarded as a valid Chameleon hash function.
Letx, xp and ¢j be as above and x, # x;, one can compute ¢, via the trapdoor mechanism as ¢; = Coll(psk, (x1, ¢1), x2).
By invoking the triangle inequality, we obtain:

L < ||6‘2|| <l+1.

Finally, we verify that:

f(ppk, x2, ©2) = Q- (S1%x2P)" +H - (Syxc2P>)"
=Q-(S1*x2P)T +H-(Syx(c1Pr+¢))T
=Q-(Si*(x1PL—v)) +H-(Sy%c1P)T +HcT
=Q-(Si*xP)T =0V +H-(Syxc1P)T +HCT
=Q-(Si*xx1P)T +H-(Syxc1 )T
= f(ppk, x1, c1)

Let IE be an extension field of degree N over FF = [Fn, where g denotes a prime or a prime power. Suppose g(X) € F[X]
is an irreducible polynomial of degree N over F. Then the field E = F[X]/(g(X)) constitutes an extension of degree N
over FF.

Proposition 3.1 [21] Let C = [n; k] denote a binary linear code sampled uniformly at random, and let d be an integer
such that 0 < d < g Then, the probability that the minimum distance d¢ satisfies d¢ > d is at least

1— 27(117/()4»"/12 ( L;l)

)

where h; represents the binary entropy function.

Proposition 3.2 [21] Let C = [n; k] denote a binary linear code in systematic form, chosen uniformly at random.
Suppose the parameters satisfy 0 < [} < “ <l <nand!| + I, = n. Then, with high probability, every nonzero codeword
in C has Hamming weight falling within the interval [/}, ] with probability at least
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| (ki () :

where /i, denotes the binary entropy function.

Theorem 3.1 Let N, K, k, [, b, [ be positive integers satisfying [} < I < [, and let h, denote the binary
entropy function. Assume the inequality holds. Additionally, assume that solving the problems DSD(N, K, ) and
extDSD(N, K, | — I, 1+ 1) is infeasible for polynomial-time adversaries, and that the KKS signature mechanism
guarantees one-time unforgeability under the parameters [y, I, Q, H.

4142
N—K—N~h2< 141:7 lz) > A

Under these conditions, the function f (as introduced in Definition 3.1) can be regarded as a secure Chameleon hash
function.

Proof. We demonstrate f fulfills the three fundamental criteria of a Chameleon hash function.

Collision Resistance: Under the KKS assumption detailed in Section 3.1, any adversary capable of producing a
collision for f would effectively violate the underlying security of the KKS scheme. Namely, if an adversary can find
distinct pairs that hash to the same value, it would contradict the presumed hardness of the KKS assumption. Hence, f is
collision resistant.

Trapdoor Collision: Assume there exists an adversary <7 that, given (H, Q), outputs two distinct inputs

(X], C]) S Fgm X Ll and (Xz, C2) S Fgm X L[l—lz, 1+1) where X1 7é X2,
such that their evaluations under f coincide:

f(ppk, x1, c1) = f(ppk, x2, 2). (M

We now present a reduction that builds an algorithm .# using .o/ to forge a KKS signature with non-negligible
advantage €. Upon receiving (H, Q) from the scheme’s setup, .# executes the following steps:

1. It forwards (H, Q) to <.

2. Upon receiving the pairs (x1, ¢1) and (xp, ¢p) from &7, it computes ¢ = ¢ — ¢3.

3. Using the KKS signing procedure, .# generates a forged message-signature pair, thereby breaking the scheme.

Define

v=_81*x1P —S1*xx2P;.

Consider the equation

Qv =H-cT', for0<|c| <20+2b. @)
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Since ¢ € Ly and ¢z € Ly, 144, their difference ¢ = ¢| — ¢ satisfies the required norm constraint, ensuring that
Equation (2) is valid. Furthermore, by Proposition 3.1, the linear code associated with H achieves a minimum distance of
at least 41 + 2/, with overwhelming probability:

—(N=K)+Nhy (572

1-2 )>1—2—’1.

Thus, with high probability Equation (2) admits a unique solution, and by the trapdoor mechanism this solution lies
in Ly, 1,). Consequently, the computed o satisfies 0 < ||o|| <[>, meaning that a valid collision (in terms of forging a
signature) is produced only if the KKS scheme is broken. This contradiction establishes the trapdoor collision property.
Uniformity: Define the distribution

D1 = {f(ppk, x1, c1) | e1 ¢ La} .

Let W; (for i = 1, 2) be the distribution induced by evaluating f(ppk, x;, ¢), where ¢ is sampled uniformly from ]Fi]vm.
Given that H has full rank, for any fixed s € IFQ{,TK , the following holds:

Pr [f(ppk, x1, ¢c)=s"]=

mK ’
c<—]F24n q

and the same result applies when x; is replaced by x,, implying W, = W,. Furthermore, under the assumed hardness
of the DSD(N; K, I) and extDSD(N; K, | — I, I+ I5) problems, the output distributions of f remain computationally
indistinguishable for distinct inputs. This confirms the uniformity property.
Since f meets collision resistance, trapdoor collision, and uniformity, it functions as a Chameleon hash function. [J
Theorem 3.2 Let C = [n; k| denote a randomly selected binary code, and let d be a positive integer such that 0 < d < g

Then, the likelihood that the minimum distance d¢ satisfies dc > d is lower bounded by

1— C]7 (nfk)+nhq ( %) 7
where the g-ary entropy function £, (x) takes the form:

hy(x) = xlog,(q—1) —xlog,(x) — (1 —x)log,(1 —x), forO<x<1.

Proof. Note that an [n; k] linear code corresponds to a k-dimensional subspace of F”, where ¢ is a prime or a prime
power. For any nonzero x € F, define the Hamming ball of radius r centered at x by

B, (x)={ve Fy [ |x=v] <r}.
We first present the following lemma as a foundation for the proof.

Lemma 3.1 The total number of k-dimensional subspaces in Iy, that contain a fixed nonzero vector x is
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Proof. One can construct

@ -D)q"-q" =) (q"—q")

ways to choose an ordered set of & linearly independent vectors in Fy. In any fixed k-dimensional subspace, the number
of ordered bases is

@ =" —a)(d —*) - (¢ —g").

Thus, the total number of distinct k-dimensional subspaces is the ratio

(@ =V)(q"—q)(q"— ) (" — ")
(=) (g —q)(¢*—¢*)--- (¢* —¢* 1)

of these two quantities. Restricting to subspaces containing a fixed vector x yields the stated formula.

O
Using Lemma 3.1, the likelihood that a k-dimensional subspace V C F”, selected uniformly at random, includes a
given nonzero vector x is

Consequently, the probability that x ¢ V' is

k
~1
Prixg V] =1-L o> 1 A e
q - q q

Now, for any subset U C [ not containing 0, by applying the union bound (or a simple independence argument) we
deduce that the likelihood that a randomly selected subspace V of dimension k fails to intersect U satisfies

L\
Pr[UﬂV:(D]Z(l— n_k) :
q

In particular, let U = B;_(0) \ {0}. Then the probability that V contains no nonzero vector from B;_; (0) is at least

L\ B B (01 5
Pr[le(O)ﬂV:{O}]z(l—nk) > B ISB)IJ 21_| lnl,(;f))|~
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This completes the proof. O

Lemma 3.2 Let [ < = be a positive integer. In this case, |B;(0)] < q"hq(ﬁ) where h,(x) = xlog,(qg — 1) —
xlogg(x)-(1-x)logy(1 —x) for0 <x < 1

Proof. Assume ¢ is a prime number. In this case, we adopt the Hamming metric, we can obtain:

o) = (3) ++(}):

Define the binary entropy function for 0 < x < 1 as

h(x) = —xlog,(x) — (1 —x)log, (1 —x).
Then, noting that the g-ary entropy function can be written as
qnhq(ﬁ) _ qllogq(q—l) . qnh(é) _ <q _ l)l . qnh(£> > qnh(ﬁ)7

nh(l/n)

we next focus on expressing ¢ in closed form. By the definition of /(x), we have

( l)nl
(L) = g hog (e, (-0 _ [ )

which, after rearrangement, yields

n

nh( — W

S~

~
\

S

For convenience, define

nﬂ

M (n, 1) := T

Thus, the inequality in the lemma is equivalent to

i (") < (n, 1)

i=0 \!

To prove this, observe that when [ < g, for any integer 0 < i <[ we have
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Fn—0)""'<li(n—0)"".

Multiplying the sum by I (n — )"~ gives

zl(n—z)'”.i:i0 <’l’> < i (’:) li(n—1y.

i=0

Since for each i, the term () //(n—1)"~" is bounded above by n", the entire sum is strictly less than n". Dividing
both sides by I/ (n— )", we obtain

which is the desired inequality.

Assume ¢ is a power of a prime number p, we set ¢ = p™ and the metric is the rank metric. For a given 0 # x € B;(0),
we set its corresponding matrix to be M = (m;;)nxm and m;; € F,. We assume n < m, and therefore:

B(0)] = (0) - (l)

By the definition of (x), i,(x) and the previous process of calculating q”h‘l(é), we can also obtain the conclusion.

If n > m, we have:
w5+ ()< ()0

Thus, the conclusion is clearly established. O

Theorem 3.3 Let C = [n; k] be a randomly generated binary code expressed in systematic form. Suppose that the
positive integers /; and I, satisfy

0< 1 <g<lz<n, with [y + 1 = n.

Then, the likelihood that every nonzero codeword in C possesses a Hamming weight falling within the range [/, []
is no less than

1— q—(n—k)-&—nh(ll;l ) _ q—(n—k)+nh("71n£>

)
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Proof. Throughout this proof, the V' is considered to be a random k-dimensional subspace of . If g is a prime

number, the metric will be the Hamming metric. For 7 <l<nandx=(x, ..., x,) €V, we define

1, forx;=0,
e=(e;) where e =

Xi, for Xi 7’5 0
and
By-i(e) ={x € Fy | w(x) > 1}.
Obviously, we have
B, i(e) ={xeF,|d(x, e) <n—I}.

By Lemma 3.2, we have

It is easily obtained that VN B,,_;(e) = 0 is equivalent to V C B;_;(e).
Set/=1I+1and

U =B, (0)U (B,—,(e)\ {0}).

Then, the event
V < (B,(0)\ B, (0)) U{0}
can be rephrased as the condition

VnU =0.

From Equation (1), we note that

] <g" () 4. C5)

We obtain:
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P{VOU = 0} > <1—qnlk>

qnh(“;l)

qn—k o qn—k

v

(1 _ q—(n—k)+nh(llnl>> (1 _ q—(n—k)+nh(nl,%l)>

S qf(nfk)+nh(11;1 ) qf(;lfk)+nh($) '

Therefore,

PV C (BL(0)\ By (0)) U{O}} > 1—g () _ gt (535),

We establish the theorem when ¢ is prime, in which case the metric shall be the Hamming metric.

Consider rank metric codes over a finite field of order g, where ¢ is taken to be a power of a prime. Given any
x=(x1, ..., xy) €V, we set its corresponding matrix to be M,,x,, where n < m. By applying Gauss transformation, we
can rewrite M, x,, in the following form:

E, x
M =
0 O]
where E, is an r-order unit matrix, and r = rank (M,,»,).
E, x
M =
0 0 ]
Next, consider M as the matrix corresponding to x.
We set
E| = { E, =x :|
nxm
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and its corresponding vector is e € . We can obtain that the corresponding matrix of x —e is M — Ej.

For g < I < n, define

B, i(e) ={x €Ty [ w(x) >1}.

Obviously, we have

B, (e) ={x e, |d(x, e) <n—1}.

By Lemma 3.2 and repeat the previous steps, the conclusion can be easily obtained.
Ifn > m, set

and its corresponding vector is e € Fp.

For g <1< n, define B, (e) = fx € T w(x) > I}.

Obviously, we have B, ;(e) = {x € Fj| d(x, e) <m—1} C{x € F}| d(x, ) <n—1}.

By Lemma 3.2, we have |B,_;(¢)| < q"h(nTJ). Repeat the previous steps, we can prove the theorem. O

Remark 3.1 According to Theorem 3.2, by replacing Ay with A, in Theorem 3.1, we can similarly demonstrate that
the result of Theorem 3.1 remains valid. So we can rewrite Theorem 3.1 as follows.

Theorem 3.1’

Let N, K, k, I}, I, [ be positive integers satisfying [; < [, < [ and h denote the entropy function. Suppose

41+ 21
the inequality N— K — N - hp —; 2) > A holds. Additionally, assuming DSD(N, K, 1) or DRSD(N, K, I) and

extDSD(N, K, | — 1, I+ 1) problem are computationally hard and that the KKS signature scheme is one-time secure for
parameters /1, b, O, H.

Given these conditions, it can be concluded that the function f in Definition 3.1 functions as a Chameleon hash
function.

Definition 3.2 Let r, s, u, m, n be positive integers such that m = s(u+v), and n satisfies the inequality

(n—rlu+v—s))-(n—r(u+v—s)+1) <2m.
We define the matrices as follows:
ap -+ ai

A= . - s eF

dsy - dsr
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. . . rXu
B=|: . |er
brl bru
Cl1 Clv
c=|: - | eFY
Crl1 0 Cpy

Here, A is of dimension s x r, while B and C are both r x u and r x v matrices, respectively. Each entry a;; is sampled
uniformly from the set {xi, ..., x,}, whereas the entries b;; and ¢;; are linear combinations over the same variable set.
When u = v, B and C share the same dimensions, forming a symmetric instance.

Define E; =A-B and E; = A-C, and let the map P = (E;, E;) : F* — F™. This map consists of m = s(u+v)
components, each being a homogeneous quadratic polynomial in F[x;, ..., x,]. The associated quadratic forms are
designed to have rank approximately 2r.

Let S :F?* — F?" and T : F?" — F?" be two affine invertible maps. We define the obfuscated polynomial map P by
composition:

P:SOPOT.

To use P or its disguised version P in our signature construction, we next introduce a method for finding a solution
to the equation P(x) = y. The procedure is as follows.
Solution 2 Next, we demonstrate the solution to the equation P(x) =y to obtain a x = (xj, ..., x,) for given y =

()’1 PRREES) }’m).
1. In the first, we define two matrices as follows:

Y1 »2 ceo Yu
El _ yu.-ﬁ-l yu.-Q—Z Y?u c o
Ys—Dut1  Y(s—Dut+2 -+ Ysu
and
Ysu+1 Ysu+2 cee Ysutv
_ Ysu+v+1 Ysu+v+2 ceo Ysu+t2v x
E, = . e v,
yqur(sfl)erl ysu+(s71)v+2 ceo Ysutsv

2. In the second stage, we aim to locate a vector x € F" satisfying P(x) = y. Define A = A(x). If A has full row rank
r, then there exists a matrix T € F"*S such that T - A = I, with I being the r x r identity.
Given E; = AB, E, = AC, we obtain:
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T -Ey=B, T E,=C.

Interpreting the entries of T as fresh variables, we construct a system of r(u+v) equations involving sr+ n variables.
Eliminating sr entries associated with T', we derive approximately r(u+ v —s) equations among the residual variables.

This system typically possesses low dimensionality. By Gaussian reduction (as described in Section 2.9), we can
eliminate most variables-say y-and express them via the remaining unknowns. Substituting these into the polynomial
system P, we obtain m quadratic constraints over n — ¥ variables, solvable by the relinearization method [22].

If Rank(A) < r, reinitialize A, B, C and restart. In the case of P, we solve P(x) =y by computing S~! (y) = z, solving
P(w) = z, then deriving x = T~ (w).

Definition 3.3 Given a pair (x, ¢) € IE"; X Ly, we define the mapping

[ x Ly = FNK, f(ppk, x, ¢) = Q- (S1+xP) +H-P(cT),

where the tuple ppk = (H, Q) originates from the KKS framework construction described in Section 3.1. The nonlinear
transformation P corresponds to Definition 3.2. Furthermore, matrices satisfy P; € GL(k, F,n) and S| € GL(m, Fy).

Solution 3 To establish the trapdoor collision property of the function f, we present a constructive procedure for
generating such collisions.

Assume an input of the form (x1, ¢;) € Fgm X Ly is available and and another vector x; such that x; # x;. We then
define the collision generation algorithm Coll(psk, (xi, c|), x2) as follows:

(i) Compute the vector

T T k
v :(Sl*lelfSl*sz]) EIqu,

using the trapdoor matrices S and P;.
(i1) Solve the linear equation

0Vl =H-T,

to determine a value ¢ € Ly, ). This step employs the signing procedure of the KKS scheme as described in Section 3.1,
where c serves as the signature corresponding to v.
(iii) Obtain ¢, by solving

P(ch)y=c" +P(ch).

The solution method for this equation follows the approach detailed in Solution 2 for equations of the form P(x) = y.
Finally, set

¢y = Coll(psk, (x1, c1), x2).
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The resulting collision is formed between the (x1, ¢;) and (x2, ¢2), with x1, x», and ¢; defined as above, and ¢; €

Ly, 1,- To ensure uniformity, we require that for uniformly chosen x; and x,, when ¢, is sampled from L, and ¢, from

Ly, , 1,)» then the output distributions of f remain indistinguishable to any efficient adversary:

{f(ppk, x1, c1) | c1 < La} ~comp {f(pPk, X2, 2) | €2 = Ly, 1)} -

Thus, under the trapdoor framework, f operates as a chameleon hash function.

Additionally, suppose we are provided with a specific input (x;, ¢1) € F’;m x Ly and an alternative vector x, # x;.
Then, by invoking the trapdoor-based algorithm Coll(psk, (x1, ¢1), x2), one can determine the corresponding c;.

By the triangle inequality, it follows that

- < ||C2|| <l+1.

To verify correctness, observe that

f(ppk, x2, ¢2) = Q- (Sixx2P1)" +H-P(c])
=Q-(S1*xP)T +H-P(c])+H-"
=0 (SixmPi—v)" +H-Pe])+H-c
=Q-(Si*xxiP) =0V +H-P(c)+H -
=Q- (S *xP)T +H-P(cT)
= f(ppk, x1, c1).

This confirms the validity of the trapdoor collision construction.
Theorem 3.4 Let N, K, k, 1, I, [ be positive integers such that [} < I, < [, and let h(-) denote the g-ary entropy
function. Suppose the following inequality holds:

41 +21
N—K—N-h( z+v 2) > 1.

Assume that & is one of the following hard problems:

DSD(N, K, 1), DRSD(N, K, I),extDSD(N, K, |15, I4+1,), orextDRSD(N, K, |15, I4+1,). Also, the KKS signature
scheme is assumed to be one-time strongly unforgeable for (/;, />, Q, H). and that the KKS signature scheme is one-
time strongly unforgeable under the parameters /1, I, O, H. Under these assumptions, the function f as introduced in
Definition 3.8 satisfies the Chameleon hash function properties.
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Proof. The conclusion follows directly from the construction of trapdoor collisions described in Solution 3, together
with the security framework established in Theorem 3.8. The collision-resistance and trapdoor properties of f are thereby
rigorously demonstrated.

Denote [F := [F,, the finite field with ¢ elements, let 0, v € Z be positive integers with n = o +v. Define the sets

Vv={1,2,...,v} and O={v+1,v+2, ..., n}.

Definition 3.4 Consider the map I' = (py, ..., p,) : F" — F°, where the polynomials py, ..., p, are given by

pi= Y (xj(.f)kxjxk—k ) ﬁ;f>kxjxk+ ) }/Ei)xj+5(i)
j, kev jev, keo jevuo

where the coefficients a}i)k, ﬁ;f)k, y/(-i), and 81 are randomly chosen from the field F. Notably, the variables xy, ..., x,, are
not fully mixed in the polynomials py, ..., p,.
The polynomials py, ..., p, each contain a homogeneous quadratic component, representable in the form p; = x P'x

fori=1, ..., 0. Owing to the structured nature of p;, the associated coefficient matrices M’ take the block form:

AVXV BVXO
C()XV 0())(()

This configuration enables the efficient inversion of the quadratic transformation I', which forms an underdetermined
system comprising o equations over o + v unknowns. By assigning values to v of these variables (e.g., x, ..., x,), the
system reduces to o linear constraints involving the remaining o variables x, 1, ..., X,, and then efficiently resolved using
row echelon form transformation.

Remark 3.2 To solve the equation I'(y) = z, one typically assigns values to the subsetyy, ..., y,, and substitutes them
into the polynomials py, ..., p,. This transformation yields a system of o linear expressions in 0 unknowns yyy1, ..., yy,
which can subsequently be solved via matrix reduction process. If the system admits no solution, alternative values for
X1, ..., X, may be selected and the procedure repeated.

Definition 3.5 Given inputs (x, ¢) € IE"; X Ly, we construct the mapping

f:]F];m XLd HF;Vm_K7
f(ppk, x, ¢) = Q- (Sy*xP))" +H-T(T(c"))

Here, parameters ppk = (H, Q) are taken from KKS construction introduced in Section 3.1. The component I is
defined in Definition 3.4, with P, € GL(k, Fyn), Sy € GL(m, F,),and T € GL(N, Fyn).

Solution 4 We propose a procedure for generating trapdoor-induced collisions in the mapping f described in
Definition 3.8.

Consider two input pairs (x, ¢1) € ]F’;m x Ly and x # x1. Define a collision constructor Coll(psk, (x1, c1), x2) as
follows:

1. Compute v = (S1%x1P) — 81 *x2 Py )T S IF’;,,, using the trapdoor elements S; and P;.

2. Solve Q-vI =H ¢! forc € Ly, . 1,) using the KKS signing mechanism as described in Section 3.1, and associate
c as the signature of v.
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3. Determine ¢ by solving To T(c]) = ¢ +ToT(cl), and set ¢; := Coll(psk, (x1, 1), x2).
The constructed collision involves two distinct tuples (x1, ¢1) # (x2, ¢2) such that

{f(ppk, x1, c1) | e1 = La} = { f(ppk, x2, c2) | c2 <= Ly, 1)}

thereby satisfying the uniformity condition characteristic of Chameleon hash functions.
Based on this construction, we can derive the equivalence:

F(ppk, x2, ¢2) = Q-(Sl*szl)T-l—H-FOT(cg)
=0 -(S1*x2P) +H-ToT () +H-c"
=Q-(S1*x1PL—v)T +H-ToT(c])+H "
= Q- (S1*x1P) = Qv +H -ToT(c[)+H "
=Q-(Si*xxiP)" +H-ToT(c])
= f(ppk, x1, c1).

Theorem 3.5 Let N, K, k, [y, [, [ be positive integers with [ < [ < [, and let 4 denote the entropy function. Assume
the inequality

41 +2
N—K—N~h< ljrv 12) >A

holds. Further suppose that one of the following problems is computationally hard:

2 € {DSD(N, K, 1), DRSD(N, K.,I), extDSD(N, K, I—b, I+1,), extDRSD(N, K, I—L, I+1)},

and that the KKS signature scheme is one-time strongly unforgeable under parameters /1, /5, Q, H. Then, the function f
in Definition 3.5 meets the properties of a Chameleon hash function.

Proof. The conclusion follows from the trapdoor collision procedure detailed in Solution 4, combined with the
analysis in Theorem 3.8.

Next, we extend the construction in Definition 3.4 to a hierarchical multilayer framework. This enables a more
compact design, reducing both key and signature sizes while improving the scheme’s overall efficiency.

Let V ={1, 2, ..., n}, and suppose there exist integers vi < v, < --- < v, = n, forming nested index subsets
Vi={1,2,..., v} forl=1, ..., u, with the inclusion chain:

vicv,c---cV,=V.
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The incremental size between successive layers is denoted 0; = v;+| — v;, and the corresponding difference sets are
defined as 0; =V \V;, fori=1, ..., u—1.
Definition 3.6 For each layer /, define the polynomial space f; consisting of quadratic forms of the structure:

Z Qi, jXiXj+ Z Bi, jxix;+ Z Yixi+1,

€0y, jeV; i, JeVi i€Vt

where coefficients «;, j, fi j, ¥ € F, and n € IF are randomly selected.

Here, variables in O; are referred to as O-variables of layer /, while those in V; serve as its V-variables. The
corresponding polynomials are termed /-layer OV -polynomials. Clearly, the inclusion f; C f; holds for i < j, indicating
nested structure across layers. This relationship is reflected by the recursive form:

Vig1 =ViU0;.

Definition 3.7 Let I' be a mapping from &" to k" "1, defined as:

C(xr, ooy x0) = Tr(en, ooy X))y ooy Tumt (e, ooy x0)) = (Ti(xa, ooy X))y ooy Doy (21, -0y ).

Here, function I'; comprises o; independently chosen quadratic forms sampled from the polynomial family f;, where
the coefficients are randomly selected over a finite field.

The structure of I" involves u — 1 hierarchical layers. In the initial layer, the set {I', ..., I';, } corresponds to
o1 polynomials, where x; € Oy act as O-type variables and x; € V| serve as V-type variables. At layer i, the set
{41, ..., Iy, } contains o; polynomials, with O; and V; defining the respective O-and V-variable sets.

This layered formulation gives rise to the following incremental variable compositions:

[—xla "‘uxvl]; {xv1+17 "'a-x\/Z}
[xl7 "'7-xV2]; {x\)2+17 "'axV3}
B ST P oH L  CT
[xla ---axvu_1]; {xvu,]Jrlv ...,)Cn}

In this scheme, each row represents one hierarchical layer, with variables in brackets interpreted as V-type variables
(used in the polynomial expressions), and those in braces indicating newly introduced O-type variables. The V-set at each
level recursively accumulates all previous variables. Consequently, I" establishes a polynomial transformation constructed
over u — 1 nested layers.

Volume 6 Issue 4|2025| 4665 Contemporary Mathematics



Solution 5 Let L; and L, be two independently chosen invertible affine linear transformations, where L; acts on
k"= and Ly on k. Given a target vector Y' = (3}, ..., y,_,,) € K"*1, our objective is to find a solution to the following
system:

LioToLy(xy, ..., x,) =Y.

We begin by composing both sides with L7 !, which results in:

FOLQ()C], LR )Cn) :Y/v

where ¥/ = L 'Y is the transformed output.
To proceed, we must invert the map I', which reduces the task to solving:

Clxp, ooy %) =Y =G, ..., y‘;_vl).

The inversion procedure begins by assigning random values to the variables x, ..., x,,, and evaluating the first
component layer I'j, which corresponds to the initial 0; entries of ¥/, that is,

1:‘l :(.)-/la L) .)_)/01)'

It leads to a a system of oy linear equations in o; unknowns x,,+1, ..., X,,, which is then solved to determine
corresponding variable assignments. As a result, all variables in the set V; are resolved.

Subsequently, these known values are plugged into the second layer of equations, yielding another linear system of
size 0;, from which the values in V3 can be derived. This process is repeated iteratively across layers until all coordinates
X1, ..., X, have been computed.

If at any stage the resulting linear system lacks a solution, the procedure is restarted by sampling a new random
initialization for xi, ..., x,,. According to the analysis in [23], this iterative decoding strategy succeeds with high
probability, provided the number of layers remains within a tractable bound.

Finally, the inverse transformation L !'is applied to the solution to recover the preimage X’ = (¥}, ..., x},), which
constitutes a valid signature for the given output Y’.

If the dimension of Y is large, the same strategy applies to Flash-type schemes [24], where one first hashes Y’ and
then signs the resulting digest. The following definition and theorem are derived from this framework.

Definition 3.8 Let (x, ¢) € IF’; x Ly be a given input. The function f is defined by:

FiFox Ly =YK f(ppk, x, ¢) = Q- (Vixalh)" +H -Tos(cT),

where parameter ppk = (H, Q) is derived from the KKS signature system introduced in Section 3.1. The map I is defined
in Definition 3.7, and the matrices satisfy Uy € GL(k, Fyn), Vi € GL(m, F,;), and S € GL(N, Fn).

Theorem 3.6 Let N, K, k, [1, I, [ be positive integers such that /; < I, <[, and let & represent the entropy function.
Suppose the inequality
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41 +21
N—K—N~h< ;2)>/1

is satisfied. Assume further that the following computational problems are hard: DSD(N, K, I), or both DSD(N, K, 1)
and extDSD(N, K, I — 1, 1+ 1), or alternatively, extDRSD(N, K, | — I, [ +1,). Also suppose that the KKS signature
scheme provides one-time strong unforgeability for the parameters /1, /5, O, H. Then, under these conditions, the function
f defined in Definition 3.8 behaves as a Chameleon hash function.

Definition 3.9 Let E be a finite field that extends F, with degree n, and suppose there exists an isomorphism ¢ :
7 — E. We define a univariate polynomial transformation ¥ : E — E given by

qi+q;<D qi<D
P(X)= ) ouXUTU4 ) XYty
i, j=0 i=0

where the coefficients @;;, B;, ¥ are independently sampled from E.

Given this structure, we define the induced map ¥ := ¢ ! o ¥ o ¢, which acts as a quadratic mapping on the vector
space 7. To conceal its internal algebraic structure, set & = So YoT, where S and T are invertible linear maps over Fg.
We define:

I''=SoWoT.

This results in I" being a quadratic transformation from Fy to Fp.

Remark The structure of I'(x) admits several generalizations, including incorporating higher-order terms into ¥ or
modifying the underlying field. The degree parameter D significantly impacts the invertibility of ¥(X), which is critical
in the context of signature generation.

Specifically, inverting ¥ requires solving a univariate polynomial equation of degree D, and the computational burden
is closely tied to the size of D. A large D increases complexity, so it must be selected judiciously to balance security and
efficiency.

Since ¥ is not a bijective map, not every w € Fy will necessarily admit a preimage z such that I'(z) = w. To resolve
this, we employ a retry mechanism by introducing a counter r € N.

If the inversion fails for a given w, we increment r and compute a new target w <— i(w|| r) using a hash function .
The procedure is iterated until a valid preimage z is found such that I'(z) = w.

Solution 6 We now outline the process for solving the equation I'(z) = w:

1. First, invert the affine map S to derive:

x=5"'w)e Fy,

then transform the result into the extension field E through the isomorphism ¢, i.e.,

X = ¢(x).
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2. Resolve the univariate polynomial equation ¥(Y) = X over E by means of algorithms like Berlekamp’s
method [25] or the Cantor-Zassenhaus algorithm [26]. If no solution Y € E is identified, increment a counter r =0, 1, ...,
compute a fresh hash value

w=nh(w|r),

and restart from step 1.
3. Once a valid Y is identified, use the inverse of ¢ to revert back to the vector space:

y= ¢71(Y) € ]ng
then utilize the inverse of T to derive the signature:
z=T"'(y).
Definition 3.10 Let (x, ¢) € ]F',; X Ly be a given input. We define the function as:
U ]Fll;’" XLg— F}l;]miK’ f(ppk, X, C) =0- (Sl *xpl)T +H'F(CT)’

where the public parameters ppk = (H, Q) are obtained from the KKS framework described in Section 3.1, T is the
nonlinear mapping from Definition 3.9, and the matrices satisfy P; € GL(k,Fyn), S| € GL(m, F,).
Definition 3.11 We extend the univariate map ¥ : E x FV — E to the following structured form:

'P(X7 Xly onns xv): Z (073 jXqi+qj+ Z Bi(xl, ...,xv)Xqi+’)/(X1, ...,xv),
gi+q;<D qi<D
i, j=0 i>0

where the coefficients ¢;, ; are drawn uniformly at random from E, and the functions f; : F¥ — E and y: F” — E are linear
and quadratic.
We define

¥=0¢loWo(¢xid,),

resulting in a quadratic transformation from "1V to F", where id, is the identity on F”.
This transformed map is composed with two linear or affine mappings:

S:F"-F"% and T:F""V —F"",

which yields the final mapping:
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IF=So¢p 'oWo(p xid,)oT : " — F" .

Solution 7 We now illustrate how to solve the equation I'(z) = w, given w € IFy ¢, using the structured map I" defined
previously.

1. Compute the preimage x € Fj such that § (x) = w, where S is the affine transformation. Lift this vector to the
extension field E, and denote it by X.

2. Sample random values for V = {xi, ..., x,} and plug them into the multivariate map ¥ to generate a univariate
polynomial ¥, : E — E with parameters fixed by the chosen x;.

3. Determine the solution of the equation ¥, (¥) = X over E, e.g., via Berlekamp’s algorithm [25]. Ifaroot Y € E
is found, proceed. If no solution exists, return to step 2 and choose a new set of V.

4. Map Y back into the vector space viay' = ¢~ (¥) € [, then concatenate the sampled variables xy, ..., x, to
construct

y=0"llx - Ilx) €Fg™.
5. Finally, reverse the linear transformation 7 to recover the signature:
z=T"'(y).
Definition 3.12 Let (x, ¢) € F5 x L;. We define the function
[T x Ly — Fl ¥
as
f(ppk, x, ¢) = Q- (S1%xP))" +H-T(c"),

where ppk = (H, Q) is the public parameter generated by the KKS scheme introduced in Section 3.1. The map I is
specified in Definition 3.11. Here, P; € GL(k, Fyn) and S| € GL(m, IF;) are randomly chosen invertible matrices.
Solution 8 To identify trapdoor collisions for the f in Definitions 3.10 and 3.12, we proceed as follows:
Assume we are given (x, ¢j) € IF’;,,, X Ly, a distinct input x, # x1. Introduce a trapdoor-based collision mapping

Coll(psk, (x1, ¢1), x2)

1. Compute the difference vector:

vl = (S1*xx1P—S) *)QPl)T S ]F];m
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using the known trapdoor components S; and P;.
2. Solve the following linear system:

oV =H-c"

to obtain ¢ € Ly, ;). This step utilizes the signing procedure of the KKS scheme (see Section 3.1) by treating v as the
message and computing its corresponding signature c.
3. Solve the equation:

(ch) =" +1(cT)

to determine ¢;. The computation follows the inversion methods detailed in Solutions 6 and 7, where the goal is to invert
[(z) =w forw=c! +T(cT). Finally, we assign ¢, = Coll(psk, (x1, c1), x2).

This results in a collision (x1, ¢;) # (x2, ¢2) such that both values map to the same hash output. For inputs x;, x
and ¢, ¢z € Ly, 1), the indistinguishability requirement implies:

{£(ppk, x1, 1) | 1 < La} = {f(ppk, x2, ¢2) | €2 = Ly, 1,1}

ensuring computational indistinguishability between the two distributions.
Hence, f satisfies the criteria of a Chameleon hash function.
Moreover, for a pair (x, ¢1) and another x,, the generated value ¢, via the trapdoor collision process satisfies:

-1 < ||C2H <l+1

by the triangle inequality. Additionally, we can verify:

Fppk, x2, c2) = Q- (S *xP)T +H~F(c2T)
=Q-(Si*x2P) +H-(T(ch)+ch)
=Q-(Si*x1P—v) +H-T()+H-"
=Q-(Si*xP)T =0V +H-T(cH+H-T
=Q-(Si*x1P)T +H-T(cT)
= f(ppk, x1, c1)

Thus confirming that the function values collide.
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Theorem 3.7 Let N, K, k, 1, l», I be positive integers satisfying /; < I < [ and & denote the entropy function.

4] + 21
Suppose the inequality holds: N—K—N-h 4]:] 2) >, Additionally, assuming DSD(N, K, I) or DSD(N, K, I) and

extDSD(N, K, I =1, [ +1,) or extDRSD(N, K, | — I, [ + ;) problems are intractable and the KKS scheme is one-time
secure for parameters /1, I, Q, H. Under these conditions, it can be concluded that the function f described in Definition
3.8 operates as a Chameleon hash function.

Proof. Following the procedure for solving trapdoor collisions detailed in Solution 8 and the proof given in Theorem
3.8, the property can be readily established.

3.9 A novel two-tier signature framework

Chameleon hash functions provide the necessary structure to enable the construction of a practical one-time two-tier
signature scheme. While prior work has demonstrated that Chameleon hashing supports standard one-time signatures [6],
this work presents a new two-tier signature framework, aimed at enhancing security and mitigating vulnerabilities in such
schemes. As established in Section 3.2, we construct several instances of Chameleon hash functions, forming the basis
for implementing one-time or d-time two-tier signature schemes.

We define a non-adaptively strongly secure one-time two-tier signature system denoted as TTSigs = (PriGen, Sec-
Gen, TTSign, TTVerify), where the construction is built upon a Chameleon hash function f. The relevant definitions
for f, Ly, and Ly, 1, can see Section 3.2. The input message x lies in the space F’;m.

1. PriGen(1*): This step follows the key generation routine described in the KKS scheme from Section 3.1, where
the primary public key is ppk = (Q, H, Asss) and the associated private key is denoted psk = (G, J).

2. SecGen(ppk, psk): A random value ¢ < L, is selected, and the quantity
h=CHamHash(ppk; %; ¢) is evaluated for a representative public message £ € IF’;W,. This output 2 becomes the secondary
public key, i.e., spk = h, and the secondary secret key is given by ssk = (&, P, Py, S1, S2). (The function from
Definition 3.1 is invoked here; similar constructions are valid.)

3. TTSign(ppk, spk, x): The signer uses the trapdoor information (G, J) and the private key (P, P2, Si, S2) to

A

compute a collision value ¢ = Coll(psk, £, ¢, x). The resulting signature on the message x is ¢, where ¢ € Ly, 141)
4. TTVerify(ppk, spk, x, c): The verifier approves the signature if and only if the verification condition
f(ppk, x, ¢) = h s satisfied.

This one-time construction naturally extends to a d-time two-tier signature framework, see Definition 2.6.

4. Security analysis

In this section, we provide a rigorous security evaluation for the proposed schemes.

Theorem 4.1 If the new KKS scheme relies on computational intractability associated with SIS, and the public
key matrix H and generator matrix G are constructed to meet security requirements (such as sparsity and noise matrix
configurations), then the signature scheme satisfies the following security properties

* Resistance to forgery attacks,

* Resistance to Chosen Message Attacks (CMA),

* Quantum resistance.

Proof. Assume there exists a polynomial-time attacker 7 who can forge a signature 6 = (J, sy, x) or perform a
chosen message attack. We will show that these attacks are infeasible in the new KKS signature scheme by analyzing
each attack model in detail.

Resistance to Forgery: Signature generation depends on solving the SIS problem, which involves solving the
following equation:

Asis-xsis =x  (mod g),
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where Agyg is a matrix from the SIS problem, and x is the message digest. In the context of the KKS scheme, the SIS
problem is formulated as finding short vectors that satisfy this equation, which is computationally hard. Specifically,
finding a nontrivial solution to this equation is assumed to be intractable for classical computers and is believed to be
equally hard for quantum computers (with some possible polynomial speedup for quantum algorithms).

The hardness of SIS is a key cryptographic assumption in lattice-based cryptography, with widely accepted evidence
that the problem remains hard even for quantum adversaries. The quantum computer’s power, while significant, does
not provide an efficient way to solve lattice problems like SIS in high dimensions, making SIS a robust foundation for
post-quantum security.

Therefore, any attacker attempting to forge a signature must solve a problem that is assumed to be computationally
infeasible. Thus, the scheme is resistant to forgery attacks.

Resistance to Chosen Message Attacks (CMA): In a chosen message attack, an attacker selects a message m™* and
attempts to generate a valid signature. The signature generation process depends on the message digest x = H(m), where
H is a cryptographically secure hash function (e.g., SHA-3 or BLAKE3). The security of the scheme depends on the
collision resistance of the hash function, meaning that an attacker cannot generate two different messages m; and m; such
that H(m;) = H(my).

Since x = H(m), and given that H is collision-resistant, the attacker cannot generate a digest for any arbitrary message
without the private key. This property ensures that the attacker cannot forge a signature for a message of their choice.

Additionally, the introduction of the noise matrix E during signature generation adds an additional layer of
unpredictability. The noise matrix ensures that even if the attacker knows the digest x, they cannot reproduce the signature
for any other message. This randomness makes it computationally infeasible for the attacker to predict or control the
signature generation process, thus preventing the creation of valid signatures for chosen messages.

Quantum Resistance: The robustness of the new KKS signature scheme relies on the assumed intractability of
the SIS problem. Quantum computers, while offering speedups for certain problems (e.g., through Grover’s algorithm
providing quadratic speedup for unstructured search), do not provide exponential speedup for the SIS problem. The best-
known quantum algorithms for solving lattice-based task, including the Quantum Shortest Vector Problem (QSVP), do
not exhibit polynomial or exponential speedup in the context of the SIS problem.

While there is ongoing research into quantum algorithms for lattice problems, no algorithm has yet been proven to
solve the SIS problem efficiently in a quantum environment. Thus, the SIS problem remains computationally difficult for
both classical and quantum platforms, ensuring robust post-quantum security guarantees.

Hence, leveraging the assumed post-quantum intractability of the SIS problem, the new KKS signature scheme is
quantum-resistant.

Theorem 4.2 If f(ppk, x, c) satisfies the properties of a (z, €)-collision-resistant Chameleon hash function, then
for every positive integer ¢ > 0, the signature scheme TTSig achieves (', ¢, 1, €')-TT-EUF-NCMA security, where
'=t—0(q) and & =e—0(q).

Proof. Suppose there exists a PPT adversary .# capable of compromising the TT-EUF-NCMA security of 77 Sig ¢
under parameters (1', g, 1, €'). Then we can construct another adversary 4 that violates the collision-resistance of the
hash function f with complexity (z, €).

In particular, adversary % must generate two different input tuples (x, ¢) and (x/, ¢’) satisfying x # x/, satisfying

CHamHash(chhk; x; ¢) = CHamHash(chhk; x'; ¢').

Initialization of %: The challenger provides % with the public key chhk for the Chameleon hash. % sets ppk = chhk
to simulate the primary public key in the signature protocol and forwards it to .%. Since the trapdoor psk is not known to
A, it cannot generate signatures directly and must rely on a signing oracle to emulate the signing environment.

Simulation of Signing Oracle: In order to answer the signature requests from .%, % defines a simulated signing
oracle, denoted as NTTSign. Specifically, the oracle works as follows:
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NTTSign(xi, ..., Xg)

* Increment the counter i by one.
* Generate secondary keys:

(spki, ssk;) & SecGen(ppk, psk).

* For each queried message x;, where j =1, ..., g, generate signatures:

(of & TTSign(psk, sski, x;).

» Store the queries (x1, ..., x,) in the list ;.

* Return (spk;, o1, ..., Op).

Since A lacks the Chameleon hash trapdoor, it must simulate the signing process. For each queried message x;:
* Randomly select x; from the interval L, ;4,)-

* Compute:

h; = CHamHash(ppk; xi; c;),

where c; is randomly chosen from the valid range.

* Define the secondary public key as spk; = h; and return both spk; and the signature ¢; to .%.

Indistinguishability of Simulation: In the real scheme, secondary public keys are computed as spk; = CHamHash
(ppk; 0; r;), whereas in the simulation, they are computed as spk; = CHamHash(ppk; x;; ¢;). Due to the uniformity of
the Chameleon hash and the randomness of its parameters, these distributions are statistically indistinguishable. Thus, %
cannot distinguish between the simulated and real environments.

Extracting the Collision: When .# produces a forged tuple (x*, ¢*, i*), it must satisfy:

CHamHash(ppk; x;<; ci) = spky = CHamHash(ppk; x*; c*).

If (x*, ¢*) # (x+, i), then 2 outputs the collision:

((xi*7 Ci*)a (X*, C*))v

which successfully breaks the collision resistance of f.

Success Probability and Complexity Analysis:

* Success Probability: Since .# is assumed to forge signatures with probability &', % finds a collision in the
Chameleon hash function with at least the same probability €’. Therefore, we can conclude that £ <e— O(q).

* Time Complexity: The time complexity of Z includes the overhead of simulating the signing oracle, which incurs
an additional cost of O(g) for g queries. Thus, £’s total runtime is /' =t — O(q).
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Conclusion: If .Z successfully forges signatures with non-negligible probability €', then £ finds a collision in the
Chameleon hash function f with the same non-negligible probability. This contradicts the (¢, €)-collision resistance of f.
Therefore, TTSigy is (f', g, 1, € )-TT-EUF-NCMA secure, where &’ < € —O(q) and t' = — O(q). This completes the
proof.

Remark [Resistance to Practical Attacks] While the current manuscript primarily focuses on provable security under
formal models (e.g., EUF-CMA, IND-CCA?2), the scheme also exhibits inherent structural resilience against common
practical attacks, as discussed below:

* Resistance to Man-in-the-Middle (MitM) Attacks: The non-interactive design of the two-tier signature scheme
inherently mitigates MitM attacks. Signature generation and verification are unidirectional processes requiring no
interactive key exchange, challenge-response protocol, or session negotiation. The signer computes the signature solely
using the private key and message, while the verifier independently validates it using the public key and the message-
signature pair. Since no communication channel is established between the parties, the adversary lacks an intermediate
“relay point” to exploit. This architectural feature eliminates the classical vectors targeted in MitM attacks.

* Resistance to Denial-of-Service (DoS)/Resource Depletion Attacks: The scheme employs lightweight verification
based on sparse matrix-vector multiplications over finite fields, with polynomial-time complexity. This guarantees that
verification costs remain bounded and predictable. In practical implementations, further mitigation techniques such as
rate-limiting, client whitelisting, and pre-validation of signature structure (e.g., format and length) can effectively reduce
DoS threats.

* Resilience Against Side-Channel Attacks (SCA): Although the current manuscript does not provide a formal
leakage-resilience proof, the structure of the scheme supports standard SCA countermeasures. Sensitive components in
TTSign include:

- Trapdoor-based evaluation of the chameleon hash function f(ppk, x, c),

- Randomized decoding of rank syndromes,

- Generation of the sparse noise matrix £ and permutation seeds.

These operations can be implemented in constant time and benefit from regular linear algebra structures, allowing
masking and blinding. In particular:

- Sparse matrix routines reduce conditional branching and promote uniform memory access patterns, limiting timing
and power leakage.

- Hardware-based PRNGs further obscure secret-dependent behavior.

While a full empirical SCA evaluation is beyond the current scope, we acknowledge its importance and plan to
investigate it in future hardware-oriented implementations.

5. Comparison of the proposed signature scheme with prior works
5.1 Comparative assessment with established signature schemes

To highlight the strengths of the developed two-level signature architecture, we perform a comparative analysis with
representative post-quantum schemes, as illustrated in Table 2. In this evaluation, we select parameters such that the
complexity of practical information set decoding remains no less than 2*, which is essential for preserving the soundness
of the KKS assumption through the hardness of DSD(N, K, ¢) and exxtDSD(N, K, { —{», £+ {;) problems. Table 3
outlines the exact parameter configurations used.

According to Proposition 3.2 and Theorem 3.3, the value P provides the likelihood the signature weight deviates
from the target interval [¢], 5], and this probability should be sufficiently small to guarantee validity.

These post-quantum signature candidates exhibit varying levels of resistance to quantum threats. In general, their
robustness grows exponentially with the bit-security parameter A, aligning with the complexity of the most effective
known decoding or algebraic attacks. Our assessment considers the underlying difficulty of a range of cryptographic
problems, including the KKS assumption, SD, RSD, DRSD or SIS.
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Table 2. Comparison of two-tier signature framework with existing schemes

The signature schemes Field Two-tier signature Computational efficiency Hardness of problems
KKS variants [21, 27] F, (commonly g = 2) no efficient NP-hard
_ low practicality
CFS methods [15] F, (mostly g = 2) no (decoding and hashing cost ~ 2¢1) NP-complete
HORS [28] F, (typically g = 2) no acceptable NP-hard
Stern ID protocol [29] F, (often g =2) no efficient NP-complete
Cayrel-Véron-El Yousif [30] I, (where g # 2) no efficient NP-complete
AGS [31] F» no efficient NP-complete
Proposed two-tier design Fym yes efficient NP-complete

Table 3. Parameter settings in the designed signature

A N K n k I I l P

128 48,948 24474 892 43 396 496 893 < 27401
192 14,700 6,765 2,850 387 1281 1,569 2,069 <278%
256 19,600 9,020 3,800 518 1,706 2,094 2,894 <2 1476

5.2 Theoretical complexity analysis and comparison

We present a detailed theoretical analysis of the computational and storage complexity of our scheme and compare
it with several mainstream post-quantum schemes, including lattice-based and hash-based approaches.

5.2.1 Computational complexity analysis

The proposed two-tier signature scheme involves the following key computational procedures, each analyzed with
asymptotic complexity based on parameter dimension n and matrix sparsity rates.
1. Key Generation:

. . . N—K)xN
* Constructing a sparse parity-check matrix H € ]F(m )

involves randomly sampling a sparse binary matrix with
a given sparsity rate py, requiring approximately & (pg - N?) operations.

* The generator matrix is formed as G = G| + E, where G is a sparse structured matrix and E is sampled from a
Gaussian distribution over F ». The overall complexity of this matrix generation and addition is &'(pg, -n?).

* The verification matrix Q = H;G is computed via matrix multiplication. If both H; and G are sparse, the complexity
can be optimized to &'(py - pg - n?).

2. Signature Generation:

* Hashing the message to obtain the digest x = H(m) is assumed to take linear time &'(n), assuming fixed-output
cryptographic hash functions (e.g., SHAKE256).

* The encoding step u = x - G is a standard matrix-vector multiplication in F,n, requiring & (n?) operations.

* Solving the short integer solution (SIS) problem Ags - xs;s = x mod ¢ is the core of the second-tier signature.
While the worst-case complexity is exponential in the lattice dimension d, practical implementations using lattice basis
reduction algorithms (e.g., BKZ, LLL) typically run in polynomial or subexponential time, depending on parameterization
and target norm bounds.

* The partial signature vector s; is constructed by mapping or extracting a subset of the global signature vector, which
incurs at most & (n) operations.

3. Signature Verification:

» The full signature vector s is reconstructed, and the verification equation H -s” = Q-x is checked via matrix-vector
multiplication, which has a computational cost of &'(n?).
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« Additionally, the verifier checks whether Agjs - xg1s = x(mod ¢), which is also a matrix-vector operation of similar
complexity €' (n?).

All steps of the scheme, including key generation, signing, and verification, are bounded by polynomial-time
complexity under standard parameter regimes. Moreover, the use of sparse matrices enables further optimization in
real-world implementations, particularly in memory-constrained environments.

5.2.2 Storage overhead analysis

* Public Key: Includes the sparse matrix H, the verification matrix Q, and the SIS matrix Ag;s. Under parameters
such as n = 256, the total size can reach approximately 6.8 MB. Note: The public key size corresponds to the
uncompressed representation. In practical implementations, optimizations such as sparse matrix compression or seed-
based key generation can significantly reduce the size.

* Private Key: Composed of the generator matrix G and subkey elements such as the index set J, typically of size
O (n), much smaller than the public key.

« Signature: Includes the index set J, signature vector sy, and digest x. For n = 256, the estimated signature size is
around 5.8 KB.

5.3 Comparison with mainstream PQC schemes

Table 4. Comparison with mainstream post-quantum schemes

Scheme Public key size Signature size Main operations and complexity

Matrix operations;

Proposed (KKS + Chameleon)  ~6.8 MB (n = 256) ~5.8 KB SIS-based trapdoor with complexity &(n?).

Lattice-based;

pilithiun-Iil ~1.5KB ~2.7KB NTT-accelerated polynomial multiplication &'(nlogn).
Stateless hash-based scheme using
SPHINCS T~ SHAKE ~1KB ~41 KB Merkle trees and one-time signatures ﬁ(Zh).
Rainbow-I ~0.2 MB ~0.3 MB Multivariate scheme;

solving MQ systems via linearization &'(n?).

Observations in Table 4:

* The proposed scheme features a relatively small signature size, beneficial for low-bandwidth scenarios, at the cost
of a large public key-typical in rank metric/code-based schemes [32].

* Dilithium achieves high efficiency due to NTT-based polynomial multiplication, and is currently a NIST
standardized lattice-based signature scheme [33].

* SPHINCS+ minimizes key size but incurs a significantly larger signature due to Merkle tree traversal and Winternitz
one-time signatures, with overall time complexity roughly ¢'(2"), where / is the tree height [33].

* Rainbow offers compact signatures, but recent cryptanalysis has demonstrated full key-recovery attacks (notably
in 2022-2023), leading to its exclusion from the NIST Round 4 standardization process [34].

5.4 Security assumptions and extensibility

The security of our scheme relies on the following well-studied hard problems:

* Extended Rank Syndrome Decoding (extRSD): Given a parity-check matrix H and syndrome y, it is hard to
determine if y has a preimage of bounded rank weight. The best known attacks require time & (q<’"*’) (n=r) ), and parameters
are chosen such that (m —r)(n—r) > A for a A-bit security level.
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* Short Integer Solution (SIS): Finding a short vector x such that Agis-x =0 mod g, which remains hard even for
quantum algorithms.

Furthermore, the two-tier design-separating master and ephemeral keys-improves flexibility and supports message
reuse without compromising security. The use of chameleon hashing enhances non-transferability and enables designated-
verifier functionality.

The proposed scheme offers the following theoretical advantages:

+ Compact signatures: The signature size is considerably smaller than that of hash-based schemes such as
SPHINCS+, which helps reduce communication and storage overhead.

* Strong structure: The two-tier key separation supports multi-message signing with enhanced non-repudiation
guarantees.

* Post-quantum security: Based on extRSD and SIS, which are widely assumed to withstand attacks from quantum
adversaries.

While the public key size is relatively large, this is a well-known trade-off in rank-metric cryptography. Techniques
such as sparse matrix compression (e.g., CSR format), structured codes, and parameter tuning can reduce the overhead in
future optimized implementations.

This theoretical analysis substantiates the efficiency and security claims of the proposed signature scheme and
provides a sound response to the reviewer’s concerns regarding the absence of empirical benchmarks.

5.4.1 Performance comparison

Table 5 compares the performance of the proposed two-tier signature scheme with the original KKS scheme [21],
its improved version [27], and other representative post-quantum signature algorithms. Data for standard schemes such
as Dilithium, Falcon, SPHINCS+, Rainbow, and McEliece is derived from the NIST PQC Round 3 submissions and
reference implementations [33, 35].

Table 5. Comparison of signature schemes: efficiency and security

Scheme Efficiency Security
Original KKS scheme Large key/signature sizes reduce efficiency Potentially quantum-resistant
Improved KKS scheme More efficient than original KKS Post-quantum secure
Proposed two-tier scheme Optimized for practical use with matrix sparsity Post-quantum secure (based on extRSD and SIS)
Dilithium Balanced performance with moderate key/signature sizes Post-quantum secure
Falcon High efficiency with small signatures Post-quantum secure
SPHINCS + Higher resource demand due to large signatures Post-quantum secure
Rainbow Fast verification but requires a very large public key Broken by recent cryptanalysis [34]

Notes: Data for the original and improved KKS schemes is based on [21, 27]. Parameters for Dilithium, Falcon,
SPHINCS+, Rainbow, and McEliece are from official NIST PQC submissions [33] and reference implementations [35].

5.4.2 Performance optimization mechanisms and analysis

Sparse Matrices and Efficient Representation

The proposed scheme exploits sparsity in both the parity-check matrix H and the generator matrix G = G| + E, where
G is a sparse binary matrix and E is a Gaussian noise matrix generated via a cryptographically secure pseudorandom
number generator (e.g., SHAKE or AES-CTR). The sparsity rate py € {0.1, 0.3} enables reduction of the matrix operation
complexity from &(N?) to &(pg - N*). Further optimization is achieved by storing matrices in Compressed Sparse Row
(CSR) format, potentially reducing memory usage.

Post-Quantum Security Foundations

Volume 6 Issue 4|2025| 4677 Contemporary Mathematics



This scheme’s security assurance is based on two fundamental constructs.

* Full-rank sparse matrices: The parity-check matrix H is iteratively verified to be full-rank, ensuring the robustness
of the underlying rank-metric code even under sparsity constraints.

* Noise-augmented generator construction: The generator matrix G = G| + E introduces sufficient randomness
while enabling reduction to standard post-quantum hardness assumptions including hard computational problems like
Short Integer Solution (SIS) and Learning With Errors (LWE), which are widely regarded as resistant to attacks by
quantum-capable adversaries.

Potential Applications

Our two-tier signature scheme is designed to produce compact signatures and achieve non-transferability through
chameleon hashing, making it particularly suitable for the following applications:

* Blockchain and Smart Contract Signature Verification:

The scheme’s compact signature size is beneficial for low-bandwidth on-chain transactions and efficient signature
verification in smart contracts. Its non-transferability property also aids in preventing unauthorized signature reuse.

* Secure Digital Document and Messaging Systems:

The compact and robust signature structure can be effectively employed in secure email, document signing, and
digital rights management (DRM) applications to ensure data integrity and authenticity.

* IoT/Edge Device Authentication and Identity Signing (Optional):

Although the scheme features a relatively large public key, it can be selectively applied in loT/edge scenarios where
public key distribution is managed by a centralized or resource-rich server. In such cases, the compact signature size and
efficient verification process are beneficial for device authentication and secure identity signing.

6. Conclusions

This paper presents a novel and tightly-secure two-tier signature scheme that integrates Chameleon hash functions
with rank metric code-based cryptography. Through rigorous structural design and security reductions, the scheme ensures
non-adaptive strong unforgeability under chosen message attacks. The dual-layer structure, reinforced by hard problems
such as DSD and extDRSD, enhances resistance against algebraic and decoding-based attacks. Moreover, the formally
established link between signature security and the collision-resistance property of the Chameleon hashing mechanism
ensures sustained robustness.

Overall, this work contributes a quantum-resistant digital signature solution that balances theoretical rigor with
implementation feasibility, making it well-suited for future cryptographic infrastructures in the post-quantum era.
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Appendix A

Description of the trapdoor collision algorithm

Algorithm 2: Trapdoor Collision Algorithm (Col1)
Input: Private key psk with trapdoor matrices (S, P;), original pair (x1, ¢} ), target message x»
Output: Collision value ¢; such that f(ppk, x1, c1) = f(ppk, x2, ¢2)

1 Step1l: Compute the difference vector

V< S] *x1P) — S] *XxP.
2 Step2: Solve the linear system
Qv =H-c',

with solution c¢ satisfying ||c|| € [I1, l»]. This is typically solved via the KKS signature process.
3 Step3: Setcy < candreturn it.
4 Step4: Returnc;
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Appendix B

Theorem 3.1 security reductions

We let A be the security parameter. We say that an algorithm (or advantage) is polynomial-time (resp. negligible)
in A if it scales as poly(4) (resp. 1/poly(4)), where poly(A) denotes a polynomial function in A, such as A¢ for some
constant c.

Reduction to RSD/extDRSD

gfnfk) *" which induces a rank-

We recall that our improved KKS-based scheme involves a parity-check matrix H € F
metric code with large minimum distance. We show that any successful forgery or chameleon-hash collision can be turned
into an RSD/extDRSD solver.

Theorem B.1 [Reduction to RSD/extDRSD] Suppose there is a PPT adversary .of that forges a valid signature (or
produces a valid chameleon-hash collision) in our scheme with non-negligible probability €. Then there is a PPT algorithm
2 solving an RSD/extDRSD instance with probability at least € /poly(A ), contradicting the hardness of RSD/extDRSD.

Proof. Step 1 (RSD Instance Inpuf) Algorithm 2 is given (H, y), with H € Fip, ™" 9. By
assumption, there exists a low-rank x* such that H - x*7 = yT".

Step 2 (Public Key Embedding) % constructs the public key ppk = (H, Q, Ags, -..) by embedding H directly. The

other components (Q, Pi, P», Si, S») are generated according to the scheme. Thus, any real signature/collision must

and a target y € Fgﬁf

satisfy an equation involving H.

Step 3 (Simulating Signatures) When o7 queries a (one-time) signature on a message m, & simulates the signing via
standard KKS steps:

 Compute x = H(m) (the hash of m).

* Generate codeword u = x - G and solve the SIS part for xgis if needed.

* Output a signature o = (J, sy, x) with s; = u+ xgs.

The simulation is statistically or computationally indistinguishable from a real environment.

Step 4 (Forgery/Collision Extraction) Eventually, .7 outputs either a forged signature o* = (J*, 57, x*) for a new
message or a chameleon-hash collision (x1, ¢1) # (x2, ¢2). In both scenarios, we obtain an equation of the form

H-sT=0-x*T, or f(ppk, x1, c1) = f(ppk, x2, c2).

Due to the trapdoor structure, % can extract an auxiliary vector ¢* satisfying
H- C*T — yT

with rank(c*) < w (or rank(c*) in [Fmin, 7max) for the extDRSD case). Hence, ¢* solves the given instance.
Step 5 (Advantage Analysis) If of succeeds with probability €, Z finds ¢* with probability at least € /poly(4). This
contradicts the assumed hardness of RSD/extDRSD, completing the Proof. O

Reduction to SIS

Next, we show that the SIS-based component of our scheme (namely the short-vector solution required in the signing
procedure) yields a reduction to the SIS problem.

Theorem B.2 [Reduction to SIS] If a PPT adversary .« forges a signature in our scheme (without knowledge of the
SIS trapdoor) with non-negligible probability &, then there is a PPT algorithm 2 solving the SIS instance (Agjs, b) with
probability at least £ /poly (1), contradicting SIS hardness.
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Proof. Step 1 (SIS Instance) & is given (Asis, b), where Asis € Zy™™ and the goal is to find z with [|z]| < f s.t.
Agis-z=b (mod g).

Step 2 (Public Key) % embeds Ags into the scheme’s public key. Other matrices (H, Q, ...) are generated as in the
real system.

Step 3 (Oracle Simulation) For each message m that &/ requests a signature on, & solves the SIS part using the
real trapdoor (or direct knowledge) to produce a valid short vector xgis, ensuring ||xsis|| < . Thus, ¢ is valid and
indistinguishable from a real one.

Step 4 (Forgery Extraction) If <7 forges a new signature 6*, it necessarily contains a short vector g that satisfies

Agis-Fsis =x° (mod q), ||Fsis|| < .

With some additional manipulation (possibly re-centering %sjs), % converts ¥sjs into a solution z for (Agys, b).
Step 5 (Probability) Hence, if <7 wins with probability €, so does 2 up to a polynomial factor in A, contradicting
SIS hardness. O

Overall security implications

Our improved KKS-based signature and associated chameleon hash scheme rely on both the rank-metric code
structure (tied to RSD/extDRSD) and the short integer solution approach (tied to SIS). If either reduction holds, we
derive a contradiction to the presumed hardness of those underlying assumptions. Consequently, to break the scheme,
an adversary would need to solve either:

1. A rank-based decoding problem (RSD/extDRSD), or

2. A short integer solution problem (SIS),
both of which are conjectured to be infeasible for PPT adversaries at appropriate parameter sizes.

As a result, our construction achieves security under the combined assumptions of rank-based and lattice-based
hardness, offering resilience in a post-quantum setting.

Conclusion

We have demonstrated how any successful forgery or hash collision against our scheme can be transformed into an
algorithm solving either RSD/extDRSD or SIS. The reductions involve constructing a simulated public key, responding to
signing queries via either rank-metric trapdoors or SIS trapdoors, and then extracting a valid solution from the adversary’s
final forgery. In each case, the probability of finding a solution to the underlying hard problem is at least € /poly(4). This
shows that both the signature scheme and the chameleon hash function maintain collision-resistance, trapdoor collision,
and uniformity under standard assumptions in rank-based and lattice-based cryptography.
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Appendix C
Hybrid reduction for Theorem 3.8

In this section, we present a refined and more rigorous version of the hybrid reduction proof for Theorem 3.4, showing
how any collision attack against our chameleon hash function

f(ppk, x, ¢) = Q- (SyxxP)T + H-(SyxcPy)T

implies an efficient algorithm to solve either the SIS or RSD (resp. extDRSD) problem, thus contradicting their presumed
hardness.

Preliminaries and setup

Notation

* Let A be the security parameter, and poly(A) represent an unspecified polynomial in 7.

» We write || - || for a norm bound (in the SIS context, typically the ¢, norm or {. norm, depending on the scheme),
and rank(-) for the rank of a vector over an extension field in the rank-metric context.

* Agis € ZZX'" is the matrix used in the SIS problem. The goal there is to find a short non-zero vector z such that
Agis-z=0 (mod g) (or equals some specific b (mod g) if required).

*He ]F;’f{k)xn is the parity-check matrix used in the rank-based code, involved in an RSD instance: find x with
rank(x) <ws.t. H-xT =y,

Statement of the hybrid reduction

Theorem C.1 [Hybrid Reduction to SIS and RSD] Let

f(ppk, x, ¢) = Q- (S1xxP)T + H-(SyxcPy)T

be the chameleon hash function constructed in Section 3.1 (and extended in Definition 3.2-3.8). Suppose there exists a
PPT adversary </ that, with non-negligible probability €, outputs two distinct pairs (x;, ¢;) and (xz, ¢3) with x; # x»
such that

f(ppk, x1, c1) = f(ppk, x2, 2).

Then there exists a PPT algorithm 4 that, with probability at least €/poly(4), solves either:
* An instance of the SIS problem (short integer solution), or
* An instance of the RSD (or extDRSD) problem (rank syndrome decoding),

contradicting the hardness assumptions of SIS and RSD.

Proof of Theorem 3.2

Proof. We describe how to construct Z in a hybrid manner, depending on properties of the difference vector Ac :=
(02 —C] )
Step 1 Collision Equation By the collision condition, we have:
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Q- (S1xx1P) +H-(Saxe1P)' = Q- (Si%x2P)T +H - (SyxcaPy)”.
Rearrange to isolate differences:
Q- (Six(xi—x2)P1) = H-(Sax(ca—cn)Py) .
Define v := (x; —x2) and Ac := (¢; — ¢1). Thus,
Q- (SixvP)" = H-(SyxAcP>)".

Note that v # 0 since x| # x3.
Step 2 Embedding SIS We assume the scheme sets H in a form that can be decomposed as

H = Agis R,

where R is an invertible matrix over the relevant field/ring, and Agrs is a SIS matrix. (This approach is common in
lattice-based or mixed code-lattice-based constructions, where H can be embedded into an SIS context.)
We rewrite the collision equation:

Q- (S1xvP)" = Agis - [R- (S2xAcPy)"].
If
7 := R-(Sa%AcP,)T
has sufficiently small norm (e.g., ||z|] < B under some ¢ or /. metric), then we obtain a short, nonzero z satisfying
Agis-z = Q- () *vPl)T.

IfQ- (S vP)T is either 0 or some known vector h mod g, one can transform it to the homogeneous form Agyg -z =0
(mod g) or b accordingly. Thus z solves the SIS instance.

Hence, whenever ||Ac|| is small enough such that ||z|| < B, we derive an SIS solution.

Step 3 RSD Path if Ac is Not Short Now, if Ac (and thus z) is not guaranteed to be short, the SIS path fails. In that
scenario, 4 switches to a rank-decoding approach:

Q- (SixvP)T = H-(SyxAcP,)T.
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One can interpret (S» * AcPy) as a vector in [Fyn; let us denote this vector by ¢ € Fy,. Then we have

H~ET = Q-(Sl*vPl)T.

Using the trapdoor from the rank-metric KKS scheme, we can extract an X with bounded rank such that H - X" =
Q- (S1xvPy)T. This effectively yields an RSD (or extDRSD) solution, because X must have rank in a limited range (e.g.
[l1, I2] or < w), consistent with how the KKS signature scheme handles codewords.

In other words, if Ac is large in norm (so SIS-based bounding does not hold), it typically implies ¢ remains within a
rank-limited set (due to the scheme’s parameter constraints and the structure of ¢y, ¢, in L, or L[ll, 12]). Hence, 4 obtains
an X that solves H - 37 = y” fory:= Q- (S;xvP;)T, which is precisely an RSD instance.

Step 4 Combined Hybrid Conclusion Algorithm % runs «/:

* On input (Ags, H), it embeds H as H = Ag;s - R if SIS is the main target, or keeps H as is (with rank constraints)
if RSD is the main target.

* of returns (x1, ¢1), (x2, ¢p) forming a collision.

* % checks the norm of Ac = ¢ — c1. If || Ac|| < (threshold), 2 forms the short vector z for SIS. Otherwise, it proceeds
to extract an RSD solution from the rank structure.

In either case, # solves SIS or RSD with probability at least €/poly(A ), where the polynomial factor accounts for
repeated attempts, negligible distinguishing errors, or other simulation overhead.

Concluding Remarks Thus, the existence of a PPT collision-finder .27 for f directly contradicts the hardness of SIS
and RSD (or extDRSD). Consequently, under these standard assumptions, no PPT adversary can produce a valid collision
in our chameleon hash function with non-negligible advantage. O

Remark C.1 [On Parameter Choices and Norm/Rank Constraints] In practice, the scheme enforces a norm bound
(e.g. ||Ac|| < I») or a rank bound (rank(Ac) < w) within certain intervals (e.g. [; < ||Ac|| < I») to ensure that one of the
two cases (SIS or RSD) always applies. This is typically achieved by carefully choosing (n, m, k) for the rank-metric and
(g, B) for the SIS dimension and modulus, ensuring an either-or scenario arises, thus guaranteeing the soundness of this
hybrid reduction.

Remark C.2 [Advantage Loss and poly(A) Factor] As is standard in cryptographic reductions, whenever we pass
from an adversary’s success probability € to the solver’s success probability, we may lose a polynomial factor. This can
arise from repeating the simulation multiple times or from minor distinguishing errors in the embedding steps. Hence the
solver’s success is at least €/poly(A ), preserving non-negligibility if € was non-negligible.
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