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Abstract. Traditional light clients rely on validators committing to the
entire blockchain state at every block via a state commitment such as
a Merkle tree, allowing clients to verify facts using short proofs. How-
ever, maintaining large and ever-growing state trees imposes a significant
burden on validators and lies on the critical path of block production.
As a result, many modern high-throughput chains avoid this approach
altogether. This work asks whether efficient inclusion proofs can be sup-
ported without requiring validators to maintain full state commitments.
We present Guppy, a protocol that achieves this by having validators
commit to just the state updates. An off-chain, untrusted service, se-
cured by recursive Zero-Knowledge Proofs (ZKPs), then maintains a
verifiable Merkle tree over the full state. This design keeps validator
overhead negligible and does not increase the asymptotic complexity of
block construction. Our design rests on two key technical ideas. First, a
hash-chain commitment moves validator signature verification out of the
ZK circuit, keeping the proving circuit efficient. Second, we design a par-
allel recursive proving pipeline that leverages cheap recursion in modern
ZKPs to ensure latency grows only logarithmically with throughput. Our
Plonky2-based implementation demonstrates that Guppy can maintain a
Merkle tree of size 230 while processing thousands of updates per second,
adding only 2-4 s of latency.

1 Introduction

Light clients let resource-constrained devices, such as wallets on phones, IoT de-
vices, or smart contracts on other chains, verify facts about the chain with short
cryptographic proofs instead of downloading and executing the entire ledger.
The common design has validators commit to the entire state, of size M , with a
state commitment such as a Merkle tree of depth logM , as Ethereum [12] does.
Maintaining that commitment is costly because each update touches multiple
database entries, the state only grows over time, and the computation sits on
the critical path to finality. High-throughput chains [8,53] process thousands of
transactions per second and therefore do not maintain a full-state commitment
at all. Their light clients are left without a way to verify state.

Sunfish [38] shows that a weaker query is cheap to serve: the state of a value at
the checkpoint where it was last modified (we call each block a checkpoint). What
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applications need is completeness, the state of any object at any checkpoint,
for example a wallet’s current balance or a dapp’s package state. This raises
the question: can a blockchain support efficient light clients with completeness
without requiring validators to commit to the entire state? Efficient means that
proof sizes remain logarithmic in the system parameters.

Guppy answers it by having validators commit only to the state updates of
each checkpoint, not to the state. The difference is large: Sui holds roughly 230

objects but updates at most about 10k of them per second (about 0.001%). An
untrusted off-chain ZK service, akin to a ZK co-processor [5,19,28], maintains
a Merkle tree over the entire state and, after every checkpoint, proves with a
recursive zero-knowledge proof [6,7] that the new root is the correct successor of
the previous one under the checkpoint’s updates. The straightforward recursive
statement verifies the previous proof, verifies the checkpoint under the validator
keys, and applies the updates to the tree. Plonky2 [43] makes such recursion
practical, at about 6k gates and 0.3 s to prove. A client asking for the balance of
an address at height h receives a Merkle path and the proof, even if the address
last changed years ago. Because committee key rotations are infrequent (about
daily on Ethereum and Sui), clients can be expected to know the validator keys.

Instantiating this design on a high-throughput chain faces three obstacles:
validator signature schemes such as BLS are not ZK-friendly, extracting the
relevant fields (say balances) may require decoding the entire checkpoint, and
the proof must complete before the next checkpoint arrives because the previous
proof is one of its inputs, which is hard at thousands of updates per second.

Guppy-A (Section 3.2) removes the first two obstacles with one new header
field. Suppose checkpoint h sets the balances of addresses 0x123 and 0x234 to
30 and 100, and let Uh be the list of such updates. Each validator computes
the hash-chain head dh = H(Uh, dh−1) with a ZK-friendly hash (Poseidon),
in practice over fixed-size batches, and puts dh in the header of checkpoint h.
The circuit no longer verifies checkpoint validity; it exposes the chain head as a
public input, and the client checks that the head appears in the signed header (a
few hundred bytes) and verifies the validator signatures. Checking the head at
height h attests to every earlier checkpoint because heads are chained. The third
obstacle remains: every proof must finish before the next checkpoint arrives,
tA ≤ tbundle (middle row of Figure 1); our Plonky2 benchmarks (Section 4) cap
Guppy-A at about 290 updates/s for a tree of 230 streams, beyond which latency
grows without bound.

Guppy-B (Section 3.3) starts from the observation that the sequential de-
pendency is inherent to incrementally verifiable computation (IVC) [48] but
can be confined to a small recursive step. It splits the statement: non-recursive
base proofs, each covering a sub-bundle of updates, are produced in parallel
on many machines (the boxes labeled Spar in the bottom row of Figure 1), an
aggregation tree combines them, and a small cyclic proof (Sseq) verifies the pre-
vious cyclic proof and the aggregated proof, once per checkpoint. Only the cyclic
proof, whose cost is constant (0.63 s), must fit within the checkpoint interval, so
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Fig. 1. The Guppy protocols. The top row shows a blockchain producing update bundles. The middle
row depicts Guppy-A, which takes tA to prove a bundle. The bottom row depicts a simple version of
Guppy-B with two phases, which take tBpar and tBseq for the parallel and sequential phases respectively.

Guppy-A requires tA ≤ tbundle whereas Guppy-B requires tBseq ≤ tbundle.

Guppy-B sustains any throughput given enough machines. Because aggregation
is a tree, end-to-end latency grows only logarithmically with throughput.

We implement both protocols in Rust on Plonky2. The validator-side com-
mitment for 213 updates takes under 10ms. A one-month measurement of Sui
shows that a light-client service must sustain thousands of updates per second
at peak. On a distributed testbed of up to 15 AWS machines, Guppy-B with
14 machines processes 2,250 updates/s at a median latency of 4 s; microbench-
marks predict 8,571 updates/s at 3.15 s with 41 machines (Section 4). Guppy also
broadens what light clients can ask: the same mechanism authenticates streams
of events, balances, or objects (Section 2), including queries such as all events of
a given type at a checkpoint, which Ethereum’s state tree cannot answer.

Contributions. We make the following contributions:
– We present Guppy, the first protocol giving light clients completeness (cur-

rent and historical state of any supported stream) with negligible validator
overhead by adding one header field per checkpoint.

– We introduce the techniques that make Guppy scale: hash-chain commitments
that move signature checks out of the circuit, parallel base proofs, tree aggre-
gation, and a constant-cost cyclic proof, giving latency logarithmic in through-
put; many apply to other IVC-style computations.

– We implement Guppy and show thousands of updates per second at a few
seconds of latency.

2 Model

2.1 Blockchain model

We model the blockchain as a sequence of checkpoints (or blocks), where each
checkpoint is composed of contents, a header, and a signature from validators.
The checkpoint contents C consist of a list of transactions along with their exe-
cution effects, {tx1, tx2, . . . , txn}, where each txi contains both the original trans-
action and its effects [8]. Effects can contain information such as the outcome of



4 G. Danezis et al.

the transaction’s execution, its impact over the blockchain’s state, and the emit-
ted events [40]. The header H includes a checkpoint sequence number c unique
to each checkpoint, and most commonly it also includes a commitment to the
checkpoint contents; we will propose adding one field to the header.

Let pkchain be the current committee’s public key. The validators in the com-
mittee jointly sign the checkpoint header to produce a signature σ that can be
verified by running Sig.verify(σ,H, pkchain) using an unforgeable signature scheme
(EUF-CMA). Committee handoffs are authenticated at special checkpoints and
the genesis committee is public, allowing anyone to verify a committee by follow-
ing the sequence from genesis. We denote the contents and header of checkpoint
c by Cc and Hc respectively, assuming the presence of functions IsValid(Cc) and
IsValid(Hc) that verify their validity using the committee keys. Our model ap-
plies to any chain that has a signed-checkpoint semantics, such as Ethereum [12]
and Sui [8]. Ethereum uses an account model [12] where validators commit to
a Merkle tree root of all accounts and contracts at the end of every checkpoint,
whereas Sui uses an object model supported by a key-value store without a state
commitment to maintain high throughput.

2.2 Streams

We model blockchain data as a collection of streams. A stream S represents a log-
ical view of blockchain state evolution, defined as a key-value map from unique
stream identifiers (denoted id) to short stream states (denoted vid) or com-
mitments thereof, i.e., S = {(id1, vid1

), . . . , (idM , vidM
)}. Each stream evolves

deterministically as new checkpoints are processed using a function A, which
derives all stream updates from the current stream and a checkpoint’s contents:

Ubc
c ← A(S, Cc).

The output Ubc
c is the stream update set, a list of (stream identifier, new state,

new bit flag) tuples: Ubc
c = [(id1, v

′
id1

, eid1
), . . . , (idn, v

′
idn

, eidn
)]. The new bit flag

indicates whether the identifier is new or already exists; the updated stream S′

follows directly from S and Ubc
c . The size of the set Ubc

c is a key metric when
evaluating the performance of the Guppy protocols, and we use the term up-
dates/s (updates per second) to refer to the number of stream updates produced
or processed in a second.

Definition 1 (Stream). Given an identifier type, value type, and a stream
update function A, a stream S is a collection of stream identifiers and their
corresponding states: S = {(id1, vid1

), . . . , (idM , vidM
)}.

The stream abstraction is general and can represent a variety of indexing
schemes. An address-balance stream that tracks the balance of each address
uses the address as its identifier (e.g., id = 0x123) and the current balance as its
state. Its stream update function extracts all balance updates for this address
{p1, . . . , pn} from the checkpoint contents and updates the balance as v′id ←
vid+

∑n
i=1 pi. An event stream tracking all events of a given type uses the event
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type as its identifier (e.g., id = exampleContract :: exampleEvent) and a hash-
chain commitment of all matching events as its state, updating by extracting
matching events {p1, . . . , pn} and folding them into the hash-chain as v′id ←
H(H(. . . H(vid, p1), . . . , pn)). A blockchain may support object, address-object,
or custom developer-specified streams that define a stream update function over
filtered event types or the union of multiple event types.

2.3 Goals

Our goal is to support verifiable queries for the state of any stream at the end of
any checkpoint c, a property we call completeness. Let M denote the total num-
ber of stream IDs and n the number of stream IDs updated per checkpoint. Our
solution should fulfill two requirements. R1 (Completeness for varied streams):
Checkpoints must contain authenticated data structures that permit querying
the state of any of several streams at an arbitrary checkpoint. R2 (Light-weight
validator changes): The bandwidth, memory, and computational resources a val-
idator spends to build a checkpoint are linear in the size of the checkpoint (i.e.,
O(n)) and in particular do not depend on M . We do not place any restrictions
on the internal storage of validators, so it is acceptable if the internal storage
increases by O(M) to support a new stream.

2.4 API and Correctness

We next define the key APIs used by the three participants in Guppy: valida-
tors (Val), the ZK service (ZKS), and clients (Client). Validators produce a
stream update commitment dc for each checkpoint, which compactly commits to
all stream updates Ubc

c derived from that checkpoint. The ZK service maintains
a commitment over the full stream S (that consists of all stream identifiers and
their corresponding states) called the global stream commitment Dc. Clients are
interested in learning the state of a stream identifier id at a specific checkpoint c.
1. [Val] dc ← localCommit(Ubc

c ): Executed by validators before committing to
a checkpoint, this commits to the stream update set Ubc

c of the n streams
updated in checkpoint c, optionally taking prior digests as inputs.

2. [Val] Hc ← genHeader(c, dc, . . .): The checkpoint header generating function
is modified to include dc as a new field.

3. [ZKS] (Dc, Πc) ← processUpd(Dc−1, (Hc, U
bc
c )): The ZK service processes

the new checkpoint updates to advance the global commitment.
4. [ZKS] (v, π) ← readState(id, c): Returns the stream state after checkpoint c

for the stream identifier id along with a validity proof.
5. [Client] 0/1 ← verifyState(id, c, v, π): Verifies the validity proof assuming

knowledge of the public keys of the validator quorum.
Intuitively, a stream state (id, v) is correct at checkpoint c if it incorporates

all updates to id up to c and excludes any that occur afterward.

Definition 2 (Stream State Correctness). A stream state (id, v) is correct
at checkpoint c if there exists a checkpoint c′ ≤ c and a sequence of stream
updates Ubc

c′ , U
bc
c′+1, . . . , U

bc
c such that:
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1. For every c′′ ∈ [c′, c], the stream update commitment dc′′ = localCommit(Ubc
c′′)

is included in a valid checkpoint header Hc′′ i.e., IsValid(Hc′′) = 1.
2. The stream id is updated at checkpoint c′, i.e., (id, v, ) ∈ Ubc

c′ , and remains
unchanged thereafter: ∀ c′′ ∈ (c′, c], (id, ) /∈ Ubc

c′′ .

Merkle trees. The Guppy protocols use three standard Merkle-tree operations:
MT.vf verifies a leaf against a root, MT.vfAndUpd additionally updates the leaf
and returns the new root, andMT.insert appends a leaf at a given index (specified
in Appendix B.1).

3 The Guppy protocols

The ZK service maintains a verifiable commitment to all stream states {(idi, vi)}Mi=1

by processing each checkpoint within a ZK circuit, enabling efficient inclusion
proofs for clients to query any stream identifier at any checkpoint. Our main
protocols employ a Merkle tree because it supports efficient proofs even when
tracking all stream identifiers (e.g., M ≈ 230), effectively acting as an authen-
ticated full node. We first describe validator commitments (Section 3.1), then
present Guppy-A (Section 3.2) for moderate throughput and Guppy-B (Sec-
tion 3.3) for arbitrarily high throughput; Appendix C describes a hash-based
variant for a small fixed set of streams.

3.1 Validator commitment

Validators commit to the states of all streams created or updated in the current
checkpoint by partitioning the update set into fixed-size batches and hashing
them into a hash chain. Recall from Section 2 that each checkpoint Cc yields
a stream update set Ubc

c of size Nbc
c , consisting of updates pi = (idi, vi, ei).

Validators first partition Ubc
c into n = ⌈Nbc

c /b⌉ batches {B1, B2, . . . , Bn} of size
b, padding the final batch if necessary. They then compute a hash hi = H(Bi) for
each batch in parallel, and finally compute the stream update commitment as a
hash chain over these batch hashes, where the previous checkpoint’s commitment
dc−1 initiates the chain:

dc = H(. . . , H(H(dc−1, h1), h2), . . . , hn).

We denote this procedure compactly as dc = Hminnow(dc−1, U
bc
c ), which imple-

ments the localCommit function from the API in Section 2.4. The resulting chain
head dc is included in the checkpoint header Hc to fulfill the genHeader function.
Batching enables parallel commitment generation and later allows parallel proof
generation in the ZK pipeline.

3.2 A first attempt: Guppy-A

In Guppy-A, the ZK service processes stream updates in fixed-size bundles of
N = n · b updates, processing multiple bundles sequentially if a checkpoint ex-
ceeds this size. The service maintains a Merkle tree over all stream states, where
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each leaf stores the latest state (id, v) and empty leaves represent uninitialized
streams. It updates the tree verifiably after processing each bundle. Assuming
the circuit has processed all checkpoints up to c, its public inputs summarize the
current system state using the latest Merkle root Dc, the number of non-empty
leaves Lc, the latest validator commitment dc, and the checkpoint number c. The
circuit takes the most recent proof it has generated, the new bundle of stream
updates Ubc

c+1 = {(idi, vi, ei)} and their corresponding Merkle paths as inputs.
It first verifies the previous proof, and then applies each stream update: if an
existing stream is updated (e = 0) it verifies the Merkle path and updates the
leaf with the new value, whereas if a new stream is introduced (e = 1) it checks
that the insertion occurs at the next available leaf index indicated by L.

Circuit parameters and inputs. At setup time we fix and hard-code into the
circuit the tree depth d to support M = 2d stream IDs, the validator batch size
b, and the number of batches per bundle n so one invocation processes N = n · b
updates. Cheap recursion makes these parameters easy to change, since a new
circuit simply verifies the old proof in its base case and continues from there.
The private inputs are the previous proof with its public inputs along with the
old leaf, the new leaf, and the Merkle path for every update, while the public
inputs are pubc = {Dc, dc, Lc, c}. Appendix B.2 specifies the full statement SA.

Serving proofs to clients. To answer readState(id, c), the ZK service returns
the state together with π = {Πc,Hc, pathid}, which consists of the recursive
proof with its public inputs, the signed checkpoint header carrying dc, and the
Merkle path of the queried stream. The verifyState routine checks the Merkle
path against Dc, verifies the validator signature on the header and checks that
it carries dc and c, and finally checks the proof Πc (Appendix B.3).

Security theorem. We now state and prove the security of Guppy-A.

Theorem 1 (Guppy-A Security). Let B be a blockchain as modeled in Sec-
tion 2: a sequence of valid checkpoints whose headers are signed by the com-
mittee, with committee handoffs authenticated from a public genesis. Suppose a
client holding the committee key pkchain runs verifyState(id, c, v, π) against B as
specified above. If the verifier outputs 1, and if the following assumptions hold:
1. The signature scheme is existentially unforgeable under chosen-message at-

tack.
2. The hash function used in Hminnow and Merkle trees is collision resistant.
3. The employed ZK proof system is knowledge-sound for the statement SA (in-

cluding recursive verification).
then (id, v) is correct at checkpoint c of B, except with negligible probability.

Informally, the theorem holds because the hash-chain structure of the val-
idator commitment (Hminnow) ensures that verifying the signature on the final
header guarantees the correctness of all prior stream update commitments; this
relies on signature unforgeability and hash collision resistance. The knowledge-
soundness of the recursive ZK proofs further guarantees that all updates to the
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Merkle root match the stream updates. Appendix A gives the formal proof under
the stated assumptions.

Cost analysis. Let h denote the constraint cost of a single hash invocation and
r the cost of verifying one ZK proof. Each circuit invocation performs the ZK
verification costing r constraints, Merkle operations requiring 2 ·N · d hashes to
verify and update each leaf, and stream update commitments needing N +N/b
hashes to compute Hminnow, bringing the total cost to approximately r + N ·
h · (2d + 1 + 1/b) constraints. A key optimization in Guppy-A avoids verifying
validator signatures inside the ZK circuit, which would otherwise be prohibitively
expensive or require validators to adopt a ZK-friendly signature scheme.

Rather than proving each checkpoint individually, multiple checkpoints can
be processed together to amortize the fixed recursion cost r. However, this sac-
rifices the ability to query intermediate checkpoints. Whether this is an issue
depends on the use case and rate of checkpoint production. For example, the
Sui blockchain produces four checkpoints per second, so we believe batching
could be a reasonable approach. We explore the performance benefit of batching
concretely in Section 4.

Another benefit of batching is that it allows handling dynamic variations in
throughput. For example, if Guppy-A’s circuits can handle N updates, and if
two consecutive checkpoints have 1.5N and 0.5N updates, then processing the
two checkpoints together means that the ZK service just needs to process two
bundles instead of three.

Limitations. The main limitation of Guppy-A is its sequential dependency, as
each proof generation depends on the previous proof as an input and must com-
plete before the next bundle of updates arrives. If proving a bundle takes tA

and the blockchain produces a bundle every tbundle seconds on average, the sys-
tem requires tA ≤ tbundle; otherwise latency grows rapidly and the system stalls
(Figure 1). Our evaluation in Section 4 shows that Guppy-A can keep up with
roughly 290 updates per second for a Merkle tree of size 230.

3.3 Our main protocol: Guppy-B

We now present Guppy-B, an improved protocol that uses the same validator
commitment function Hminnow as Guppy-A but splits its monolithic statement
into smaller components that can be proven in parallel to sustain arbitrarily
high throughput. Every invocation of Guppy-B processes a bundle, which may
correspond to updates from one or several checkpoints and is subdivided into β
sub-bundles that act as the units of parallel processing. Each sub-bundle contains
n batches of b updates each, matching the batch size validators use. Assuming for
simplicity that all updates produced by checkpoint c fit into one bundle where
Nbc

c ≤ N , Guppy-B executes in three phases depicted in Figure 2. The parallel
phase first processes sub-bundles independently with a base circuit to update
the Merkle root from Dc−1 to Dc, yielding β base proofs. The aggregation phase
then aggregates these base proofs into a single proof using a tree of aggregation
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Fig. 2. Guppy-B with β = 4 base proofs and an aggregation factor of α = 2. Processing a bundle
happens in three phases: parallel phase (Spar), aggregation phase (Sagg) and a sequential phase (Sseq).

circuits. Finally, the sequential phase uses a cyclic circuit to verify its own pre-
vious proof together with the aggregated proof for checkpoint c, producing one
final proof per checkpoint.

Parameters. The protocol defines the tree depth d, the batch size b representing
updates per batch, and the sub-bundle size y where y mod b = 0 so the number
of batches per sub-bundle is n = y/b. It also defines the bundle size N where
N mod y = 0 so the number of sub-bundles per bundle is β = N/y, and the
aggregation factor α which determines that the proof tree has l = logα(β) levels.

1) Parallel phase. This phase chunks the bundle into β sub-bundles and runs
the base prover on each in parallel to prove the statement Spar, asserting that
the sub-bundle transforms the state {Dold, dold, Lold} into {Dnew, dnew, Lnew}. The
circuit closely mirrors Guppy-A, with the key differences that it does not recur-
sively verify a prior proof and it exposes both the old and new states as public

inputs. Assuming sufficient machines, this phase outputs β base proofsΠ
(i)
par while

completing in the time required to generate one base proof.

2) Aggregation phase. The aggregation phase combines the β base proofs into a
single proof using an aggregation tree. Each level-i aggregation circuit takes α
proofs from the level below (base proofs at level 0), verifies them, checks that
the outputs of one match the inputs of the next, and emits a combined proof.
The public inputs of each aggregation circuit match those of Spar. For example, if
β = 4 and α = 2, the system uses two level-0 aggregations that each combine two
base proofs, followed by one level-1 aggregation combining those two results as
shown in Figure 2. This phase is fully parallelizable, requiring β/αi+1 machines
at level i.
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3) Sequential phase. The cyclic circuit ties the system together by taking the last

sequential proof Πc−1
seq for checkpoint c− 1 and the aggregated proof Π

(c−1)→(c)
agg

for the current checkpoint bundle, verifying both proofs, and matching their
public inputs. Its statement Sseq, detailed in Appendix B.4, outputs the next
sequential proof Πc

seq to serve as the final proof for checkpoint c. The bottom
half of Figure 1 illustrates the special case where β = 1 and α = 1, whereas
Figure 2 shows a more complex instance with β = 4 and α = 2.

Several checkpoints per bundle. While the description above assumed Guppy-B
processes a single checkpoint per run, the system can process multiple check-
points at once by choosing a fixed time slot tbundle and treating all checkpoints
occurring in that slot as one bundle. As long as the updates produced in a slot
remain below N , Guppy-B operates normally and only requires that the constant
runtime of a single sequential phase invocation remains smaller than tbundle. Be-
cause we control the slot length and the sequential phase takes roughly 0.63 s as
shown in Section 4, any choice of tbundle ≥ 0.63 s avoids throughput caps. Fixing
the batch size b, sub-bundle size y, and aggregation factor α to support a target
throughput ρ updates per second leaves only the bundle size N , which we set to
N = y · ⌈ρ · tbundle/y⌉ so that it is a multiple of y.

Latency. Let tpar, tagg, and tseq denote the runtimes of the parallel, aggregation,
and sequential phases respectively. The parallel phase tpar = O(y) behaves as
O(1) since all sub-bundles are proved in parallel, the aggregation phase tagg =
O(l) performs O(1) work across l = logα(β) levels, and the sequential phase
tseq = O(1). Thus the end-to-end latency is

te2e = tpar + tagg + tseq = O(logα(β)).

Since β = ⌈N/y⌉ = ⌈ρ · tbundle/y⌉, the overall latency is te2e = O(logα(ρ)),
logarithmic in throughput. The number of machines Guppy-B needs to keep
pace with the chain follows from the three phase runtimes (Appendix D.2).

4 Implementation and Evaluation

We evaluate the Guppy protocols using a Rust implementation. It includes
validator-side commitment logic, Merkle-tree maintenance, and ZK circuits for
Guppy-A and Guppy-B built on the Plonky2 proving system [43] with its de-
fault recursion configuration (codeword rate 1/8, no zero-knowledge), as well as
orchestration and networking code for end-to-end evaluation on a multi-machine
testbed. In total, we have written 10.5k lines of code (4k for circuits/logic, 6.5k
for orchestration), and we are open-sourcing the entire codebase to enable full
reproducibility of our experiments.3 All benchmarks use AWS m6a.8xlarge in-
stances within a single data center, where each instance provides 12.5Gbps net-
work bandwidth, 32 vCPUs (16 physical cores) powered by a 3.6GHz AMD
EPYC 7R13 processor, 128GB RAM, and Ubuntu 22.04.

3 https://github.com/asonnino/minnow (commit 9c3075f)

https://github.com/asonnino/minnow
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Degree d 13 14 15 16 17

Proving time tproved (s) 0.32 0.63 1.29 2.77 5.96

Table 1. Plonky2 proving time by circuit degree
(g gates give degree ⌈log2 g⌉).

Degree

Streams (M) 14 15 16 17

210 300 850 1950 4100
220 200 500 1150 2450
230 100 350 800 1750

Table 2. Max updates per Guppy-A proof at
Plonky2 degrees 14–17 (batch size 50).

Plonky2 prover. We begin by benchmarking the Plonky2 prover on circuits
with increasing gate counts. A circuit with g gates has polynomial degree d =
⌈log2(g)⌉, and the corresponding proving time tproved is shown in Table 1; for
example, tprove14 = 0.627 s.

Data collection. We analyze one month of Sui blockchain activity (May 25 to
June 25, 2025) to estimate the throughput Guppy must sustain. We measure
the average number of updates per second, our baseline, and the maximum
number of updates in a single checkpoint, which multiplied by Sui’s average
checkpoint rate (4.12 checkpoints/s) gives a worst-case update rate. The events
stream averages 86.18 events emitted per second with a worst-case 1107 events
in a single checkpoint, corresponding to 1107× 4.12 = 4560.84 updates/s (peak
observed at checkpoint 146264685). The objects stream averages 336.09 object
updates per second with a worst-case 2114 objects updated in a single check-
point, corresponding to 2114×4.12 = 8709.68 updates/s (peak observed at check-
point 144662971). These measurements suggest that Guppy must handle several
thousand stream updates per second to support modern high-throughput chains.

4.1 Validator overhead

We measure the overhead that Guppy introduces on validators. Validators com-
pute the Guppy commitment each checkpoint by chunking the Nbc

c stream up-
dates into batches of size b, hashing each batch in parallel, and folding these batch
hashes sequentially into the running commitment dc (Section 3.1). Only this fold-
ing step is sequential, so the batch size b controls the degree of parallelism. Fig-
ure 3(a) shows the end-to-end time to compute dc for Nbc

c ∈ {2048, 4096, 8192}
using four CPU cores. A batch size of b = 50 strikes a good balance, keeping the
overhead below 10ms and ensuring a negligible validator-side cost for Guppy.
Since the largest checkpoint in our one-month Sui measurement carried 2,114
updates, a quarter of the 8192 measured here, the per-checkpoint commitment
cost is a small fraction of Sui’s 240ms checkpoint interval. We thus fix b = 50
for all subsequent experiments, noting that the batch size barely affects circuit
size: for a base circuit processing 1000 updates, batch sizes of 10, 100, and 1000
give 50000, 49890, and 49876 gates (Table 3).
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Fig. 3. (a) Time taken to compute the Guppy commitment using 4 cores for varying batch sizes
and update counts. (b) Amortized throughput of Guppy-A for different maximum stream counts M .
Each curve corresponds to a different proving interval, equal to the Plonky2 proving time at circuit
degrees 14–17 (see Table 1).

4.2 Guppy-A

We evaluate the performance of Guppy-A, where each circuit invocation pro-
cesses a fixed number of stream updates N and performs one recursive proof
verification. For a given maximum number of stream identifiers M (which fixes
the Merkle-tree depth d = log2(M)), increasing N increases the circuit size
and thus its Plonky2 proving time. We consider three choices for M , namely
M = 210, 220, 230, and for each M and each Plonky2 degree d ∈ {14, 15, 16, 17},
we determine the largest N such that the total number of gates still fits within
the corresponding degree bound. We compile the circuit at increments of fifty
updates and record the largest N before the gate count crosses a power-of-two
threshold (Table 2).

Since one Guppy-A proof is produced every proving interval tproved (for de-
gree d), the amortized throughput at that configuration is ρ ≈ N

tproved
updates/s.

Figure 3(b) plots this throughput for each M and degree d ∈ {14, 15, 16, 17} us-
ing the measured Plonky2 proving times from Table 1. When M = 230, Guppy-A
can handle 100 updates per proof yielding ≈ 159 updates/s at degree 14, 350 up-
dates per proof yielding ≈ 271 updates/s at degree 15, 800 updates per proof
yielding ≈ 289 updates/s at degree 16, and 1750 updates per proof yielding
≈ 294 updates/s at degree 17. Two opposing effects shape these curves: batch-
ing more updates into a single proof improves amortization of the recursive-
verification cost (Section 3.2), but Plonky2 proving time grows super-linearly
with circuit size, meaning overly large circuits reduce throughput. The first ef-
fect is visible for M = 230, where increasing the proving interval monotonically
raises throughput. The second dominates for M ∈ {210, 220}, where throughput
peaks at an intermediate degree (16) and additional batching yields negative
returns. For M = 230, the best performance is achieved by processing all the
checkpoints arriving in a window of 5.96 s at once, and Guppy-A then processes
about 294 updates per second; in practice one may prefer a shorter proving inter-
val to answer queries at finer time granularity. These numbers motivate Guppy-B
for high-throughput chains emitting thousands of updates per second. Plonky2
proof sizes for Guppy-A range between 120 and 150KB depending on the num-
ber of gates; at M = 230 and N = 800 (degree 16), the proof is about 141.48KB.
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Fig. 4. Theoretical (blue) and observed (red) median latency vs. throughput for Guppy-B. The
blue step curve corresponds to the special configuration in Table 5; each plateau reflects a fixed
aggregation level, and each step corresponds to adding a new aggregation level.

A full Guppy proof additionally includes the checkpoint header (roughly 300B
on Sui) and a Merkle path, for a total of around 150KB.

4.3 Guppy-B

Microbenchmarks. We configure Guppy-B with a fixed maximum number of
streams M = 230. The parallel circuit Spar is structurally identical to the Guppy-
A circuit except that it omits recursive proof verification, reducing its gate count
and allowing it to process more updates per invocation: 200, 450, 900, and 1900
updates at degrees 14 to 17 (Table 4). Each aggregation circuit verifies α proofs
and consists of approximately 4500 · α gates. The cyclic circuit verifies both
the previous cyclic proof and the final aggregated proof; its roughly 10k gates
give it Plonky2 degree 14 and proving time tseq = 0.63 s (Table 1). The key
design requirement is that the bundle interval exceeds this cyclic proving time,
tbundle ≥ tseq = 0.63 s.

Special configuration. For concreteness, we analyze a configuration with tbundle =
0.63 s, b = 50, y = 200, and α = 3. With these choices, both the parallel and
aggregation circuits fit comfortably within degree 14, so their proving times also
equal 0.63 s. If a bundle contains β sub-bundles (β = N/y), then the aggregation
tree has l = log3(β) levels. Thus, the end-to-end latency is te2e = tpar + l · tagg +
tseq = 0.63 · (2 + l) s. Bundles of up to 200, 600, 1800, and 5400 updates need
0, 1, 2, and 3 aggregation levels, giving predicted latencies of 1.26, 1.89, 2.52,
and 3.15 s at 317, 952, 2857, and 8571 updates/s on 2, 5, 14, and 41 machines.
Latency grows logarithmically in the bundle size while throughput grows linearly,
the main scalability advantage of Guppy-B; Table 5 tabulates these values and
Appendix D.2 derives the machine counts.

End-to-end evaluation. We evaluate the end-to-end throughput and latency of
Guppy-B on a distributed testbed of up to 15 AWS instances (one primary, up
to 13 workers, and one client) to assess its performance in a realistic deploy-
ment setting. For these experiments, we fix the bundle interval to tbundle = 0.8 s,
slightly larger than the theoretical minimum of 0.63 s from Section 4.3, to pro-
vide some breathing room for scheduling jitter and network variability. The
implementation uses the tokio runtime [46] for asynchronous networking and
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Fig. 5. Latency breakdown of Guppy-B by prover type, for bundle sizes of N = 200, 600, and 1,800
(1, 4, and 13 workers).

scheduling CPU-intensive tasks, as well as raw TCP sockets for inter-machine
communication. The system architecture consists of a single primary machine
and a configurable set of worker machines, where the primary receives bundles
of state updates, constructs the corresponding witnesses, and dispatches them to
the workers. Each worker computes both base and aggregation proofs, and once
all intermediate proofs are returned, the primary computes the final cyclic proof,
returns it to the client, and orchestrates all client communications. Operators
expose only the primary and scale by adding workers.

The red triangles in Figure 4 show the observed latency and throughput of
Guppy-B for each bundle size. Each point is the median over a 3-minute run;
latency runs from a client’s submission to the final cyclic proof. For a bundle
size of 200 updates, the median latency is 1.4 s (p90: 1.5 s). Increasing the bun-
dle size to 600 updates raises it to 2.5 s (p90: 2.9 s), and at 1,800 updates it
reaches 4 s (p90: 4.9 s). The corresponding observed throughputs are 250, 750,
and 2,250 updates/s (one bundle per 0.8 s). The number of machines used for
each bundle size is exactly as predicted by the theoretical analysis, and the mea-
surements confirm that the end-to-end latency of Guppy-B grows sub-linearly
with the bundle size as expected.

The remaining gap between theoretical and observed latency stems primarily
from networking overhead, context switching on the primary, queuing delays dur-
ing bundle preparation on clients, and the time required to construct witnesses.
The per-prover breakdown in Figure 5 confirms this (Appendix D.3 discusses
it): the base, aggregation, and cyclic provers each take a median of about 0.63 s
regardless of the bundle size, while witness construction on the primary grows
from 0.05 s at 200 updates to 0.18 s at 1,800. The small throughput gap between
the theoretical and observed curves is fully explained by our choice of a slightly
larger bundle interval, since we send a bundle every 0.8 s in the experiments,
whereas the idealized analysis earlier assumes tbundle = 0.63 s.

5 Related work

Prior light-client designs assume that validators publish, in every block header,
a commitment to the full state; to our knowledge Guppy is the first to give light
clients completeness on chains whose validators commit only to the updates of
each checkpoint.
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Light clients and state proofs. Header-chain compressions such as NIPoPoWs [23],
FlyClient [14], and Blink [4] for proof of work, and PoPoS [2] for proof of stake,
reduce downloads. Plumo [49] and zkBridge [52] go further with SNARK proofs
of consensus, the latter proving sync-committee BLS signatures inside a dis-
tributed SNARK. Sync-committee clients include Altair [20] and Helios [1], and
Chatzigiannis et al. [16] survey the space. All of these verify headers and then
read state through the state root in the header, which Sui and Solana do not
publish. Other designs relax trust in different ways: fraud and data-availability
proofs [3] and light clients for lazy blockchains [42] need an honest full node, and
BITE [31] and ZLiTE [51] rely on trusted hardware with known limitations [35].
Guppy trusts only the validator set. Mina [9,17] makes validators themselves run
incrementally verifiable computation, so proving is on-chain and heavy; Guppy
keeps validator overhead to one header field. Sunfish [38] is the closest work
and the source of the validator-side hash-chain commitment. Its sparse client
downloads and re-executes only the transactions touching a chosen sub-state
and receives a succinct completeness proof that none was omitted. The value of
a sub-state is thus obtained by re-execution, the cost grows with that sub-state’s
traffic, and there is no succinct inclusion proof for an arbitrary object at an ar-
bitrary checkpoint. Guppy adds the untrusted ZK service that turns the same
commitment into full-state, per-checkpoint inclusion proofs.

State commitments and stateless clients. Chains paying for a per-block state
root use Merkle-Patricia tries (Ethereum [12]) or Jellyfish Merkle trees [22] (Ap-
tos [26]); LVMT [29] shows this authenticated storage is the execution bottleneck.
Verkle trees [13], aggregatable subvector commitments [47], and Hyperproofs [41]
shrink proofs or make them maintainable, but the commitment stays on the
validators’ critical path. High-throughput chains drop it: Sui checkpoints carry
transaction and effects digests but no state root, and the committee commits
to the live object set only at epoch end [32,33]. Solana commits per block only
to the accounts written in that block, and its lattice-hash successor supports
no inclusion proofs [39]. That is the gap Guppy fills, without putting the com-
mitment back on validators. Reckle trees [36] store recursive proofs at Merkle
nodes to obtain succinct, updatable batch-membership and map-reduce proofs
against a given root; they assume a trusted full-state digest such as Ethereum’s
header root and do not produce one. Guppy is complementary: its service could
maintain a Reckle tree over the same leaves, adding succinct batched reads for
standing queries on top of the per-checkpoint root proof.

ZK co-processors and verifiable indexers. Co-processors such as Axiom [5], Bre-
vis [19], and Lagrange [28] prove reads of historical state and computations over
it, and zkVMs such as SP1 [27] and RISC Zero [45] let developers build such in-
dexers generically; validity rollups prove the execution of every transaction and
post a state root [15]. All of them consume a state root that a header already
provides. Guppy produces that root for chains that lack one, and proves only the
tree update from validator-signed effects rather than re-executing transactions.
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Recursion and distributed proving. Incrementally verifiable computation [48] and
proof-carrying data [7] underlie Guppy; recursion was long expensive [6], and
Halo [10] and Plonky2 [43] made it practical. We use Plonky2 for its FRI-based,
small-field recursion and its available implementation. Folding schemes such as
Nova [25], HyperNova [24], and Protostar [11] are an alternative when a proof
at every checkpoint is not required; we leave exploring them to future work.
Mangrove [34] obtains tree-shaped proof-carrying data with parallel proving in
the folding setting, and zkTree [18] builds a recursion tree of Plonky2 proofs;
both share the shape of Guppy-B’s aggregation tree. Distributed provers such
as DIZK [50], Pianist [30], and Hekaton [37], and aggregation schemes such
as SnarkPack [21], scale one large statement across machines. Guppy-B instead
exploits that its workload is naturally a tree of independent Merkle-tree updates,
so it needs only small circuits and off-the-shelf recursion.

6 Conclusion

We introduced Guppy, a practical protocol for supporting efficient light clients
with completeness on high-throughput blockchains. By shifting state mainte-
nance to an off-chain prover and requiring validators to commit only to per-
checkpoint state updates, Guppy avoids the heavy costs of maintaining global
state commitments on-chain. Our design combines hash-chain commitments, re-
cursive proofs, and a parallelizable proving pipeline, culminating in Guppy-B,
which achieves logarithmic latency growth and sustains arbitrarily high through-
put given sufficient parallelism.

Our prototype implementation using Plonky2 shows that Guppy can process
thousands of state updates per second with only a few seconds of end-to-end
latency, while imposing negligible overhead on validators. This demonstrates that
completeness for light clients is compatible with the performance requirements
of modern blockchains.

Looking ahead, Guppy opens several directions for future work, three of which
we discuss below; others include additional query types such as non-inclusion
proofs or per-stream proofs, and integrating state-of-the-art ZKPs [44] to further
reduce latency. More broadly, the techniques developed here may benefit other
incrementally-verifiable computations that require both high throughput and
low latency.

Handling varying input rates. Because a blockchain emits a varying rate of
stream updates while circuits process a fixed rate, both Guppy-A and Guppy-B
handle this mismatch by setting a maximum bundle size. If the chain’s average
throughput grows beyond this limit, the system transitions to a new set of cir-
cuits supporting a larger bound, using the new sequential circuit to verify the
previous sequential proof as its base case for smooth migration. This strategy
allows the system to scale gradually with blockchain usage rather than requiring
a large parameter choice from the start.
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Temporary spikes are easily absorbed: if one slot produces more than N
updates but the next slot produces fewer, the excess can be split into multiple
bundles while maintaining overall latency through batching.

A drawback of fixed-size circuits is that the prover pays forN updates per slot
even if fewer updates occur. One solution is to design a cyclic circuit capable of
verifying aggregation circuits of multiple bundle sizes (e.g., N ∈ {5k, 10k, 15k}),
allowing the system to choose the best parameter on a per-slot basis. We leave
it to future work to investigate the efficiency of this approach.

Tracking a fixed set of streams. A useful variant of Guppy arises when the service
tracks only a small fixed set of stream identifiers, which reduces prover cost while
still providing completeness for selected streams.

In this case, we replace the Merkle-tree commitment used by Guppy-A and
Guppy-B with a simple hash over the tracked states. If the service tracks a fixed
set ID = {id1, . . . , idm}, then its global commitment is Dc = H

(
[(idi, vi)]

m
i=1

)
.

As before, the service processes the checkpoint updates to detect changes to any
tracked stream and recompute the commitment. We explore this variant further
in Appendix C.

Reducing validator work further. Depending on the stream type, supporting
Guppy may require validators to maintain an additional key-value map. Sup-
porting object streams on Sui requires no modification since validators already
store the mapping from object IDs to their latest values, whereas supporting
event streams requires introducing a new key-value store and addressing opera-
tional concerns such as state synchronization for new validators.

A natural question is whether even this overhead can be shifted to the ZK
service. In principle, Guppy could be extended so that the ZK service also main-
tains per-stream state (e.g., rolling hash chains for event streams) in addition to
maintaining global commitments. Whether this is practical depends on the cost
of updating these structures inside the ZK circuit, and exploring this trade-off
is an interesting direction for future work.
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handoffs are authenticated from genesis, Section 2), any such header is a forgery,
so

|Pr[win in G0]− Pr[win in G1]| ≤ AdvsigA .

Game 2 (knowledge soundness). The verifier checks ZK.verify(Πc, {Dc, dc, Lc})
but aborts if the extractor fails to recover a valid witness. By knowledge sound-
ness of the employed ZK system for all involved statements (including recursive
verification), there exists a polynomial-time extractor E that, on any accepting
transcript, outputs a concrete execution trace and witnesses: a sequence of public
inputs (Dt, dt, Lt) for all t = 0, 1, . . . , c, with (D0, d0, L0) = (Dinit, dinit, Linit) en-
forced by the circuit base case (Appendix B.2); for each checkpoint t ∈ [1..c], the
batch contents Ut such that the circuit relation dt = Hminnow(dt−1, Ut) holds; and
for each (idj , v

′
j , ej) ∈ Ut, Merkle witnesses showing that MT.vfAndUpd trans-

forms (Dt−1, pidj
) into Dt at the correct index, with the per-update consistency

checks enforced by the circuit. Consequently, conditioned on knowledge sound-
ness, (Dc, dc, Lc) are uniquely determined by the extracted updates {Ut}ct=1 and
the genesis inputs. Any acceptance with an incorrect (id, v) can only persist if
we later find a collision in Hminnow or in the Merkle hash (next game), or a bad
Merkle inclusion (final game). Therefore,

|Pr[win in G1]− Pr[win in G2]| ≤ AdvksndA .

Game 3 (collision resistance). Relative to G2, we conceptually replace the hash
computations by ideal bindings: we require, and check in the analysis, that
dt = Hminnow(dt−1, Ut) and that MT.vfAndUpd yields the stated Dt for all t.
In the extracted trace from G2 these relations already hold. An adversary that
changes batch contents or leaf updates while keeping the same digests produces
either a checkpoint whose committed batch contents differ under the same d·, a
collision in Hminnow, or a Merkle update or inclusion altered under the same root,
a collision in the Merkle hash. Hence |Pr[win in G2]−Pr[win in G3]| ≤ AdvcrhfA .

No win in the final game. In G3, (i) the signed header Hc of B binds dc, (ii) the
extracted trace and collision resistance fix the unique sequence of updates from
genesis yielding Dc, and (iii) the queried (id, v, e) is a leaf under Dc. Therefore
v equals the accumulator over all updates to id up to c, so the adversary cannot
win. By a telescoping sum over the games,

Pr[A wins] ≤ AdvsigA + AdvksndA + AdvcrhfA + negl(λ),

which is negligible under the stated assumptions.

B Formal statements

This appendix collects the formal material that Section 2 and Sections 3.2 and 3.3
summarize: the Merkle-tree operations, the full statement of the Guppy-A cir-
cuit, the procedure for serving and verifying proofs, and the statement of the
cyclic circuit of Guppy-B.
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B.1 Merkle-tree API

The Guppy protocols use the following Merkle-tree operations.

– 0/1← MT.vf(id, v,D, path): Verify that the value (id, v) is a leaf in a Merkle
tree with root D using the provided path path.

– D′ ← MT.vfAndUpd(id, v, v′, D, path): Verify inclusion of (id, v) using the
path like above. Then, update the stream state to the new value v′ along the
same path and return the new root.

– D′ ← MT.insert(id, v,D, idx): Insert the value (id, v) at the given index idx
in the Merkle tree with root D and return the new root.

B.2 The Guppy-A circuit

At setup time, we fix the following parameters and hard-code them into the
circuit.4

1. Tree depth d: determines the maximum number of stream IDs supported,
M = 2d (e.g., d = 30 for M = 230 stream IDs).

2. Batch size b: the batch size used by validators.
3. Batches per bundle n: the number of batches processed by a single circuit

invocation (leading to a bundle of N = n · b updates).

Circuit inputs and Merkle-tree update. Updating the Merkle tree and deriving
the circuit inputs are intertwined, so we describe them together.

The circuit processes a bundle of stream updates at a time denoted as U cir =
[p′id1

, . . . , p′idN
]. In theory, this could represent the updates of a single checkpoint,

or even a batch of checkpoints. Suppose the Merkle tree currently represents the
state after checkpoint c−1; we setD ← Dc−1. For each update p′idj

= (idj , v
′
j , ej)

in the bundle U cir:

1. If ej = 0, retrieve leaf (idj , vj) and its Merkle path pathidj
, and update:

D ← MT.vfAndUpd(idj , vj , v
′
j , D, pathidj

).

2. If ej = 1, insert (idj , v
′
j) at the index L, and compute its corresponding path

pathidj
:

D ← MT.insert(idj , v
′
j , D, L).

The tuples {pidj
, p′idj

, pathidj
} (for new streams, pidj

= ⊥) constitute the private
inputs to the ZK circuit. If U cir corresponds to the updates of a single check-
point c, then the above process computes the new Merkle root after checkpoint c,
i.e., D = Dc.

4 Unlike many past cryptographic constructions, cheap recursion allows an easy way
to change parameters: a new circuit with different parameters can simply verify the
old proof in its base case, and new proofs thereafter.
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Circuit statement (SA). We now specify the Guppy-A ZK circuit’s statement SA.
In the base case, it accepts Πc′ = ⊥ and sets all the public inputs to their initial
values: cinit = 0, Dinit = 0, dinit = 0, Linit = 0.
– Private inputs:

1. Previous proof Πc′ with its public inputs pubc
′
= {Dc′ , dc′ , Lc′ , c

′} (set to
⊥ in the base case);

2. Updates: {(pidj
, p′idj

, pathidj
)}j∈[N ].

– Public inputs: pubc = {Dc, dc, Lc, c}.
– Statement logic:

1. Base case: If c = cinit, set Dc ← Dinit, dc ← dinit, Lc ← Linit, and accept.
Else assert c = c′ + 1.

2. Verify prior proof: ZK.verify(Πc′ , pub
c′).

3. Update Merkle tree: Initialize D ← Dc′ , L ← Lc′ . For each update j ∈ [N ]:
• Update root: D ← MT.vfAndUpd(idj , vj , v

′
j , D, pathidj );

• If ej = 1, assert pathidj
.index = L and increment L by one.

• If ej = 0, assert pidj
.id = p′idj

.id.

4. Checks: Assert D = Dc, L = Lc, and dc = Hminnow(dc′ , {p′idj
}j∈[N ]).

The circuit outputs the updated proof Πc attesting to the correctness of the
new global state commitment Dc.

B.3 Serving and verifying proofs

Suppose a client queries the state of a stream identifier id at checkpoint c. The
ZK service computes (v, π)← readState(id, c), where π = {Πc,Hc, pathid}. The
proof consists of three components:
– The recursive ZK proof Πc with its public inputs {Dc, dc, Lc, c}.
– The checkpoint header Hc, which includes the stream update commitment dc

and a validator signature over the header (see Section 2).
– The Merkle path pathid for the queried stream.

The client verifies the proof using the committee keys pkchain (Section 2) as
follows:
1. Check the Merkle path: MT.vf(id, v,Dc, pathid).
2. Verify the validator-signed checkpoint header: Sig.verify(Hc, pkchain), and en-

sure that Hc.d = dc and Hc.c = c.
3. Verify the ZKP: ZK.verify(Πc, {Dc, dc, Lc, c}).

This procedure corresponds to the API call verifyState(id, c, v, π).

B.4 The cyclic circuit of Guppy-B

The statement Sseq of the cyclic circuit is as follows:

– Private inputs: (i) last proof and inputs: Πc′

seq, pub
c′

seq = {Dc′ , dc′ , Lc′ , c
′},

(ii) aggregated proof for checkpoint c: Π
(c′)→(c)
agg .

– Public inputs: pubcseq = {Dc, dc, Lc, c}.
– Statement:
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1. Verify the previous sequential proof: ZK.verify(Πc′

seq, pub
c′

seq) and check c =
c′ + 1.

2. Construct public inputs for aggregation circuit: pub
(c′)→(c)
agg = {Dc′ , Dc, dc′ , dc, Lc′ , Lc}

and verify ZK.verify(Π
(c′)→(c)
agg , pub

(c′)→(c)
agg ).

C Guppy-Sparse

We now describe a lightweight variant of Guppy in which the ZK service tracks
only a fixed, small set of stream IDs ID = {id1, . . . , idm}, rather than all streams
on the chain. This is useful when an application cares about completeness only
for a few selected streams and wishes to minimize proving costs.

The ZK service maintains an internal state V c = [(idi, vi)]
m
i=1 after check-

point c, and commits to it using a simple hash

Dc = H(V c).

Validators, as in the main protocols, compute a per-checkpoint hash-chain com-
mitment dc over the (sorted) stream updates they derive from checkpoint con-
tents, and include dc in the checkpoint header.

At each checkpoint, the recursive circuit for Guppy-Sparse takes as input: (i)
the previous proof and its public inputs (Dc−1, dc−1), (ii) the validator-supplied
stream updates for this checkpoint, and (iii) the previous state V c−1. It checks
that:

– the prior proof is valid and consistent with Dc−1 and dc−1,
– applying the checkpoint’s updates to V c−1 yields a new state V c consistent

with the tracked stream set ID, and
– the public outputs satisfy Dc = H(V c) and dc = Hminnow(dc−1, U

bc
c ).

A client that wants the state of some id ∈ ID at checkpoint c receives: (i) the
claimed value v, (ii) the full list V c (of size m), (iii) the recursive proof for c,
and (iv) the signed checkpoint header. To verify, the client (a) checks that (id, v)
appears in V c, (b) recomputes H(V c) and matches it with the proof’s Dc, (c)
verifies the recursive proof, and (d) verifies the validator signature on the header
and the embedded dc. For small m, this yields short proofs and constant-time
verification for each query.

D Evaluation details

This appendix supplements Section 4 with the measurements and derivations be-
hind the numbers quoted there: the circuit sizes that fix the batch and sub-bundle
parameters (Appendix D.1), the number of machines that Guppy-B needs and
the full special-configuration table (Appendix D.2), and the per-prover latency
breakdown of the end-to-end runs (Appendix D.3).
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Batch size (b) Gates

10 50000
100 49890
1000 49876

Table 3. Size of the base circuit for varying
batch sizes; the circuit processes y = 1000 up-
dates (batch size times number of batches).

Degree Sub-bundle size

14 200
15 450
16 900
17 1900

Table 4. Maximum sub-bundle size (n · b up-
dates) that the base circuit Spar of Guppy-B
handles at each Plonky2 degree, tested in in-
crements of fifty with M = 230 and b = 50.

D.1 Circuit sizes

Two circuit-size measurements determine the parameters used in Section 4. Ta-
ble 3 shows that the batch size b barely changes the size of the base circuit, so
it can be chosen for the validators’ convenience (Section 4.1). Table 4 gives the
largest sub-bundle the base circuit of Guppy-B handles at each Plonky2 degree,
which fixes the sub-bundle size y of the special configuration.

D.2 Number of machines for Guppy-B

To keep pace with the chain, Guppy-B needs

1 + β ·
(

tpar
tbundle

)
+ β ·

(
tagg
tbundle

)
·

(
1− 1

αl

α− 1

)
.

machines: β · tpar/tbundle for the parallel phase, β · ( 1
α + 1

α2 + · · ·+ 1
αl ) · tagg/tbundle

for the aggregation phase, and one for the sequential phase.
In the special configuration of Section 4.3, where β = 3l, this gives

1 + β + β(
1− 1

αl

α−1 ) = 1 + 3l + (3l − 1)/2 = (3l+1 + 1)/2.

This special configuration performed best among the parameter choices we
experimented with, but we do not claim it is globally optimal. Choosing parame-
ters for Guppy-B is a multi-dimensional optimization problem: for a given target
throughput (which fixes the bundle size N), one would like to pick the batch
size, sub-bundle size, and aggregation factor that minimize end-to-end latency.
A natural dual formulation is to fix a cap on the number of machines and ask for
the configuration that maximizes sustainable throughput. We leave a systematic
exploration of this design space to future work.

D.3 Latency breakdown

This section expands on Section 4.3 by analyzing the individual components
of the latency of Guppy-B. Figure 5 shows the breakdown of prover latency
for bundle sizes of N = 200, N = 600, and N = 1,800. As predicted by the
microbenchmarks in Section 4, the median latency of each prover stays at about
0.63 s, independent of the bundle size.
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Updates (N) Levels (l) Latency (te2e, s) Throughput (updates/s) Machines

1–200 0 1.26 317 2
201–600 1 1.89 952 5

601–1800 2 2.52 2857 14
1801–5400 3 3.15 8571 41

5401–16200 4 3.78 25714 122

Table 5. Performance of Guppy-B for different bundle sizes at the special configuration (see text).
Throughput and machines correspond to fully utilized bundles (largest N in each row).

The partial witness builder (Pw builder in the figure) is the time the primary
takes to construct the partial witness. Its latency grows slightly with the number
of workers, and thus with the bundle size, but remains low.

The figure corroborates the scalability claims of Section 4: prover latency
is invariant in the number of workers. Consequently, any observed differences
between the predicted and measured end-to-end latencies can be attributed to
additional overheads, such as network latency, client-side queuing delays, context
switching on the primary machine, and the time required to assemble the partial
witnesses.
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