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Abstract. The Raft is a strong leader consensus algorithm, where the leader is
responsible for consensus decisions such as log replication, so the leader is under
greater pressure to become a performance bottleneck of the Raft, leading to a
limited scale and insufficient scalability of the Raft. Firstly, a sharding consen-
sus algorithm Raft-S is proposed, which linearly increases the scalability and
TPS (Transactions per second) ensuring global consistency and security through
2PC (Two-phase commit) protocol and monitoring nodes. Secondly, the PDF
(Probability Distribution Function) of consensus time of each shard is modeled
using the followers’ delay distribution, therebymeasuring the consensus efficiency
of shards. Finally, a real-time transaction distribution strategy based on queuing
theory is proposed to avoid the transaction imbalance.
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1 Introduction

Blockchain is a technology that uses cryptography and consensus algorithms to estab-
lish a global trust relationship in a P2P (peer-to-peer) network. It has broad application
prospects, such as financial supervision, data sharing, and government auditing. The
consensus algorithm is the protocol to be executed to reach consensus in the distributed
system, which directly determines the service quality of the blockchain. However, exist-
ing consensus algorithms have certain performance bottlenecks such as low efficiency
and scalability, the blockchain has not been implemented on a large scale at present.
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Raft is a distributed consensus algorithm proposed by Diego Ongaro in 2014 [1],
by setting up a leader responsible for consensus decisions such as log synchronization
to reach consistency. Because of its simple architecture and high efficiency, Raft has
become the mainstream algorithm of the consortium blockchain, such as Quorum [2].
However, Raft is a strong leader algorithm, the leader is under greater pressure than the
followers in communication and load. The leader becomes a performance bottleneck,
resulting in a limited Raft scale in practical deployment [3], so Raft is more suitable for
small private blockchains. Raft’s consensus efficiency decreases as the system size or
fault nodes increase, so the scalability and fault tolerance of Raft needs to be improved
to suit IoT (Internet of Things).

OptimizingRaft’s performances is a hot topic of current research. For example,Ermin
et al. [4] used SDN (Software Defined Network) to improve the consistent response time
of the Raft algorithm. Tian et al. [5] proposed a Byzantine fault-tolerant algorithm B-
Raft using the Schnorr signature mechanism. Huang et al. [6] proposed RBFT with high
TPS and Byzantine fault tolerance based on network sharding. Gu et al. [7] proposed a
leadership transfer algorithm to avoid network splitting in Raft. However, there is still a
lack of concern about Raft’s scalability.

The sharding technology has become an important solution to improve the scalability
of the blockchain through the on-chain horizontal expansion. It comes from the database
field, by dividing large databases intomultiple small partitions for easy datamanagement,
such as Megastore [8], Spanner [9], and Scanner [10]. In the blockchain, the sharding
technology breaks the performance bottleneck of a single group by delivering different
transactions to multiple groups for parallel consensus, as shown in Fig. 1.

Fig. 1. The sharding technology in blockchain.

Zheng et al. [11] proposed a sharding consortium blockchain Meepo to improve
the security and effectiveness of the sharding technology. To reduce the aggregation of
malicious nodes, Xu et al. [12] proposed a sharding selection algorithm based on the
evolutionary game. Bai et al. [13] proposed a hierarchical blockchain architecture and
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designed a blockchain sharding algorithm, which improved the TPS of the blockchain
and shortened the sharding consensus time. Wang et al. [14] proposed a reputation-
based consensus protocol for blockchain sharding, which prevents malicious nodes from
concentrating on a single shard.Yoo et al. [15] divided the blockchain intomultiple shards
based on domain and makes the blockchain more credible by changing the committee
members. Kim et al. [16] used the two-phase cooperative bargaining game model to
achieve maximum efficiency for the blockchain using sharding technology.

The sharding technology can linearly improve Raft’s scalability, and Raft does not
need high-cost methods to reach consensus such as mining, so the consensus environ-
ment is more secure. Once consensus is completed within a shard, the shard only needs
to broadcast the consensus result in time to ensure global consistency and security.
Therefore, we propose a sharding consensus algorithm Raft-S by combining sharding
technology with Raft, which linearly improves Raft’s capacity. And a transaction dis-
tribution strategy is proposed to avoid transaction imbalance based on queuing theory.
The main contributions are as follows:

1. The sharding consensus algorithm Raft-S with monitoring nodes and distribution
node is proposed, and its security and consistency are analyzed.

2. Build a queuing theory model for the Raft-S, transactions are regularly distributed
to each shard to avoid the transactions imbalance, thus achieving the maximum
consensus efficiency.

3. Amethod for calculating PDF of sharding consensus time according to the follower’s
delay distribution.

The rest are organized as follows. Section 2 introduces the Raft-S consensus algo-
rithm in detail. Section 3 proposes the method for calculating the PDF of the sharding
consensus time, and a queuing theorymodel suitable for theRaft-S is described. Section 4
obtains the PDF of sharding consensus time and analyses the transaction distribution
strategy. Section 5 gives conclusions.

2 Raft-S Consensus Algorithm

As the system scale increases, the Raft efficiency decreases, which indicates that Raft
has insufficient scalability. The sharding technology divides the consensus nodes into
non-overlapping shards, which execute the consistency protocol in parallel to realize the
linear increase in the capacity or TPS. Network sharding means that transactions are
randomly allocated to different shards, which is prone to create transaction imbalance
when sharding consensus efficiency is different. For example, the shard with high con-
sensus efficiency is idle, and the shard with low efficiency is blocked, thus affecting the
consensus efficiency.

We have designed a sharding consensus algorithm Raft-S with a distribution node.
The distribution node allocates transactions for each shard according to the queuing
theory model applicable to Raft-S, which solves the transaction imbalance and achieves
maximum efficiency. In addition, to address the excessive power of leader we have
introduced anonymous monitoring nodes in the shards to prevent leaders frommalicious
tampering with transactions.
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2.1 Raft-S Consensus Algorithm

If the total number of nodes is N + 1, one distribution node, and the number of shards
is k, then the number of nodes in each shard is N /k, including one leader, 2 monitoring
nodes, and (N /k)-3 followers. Raft-S consensus algorithm is as follows (Fig. 2):

Fig. 2. Raft-S Consensus Algorithm.

The client sends transactions to the distribution node, and the node distributes the
transactions to individual shards and corresponding supervisory nodes according to
transactions distribution strategy. After receiving the transaction, the leader puts the
transaction detail into RPC (Remote Procedure Call) and sends it to the follower [1].
After reaching consensus, the shard followers apply the entry to their own state machine.
The shard leader will return the consensus results to the client and broadcast the changes
in the state machine to other shard leaders for global consistency.

2.2 Global Consistency and Security of Raft-S

2PC protocol ensures the strong consistency of distributed systems by dividing the
processing of transactions into two phases: voting and committing [17]. In the traditional
2PC protocol, only one server is the coordinator, and the other servers are participants,
as shown in Fig. 3. Because of the parallel processing of transactions in Raft-S, we
updated this protocol. All shard leaders are both coordinators and participants, as shown
in Fig. 4.

After the transactions have reached consensus within the shard, the shard leader will
perform both of the following operations: 1. Return the consensus result (e.g., OK) to
the client; 2. Changes in the state machine are broadcast to other shard leaders via the



Raft-S: A Sharding Consensus Algorithm 361

2PC protocol. After receiving the broadcast, the other shard leaders send the changes to
their followers to achieve global consistency. It is important to note that the other shards
do not need to consensus on the changes again, but simply read and apply it to the state
machine.

Fig. 3. Traditional 2PC protocol.

Fig. 4. 2PC protocol in Raft-S.
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2.3 Security of Raft-S

After In the Raft-S, there are two anonymous monitoring nodes inside each shard that do
not participate in consensus and have no voting rights. Monitoring node No.1 receives
logs from leaders. Monitoring node No. 2 receives the same transaction from the distri-
bution node and adds the transaction details to its own logs. The monitoring nodes do
not apply the logs to the state machine or clear the expired logs but act as a database to
facilitate member management service to query the logs.

The member management service periodically queries the added logs and compares
the logs to judgewhether the shard leader hasmaliciously tamperedwith the transactions.
If the logs of the two monitoring nodes are inconsistent, the shard leader has maliciously
tampered with the transactions. The member management service kicks the malicious
leaders out of the cluster, and the shard performs the leader election to elect a leader.

Raft-S can linearly increase the system capacity and TPS of Raft, so that its applica-
tion scenarios are no longer limited by scalability and fault tolerance. And with the intro-
duction of distribution node andmonitoring nodes, Raft-S avoids transactions imbalance
and decentralizes the leader’s power, providing greater security.

3 Queueing Theory Model Applicable to Raft-S

3.1 Service Rate of Shards

There are s followers in a shard, and ((N /k) − 3)/2 ≤ s ≤ (N /k) − 3. When the shard
leader receives the reply from at least ((N /k) − 3)/2 followers, it represents that the
shard completes consensus on a transaction. Assume that the two-way communication
time (later referred to as follower’s delay) between the s followers and the shard leader
obey the Poisson distribution with parameters [t1, t2, . . . , ts], and t1 < t2 < … < ts.
According to the Raft consensus property, we obtained the PDF of sharding consensus
time by using the followers’ delay distribution. The specific derivation process is as
follows:

➀ In a shard, the cumulative probability P(T ≤ t) refers to the probability that a follower
has replied to the leader before the t-th second (the probability or event referred to
below is before the t-th second if not otherwise stated). Then P (T ≤ t | ((N /k)-3)/2
≤ i ≤ s) is the probability that at least ((N /k) − 3)/2 followers have replied to the
leader. According to the probability relationship of complementary events, P (T ≤ t|
0 ≤ j < ((N /k)-3)/2) is the probability that the leader does not receive ((N /k) − 3)/2
followers’ replies, which indicates that the shard has not completed consensus.

➁ Numbering the followers from 1 to s makes the modeling more organized, but it’s
not needed in code. The replying probability of s followers are pt1, p

t
2, . . . , p

t
s.

➂ The event with the shard has j (0 ≤ j < ((N /k) − 3)/2)) replies of followers is called
Aj. The shard does not complete consensus when Aj occurs, Aj = A0 ∪ A1 ∪ A2 ∪
… ∪ A(((N/k)−3)/2)−1.

➃ A0 means there is no reply from the followers. A1 means that only one follower
replies to the shard leader. On the premise that A1 occurs, the event that follower
No.1 replies is called A11, and so on, A1 = A11 ∪ A12 ∪ … ∪ A1m … ∪ A1s, so we
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can obtain the A1’s probability,

P(A1) =
∑C1

s

m=1
P(A1m). (1)

➄ A2 means that there are two followers who reply to the shard leader. The followers
have different replying probabilities, it is necessary to calculate the A2’s probability
by permutating and combining the followers. We defined the order of elements and
events.

Definition 1. The order of elements: mapping the cumulative replying probability of
the No.1-No.s followers set as 1 × smatrix and giving order to the matrix elements, the
matrix is

[
pt1, p

t
2, . . . . . . , p

t
m

]
.

Definition 2. The order of events: when there are j (0 ≤ j < ((N /k) − 3) /2) followers
replying, we must determine which j followers have replied. According to the combi-
nation equation, there are Cj

s combination methods and we called the combining event
is Ajm, m ∈ [1,Cj

s]. Starting with the first element, there is an order between the events
obtained by traversing and combining elements from front to back.

For example, in the A2, the event in which followers No. 1 and No. 2 is A21, the event
in which followers No. 1 and No. 3 is A22, and so on, the event in which followers No.
(s − 1) and No. s is A2C2

s
, then the A2’s probability is

P(A2) =
∑C2

s

m=1
P(A2m). (2)

➅ The A(((N/k)-3)/2)−1’s probability is

P

(
A N

k −3
2 −1

)
=

C

N
k −3
2 −1

s∑

m=1

P

(
A

(
N
k −3
2 −1)m

)
. (3)

➆ The probability PN that the shard does not complete consensus is equal to the Aj’s
probability,

PN =
Cj
s∑

m=1

N
k −3
2 −1∑

j=1

P(Ajm). (4)

➇ Therefore, the probability of the shard completing consensus before the t-th second
is PY ,

PY = 1 − PN = 1 −
Cj
s∑

m=1

N
k −3
2 −1∑

j=1

P
(
Ajm

)
. (5)
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If the probability of the shard completing consensus before the (t-1)-th second is
PY-1, then the probability of the shard completing consensus at t-th second is Pt = PY -
PY-1.

Through the above equations, we can obtain the probability distribution of the shard-
ing consensus time. This allows us to distribute a suitable number of transactions for
each shard to achieve higher consensus efficiency.

3.2 Transaction Arrival Rates of Shards

The process that each shard processing transactions is a Birth-Death process. The rela-
tionship between service rate and the transaction arrival rate of the shard determines
the congestion degree in the queuing system. According to queuing congestion control
theory, when the ratio of transaction arrival rate to service rate is equal to 1/2, the system
goes from no queuing at all to queuing. When the ratio is 1, the queue tends to infinity
and the queuing system is completely blocked [18]. As shown in Fig. 5.

Fig. 5. Knee Point and Cliff Point in Queue Congestion Control Theory.

In summary, we assume that the distribution node determines the transaction arrival
rate μi of each shard according to their service rate ti. And μi takes a value slightly
greater than ti/2.

3.3 Queueing Theory Model

The consensus efficiency of each shard is different. If the same number of transactions
are distributed for each shard or randomly, it is easy to cause transactions imbalance,
and the system cannot achieve the ideal efficiency. We construct a single-queue multi-
server parallel queuing model suitable for Raft-S. Treating transactions as customers
and shards as servers, transactions are allocated in real-time by calculating the optimal
queue length of the shards and the social revenue.

Overall Queuing Model
The transactions reach the distribution node with the overall transaction arrival rate, and
the distribution node determines transaction arrival rate of the shards according to their
service rate, as shown in Fig. 6.
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Fig. 6. Queuing theory model for Raft-S.

We establish a two-stage queue model based on the changes in transaction arrival
rates. In the first stage, the transactions arrive at the distribution node and wait to be
allocated, and the service rate is the number of transactions forwarded by the distribution
node within one second.

The second stage is the process of reaching consensus on transactions after the
transactions are allocated to the shards. We introduced the social revenue to represent
the consensus efficiency of the shards. Each transaction obtains the revenue R after
completing consensus, and the unit waiting cost is C. Under this mechanism, when the
transactions queue of the shard reaches a certain length, the social revenue of the shard
is negative. Therefore, we calculate the optimal queue length of each shard to obtain the
max social revenue.

Assuming the number of shards is 4, the second stage is modeled as an M/M/4/Ni

queue model (i = 1, 2, 3, 4), in which transaction arrival rates obey parameters μi, and
service rates obey parameters ti. Before the detailed description of the queuing theory
model, we give the necessary symbols and descriptions (Table 1).

M/M/1 Model
Assuming that the transaction arrival rate in the first stage obeys a Poisson distribution
with parameter λ and the service rate obeys a Poisson distribution with parameter μ, the
state transition process of the first stage is shown in Fig. 7.

Where j represents that there are j transactions in the system, and the M/M/1 model
equilibrium equation can be obtained from the state transition process,

⎧
⎪⎪⎨

⎪⎪⎩

π0λ = π1μ

π0λ + π2μ = (λ + μ)π1

πj−1λ + πj+1μ = (λ + μ)πj, j ≥ 1∑∞
j=0 πj = 1

. (6)
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Table 1. Queuing Model Symbol Descriptions

Symbol Description Symbol Description

λ Overall transaction arrival rate ρi Service intensity of the i-th shard

μ Service rate of the distribution node Ni The optimal queue length of the i-th
shard

μi Transaction arrival rate of the i-th
shard

C Unit time waiting cost

ti Service rate of the i-th shard R Rewards for reaching consensus

λei Effective transaction arrival rate of
the i-th shard

S(n) Average social revenue per unit time

ρ Service intensity of distribution
node

Fig. 7. State transition process of M/M/1 model.

where πj is the probability that there are j transactions in the system. From Eq. (6), πj

can be obtained when a transaction arrives the system,

{
π0 = 1 − ρ

πj = (1 − ρ)ρj, j ≥ 1
. (7)

where ρ = λ/μ denotes the first stage service intensity, and the system is stable when ρ

< 1. The average queue length of the first stage E(Ls1) can be calculated,

E(Ls1) =
∑∞

j=0
jπj = ρπ0

d(
∑n

j=1 ρj)

dρ
= ρ

1 − ρ
. (8)

When the system is stable, Average queue length is the number of transactions in
the system that are queued up (waiting for processing),

E
(
Lq1

) =
∑∞

j=1
(j − 1)πj = ρπ0

d
(∑n

j=1 ρj
)

dρ
− π0

∑∞
j=1

ρj = ρ2

1 − ρ
. (9)

According to Little’s law [19], we can obtain the average duration of transactions in
the system,

E(Ws1) = E(Ls1)

λ
=

ρ
1−ρ

λ
= 1

μ − λ
. (10)
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At the same time, the average time spent by transactions in the queue is the average
duration of transactions minus the time for transactions is served, it can be expressed as

E
(
Wq1

) = E(Ws1) − E(s) = 1

μ − λ
− 1

μ
= ρ

μ − λ
. (11)

M/M/k/Ni Model
In the second stage of Raft-S, the transactions are forwarded to each shard by the dis-
tribution node, and Raft consensus protocol is executed in each shard. When there are
Ni transactions in the shard, the distribution node no longer forwards the transactions to
the shard, then the equilibrium equation in the i-th shard is as follows,

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

π0μi = π1ti
πj−1μi + πj+1ti = (μi + ti)πj, 1 < j < Ni − 1

πNi−1μi = πNi ti∑Ni
j=0 πj = 1

. (12)

The probability that 0 or Ni transactions exist in the shard is
⎧
⎨

⎩
π0 = 1−ρi

1−ρi
Ni+1

πNi = (1−ρi)ρi
Ni

1−ρi
Ni+1

. (13)

When there are Ni transactions in the shard, no new transactions are allocated to the
shard, then its effective transactions arrival rate is λei = μi (1− πNi ). The average queue
length of the i-th shard can be expressed as

E(Lsi) =
Ni∑

j=0

jπj= ρiπ0
d(

∑Ni
j=1 ρ

j
i )

dρi
(14)

= ρiπ0

⎡

⎣

(
1 − ρ

Ni+1
i

)
− (Ni + 1)(1 − ρi)ρ

Ni
i

(1 − ρi)
2

⎤

⎦ (15)

= ρi

1 − ρi
− (Ni + 1)ρNi+1

i

1 − ρ
Ni+1
i

. (16)

Currently, the average social revenue S(ni) per unit time of the i-th shard is

S(ni) = μi(1 − πn)R − CE(Ls2) (17)

= (1 − ρi
Ni )μi

1 − ρ
Ni+1
i

R − C

[
ρi

1 − ρi
− (Ni + 1)ρNi+1

i

1 − ρ
Ni+1
i

]
. (18)

To maximize S(ni), it is necessary to make
{
S(ni) ≥ S(ni − 1)
S(ni) > S(ni + 1)

. (19)



368 Y. Chen et al.

Simplified Eq. (19):

⎧
⎪⎪⎨

⎪⎪⎩

[
(ρi + ρi

−1 + 2)
Rμi

C
+ ρi

]
≥ Ni(1 − ρi) + ρi

Ni+1

[
(2 − ρi − ρi

−1)
Rμi

C
+ 1 − 2ρi

]
< Ni(ρi − 1) + ρi

Ni+2
(20)

The Eq. (20) can be regarded as aix + bix = ci, in which x = Ni, ai = ρi , bi ={
ρi

−1 − 1
ρi

−1 − ρi
−2 , ci =

{
(1 + ρi

−2 + 2ρi−1)
Rμi
C + 1

(2ρi−2 − ρi
−1 − ρi

−3)
Rμi
C + ρi

−2 − 2ρi−1 .Using Lambert W

Function [20], when p > 0 and a, c �= 0, the equation pax+b = cx + d generates the
following solution,

x = −
W

(
− lnp

c pb− ad
c

)

alnp
− d

c
. (21)

Making p → a, a → 1, b → 0, c → −b, d → c,

x = c

b
−

W
(
lna
b a

c
b

)

lna
. (22)

Combining the Eq. (20), we can get the range of Ni,
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

(1+ρi
−2+2ρi−1)

Rμi
C +1

ρi−1−1
−

W

⎛

⎜⎜⎝
lnρi

ρi
−1−1

ρi

(1+ρi
−2+2ρi

−1)
Rμi
C +1

ρi
−1−1

⎞

⎟⎟⎠

lnρ ≥ n

(2ρi−2−ρi
−1−ρi

−3)
Rμi
C +ρi

−2−2ρi−1

ρi−1−ρi−2 −
W

⎛

⎜⎜⎝
lnρi

ρi
−1−ρi

−2 ρi

(2ρi
−2−ρi

−1−ρi
−3)

Rμi
C +ρi

−2−2ρi
−1

ρi
−1−ρi

−2

⎞

⎟⎟⎠

ln ρi
< n

(23)

The Ni can be obtained by rounding n.

4 Simulation and Analysis

4.1 Consensus Efficiency of Raft Sharding Predicting the Nodes Failure Time

Parameter and Experimental Environment
Suppose the shard size is 9, including 1 leader, 2monitoring nodes and 6 followers.When
the leader receives replies from at least 3 followers, the shard consensus is completed.
The 6 follower delays obey the Poisson distribution with parameters [20, 25, 30, 40, 45,
50] respectively, and set the range of sharding consensus time to 0–80 ms according to
the CDF (Cumulative Distribution Function) of the followers’ delay.
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The calculation process runs on a core i7, 8-core, 3.00 GHz, 48 GB memory server,
and the development environment is Matlab2018.

Fitting Process
It can be seen from the Fig. 8 that the probability of each follower to reply to the leader
before the 70 ms has basically reached 1. Mapping the CDF of each follower to the
matrix and executing the sharding consensus time model code to obtain the CDF and
PDF of sharding consensus time. The pseudo code is shown in Table 2.

Fig. 8. The CDF of each follower replying to the leader.

Figures 9 and 10 is the CDF and PDF of sharding consensus time, the abscissa is
the time. From Fig. 9, we can see that the probability of the shard completing consensus
before the 50 ms reaches 1. And the PDF of the sharding consensus time roughly obeys
to the Gaussian distribution from Fig. 10. We found the best parameters through fitting
tool.

Using the Gaussian distribution to fit the PDF of the sharding consensus time, and
the Gaussian equation is as follows,

y = a · exp(−(
x − b

c
)
2

). (24)

The fitting results show that a = 0.09525, b = 30.42, c = 5.945. The sharding
consensus time obeys the Gaussian distribution with parameters (30.42, 2.9725). That
is, the average time for this sharding to reach consensus on a transaction is 30.42ms.

4.2 Transactions Distribution Strategy and TPS of Raft-S
Transactions Distribution Strategy
In the common single-queue multi-server model, customers can see the status of the
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Table 2. Pseudo code of sharding consensus time model

Fig. 9. The CDF of sharding consensus time.

server, so they can find idle servers in time. However, the distribution node is unable
to view the queue length of shards, so it cannot distribute transactions according to the
optimal queue length of each shard in real time. In the experiments, we found that the
optimal queue length of the shards is an interval. Therefore, we look for appropriate
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Fig. 10. The PDF of sharding consensus time.

R, C, and the service intensity ρi of each shard to obtain a large optimal queue length
interval and a large social revenue.

Assuming that the optimal queue length of the shards Ni ∈ [ai, bi], 0 < ai < bi. The
shards are divided into three states, (0, ai, bi), and the shard leaders can send status (0,
start, stop) to the distribution node for real-time feedback while queue length is equal to
0, ai, bi. The distribution node stores the shards status in the local and changes it in time
according to the shards feedback. The distribution node changes the target shards when
it receives [stop] and reselects the target shards when it receives [start]. There are three
cases:

1) When the shards state is all 0 or ai, the distribution node sends transactions in order
of the social revenue of shards.

2) When the shards state has 0 and ai, the distribution node sends transactions to the
shards with state 0 first.

3) When the shards state has ai and bi, the distribution node sends transactions to the
shards with state ai in order of the social revenue of shards.

Assume that the service rate ti,of the i-th shard obeys a Poisson distribution, i.e.
1/ti transactions can be processed in one second. The optimal queue length interval is
maximized by fixing R, C and varying ρi.

The average social revenue for each shard is greatest when R = 2.5 and C = 10,
and the range of optimal queue length intervals and social revenue are calculated at this
time, as shown in Table 3. From the nature of the Lambert W function [20], the solutions
obtained at the 0th branch are all true solutions, and the data that do not match have been
removed when selecting the maximum social revenue.

TPS of Raft-S
The Raft-S consensus algorithm introduces the mechanism of social benefit, that is, the
transactionpays the queuing fee in the slice and the reward after completing the consensus
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Table 3. Optimal queue length intervals and social revenue of shards

shards 1/ti Initial transaction arrival
rates

Optimal queue length
intervals

The social revenue

1 30 19 [3, 56] 30.22

2 40 27 [3, 88] 46.73

3 50 36 [3, 134] 64.29

4 60 45 [3, 186] 82.5

brings benefits to the whole system. When the reward is too high and the queuing fee
is too low, the number of transactions entering the queue will greatly increase, causing
system congestion. Through simulation, we find the appropriate queuing fee and reward,
and fit the slice consensus efficiency to set the arrival rate to make the system smooth
and obtain the optimal revenue.

When the system is stable, the average team leader in each segment is greater than
1, which means that the throughput of the whole system is the sum of the transactions
processed per unit time of each segment, that is, the sum of the service rate. The system
capacity and even throughput of traditional Raft can achieve linear growth. Assuming
k slices, the average consensus efficiency for fragmentation is x, and y for conventional
Raft. At this time, the throughput of Raft-S tends to be linear with conventional Raft,
and its throughput is k times that of conventional Raft.

The distribution node forwards transactions at a rate of v1 and the sum of the trans-
action processing rates of the shards is v2, and that v1 is much greater than v2, this
indicates that the Raft-S has sufficient transactions to the shards. If each shard is always
running at high speed, the sum of the number of transactions processed per unit time by
each shard is the TPS per unit time of the Raft-S. Taking Table 3 as an example, Raft-S
can process 180 transactions in one second.

5 Conclusion

Raft is a strong leader algorithm, which puts the leader under greater pressure in com-
munication, load, etc., and Raft’s consensus efficiency decreases when the system size
increases. Firstly, we propose a Raft-S consensus algorithm by combining the sharding
technique, which ensures the global consistency and security of the sharding consensus
while linearly increasing the Raft capacity and throughput. Secondly, we analyze the
fragmentation consensus time and establish the queuing model applicable to Raft-S.
Finally, in order to avoid the trading imbalance caused by network shard random dis-
tribution transactions, we design a trading allocation strategy applicable to the Raft-S
consensus algorithm based on queuing theory, and fit the average time required for each
shard to process an exchange. The distribution strategy makes the system achieve the
highest social benefits while processing more transactions and improve the system TPS.

The cross-chain technology is a research hotspot for the application of the consortium
blockchain. We will continue to study the cross-chain technology, such as sharding and
side-chain and explore the evolution and implementation of the consortium blockchain.
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