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Abstract—The transaction execution layer is a key determinant
of throughput in permissioned blockchains. While recent Shared
Memory Pools (SMP)-based approaches improve throughput by
enabling all consensus nodes to participate in transaction pack-
aging, they face two fundamental limitations. First, the perfor-
mance bottleneck shifts from the consensus layer to the transac-
tion execution layer as transaction number confirmed in a round
increases. Second, these approaches are vulnerable to “transaction
duplication” attacks where malicious clients can simultaneously
send the same transaction to multiple consensus nodes, thereby
decreasing the number of valid transactions in block proposals.
To address these limitations, this paper introduces Nexus, a novel
blockchain transaction processing framework with high scalability.
Nexus leverages the idle computational resources of full nodes to
enable transaction execution in parallel with the consensus. More-
over, Nexus allows each node to handle only a fraction of the total
transactions and share execution results with others. This approach
reduces overall transaction execution time, increases throughput,
and decreases latency. Lastly, Nexus introduces a transaction par-
titioning mechanism that effectively addresses the “transaction
duplication” attack and achieves load balancing between clients
and consensus nodes. Our implementation of Nexus demonstrates
significant improvements: throughput increases by 4x to 15x, and
latency is reduced by 50% to 70%.

Index Terms—JLatency, permissioned blockchain, throughput,
transaction processing.

I. INTRODUCTION

ERMISSIONED blockchains are distributed ledgers typ-
P ically maintained by business consortia or multiple orga-
nizations [1], [2]. At present, most permissioned blockchains
adopt leader-based Byzantine Fault Tolerance (BFT) consen-
sus protocols to achieve higher performance [3], [4], [5],
[6], [7]. However, these consensus protocols suffer from the
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leader bottleneck issue: the bandwidth of non-leader consensus
nodes is significantly underutilized, primarily because their roles
in the consensus process are limited to voting on block proposals.

To address this issue, some studies employ Erasure Coding
(EC) [8], [9], [10] to distribute block proposals among con-
sensus nodes, thereby alleviating the bandwidth burden on the
leader node by involving non-leader consensus nodes in the
distribution. However, during the subsequent voting phase, the
bandwidth resources of all non-leader consensus nodes remain
underutilized [9]. Furthermore, from a global perspective, the
redundant chunk distribution introduced by EC causes the total
outbound bandwidth consumed for block proposal distribution
to be higher than that without EC. This reduces the bandwidth
available for transaction distribution and limits the number of
transactions available to the leader during block proposal gener-
ation. Consequently, the upper bound of consensus throughput
is lowered.

To overcome the above shortcomings of EC, recent re-
search efforts [11], [12], [13], [14], [15], exemplified by Nar-
whal [11] and Predis [12], propose using Shared Memory Pools
(SMP) [16] to address the leader bottleneck. SMP-based proto-
cols fundamentally differ from EC-based approaches in that they
decouple transaction distribution from the consensus process.
This design allows each consensus node to independently and
concurrently generate block substructures composed of transac-
tions and distribute them to other consensus nodes. By leverag-
ing the otherwise idle bandwidth of consensus nodes during the
voting phase, SMP-based protocols enable more transactions to
be confirmed in a single consensus round, thereby significantly
improving throughput. However, SMP-based protocols still face
two critical limitations that hinder their ability to fully realize
their performance potential. Addressing these critical limitations
for SMP-based protocols constitutes the primary motivation of
this paper.

Firstly, the performance evaluations of SMP-based protocols
in existing research efforts consistently neglect the transac-
tion execution phase. However, in permissioned blockchains,
transaction execution is an essential phase in the transaction
lifecycle [17], since consensus nodes typically proceed to the
next consensus round only after executing all transactions within
the current block. Therefore, although these SMP-based pro-
tocols can package a large number of transactions in a single
consensus round, they concurrently require consensus nodes
to execute more transactions. For nodes with limited band-
width and computational resources [18], this leads to prolonged
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execution times, network congestion, and increased transac-
tion confirmation latency, ultimately degrading the Quality of
Service (QoS) for users [19]. Our experiments demonstrate
that when the transaction execution phase is considered, the
throughput of these SMP-based protocols drops to only 5% to
10% of their reported values, while latency increases by 2x to 3x.
In essence, this optimization shifts the performance bottleneck
from the consensus layer to the transaction execution layer [19],
[20], [21].

Secondly, these SMP-based protocols overlook the poten-
tial “transaction duplication” attack. In their assumptions, each
clientis assumed to be honest and to send transactions to a unique
consensus node [11], [12], [13], [14], [15], [22]. However, this
assumption does not hold in practical environments [23], [24],
[25]. A malicious client can send the same transaction to multiple
consensus nodes. Such an attack can significantly reduce the
number of valid transactions in block proposals. In the worst
cases, the throughput of these SMP-based protocols can drop to
N%, where N, is the number of consensus nodes, even falling
below the performance of PBFT [3] and HotStuff [4].

To address these limitations, we further investigate SMP-
based protocols and discover that block substructures, such
as bundles [12] and microblocks [13], generated by consen-
sus nodes essentially represent a pre-ordering of a batch of
transactions. In SMP-based protocols, the leader node only or-
ders block substructures when generating block proposals. This
process does not modify the order of transactions within each
block substructure. Additionally, in permissioned blockchains,
full nodes' remain idle while awaiting consensus results from
consensus nodes, leading to a significant waste of computational
resources.

In light of the aforementioned findings, this paper proposes
Nexus, a novel transaction processing framework for permis-
sioned blockchains adopting SMP-based protocols. Nexus de-
couples transaction execution from consensus and leverages the
otherwise idle computational resources of full nodes. Specif-
ically, Nexus allows consensus nodes to forward the block
substructures they generate to the full nodes affiliated with
them. These full nodes can then pre-execute the transactions
within block substructures in parallel while consensus nodes are
engaged in the consensus process. Additionally, Nexus allows
consensus nodes to collect pre-execution results from full nodes
and forward them to other consensus nodes. Therefore, each
node handles only Nir of the total transactions, thereby reducing
the number of transactions that each node needs to execute. Once
the consensus result is received, both full nodes and consensus
nodes can use the pre-execution results to accelerate the trans-
action execution phase. Through this design, Nexus addresses
the transaction execution bottleneck in SMP-based protocols,
enhancing throughput while reducing transaction latency.

Furthermore, Nexus implements an efficient transaction par-
titioning mechanism. This mechanism deterministically maps
each client to a unique consensus node, ensuring that each
transaction is handled by only one consensus node, effectively

IFull nodes, except for those selected as consensus nodes, do not participate
in consensus processes, but still need to synchronize new blocks from consensus
nodes to maintain the distributed ledger.

preventing “transaction duplication” attacks. Additionally, this
mechanism achieves load balancing between clients and consen-
sus nodes. Compared to the load balancing strategy adopted by
Stratus [13], Nexus does not require frequent communication
among consensus nodes, thereby eliminating the risk of load
transfer failures and additional bandwidth consumption. More-
over, this transaction partitioning mechanism can effectively re-
sist both hotspot and censorship attacks. When consensus nodes
dynamically join or leave, Nexus can still maintain load balanc-
ing, demonstrating better robustness and scalability. Therefore,
Nexus achieves a harmonious integration of attacks defense and
load balancing.

In summary, this paper makes the following contributions:

® We propose Nexus, a novel transaction processing frame-
work for permissioned blockchains adopting SMP-based
protocols. Nexus decouples transaction execution from
consensus and leverages the idle computational resources
of full nodes to execute transactions in parallel with con-
sensus. Additionally, Nexus also reduces the number of
transactions each node needs to handle.

e We propose a comprehensive transaction partitioning
mechanism in Nexus based on consistent hashing that
effectively addresses the “transaction duplication” attack
against SMP-based protocols and achieves load balancing
between clients and consensus nodes.

e We implement Nexus based on HotStuff and comprehen-
sively evaluate its performance. Experimental results show
that Nexus significantly improves throughput, achieving
4x to 15x the baseline and reducing latency by 50% to
70%, while maintaining superior performance even under
malicious node attacks.

II. SYSTEM MODEL

Nexus works within permissioned blockchains. Hence, the
assumptions in this paper are as follows:

Nodes in a permissioned blockchain are classified into three
main types: clients, full nodes, and consensus nodes. Clients sign
and generate transactions and submit them to a full node. Full
nodes synchronize new blocks from consensus nodes to maintain
the distributed ledger and provide services to clients. Consensus
nodes, selected from full nodes, package transactions from other
full nodes into blocks and extend the distributed ledger through
a leader-based BFT consensus protocol. In Nexus, it assumes
that there are IV full nodes, among which at most f nodes may
be malicious. Based on this, the number of consensus nodes
in Nexus satisfies N. > 3f + 1(N. < N). The information of
consensus nodes and their affiliated full nodes is periodically
maintained through consensus. Therefore, clients can obtain
their latest information from any node.

Nexus is built upon a series of SMP-based protocols [11],
[12], [13], [14], [15] that are designed for leader-based BFT
consensus. Consequently, Nexus inherits both the Byzantine
threat model and the communication model [3], [4]. For ex-
ample, malicious nodes may produce arbitrary values, delay or
omit messages, and collude with one another, but cannot forge
the signatures of honest nodes. Furthermore, Nexus is presumed
to be based on a partially synchronous network model, meaning
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that after a Global Stabilization Time (GST) event, messages will
arrive within a known time A. Although the GST is guaranteed
to occur within a finite time, its exact timing is unknown [26].

III. NEXUS DESIGN

Nexus is a novel transaction processing framework designed
for permissioned blockchains that adopt SMP-based protocols.
It consists of three main components: Transaction Partition-
ing Mechanism, which tackles the “transaction duplication”
attack; Pre-Execution, which utilizes the idle computational
resources of full nodes to pre-execute transactions within block
substructures; and Feedback on Execution, which shares the
pre-execution results of block substructures between full nodes
and consensus nodes. This section first introduces the three
components of Nexus individually and then provides a detailed
explanation of the overall Nexus workflow.

A. Transaction Partitioning Mechanism

In SMP-based protocols such as Narwhal [11] and Predis [12],
consensus nodes independently and continuously package trans-
actions to generate block substructures, without any interaction
between their respective transaction pools. The essence of this
design is the mandatory transaction pool synchronization. How-
ever, this design introduces a vulnerability for malicious clients
or nodes providing transactions to consensus nodes. Specifically,
malicious nodes may exploit this by sending the same transaction
to all consensus nodes. Consequently, the same transaction
appears in the transaction pools of all consensus nodes, and
is packaged into block substructures. These substructures are
then distributed to other consensus nodes. When the leader node
receives block substructures from other consensus nodes, these
block substructures contain duplicate transactions that already
exist in its local transaction pool. In the worst-case scenario
where all clients send their transactions to all consensus nodes,
only Ni of the transactions in all block substructures would be
valid. Therefore, when facing the “transaction duplication” at-
tack, the transactions per second (TPS) of SMP-based protocols
drops to Nip of the TPS under normal conditions.

To demonstrate the severity of this attack, Predis [12], an
SMP-based protocol with the best performance, is implemented
based on Hotstuff [27]. The maximum TPS without transac-
tion execution phase is compared among the original HotStuff
(Basic-HotStuff), Predis, and Predis under the “transaction du-
plication” attack(Predis-attacked). The number of consensus
nodes is set to 4, 8, and 16. The inter-node RTT is set to 30 ms,
and each node has a bandwidth of 100 Mb/s. In the attack sce-
nario, all clients send their transactions to all consensus nodes.
The experimental results are presented in Fig. 1. As depicted
in Fig. 1, Predis-attacked exhibits significant TPS degradation
compared to Predis, with its TPS dropping even below that
of Basic-HotStuff. Furthermore, the performance degradation
becomes more severe as the number of consensus nodes in-
creases. These results highlight the “transaction duplication”
attack as a critical challenge that SMP-based protocols must
address effectively.

40000
7772 Basic-HotStuff
Predis
30000 Predis-attacked
wn
0. 20000
-
10000
0
4 8 16
Ne¢
Fig. 1. “Transaction Duplication” attack with 4, 8, 16 nodes.
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Fig. 2. Mapping clients and consensus nodes on the hash ring.

This paper proposes a comprehensive transaction partition-
ing mechanism based on consistent hashing [28] to address
the “transaction duplication” attack. As shown in Fig. 2, this
mechanism maps the entire address hash value space onto a
virtual ring. The hash space on the ring ranges clockwise from 0
to 232 — 1. Under the assumption that both clients and consensus
nodes have unique addresses, each is mapped to a unique point
on the hash ring. Since the information of consensus nodes is
maintained through consensus, clients and consensus nodes can
obtain the same consistent hash ring. When a client generates a
new transaction, it searches clockwise on the hash ring starting
from the position of its own hash value. The first consensus node
encountered is assigned to receive and package transactions from
this client. The client then forwards the transaction to a full node
affiliated with that consensus node. Each full node is affiliated
with only one consensus node and forwards the transaction to it.
Upon receiving a new transaction, a consensus node evaluates
whether it falls within its assigned scope based on the address
of the client in the transaction. If the transaction falls under
its scope, the consensus node verifies its correctness and adds
it to the transaction pool. If not, the transaction is discarded.
Therefore, the “transaction duplication” attack implemented by
malicious nodes is rendered ineffective.

Furthermore, Nexus adds virtual nodes for each consensus
node. Through string concatenation based on consensus node
addresses, Nexus maps a single consensus node to multiple
points on the hash ring. This approach ensures a more uni-
form distribution of consensus nodes on the hash ring, thereby
avoiding data skew issues [29] where a single consensus node
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Algorithm 1: Transaction Partitioning Mechanism.

1:  Imput: Client address c, set of consensus nodes N,
transaction tx, string concatenation rules P.
2:  Output: Transaction forwarded to corresponding
consensus node.
30 Nyirt < UN,;eNr{NiHPj | P; € P} {Create nodes
set}
// Clients:
he < H(c) {Hash client address}
R <+ HashRing(N,;,+) {Build hash ring}
N* + NextOnRing(h., R){Find first node
clockwise}
8: Send tx to a full node F™* affiliated with N*
9: // Failure/Timeout Handling
10: if no ack from F™* after timeout then
11:  F* <« SelectNewFullNode(N*)
12: if failures from f + 1 full nodes then

AN A

13: Collect f+1 signatures as proof 2

14: N** <— NextOnRing(N*, R)

15: Send ¢z || 2 to a full node F** affiliated with N**
16: end if

17: endif

18:  // Consensus Nodes:
19: if . is under scope of N* then
20: Add tz to T'xPool -

21: else
22: Discard tz
23: end if

becomes overloaded. To defend against hotspot and censorship
attacks, the string concatenation rules in Nexus are periodically
updated via consensus. Therefore, Nexus achieves effective load
balancing between clients and consensus nodes while addressing
“transaction duplication” attacks.

In practice, full nodes that forward transactions for clients
may behave maliciously, such as delaying or not forwarding
transactions, which threatens the liveness of the system. Nexus
employs a timeout mechanism that allows clients to permanently
replace full nodes responsible for transaction forwarding. Ad-
ditionally, if a transaction is not packaged by a consensus node
despite being relayed by f + 1 full nodes, this may indicate a
censorship attack [10], [30]. In this case, the client can wait for
the update of the string concatenation rules. After the rules are
updated, the positions of consensus nodes on the hash ring will
change, and the client’s transactions will be processed by other
consensus nodes. Alternatively, the client can collect signatures
on both the transaction and the address of the consensus node
from these f + 1 full nodes. The client then attaches these
signatures to the transaction and seeks the second node mapped
to the consensus node in the clockwise direction on the hash ring
to process this transaction. Upon receiving such a transaction,
the corresponding consensus node processes it after verifying
the authenticity of the attached signatures. The workflow of
the transaction partitioning mechanism in Nexus is presented
in Algorithm 1.

An adversary may also attempt to launch a hotspot attack by
creating a large number of clients mapped to a specific consensus
node. However, Nexus employs consistent hashing to map node
addresses onto a hash ring, making node positions inherently
unpredictable. Moreover, since Nexus operates in a permissioned
blockchain, strict admission control policies limit the number of
clients an adversary can register. Even if numerous clients could
be registered, the strong collision resistance of the hash function
makes it computationally infeasible to generate clients that target
specific positions on the ring. Finally, string concatenation rules
are periodically updated through consensus, which invalidates
any precomputed attack vectors and further enhances resistance
against long-term targeted attacks. Collectively, these defense
mechanisms ensure robustness and security against hotspot
attacks.

Compared to traditional transactions allocation schemes that
use a fixed number of bits from the client address, Nexus
disrupts the original address pattern through additional address
mapping, achieving a more even distribution of nodes on the
hash ring. Consequently, Nexus ensures a more balanced load
between clients and consensus nodes. Moreover, the preimage
resistance [31] of the hash algorithm significantly increases
the difficulty of mounting hotspot attacks on consensus nodes.
Stratus [13] proposes a load-balancing method between clients
and consensus nodes. However, its approach relies on proac-
tive detection among nodes. This detection leads to additional
communication overhead, adversely affecting the throughput.
Furthermore, the proactive detection method carries a risk of
failure. The mechanism in Nexus is a passive load-balancing
approach that does not require additional communication and
active detection among nodes. Another advantage of the mech-
anism in Nexus lies in its resilience to node churn. When con-
sensus nodes join or leave, only the nodes corresponding to the
immediately adjacent positions on the hash ring are affected,
while others remain unaffected. As a result, consensus nodes
joining or leaving only require the relocation of a small fraction
of clients on the ring. Accordingly, the mechanism in Nexus
offers superior fault tolerance and scalability.

B. Pre-Execution

Consensus nodes can only proceed to the next consensus
round after executing all transactions in the current block. Sim-
ilarly, full nodes can serve clients based on the latest state after
executing all transactions in the current block. Therefore, the
transaction execution time is a critical factor that affects both
system throughput and transaction latency.

The predominant transaction processing workflow in permis-
sioned blockchains is the “Distribution-Consensus-Execution”
(DiCE) workflow as shown in Fig. 3. In this sequential workflow,
once a node distributes a transaction, it must await the consensus
result from consensus nodes before executing the transaction.
This results in long-term idle waste of computational resources
of full nodes, exacerbating the end-to-end transaction latency
and degrading the QoS. SMP-based protocols have achieved
significant throughput improvements by decoupling transaction
distribution from consensus. However, higher throughput, which
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Fig.3. The “DiCE” workflow.

means more transactions in a single consensus round, also
inevitably requires a longer transaction execution time under
the DiCE workflow. These SMP-based protocols have failed to
consider the consequential impact of increased throughput on
transaction execution.

Further analysis reveals that the block substructures produced
by consensus nodes in SMP-based protocols [11], [12], [13],
[14], [15] are essentially ordered results of partial transactions
from the transaction pool of each consensus node. In these pro-
tocols, generating a new block proposal is essentially a straight-
forward encapsulation of the block substructures produced by
each consensus node, where the encapsulation order matches
the generation order. This process does not disrupt the order
of transactions within each block substructure. Additionally,
the transaction partitioning mechanism in Nexus ensures that
each client’s transactions are processed by only one consensus
node, thereby eliminating duplicate transactions across block
substructures generated by different consensus nodes. Based on
these properties, the Pre-Execution mechanism is proposed in
Nexus. This mechanism decouples transaction execution from
consensus and fully utilizes the otherwise idle computational re-
sources of full nodes while waiting for consensus results, thereby
accelerating the transaction execution phase and significantly
reducing the end-to-end latency.

Specifically, when a consensus node generates new block
substructures and forwards them to other consensus nodes, it
can simultaneously forward these substructures to its affiliated
full nodes. Similarly, when a consensus node receives new block
substructures from other consensus nodes, it can also forward
these in parallel to the full nodes affiliated with itself. Upon
receiving block substructures, the full nodes can pre-execute
the transactions following the specified order within each block
substructure. This process generates a set of state incremental
modifications that await final confirmation, rather than directly
modifying the state tree to generate a new state. The details
of the set of state incremental modifications are provided in
Section III-D. Once the full nodes receive the final consensus
result, they follow the order of block substructures within the
block and sequentially extract those block substructures with the
same hash values from their pre-executed block substructures.

If the block substructure with the same hash value is found,
the set of state incremental modifications of the corresponding
block substructure can be finally confirmed and updated to the
state tree. If not found, the node can request the missing block
substructure from other consensus nodes based on its hash value
and re-execute it to obtain the correct set of state modifications.

Therefore, even if a malicious consensus node deliberately does
not forward the block substructure or forwards an incorrect block
substructure, it cannot compromise the safety and liveness of
the system. Furthermore, during the process of merging the
pre-execution results of block substructures, if state conflicts
are detected, it is only necessary to re-execute the transactions
related to the conflicting states within the block substructure,
rather than re-executing the entire block substructure.

C. Feedback on Execution

The SMP-based protocol allows for a large number of trans-
actions to reach consensus at once. However, for permissioned
blockchains with limited resources, this can significantly pro-
long the transaction execution time, thereby severely impacting
both throughput and latency. This performance limitation occurs
because consensus nodes must execute all transactions before
proceeding with consensus and generating new block proposals.
To reduce the computational pressure on consensus nodes during
the transaction execution phase, a mechanism named Feedback
on Execution is proposed in Nexus. Its core idea is to allow
full nodes to sign and send the pre-execution results of block
substructures to their affiliated consensus node. Subsequently,
the consensus node distributes these results to other consensus
nodes.

According to the system model in Nexus, there are at most
f malicious nodes among full nodes. To prevent erroneous
pre-execution results submitted by malicious full nodes, each
consensus node randomly connects to f + 1 full nodes and con-
currently collects their pre-execution results of block substruc-
tures. If the pre-execution results from these f 4+ 1 full nodes
for the same block substructure are consistent, the correctness of
the pre-execution result is established. The consensus node then
sends this pre-execution result along with the signatures from
these full nodes to other consensus nodes. Upon receiving this
signed pre-execution result, the other consensus nodes forward
it to full nodes affiliated with them. If the pre-execution results
from these f + 1 full nodes for the same block substructure are
inconsistent, it indicates that there are malicious nodes among
the current f + 1 full nodes. In this case, the consensus node
randomly selects an additional f full nodes and requests their
pre-execution results of the block substructure. As a result, the
consensus node will collect 2 f + 1 pre-execution results of the
same block substructure. Since there are at most f malicious full
nodes in the system, the majority result among these 2 f + 1 pre-
execution results is guaranteed correct. Therefore, the consensus
node can safely adopt this majority result. For subsequent block
substructures, it selects f 4 1 full nodes from those that returned
the correct result to continue collecting pre-execution results.
Regarding the impact of malicious full nodes, this reselection
method guarantees that the consensus node needs to perform the
aforementioned process at most once, which constitutes a single
retry, to obtain f + 1 full nodes capable of providing consistent
pre-execution results. Consequently, the consensus node avoids
indefinite waiting periods. In this process, since each full node
independently computes pre-execution results and the consensus
node only interacts in a single round with the additional f full
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nodes, the extra time cost is approximately one Round Trip Time
(RTT) plus the necessary verification time. This ensures that
both time and bandwidth overheads remain acceptable, thereby
maintaining the efficiency of Nexus.

When consensus nodes reach consensus on a new block
proposal, they, just like the full nodes described in Section I1I-B,
need only to reorganize the corresponding block substructures
and then sequentially merge their pre-execution results. If during
the reorganization process, a consensus node finds that the
pre-execution result of a certain block substructure is missing, it
only needs to re-execute the corresponding block substructure.
If a state conflict is detected, it only needs to re-execute the trans-
actions related to the conflicting state in the block substructure.

Through this mechanism, full nodes affiliated with differ-
ent consensus nodes can share the pre-execution results of
block substructures. Therefore, each full node needs only to
pre-execute the block substructures generated by its affiliated
consensus node. This typically accounts for only N% of the total
transactions. This significantly lowers the computational over-
head for both full nodes and consensus nodes. Such an approach
is especially advantageous for permissioned blockchains with
limited resources.

D. Workflow of Nexus

Fig. 4 shows the workflow of Nexus with six phases.

Phase-1 Distribution: A client continuously generates trans-
actions in the form of T'x,, = [pk, (T}, Ts, Na, )], where pk is
the public key and the address of the client, 7}, is the transaction
payload, 75 is the sequence number of the transaction, and
Ny is the consensus node responsible for processing transac-
tions of the client as determined by the transaction partitioning

Execution
Result SC}

Block Substructure Distribution <—— Pre-execution result Distribution <—— Consensus Result Distribution

mechanism. € is a collection of signatures used when a client
wishes to change the consensus node responsible for handling
its transactions. o is the signature generated by using the client’s
private key over the transaction content. After the transaction is
generated, the client forwards it to a full node affiliated with Ny,
and the full node subsequently forwards the transaction to N.

Phase-2 Parallel Distribution: This phase is divided into two
parts. The first part is generating block substructures. Since
Nexus is an optimization for SMP-based protocols with em-
phasis on transaction execution, the block substructure can
be simplified to a transaction collection. Specifically, SF =
(Tay,Txa,...,Txr,) denotes the k-th block substructure gen-
erated by consensus node 7. The second part is the distribution
of block substructures. As described in the previous subsection,
consensus nodes concurrently distribute these substructures to
other consensus nodes and full nodes affiliated with them. The
data distribution algorithm between consensus nodes and full
nodes uses erasure coding (EC), which can minimize the band-
width consumption of consensus nodes when distributing data
to full nodes.

Phase-3 Pre-Execution: When a full node receives a block
substructure S¥ generated by its affiliated consensus node
i, it executes the transactions within S¥ sequentially. This
pre-execution generates a set of state incremental modifica-
tions to the variables of the world state, denoted as SCf =
(a1, 81,7), -, (a5, Bj,7;)]. Here, « refers to the variable
implicated in transactions within S¥, while 3 represents the
alteration of the corresponding variable after executing all
transactions within S¥. ~ represents the initial on-chain state
required by transactions with dynamic execution logic in S¥
that modify «. If all transactions involving modifications to
« follow static execution logic, this value is set to null. The
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definitions of dynamic and static execution logic will be in-
troduced in Section II-G. Importantly, SC¥ is not the new
state after executing the transactions in S’f; rather, it represents
incremental changes to these variables. Subsequently, the full
node signs this modification set SC¥ and sends it back to its
affiliated consensus node i.

Phase-4 Feedback on Execution: After a consensus node
collects the pre-execution results from f + 1 full nodes affiliated
with it for a block substructure it generated, it initiates the
“Check Execution Result” process. This process verifies the
set of state modifications SC’f , received from these f + 1 full
nodes. If all f 4 1 instances of .S Cf are identical, it indicates the
correctness of SCF. Subsequently, the consensus node broad-
casts SCF together with f -+ 1 signatures of it to the other
consensus nodes. The other consensus nodes relay SC¥ to the
full nodes affiliated with them. If they differ, the consensus node
will reselect full nodes according to the algorithm described in
Section III-C.

Phase-5 Consensus: The leader proposes a new block pro-
posal Proposalyeq,, which consists of the block header and
hashes of block substructures. The leader runs a leader-based
BFT consensus algorithm, such as PBFT or HotStuff, to reach
consensus with the other consensus nodes on Proposal,e.
Once consensus is achieved, the consensus nodes distribute
Proposal,e,, to full nodes and proceed to the Commit phase.

Phase-6 Commit: Nodes, including both full nodes and con-
sensus nodes, extract each Sf from their pre-executed block
substructures according to the order of block substructures
specified in Proposal,ey,. If Sf is found, the node merges
the corresponding pre-execution results SC¥ into the state tree.
Otherwise, the node must re-execute all transactions within that
block substructure. In this case, the parallel workflow reverts
to a sequential workflow. This situation may arise if some full
nodes or consensus nodes behave maliciously. This issue can
be addressed by blocklisting malicious consensus nodes or by
reselecting the full nodes. Furthermore, during the merging of
pre-execution results, if it is found that the initial state (recorded
in ;) on which the dynamic execution logic transactions that
modify «; depend is inconsistent with the current state, this
indicates a conflict has been detected. Consequently, the relevant
transactions in the block substructure will be re-executed based
on the current state.

E. Performance Analysis of Nexus

This subsection provides a TPS analysis of Nexus. Let T" de-
note the number of transactions that can reach consensus per unit
time, excluding the transaction execution phase. Furthermore,
the average execution time for a transaction is assumed to be
te seconds, and a proportion m of the transactions processed
during this unit require complete execution by the consensus
nodes. Therefore, the theoretical maximum TPS considering the
transaction execution is presented in (1).

T

TPS = ————
1+T-t.-m

ey

As shown in (1), a critical factor affecting the TPS of Nexus is
m, which represents the proportion of transactions that require

execution among all transactions. By default, m = 1 indicates
that each transaction requires execution. Since 7" in these SMP-
based protocols typically reaches tens of thousands, and the
average execution time t. for transactions is generally in the
range from hundreds of microseconds to tens of milliseconds [1],
[32], [33], the value of T -t is significantly greater than 1.
Under this condition, the TPS can be approximated by (2).

B T T 1
T 14+T-te-m Tt t.

According to (2), when m = 1, the upper bound of TPS is
approximately the reciprocal of the average execution time of
a single transaction, t.. Based on the value of ¢, the actual
TPS is just under 2000 tx/s, which is 8 to 15 times lower than
the TPS reported in prior works [11], [12], [13], [14], [15]. This
discrepancy arises because those studies did not take transaction
execution into account during TPS testing. Nexus decouples
transaction execution from consensus, enabling full nodes to
pre-execute transactions via the parallel distribution of block
substructures and to feed the results back to the consensus nodes.
Nexus can minimize the number of transactions that consensus
nodes need to execute, thereby effectively reducing the value of
m. The primary performance bottleneck in Nexus is the number
of transactions that a full node can process within a unit of time.
However, full nodes in Nexus are only responsible for executing
the block substructures generated by their affiliated consensus
nodes. Therefore, as the number of consensus nodes increases,
the transaction load on each consensus node decreases. This
allows full nodes with sufficient time to pre-execute all trans-
actions in the block substructures generated by their affiliated
consensus nodes. For consensus nodes, this means m = 0, and
the TPS of Nexus under such circumstances is as described
in (3). These conclusions will be experimentally validated in
Section I'V.

TPS

@)

B T
14T t.-0

According to (3), in an ideal scenario, Nexus can eliminate
the negative impact of transaction execution, thereby increasing
the TPS to levels reported in papers on SMP-based protocols.
However, the experiments described in Section IV are unlikely
to achieve such optimal performance. This limitation arises
because the communication between consensus nodes and full
nodes consumes bandwidth, and the additional distribution of
pre-execution results among consensus nodes also consumes
bandwidth despite each result being only 1-3 KB, as each block
substructure has a maximum of 50 transactions. These factors
prevent the full utilization of available bandwidth for generating
block substructures.

TPS =T 3)

F. Proof of Nexus

To prove the safety of Nexus, two symbols are defined: S l’“i de-
notes the k-th block substructure received by the consensus node
i from the consensus node . SCF; denotes the pre-execution
resultof S lkl received by the consensus node 7 from the consensus
node [.

Lemma 1. Block Substructure Consistency: For nodes ¢ and
j»if Sf; and Sf; are valid, then S, = Sf;.
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Proof. In SMP-based protocols [11], [12], [13], [14], [15],
this property has been proven. Since Nexus does not modify the
generation and distribution mechanisms of block substructures
between consensus nodes, this can be directly adopted as a
lemma.

Theorem 1. Pre-Execution Consistency: For nodes ¢ and j,
if SCf; and SCF; are correct, then SC}; = SCF;.

Proof. Consensus nodes cannot forge the signatures of full
nodes and can only either forward or not forward the pre-
execution results received from full nodes. Therefore, for the
correct pre-execution results of the same block substructure, they
satisfy SCF, = SClkj.

Theorem 2. Order Consistency: If the states of nodes ¢ and
j are State; and State;, and satisfy State; = State;, then
consider the following: nodes 7 and 7 merge the pre-execution
results of Slk and S[’;, which are SC”“Z-, SC’;‘i for node 7 and
SC’l’“j, SC;LJ» for node j. Node ¢ merges SClki first and then SC[?Z»
resulting in the state State;,. Node j merges in the same order
resulting in the state State;, . It satisfies State;, = State;,.

Proof. According to Theorem 1, SCl; = SCI; = SCf and
sch =5 C’(’;j = SC!'. The pre-execution results SCf' and
S C’;‘ are sets of state incremental modifications obtained after
pre-executing the block substructures Slk and Sg rather than a
new state. Consequently, for node ¢ and node j, the states State;,
and State;,, obtained by merging SCF and S Cé‘ in the same
order, must satisfy State;, = State;, .

Theorem 3. State Consistency: If the states of nodes ¢ and
j are State; and State; respectively, and satisfy State; =
State;, then after executing all transactions in the identical
block Block,e, by merging the pre-execution results in the
same order, the new states State;, ., and State;, ., of nodes i
and j will satisfy State;,, ., = State;,.,, .

Proof. According to Lemmal and Theorem1, SF, =
Sf;,8Cl; = SCF;, ¥SF € Blockye,. Given that the initial
states satisfy State; = State;, and combining the order consis-
tency proved in T'heorem 2, it can be concluded that after nodes
1 and j execute the same block through merging the identical
pre-execution results in the same order, the new states State;,
and State;, ., must satisfy State;, ., = State;, .

Theorem 4. Error Result Non-commitment: If a malicious
full node p generates an invalid pre-execution result S C;."“' for

the block substructure S' ]’?, this result will not be submitted by
any honest consensus nodes.

Proof. Nexus requires consensus nodes to connect to f + 1
full nodes to collect pre-execution results. Since there are at
most f malicious nodes in the system, at least one honest
node will submit the correct pre-execution result. According
to the design of Nexus, the pre-execution results from f + 1
full nodes will be accepted by consensus nodes only if they are
identical. Therefore, an invalid pre-execution result SC;-"' will
not be submitted. Additionally, if an inconsistency is detected,
the consensus nodes will re-execute the transactions in the
corresponding block substructure locally.

Nexus serves as a performance optimization and does not
harm the liveness of the system. Consider the following failure
scenarios: (1) malicious full nodes provide invalid pre-execution

results, (2) full nodes do not produce any results, or (3) con-
sensus nodes do not use or distribute received results. In any
of these cases, the only consequence is that the transactions in
the affected block substructure must be re-executed locally by
consensus nodes. The consensus will continue to advance and
not harm the liveness of the system.

G. Transactions in Nexus

This subsection analyzes the transaction processing mecha-
nism of Nexus and discusses it for different transaction types.
Nexus employs a transaction partitioning mechanism that as-
signs transactions to different consensus nodes based on the
address of the client. Each consensus node then generates block
substructures and distributes them to its affiliated full nodes for
pre-execution. The consensus nodes collect these pre-execution
results and share them with other consensus nodes.

As described in Phase-3 of Section III-D, during the pre-
execution of block substructures, the results generated by full
nodes constitute a set of state incremental modifications, rather
than a new state. Since the pre-execution results of different
block substructures are independent, transactions whose state
incremental modifications in pre-execution results are guaran-
teed to be consistent with those under a global order must have
static execution logic. That is, the computation of their state
modifications depends only on transaction parameters and not
on the current on-chain state. Therefore, regardless of global or-
dering, the state incremental modifications produced during pre-
execution are always deterministic. The transactions with static
execution logic include transfer transactions, asset movements,
and independent operations on smart contract state variables
without cross-dependencies (such as the insertion, deletion, or
modification of mappings, sets, and numerical variables). For
these types of transactions, the pre-execution results in Nexus
are static, allowing the full nodes to efficiently generate the
correct set of state incremental modifications. Our analysis of
over 124 million real Ethereum transactions [34] indicates that
such transactions constitute approximately 83% of the total
transactions.

For transactions with dynamic execution logic, their compu-
tation depends on the current on-chain state, such as conditional
branches in smart contracts. Due to Nexus’s transaction parti-
tioning mechanism, full nodes pre-execute block substructures
based on their local state. As a result, they may not be aware of
state changes caused by transactions assigned to other consensus
nodes. Consequently, the state incremental modifications gener-
ated via pre-execution may conflict with those generated under
the global order. When such conflicts are detected during the
commit phase, Nexus will serially re-execute the relevant trans-
actions in corresponding block substructures to ensure the con-
sistency and correctness of the state. It should be noted that not
all transactions with dynamic execution logic result in conflicts.
The most typical conflicting scenario arises when, within the
same block, transactions assigned to different consensus nodes
according to the transaction partitioning mechanism invoke the
same smart contract function with dynamic execution logic. Our
analysis of over 124 million real Ethereum transactions shows
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that, with 16 consensus nodes, such transactions constitute only
4.7% of the total transactions.

Additionally, it should be emphasized that the merging order
of pre-execution results depends on the order of the corre-
sponding block substructures within the block, as merging the
pre-execution results in different orders may generate different
states. Consider a scenario where block substructure S Jk contains
transaction 7T'xz1: A — B 10ETH, and block substructure Szh
contains transaction 7'zo: B — C 10ETH. If the order in block
is SJ’-“, Slh, both transactions can be successfully committed.
However, if the order in block is Slh, S jk the Tx5 in Sih would
fail to commit. The occurrence of such conflicts is not due to
the design of Nexus. Since Nexus focuses on the transaction
execution layer, its responsibility is limited to ensuring that
transactions are executed strictly in the order specified within
the block. The responsibility for deciding transaction inclusion
and ordering within blocks resides entirely with the transaction
packaging algorithm used in the consensus layer. This algorithm
has been implemented in these SMP-based protocols [11], [12],
[13], [14], [15], and its design falls beyond the scope of this
work.

IV. EVALUATION

Predis [12] is implemented on HotStuff [27], and Nexus is
further implemented on Predis. The performance of Nexus is
evaluated using Alibaba Cloud ECS. Each ECS instance is
ecs.c7.2xlarge, equipped with 8 cores and 16 GB of memory.
NetEm [35] is used to simulate a WAN environment with 30 ms
inter-node RTT and 100 Mb/s bandwidth for each node in a
LAN. Results are averaged over five independent runs. Each
block substructure contains 50 transactions of 512 bytes. Each
consensus node connects to f -+ 1 full nodes, and all clients
generate transfer transactions at identical rates. Throughout the
evaluation, latency refers to the time from when the client
submits a transaction to when the client receives a response.

Baseline: Nexus is compared with Predis [12], as Predis
shows the best performance among existing SMP-based pro-
tocols. In Predis, the block substructures generated by the
same consensus node are organized in a chain-like structure,
which reduces the complexity of bandwidth consumption in
block proposal distribution from linear to constant. Since the
performance tests in the Predis paper do not include transaction
execution phase, this phase is added to Predis, referred to as
Predis with Transaction Execution (Predis with TE). Nexus is
then compared with Predis with TE to demonstrate its effective-
ness. Additionally, Nexus is compared with the state-of-the-art
blockchain parallel processing framework, Bidl [36], which is
also implemented on Predis to ensure a fair comparison and to
highlight the advancements of Nexus. Bidl introduces a special
node, the “Sequencer”, to serve as the gateway for all transac-
tions. The “Sequencer” assigns a unique sequence number to
each transaction and distributes the sequenced transactions to
all consensus nodes and full nodes. Subsequently, other nodes
can execute transactions according to these sequence numbers.

This section presents the results of three experiments to ad-
dress the following research questions:
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Fig. 5. Max-Min node load under different scales.

® RQI: Is the transaction partitioning mechanism in Nexus
effective, and does it achieve load balancing?

® RQ2: How does Nexus perform compared to baseline sys-
tems in terms of throughput, latency, and quality of service
(QoS)?

® RQ3: How does Nexus perform under attacks from mali-
cious nodes?

A. Transaction Partitioning Mechanism

Nexus proposes a transaction partitioning mechanism based
on consistent hashing to prevent the “transaction duplication”
attack and achieve load balancing between clients and consensus
nodes. Considering computational efficiency, Nexus employs the
FNVI_32_HASH [37] algorithm to map consensus nodes and
clients onto the hash ring. Based on practical experience, Nexus
adds 1,000 virtual nodes for each consensus node. To verify the
effectiveness of this mechanism, the transaction load distribution
is evaluated across consensus nodes at different scales, with the
number of consensus nodes set to 4, 8, 16, 32, 64, and 80.

Fig. 5(a) shows that the transaction load distribution among
consensus nodes is relatively balanced at different consensus
node scales, with no consensus node being overburdened or
underutilized. In the scenario with 4 consensus nodes, the dis-
parity in load among consensus nodes is only about 2.5%. More-
over, the load discrepancy among consensus nodes progres-
sively diminishes as the number of consensus nodes increases.
Our experiments show that each transaction is allocated to the
clockwise-closest consensus node on the hash ring, and no trans-
action is added to multiple transaction pools simultaneously.
These empirical results demonstrate that Nexus’s transaction
partitioning mechanism effectively prevents “transaction dupli-
cation” attacks while ensuring load balancing between clients
and consensus nodes.

Furthermore, Fig. 5(a) illustrates that as the number of con-
sensus nodes increases, the load percentage of each consensus
node gradually decreases. This observation corroborates the
conclusion presented in Section III: as the number of consensus
nodes increases, the number of transactions that full nodes need
to pre-execute decreases since they only need to pre-execute
the block substructures produced by consensus nodes they are
affiliated with.
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Fig. 6. Throughput and Latency of Nexus.

To further verify whether this mechanism can maintain load
balancing in the presence of malicious consensus nodes, the
transaction load distribution is evaluated across consensus nodes
at different scales, with malicious nodes constituting 1/3 of
the total consensus nodes at each scale. Fig. 5(b) illustrates
our experimental results. The results indicate that in the pres-
ence of malicious consensus nodes, the load of each consensus
node slightly increases compared to normal conditions. This
is because the remaining consensus nodes must share the load
initially carried by the malicious nodes. However, relative load
balancing among consensus nodes is still achieved, demonstrat-
ing the robust fault tolerance and scalability of the transaction
partitioning mechanism in Nexus.

B. Throughput and Latency of Nexus

First, the performance of Nexus and Predis is evaluated at
different scales of consensus nodes. As illustrated in Fig. 6(a)
and (b), Nexus demonstrates significant performance advantages
over Predis with TE: throughputincreases by 4 x to 15X (varying
with system scale), while latency decreases by 50% to 70%.
These substantial improvements clearly demonstrate the effec-
tiveness of Nexus.
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Fig. 7. Transaction execution proportion at different scales.

Additionally, Fig. 6(a) and (b) also show that when the num-
ber of consensus nodes is fewer than 16, the TPS of Nexus
significantly lags behind Predis but still remains higher than
Predis with TE. Combining this with Fig. 7, which illustrates the
percentage of transactions that need to be executed by consensus
nodes at different scales, it can be observed that each node must
handle a significant number of transactions in scenarios with
a small scale of consensus nodes. Consequently, the number
of transactions in block substructures generated by consensus
nodes in a consensus round exceeds the execution capacity of the
full nodes as the transaction generation rate increases. Therefore,
consensus nodes must execute transactions not pre-executed by
full nodes, thereby extending the duration of a consensus round
and consequently decreasing throughput.

When the number of consensus nodes exceeds 16, the TPS of
Nexus is very close to that of Predis. Combining this with Fig. 7,
it is evident that consensus nodes no longer need to execute any
transactions in these scenarios. This demonstrates that Nexus
has addressed the limitation in SMP-based protocols caused by
the lengthy transaction execution time due to a large number of
transactions confirmed in a single consensus round. However,
the TPS of Nexus remains slightly lower than that of Predis in
these scenarios. This is due to the additional bandwidth con-
sumed for distributing pre-execution results among consensus
nodes and between consensus nodes and full nodes, as previ-
ously analyzed in Section III-E. Nevertheless, the TPS difference
between Nexus and Predis is minimal, which confirms that the
additional bandwidth overhead is small. The above experimental
results conclusively demonstrate that Nexus is particularly well-
suited for large-scale consensus node environments, exhibiting
exceptional scalability.

Nexus is also compared with Bidl, a state-of-the-art
blockchain system with transaction pre-execution capabilities.
As illustrated in Fig. 8(a) and (b), Nexus exhibits consistently
lower transaction latency than Bidl across all tested node scales.
In terms of TPS, Nexus significantly outperforms Bidl. More-
over, as the number of consensus nodes increases, the advan-
tage of Nexus becomes even more pronounced. This growing
performance gap can be attributed to an architectural limitation
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of Bidl: it relies on a single sequencer as the centralized entry
point for all transactions, which creates a bottleneck because the
sequencer must forward each transaction to all consensus nodes
and all full nodes. As the number of consensus nodes increases,
the limited bandwidth of the sequencer leads to a reduction in
the number of effective transactions distributed to each node,
thereby decreasing the overall TPS. In contrast, Nexus allows
all consensus nodes to serve as entry points for transactions,
and they forward the block substructures they generate to each
other. Furthermore, due to the Feedback on Execution mech-
anism in Nexus, each node only needs to execute 1/N, of all
transactions, whereas nodes in Bid! are still required to execute
all transactions. The comparison with Bidl demonstrates that
Nexus achieves higher TPS and lower latency, and is particularly
well suited to permissioned blockchains with limited resources.

C. Nexus Under Malicious Attack

There are two typical scenarios in which malicious nodes
cause a throughput decline in Nexus: (1) malicious full nodes
either not executing or submitting incorrect pre-execution re-
sults, and (2) malicious consensus nodes not forwarding the
pre-execution results from full nodes to other consensus nodes.
Although these malicious behaviors differ in specifics and are
carried out by different types of nodes, they result in the
same issue: the block substructures handled by malicious nodes
lack valid pre-execution results, forcing consensus nodes to
re-execute transactions within those block substructures. With
a maximum of f malicious nodes in the system, the consensus
nodes may have to re-execute the block substructures generated
by up to N% proportion of consensus nodes. To eliminate the
impact on performance due to the transaction execution capaci-
ties of full nodes, the throughput and latency of Nexus are tested
with 16 consensus nodes, considering scenarios with 1, 3, and 5
malicious nodes.

Fig. 9(b) illustrates the proportion of transactions that con-
sensus nodes need to re-execute relative to the total number of
transactions under different numbers of malicious nodes. As the
number of malicious nodes increases, the proportion of transac-
tions requiring re-execution by consensus nodes also increases
from 0, approximately at a rate of %. Fig. 9(a) compares the
throughput and latency between Nexus under different numbers
of malicious nodes and the Predis with TE. It is evident that as the
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Fig. 9. Throuthput and Latency Under Malicious Attack.

number of malicious nodes increases, the proportion of transac-
tions that consensus nodes need to execute increases, leading to
a decrease in Nexus’s throughput and an increase in transaction
latency. The observed throughput degradation pattern quanti-
tatively validates our theoretical performance model for Nexus
as formulated in (1), thereby confirming the accuracy of our
analytical framework. Fig. 9(a) shows that even with malicious
nodes present, Nexus still maintains safety and liveness while
achieving higher throughput and lower latency compared to the
Predis with TE.

V. RELATED WORK
A. Blockchain Transactions Processing Workflow

Hyperledger Fabric [1] is a permissioned blockchain frame-
work that follows the “Execution-Distribution-Consensus”
workflow with a strictly linear transaction lifecycle: transac-
tions must complete the endorsement phase before consensus,
meaning the block generation is solely based on transactions
that have completed execution, and the system does not in-
clude transactions with incomplete endorsements in blocks.
In contrast, Nexus is designed for permissioned blockchains
that follow the “Distribution-Consensus-Execution” workflow,
aiming to address performance bottleneck issues in SMP-based
protocols [11], [12], [13], [14], [15], [16]. Nexus implements
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parallelization optimizations that decouple transaction execu-
tion from consensus, thereby enabling transaction execution to
proceed in parallel with consensus. Consequently, Nexus allows
blocks to contain transactions that have not yet completed pre-
execution, significantly improving the transaction processing
efficiency.

B. PFarallelization Execution

The concept of parallelization has already been applied in
blockchains. Vikram [38] analyzes the effectiveness of paral-
lel execution of transactions within each block of Ethereum.
Eve [39] allows nodes to execute a batch of requests in paral-
lel optimistically. LazyLedger [40] fully delegates transaction
execution to application clients. Consensus nodes no longer
maintain the ledger state or provide state finality, and only offer
data availability. This results in the absence of a unified global
state. This forces new users to synchronize from the genesis
block, incurring high costs. Furthermore, since each applica-
tion in LazyLedger operates in an isolated state space, cross-
application interactions require complex dependency manage-
ment and must be pre-hardcoded, constraining interoperabil-
ity. DispersedLedger [41] focuses on mitigating performance
bottlenecks caused by bandwidth heterogeneity among nodes
in WAN. It allows consensus nodes to agree only on block
digests and then independently download block data and execute
transactions. This approach does not address the bottleneck of
transaction execution, as each node must still independently bear
the computational cost of executing all transactions. Essentially,
this remains a serial execution model.

The work most closely related to Nexus is Bidl [36], which
is designed for the Hyperledger Fabric [1]. It introduces a
“Sequencer” node to sequence transactions and distribute the
sequenced transactions to all consensus nodes and full nodes.
Once nodes receive these sequenced transactions, they can ex-
ecute them in order, achieving parallelization between trans-
action execution and consensus. Nexus has several advantages
over Bidl: (1)Nexus eliminates the “Sequencer” node, avoid-
ing single points of failure. (2)Nexus allows each consensus
node to serve as a transaction entry point, unlike Bidl’s re-
liance on the “Sequencer”, which requires extensive bandwidth
and computational resources to prevent the performance bot-
tleneck, as shown in Section IV. (3)Nexus allows for sharing
pre -execution results among nodes. Each node processes only
N of total transactions, in contrast to Bidl, where each node
must execute all transactions. (4)Nexus pre-executes at block
substructure granularity and produces state modification sets,
requiring only conflicting substructures to be re-executed, while
Bidl pre-executes at single transaction granularity and produces
new state, requiring re-executing all transactions following any
conflict point. These advantages make Nexus more suitable for
resource-limited permissioned blockchains.

Other research explores transaction concurrency from the
perspective of individual nodes to reduce the proportion of time
spent on the transaction execution phase within a single block’s
lifecycle. This research can be divided into parallel execution
models based on static analysis [42], [43] and dynamic anal-
ysis [44], [45], [46], [47]. These approaches are orthogonal to

Nexus, as they investigate how transactions within a single block
can be concurrently executed using multiple threads through a
transaction dependency graph. Therefore, they can be used in
conjunction with Nexus to enhance the efficiency of full nodes
in executing transactions within block substructures.

C. Sharding and Multi-Chain

Numerous research efforts have taken a system perspective
to enhance blockchain performance through sharding or multi-
chain. Sharding [48], [49], [50], [51], [52] works by dividing
the blockchain nodes into multiple shards, with each shard
processing a subset of transactions. However, a drawback of
sharding is that dispersing consensus nodes makes them more
vulnerable to attacks. Multi-chain [53], [54] involves a main
chain and several subsidiary chains. Each chain has its in-
dependent consensus group. Multi-chain increases throughput
by distributing transactions across different subsidiary chains.
Nexus, as a performance optimization framework designed for
SMP-based protocols, is orthogonal to sharding and multi-chain.
Nexus can be applied to these subsidiary chains or shards to
further enhance their performance.

VI. CONCLUSION

This paper has addressed the critical performance bottlenecks
in permissioned blockchains that adopts SMP-based protocols
by proposing Nexus, which decouples transaction execution
from consensus. Nexus efficiently utilizes the idle computational
resources of full nodes and shortens the transaction execution
time for all nodes, enhancing throughput by 4x to 15x and re-
ducing latency by 50% to 70%. Furthermore, Nexus implements
an efficient transaction partitioning mechanism, which addresses
the “transaction duplication” attack and achieves load balancing.
While Nexus significantly improves QoS, future work should
explore adaptive partitioning mechanisms and cross-chain trans-
action support to further extend its applicability, as well as
methods to mitigate potential conflicts arising from transactions
with dynamic execution logic.
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