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Abstract—Due to the increasing interest in blockchain tech-
nology for fostering secure, auditable, decentralized applications,
a set of challenges associated with this technology need to
be addressed. In this letter, we focus on the delay associated
with Proof-of-Work (PoW)-based blockchain networks, whereby
participants validate the new information to be appended to
a distributed ledger via consensus to confirm transactions. We
propose a novel end-to-end latency model based on batch-service
queuing theory that characterizes timers and forks for the first
time. Furthermore, we derive an estimation of optimum block
size analytically. Endorsed by simulation results, we show that
the optimal block size approximation is a consistent method that
leads to close-to-optimal performance by significantly reducing
the overheads associated with blockchain applications.

Index Terms—Dblockchain, decentralized applications, proof-of-
work, queuing theory

I. INTRODUCTION

LOCKCHAIN has emerged as a groundbreaking ap-

proach to enable decentralized solutions with security,
trust, and resilience. Its transparency enables collaboration
among several untrusted partners, so its usage has recently
spanned to multiple domains, including e-health, finance,
governance, and communications [1], and paved the way for
unprecedented collaborative applications such as joint opti-
mization via Federated Learning (FL) [2]. Nevertheless, the
performance of blockchain systems raises concerns, especially
for public blockchains, where anyone is allowed to partici-
pate [3,4]. For instance, the Proof-of-Work (PoW) consensus
mechanism is well known to require a high delay between
mined blocks and to incur high energy consumption.

Several works attempt to optimize blockchain systems
by addressing the trade-offs between decentralization, secu-
rity, and performance. This letter contributes to such efforts
by tackling the minimization of the transaction confirma-
tion latency in PoW-based blockchains. In this respect, the
work in [5] provided an end-to-end latency evaluation for
blockchain-enabled FL to optimize the block generation rate,
A. A similar analysis was performed in [6], where the optimal
block size was obtained by minimizing the fork probability,
also in the domain of FL. Another relevant work is [7],
which analyzed the transaction confirmation latency and de-
rived the optimal block generation ratio through a genetic
algorithm. Alternatively, [8] studied the communication cost of
blockchain on FL optimization and provided a deep reinforce-
ment learning (DRL) mechanism to improve the system utility,
which captures the trade-off between the learning time and the
learning accuracy. DRL was also used in [9] to improve the
performance of a blockchain by selecting the best set of block
producers, consensus algorithm, block size, and block interval.

Different from the related work, we focus on block size
optimization to minimize the transaction confirmation latency
in the blockchain. This problem substantially differs from the
optimization of the block generation rate, which depends on
the computational capacity of miners and the difficulty of
the consensus problem to be solved. Instead, controlling the
block size allows optimizing the blockchain system against the
number of concurrent users submitting transactions. Moreover,
our model includes the effect of timers and forks, which are
important aspects of a PoW-based blockchain.

Our findings reveal that there exist several trade-offs to be
taken into account when adjusting the block size. First, for
small block sizes, the fork probability decreases (the block
propagation time is lower), but more overhead is incurred
to the overall transaction confirmation latency. In contrast,
a large block size contributes to decreasing the overhead of
the blockchain, thus potentially reducing the time transactions
spend in the pool before being included in a candidate block.
As we argue in this letter, finding the optimal block size
analytically is unfeasible. Nevertheless, our results show that
the block size approximation proposed here is a consistent
method to lead to close-to-optimum performance.

II. POW-BASED BLOCKCHAIN OPERATION

A blockchain system is composed of a set of miners
forming a peer-to-peer (P2P) network. Miners are responsi-
ble for maintaining, updating, and verifying the status of a
distributed ledger, which contains the application information
(e.g., economic transactions or infrastructure ownership status)
generated by a set of client devices. The information stored
in a blockchain is organized in cryptographically chained
blocks, a principal requirement for ensuring the immutability
and inviolability of the system. Each block is connected to
its predecessor (until the initial genesis block) following a
hash function, so any alteration on any block would alter the
entire chain, which would not be accepted by the rest of the
miners. While many functions exist for encoding blockchain
data and chaining blocks, the most popular ones are based on
Merkle tree [10]. Following a Merkle tree structure, a block
is composed of the nonce (the result of mining), the previous
block hash, the Merkle root (a composition of hashes from
previous blocks), the timestamp, and a body with transactions.

Blocks of variable size can be formed by gathering transac-
tions from clients so that the block size is set as b = h + nt,
where h is the header size (constant), n is the number of
transactions included in the block, and ¢ is the size of a single
transaction. To generate a new block, miners first gather and



propagate transactions from clients either until a candidate
block has enough transactions (determined by the block size b),
or until a maximum waiting timer 7 expires. Then, following
the PoW consensus mechanism and using a mining capacity
of A, miners solve a computation-intensive operation. While
PoW entails a significant redundancy in computation and
storage, it grants a high level of security to fully decentralized
environments. Fig. 1 illustrates the abovementioned PoW-
based blockchain operation. As shown, miners 1 and 3 gather
transactions and generate a block simultaneously, which is
accepted by different miners in the network (miners 2 and
N), thus potentially leading to inconsistencies (forks).
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Fig. 1. PoW-based blockchain operation: (1) miners receive transactions from
users and other miners, (2) candidate blocks are mined running consensus,
(3) mined blocks are propagated, (4) miners append candidate blocks to their
ledger copy (forks may occur, leading to inconsistencies).

III. LATENCY MODEL AND BLOCK SIZE OPTIMIZATION
A. Transaction confirmation latency

The transaction confirmation latency of a blockchain can be

derived by considering the following delays:

1) Queuing delay (T,): Clients submit transactions to the
closest miner following a Poisson process where the time
between transactions is given by an exponential distribu-
tion with parameter p. The submitted transactions wait
in a pool before being included in a candidate block, i.e.,
when the block size b is achieved or when the waiting
timer 7 expires. For the sake of simplicity, we assume
that the transactions pool is perfectly shared. We resort
to the queue model of Sect. III-B to characterize the
queuing delay.

2) Block generation delay (Tpg): Miners run PoW to
find the candidate block’s nonce. This entails solving
a computation-intensive mathematical puzzle. This pro-
cess is modeled through an exponential random variable
with parameter ), so the expected mining time Ty, for
M miners is given by (M))~!. Notice that the block
size does not affect the mining time.

3) Block propagation delay (Ty,): Mined blocks are prop-
agated throughout the P2P network. The block propaga-
tion delay depends on the size of the P2P network and
the links between miners. Blocks arrive simultaneously
to all the miners to avoid synchronization issues.

Considering the effect of forks on the end-to-end latency,

we define the blockchain transaction confirmation Tpc latency:

_ Tq+Tbg+pr (1)
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where the fork probability pex denotes the cases when two
or more miners succeed in mining a block before the winner’s
one is completely propagated. With forks, uninformed miners
may mistakenly add non-winner blocks to their ledger version.
Since the time between blocks is a Poisson inter-arrival pro-
cess, the fork probability is given by prog = 1 — e~ M =1)Top,

B. Queue Model

As done in [11], we consider a finite-length M/M?®/1/K
queue (see Fig. 2) — where s denotes the number of trans-
actions to be served in a batch — to derive the transaction
confirmation latency in blockchain. To that purpose, we model
the queue using a Markov chain where states indicate the
number of queued transactions before a departure. We apply
the Poisson arrivals see time averages (PASTA) property to
obtain the steady-state queue distribution.
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Fig. 2. Batch-service queue for blockchain.

To calculate the expected queue delay, we focus on the
queue’s steady-state distribution 7%, which indicates the prob-
ability of each state k:
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To get 7F, we first derive the departures distribution 7,
which is obtained by solving w¢ = 7?P, being P the transition-
probability matrix and w917 = 1:
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Being s(4) the number of served transactions from departure
state ¢, transition probabilities p; ; and p; ; are computed as

i—(i-s(1)) ,
D = _ K—s(i)—1

Pij = m(ﬁ) yPi g = 1-2. iy (3)

Forks are captured within the served transactions at depar-

tures. Considering that 7, represents the set of non-conflicting

transactions that remain valid even in the event of a fork (i.e.,

transactions included in the winner’s block and not included

in other forked blocks), s(i) is obtained as follows:

S(Z) = (1 - pfork) . min{ia b} +pfork : |7}| (4)



Finally, the steady-state queue distribution 7% for k < K
is given by
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where Ty is the expected inter-departure time, ¢; is the timer

expiration probability from departure state ¢, and Pr(n|7) is the

probability that n packets arrive to the queue before the timer

expires. The probability of finding the queue full is calculated
K K-1_F

as Tt =13 ;7"

C. Optimal block size

We now derive the optimal block size b* that minimizes
the transaction confirmation time in a blockchain system. To
that purpose, we use the latency model provided in Sect. III-A
together with the following assumption.

Assumption 1. The waiting timeout is set to an arbitrarily
large number so that the number of mined transactions is
always set to the block size, b.

Assumption 1 is necessary to find a convex function that
is a close fit to data obtained from the model. The fact is
that the complex interactions at the queue prevent finding a
convex function that allows optimizing the queuing delay. Fur-
thermore, we approximate T, using the Lagrange interpolation
method [12] so that the queuing delay is approximated by an
n-order polynomial from a set of N 4 1 data points obtained
from the queuing model. Assuming fixed p and A parameters
(provided by the scenario), we approximate 7 as:

N
Ty(b) = Ty(b) = > y;Lw ;(b), (6)
7=0

where y; corresponds to the queuing delays obtained from
the model, and £ N,j(b) are the Lagrange basis polynomials,
defined as H,ICVZQ oy bl;:bbkk. Being C' € R a positive constant
capturing the P2P end-to-end capacity, the overall transaction
confirmation delay, Typ, is approximated as follows:

Ty(b) +1/MA+b/C
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Following Eq. (7), which is convex for b > 0, the optimal
block size b* can be derived directly.

IV. SIMULATION RESULTS AND VALIDATION

In this Section, we assess the accuracy of the proposed
block size optimization model. We include cases where As-
sumption 1 above does not hold (i.e., with realistic timer and
fork behaviors), which allows comparing the performance of
the actual optimal block size with its approximation by our
proposed optimization. We also compare the latency model
with simulations [13] (see Table I).

TABLE I
MODEL/SIMULATION PARAMETERS

Parameter Description Value
b block size 1-10 trans.
t transaction length 5 kbits
h block header length 20 kbits
K queue size 10 trans.
M number of miners {1,10}
C P2P links’ capacity 5 Mbps
ts sim. time 100,000 s
T mining timer {0.1, 1, 5, 10, 100} s
I packet arrivals {0.1, 0.25, 0.5, 1, 2.5, 5, 10} tps
A mining rate {0.1,0.25, 0.5, 1, 2.5, 5, 10} Hz

Fig. 3 shows the transaction confirmation latency against the
block size and highlight the range of validity of the optimal
block size estimation. In particular, we have considered p =
{0.1,0.25,5} arrivals per second, A = {0.1,0.2,0.25} Hz,
7 = {1,100} seconds, and disabled forks. While using 7 =
100 s provides a smooth function whereby the optimal block
size is derived, a small timer such as 7 = 1 s breaks the
convexity properties of the delay function.
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Fig. 3. Transaction confirmation latency for different BC parameters: (a)
7 = 135, (b) 7 = 100 s. The delay values obtained from the estimated
optimal block size (b*) are represented by the black circles.

As illustrated by Fig. 3, the estimated optimal block size
(highlighted with circles) matches the best result in every
setting when the timer is 7 = 100 s (right figure). In this case,
Assumption 1 is fulfilled due to the high timer value (blocks
are mined when reaching the established-set block size). In
contrast, with tighter timers (left figure), the real optimum is
slightly different from the approximated one. Nevertheless, the
approximation serves as a consistent heuristic and leads to a
low (near-optimal) end-to-end latency.
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Fig. 4. Relative difference between the total delay obtained using b* and b*:
(a) without forks (M = 1), (b) with forks (M = 10).

To reinforce this statement, Fig. 4 compares the performance
obtained by the actual optimal block size (computed by brute
force through simulations) and its model approximation. As
shown in Fig. 4, the major gap is found when timers are set



to high values and forks are not possible (because the number
of miners is M = 1). As shown later in Fig. 5, this occurs for
high values of p. Instead, when we consider multiple miners
(M = 10), low difference between the estimated delay and the
actual minimum is noticed. Despite the convex transformation
of the model function may fail to characterize the actual queue
latency exactly, the estimated trend is the same, so the optimal
block size can be estimated in most of the cases.

To conclude, we compare the model and simulator outputs
on the blockchain queuing delay. For this analysis, we consider
w = {0.1,0.25} arrivals per second, A = {0.25,5} Hz, 7 =
{1,5,100} seconds, and b = [1 — 10] transactions. The results
are illustrated in Fig 5, where model and simulation output
match except for certain special cases.
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Fig. 5. Blockchain queuing delay for different 7, u, A, and b parameters: (a)
without forks (M = 1), (b) with forks (M = 10).

Without forks (Fig. 5(a)), the model deviates from simula-
tion when the queue is saturated with transactions (¢ = 0.25
and \ = 0.25, represented in green). For high block sizes, the
model becomes unstable, given the high amount of incoming
traffic. Notice that simulations consider a finite amount of
time, so the transitory phase before the queue is full is
also captured. Moreover, the model and the simulator results
diverge when forks are possible and the waiting timer is low
(i.e., 7 =1 s and 7 = 5 s). This case confirms that the effects
caused by forks cannot be fully captured by our model. The
fork probability varies depending on the state from which a
departure occurs, so the higher the number of transactions to
be mined, the higher the fork probability. However, to capture
this, it is required to have a-priori knowledge of the queue’s
steady-state distribution, which is in fact the output of the
model. Yet, the fork probability is estimated by the model
based on the input block size b, which is assumed to be
fixed. This, however, does not hold when timers are small,
provided that smaller blocks can be mined even if not enough
transactions arrive before the timer expires. Consequently, it
leads to a lower fork probability in practice, given that the
expected mining size is lower. This effect is exacerbated as
the timer and number of arrivals decrease.

V. CONCLUSIONS

To consolidate the adoption of blockchain in practical

settings, in this letter, we have addressed the optimization of
the block size, an important parameter to determine the amount
of information to be included in a single block. Adjusting the
block size is essential to minimize the latency of PoW-based
blockchain applications. However, the complex influence of
timers and forks on the queuing delay prevents deriving the
optimal block size in closed-form. Nevertheless, we have
shown that an approximation of the queue delay function
allows estimating the optimal block size, thus leading to near-
optimal delay estimations. As future work, we envision the
improvement of the queue model through tailored data-driven
approaches.
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