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Abstract
Sharding blockchains improve scalability significantly by

partitioning the network into shards. Due to the substantial
fraction of cross-shard transactions (CSTXs) related to mul-
tiple shards, cross-shard transaction processing (CSTP) is
critical to the system security and performance. However, ex-
isting CSTP methods suffer from limited robustness caused
by invalid CSTXs flooding by malicious nodes and impose
high overhead, especially in asynchronous networks.

We present Logos, a robust sharding blockchain with fast
CSTP and optimal cross-shard overhead. Logos adopts a
novel robust broadcast-transmission-agreement pattern. Each
input shard only invokes a new designed broadcast primitive
to generate input availability states. After the states are de-
livered to involved shards by an innovative parallel single-to-
single transmission mechanism, valid CSTXs are committed
via an agreement protocol while invalid ones are discarded.
Logos is proven to achieve an optimal intra-shard overhead
for valid CSTP and lower overhead for invalid CSTP. Besides,
Logos achieves reliable transmission with optimal cross-shard
overhead. Experiments conducted on 1000 AWS-EC2 nodes
across 4 regions demonstrate that Logos realizes 50% latency
compared to the baseline (Kronos, NDSS’25) and a peak
throughput of 132.8 ktx/sec. Besides, the cross-shard network
usage of Logos impressively remains only 1/210 of Kronos.
Under malicious flooding attacks, Logos maintains 2.86× the
throughput of Kronos, demonstrating strong robustness.

1 Introduction

Sharding blockchains are promising methods to enhance
blockchain scalability [5, 26, 29, 34, 41, 48, 53, 54, 57].

Different from traditional blockchain systems, where all
participants store full blockchain states and run global consen-
sus protocols to process transactions, sharding blockchains
divide nodes in the network into a few smaller groups called
shards. Each shard handles only a subset of transactions
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and manages an isolated part of blockchain states. This di-
vision reduces the storage, computing, and communication
overhead by decreasing the need for each node to interact
with all other nodes or store the full states [37]. Sharding
blockchains enable higher transaction throughput by scaling
the number of participants and parallel shards. This approach
advances blockchains into practical, distributed infrastruc-
tures of large-scale networks for emerging domains such as
financial services [45], decentralized identity [42], and Web
3.0 [27, 32]. Notably, sharding blockchains have been already
implemented in industry-grade systems such as Harmony [1],
Nightshade [47], and Polkadot [2].

In sharding blockchain systems, cross-shard transaction
processing (CSTP) requires coordination among multiple
shards, significantly impacting system security and perfor-
mance. Cross-shard transactions (CSTXs)—whose inputs or
outputs are managed by different shards due to state isola-
tion—come to dominate the workload as the shard number
increases, surpassing 99% of all transactions in a 16-shard
system [54]. A fundamental security goal of CSTP is atomic-
ity, which guarantees that either every involved shard commits
a valid CSTX or every shard rejects an invalid CSTX. Ex-
isting schemes [5, 13, 24, 25, 29, 54] achieve weak atomicity,
relying on network timing assumptions or failing to resist
attacks by malicious leaders or clients that may falsely com-
pute or transmit messages. Specifically, CSTP proceeds in
two phases: intra-shard (IS) consensus and cross-shard (CS)
transmission. Each shard typically uses a Byzantine Fault Tol-
erance (BFT) protocol [4, 9] as the IS consensus to confirm
input availability states of a CSTX, or commit a CSTX, where
IS-overhead measures the BFT invocation times and corre-
sponding communication and computation cost. Most current
designs adopt a two-phase commit (2PC) [5,24,29] approach,
incurring a 2kB IS-overhead (k denotes the involved shard
number and B denotes the cost of one BFT execution). For
cross-shard transmission, shards exchange input availability
states or CSTX commitment proofs and ensure reliability
where honest nodes can eventually receive these cross-shard
messages. CS-overhead, which denotes the total cross-shard



Table 1: Comparison between Logos and state-of-the-art BFT-based sharding blockchain systems.

Scheme Applicability to
Async. Networks Atomicity⋆ Robustness♢

IS-Overhead† CS-Overhead♮ for Reliability§

(for b transactions)(valid CSTX) (invalid CSTX)
Omniledger [29] 2kB 2kB
Rapidchain [54] kB 2kB
Chainspace [5] ✗ ✔✗ ✗ 2kB 2kB O(n2 ·bλ)

ByShard [24] 2kB 2kB
AHL [13] (2k+3)B (2k+3)B
Kronos [34] ✔ ✔ ✗ kB 2xB O(n2 · bλ

n )

Logos ✔ ✔ ✔ kB xC ∗ O(n · bλ

n )

“✓”, “✔✗”, “✗” represent that a property is satisfied, partially satisfied, and not satisfied, respectively.

⋆ Weak atomicity means that the protocols rely on honest leaders/clients or timing assumptions (Please refer to Definition 1 and Appendix A).

♢ Robustness ensures stable CSTP capacity under malicious nodes flooding attacks by submitting a large number of invalid CSTXs (Please refer to Definition 2).

§ Reliability ensures all honest nodes in receiver shard can eventually receive the same cross-shard message delivered by the sender shard (Please refer to Definition 6).

† k: total number of involved shards in a CSTX. x(< k): the number of input shards which has executed/locked inputs for an invalid CSTX (e.g., k = 4, x = 2).

∗ B: BFT execution cost. C : Broadcast execution cost. M : Agreement execution cost (e.g., MVBA). In asynchronous BFT, B = C +M , C < B .

♮ n: the number of nodes in each shard (n2 implies the CS broadcast). b: tx batch size. λ: the security parameter of the hash function (the output bit length).

communication cost, scales as O(n2bλ) (with n nodes per
shard, b the batch size of transactions, and λ the security pa-
rameter of the hash function). More challenging still, in practi-
cal asynchronous networks where adversaries can delay mes-
sages arbitrarily and honest nodes face unpredictable laten-
cies, ensuring atomicity and reliability is substantially more
difficult. Notably,Kronos [34] designs an asynchronous shard-
ing blockchain. It leverages an “execution-rollback” mech-
anism where input shards execute valid CSTXs directly via
BFT, reducing IS-overhead to kB . Also, a broadcast-style reli-
able cross-shard certification reduces CS-overhead to O(nbλ).

However, there are still remaining security and performance
issues. For invalid CSTXs, each input shard must perform
an additional BFT for rollback, resulting in an IS-overhead
of 2xB (where x is the affected shard number). This high
overhead enables malicious nodes to launch flooding attacks
and exhaust computation and communication resources by
submitting a large number of invalid CSTXs. The sharding
blockchain should keep robustness, where the system can pre-
serve stable processing capability for valid CSTXs under such
attacks. Moreover, although Kronos employs erasure coding
to mitigate transmission costs, its reliance on cross-shard
broadcasting in an asynchronous setting still incurs signifi-
cant CS-overhead. In real-world deployments, nodes in dif-
ferent shards are often located in geographically dispersed
regions. Cross-shard transmission therefore requires main-
taining costly and limited-bandwidth long links. Cross-shard
broadcasting becomes a critical bottleneck to the practical de-
ployment of sharding blockchains. Existing typical sharding
blockchains are summarized in Table 1.
Our contributions. We propose Logos, a robust sharding
blockchain that realizes fast CSTP and optimal cross-shard
overhead, with the following contributions.
Robust and efficient CSTP pattern with optimized

intra-shard overhead. We propose a robust broadcast-
transmission-agreement CSTP pattern. All honest nodes in
each input shard first determine the input availability states
of CSTXs via the newly designed primitive cross-state deter-
mine reliable broadcast (csdRBC) instead of an entire BFT.
After exchanging states via cross-shard transmission, valid
CSTX can be consistently committed, while invalid CSTX
can be rejected in the agreement phase. In particular, Logos en-
sures atomicity even in asynchronous networks, achieving an
optimal IS-overhead of kB for valid CSTP and optimized IS-
overhead xC for invalid CSTP (C denotes the cost of csdRBC
and is lower than B). Logos ensures robustness by preventing
malicious nodes from degrading system processing capacity
stability through flooding invalid CSTXs.
Reliable cross-shard transmission mechanism with op-
timal cross-shard overhead in asynchronous networks.
We propose a reliable parallel single-to-single transmission
mechanism. Each honest node in a sender shard only sends
a message fragment generated by erasure coding to a single
receiver, with a threshold signature and a Merkle proof as the
certificate produced by the sender shard. The receiver shard
then reconstructs the whole message, achieving cross-shard
reliability. Notably, Logos is proven to realize an optimal
CS-overhead of O(bλ). Specifically, Logos reduces the cross-
shard long link number required for message delivery from
O(n2) in existing designs to O(n), thus eliminating the bot-
tleneck caused by high-overhead cross-shard broadcast in
large-scale, real-world deployments of sharding blockchains.
Large-scale implementation of specific constructions. To
demonstrate the practical performance of Logos, we imple-
ment it using an asynchronous BFT Speeding Dumbo and an
MVBA protocol Speeding MVBA [23]. We conduct extensive
experiments on Amazon EC2 instances distributed from 4
regions across the globe. The experiment results reveal that



Logos achieves a throughput of 132.8 ktx/sec with a network
size of 1000 nodes. We compare Logos with Kronos adopting
the same BFT protocol. Logos achieves with only 50% the
latency compared to Kronos. Besides, cross-shard network
usages of Logos impressively remain only 1/210 of Kronos.
Under malicious flooding attacks, Logos maintains 2.86×
throughput over Kronos, demonstrating strong robustness.

2 Challenges and Solutions

Challenge 1: On CSTP pattern—Realizing fast CSTP
with strong atomicity and robustness in asynchronous net-
works. As shown in Figure 1, in 2PC, each input shard invokes
two rounds of BFT to determine the input availability states
of CSTXs and execute the CSTXs respectively, leading to
an IS-overhead of 2kB . Kronos decreases the IS-overhead
by executing the CSTX directly after one BFT. However,
a rollback via a BFT is necessary to realize atomicity for
invalid CSTXs (unhappy path in Kronos). In asynchronous
networks, CSTP occurs constantly and progresses at different
rates across shards, leading to frequent rollbacks. This incurs
an IS-overhead of 2xB and undermines robustness under ma-
licious flooding invalid CSTXs. To achieve fast and robust
CSTP, the rollback should be avoided. Each involved input
shard should first determine the input availability of the CSTX
that it manages. If all inputs are available, the transaction is
committed as valid; if any input is unavailable, it is rejected as
invalid. Meanwhile, the availability states should be certified
by the entire shard, considering malicious nodes.

However, ensuring efficient availability determination and
preserving atomicity in asynchronous networks is challenging.
Trivially utilizing an entire BFT leads to a high IS-overhead
of 2kB . Alternatively, if each honest node independently votes
on CSTX input availability based on its local blockchain state,
the resulting availability votes may conflict. The conflicts
can be caused by the inconsistent view on current blockchain
states or unawareness of conflicting transactions, which may
happen in asynchronous networks. Consequently, it becomes
difficult to assemble a consistent certificate of availability
votes from an input shard, undermining the atomicity.
High-level technical overview of solution to Challenge 1.
As shown in the right part of Figure 1, we propose the broad-
cast-transmission-agreement pattern to realize strong atom-
icity and robustness in asynchronous networks. We design
a new cross-state determine reliable broadcast (csdRBC) to
collect non-conflicting votes for input availability states in
each shard with cost C . We first add the state requirement
to solve the conflict caused by inconsistent views on current
blockchain states. The proposal on determining a CSTX is
attached by the proposer’s local block height and each node
only starts to vote for the CSTX while the blockchain states
are aligned. Besides, we solve the unawareness of conflicting
CSTXs by restricting that each honest node only votes for one
of the multiple conflicting CSTXs on the height h. Although
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Figure 1: Challenge 1 and our solutions. CSTP workflows
are shown from left to right for 2PC, Kronos, and Logos; the
upper and lower parts illustrate the processing of valid CSTXs
and invalid CSTXs, respectively.

none of the conflicting CSTXs can get 2 f +1 votes probably,
all honest nodes can receive all conflicting CSTXs finally and
solve the conflicts via common rules such as the hash order
in the following csdRBC.

Once the conflicts are solved, we use the classical RBC-
style collection to ensure all honest nodes can finally assemble
a consistent certificate of availability votes including 2 f +1
signatures from at least f +1 honest nodes for non-conflicting
CSTXs. Afterwards, each input shard exchanges input avail-
ability states and certificates via cross-shard transmission. For
valid CSTXs, each input shard only needs to invoke an agree-
ment protocol (e.g., MVBA) with a cost M to commit the
transactions. The total cost for valid CSTP is only C +M ,
which is equal to a BFT cost in asynchronous networks. For
invalid CSTXs, each input shard can directly discard them
and finish the CSTP. So the total cost for invalid CSTP is only
xC , strengthening the robustness.
Challenge 2: On cross-shard transmission—Achieving
asynchronous reliability and optimal cross-shard overhead.
As shown in the left part of Figure 2, selecting a coordinator in
each shard to deliver the message suffers from the loss of reli-
ability in the asynchronous network. A malicious coordinator
can refuse to deliver the message, leading to an indefinite wait.
As shown in the middle part of Figure 2, the cross-shard broad-
cast can achieve asynchronous reliability but suffer from a
high CS-overhead of O(n2 · bλ

n ) bits (with erasure coding) and
O(n2) long links. To optimize the overhead, the cross-shard
broadcast should be avoided. Each sender only maintains



ReceiverSender

1

2

3

4

1

2

3

4

n-to-n  Broadcast (Kronos)n-to-n  Broadcast (Kronos)

Message M

Total 𝒃𝝀 bits

𝑶(𝒏𝒃𝝀)

Message M

Total 𝒃𝝀 bits

𝑶(𝒏𝒃𝝀)

High 
overhead

1

2

3

4

1

2

3

4

Parallel 1-to-1(Logos)Parallel 1-to-1(Logos)

Message M

Total 𝒃𝝀 bits

𝑶(𝟏 ∗ 𝒃𝝀)

Message M

Total 𝒃𝝀 bits

𝑶(𝟏 ∗ 𝒃𝝀)

ReceiverSender

1

2

3

4

1

2

3

4

Coordinator-basedCoordinator-based

ReceiverSender

Forever 
Wait!

×

Figure 2: Challenge 2 and our solutions. CS transmission
workflows are shown from left to right for coordinator-based,
Kronos, and Logos, respectively.

some long links and sends some message fragments to part of
the receivers and ensures all receivers can finally decode the
original message from fragments in asynchronous networks.

However, ensuring all receivers can finally get the original
message in asynchronous networks with an optimal overhead
is challenging. Trivially letting each receiver get the message
fragments from all senders will lead to a high CS-overhead
of O(n2 · bλ

n ) bits. Alternatively, if each receiver gets message
fragments from only a small part of the senders, it cannot
verify that the fragments are from honest senders and that
the fragments are enough to reconstruct the original message.
Consequently, it becomes difficult to make receivers get the
least message fragments from senders and correctly recon-
struct the original message, achieving asynchronous reliability
and optimal CS-overhead simultaneously.
High-level technical overview of solution to Challenge 2.
As shown in the right part of Figure 2, we propose the reli-
able parallel single-to-single transmission mechanism. All
honest senders can generate the message fragments via era-
sure coding and the corresponding certificate jointly. The
certificate contains a threshold signature for a Merkle root of
the Merkle tree constructed by all fragments. In the proposed
CSTP pattern, the input shards perform as the sender shards in
the transmission after invoking csdRBC, so the message frag-
ments and certificates can be elegantly generated in csdRBC.
Hence, the fragments can be verified by the signature and the
Merkle proof. After that, each sender only needs to deliver
a single fragment with the certificate to a single receiver to
realize the least message fragment transmission.

For the message fragments delivered, honest receivers can
verify the incorrect fragments from malicious senders and pre-
vent the transmission of f wrong fragments. Although f mali-
cious receivers can also not deliver or send wrong fragments,
at least f +1 correct fragments can be delivered by receivers
since n ≥ 3 f + 1 holds for each shards. Then all receivers
use intra-shard broadcast to get at least f + 1 correct frag-
ments and reconstruct the message, achieving asynchronous
reliability. Notably, the reconstruction can be embedded into
the normal execution in asynchronous BFT without extra
communication rounds.

3 Building Blocks and System Models

3.1 Building Blocks
Byzantine fault tolerance protocols. For most sharding
blockchains, Byzantine fault tolerance protocols (BFT) usu-
ally act as intra-shard consensus to realize instant transaction
confirmation. In a system of n (n≥ 3 f +1) nodes in an asyn-
chronous or partially synchronous network, a BFT tolerates
up to f Byzantine (malicious) nodes (which can arbitrarily
violate the protocol, crash, or vote twice on conflicting pro-
posals). A BFT has the following properties [4,12,20,55,56].

• Safety. If two honest nodes commit proposals p and p′ at
the same height in their ledgers, it must hold that p = p′.

• Liveness. If a valid proposal p is submitted to the system,
then each honest node will eventually commit p.

Multi-valued validated Byzantine agreement. Multi-valued
validated Byzantine agreement (denoted as MVBA) is a kind
of commonly used agreement protocol in asynchronous net-
works. Participating nodes can agree on a value satisfying a
global and polynomial-time computable predicate Q(·) known
by all of them. An MVBA protocol should satisfy the follow-
ing properties [3, 8, 19, 40].

• Termination. If each honest node takes an input value v
with Q(v) = 1 then each honest node will output a value v.

• External-Validity. If an honest node outputs a value v, then
Q(v) is valid for Q.

• Agreement. All honest nodes will decide the same value v
as output.

Erasure coding. Erasure coding is a data redundancy tech-
nique used to enhance reliability and efficiency in distributed
systems. By dividing the message into r blocks and adding re-
dundant parity blocks (the total block number is n), it enables
recovery from the loss of up to n− r blocks [46]. We use a
typical (r,n)-erasure coding scheme (0≤ r ≤ n) proposed by
Reed-Solomon with the following algorithms.

• Encode algorithm: ECEnc(φ,M,n,r)→ {Mi}n. A mes-
sage M is encoded into n blocks M1, · · · ,Mn and can be
reconstructed by r blocks. φ denotes the polynomial uti-
lized for coding.

• Decode algorithm: ECDec(φ,T )→M. T represents a list
which contains r different and correct encoded blocks Mi.
After decoding, the original message M can be retrieved.

Merkle tree. A Merkle tree is a data structure that uses hash
functions to verify batched data integrity [43]. Each leaf node
represents a data block Di in the data block set {Di} while
the nodes higher up are hashes of their children nodes and



the top is the tree root rt. The tree construction is denoted as
TreeCon({Hash(Di)})→ (tree, rt). To verify each Di in the
data block set {Di}, a Merkle tree with root rt and a proof
mproof i from Hash(Di) to rt need to be given. The proof
generation for Di is denoted as MpfGen(tree,Di)→mproof i.
Threshold signature schemes. We use threshold signatures
to facilitate aggregation. (t,n)-threshold signature is a tu-
ple of algorithms which involves n entities and at most
t − 1 in them can be corrupted [7, 15, 18]. Each node
Pi can hold a key pair (pki,ski) initialized by distributed
key generation (DKG) [16, 22] and sign on message M
via function ShareSig(ski,M)→ sigi. Each signature share
sigi can be verified by ShareVer(M,(i,sigi))→ 0/1 while
t different shares can be aggregated into one signature via
function Combine({sigi}) → σ. The aggregated signature
σ can be verified by a total public key t pk via function
Verify(σ, t pk,M) → 0/1. The threshold signature scheme
should satisfy the unforgeability, i.e. any polynomial-time
adversary cannot forge a valid σ or sigi (without ski).

3.2 System Models

Adversary model. We consider a polynomial-time adversary
A which can control up to f < n

3 malicious nodes in each
shard Si with n nodes, i.e., honest majority holds for each
secure shard. Honest majority is commonly assumed by most
sharding blockchains [29, 34, 54], where shard size is con-
figured according to hypergeometric distribution. It requires
sufficient candidates with a bounded malicious proportion
less than 1/3 and a slightly larger shard size, where Logos
can maintain high efficiency. More details of realizing honest
majority in Logos is shown in Section 7.1. A can deviate
from the protocol operation arbitrarily except for forging the
signature of honest nodes.
Network model. The network model could be asynchronous
or partially synchronous. Section 4 describe protocols in
asynchronous networks, where messages between two hon-
est nodes may be arbitrarily delayed or reordered, and only
eventual reachability is guaranteed. Logos can adjust com-
ponents for partially synchronous networks (Section 7.2). In
partially synchronous networks, there exists an unknown but
finite global stabilization time (GST). After GST, messages
sent between two honest nodes arrive within a fixed delay.
Transaction model. The transaction models include
the account model and the unspent transaction output
(UTXO) model. We use the account model for the
convenience of description and Logos is also applica-
ble to the UTXO model (Section 7.3). In the account-
based model, each shard is responsible for managing a
set of accounts and their states. A transaction is struc-
tured as: TX= ({input.account},{out put.account},val, id).
In a cross-shard transaction TXcr, {input.account} and
{out put.account} can contain multiple input and output ac-
counts managed by different shards.

4 Logos

In this section, we provide the entire illustration of our pro-
posed Logos, a robust sharding blockchain with fast process-
ing and optimal cross-shard overhead.

4.1 Sharding Blockchain Formulation

4.1.1 Sharding Blockchain

In Logos, there are N nodes divided into m shards. Each shard
Si (where i = 1, · · · ,m) consists of n nodes {P j}{ j=1,··· ,n} and
manages a subset of accounts. Logos operates in consecu-
tive rounds to process and commit transactions. Transactions
TX are divided into two types, including intra-shard transac-
tions TXin (involving a single shard) and cross-shard trans-
actions TXcr (involving multiple shards). For TXin, involved
shard Si runs BFT to process it. For TXcr, all involved shards
{Sin,Sout} (Sin for input shard; Sout for output shard) process
it via the proposed robust broadcast-transmission-agreement
path. Only valid transactions will be finally committed on
each involved shard ledger Si. log where each transaction TX
corresponds to a specific position h. Invalid transactions, in-
volving invalid signatures or unavailable inputs, will not be
recorded by any shard. The cross-shard message exchange re-
lies on the parallel single-to-single transmission mechanism.

4.1.2 Security Goals

We define the secure sharding blockchain protocol in Defini-
tion 1 with the following properties.

Definition 1 (Secure sharding blockchain). In a sharding
blockchain protocol, each shard records the committed trans-
actions on its shard ledger. The sharding blockchain is said
to be secure if the following properties are satisfied.

• Consistency in a single shard. For any two honest nodes
Pi,P j in the same shard, if Pi records a transaction TX on
the ledger S. log with height h, then P j must record TX on
the same height on its ledger.

• No conflict. For any two honest nodes Pi in S1 and P j in
S2, if Pi outputs S1. log and P j outputs S2. log, then it must
holds that there does not exist TX1 ̸= TX2 and TX1 spends
the same input with TX2.

• Atomicity for cross-shard transactions. For any cross-shard
transaction, it is either committed as valid by all involved
shards, or rejected by each shard without any final state
change if it is invalid.

• Liveness. If a valid transaction is submitted, it would be
processed within κ rounds of communication, after which it
is committed and recorded on relative shards’ ledger.



Robustness. Robustness (Definition 2) focuses on the sys-
tem processing capacity stability. An adversary can consume
system resources by launching flooding attacks, i.e., submit-
ting a large number of invalid CSTXs to severely degrade the
proportion of valid CSTXs that are processed.

Definition 2 (Robustness). A sharding blockchain system is
said to satisfy robustness if it can preserve a stable capability
to process transactions when subjected to flooding attacks of
invalid CSTXs. Concretely, the processing overhead for an
invalid CSTX is strictly less than that for a valid CSTX.

4.1.3 Performance Metrics

To measure the practical performance of sharding blockchains,
we utilize the following performance metrics.
Intra-shard overhead (IS-ω). IS-ω focuses on the total intra-
shard execution overhead in CSTP, including the communica-
tion and computation cost. As most of the sharding blockchain
protocols rely on pluggable BFT protocols as intra-shard con-
sensus, we measure the IS-ω fairly by abstracting the BFT
cost as B . It is worth noting that asynchronous BFT proto-
cols [19, 23, 39] typically consist of broadcast (e.g., RBC)
with cost C , and agreement (e.g., MVBA) with cost M . The
specific measurement method of IS-ω is given in Definition 3.

Definition 3 (Intra-shard overhead). Intra-shard overhead
IS-ω refers to the overhead within all k involved shards during
a single CSTP.

Cross-shard communication overhead (CS-ω). CS-ω de-
pends on the CSTP pattern and the size of transmitted cross-
shard messages. As nodes in different shards are typically
deployed in geographically dispersed locations, cross-shard
message delivery happens frequently on the long-distance
communication links, which incurs higher transmission costs
than intra-shard ones. The specific measurement method of
CS-ω is given in Definition 4.

Definition 4 (Cross-shard communication overhead). Cross-
shard communication overhead CS-ω represents the total bits
of messages transmitted in one cross-shard transmission.

4.2 System Overview
System initialization. Each shard initializes threshold signa-
ture schemes among the shard participants with the threshold
T = n− f for proof generation. Each node Pi can get its
individual secret key ski and corresponding public key pki.
Overview of Logos. Logos first leverages the request deliv-
ery method proposed by Kronos. Clients first submit their
CSTXs to the corresponding output shards. Output shards de-
liver CSTXs to related input shards. Logos operates in three
phases to process cross-shard transactions, including input
shard broadcast, cross-shard transmission, and related shard
agreement, as shown in Algorithm 1.
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Valid CSTP is shown in Figure 3. Each input shard Sin
i

first invokes the cross-state determine reliable broadcast (Al-
gorithm 2, csdRBC) to lock the corresponding balance for
valid transactions and generate input availability states with
the certificate (Phase 1 : Input Shard Broadcast). Then each
input shard calls the reliable parallel single-to-single trans-
mission (Algorithm 3, RPST) to send the input availability
states with the certificate to all involved shards (Phase 2 :
Cross-Shard Transmission). Each involved shard uses a buffer
to store state availability proofs for pending cross-shard trans-
actions. The buffer state consistency is ensured by csdRBC
and RPST since the proofs are generated and transmitted re-
liably. Finally, the input shards run MVBA and the output
shards run BFT to commit TXcr on the ledgers (Phase 3 :
Related Shard Agreement).

Invalid CSTP is shown in Figure 4. Each input shard Sin
i

first invokes csdRBC to generate input availability states (in-
valid CSTX for unavailability) with the certificate (Phase 1 :
Input Shard Broadcast). Then the input shard calls the RPST
to send the unavailability states with the certificate to all in-
volved shards (Phase 2 : Cross-Shard Transmission). Finally,
after receiving the unavailability states with the certificate, all



involved shards will discard the invalid transactions and input
shards that have locked the balance will unlock the balance
(Phase 3 : Related Shard Agreement). Once transaction valid-
ity is confirmed, corresponding proofs will be removed from
the buffer. Logos can be instantiated with different MVBA
and asynchronous BFT protocols for flexibility.

Algorithm 1 Cross-Shard Transaction Processing
Phase 1 : Input Shard Broadcast
▶ As an input shard Sin

i of TXcr
1: call csdRBC({TXcr})→{⟨M,tree,⟨rt⟩Sin

i
⟩} ▷ Algorithm 2

2: for each M do
3: if f lag is True then ▷ valid CSTX
4: lock the account balance needed in TXcr
5: put TXcr into TXQwait
6: else ▷ invalid CSTX
7: discard TXcr

Phase 2 : Cross-Shard Transmission
▶ As an input shard Sin

i
8: call RPST(M,tree,⟨rt⟩Sin

i
) to send it to involved shards ▷Algorithm 3

▶ As an involved shard S of TXcr
9: upon receiving M from RPST of Sin

i do
10: parse M= ⟨hi,TXcr, f lag⟩ ▷ input availability states

Phase 3 : Related Shard Agreement
▶ As an input shard Sin

i of TXcr
11: for each M do
12: if f lag is True then
13: put TXcr into TXQwait
14: else ▷ invalid CSTX
15: discard TXcr
16: unlock the account balance needed in TXcr

17: call MVBA with the predicate Q(·) to commit TXcr on Sin
i . log

where Q(·) is set to wait for all input flags of TXcr are True to return 1
▶ As an output shard Sout

j of TXcr
18: for each M do
19: if f lag is True then
20: put TXcr into TXQwait
21: else ▷ invalid CSTX
22: discard TXcr

23: for each TXcr that all input flags of TXcr are True do ▷ valid CSTX
24: call BFT to commit TXcr on Sout

j . log

4.3 Cross-Shard Transaction Processing
Next, we illustrate the details of the proposed robust CSTP
pattern in Algorithm 1 stated in the shard’s perspective (actu-
ally executed by each node in the shard). The valid and invalid
CSTXs are processed with the following paths, respectively.
Valid CSTP. We first introduce the valid CSTX processing.
Phase 1 : Input Shard Broadcast. For each input shard
Sin

i of TXcr, all nodes can perform as the sender and call
csdRBC shown in Algorithm 2 to generate input availability
states M = ⟨hi,TXcr, f lag⟩ with the certificate ⟨rt⟩Sin

i
(Line

1). ⟨rt⟩Sin
i

is generated in csdRBC (Algorithm 2, Line 17) by
aggregating 2 f +1 shares ⟨rt⟩sig j into one threshold signature
and can be verified using the total public key of shard Sin

i .
Afterwards, for TXcr with available input ( f lag is True), Sin

i
locks the account balance needed in TXcr and puts TXcr into

a valid transaction waiting queue TXQwait . TXQwait is used
to collect all input availability states of TXcr also from other
involved shards (Lines 2-5).
Phase 2 : Cross-Shard Transmission. Each Sin

i performs as
a sender shard and invokes RPST (Algorithm 3) to transmit
the input availability states M and its certificate to all other
involved shards (Line 8). All other involved shards can finally
get M (Lines 9-10).
Phase 3 : Related Shard Agreement. For each involved
input shard, after receiving M, TXcr with available input is
recorded into TXQwait (Lines 11-13). Sin

i calls MVBA and
commit valid TXcr on the shard ledger Sin

i . log. MVBA has
a predicate Q(·) to verify if the transaction inputs are all
available, which means TXcr is also output as available by the
local csdRBC (Line 17). Meanwhile, for each output shard,
after reconstructing M, TXcr receiving all available inputs is
also recorded into TXQwait (Lines 18-20). Then, Sout

j calls
BFT to commit valid TXcr on the ledger Sout

j . log and change
the payee account state to finalize the TXcr (Lines 23-24).
Invalid CSTP. Then we give details of invalid CSTX pro-
cessing, where the differences mainly lie in the agreement
phase.
Phase 1 : Input Shard Broadcast. For each input shard
Sin

i of TXcr, it first calls csdRBC shown in Algorithm 2 to
generate input availability states M= ⟨hi,TXcr, f lag⟩ ( f lag
is False) with the certificate ⟨rt⟩Sin

i
(Line 1). After csdRBC, all

honest nodes in Sin
i can ensure that TXcr has the unavailable

input. Then Sin
i discards the invalid transactions (Lines 6-7).

Phase 2 : Cross-Shard Transmission. Each Sin
i performs

as a sender shard and calls RPST (Algorithm 3) to transmit
the input availability states M with its certificate to all other
involved shards (Line 8). According to Algorithm 3, all other
shards can finally receive M (Lines 9-10).
Phase 3 : Related Shard Agreement. After receiving un-
available input of TXcr, each input shard Sin

i unlocks the ac-
count balance for locked available input ofTXcr (Lines 14-16).
All output shards discard the TXcr (Lines 21-22).

4.4 Cross-State Determine Reliable Broadcast
4.4.1 Overview and Definition

One key idea of constructing Logos is to determine the trans-
action validity and generate input availability states with the
certificate in each shard via csdRBC. Therefore, we design
the csdRBC formalized as follow.

In csdRBC, each node P j can perform as the proposer on
the height h and there is a global predicate Judge(·) to validate
the proposer’s input. P j will broadcast an input availability
state M including the height h, the transaction TXcr, and the
validation tag f lag = Judge(·) for TXcr to all nodes. If there
are two conflicting M and M′ (with the same height h and con-
flicting TXcr), each node would not output or output only one
tuple (M,cert). The certificate cert should be the valid proof



to verify M including the threshold signature. Besides the
above syntax, csdRBC should be secure as per Definition 5.

Definition 5 (Security of csdRBC). The cross-state determine
reliable broadcast should satisfy the following properties.

• One-State Agreement. For any two honest nodes, if one
outputs M and another outputs M′ from proposer P j on
height h, then M=M′ holds.

• Totality. If one honest node outputs the input availability
states M from proposer P j, then every honest node outputs
M finally.

• Cross-State Non-Conflicting Validity. If two honest proposer
input conflicting M and M′, then at most one of the M and
M′ can be outputted.

4.4.2 csdRBC Construction

Algorithm 2 Cross-State Determine Reliable Broadcast
(csdRBC) with proposers {P j}n

j=1 and predicate Judge

Step ①: Preparation and Transaction Proposal
▶ As a node P j ▷ P j perform as a proposer

1: input M=⟨h j,TXcr, f lag←Judge(TXcr,P j. log)⟩
▷M is an input availability state for TXcr

2: broadcast ⟨PROPOSE,M⟩
Step ②: State Determination and Non-Conflicting Voting
▶ As a node Pi ▷ Pi perform as a receiver

3: upon receiving ⟨PROPOSE,M⟩ from the proposer P j do
4: wait until hi =M.h j ▷ TXcr is determined under the newest state
5: if Judge(M.TXcr,Pi. log) =M. f lag and not having sent ⟨ECHO,M′⟩

with conflicting TX′cr at height hi then
6: broadcast ⟨ECHO,M⟩
7: else
8: discard ⟨PROPOSE,M⟩

Step ③: Input Availability Certificate Generation
9: upon receiving 2 f +1 valid ⟨ECHO,M⟩ do

10: call ECEnc(φ,M,N, f +1)→{[M]i}n
11: call TreeCon({Hash([M]i)})→ (tree, rt)
12: call ShareSig(ski, rt)→ sigi
13: broadcast ⟨READY,M,⟨rt⟩sigi ⟩
14: upon receiving f +1 valid ⟨READY,M,⟨rt⟩sig j ⟩ with the same M and

not having sent ⟨READY,M,⟨rt⟩sigi ⟩ do
15: broadcast ⟨READY,M,⟨rt⟩sigi ⟩
16: upon receiving 2 f +1 valid ⟨READY,M,⟨rt⟩sig j ⟩ with the same M do
17: call Combine({sig j})→ ⟨rt⟩Ss ▷ input availability states certificate
18: output ⟨M,cert← (tree,⟨rt⟩S)⟩
19: function Judge(TX,Pi. log)→ f lag ▷ judge the input availability
20: if TX has valid input based on Pi. log then set f lag = True

▷ All involved accounts have enough balance for TX
21: else set f lag = False

Next, we give the detailed construction of csdRBC in Algo-
rithm 2. Input shards of TXcr invoke csdRBC, including the
following steps.
Step ①: Preparation and Transaction Proposal. csdRBC
uses the function Judge(TXcr,P j. log) as the predicate. Each
node P j uses this function to judge the transaction TXcr input

availability based on its local ledger. If all involved accounts
have enough balance to pay for TXcr, f lag is set to True.
Else, f lag is set to False (Lines 19-21). Then P j proposes the
input availability state M including its local block height h j,
the transaction TXcr, and the validation tag f lag. Then P j
broadcasts the PROPOSE message to the shard S (Lines 1-2).

Step ②: State Determination and Non-Conflicting Voting.
After receiving the PROPOSE message from a proposer P j,
each node Pi votes for the proposal via broadcasting a ECHO
message if the following conditions are fulfilled. Firstly, by
checking the height h, Pi verifies whether the proposal from
P j is constructed based on the same state as Pi’s. If the pro-
posal is based on a newer state, Pi will wait until the state is
updated (Lines 3-4). While the states are aligned, Pi deter-
mines the input availability of TXcr by the Judge(·) function,
checks the correctness of f lag in the proposal, and votes for
TXcr (Lines 5-6). Moreover, if Pi has voted for a transaction
TX′cr which conflicts with TXcr (TXcr and TX′cr spend the
same input), Pi will not vote for TXcr (Lines 7-8).

Step ③: Input Availability Certificate Generation. After
receiving 2 f + 1 valid ECHO messages on the same TXcr,
each node Pi makes sure that at least f +1 honest nodes has
voted for TXcr. Then each Pi uses erasure coding and Merkle
tree to generate the threshold signature share ⟨rt⟩sigi for the
proposed input availability states M (Lines 9-13). Each Pi
broadcasts the READY message with its proof. After the RBC-
style broadcast, all honest nodes can finally receive 2 f + 1
signature shares and aggregate them into ⟨rt⟩S as the input
availability certificate (Lines 14-18).

Regarding consistent state determination. Note that a ma-
licious client can submit conflicting transactions with the
intention of performing a double-spending attack. If multiple
conflicting CSTXs are proposed at the same height h, honest
nodes may vote for different CSTXs due to the unawareness of
conflicting CSTXs caused by the asynchronous network delay.
As honest node can only vote for one of conflicting CSTXs, it
is possible that neither of the conflicting CSTXs gets 2 f +1
votes. However, all conflicting CSTXs can be finally received
by at least one honest node via csdRBC. Therefore, this hon-
est node will broadcast the conflicting transactions and all
honest nodes can finally receive and solve the conflict via
specific voting rules such as the hash order in one of the later
rounds. For example, for the received two conflicting trans-
actions TXcr and TX′cr, if Hash(TXcr) < Hash(TX′cr), then
each honest node considers that TXcr has an available input.
For further realizing fair processing for multiple conflicting
transactions, some randomization method such as random bea-
con or pseudorandom function can be introduced to prevent
certain transactions consistently getting priority. For exam-
ple, each honest node determines the validity by computing
Hash(TXcr,r) while r is a common random number generated
unbiasedly and unpredictably.



4.5 Parallel Single-to-Single Transmission
4.5.1 Overview and Definition

Another critical component of Logos is that each input shard
(abstracted as sender shard) invokes RPST to send the same
input availability states with the certificate from the output of
csdRBC to all involved shards (abstracted as receiver shard).

In Logos, each node Pi in the sender shard takes input
availability state with the certificate ⟨M, tree,⟨rt⟩Ss⟩ outputted
by csdRBC as the input. Each node P ′i in the receiver shard
would output M. Besides the above syntax, RPST should
satisfy reliability as per Definition 6. Notably, RPST can
transmit any identical messages with certificates between two
groups, not limited to input availability states in Logos.

Definition 6 (Cross-shard reliability). All honest nodes in the
receiver shard will output the same M if each honest node Pi
in the sender shard inputs the same ⟨M, tree,⟨rt⟩Ss⟩.

4.5.2 RPST Construction

Next, we introduce the details of the reliable parallel single-
to-single transmission RPST in Algorithm 3 and Figure 5.
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Figure 5: Reliable parallel single-to-single transmission.

Step ④: Single-to-Single Cross-Shard Delivery. The sender
shard takes an input availability state M with the certificate
⟨rt⟩Ss outputted by csdRBC as the input of RPST (Line 1).
Each sender node Pi gets the fragment [M]i through erasure
coding ECEnc(φ,M,N, f +1) and generates a Merkle tree for
fragments (Line 2-3). During the cross-shard transmission,
the sender node Pi in Ss only needs to deliver the fragment
[M]i, corresponding Merkle proof mproof i, and the certificate
⟨rt⟩Ss to nodes P ′i in the receiver shard. The certificate means
that at least 2 f +1 senders (at least f +1 honest nodes) have
authenticated M and each fragment {[M]i}n (Line 4).
Step ⑤: Message Reconstruction in Receiver Shard. After
receiving the fragment [M]i from the sender node Pi, P ′i veri-
fies the validity of the certificate and the Merkle proof. Then
P ′i broadcasts verified fragment [M]i to nodes in Sr (Lines
5-7). Here, P ′i may receive nothing or wrong messages from a
malicious sender Pi. As a result, an honest receiver P ′i won’t
broadcast [M]′i received from Pi (Lines 8-9). After receiving

f +1 valid fragments, every receiver can reconstruct the input
availability states M by the decoding operation (Lines 10-11).
The reconstruction in the receiver shard can be embedded into
the asynchronous BFT without introducing additional com-
munication rounds, since most asynchronous BFT inherently
relies on broadcast to ensure message delivery.
Realizing asynchronous reliability via RPST. As shown in
Figure 5, after executing csdRBC, all honest nodes can output
the same M with the certificate ⟨rt⟩Ss and run RPST. In the
worst case, f malicious senders and f malicious receivers try
to deviate from the protocol by sending the wrong fragments
or not sending anything. However, all wrong fragments can
be verified and discarded and at least f +1 correct fragments
[M]i delivered on f + 1 honest (sender, receiver) pairs can
be finally received in asynchronous network via broadcast in
receiver shard. Therefore, in RPST, the original message can
be decoded correctly by all honest receivers without the need
of timeout and recovery mechanisms.

Algorithm 3 Reliable Parallel Single-to-Single Transmission
(RPST) with sender shard Ss and receiver shard Sr

Step ④: Single-to-Single Cross-Shard Message Delivery
▶ As a node Pi in Ss

1: input ⟨M,tree,⟨rt⟩Ss ⟩ ▷ the output of csdRBC in Ss
2: get [M]i from ECEnc(φ,M,N, f +1) ▷ Line 10, Algorithm 2
3: call MpfGen(tree, [M]i)→mproof i
4: send ⟨[M]i,mproof i,⟨rt⟩Ss ⟩ to P ′i in Sr

Step ⑤: Message Reconstruction in Receiver Shard
▶ As a node P ′i in Sr

5: upon receiving ⟨[M]i,mproof i,⟨rt⟩Ss ⟩ from a sender Pi in Ss do
6: if ⟨rt⟩Ss is valid and mproof i is valid from Hash([M]i) to rt then
7: send ⟨[M]i,mproof i,⟨rt⟩Ss ⟩ to all P ′j in Sr
8: else
9: discard [M]i

10: upon receiving f +1 valid ⟨[M] j,mproof j,⟨rt⟩Ss ⟩ with the same rt do
11: output M← ECDec(φ,{[M] j} f+1)

5 System Analysis

5.1 Security Analysis
According to Algorithm 1, the security of Logos relies on
the composition of of csdRBC, RPST, MVBA and BFT. Due
to the page limitations, we provide lemmas that Logos sat-
isfy the properties and its associated guarantees. Please see
Appendix D for detailed proofs.

Lemma 1 (Consistency in a single shard). Let n ≥ 3 f + 1
hold in each Si, then Logos satisfies consistency in a single
shard as per Definition 1.

Proof of Lemma 1. The consistency property is ensured by
the safety of BFT for intra-shard transactions and the execu-
tion of cross-shard transactions in output shards. The consis-
tency property also relies on the agreement of MVBA for the
execution of cross-shard transactions in input shards.



Lemma 2 (No conflict). Let n≥ 3 f +1 hold in each Si, Logos
satisfies no conflict as per Definition 1.

Proof of Lemma 2. The no conflict property is ensured by the
cross-state non-conflicting validity property and the conflict-
ing solving rules of csdRBC in each shard. The no conflict
property also relies on the cross-shard reliability of RPST for
solving conflicts in multiple shards.

Lemma 3 (Atomicity for cross-shard transactions). Let n≥
3 f + 1 hold in each Si, Logos satisfies atomicity for cross-
shard transactions as per Definition 1.

Proof of Lemma 3. The atomicity property is ensured by the
one-state agreement and totality of csdRBC, cross-shard relia-
bility of RPST for all CSTXs. For valid CSTXs, the atomicity
further relies on the security of BFT in output shards and the
security of MVBA in input shards.

Lemma 4 (Liveness). Let n≥ 3 f +1 hold in each Si, Logos
satisfies liveness as per Definition 1 with κ rounds.

Proof of Lemma 4. The liveness is ensured by the csdRBC,
the cross-shard reliability of RPST, the liveness of BFT, and
the termination of MVBA over the no conflict property.

Theorem 1 (Logos is a secure sharding blockchain). Let
n≥ 3 f +1 hold in each Si, then Logos is a secure sharding
blockchain as per Definition 1.

Proof of Theorem 1. By combining Lemma 1, 2, 3 and 4,
Theorem 1 holds for Logos.

5.2 Complexity Analysis
In this section, we analyze the intra-shard and cross-shard
overhead for transaction processing in Logos. Additionally,
we delve into the lower bound of intra-shard and cross-shard
overhead while ensuring secure transaction processing and
give a more detailed comparison with Kronos in Table 2.

Table 2: Comparison between Logos and Kronos.
Scheme Kronos [34] Logos

CSTX Processing Method Execution-Rollback
Broadcast-Transmission-

Agreement
IS

Overhead
Valid CSTX kB kB

Invalid CSTX 2xB xC
Liveness

Parameter⋆
Valid CSTX 2κBFT+2 κBFT+5

Invalid CSTX 2κBFT+1 5

CS Transmission Pattern O(n)-to-O(n)
Broadcast

Single-to-Single
Transmission

CS
Overhead

Message Bitsℵ O(nbλ+n2λ) O(bλ+nλ)ℵ

Long links O(n2) O(n)

⋆ Liveness Parameter: the communication rounds of CSTP. κBFT: specific round cost in a BFT.

ℵ For b > n, the CS transmission bits of Logos are O(bλ).

5.2.1 Intra-Shard Overhead

Most of sharding blockchain protocols rely on BFT to pro-
cess transactions in each shard and the BFT execution is
the main intra-shard overhead. We use B to denote a BFT
cost. Moreover, in our Logos, we decouple the BFT exe-
cution into broadcast and agreement in the input shard. In
addition to B , we also use C and M to denote the broad-
cast and agreement cost. Since most existing asynchronous
BFT [19, 21, 23, 40] adopts the broadcast-agreement design,
we assume B = C +M . According to the following analysis,
Logos has optimal intra-shard overhead for valid transactions
and optimized intra-shard overhead for invalid transactions.

Theorem 2 (Optimal intra-shard overhead). Logos commits
a k-shard-involved transaction TX through executing BFT k
times totally, realizing the lower bound of intra-shard over-
head IS-ω = kB , which is optimal for a secure sharding
blockchain as per Definition 3.

Proof of Theorem 2. The transaction processing needs state
update on UTXO/accounts with finalization on the shard
ledger log in each involved shard. In blockchain, secure up-
dating is ensured only through consensus, requiring at least
one time of BFT in each shard. If a transaction TX is commit-
ted in fewer BFT rounds than the total shard number k, there
must be at least one involved shard S that fails to achieve con-
sensus on TX, leading to the loss of atomicity. Therefore, kB
is the lower bound of IS-ω for valid transaction processing.
In Logos, BFT protocols can be decoupled into a broadcast
phase and an agreement phase. For the valid CSTP, each input
shard needs one round of broadcast and one round of agree-
ment, leading to a total IS-overhead of B . Overall, Logos has
an optimal IS-ω = kB for valid CSTP.

Comparison between Kronos and Logos for intra-shard
overhead of Invalid CSTP. Compared to Kronos, Logos has
a much lower IS-ω in invalid CSTP. In Kronos, when the
unhappy path in invalid CSTP happens in an input shard
Sin

i , an extra entire BFT is necessary to rollback the TXcr.
It leads to a high IS-ω = 2xB . (x denotes the executed valid
inputs in invalid CSTP). More specifically, the BFT execution
can be decoupled into broadcast and agreement. So IS-ω
for invalid transaction processing in Kronos equals 2xC +
2xM . However, in Logos, the main intra-shard cost on invalid
transaction processing is the execution of csdRBC. Therefore,
IS-ω for invalid transaction processing is only IS-ω = xC .

5.2.2 Cross-Shard Complexity Analysis

For a cross-shard transmission, we analyze the transmission
bits and cross-shard long links. The message transmission bits
directly affect the transmission delay, while the maintenance
of cross-shard long links consumes the CPU and memory
resources, which influence the scalability. Logos has optimal
cross-shard overhead while realizing cross-shard reliability.
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Figure 6: Performance of Logos in the WAN setting.

Definition 7 (Cross-shard long links). Cross-shard long links
represent the number of total long links between two shards
for cross-shard transmission.

Theorem 3 (Optimal cross-shard communication overhead).
Logos realizes optimal CS-ω = O(bλ) as per Definition 4 and
least cross-shard long links O(n) as per Definition 7 while
achieving cross-shard reliability.

Proof of Theorem 3. Communication overhead can be re-
duced by minimizing the exchanged message number or
decreasing each message size. Logos delves into reducing
message size from two aspects. To minimize the exchanged
message number, we first analyze the cross-shard reliabil-
ity conditions. Kronos intuitively uses O(n)-to-O(n) cross-
shard broadcast to ensure reliability. However, we observe that
the cross-shard reliability only needs f +1 non-overlapping
honest (sender, receiver) pairs if the honest receiver can ver-
ify the message from the sender and prevent wrong mes-
sage transmission. To achieve f +1 non-overlapping honest
(sender, receiver) pairs, Logos replaces O(n)-to-O(n) broad-
cast to RPST to reduce the cross-shard message exchange
number and the cross-shard long links from O(n2) to O(n).

Furthermore, to decrease each message size, Logos uses
erasure coding and each Pi only sends one O(bλ/n)-sized
message fragment (with b transactions and each transaction
with security parameter λ). For the fragment certification and
commitment compression, Logos adopts the Merkle tree and
n message fragments are constructed to a Merkle tree with
n leaf nodes. Each sender sends the message fragment with
a hash path with the size of O(lognλ). Therefore, the cross-
shard overhead CS-ω = n∗ (O(bλ/n)+O(lognλ)) = O(bλ+
nlognλ). The vector commitment [28,50] can be also utilized
as in Kronos to decrease the overhead to CS-ω = O(bλ+nλ).
Since b is generally larger than n, CS−ω can be reduced
to O(bλ), linear to the batch size. CS-ω = O(bλ) means the
total message bits transmitted across shards have the same
order as the targeted message on the information quantity bλ,
indicating the optimality according to information theory [6].

6 Performance Evaluation

We implement a prototype of Logos and deploy it across four
AWS regions (Virginia, Hong Kong, Tokyo, and London),
involving up to 1000 nodes, to evaluate its practical perfor-
mance. The evaluation include the performance of Logos in a
realistic wide-area network (Section 6.1) and the comparison
to the existing SOTA sharding protocol Kronos (Section 6.2).
Implementation details. We program Logos and Kronos in
Golang. Each shard adopts Speeding Dumbo and Speeding
MVBA (the well-known efficient asynchronous BFT and
MVBA) [23]. More details of Speeding MVBA are shown
in Appendix B. We use SHA-256, BLS signature, and Reed-
Solomon code to instantiate hash function, threshold signa-
ture, and erasure coding, respectively.
Deployment on Amazon EC2. We deploy Logos among
Amazon EC2 c5.xlarge instances, which are equipped with
4vCPUs and 8GB main memory. Each node is allocated
1vCPU at 3GHz and 2GB RAM, closely to real-world set-
tings. The performances are evaluated with varying scales at
up to N = 1000 nodes. The transaction length is 128 bytes,
which approximates the size of most transfer transactions in
Ethereum.

6.1 Overall Performance of Logos
Throughput and latency under different networks. We
first measure the throughput (i.e., the number of transactions
processed per second). We vary the batch sizes (i.e., the num-
ber of transactions proposed in each round) from b = 2k to
200k for evaluation with 50 nodes per shard. As illustrated
in Figure 6a, Logos demonstrates scalability, showcasing an
increasing throughput as network scales and achieving a peak
throughput of 132.8 ktx/sec with N = 1000, b = 200k. Fig-
ure 6b illustrates Logos’s latency across varying network
sizes. The latency remains below 3.43 sec for network scales
N ≤ 1000 and batch sizes b≤ 10k. It demonstrates the effec-
tiveness of Logos for latency-sensitive applications, even in
large-scale networks.
Throughput-latency trade-off. Figure 6c illustrates the
throughput-latency trade-off of Logos. The latency stays be-



low 10.18 sec, with the throughput reaching 64.15 ktx/sec in
a medium-scale network (N = 400). In large-scale networks
(N = 1000), the latency remains limited as the throughput
reaches a sizable 117.70 ktx/sec. This trade-off underscores
the applicability of Logos in large-scale distributed networks
requiring both throughput and latency.
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Figure 7: Performance under different CSTX proportions.

Throughput and latency under different CSTX propor-
tion. Figure 7a and Figure 7b illustrate the throughput and
latency of Logos under different CSTX proportion. Although
throughput decreases and latency increases as the CSTX pro-
portion rises, the throughput can still be maintained at 120.91
ktps, while the latency remains within 17.72 sec. Even un-
der 90% CSTX proportion, the throughput can maintained at
43.5ktps.

6.2 Comparison with Existing Solutions

Comparison with Kronos under different shards. We com-
pare the performance of Logos with the baseline protocol
of Kronos [34] (NDSS’25), a secure asynchronous sharding
blockchain. For fair comparison, we set that each shard has 50
nodes in both Logos and Kronos and the shards vary from 10
to 20. Figure 8a, Figure 8b, Figure 8c depict the throughput,
latency, and throughput-latency trade-off of Logos in com-
parison to Kronos, respectively. Overall, Logos outperforms
Kronos in all cases. Notably, the throughput of Logos exceeds
1.87× that of Kronos and realizes only 50% of the total la-
tency. Additionally, Logos exhibits a significant advantage
in peak throughput with low latency making it applicable in
both latency-sensitive and throughput-critical scenarios.
Comparison with Kronos under different shard size. We
also compare the performance of Logos and Kronos in dif-
ferent shard sizes from 50 to 150 with 6 shards. Figure 8d
depicts the throughput-latency trade-off results. Overall, al-
though the throughput decreases and latency increases as the
shard size grows, Logos still outperforms Kronos.
Cross-shard communication overhead in real-world net-
works. We compare the practical CS-overhead of Logos with
Kronos by checking the cross-shard network usage under dif-
ferent shard size from 50 to 150. The batch sizes are set as
10k, 50k, and 100k. Figure 8e depicts that the network usages
of Logos remain nearly constant while the network usages of

Kronos increase vastly with the growth of shard sizes. Under
the largest shard size and batch size, the network usage of
Logos remains only 2.3∗102 MB, with an impressive ratio of
1/210 compared to 4.83∗104 MB of Kronos for processing
600k cross-shard transactions, illustrating low CS-overhead.
Logos reduces cross-shard long-links and network consump-
tion, thereby enhancing the system’s practicality.
Robustness against malicious flooding. Figure 8f illustrates
the throughput of Logos and Kronos under different invalid
CSTX proportions. Kronos demonstrates a more obvious de-
cline in throughput for valid transactions and total throughput
as the proportion of invalid transactions rises due to the execu-
tion of expensive rollback operations within the input shards.
In contrast, Logos has a more stable capacity under malicious
nodes flooding invalid transactions, achieving 2.86× through-
put improvement compared to Kronos when the proportion of
invalid CSTXs reaches 40%. Besides, the proportion of valid
transactions successfully processed remains 78% while the
total throughput slightly rises since processing invalid trans-
actions is faster than processing valid transactions in Logos,
showcasing strong robustness as per Definition 2.

7 Discussion

7.1 Realizing Honest Majority

In Logos, each shard is required to satisfy n≥ 3 f +1 (“honest
majority” or “secure shard” in some related works). While
some prominent existing works such as Monoxide [49] and
Manifoldchain [10] adopt the Proof-of-Work (PoW) which
only require a global honest majority, it still remains a funda-
mental challenge for many sharding protocols (adopting BFT)
to ensure an honest majority in every shard. Here, we discuss
some common methods to realize a secure shard configuration
in both permissionless and permissioned environments.
Permissionless setting. The configuration in the permission-
less can rely on the reference committee and the a Proof-
of-Work (PoW) puzzle [44]. Specifically, each prospective
participant solves a PoW challenge, i.e. to find a nonce that
satisfies H(nonce,η,str) < D during the system initializa-
tion [29]. Here, η is a public randomness, str is the hash of
the previous block, and D is the pre-defined difficulty target.
The computed solution is then submitted to a reference com-
mittee for identity registration and assignment. Pi is assigned
to c-th of total m shards via a pseudorandom permutation
(PRP) function. Specifically, c≡ PRP(η, i) mod m. Config-
uring such secure shards that satisfy f < n/3 with a bounded
malicious node F (e.g., N/5) follows a hypergeometric dis-
tribution [17]. The probability for one shard corruption and
the overall system failure probability with m shards can be
computed as follows. Under our experiment settings of shard
size n = 50 and shard number m = 20, the system failure
probability is negligible (less than 10−5).
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Permissioned setting. In the permissioned setting, a trusted
certification authority (CA) can authenticate and assign the
participants. The permissioned setting allows for smaller
shard sizes while preserving security, which in turn enhances
parallelism and improves overall transaction throughput.
Rotating committee to ensure long-term security. During
long-term system operation, each shard committee needs to
be rotated to prevent shard corruption. The rotation is per-
formed with three steps including reconfiguration, DKG and
matching nodes. The reconfiguration process is similar to the
initial configuration. After reconfiguration, all new committee
members are elected. In permissioned environments, CA can
reassign nodes to shards based on predefined policies or per-
formance metrics. In the permissionless setting, nodes jointly
run a public randomness generation protocol [14] to generate
a new randomness η′, then compute PoW solutions based
on η′ for new allocations. After the reconfiguration, the new
committee jointly operates DKG to generate key pairs (pk,sk)
of threshold signature for each member, spending only some
seconds [51,52]. Next, the public keys of committee members
are broadcast across all shards. Then members can be ordered
by Hash(pk) and matched with corresponding nodes in other
shards to realize shard coordination. Meanwhile, each node
requests the historical states from previous members of its
newly assigned shard to resume transaction processing [36].

7.2 Partially Synchronous Implementation

Here we describe the Logos construction under the partially
synchronous network in Algorithm 4. The broadcast and trans-
mission phases are the same as the construction in Algorithm 1
(Lines 1-2). For involved shards, invalid CSTP is also pro-
cessed in the same way as Algorithm 1 (Line 7 and Line 10).
For valid CSTXs, the agreement phase in the input shards
could be simplified. After each honest node in input shard Sin

i
receives all available inputs, each honest node broadcasts the
FINALIZATION message for TXcr (Lines 3-4). After receiving
2 f +1 FINALIZATION messages, each honest node can make
sure that at least f +1 honest nodes have received all available
inputs. Therefore, each honest node can commit TXcr on the
ledger (Lines 5-6). For each output shard, it invokes BFT in
partial synchronous networks [9] to commit TXcr (Lines 8-9).

Algorithm 4 Logos In Partially Synchronous Network
▶ As an input shard Sin

i of TXcr
1: invoke Algorithm 1 Lines 1-7 to finish Phase 1
2: invoke Algorithm 1 Lines 8-10 to finish Phase 2

Phase 3 Related Shard Agreement
▶ As an input shard Sin

i of TXcr
3: for each TXcr that all input flags of TXcr are true do ▷ valid CSTX
4: broadcast ⟨FINALIZATION,TXcr⟩
5: upon receiving 2 f +1 valid ⟨FINALIZATION,TXcr⟩ do
6: commit TXcr on Sin

i . log finally
7: invoke Algorithm 1 Lines 14-16 to process invalid TXcr

▶ As an output shard Sout
j of {TXcr}

8: for each TXcr that all input flags of TXcr are true do ▷ valid CSTX
9: call BFT in partial synchronous network [9] to commit TXcr

10: invoke Algorithm 1 Lines 21-22 to process invalid TXcr



7.3 Application on UTXO model
The CSTP pattern of Logos is also applicable to the UTXO
model. In UTXO model systems, each shard maintains a
UTXO list. A CSTX can be formalized as TXcr = (I,O, id).
I = {I1, I2, · · ·} indicates the transaction input set, where each
Ii in I consists of the belonging shard Sin

i and utxoi. O =
{O1,O2, · · ·} indicates the transaction output set, where each
O j in O includes output shard Sout

j and the output value v j. In
CSTP, each input shard invokes csdRBC to determine whether
utxoi is in the input shard’s UTXO list and invokes RPST to
transmit the states to all involved shards. For valid CSTP, after
receiving all input availability states, each input shard finally
commits TXcr on its ledger and deletes utxoi from UTXO
lists. Each output shard generates a new utxo j from TXcr and
adds utxo j into its UTXO lists. For invalid CSTP, each input
shard unlocks the utxoi and each output shard discards TXcr.

7.4 Regarding Asymmetric Committee Size
The RPST is also applicable to the asymmetric commit-
tee with different size ns (sender shard with fs malicious
nodes) and nr (receiver shard with fr malicious nodes) by
fine-tuning the encoding parameters and the communica-
tion pattern. Each sender node can encode the message M
into nall = LCM(ns,nr) fragments [M]k=1,··· ,nall where LCM
denotes the least common multiple. Followed the analysis
of RPST, there are at most nall/ns ∗ f1 wrong fragments
from malicious senders and nall/nr ∗ f2 wrong fragments
from malicious receivers. Therefore, the parity fragments
are nall

ns
∗ f1 +

nall
nr
∗ f2. The k-th fragment [M]k is transmitted

from sender P⌊ k
nr ⌋

to receiver P ′⌊ k
ns ⌋

with the certificate.

8 Conclusion

We present Logos, a robust sharding blockchain that achieves
fast transaction processing and optimal cross-shard overhead.
Logos ensures strong atomicity and robustness by prevent-
ing malicious nodes from causing state inconsistencies or
undermining the system stability. The proposed reliable par-
allel single-to-single transmission mechanism enables arbi-
trary message delivery while reducing cross-shard complex-
ity. Logos can serve as an asynchronous sharding blockchain
framework, supporting integration with newly designed RBC
and MVBA protocols to enhance both system security and
performance. This makes it suitable for large-scale, real-world
applications such as finance, digital currency, and Web 3.0
identity management.

Ethical Considerations

We develop Logos, a robust sharding blockchain with fast
processing and optimal cross-shard overhead, with the aim of

improving security while reducing latency and bandwidth. We
carefully consider the ethical implications, striving to promote
security, performance, and social benefit while minimizing
potential negative outcomes.
Stakeholders. Immediate technical beneficiaries include the
engineers, operators, and end-users who rely on blockchain
and other distributed environments. The research community
gains reproducible benchmarks and an open-source reference
implementation. Commercial competitors and open-source
maintainers may experience positive or negative market ef-
fects. Society at large could be affected in a positive way as
the more efficient solutions for legitimate users.
Ethical principles. We dive into four Menlo principles to
decide how to treat stakeholders.

• Beneficence. We recognize that lower latency and network
usage can significantly reduce operational costs and im-
prove operational efficiency, bringing broader access for
organizations that rely on blockchains or distributed sys-
tems. Although high efficiency also leads to large-scale
illegal services, comparable solutions are already widely
available and we have found no evidence of such misuse.
We believe that our protocols have more positive benefits
than negative outcomes due to the higher throughput, strong
robustness, lower latency, and less cross-shard network us-
age. Our solutions can enhance the security and efficiency
of distributed systems and promote the fairness of cross-
region access. We also prepare the mitigation mechanisms
to minimize potential risks, including the long-term moni-
toring on real-world deployments, the prompt remediation
on any identified problems, the transparent disclosure pro-
cess, and the continuous improvements on our protocols.

• Respect for persons. No human subjects or real-world
user data were involved. Nonetheless, we consider the well-
being of our researchers. We prioritize team well-being by
preventing harm, fostering a supportive environment, and
promoting balance and diversity.

• Justice. To ensure that performance gains are shared eq-
uitably, all code will be released on GitHub under the per-
missive CC BY4.0 license together with step-by-step build
scripts, preventing inequitable costs for outside researchers.

• Respect for law and public interest. We check the legal
risks associated with computer misuse statutes and privacy
or intellectual property regulations. Our research adheres
to all legal frameworks and data privacy principles, em-
ploying only safe experiments. Our work advances the pub-
lic interest through open-source release and a responsible-
disclosure process. Because the study contacts no third
party systems and exposes no personal data, it is lawful in
every jurisdiction where the authors reside. Publishing the
artifacts allows anyone to replicate the experiments, audit
our claims, and contribute fixes.



Decision. We decide to complete and publish the research.
While acknowledging the potential for misuse to conceal ma-
licious activities, we contend that Logos’s benefits in enabling
large-scale distributed trust infrastructure with high perfor-
mance vastly outweigh this risk. Our optimizations push the
sharding blockchain more practical in large-scale, real-world
applications against adversaries. Because no human subjects
are involved, autonomy and privacy rights remain untouched.
Legal due diligence confirms compliance with misuse and IP
rules, and full transparency serves the public interest by en-
abling independent audit and continuous improvement. Taken
together, the principles of beneficence, respect for persons,
justice, and respect for law all support the same conclusion:
proceeding with this research and its publication is an ethical
course, with an ongoing obligation to monitor, disclose, and
remediate any unforeseen harms.
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We are committed to upholding the principles of open sci-
ence to ensure the transparency of our research. All research
codes and necessary documentation have been published at:
https://zenodo.org/records/17855927
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A Related Works

Numerous works [5,11,17,25,26,29–31,33–35,38,48,53,57]
have studied sharding blockchains, and existing approaches
to improving CSTP can be classified as follows.
Kronos. Kronos [34] is the state-of-the-art generic sharding
blockchain consensus that realizes strong atomicity and op-
timized overhead even in asynchronous networks. Briefly,
Kronos processes CSTXs through the following phases: re-
quest delivery, available input spending (or unavailable input
proving for invalid CSTXs), reliable cross-shard certification,
and valid request finalization (or invalid request rejection).

Clients first submit their CSTXs, signed by all involved
clients, to the corresponding output shards. Output shards
conduct a formal examination and forward examined CSTXs
to their input shards, preventing malicious clients from selec-
tively sending requests to only a subset of involved shards
while neglecting others. After receiving a CSTX, each input
shard verifies the input availability and spends available inputs
to the output shard buffer through BFT. Processed CSTXs
are then certified to the corresponding output shards in batch
using a O(n)-to-O(n) reliable cross-shard batch certification
method. The buffer is securely maintained by all parties in
the output shard using a threshold signature, ensuring that no
input is transferred until all required inputs are received.
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https://bitcoin.org/bitcoin.pdf
https://nearprotocol. com/downloads/Nightshade.pdf
https://nearprotocol. com/downloads/Nightshade.pdf


Once all inputs of a CSTX are received, the CSTX is
deemed valid, and honest nodes in the output shard sign to
the validity of this CSTX. The input funds are transferred to
the payee from the buffer with these honest nodes’ signatures.
Invalid transactions are certified to all involved shards in the
unavailable input proving phase. In the happy path, invalid
requests are comprehensively rejected through cross-shard
broadcast. In unhappy paths, where an input has already been
spent by the input shard before receiving the invalidity proof,
this shard performs a rollback through another round of BFT,
known as the “execution-rollback” method in Figure 1.
Other well-known CSTP patterns. Kokoris-Kogias et
al. [29], Al-Bassam et al. [5], and Zhang et al. [57] adopt
two-phase commit (2PC) to process CSTXs, which includes
a prepare phase and a commit phase. Each phase is finished
through a BFT in the involved shards, leading to the IS-
Overhead of 2kB as analyzed in Section 2. Zamani et al. [54]
split CSTX commitment into two individual commitments,
which are finished by input shards and output shards succes-
sively. Wang et al. [48] propose Monoxide and utilizes the
relay transaction mechanism to convert CSTX into ISTXs and
decrease the IS-overhead. Monoxide is based on PoW and
cannot process invalid multi-input transactions. Li et al. [30]
also adopt this method to process CSTXs.
Introducing special shard structures. Hong et al. [25] intro-
duce bridge shards that store the full ledger records of multiple
shards. Therefore, the CSTXs involving these shards can be
processed and validated by them internally, where the bridge
shard serves as the coordinator. The bridge structure limits
full state sharding and struggles to accommodate randomly
distributed CSTXs without appropriate bridge shards. David
et al. [17] exploit a large control chain to monitor all shard
operations. Under the supervision of the control chain, shards
are initially configured with small sizes and scaled up if the
control chain detects a consensus halt (i.e., the shard cannot
run BFT securely). This protocol adopts 2PC, where either the
clients or the shard leaders interacting with the control chain
can act as the cross-shard coordinators. Xu et al. [53] employ
a two-layer sharding structure: the network is partitioned into
large control shards, each further divided into several smaller
process shards. Nodes only participate in one process shard
to execute CSTP, under the regulation of the upper control
shard. CSTXs are committed using the splitting mechanism,
similar to that of Zamani et al. [54].

B MVBA used in Logos

Here we introduce the Speeding MVBA used in our Logos
proposed by Guo et al. [23]. Speeding MVBA uses a compact
structure that significantly reduces communication rounds
while maintaining agreement and termination. Unlike tradi-
tional MVBA designs such as AMS19 [3], which rely on a
three-phase “key-lock-commit” broadcast using four provable
broadcasts (PBs), Speeding MVBA compresses this into a

two-stage protocol by constructing a Strong Provable Broad-
cast (SPB) from just two sequential PBs. This allows the
protocol to produce both lock and finish proofs with fewer
messages. Additionally, it introduces a novel two-phase “Yes-
No” voting mechanism that replaces the complex key-lock
while ensuring consensus even in adversarial settings.

In optimistic cases, a shortcut mechanism allows honest
nodes to immediately terminate, reducing the protocol execu-
tion into only 6 rounds. Even in the worst case, the protocol
only needs 12 rounds to terminate. Speeding MVBA has
significantly fewer rounds compared to other works, which
need dozens of rounds, dramatically improving latency and
throughput in asynchronous BFT systems.

C Supplementary Experiments

Comparison with other sharding blockchains. We further
compare Logos with other state-of-the-art sharding systems,
AHL [13] and Byshard [24]. Each shard comprises 50 nodes.
Figure 9a and Figure 9b depict the throughput and the latency
respectively. Overall, Logos outperforms the two schemes by
about 4.2-5.1× throughput with a time cost below 20%.
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Figure 9: Comparison of Logos and other sharding
blockchains.

D Detailed Security Analysis

D.1 Analysis of csdRBC

Lemma 5. Let n ≥ 3 f + 1 hold, the csdRBC presented in
Algorithm 2 is secure as per Definition 5.

Proof of Lemma 5. We prove the lemma as follows.
One-State Agreement. In csdRBC, honest node could vote
for multiple input availability states with non-conflicting TXcr
and vote for only one of input availability states with conflict-
ing TXcr at the height h. For any two honest nodes, if one
outputs the input availability states M and another outputs M′

for proposer P j, then both M and M′ receive at least 2 f +1
ECHO message votes. That is to say, when n≥ 3 f +1 holds,
if M does not equal to M′, then at least one honest node votes
for M and M′ at the same height h, leading to a contradiction.
Therefore, csdRBC satisfies one-state agreement.



Totality. In csdRBC, if one honest node Pi outputs the input
availability states M, Pi must receive at least 2 f +1 READY
messages for M which means that at least f +1 honest nodes
send READY messages for M. Then, all honest nodes can
receive f +1 READY messages from these honest nodes and
broadcast READY messages. Finally, all honest nodes can
receive 2 f + 1 READY messages and output M. Therefore,
csdRBC satisfies totality.
Cross-State Non-Conflicting Validity. In csdRBC, accord-
ing to Lines 5-6 of Algorithm 2, each honest node Pi can only
vote once for conflicting transactions. If one honest proposer
P j proposes an input availability state M, and another honest
proposer P ′j proposes a conflicting M′, then only one of M and
M′ can receive at least f +1 honest votes. Although f mali-
cious nodes can double-vote, at most one message can receive
more than 2 f +1 votes and finally be outputted. Therefore,
csdRBC satisfies cross-state non-conflicting validity.

D.2 Analysis of RPST
Lemma 6. Let n≥ 3 f +1 hold in both sender shard Ss and
receiver shard Sr, then RPST presented in Algorithm 3 is
reliable as per Definition 6.

Proof of Lemma 6. In RPST, if each node Pi in the sender
shard inputs the same ⟨M, tree,⟨rt⟩Ss⟩, then all honest nodes
in Ss will send the correct fragment with the certificate
⟨[M]i,mproof i,⟨rt⟩Ss⟩. In the worst case, at most f wrong
fragment will be delivered to f honest receivers by f ma-
licious senders in Step ④. However, according to the un-
forgeability of signatures and the collision resistance of the
hash function, f honest receivers can verify the certificate
and discard the wrong fragments. Besides, f malicious re-
ceivers try to broadcast wrong message fragments in Step ⑤.
However, according to the unforgeability of signatures and
the collision resistance of the hash function, these f wrong
fragment will be discarded by all honest receivers. Finally, at
least f +1 correct fragments [M]i delivered between honest
(sender, receiver) pairs can be received and M can be decoded
and outputted correctly by all honest receivers.

D.3 Analysis of Logos
Lemma 1 (Consistency in a single shard). Let n ≥ 3 f + 1
hold in each Si, then Logos satisfies consistency in a single
shard as per Definition 1.

Proof of Lemma 1. For intra-shard transactions, the consis-
tency is ensured by the BFT safety property. We analyze the
consistency for CSTP in a single shard as follows.
Consistency for CSTP in input shards. In Logos, each in-
put shard Sin only commits the valid CSTXs on Sin. log in
the agreement phase by invoking MVBA. If an honest node
Pi commits TXcr on the height h, then for any other honest
node P j in Sin that commits TX′cr on the same height h on

ledger Sin. log, it must hold that TXcr =TX′cr according to the
agreement property of MVBA.
Consistency for CSTP in output shards. In Logos, output
shard commits valid CSTXs in the agreement phase by invok-
ing BFT. If an honest node Pi commits TXcr on the height h,
then for any other honest node P j in Sout that commits TX′cr
on the same height h of the ledger Sout. log, it must hold that
TXcr = TX′cr according to the safety property of BFT.

Finally, consistency in a single shard holds for Logos.

Lemma 2 (No conflict). Let n≥ 3 f +1 hold in each Si, Logos
satisfies no conflict as per Definition 1.

Proof of Lemma 2. We analyze this property as follows.
No conflict in one shard. In Logos, if two honest nodes Pi
and P j in one shard propose two conflicting CSTXs TXcr
and TX′cr with the same input, they first invoke the csdRBC
to output the input availability states M and M′ for TXcr and
TX′cr. However, according to cross-state non-conflicting va-
lidity property of csdRBC, at most one of M and M′ can be
outputted. If neither of them is outputted, then in the following
rounds, all honest nodes in two different shards can finally re-
ceive TXcr and TX′cr. Each shard can solve the conflict. If one
of them (assume it is TXcr) is outputted as having available
inputs and committed as a valid CSTX on the shard ledger fi-
nally, then the state change occurs, which means TX′cr will be
outputted as having unavailable input. Finally, no conflicting
transactions will be committed on the shard ledger.
No conflict in multiple shards. In Logos, if two honest nodes
Pi and P j in two different shards propose two conflicting
transactions TXcr and TX′cr with the same input, they first
invoke the csdRBC in there own shard to output TXcr and
TX′cr. Then all honest nodes in each input shard Sin

i send
the result to all other involved shards {Sin,Sout} by invoking
RPST. According to the reliability of RPST, all honest nodes
in two different shards can receive TXcr and TX′cr. Then each
shard can solve the conflict. If one of them (assume it is TXcr)
is outputted as having available inputs and committed as a
valid CSTX on the two shard ledgers finally, then the state
change occurs, which means TX′cr will be outputted as having
unavailable input. Finally, only TXcr can be considered as
valid in two shards and be committed on both ledgers.

Therefore, no conflict holds for Logos.

Lemma 3 (Atomicity for cross-shard transactions). Let n≥
3 f + 1 hold in each Si, Logos satisfies atomicity for cross-
shard transactions as per Definition 1.

Proof of Lemma 3. We analyze these properties from valid
and invalid transactions as follows.
Atomicity for valid CSTXs. For a valid CSTX TXcr, accord-
ing to Algorithm 1, all honest nodes in each input shard Sin

i
first invoke csdRBC. By the one-state agreement and totality
properties of csdRBC, all honest nodes can finally output the
input availability states with the certificate and lock the ac-
count balance for TXcr. Then all honest nodes in each input



shard Sin
i send the available input states to all other involved

shards {Sin,Sout} by invoking RPST. According to the reli-
ability of RPST, all honest nodes in all involved shards can
receive all available input states of TXcr. Then input shards
run MVBA to commit TXcr. By the termination and the agree-
ment properties of MVBA, all input shards will finally commit
TXcr on the shard ledger and change the state. Meanwhile,
the output shards invoke BFT to commit TXcr. According to
the safety and liveness properties of BFT, the output shards
will finally commit valid TXcr on the shard ledger.
Atomicity for invalid CSTXs. For an invalid CSTX TXcr,
according to Algorithm 1, all honest nodes in each input shard
Sin

i first invoke csdRBC. By the one-state agreement and total-
ity properties of csdRBC, all honest nodes can finally output
the input availability states with the certificate. Then all hon-
est nodes in each input shard Sin

i send the input availability
states of TXcr to all other involved shards {Sin,Sout} by invok-
ing RPST. Similarly, by the reliability of RPST, all honest
nodes in all other involved shards can receive the unavailable
input states of TXcr. After that, all honest nodes in all input
shards unlock the account balance for available inputs and no
state changes happen in input shards. Meanwhile, all honest
nodes in all output shards discard TXcr directly and no state
changes happen in output shards.

Hence, atomicity holds for Logos.

Lemma 4 (Liveness). Let n≥ 3 f +1 hold in each Si, Logos
satisfies liveness as per Definition 1 with κ rounds.

Proof of Lemma 4. Liveness for intra-shard transactions is
ensured by the BFT liveness property with κ = κBFT. We
prove this theorem for CSTP by analyzing the liveness pa-
rameter for non-conflicting transactions since all conflicts
between CSTXs can be solved by the no conflict property
proven in Lemma 2.
Liveness for valid CSTP. For a valid CSTX TXcr, each input
shard Sin first runs one round csdRBC with κ = 3 (Step ①-③
in Algorithm 2), and one round RPST with κ = 2 (Step ④-
⑤ in Algorithm 3). After that, each input shard Sin runs the
MVBA with κ = κMVBA and each output shard Sout runs BFT
with liveness parameter κ = κBFT. In asynchronous networks,
κBFT > κMVBA [23]. Therefore, the liveness parameter κ holds
that κ = κBFT+5.
Liveness for invalid CSTP. For an invalid CSTX TXcr, each
input shard Sin rejects it with one round csdRBC with κ = 3,
and one roundRPST with κ= 2. Then all shards discard TXcr.
Therefore, the liveness parameter κ holds that κ = 5.
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