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The Problem - Scaling zk-Rollups

Rollups need to aggregate thousands of proofs efficiently
Current state:

o  Monolithic proving: O(N) prover time for N transactions

o  Proof aggregation (SnarkPack, FLIP): reduces verification,
but prover still heavy

o Recursive SNARKSs: expensive, recursion step encodes
verifier, can require cycles of curves

o Folding?
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Folding Schemes

Nova - for R1CS
- Folding instances & witness constraint
- relaxed-R1CS arithmetization systems
- Transparent/Universal setup

- Any plain cycle of elliptic curves

- The prover sends cross-terms
- One single final proof
- Needs a Commit-and-Prove SNARK for cr-R1CS
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Folding Schemes

Sangria - Nova for Plonk arithmetization
- verifier's work is constant in the depth of the circuit .
- constants are worse than in Nova constraint

SuperNova - generalized Nova systems
- different functions at every step

- the cost of proving a step is proportional only to the circuit ' o ‘
size for that step

HyperNova - folding with sum-checks

- customizable constraint systems (CCS) ProtoStar - Improves HyperNova
- supports lookups with smaller
- supports lookups
overhead

- sum-check protocol for high-degree , ,
. . - sum-check protocol is not required.
constraints polynomial



 More Expressive ®

ProtoGalaxy - folding polynomial relations
- folding scheme for the relations R™" x Rk — R \where

R=R =@ w):¢=cmw) A f(w)=ol

for some degree-d polynomial-map f: FM — F",

- ¢m = an additively homomorphic commitment scheme
- The paper does not show a Decider for the final relation R@"
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Paradigms

Algebraic vs. Sumcheck-based folding

Algebraic: - closed algebraic transformation on the relation itself,
- involves evaluating and linearly combining polynomial constraints on the relation witnesses

Sumcheck: - phrase the folding as a claim about a big polynomial (or products of multilinear polynomials)
- use the sumcheck protocol to reduce the claim to a small humber of scalar checks

Algebraic Folding

Fold via random linear combination

Sumcheck Folding

Fold via sumcheck protocol

Pros: Constant rounds, small proofs, expressive
relations: arbitrary polynomial constraints

Cons: Trusted setup (KZG), prover costs (polynomial
evaluations, divisions)

Pros: linear proving time, transparent setup

Cons: O(log N) rounds, larger proofs, more involved
verifier, limited to linear/linearized relations
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Incomplete Solution

The Problem - Scaling zk-Rollups

zkRoll-ups need to aggregate thousands of proofs efficiently
New solution: Folding Schemes

Key bottlenecks:
Existing folding schemes:

no Decider (proof system) to verify the final instance
Some early works (Nova, FLIP) construct a decider, but are
R1CS-only

e State-of-the-art constructions: folding more expressive
relations w/0 a concrete decider (HyperNova, Protostar)

e No ZK by itself (need to have a final proof + hiding notion)




Missing Decider

The Problem - Scaling zk-Rollups

New solution: Folding Schemes
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Folding Schemes compatible with practical SNARKs relations:

e One-shot Folding

i i k
o scheme for expressive relations R * — R __,

o Rrand has an efficient Decider ‘

e Self-Folding

o scheme for flexible relations Ramk —R__.
the Folding verification is compatible with R___(min rounds)
allows for Incremental Verifiable Computation (IVC), PCD

hard to construct a Decider

o O O

<
\

We would like both IVC & Decider
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Lattice Folding

Lattice-fold
- inspired by HyperNova - sumcheck Log round
- assumption: Module Short Integer Solution (MSIS)
- Atjai commitments for the witness (small nhorm only)
- bit decomposition and range proofs

Lattice-fold+
- new purely algebraic range proof
- double commitments (commitments of commitments)

- avoids running Number Theoretic Transforms (NTTs)
- different encoding
- 'pay-per-bit" commitment scheme (efficient for small)

&

AN

Main challenges:

managing norm growth after
folding - range proofs
embedding fields from CCS
into polynomial rings in MSIS

.



Lattice Folding

Protogalattice

- Alattice-based version of Protogalaxy

- The first lattice-based algebraic folding scheme supporting
Plonkish

- Supports full PCD/ IVC

- Constant-round for folding via multivariate polynomials

- Bootstrapping to reduce accumulator norm

- Black-box Range Proofs for withesses norm bound
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Lattice Folding

SuperNeo [KS25] Latticefold+ [BC25] Cyclo [GLLO26] Protogalattice
[BNP26]
Folded relation* CCS/LCCS CCS/LCCS CCS/LCCS Arbitrary polynomials
Techniques HyperNova style HyperNova style HyperNova style Multivariate polynomial
sumcheck sumcheck sumcheck interpolation

Range proof

Binary sumcheck
proof

Wider proof, uses ring
monomials

Ternary sumcheck
proof

Ternary sumcheck proof

Proof size (277 ~100 KB ~100 KB 32 KB 6.52 KB
witness size)
# Rounds >60 >100 ~60 ~25

*Folding degree-2 Relations: R1CS




Folded
relation

Techniques

Range proof

Proof size (2%’
witness size)

# Rounds

SuperNeo
[KS25]

CCS/LCCS

HyperNova style
sumcheck

Binary
sumcheck proof

~100KB

>60

Latticefold+
[BC25]

CCS/LCCS

HyperNova style
sumcheck

Wider proof, uses
ring monomials

~100 KB

>100

Cyclo
[GLLO26]

CCS/LCCS

HyperNova style
sumcheck

Ternary
sumcheck proof

32KB
for 64 folds

~60

Protoga
Lattice[BNP26]

Arbitrary
polynomials

Multivariate
polynomial

interpolation

Ternary sumcheck
proof

6.52 KB
for 64 folds

~25

PikkuFold
[Osadnik26]

CCS/LCCS

HyperNova style
sumcheck

Approximate
proof*

~5-11KB
for 32 folds

>46

*Johnson-Lindenstrauss Projection



Recursion & Decider
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Proof Recursion %

/ Verify(m,) \ Verification Runtime
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Lmear Verfication

“in the size of the computation to be

verified
Exponential Growth!!!

IC | = 2|C

Verify1 SNARKl

- _ 2
|CVerify2| - 2|CVerify1| =2 |CSNARK|

> - - o3
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Proof Recursion

Needs Sublinear Verification!

"in the size of the computation to be

verified

IC | =2|C

Verify1 SNARKl

- _ 2
|CVerify2| - 2|CVerify1| =2 |CSNARK|
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Paradigms

Algebraic vs. Sumcheck-based folding

Algebraic: - closed algebraic transformation on the relation itself,
- involves evaluating and linearly combining polynomial constraints on the relation witnesses

Sumcheck: - phrase the folding as a claim about a big polynomial (or products of multilinear polynomials)
- use the sumcheck protocol to reduce the claim to a small humber of scalar checks

Algebraic Folding

Fold via random linear combination

Sumcheck Folding

Fold via sumcheck protocol

Pros: Constant rounds, small proofs, expressive
relations: arbitrary polynomial constraints

Cons: Frustea-setup-H<ZS), prover costs (polynomial

evaluations, divisions)

Pros: linear proving time, transparentsetup

Cons: O(log N) rounds, larger proofs, more involved
verifier, limited to linear/linearized relations



Algebraic Folding

Algebraic folding is the right fit for rollups

e  Expressivity: Supports arbitrary-degree polynomial constraints
o  Plonkish arithmetization
o  Custom gates (SHA256)
o  Lookup arguments

e Efficiency: Constant-round folding
o  Small folding proof: O(1) elements
o  Bigger prover costs

e Gap: No Lattice-based scheme with Decider



Open Questions ¢

Extensions:
o adding a Decider for end-to-end proving
o explore ZK for folding
o better NP representations: other arithmetization to capture lookups, custom gates
o fold instances for different relations, e.g. SuperNova

Collaborative SNARKSs / Folding schemes

Lattice-based folding schemes:

o Build a Decider
o Better range proof that maintains round complexity for IVC

Understand the IVC security implications for soundness - exponential loss in the
number of iterations

Machine learning ZK Proofs - can we use folding schemes?
67


https://eprint.iacr.org/2022/1758.pdf
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