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ABSTRACT

Modern blockchains rely on a modular architecture that decouples

consensus from execution. Recent advances in consensus algo-

rithms have shifted the bottleneck to the execution layer, which

must deterministically follow the consensus order and handle in-

creasingly complex, compute-intensive smart contracts. We identify

that single-node validators cannot keep up, motivating the need

for a scale-out design.

We design Remora, a scale-out smart contract execution engine.

Remora adopts an e�cient asymmetric architecture with central-

ized transaction dispatching and distributed execution, and depends

on an object versioning scheme with a strict ownership model to

guarantee deterministic scale-out execution. Remora achieves up

to 3× throughput improvement compared to state-of-the-art de-

terministic execution schemes, scales up to 250k TPS, matching

modern consensus performance, and reduces latency by up to 5<B .

We also show that Remora elastically adapts to bursty workloads

and dynamic access patterns using real-world traces. Remora’s

main performance bene�ts come from a novel stateless-stateful

separation during smart contract execution, which overlaps the

execution of state-independent tasks with consensus, and a new

locality-aware and load-balanced scheduling scheme.
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1 INTRODUCTION

Modern blockchains are operated by validators, which adopt a

layered architecture (Figure 1): the consensus layer establishes a

globally ordered sequence of transactions, and the execution layer
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Figure 1: Validator architecture in modern blockchains.

performs transaction execution. While enormous progress has been

made in scaling consensus, with production systems today sustain-

ing 200k–300k transactions per second (TPS) [6, 7], the execution

layer has failed to keep pace. The need for faster execution is am-

pli�ed by the rise of smart contracts, which drive new demands

from decentralized applications spanning �nance, gaming, and iden-

tity [35, 36, 77, 81]. Thus, execution, not consensus, now de�nes

the scalability frontier for blockchains.

Despite advances in exploiting multi-core parallelism on smart

contract VMs [34, 65, 84, 100], scale-up execution alone cannot

meet the computational demands of modern smart contracts. As

smart contract logic and cryptographic authentication grow more

expensive, due to techniques like zero-knowledge proofs and post-

quantum cryptography [2, 55, 95], scaling-up becomes impractical

as computational needs exceed the capacity of single-node valida-

tors. Addressing this bottleneck requires a shift to scale-out designs

that distribute a validator’s execution across multiple machines.

A core requirement of blockchain execution that makes the prob-

lem more challenging compared to prior work on distributed trans-

action processing [46, 60, 113], is strict determinism [19], i.e., pre-

serving the total order established by the consensus layer during

execution even in the presence of parallel or distributed executors.

In blockchains, replicas are mutually untrusted, and transaction or-

der often carries �nancial signi�cance in applications like auctions

and �ash loans. Enforcing the consensus-established order is es-

sential because it guarantees fairness, preserves transparency, and

ensures that execution remains veri�able and tamper-proof [68, 87].

In this work, we ask: how to e�ciently scale out smart contract

execution while preserving strict determinism? Revisiting prior work

on deterministic transactional systems, we identify two fundamen-

tal design pitfalls. First, all prior deterministic databases adopt a

symmetric architecture that duplicates the full control stack, i.e., se-

quencing and scheduling all transactions, on every node, while only

performing execution for a fraction of them [76, 78, 83, 90, 96]. This

redundancy in�ates the coordination overhead and leads to limited

scalability. Second, there is currently no distributed transaction-

scheduling scheme that jointly satis�es strict determinism, locality
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thousand of TPS [13], modern designs now sustain over 300k TPS

by allowing validators to propose transactions in parallel and lever-

aging state-of-the-art BFT protocols [6, 7]. As a result, the bottleneck

has now shifted to execution. Despite extensive parallelization ef-

forts [34, 37, 38, 56, 69], end-to-end throughput in practice remains

at tens of kTPS due to the smart contract complexity and the over-

head of the underlying VMs [10].

To better understand the execution bottleneck, Figure 2 shows

the average execution time of several smart contracts on two vir-

tual machines [57, 84]. Depending on the contract logic and the

veri�cation method, the execution can take up to several millisec-

onds of compute time. Even under ideal assumptions with a modest

execution time of 1 ms per transaction, uniform load with limited

inter-transaction dependencies, Little’s Law implies that sustaining

300k TPS (the throughput of state-of-the-art consensus protocols)

would require roughly 300 cores dedicated to execution. This far

exceeds the capacity of typical validator hardware [92–94].

A broad line of work tackles such bottlenecks via blockchain

sharding, where the blockchain state (and hence execution) is par-

titioned across shards maintained by di�erent validator commit-

tees in parallel [4, 24, 39, 42, 50, 73, 112]. However, sharding in-

troduces recurring challenges. First, it relies on subcommittee for-

mation through random sampling, which needs stronger adver-

sarial assumptions to keep every shard secure with high proba-

bility [24, 50, 112]. Second, transactions that span shards incur

substantial overhead from Byzantine-resilient cross-shard coor-

dination (akin to atomic commit), which can dominate perfor-

mance under realistic access patterns [110], since state migration

requires subcommittee-to-subcommittee BFT coordination. These

challenges complicate sharding operationally, and recent produc-

tion chains have shifted away [26].

We argue there is an alternative scale-out approach: scale out

execution within a single validator. Rather than partitioning state

across validators, we focus on the execution bottleneck of a single

validator and distribute the workload across a cluster of machines,

while preserving the consensus protocol, validator set, and trust

assumptions. This design allows a validator, which is a single admin-

istrative and trust domain, to scale its execution capacity elastically

with available compute resources, narrowing the widening gap

between consensus throughput and single-node execution.

Takeaway 1: The computational need of modern smart con-

tracts goes beyond the capacity of single-node validators, making

a scale-out design necessary. Scale-out intra-validator execu-

tion can retain the trust model and operational requirements of

modern blockchains, unlike inter-validator sharding approaches.

2.2 Design Requirements and Prior Work
Limitations

Focusing on a scale-out architecture of a single validator, we enu-

merate the key requirements that guide such a design. To do so,

we revisit related work across blockchains and distributed databas-

es/systems to highlight where prior approaches fall short and to

surface the practical considerations for real deployments.

R1: Strict Determinism. Preserving the consensus-established or-

der, i.e., strict determinism [19], is the fundamental correctness re-

quirement for blockchain execution. Given a globally agreed-upon

transaction order, a strictly deterministic execution layer guarantees

that the resulting e�ects are identical to those of sequential execu-

tion. This corresponds to strictly-deterministic serializability [19]:

for an order of transactions$ = ⟨)1, . . . ,)=⟩, the execution e�ect is

equivalent to sequentially executing and committing$ in that order.

Other prior work also formalizes the speci�c total order into the

correctness target known as Byzantine Ordered Consensus [117, 118].

This requirement sharply di�erentiates blockchains from conven-

tional deterministic systemswithin a trusted administrative domain,

where controlled reordering can be used to improve performance

by reducing dependencies or object transfers [67, 71, 90].

In a blockchain setting, strict adherence to the consensus order

is critical for two reasons. First, replicas are operated by mutually

untrusted parties, and the established order of transactions can have

direct �nancial consequences in order-sensitive applications (e.g.,

auctions, �ash minting) [68, 87]. Second, blockchains are designed

as permanent, decades-spanning ledgers requiring continuous pub-

lic auditability. If execution engines were allowed to apply di�erent

reorderings over time, validators would need to record additional

per-block metadata to reproduce the chosen order, complicating

veri�cation and weakening the replayability. Strict adherence to

consensus order is thus the current industry standard.

R2: E�ciency and Cost-E�ectiveness. A scale-out execution

layer should convert added machines into execution throughput,

not duplicated control-plane work. Calvin [96] pioneered dis-

tributed deterministic execution by enforcing a global transaction

order to eliminate two-phase commit. In Calvin, every node re-

ceives the fully replicated, ordered batch of transactions, though

each node manages only a partition of the object space. To maintain

determinism, nodes process only the transactions relevant to their

partition, strictly following the global order. Transactions execute

in-place on partitioned state, with remote reads and coordination

handled during batched phases.

Calvin-style designs have been widely followed by later sys-

tems [18, 67, 76, 78, 83, 90], which keep a symmetric architecture:

every node sequences, schedules, and executes. This preserves deter-

minism but duplicates work, i.e., each node processes the full batch

of transactions, runs the same dependency analysis, and schedules,

even though it executes only a subset. The result is wasted CPU,

higher coordination overhead, and higher per-node provisioning

cost (full metadata/control stack on every machine). As the cluster

or throughput grows, these costs dominate and scale-out shows

diminishing returns (quanti�ed in §6.2).

R3: Workload Adaptiveness. A scale-out execution layer should

adapt online to workload skew and hotspots, minimizing distributed

transactions by favoring locality, while still balancing loads. Per-

formance in distributed databases is highly sensitive to data parti-

tioning [67, 90], as it determines the fraction of distributed versus

single-node transactions. Although o�ine pro�ling or periodic

repartitioning can improve locality [86, 90], real workloads are

dynamic and hard to predict [79, 101, 115]. Even workload-driven

repartitioning and live object migration [1, 23] can fall short in

complex deployments [67]. Recent systems combine repartitioning



with on-demand migration so that objects �ow across nodes given

the workload needs as part of transaction processing [48, 66, 67].

However, freely allowing object migrations across nodes can lead to

further ine�ciencies. On one hand, load-driven policies, which try

to equalize the load among nodes, trigger frequent state transfers

and “ping-pong” e�ects [43, 67], causing stalls and ine�ciency. On

the other hand, locality-driven policies, which seek to minimize

object transfers, collapse active records onto a single node in the

presence of skewed workloads, as shown in §6.3. Skewed workloads

are the norm in modern blockchains [9, 65]. Some designs consider

both locality and load, but either are non-deterministic [119] or

heavily rely on reordering [67, 90], thus preventing their use in

blockchain systems that require strict determinism.

R4: Fault Tolerance. Scale-out execution introduces additional

failure modes: execution nodes may crash or be temporarily unavail-

able. Our goal is to scale intra-validator execution, without changing

the consensus layer. BFT remains provided by the blockchain’s con-

sensus across validators, and our design should not change its fault

threshold or safety guarantees. Given that one validator is a single

administrative and trust domain, we target crash fault tolerance for

execution nodes. Speci�cally, we aim to preserve availability and

avoid reducing a validator’s mean-time-to-failure (MTTF) due to

the increased number of components that can fail independently,

rather than to defend against intra-validator compromise.

R5: Elastic Autoscaling. Production workloads are bursty and

time-varying. Thus, a practical execution layer should be elastic

to scale resources up/down and adapt placement online without

disruptive global recon�guration. Past permissioned systems [101–

103] emphasize the need for elasticity, yet they focus on the whole

chain and make substantial and potentially incompatible changes

to the execution, architecture, and all validators. This work instead

targets single-validator elasticity, arguing that each validator should

scale its execution capacity independently without changing the

consensus layer or a�ecting other validators.

Takeaway 2: Scale-out blockchain execution requires a careful

co-design for strict determinism, architecture e�ciency, workload

adaptiveness, fault tolerance, and elasticity as independent design

choices might lead to requirement violations.

3 REMORA INSIGHTS

Before diving into the Remora design, we highlight two crucial ob-

servations that are unique to blockchain systems and substantially

in�uence the proposed architecture.

3.1 Stateless-Stateful Separation

We observe that smart contract execution naturally decomposes

into two components: stateless operations, dominated by crypto-

graphic veri�cation of transaction authenticity, and stateful opera-

tions, which execute the contract logic and modify the blockchain

state. This separation creates an opportunity to scale stateless work

independently of stateful execution. Stateless work is completely

independent of the smart contract logic or the blockchain state,

imposing no ordering or placement constraints, so it can run on

any available node of the validator cluster.

Figure 2 breaks down the execution time of three representative

smart contracts: a simple transfer, an NFT mint, and a Uniswap [70]

trade. Two smart contract VMs are used: SuiVM [57], a production-

grade MoveVM powering the Sui [56] blockchain, and PEVM [84], a

recent parallel EVM implementation written in Rust. We pair each

stateful part with one of three primary authentication methods [55]

in modern blockchains: (1) simple signatures (e.g., Ed25519 [12] or

BLS [11]), (2) key-less authentication via external identity providers

(e.g., zkLogin [8]), and (3) multi-signatures combining several in-

stances of these methods. Di�erences in stateful execution time

across VMs re�ect their varying runtime overheads and optimiza-

tions—lighter VMs reduce execution costs by design, making the

stateful component more e�cient.

We observe that stateless compute often dominates total execu-

tion time of the smart contract: 1ms for BLS [14, 64], 1.6ms for

zkLogin [14, 32], and up to 16ms for multi-signatures involving ten

zkLogin proofs. While simple signatures remain most common, key-

less authentication is rapidly gaining adoption. We observe roughly

10k zkLogin-based transactions per day on a production blockchain

validator [56]. Multi-signatures are also used, albeit less frequently,

with about three transactions per minute requiring veri�cation

of multi-signatures comprising two to ten signatures or zkLogin

proofs. As on-chain workloads expand to include post-quantum

cryptography, the stateless portion of execution is expected to be-

come increasingly compute-intensive [2, 36, 95].

Insight 1: Smart contract execution consists of a stateless and

a stateful part, with the stateless portion being increasingly

compute-intensive yet runnable without ordering or placement

constraints on any available compute resource.

3.2 Consensus Window

Prior work [17] has identi�ed that there is a window between when

a transaction is proposed and when it is �nally committed that

can be leveraged for speculative execution to improve blockchain

performance. In state-of-the-art production-grade consensus sys-

tems [7], this window can last over 300ms, which is a substantial

amount of time compared with smart contract execution time.

To evaluate the opportunity, we study existing blockchain con-

sensus algorithms and deployed systems and observe the following.

Existing consensus protocols exhibit a high degree of predictability

in practice: proposals are committed in the expected order in the

overwhelming majority of cases. Deviations occur only when (i)

a block proposal is invalid (e.g., due to faulty validators), or (ii)

network asynchrony delays or reorders commitments. Empirical

evidence from Sui’s L1 blockchain infrastructure shows that 98.66%

of blocks are committed directly in the proposed order [56]. More-

over, after a block proposal collects a quorum of votes [13] in the

�rst phase of the protocol [7, 13, 89, 109], only extreme network

asynchrony can prevent it from being committed as expected.

Leveraging the consensus window becomes considerably more

challenging in the context of scale-out execution. Prior work [17,

114] exploits this window for speculative smart contract execution.

This is feasible in their setting because they assume a single-node

validator, which holds the entire blockchain state locally. In a scale-

out setting, however, state is partitioned across nodes. Speculative



execution would then require speculative object transfers across

partitions to resolve dependencies. These transfers not only im-

pose signi�cant communication cost but also create the risk of

cascading aborts: a single misprediction in the �nal commit order

can invalidate multiple speculative transfers and their dependent

computation across nodes. The combined cost of speculative state

movement and large-scale rollbacks can easily outweigh the gains,

rendering naive scale-out impractical.

To still harvest the bene�ts of this window, we identify two parts

of validator execution that can be performed speculatively without

requiring access to the underlying blockchain state. These are: (i)

the stateless part of a smart contract and (ii) the scheduling logic

that determines which transactions each node will execute. The �rst

requires only the transaction input, while the second relies on place-

ment metadata and prior scheduling decisions - neither depends on

the distributed blockchain state. By optimistically performing only

these state-independent components, we capture the bene�ts of the

consensus window without costly transfers or cascading aborts.

Insight 2: In a scale-out design, validator tasks that can be

e�ciently performed in the consensus window are stateless

execution and transaction scheduling.

4 THE REMORA DESIGN

We design Remora, a scale-out execution engine for a single val-

idator, to cater to the needs of modern blockchain infrastructure.

Remora should: (i) follow a modular architecture that decouples

consensus from smart contract execution and preserve strict de-

terminism; (ii) leverage stateful and stateless execution separation;

(iii) allow to implement various pre- and post-consensus sched-

uling algorithms; (iv) enable seamless elasticity by dynamically

adapting to load without upfront costs; (v) tolerate execution node

failures within a trusted validator. We provide formalized proofs in

an extended version of this paper (https://arxiv.org/abs/2607.02817).

4.1 High-Level Overview

Architecture. Remora adopts an asymmetric architecture that

splits validator functionality across specialized nodes, unlike prior

symmetric designs (§2.2) where every node redundantly performs

ordering, scheduling, and execution. A single Coordinator node

handles sequencing and scheduling, while a pool of Worker nodes

splits the object state among them and executes transactions. The

Coordinator is the only participant in the consensus protocol, from

which it receives the ordered sequence of transactions. Based on

the scheduling logic, it dispatches transactions to the Workers for

scale-out execution. The Coordinator also manages autoscaling,

persists execution results, and coordinates failure recovery.

Work�ows. Figure 3 gives an overview of the main components

and the transaction execution work�ow in Remora. The Coordi-

nator receives transactions from clients ( 1 ), and the consensus

module runs a sequencing protocol to determine their global order

according to the speci�c blockchain deployment. Remora separates

the stateless and stateful components early: it forwards the stateful

part to the scheduler for speculative planning ( 2a ), and dispatches

the stateless part directly toWorkers according to the scheduling

policy ( 2b ). Both steps leverage the consensus window to overlap

with consensus and reduce latency. After consensus �nalizes the

transaction sequence, Remora assigns object versions to each trans-

action ( 3 ) to enforce a deterministic execution schedule preserving

the established order. The Coordinator then routes the stateful

components toWorkers using the scheduler’s precomputed plan.

Workers execute only the transactions that the Coordinator assigns

to them ( 4 ) and communicate with their peers when remote state is

needed ( 5 ). They also periodically report load and execution state

snapshots ( 6 ), enabling autoscaling to adjust cluster size based on

utilization. The persistence module in the Coordinator safely stores

these snapshots to ensure crash recovery for Workers, alongside

the transaction logs determined by the consensus.

This asymmetric design e�ectively ful�lls our design goals. First,

the consensus layer is agnostic to Remora, making the architecture

reusable across di�erent blockchain deployments. Second, concen-

trating scheduling in theCoordinator avoids duplicating scheduling

logic at every Worker and enables new policies without Worker

changes. Third, with its global view of cluster utilization, the Coor-

dinator can make accurate autoscaling decisions. Finally, persisting

results asynchronously combined with deterministic execution al-

lows for e�cient Worker fault tolerance.

Threat Model. Remora scales out execution within a single trust

domain, the validator. A Remora deployment should therefore be

viewed as a single consensus participant implemented by aCoordina-

tor and a pool of internalWorker machines. The Coordinator is the

validator’s sole externally visible interface to consensus, and any

fault su�ered by the Coordinator is treated as a total domain-wide

failure as far as the blockchain protocol is concerned.Workers, in

contrast, are internal execution resources under the same adminis-

trative trust domain as the Coordinator (analogous to threads/cores

in a scale-up validator), so we assume they are trusted but crash-

stop, i.e., they may fail by crashing, but do not behave maliciously.

Worker failures do not a�ect the blockchain protocol’s security as

they only a�ect the validator’s performance.

4.2 Enforcing Strict Determinism

Remora assumes a widely used smart contract model [69, 75] in

which contracts execute atop a �at key-value store and provides

ACID transactional guarantees. Each contract declares its read and

write sets upfront, an assumption shown to hold for most transac-

tional workloads (further discussed in §7). The Coordinator acts as

the global owner of all objects but delegates execution by leasing

objects to Workers. Each Worker holds the leased state in mem-

ory and periodically reports updates back to the Coordinator. The

Coordinator maintains metadata tracking the current leaseholder

for each object. Based on the scheduling policy, the Coordinator

forwards a transaction to a singleWorker for execution. If all ob-

jects reside in the delegated Worker, execution runs to completion.

Otherwise, the Worker initiates lease transfers and fetches remote

objects from their current owners before execution.

Object Versioning. Remora’s scale-out design introduces chal-

lenges in guaranteeing deterministic execution in a distributed

setting, beyond the scope of single-node deterministic parallel ex-

ecution [31, 34, 69]. To enforce strict determinism in a scale-out

manner, Remora leverages the Coordinator as a serialization point.

For each transaction, the Coordinator assigns a unique version to

https://arxiv.org/abs/2607.02817




Algorithm 1: SFS (Subgraph-First Scheduling)

Input: Batch � (consensus order), per-worker ownership sets {$8 },

loads {%8 }

Output: Assignment of subgraphs to workers

1 Build dependency graph � (�) and extract subgraphs G

2 foreach subgraph� ∈ G do

3  ←
⋃

C ∈� RW(C )

4 foreach worker 8 do

5 '8 ← | ∩$8 |/| |

6 !8 ← 1 − %8/max9 % 9

7 (8 ← 0.5 ∗ '8 + 0.5 ∗ !8

8 8
★ ← argmax8 (8 (break ties randomly)

9 Assign� to 8★; update$8★

Pre-consensus Stateful Scheduling. In addition to stateless exe-

cution, Remora also runs its stateful scheduling logic during the

consensus window. The Coordinator forwards each proposed block

simultaneously to the consensus and scheduling modules. While

consensus runs, the scheduler analyzes transaction dependencies,

and devises a scheduling plan. Overlapping this with consensus

allows Remora to implement even more computationally expensive

scheduling algorithms without a�ecting end-to-end latency and

overall throughput. To guarantee correctness, the router dispatches

the transactions via the pre-computed plan only after consensus

�nalizes. On the rare occasion that consensus rejects the block, the

pre-consensus stateful routing plan is invalidated and dropped. To

handle this case, Remora maintains two versions of metadata: one

for the scheduler and one for the router. The router updates its

version when dispatching transactions. If a block is dropped, the

scheduler pauses, synchronizes the two metadata versions, discards

intermediate schedules, and then resumes.

We intentionally avoid pre-consensus stateful execution. Unlike

the stateless part, stateful execution is less compute-intensive and

tightly coupled with shared state dependencies. Speculating on

it would greatly complicate system design, triggering speculative

object transfers and cascading aborts in the distributed setting while

yielding marginal latency bene�ts.

4.5 Subgraph-First Scheduling (SFS)

Now we describe how Remora e�ciently schedules stateful trans-

actions among workers. As discussed in §2, an e�ective scheduling

policy must simultaneously satisfy three requirements: strict deter-

minism, locality awareness, and load balance. Existing approaches

fall short of meeting all three at once. For uniform workloads, a

naive load balancing policy (e.g., random) would su�ce. The chal-

lenge lies in handling skewed workloads with hot objects. Leverag-

ing the consensus window, we design a new policy, subgraph-�rst

scheduling (SFS), that achieves all three objectives.

Our key insight is to leverage subgraphs as the unit of sched-

uling. For each batch of transactions from the consensus output,

Remora constructs a dependency graph (vertices are transactions

and edges capture immediate dependencies induced by shared ob-

jects), identi�es disjoint subgraphs, and dispatches those to the

Workers. The intuition is that transactions within a subgraph al-

ready share objects and ordering constraints. Thus, collocating them

on the same Worker avoids cross-node coordination. In practice,

subgraphs typically arise from contention on hot objects, making

them natural candidates for collocation.

Remora avoids further partitioning such subgraphs [79], because

it would not gain performance while introducing overhead. For ex-

tremely contended workloads, distributed stateful execution yields

no bene�ts since the maximum concurrency is limited by the work-

load itself. Therefore, the contribution of this scheduling scheme

is at low to medium levels of contention. This idea aligns with

prior work in distributed transactions: skewed, contended work-

loads bene�t from single-node execution, while uniform workloads

distribute e�ectively across nodes [60].

Algorithm 1 summarizes SFS. For each consensus batch, the

Coordinator builds the dependency graph and schedules each dis-

connected subgraph � as a unit. It �rst computes the subgraph’s

object footprint  as the union of the read/write sets RW(C) of all

transactions C ∈ � . Then, for eachWorker 8 , SFS computes a locality

score '8 as the fraction of  already owned by 8 (using the owner-

ship map$8 ), and a load score !8 from 8’s current load %8 . The �nal

scheduling score (8 is the equal-weighted combination of locality

and load (line 7). This jointly optimizes both, i.e., locality score

reduces state movement and cross-Worker coordination, while load

score prevents persistent skew and state accumulation on a single

Worker [66, 67]. SFS assigns the entire subgraph to theWorkerwith

the highest score and updates the ownership metadata accordingly.

Stateless work is dispatched purely by load, which helps utilize idle

Workers even when locality concentrates some stateful subgraphs.

4.6 Handling Failures

Remora scales out single-validator execution and adopts the same

failure model as existing blockchains that allows for validator

crashes. In Remora, we treat the failure of Coordinator, the sole

externally visible interface to consensus, as equivalent to a single-

validator failure. In that case, the remaining validators continue to

make progress as long as the number of failed validators remains

within the fault threshold of the underlying consensus protocol. To

avoid reducing the validator’s MTTF due to the distributed archi-

tecture, we carefully design Remora to tolerate Worker failures.

Periodic snapshotting. Remora implements periodic snapshot-

ting to keep the Coordinator loosely but consistently synchronized

with the execution state in the Workers. Snapshotting operates

in epochs. The Coordinator has full �exibility in determining the

epoch size, choosing boundaries that either align with consensus

rounds or adapt to workload characteristics, and explicitly noti�es

the Workers when an epoch ends. This exposes a tunable trade-o�:

longer epochs reduce snapshot overhead but increase recovery cost,

while shorter epochs invert this trade-o�. Workers keep track of

the objects they modify within an epoch and once the epoch �n-

ishes, they send the Coordinator an incremental update containing

only the latest versions of those modi�ed objects. This incremen-

tal checkpointing on Workers amortizes frequent updates to hot

objects without communicating every versioned update. With its

global view of the system, the Coordinator knows exactly which

object versions it needs at the end of each epoch. After collecting

updates from all Workers, it atomically updates its state and ad-

vances persist_index, which marks the log position up to which

all preceding transaction e�ects have been durably persisted.



Failure recovery. When a Worker fails, the Coordinator initiates

recovery as follows. It �rst spawns a newWorker and determines

the transaction replay set, de�ned as the range between the current

dispatch index and the persist_index. From the log view, state up

to persist_index is durable at the Coordinator. Thus, replaying

after that point is required to reconstruct the parts of the missing

su�x. TheCoordinator reclaims ownership of all objects previously

assigned to the failed Worker that are already durably persisted,

and then dispatches the entire replay set to the newWorker. During

replay, the Coordinator attaches required state that it has durably

persisted, avoiding extra round-trip fetches. This brings the new

Worker online lazily, driven by transaction demand, to reduce stalls

due to excessive state transfers. After dispatching the replay set,

the Coordinator can continue processing incoming transactions.

We conservatively replay the entire replay set rather than selective

replay, as transactions may have been partially executed by either

healthy or failedWorkers and failures can occur at arbitrary points

during execution. Our design also enables skipping re-running all

stateless parts if the Coordinator receives acknowledgment upon

successful validation, which we leave for future work.

4.7 Elasticity

Remora supports seamless elasticity by automatically scaling the

Worker pool in response to workload �uctuations. The Coordi-

nator orchestrates resource allocation by periodically monitoring

per-Worker load and deciding when to spawn or retire Workers.

Crucially, autoscaling should not stall foreground execution or

introduce any explicit rebalancing phase: Remora leverages its

lease-based ownership model to migrate objects across Workers

and the Coordinator dynamically and lazily.

Scale-out. The Coordinator spawns a new Worker and begins

dispatching transactions to it. Initially, the new Worker has no

local state. As it executes transactions, it fetches any objects it does

not own from otherWorkers or from the Coordinator. Over time,

state naturally migrates to the newWorker as leases are transferred

during normal execution. Note that a newWorker can immediately

start helping with stateless execution.

Scale-in. The Coordinator retires a Worker gracefully in two steps.

First, it stops assigning new transactions to the retiring Worker,

but keeps it online for a grace period to serve in-�ight requests

and inter-Worker lease transfers. Second, to complete retirement

and reclaim ownership atomically, the Coordinator terminates the

current snapshotting epoch for that Worker, forcing it to report all

objects modi�ed in that epoch back to the Coordinator. This yields

an epoch-aligned hando�: hot objects migrate away naturally as

their leases are transferred to otherWorkers, while cold objects are

reclaimed by the Coordinator via the epoch snapshot, after which

future transactions fetch them directly from the Coordinator.

5 IMPLEMENTATION

We implemented Remora in 13k LoC of Rust. This includes a mod-

ular implementation of the Coordinator andWorkers.

Coordinator. Each module runs as a long-lived task pinned to a

dedicated core. Modules on the critical transaction path (Figure 3)

are connected by bounded channels, forming a pipeline. The router

module spawns lightweight dispatching tasks to forward transac-

tions according to the scheduling policy for stateful and stateless

parts. These tasks run to completion in parallel on a thread pool,

occupying all remaining cores, with one thread pinned per core.

The autoscaler module periodically monitors the incoming load

rate. Coordinator detectsWorker failures by observing lost network

connections and triggers the failure handling scheme (§4.6).

The Coordinator maintains metadata for each object and

each node in the cluster. The object metadata takes the form

of a map from object names to a tuple of (current_version,

current_owner). The node metadata maintains per-Worker load

information, which the stateless and stateful routing leverage to

make load-aware decisions. The metadata footprint is modest: for

10M objects, the size of ownership metadata totals around 100MB.

This is in line with production chains; for example, although hun-

dreds of millions of addresses have appeared on Ethereum, daily

active addresses peak around 1.4M [28].

Worker. Each Worker node in Remora runs a deterministic paral-

lel runtime that handles both stateless and stateful compute. The

runtime implements a custom asynchronous thread pool to drive

the task execution. The design is agnostic to the underlying smart

contract VM and focuses on parallel execution with strict ordering

guarantees. Each execution unit, stateless or stateful, is an asynchro-

nous task. Stateless tasks are immediately runnable and can run in

parallel. Stateful tasks depend on (i) their corresponding stateless

tasks (e.g., authentication) and (ii) any previous tasks accessing the

same objects. The runtime uses a dynamic DAG to keep track of

the dependencies among tasks based on the speci�c object versions

they access as assigned by the Coordinator. A certain task can only

be executed when all its prior dependencies are satis�ed.

The internal runtime of Worker implements the DAG via

tokio::sync::Notify [21], a lightweight synchronization primi-

tive. Notify signals readiness, carrying no payload. The runtime

maintains one Notify instance per object version. When a trans-

action arrives with its required versions explicitly annotated, the

runtime spawns a corresponding asynchronous task. This task (1)

awaits on the Notify instances for all required input versions,

ensuring all dependencies are satis�ed; (2) once the dependen-

cies are satis�ed, executes the transaction to completion on the

thread pool; (3) signals the Notify instances corresponding to

the versions it produces, thereby unblocking dependent tasks.

Remote dependency works similarly: when the Worker fetches the

object, it signals the corresponding Notify instance. Since each

version is consumed exactly once, the runtime garbage-collects the

corresponding Notify entry and the object version immediately

after consumption. Each Notify object has a unique name within

the Worker and the runtime creates it atomically the �rst time it

processes the producer or the consumer task. This design naturally

integrates dependency enforcement into the asynchronous runtime,

enabling deterministic parallel execution without invasive changes

to the existing scheduler (currently via Tokio).

6 EVALUATION

Our evaluation aims to answer the following questions:

• Does Remora’s asymmetric design improve e�ciency? (§6.2)

• How does SFS compare with other scheduling schemes? (§6.3)









200~300k TPS [6, 7], we conclude that theCoordinator in our design

is su�cient for practical deployment.

To break down the Coordinator’s design, Figure 11 reports the

per-module CPU utilization per 1k transactions. Notably, removing

the stateless-stateful separation leaves the TX-IO part at only 25%,

revealing its extra overhead; syscall batching and kernel bypass

could mitigate this, which we leave for future work. All cores are

saturated, so larger EC2 instances would yield proportionally higher

throughput given that the network tasks are parallelizable. We also

study each module in isolation. Version assignment is the main

serial component, and thus the primary scalability bottleneck un-

der Amdahl’s Law, where the number of objects per transaction is

the key limiting factor. In scheduling, dependency-graph construc-

tion can be parallelized, but the locality-related step is inherently

sequential, as it must know the decision made for overlapping ob-

jects. Among the number of Workers, batch size, and objects per

transaction, SFS’s throughput is mainly sensitive to the latter two,

due to dependency-graph construction and subgraph-assignment

overhead. Full results are shown in the extended version.

7 LIMITATIONS

Remora relies on knowing each transaction’s access set before state-

ful execution. This excludes contracts whose accessed state is dis-

covered only during execution. Remora therefore targets environ-

ments where access sets are declared, conservatively derived, or ob-

tained through o�-chain simulation. Such environments still cover

many common smart-contract workloads, including token transfers,

decentralized exchanges, and NFT mints. This model is common in

deterministic database systems [30, 31, 40, 69, 75, 76, 78, 80, 83, 96]

and research blockchain systems [3, 18, 79]. Some optimistic sys-

tems [33, 59, 71] relax this limitation, but break strict determinism.

Recent optimistic systems [5, 29] also show that access hints can

help reduce aborts. This constraint simpli�es our enforcement of

strict determinism and enables locality-aware scheduling. This also

matches several production blockchains: Solana and Sui expose ac-

cess metadata for parallel execution [88, 91], while Ethereum plans

block-level access lists [99] as a headline feature in its upcoming

upgrade [27]. Thus, Remora can be directly integrated into any

existing blockchain system with a modular execution layer whose

access sets are known before execution.

8 RELATED WORK

Deterministic Distributed Transactions. Most scale-out deter-

ministic transactional systems adopt Calvin’s [96] symmetric ar-

chitecture, unlike Remora’s asymmetric design. Prior work de-

centralizes sequencing for geo-distributed deployments [76, 83],

deterministically merges per-region sequences [40], or constructs

�ne-grained execution queues [78], di�erent from Remora’s focus.

Deterministic Single-Node Transactions. Deterministic paral-

lelism has been widely studied in databases and systems. A broad

line of work follows a pessimistic schedule-then-execute pattern,

with mechanisms spanning dependency-graph analysis [31, 41,

51, 69, 71], multi-versioning [30, 80], and per-object queues [15].

Remora similarly decouples scheduling from execution. Other work

adopts optimistic execute-then-validate schemes [47, 71], which

avoid pre-declared read/write sets but can incur aborts under con-

tention and relax strict adherence to the agreed-upon order.

Non-Deterministic Distributed Transactions. This line of work

relies on two-phase commit (2PC) variants to coordinate multi-

partition transactions. Some accelerate 2PC with new hardware

such as RDMA [25, 113] and CXL [44, 45], while Eris [62] exploits

programmable switches for transaction sequencing. Lotus [120]

uses granule locks to reduce distributed-commit overhead. Cen-

tralized routing with ownership-based migration is adopted in sev-

eral shared-storage databases [43, 61]; GaussDB [61] employs a

centralized routing model performing inference while deploying

training elsewhere to avoid the on-path overhead. Our proposed

consensus window can accommodate expensive (even ML-based)

routing schemes. Pegasus [63] tracks object locations via an in-

network directory, similar to how Coordinator tracks ownership.

Epoch-based commit/recovery and asynchronous persistence in

prior work [72, 116] also resemble our design.

Smart Contract Execution. Existing e�orts primarily exploit

multi-core parallelism for deterministic execution. Recent work tar-

gets �ner-grained operation-level optimizations to mitigate rollback

overhead under optimistic concurrency control [19, 33, 65, 97, 104].

Other approaches use key-based dependency graphs [85], new se-

mantics such as commutativity and deferred objects [74, 82, 100],

or rollback mechanisms that preserve strict determinism with un-

known read/write sets [19]. Pre-execution is also used to cache

speculative branch results [17, 114] and generate block hints for

replay [107]. DeCl [108] adopts software-based sandboxing to per-

form deterministic gas metering on untrusted machine code. These

mechanisms are orthogonal to the design of Remora.

Blockchain Architectures. AdaptChain [106] scales throughput

by adjusting concurrent block generation based on demand. Some

systems move state o�-chain to increase throughput [16, 105]. Pilot-

�sh [49] adopts the Calvin architecture and uses �xed data partition-

ing, thus inelastic and inadaptive to workloads. In permissioned

systems, SChain [79] adopts a similar architecture in its single

trusted organization and decouples execution into compute and

storage roles. FlexChain [101] leverages hardware disaggregation to

improve resource utilization. Remora di�ers in leveraging domain

insights and focusing on the performance and operational practi-

cality of a modular execution layer, instead of the whole chain.

9 CONCLUSION

We present Remora, a scale-out smart contract execution engine.

Remora adopts an e�cient asymmetric architecture, and employs

versioning with ownership to guarantee determinism. Remora sep-

arates the stateless part of smart contract transactions from the

stateful part and leverages the consensus window to perform state-

less execution and stateful scheduling. Remora also demonstrates

its elasticity and workload adaptiveness. We believe Remora paves

the way for the next generation of scalable blockchain systems.
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