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  Abstract 
To address the limitations of blockchain data storage capacity and uneven 
dis-tribution, this paper proposes a Chord dual-ring distributed storage method 
based on virtual nodes. Building upon the original Chord protocol, this approach 
introduces virtual rings to construct a “storage ring-virtual ring” dual-ring struc-
ture. Target virtual nodes are located through routing table lookups, and data is 
distributed across the storage ring via a name mapping mechanism. Sim-ulation 
experiments validate the proposed scheme's effectiveness by evaluating load bal-
ancing and query success rate across varying sharding granularities. Results 
demonstrate that this approach not only efficiently achieves sharded storage for 
blockchain data but also ensures balanced distribution of block data. 
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1. Introduction  

With the development of the digitial economy,mainstream blockchain systems rep-
resented by Bition face severe storage scalability challenges[1].The data capacity of 
full nodes has exceeded 500GB,leading to inefficient data synchroniza-
tion.Therefore.overcoming blockchain data storage bottlenecks has become one of 
the core critical issues in this field.Currently, [2]sharding technology has emerged as 
an effective solution to address blockchain storage capacity constraints.Several 
representative projects, such as Monoxide[3], OmniLedger[4], and Ethereum 
2.0[5][6], adopt sharding structure to tackle storage limitations.In Monoxide, the 
network is partitioned into multiple parallel consensus groups as shards. Accounts 
are mapped to corresponding shards based on the first byte of their addresses to 
achieve state sharding. OmniLedger assigns validators to fixed shards using distrib-
uted random numbers, with accounts similarly allocated to shards based on their 
addresses. Ethereum 2.0 employs a beacon chain to randomly assign validators to 
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shard committees. Each committee validates blocks through data availability sam-
pling, using mechanisms like content hashes to index data storage locations. While 
these sharding solutions effectively alleviate storage capacity constraints, they gen-
erally fail to resolve load balancing issues across shards. This imbalance may cause 
excessive storage load on certain nodes, impacting overall system performance. 
Meanwhile, with the rapid advancement of current blockchain technology and dis-
tributed storage systems, structured peer-to-peer networks face new challenges in 
data storage and retrieval. The Chord protocol, proposed by Stoica et al[7]. in 2001, 
aims to achieve efficient, deterministic resource lookup in fully distributed envi-
ronments. [8]Each node within the Chord ring is treated as a natural shard, offering 
potential for storage scalability. However, its data distribution method based on 
consistent hashing often leads to load imbalance among nodes[9], limiting its prac-
tical application in real-world scenarios. 
To address the aforementioned issues, this paper proposes a Chord dual-ring struc-
ture based on virtual nodes. Its core contributions are threefold. First, by construct-
ing a Chord dual-ring structure, [10]virtual nodes are introduced to form virtual 
rings on top of the classic Chord ring. A name mapping mechanism establishes asso-
ciations between storage nodes and virtual nodes, thereby enhancing the system's 
scalability and adaptability. Second, a corresponding data storage method is de-
signed in conjunction with the virtual node mechanism. After locating the target 
virtual node via the routing table, data is actually stored on the corresponding phys-
ical storage node, achieving balanced load distribution across storage nodes. Finally, 
simulation experiments validate the system performance, evaluating load balancing 
effectiveness under different data sharding granularities and query success rate 
under varying node failure probabilities. The results confirm the structure's ad-
vantages in load balancing and system reliability. 

2. Blockchain Data Sharding Structure Based on the Chord Dou-
ble-Ring Structure 

2.1. Chord Dual-Ring Construction 

This paper analyzes the classic Chord protocol and introduces virtual nodes to dis-
tribute data relatively evenly across storage shards[11]. It then implements efficient 
data storage based on routing tables. 
The storage ring is constructed as follows: 
• Set the hash space bit length of the ring to m, with a hash space size of 2m, form-

ing a closed hash ring with a range of [0, 2m-1]. Each storage shard node is as-
signed a name nodei(i=0,1,...,n-1) and its IP address;  

• Apply the FNV-1A hash algorithm to compute a fixed-length hash of each node's 
IP address. Take the hash modulo 2m to generate a unique identifier ID for each 
node; 

• Sort all storage shard nodes in ascending order by their ID values to form the 
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logical Chord ring topology; 
• Within this storage ring, each node's predecessor is defined as the nearest node 

counterclockwise on the ring, while its successor is the nearest node clockwise. 
This establishes a complete circular routing network. 

The virtual ring is constructed as follows: 
• The hash space of this ring is identical to that of the storage ring. Virtual nodes 

are named nodeij(j=0,1,...,j-1), establishing a mapping relationship with storage 
shard nodes through their names. 

• The IP address of a virtual node is generated by appending the suffix “#s” 
(s=0,1,2,3...) to the IP address of its corresponding storage shard node. The hash 
value for the virtual node's IP is computed using the same FNV-1A hash algo-
rithm, and then modulo 2m is taken to obtain the virtual node's identifier ID. In 
case of ID conflicts, the system recalculates by incrementing the s value to ensure 
the uniqueness of all virtual node IDs. 

• All virtual nodes are arranged in ascending ID order to form a logically meaning-
ful virtual ring. 

• Within this virtual ring, each node's predecessor is defined as the nearest node 
counterclockwise on the ring, while its successor is the nearest node clockwise. 

• Each virtual node maintains a routing table containing m entries. The successor 
node for the i-th entry (i=0,1,..., m-1) dynamically determines its successor node 
via the formula keyi = (ID + 2i) mod 2m. Here, keyi represents the computed key 
value for the i-th routing entry. The first virtual node with a key value greater 
than or equal to this value becomes the successor node for that routing entry. 
The routing tables of all virtual nodes are stored in the corresponding storage 
shard node routing tables. 

2.2. Data Storage 

Based on the dual-ring system structure designed in this paper, the specific work-
flow for data storage operations is as follows: 
• When a client needs to store data, it first computes the SHA-256 hash algorithm 

on the entire data set to generate a fixed-length hash value.  
• By performing a modulo operation on the hash space 2m, the HashMod value for 

the data in the identifier space is obtained. This value serves as the unique loca-
tor identifier for the data within the identifier space. 

• The system matches the computed HashMod value against the ascending se-
quence of virtual nodes {id0, id1, id2, ..., idv-1} within the virtual ring. Using the 
routing table, it rapidly locates the smallest virtual node idj satisfying idj ≥ 
HashMod. 

• Based on the pre-established mapping between virtual nodes and storage shard 
node names, the system persists the data and its hash value to the storage shard 
node corresponding to the target virtual node. 



Lijie Ma 
 

 

DOI:10.63313/JCSFT.9018 90 Journal of Computer Science and Frontier Technologies 
 

This process achieves balanced data distribution, effectively resolving the potential 
load imbalance issues present in traditional Chord protocols. 

3. Simulation Experiments and Results Analysis 

3.1. Dataset 

In this study, we utilized the real blockchain dataset provided by the IEEE 
CSCloud 2023 conference as the experimental foundation. This dataset comprises 
1,048,575 complete transaction records. Each transaction record comprises three 
key fields: sender address, recipient address, and transaction amount. To ensure 
data quality and validity, we performed rigorous preprocessing on the raw da-
taset: removing anomalous records containing null values, eliminating invalid 
transactions with identical sender and recipient addresses, and discarding re-
dundant entries with identical hash values. Following this data cleansing process, 
we ultimately selected 500,000 valid transaction records meeting our criteria as 
the experimental sample, establishing individual transactions as the fundamental 
data storage unit. 

3.2. Evaluation Indicators 

In this experiment, two metrics were employed to evaluate the system's perfor-
mance: the proportion of transaction volume under different sharding granularities 
and the query success rate under varying downtime probabilities. 

3.3. Experimental Results and Analysis 

3.3.1. Sharded Transaction Volume Share 

To evaluate the effectiveness of introducing a dual-ring structure with virtual nodes 
and its storage strategy in improving transaction equilibrium, this experiment 
adopts the proportion of sharded transaction volume as a key evaluation metric. 
The experiment sets the number of shards c to 10, 15, and 20, with virtual nodes v 
counts at multiple gradients of 0, 10, 50, 100, 150, 250, and 300 to investigate the 
specific impact of varying virtual node scales on transaction distribution equilibri-
um. Table 1 presents the transaction volume distribution under different virtual 
node counts across various sharding granularities. 

Table 1. Transaction volume distribution under different virtual node counts across various 
sharding granularities. 

v 
c=10                    c=15                    c=20 

Max    Min   Var(10-4)   Max    Min   Var(10-4)  Max    Min   Var(10-4)   

0 31.8%  0.1%   102.9    38.6%  0.9%   88.9    19.6%  0.1%   26.6 

10 46.6%  2.4%   172.6    16.6%  1.6%   16.4    12.5%  2.1%    7.3 
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v 
c=10                    c=15                    c=20 

Max    Min   Var(10-4)   Max    Min   Var(10-4)  Max    Min   Var(10-4)   

50 15.3%  5.0%    12.0    12.1%  3.0%    7.0     7.4%  3.0%    2.1 

100 16.1%  5.2%    11.2    10.9%  3.5%    4.5     7.2%  2.5%    1.9 

150 12.9%  5.2%     7.7     9.5%  3.7%    3.7     8.7%  2.5%    1.8 
250 12.6%  5.2%     5.1    10.8%  3.4%    4.8     6.5%  3.5%    0.8 
300 12.4%  4.9%     4.9    11.2%  3.6%    5.6     6.1%  3.2%    0.7 

As shown in Table 1, the introduction of virtual nodes effectively mitigates transac-
tion distribution imbalance, with the maximum transaction volume share and min-
imum transaction volume share progressively converging. When the sharding gran-
ularity is 10 or 20 and the number of virtual nodes is 300, the maximum and mini-
mum transaction volume shares are closest, with the smallest variance, indicating 
the most balanced data distribution. When the sharding granularity is 15 and the 
number of virtual nodes is 150, the maximum and minimum transaction volume 
shares are closest, with the smallest variance, indicating the most balanced data 
distribution. 
To visually demonstrate the optimization effect of virtual nodes on transaction 
volume distribution, the experiment compared the transaction volume distribution 
without virtual nodes versus with introduced virtual nodes. The number of intro-
duced virtual nodes was selected according to Table 1. Figure 1 shows the sharded 
transaction volume share. 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

 
(a) c=10 

 
(b) c=10 
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Figure 1. Sharded transaction volume share. 

As shown in Figure 1, without introducing virtual nodes, transaction volume share 
remains uneven when sharding granularity c is set to 10, 15, or 20. As the sharding 
granularity increases, the difference between the maximum and minimum values 
decreases. This indicates that even without virtual nodes, increasing the number of 
shards can marginally improve transaction volume distribution. This occurs because 
a higher number of shards reduces the disparity between them, allowing each shard 
to handle a more refined data scope. 
At a sharding granularity of 10, transaction volatility ranges as high as 31.86% and 
0.03%, indicating severe sharding load imbalance. After introducing virtual nodes, 
the difference between maximum and minimum values progressively decreases, 
with values of 7.43, 7.61, and 2.94 across different sharding granularities, showing 
overall uniformity. This occurs because each storage shard node is mapped to mul-
tiple virtual nodes. These virtual nodes are arranged sequentially, enabling data to 
be evenly distributed across all shards. This effectively prevents the emergence of 
hotspot shards and achieves balanced transaction load distribution. 
This experiment validated the effectiveness of the virtual node mechanism in im-
proving transaction balance through variance analysis and transaction volume dis-
tribution comparisons. The results clearly demonstrate that introducing virtual 
nodes can effectively mitigate the load imbalance issue inherent in traditional con-
sistent hashing algorithms, providing a reliable technical approach for load balanc-
ing optimization in distributed storage systems. 

3.3.2. Query Success Rate 

To investigate the impact of different redundancy strategies on system fault toler-
ance, this experiment compares the dual-ring structure with the classic Chord ring. 
The experiment sets the number of shards c to 50, 300 virtual nodes (determined 
using the method from Experiment 1), and node failure probabilities ranging from 5% 
to 20%. Figure 2 shows the query success rate for both structures under different 

 
(c) c=20 
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redundancy strategies. 
 
 
 
 
 
 
 
 

 

Figure 2. Query success rate 

As shown in Figure 2, both the dual-ring structure and the classic Chord ring struc-
ture exhibit an overall downward trend in query success rate as node failure proba-
bility increases. As shown in (a), although the overall trend also declines with in-
creasing failure probability, the curves for each backup strategy exhibit significant 
fluctuations. Particularly within the failure probability range of 0.125 to 0.175, both 
the four-backup and three-backup strategies show a marked decrease. The 
four-backup strategy performs best at low failure probabilities but lacks stability. In 
contrast, the two-backup strategy exhibits a relatively smooth curve; however, at a 
failure probability of 0.2, its query success rate drops to approximately 75%, signif-
icantly lower than the performance of the same-level backup in the dual-ring struc-
ture. 
As shown in (b), the four-backup strategy delivers the best performance, maintain-
ing approximately 85% query success rate even at a failure probability of 0.2. The 
three-backup strategy follows closely, achieving about 84% success rate under the 
same conditions. Even the two-backup strategy, with the fewest backups, maintains 
a query success rate close to 80% at the maximum failure probability. This demon-
strates that increasing the number of backups in a dual-ring structure effectively 
enhances the system's fault tolerance. 
In summary, the data redundancy strategy employed by the dual-ring structure sig-
nificantly enhances the system's fault tolerance, with the number of redundant 
backups positively correlated to query success rate. Compared to the classic Chord 
ring structure, the dual-ring structure demonstrates more stable performance char-
acteristics and higher query success rate across varying failure probabilities, vali-
dating its advantages in improving system reliability. 

4. Conclusion 

This paper addresses the issue of limited data storage capacity and uneven distribu-
tion in blockchain systems by proposing a Chord dual-ring distributed storage 
method tailored for Ethereum data. It introduces a virtual node layer to construct a 

 
(a) classic Chord ring 

 
(b) dual-ring structure 
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“storage ring-virtual ring” collaborative structure. Through a name mapping 
mechanism between virtual nodes and storage nodes, this approach achieves bal-
anced data distribution at the storage layer while preserving Chord's efficient rout-
ing advantages. Experiments demonstrate that virtual nodes effectively regulate da-
ta distribution, significantly reducing variance in transaction volume proportions 
across different sharding granularities. Fault tolerance comparisons confirm the 
stability of redundancy strategies within the dual-ring structure, where query suc-
cess rate positively correlate with redundancy levels. Under identical failure proba-
bilities, this structure outperforms classical structures in both query success rate 
and stability. While current data is limited to Ethereum transaction records, future 
work will extend this method to broader blockchain data sharding scenarios. 
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