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Abstract. The article proposes a mathematical model for analysing the
performance of a Hyperledger Besu-based permissioned blockchain net-
work under a Byzantine Fault Tolerant (BFT) consensus protocol. Using
a system of differential equations characterised by a time-varying trans-
action arrival rate A(t), we derive conditions for stable network operation,
showing in particular that the system remains stable (i.e., avoids over-
load) if A < u, where u denotes the processing rate. Building on these the-
oretical foundations and formal results (lemmas and theorems), we for-
mulate a multiobjective optimisation problem for tuning key consensus
parameters (such as block interval and consensus timeout). Three perfor-
mance criteria are considered: block finalisation latency (F1), throughput
(F2), and the deviation of validator participation from a target level (F3).
The formulation seeks to minimise latency and participation deviation
while maximising throughput, under a quorum constraint requiring that
the fraction of participating validators p(z) meets a threshold ¢(n) (e.g.,
at least two-thirds of the n validators). Solving this problem yields con-
crete recommendations for optimal configuration, indicating that an ideal
participation target p* lies between 0.85 and 0.95 and that a moderate
number of validators provides the best performance balance. The results
offer practical guidance for network configuration and represent a novel
integration of stability analysis with multiobjective optimisation in the
context of BFT consensus protocols.

Keywords: Hyperledger Besu, IBFT consensus, QBFT, permissioned
blockchain performance, differential load modelling, multiobjective opti-
misation, Pareto frontier, quorum-aware control

1 Introduction

Permissioned blockchain platforms based on Byzantine Fault Tolerant (BFT)
consensus, such as Hyperledger Besu, are increasingly used for mission-critical,
low-latency applications in finance, supply chains, and public services. Their per-
formance hinges on protocol and system parameters that must be tuned under
realistic, time-varying workloads. In practice, operators face coupled trade-offs
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among latency (time to finality), throughput (transactions per second), and val-
idator participation (security margin above quorum). Ad-hoc tuning is brittle:
pushing for higher throughput can trigger backlog growth and unpredictable de-
lays, while enforcing maximal participation often degrades responsiveness with-
out proportional security gains. A principled, model-based approach is needed
to (i) explain stability limits under dynamic load and (ii) expose Pareto-optimal
operating points subject to quorum constraints.

Problem and approach. We study the control of Hyperledger Besu (IBFT 2/
QBFT) parameters under dynamic transaction generation. First, we develop
a differential-equation model for the mempool/processing pipeline driven by a
time-varying arrival rate A(t), and we derive verifiable stability conditions in
terms of the effective service rate p. Second, we formalize the configuration
problem as a multiobjective program over the parameter vector x = (1, z2)
(e.g., block interval and consensus timeout) with three criteria: block-finalization
latency Fi, throughput cost Fo = —TPS, and participation deviation F3 =
|p(x) — p*|, under the BFT quorum constraint p(z) > ¢(n) = (|2n/3] +1)/n. We
analyse Pareto frontiers across validator-set sizes n and use Pareto hypervolume
to aggregate performance over n.

Contributions.

(i) A load model with dynamic inputs (step/exponential/gaussian/pulses)
and provable stability: the system is stable with bounded backlog precisely when
A < p; sustained A > p causes backlog divergence with throughput saturation
at p.

(ii) A quorum-aware, multiobjective control formulation that couples perfor-
mance goals with the safety requirement p(z) > g(n).

(iii) A data-driven criterion (Pareto hypervolume) to select the validator-set
size and to compare configurations across n.

(iv) Design guidelines indicating that mid-range n and high-but-not-maximal
participation targets p* € [0.85,0.95] yield robust latency—throughput—participation
trade-offs.

Relation to prior work. Empirical benchmarking and steady-state queueing
models explain saturation phenomena but typically lack a dynamic view and
an integrated treatment of quorum-aware control. Our framework unifies (a)
dynamic stability analysis under A(t) with (b) multiobjective optimisation con-
strained by BFT quorum, thereby connecting theory to deployable tuning rules
for Besu-based consortia.

Notation (key symbols).

A(t) — arrival rate (TPS);

1 — effective service rate;

x = (z1,22) — tunable parameters (block interval, timeout);
n — number of validators;

¢(n) — quorum fraction;

p(z) — realized participation;

p* — target participation;
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TPS — achieved throughput;

F1, F», F5 — objective functions.

Organization. We first review related work. We then present the differential
load model and derive stability results. Next, we formulate the quorum-aware
multiobjective optimisation, analyse Pareto trade-offs across validator-set sizes,
and discuss implications for configuration. Finally, we outline future research
directions and conclude.

2 Related Work

2.1 Blockchain Load Modeling

Blockchain performance under varying load has been extensively studied through
both empirical benchmarking and analytical modeling. Fan et al. [6] provide a
systematic survey of performance evaluation methods, highlighting how bench-
marking tools and simulations are used alongside stochastic models to assess
throughput and latency. For example, Dinh et al. introduced BlockBench, a
widely-used framework for empirically benchmarking private blockchain plat-
forms.

Using such tools, researchers have quantified how system throughput scales
with increasing transaction rates or network size. Pongnumkul et al. [14] and
Nasir et al. [13] measured that permissioned blockchains (e.g., Ethereum Clique
and Hyperledger Fabric) reach a saturation point where throughput plateaus
and transaction latencies grow rapidly under high workload, due to consensus
and I/O bottlenecks. In particular, recent work on Hyperledger Besu by Fan et
al. [7] showed that fundamental blockchain parameters like block interval and
block size strongly dictate throughput and latency, and that suboptimal settings
can drastically underutilize network. These empirical insights underline the need
for accurate load modeling.

In parallel, analytical models have been developed to capture the perfor-
mance of blockchain transaction processing pipelines. Queueing network models
and Petri nets allow researchers to estimate how varying arrival rates and con-
figuration parameters impact system metrics. Sukhwani et al. [18] proposed a
hierarchical queueing model of Hyperledger Fabric, breaking down transaction
flow into ordering, validation, and commit stages to predict throughput and la-
tency. Similarly, Yuan et al. [22] applied generalized stochastic Petri nets (GSPN)
to model a Fabric network, enabling calculation of latency distributions under
different workload intensities.

These models have confirmed, for instance, that increasing block size yields
higher throughput but also longer queuing delays, whereas shortening block time
can lower latency at the cost of higher protocol overhead. Xu et al. [20] and Jiang
et al. [9] further refined performance models to account for resource constraints
(CPU, I/0O) and application-level factors. Overall, both empirical and modeling
studies concur that careful load characterization is critical: it reveals the exis-
tence of performance ceilings and helps identify bottlenecks (e.g., transaction
execution or state update costs) that inform system optimization.
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2.2 BFT Consensus Performance

Byzantine Fault Tolerant (BFT) consensus protocols are central to permissioned
blockchain networks, and their performance characteristics have been a focus
of much research. Classical BFT algorithms like PBFT (Practical Byzantine
Fault Tolerance) achieve consensus in the face of faulty or malicious nodes but
incur high communication costs that scale quadratically with the number of
replicas [4]. Castro and Liskov’s PBFT protocol requires multiple rounds of all-
to-all message exchanges for each block, leading to significant latency as the
validator count grows. Vukolic [19] contrasted this with proof-of-work, noting
that while BFT avoids PoW’s probabilistic delays, its throughput advantage
diminishes beyond dozens of nodes due to coordination overhead.

Quantitative modeling by Sukhwani et al. [17] confirmed that PBFT’s trans-
action latency rises sharply with each additional replica, reflecting the O(n?)
message complexity in a network of n validators. This inherent scalability limit
means that standard BFT consensus is practical only for relatively small con-
sortium sizes.

To mitigate these issues, numerous improvements to BFT consensus have
been proposed, especially in the blockchain context. One prominent example is
the HotStuff protocol by Yin et al. [21], which achieves linear communication
complexity. HotStuff introduces a pipelined, leader-based approach that reduces
the costly broadcast steps per decision, allowing the system to reach consensus
with significantly lower messaging overhead. This innovation enables networks
of tens or even a hundred nodes to agree with latencies comparable to earlier
protocols operating at much smaller scale. Another line of work has focused
on tailoring BFT to permissioned blockchains: Hyperledger Fabric’s design, for
instance, decouples transaction ordering into a modular service.

Sousa et al. [16] implemented a BFT ordering service in Fabric using the
BFT-SMaR¢t library, demonstrating that a network of 4-7 validating peers can
sustain thousands of transactions per second by optimizing the consensus pipeline
(batching, speculative execution, etc.) while maintaining Byzantine fault toler-
ance. In Ethereum-based consortia, the Istanbul BFT (IBFT) family of protocols
has been adopted.

However, early versions of IBFT had liveness and safety issues under certain
network conditions. Saltini and Hyland-Wood’s IBFT 2.0 [15] addressed these by
refining the view-change mechanism to ensure the protocol remains live and safe
in eventually synchronous networks. The performance of IBFT-style consensus
(as used in Hyperledger Besu and Quorum) is generally similar to PBFT for
moderate node counts, with recent experiments indicating it can handle up to
about 10-15 validators without significant throughput loss. For example, Fan et
al. [7] report that Besu’s QBFT (a variant with quadratic voting) maintained
stable transaction throughput up to 14 validators, after which latency began
increasing notably.

In summary, the state of the art in BFT consensus performance has ad-
vanced via protocol optimizations (e.g., HotStuff’s responsiveness) and system
architecture (modularizing consensus), yet the fundamental trade-off between



Differential Load Modeling and Multiobjective Optimization 5

fault tolerance and scalability remains: BFT networks achieve low-latency final-
ity in small to medium clusters, but careful design is required to extend this
performance to larger scales.

2.3 Multiobjective Optimization in Networked Systems

Designing and tuning distributed ledgers and networks often requires balanc-
ing multiple conflicting performance objectives. In networked systems (including
blockchain networks), one must simultaneously consider metrics such as through-
put, latency, fault tolerance, security, and resource usage. This naturally leads
to a multiobjective optimization problem, where improving one aspect of the
system may degrade another. For instance, in blockchain settings, increasing the
block size or block rate can raise throughput but also elevates propagation delays
and the risk of forks or stale blocks, thereby worsening confirmation latency or
consistency.

Similarly, adding more validator nodes strengthens fault tolerance but intro-
duces extra communication overhead, harming transaction latency. A recent per-
formance study of Hyperledger Besu explicitly highlights such tensions: shorten-
ing the block interval beyond a certain point yielded marginal throughput gains
but disproportionately higher latencies as the network struggled to propagate
blocks in time [7]. To navigate these trade-offs, researchers employ Pareto anal-
ysis to identify “sweet spots” that offer a good compromise between objectives,
rather than optimizing a single metric in isolation.

A variety of optimization techniques have been applied to find Pareto-optimal
configurations in networked systems. Evolutionary algorithms are a popular
choice for multiobjective problems, as they can evolve a diverse set of solutions
approximating the Pareto frontier. The NSGA-II algorithm by Deb et al. [5] is
a seminal example that introduces elitism and fast non-dominated sorting to
effectively explore trade-off solutions. Such algorithms have been used in com-
munication networks to jointly optimize, for example, latency and reliability, or
throughput and energy consumption.

In the blockchain domain, Hang and Kim [8] proposed a methodology to
tune Hyperledger Fabric parameters (e.g., endorsement policy, batch size) to
maximize performance while satisfying constraints, effectively treating it as a
multi-criteria optimization task. Machine learning approaches are also emerg-
ing: Liu et al. [12] employ deep reinforcement learning to automatically adjust
blockchain system parameters in an Industrial IoT setting, with a reward func-
tion capturing multiple objectives (transaction latency, energy cost, etc.). Their
approach learns policies that significantly improve the throughput-versus-delay
balance compared to static configurations.

Likewise, Zhang et al. [23] propose a genetic-algorithm-based node-selection
scheme to accelerate PBF'T in consortium blockchains, improving consensus effi-
ciency under realistic deployments. These works illustrate that no single setting
is universally optimal — instead, the goal is to provide a set of Pareto-efficient
options and then select an operating point based on the application’s priorities
(for example, favoring lower latency for financial exchanges or higher throughput
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for high-volume data logging). Multiobjective optimization frameworks and tools
are thus increasingly important for architects of networked and blockchain sys-
tems, enabling systematic exploration of the configuration space under multiple
constraints and objectives.

2.4 Pareto Analysis and Quorum-Aware Control

Beyond offline optimization, recent research has turned to runtime adaptation
strategies that are quorum-aware, meaning they account for the consensus quo-
rum requirements when adjusting system behavior. In Byzantine consensus, a
quorum (typically a super-majority of nodes) must agree on each decision; thus
any control mechanism must maintain this fundamental threshold to preserve
safety. Pareto analysis is used to understand the trade-off surface between per-
formance and fault tolerance. One key trade-off is the size of the validator set: a
larger quorum increases reliability (able to tolerate more faulty nodes) but gen-
erally decreases throughput and increases latency due to extra communication.

Leduc et al. [10] address this by proposing a self-adaptive BFT consensus
framework (DRAFTEE) that dynamically regulates the number of active val-
idators in response to workload fluctuations. The system can temporarily operate
with a smaller set of validators to boost throughput under high load, and later
scale out to a larger quorum to reinforce security, all while ensuring the quorum
never drops below the minimum required for Byzantine safety. This quorum-
aware control approach essentially performs a continuous Pareto optimization:
it finds a near-optimal point between maximum performance and required fault
tolerance at any given time, rather than statically choosing a one-size-fits-all
configuration. By monitoring network conditions and transaction demand, the
controller in DRAFTEE can, for example, deactivate some validators (with their
consent) to streamline consensus when throughput is paramount, then seamlessly
reincorporate them when the system needs to harden against potential faults or
when the load subsides.

Another line of work focuses on adaptive adjustment of consensus protocol
parameters (such as leader timeout, quorum thresholds, or message batching)
to approach Pareto-optimal performance under varying conditions. Berger et
al. [2] introduce the Mercury protocol, which leverages a dual-threshold quorum
mechanism to minimize consensus latency on a geo-distributed network. Mercury
can form “compact quorums” with a lower resilience threshold (fewer nodes) to
order transactions faster when it detects that only a small fraction of nodes are
faulty, but it retains the ability to revert to the full resilient quorum (the classic
2f + 1 of 3f + 1 model) if faults increase.

This adaptive mode enables significantly lower commit latencies (sub-0.5 s
globally) while still upholding standard BFT safety and liveness guarantees. The
result is a family of operating points on the latency-fault-tolerance Pareto fron-
tier: in normal cases with all nodes honest and responsive, the system opts for the
extreme low-latency point (sacrificing some excess fault tolerance temporarily),
whereas under adversarial conditions it shifts toward the high-resilience point.
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One authoritative source on dynamic quorum-aware control in Byzantine
Fault Tolerant (BFT) blockchain networks is the work by Li et al. on DynaNet
[11]. This paper introduces a dynamic membership (quorum adaptation) frame-
work for BFT consensus, allowing nodes to join or leave the network within
a single consensus round. It extends existing protocols (demonstrated with a
HotStuff variant called D-HotStuff) to support adaptive quorum selection and
membership changes, and it evaluates the performance impact on throughput
and latency. This makes it highly relevant for enhancing HotStuff/IBFT/PBFT-
style protocols with dynamic quorum control.

Overall, Pareto analysis in these contexts guides the design of controllers
that can safely navigate the trade-offs inherent in distributed consensus. By
being quorum-aware, such control strategies ensure that any performance gain
(e.g., higher throughput or lower latency) is achieved without violating the core
requirement that a sufficient quorum of correct nodes agrees on every decision.
This fusion of control theory and consensus algorithm design marks an impor-
tant evolution in blockchain network management, promising systems that are
not only performant and robust, but also adaptive to the demands of diverse
operating environments.

3 Mathematical Model

Consider a permissioned blockchain network (such as one running Hyperledger
Besu with the IBFT 2.0 consensus protocol [15]), where performance and oper-
ational stability depend on the choice of specific block generation parameters.
We denote the decision vector of controllable protocol parameters as:

r = (z1,13) € X CR?, (1)
where:

— 7 is the block proposal interval (in seconds, often called blockperiodseconds),
which defines the nominal time between consecutive block proposals in the
network;

— x5 is the consensus round timeout (in seconds, requesttimeoutseconds),
specifying the maximum duration allowed for the validators to achieve con-
sensus on a proposed block in a given round.

We assume a network of n validators using a Byzantine fault-tolerant con-
sensus. For simplicity, we focus on normal operating conditions without faults or
prolonged network delays (we discuss the role of 5 later). The following axioms
summarise the basic assumptions of our model:

Axiom 1 Transactions arrive in the network according to a random process with
a constant average rate A (transactions per second). For tractability, we assume
the arrival process is Poisson with rate X > 0.
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Axiom 2 The consensus protocol operates in a stable regime with no Byzantine
faults causing view changes. In particular, each block is successfully finalised
within a single consensus round (i.e., no timeout event requiring a new round).
Thus, under normal conditions, the time to finalise a block is effectively x, sec-
onds.

Let N(t) denote the number of pending transactions (transactions waiting in
the transaction pool or mempool) at time ¢. This value N (t) represents the cur-
rent load on the network. When new transactions arrive, they increase N(t), and
when a block is created, some transactions are removed from the pool (commit-
ted to the blockchain), decreasing N (¢). We denote by B the maximum number
of transactions that can be included in a single block (the block capacity, deter-
mined by block gas limit or similar constraints). We define the service rate p of
the network as the maximum rate at which transactions are processed (included
in blocks) under continuous heavy load:

u o= xg (transactions per second) , (2)
1
assuming that every block is filled B when there are enough pending transactions.
Using the above definitions, we can model the time evolution of N(t) by a
differential equation. When N (t) is large (the system is busy processing trans-
actions continuously), the rate of decrease in N(t) due to block confirmations is
u. The rate of increase in N (t) due to arrivals is A.

Thus, while N(t) > 0, we can write:

AN (1)
dt

:)‘_/1" (3)

with initial condition N(0) = Ny > 0.

Equation (3) follows directly from Axiom 1 and the definition of y in (2). It
represents a fluid approximation to the discrete queuing process of transactions.
We note that if N(t) reaches zero (i.e., the transaction pool is empty at some
time), the network will produce either an empty block or pause block production
until a new transaction arrives. In such idle periods, N(t) stays at zero (since
no negative backlog is possible). For the analysis of stability, we will primarily
consider the behaviour when the system is under load (and N(t) is nonzero).

Before stating the main results, we formalise what it means for the network
to be stable in terms of the load N(t) as Definition (1):

Definition 1. The network is stable (concerning the transaction load) if the
number of pending transactions remains bounded over time. Formally, the system
is stable if there exists some finite K such that N(t) < K for allt > 0 (given
some initial N(0) = Ny). If N(t) can grow without bound as t — oo, the system
is unstable or overloaded.
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4 Stability Analysis

Using the model described above, we now derive conditions for stability. First,
we solve the differential equation (3) under the assumption of continuous load
(i.e., N(t) > 0).

Lemma 1. Consider the differential equation (3) with N(0) = Ny > 0. While
N(t) > 0, the solution is given by

N(t) = No+(A—p)t .
In particular, if X # u, N(t) evolves linearly.

Proof. Equation (3) is a first-order linear ordinary differential equation with
constant coefficients. Its general solution is N (t) = C'4+(A—pu)t for some constant
C. Applying the initial condition N(0) = Ny, we get C = Ny. Thus N(t) =
Np + (A — p)t. This linear solution is valid as long as N (t) remains positive.

Using this result, we can characterise the stability of the system by examining
the sign of A — p.

Theorem 1. (Stability Condition) Under Azioms 1 and 2, the blockchain
network is stable in the sense of Definition 1 if and only if A < p. Equivalently,
stability requires that the average transaction arrival rate is lower than the pro-
cessing rate (throughput) of the network. Conversely, if A > u, the system is
unstable, meaning the pending transaction count N(t) will grow without bound
(or, in the borderline case A = u, remain at a constant positive level).

Proof. If A < p, then A — p is negative. By Lemma 1, the solution for N(t)
while N(t) > 0is N(t) = No + (A — p)t. Since A — pu < 0, N(t) is a decreasing
linear function. Starting from Ny, N(t) will eventually decrease to 0 at time
t* = No/(pn— N). After that time, N(t) cannot become negative; in reality, once
the queue empties (N = 0), it will remain at zero until a new transaction arrives,
and thereafter N () might fluctuate but will never exceed Ny again if A < p.
Therefore, N(t) stays bounded (in fact, it drops to 0 and stays < Ny), satisfying
the stability condition.

If X = p, then N(t) = Np for all ¢ (from Lemma 1). In this case, the backlog
neither grows nor decays; it remains constant (assuming Ng > 0). This situation
is a knife-edge: the system can be considered marginally stable (the backlog
is bounded by Nj), but does not clear. Any infinitesimal increase in arrival
rate would cause growth. In practice, A = p is not sustainable due to random
fluctuations, so it is treated as the threshold of instability.

If X > u, then A\ — x> 0. By Lemma 1, while N(t) > 0, we have N(t) =
Np + (A — p)t, which grows without bound as ¢ increases. Once N (t) becomes
very large, the model continues to predict further increase (the network contin-
uously has a backlog, and each interval adds (A — p)z; new transactions net
of processing). Thus, N(t) will diverge to infinity, and the system is unstable.
(In practice, an ever-growing N (t) means transaction queues lengthen without
bound and transaction latency becomes unbounded.) O
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Theorem 1 implies that to ensure stability, the network’s block processing
capacity must exceed the incoming transaction rate. In terms of the utilisation
factor (often denoted p = A/p in queueing theory), the condition is p < 1. If
this condition is satisfied, the pending transactions will not accumulate indefi-
nitely; instead, the system will be able to catch up with incoming transactions,
eventually emptying the queue during periods of lower activity. On the other
hand, if p > 1, the backlog will grow and the transaction confirmation delays
will become arbitrarily large, which is undesirable for any practical system.

It is worth noting that the consensus round timeout zo does not explicitly
appear in the stability condition. This is because under Axiom 2 we assumed
that zo is sufficiently large to avoid triggering in regular operation. If network
delays are such that consensus frequently requires multiple rounds (i.e., the ac-
tual block time becomes larger than x4), then p would effectively be lower than
B/x; and the stability condition would become more stringent. In other words,
an inappropriately short zs or insufficient network communication can reduce
throughput, requiring an even lower arrival rate for stability. A more detailed
model could incorporate the probability of needing multiple consensus rounds
as a function of x5 and network conditions, but that is beyond the scope of this
theoretical analysis.

5 Multiobjective Optimisation under Quorum
Constraints

5.1 Problem Statement

We formalise the configuration tuning problem as a multiobjective optimisation
under a quorum constraint. Let x = (z1,22) € X C R? be the vector of protocol
parameters to be optimized. In our case, x; represents the block proposal inter-
val (in seconds) and x5 the consensus round timeout (in seconds), each bounded
within operationally feasible ranges (with 23 < x; to ensure the timeout does
not exceed the block interval). We define three objective functions to be mini-
mized: Fy(x), Fa(z), and Fs(x), corresponding to latency, throughput cost, and
participation deviation, respectively. Specifically:

— Fi(x) (Latency) — the average block finalisation time (or related latency
metric) under parameters x. Lower values of F} are preferable.

— Fy(x) (Throughput Cost) — a cost associated with transaction throughput.
We define Fy(x) such that it decreases as throughput (TPS) increases; for
example, one can take Fy(z) = —TPS(z) so that minimizing F5 equates to
maximizing throughput.

— F3(z) (Participation Deviation) — a measure of deviation from the desired
validator participation level. Let p(z) denote the fraction of validators ac-
tively participating in consensus under configuration x. We fix a target par-
ticipation level p* € (0,1] (e.g. p* may be 0.90, representing a design goal of
90% participation). Then F3(z) is defined as the deviation from this target,
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F5(z) = | p(x) — p* |, which attains its minimum value 0 when the observed
participation equals the target p*.

The optimization problem can then be stated as finding configurations x
that simultaneously minimize the objective vector F'(z) = (Fy(x), Fa(x), F5(z)),
subject to maintaining consensus safety. In particular, the ”"quorum constraint”
requires that the participation p(x) never falls below the minimum quorum ratio
required by the consensus protocol:

miy (F(), Be), B@) st p@) > on) = ZBEL

zeX n

Here n denotes the total number of validating nodes, and ¢(n) is the quorum
threshold (the fraction of validators that must participate to safely finalise a
block, given by the standard 2/3 rule for Byzantine fault tolerance). The feasible
set X is assumed to be constrained such that X is closed and bounded (e.g. by
protocol limits and practical considerations on x1,xs), and configurations not
satisfying p(z) > g(n) are considered infeasible. The goal is not to find a single
“optimal” z (since the objectives conflict) but rather to characterise the set of
efficient or Pareto optimal solutions that best trade off latency, throughput, and
participation within these constraints.

5.2 Axioms and Definitions

To enable a rigorous analysis, we first lay out formal assumptions (axioms) about
the optimisation model and define key concepts from multiobjective optimisation
theory:

Axiom 3 (Feasibility) The decision space X C R? (set of all allowable pa-
rameter configurations) is nonempty, compact, and closed, as delimited by the
system’s operational constraints. In particular, X includes only those (x1,x2)
satisfying required bounds (such as timing and logical constraints) and the con-
sensus stability condition p(x) > q(n).

Axiom 4 (Continuity) FEach objective function F;(x) fori=1,2,3 is a con-
tinuous (preferably differentiable) function on the feasible region X. Moreover,
p(x) is continuous in x so that small changes in parameters do not cause abrupt
drops in participation.

These axioms ensure the optimisation problem is well-posed: a compact feasi-
ble set and continuous objectives guarantee the existence of solutions and allow
the use of standard analytical tools. We now recall the formal definitions of
Pareto-optimality:

Definition 2 (Pareto Dominance). For two candidate configurations %, x° €
X, we say x® Pareto-dominates z° (denoted x® < x° in objective space) if and
only if F;(z*) < Fi(a®) for all objectives i € {1,2,3}, and Fj(x%) < F;(z?) for
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at least one objective j. In other words, x® is at least as good as x°

criterion and strictly better in at least one.

m every

Vie {1,2,3}: Fi(z%) < F(a?),
F(z%) < F(2) = ()
3j€{172’3}: Fj(l‘a)<Fj($b).

Definition 3 (Pareto Optimality). A configuration z* € X is Pareto op-
timal (or Pareto-efficient) if no other feasible solution dominates it. Formally,
x* is Pareto optimal if and only if there does not exist any x € X such that

F(z) < F(z*). Equivalently:
AzeX: F(z) < F(z"). (6)

In other words, any attempt to improve one objective of x* would necessarily
degrade at least one of the other objectives.

Definition 4 (Pareto Frontier). The set of all objective vectors corresponding
to Pareto-optimal solutions is called the Pareto frontier (or Pareto front). In our
context, the Pareto frontier P can be characterized as

P = {F(z*) = (Fi(z"), F2(z*), F3(z*)) | a* is Pareto-optimal in X }. (7)

This frontier represents the boundary of achievable trade-offs among latency,
throughput cost, and participation deviation. Decision-makers must select one
solution from P by considering higher-level preferences or external criteria, since
all Pareto-optimal points are non-dominated (i.e. equally valid trade-offs).

5.3 Properties and Theorems of the Pareto Set

Given the above formulation, we derive several fundamental properties of the
Pareto-optimal set (efficient set) for our multi-criteria problem.

First, under our continuity and compactness assumptions, we are assured
that at least one Pareto-optimal configuration exists:

Theorem 2 (Existence of Pareto-Optimal Solutions). Under Azioms 3
and 4, the set of Pareto-optimal solutions is non-empty. Moreover, the Pareto-
optimal set (and the corresponding Pareto frontier P in objective space) is com-
pact.

Proof (Sketch of Proof.). Because X is compact and each F;(z) is continuous on
X, any continuous scalarization of the vector objective F'(x) attains a minimum
on X. For example, one may consider a weighted sum or weighted max of the
objectives; by the Pareto efficiency of scalarization minima, each such minimiser
is Pareto-optimal for the multiobjective problem. This guarantees that at least
one Pareto-optimal point exists. Furthermore, the set of Pareto-optimal solutions
can be shown to be closed (hence compact, since it is a closed subset of the
compact set X' ) under mild regularity conditions, due to the lower semicontinuity
of the dominance relation.
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Next, we characterise Pareto-optimal solutions via first-order optimality con-
ditions. Intuitively, at a Pareto-optimal point x*, there should be no feasible
direction in which all objectives improve simultaneously. If the objectives are
differentiable, this intuition can be formalised by conditions on the gradients of
Fy, Fy, F3 at x*. We adopt a multiobjective version of the Karush—Kuhn—Tucker
(KKT, [1,3]) conditions:

Theorem 3 (First-Order Pareto Optimality). Suppose that each F;(x) is
continuously differentiable in a neighbourhood of x* € X, and let X be regqular
enough to admit a well-defined tangent (and normal) space at =* (for example, X
is convetz, or x* is not on a sharp boundary corner). If ©* is Pareto-optimal, then
there exist nonnegative scalars (aq, az, as), not all zero, such that the following
condition holds:

ayVF (%) + aoVFa(2*) + a3 VF3(z*) € Nx(z), (8)

where Nx (z*) denotes the normal cone of the feasible set X at x*. In particular,
if ©* lies in the interior of X (away from boundaries), then Z?Zl a;VF;(z*) = 0.

Proof (Sketch of Proof.). This result is a multiobjective analogue of the KKT
optimality conditions. The necessity of the condition comes from the fact that
if no convex combination of the gradients can yield a zero (or a normal-to-
boundary) vector, then one could find a descent direction in the tangent space
that simultaneously decreases all objectives, contradicting the Pareto optimality
of z*. Conversely, if X is convex and the objectives are quasi-convex, a solution
satisfying condition (8) (together with complementary slackness for any active
constraints in Nx(z*)) is guaranteed to be Pareto-optimal. We omit the full
proof for brevity.

Corollary 1 (Sufficiency under Convexity). If the objectives Fy, Fy, F3 are
such that F1 and Fy are convex functions and F3 is convex in x (as is the case
if F3(x) = |p(x) — p*| with linear p(x), or if p(x) is concave and we consider
—p(x)), then any solution x* € X satisfying the first-order condition (8) is
globally Pareto-optimal. In other words, under convexity assumptions, the first-
order necessary condition becomes sufficient.

Proof (Remark.). The convexity of all objective functions ensures that the mul-
tiobjective problem does not have local Pareto optima that are not global. In
such cases, any x* that satisfies the gradient condition (and feasibility) cannot
be dominated by any other point in X, guaranteeing its Pareto optimality. This
aligns with the well-known result that for convex multiobjective problems, any
Pareto-critical point is globally Pareto-optimal.

The above theorems establish that the Pareto-optimal set is well-defined and
can be characterised by analytical conditions. In practice, one may solve for
Pareto-optimal configurations using techniques like weighted-sum optimisation
or evolutionary multiobjective algorithms, and verify optimality via these con-
ditions. The Pareto frontier P provides insight into the trade-offs: for instance,
it quantifies how much latency must increase to gain a certain throughput im-
provement while maintaining a given participation level, and vice versa.
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5.4 Conditions on p* and Solution Stability

The choice of the target participation level p* in the objective F3(z) plays a
crucial role in determining which Pareto-optimal solution will be preferred or
achieved in operation. We discuss how p* should be set and how it affects the
stability and robustness of the resulting solutions.

First, it is essential that p* not be lower than the minimum quorum require-

ment. We impose

P > q(n) = % 9)

so that the target participation level is at least the protocol’s safety threshold. If
one were to set p* equal to ¢(n) exactly, the optimisation would treat any partici-
pation above the bare minimum quorum as unnecessary (since Fz = |p(z) —q(n)|
would achieve 0 whenever p(z) = g(n)). In such a case, Pareto-optimal solutions
might drift toward configurations that barely satisfy quorum, leaving no safety
margin for unexpected validator delays or failures. Such solutions are fragile:
any slight drop in participation (due to, say, a slow or crashed validator) could
violate the quorum constraint and halt consensus.

On the other hand, setting p* overly high (close to 1) forces the system to aim
for nearly 100% participation at all times. While this maximises fault tolerance,
it can unduly penalise otherwise efficient configurations. Requiring full partici-
pation means that the block production interval z; and timeout x5 might need
to be increased to allow even the slowest validators always to contribute, which
in turn can degrade latency and throughput. In extreme cases, an excessively
large p* could lead to solutions that sacrifice significant throughput or latency
gains for only marginal increases in participation (especially in large networks
where communication delays might make 100% participation impractical).

Guideline 1 (Quorum Safety Margin). For a stable and robust configuration,
choose a target participation p* that provides a safety margin above the bare
quorum threshold. That is, p* = ¢g(n) + ¢ for some 6 > 0 reflecting tolerable
fault levels. This ensures that a Pareto-optimal solution achieving p(z) ~ p*
will maintain consensus even if a fraction § of validators (approximately § - n
nodes) are slow or fail to respond. In practice, network operators might select
p* in the range of 85-95% (i.e., 0.85-0.95 fraction of validators), which provides
a buffer above ¢(n) ~ 66.7% for large n. Such a choice was observed to yield
robust trade-offs in our experiments.

Guideline 2 (Performance-Stability Balance). The target p* should be bal-
anced against performance objectives. A moderate p* (significantly above g(n)
but not equal to 1) often produces the best compromise: it keeps F3(x) low (par-
ticipation close to target) without overly constraining F; and F». In contrast, if
p* is too low, the resulting optimal z may run the system “hot,” with minimal
slack for errors (high throughput and low latency but risky consensus stability).
If p* is too high, the system runs “conservative,” with excellent fault tolerance
but possibly suboptimal throughput/latency.

In summary, the parameter p* can be viewed as a design knob that shifts the
Pareto frontier by prioritising validator participation to a desired level. By ad-



Differential Load Modeling and Multiobjective Optimization 15

justing p*, one effectively moves along the trade-off surface between performance
and fault tolerance: - Lowering p* expands the feasible region for performance
(allowing more aggressive 1, 2o settings) but increases the risk that the system
operates with minimal quorum (reduced stability margin). - Raising p* con-
tracts the feasible region to more conservative configurations (ensuring higher
participation at all times) but may incur higher latency or lower throughput.

For the Hyperledger Besu network under study, we identify that choosing
p* in an intermediate range (around 0.85-0.95 as noted) yields stable Pareto-
optimal solutions: these configurations tolerate typical network delays and node
failures without violating quorum, and simultaneously achieve favourable latency
and throughput. In effect, such p* values align the network’s operating point
with a regime of diminishing returns: beyond this range, forcing even higher
participation yields little additional resilience yet comes at a steep performance
cost (due to communication overhead and synchronization delays); below this
range, small performance gains come at the expense of drastically reduced safety
margins.

Overall, by respecting the quorum constraint and judiciously selecting p*,
we ensure that the multi-criteria optimisation results in configurations that are
not only Pareto-efficient in theory but also practical and stable for real-world
blockchain deployment. This completes the formal problem formulation and the-
oretical underpinning for multiobjective tuning of Hyperledger Besu parameters
under Byzantine quorum requirements.

Nomenclature

A(t) — Instantaneous transaction arrival rate (TPS).

w — Effective service (processing) rate (TPS).

B — Max number of transactions per block (capacity).

x = (x1,22) — Tunable consensus parameters (block interval z, timeout ).

n — Validator set size.

¢(n) — Quorum fraction (|2n/3| +1)/n.

p(x) — Realized validator participation under configuration x.

p* — Target participation level.

TPS — Achieved throughput (transactions per second).

HV - Pareto hypervolume (aggregate quality indicator).

Fy, Fy, F3 — Objectives: latency, throughput cost (—TPS), participation devia-
tion |p(z) — p*|.

6 Novelty and Contribution

This work advances the state of the art in performance analysis and control
of permissioned blockchains (Hyperledger Besu, IBFT/QBFT) by unifying dy-
namic load modelling, quorum-aware multiobjective optimisation, and deploy-
able design rules. In contrast to empirical-only benchmarking and steady-state
queueing approximations, our framework provides provable stability guarantees
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under time-varying inputs. It turns them into actionable tuning guidelines under
Byzantine quorum constraints.

1.

Dynamic differential load model with axiomatic input classes.

We introduce a continuous-time model driven by a time-varying arrival rate
A(t) (TPS) and formalise admissible load profiles via axioms (piecewise-
smooth steps, exponential ramps, Gaussian bursts).

The queue (mempool) dynamics are captured by N(t) = A(t)—pu for N(t) >0,
where p is the effective service rate determined by protocol/implementation
parameters.

This bridges synthetic benchmark design with mathematically tractable dy-
namics.

Sharp stability boundary and transient behaviour.

We prove a necessary and sufficient stability condition:

the system is stable (bounded backlog/latency) if A < p;

sustained A > pu yields unbounded backlog growth with throughput saturat-
ing at p.

For prototypical inputs (step/exponential/Gaussian), we analytically char-
acterise transient regimes (backlog rise/peak/drain), identifying when worst-
case latency occurs and how quickly the system returns to steady operation.
Quorum-aware multiobjective control of consensus parameters.
We pose the tuning of z = (x1,x3) (block interval, consensus timeout) as a
three-criterion program.

f}g}% (F1(x), Fy(x), F3(aj))7 Fy=latency, Fp=—TPS, F5=[p(x)—p*|,
subject to the hard BFT safety constraint p(z)>q(n) = (|2n/3] +1)/n.
We establish the existence of Pareto-optimal solutions under compactness/
continuity and derive first-order (multiobjective KKT-type) [1,3] necessary
conditions that certify Pareto optimality of candidate configurations.
Cross-n aggregation via Pareto hypervolume and validator-count
selection.

We treat the validator set size n as a design variable and aggregate perfor-
mance across n using the Pareto hypervolume. This provides a principled,
data-driven criterion to select n and to compare trade-offs across heteroge-
neous validator committees.

Robust operating regions and design rules for Besu consortia.
From the derived frontiers and hypervolume analysis, we identify:

(i) mid-range validator committees dominate extremes (they balance coor-
dination overhead and resilience);

(ii) targeting high-but-not-maximal participation p* €[0.85,0.95] preserves a
safety margin above quorum while enabling favourable latency—throughput
trade-offs;

(iil) tuning (z1, 22) to operate near (but below) the stability boundary A < p
maximises utilisation without inducing overload.
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6. Methodological integration for synthetic benchmarking and con-
trol.
The framework unifies control-theoretic stability analysis with multiobjective
optimization under quorum constraints, yielding a reusable blueprint to:
(a) generate stress scenarios from admissible A(¢) families,
(b) certify stability/transients analytically, and
(c) select Pareto-efficient configurations (x1, z2,n,p*) for deployment.

Collectively, these contributions provide both theoretical guarantees (stability
proofs, Pareto optimality conditions) and practical guidance (validator-count
selection, quorum targets, parameter tuning) for configuring Hyperledger Besu
networks that must meet stringent real-time performance under realistic, time-
varying loads.

7 Discussion

Our results indicate that the system remains stable as long as the average in-
put rate A stays below the effective processing service rate p of the network.
In this regime (A < p), every incoming request can be handled without per-
sistent accumulation, so the backlog of pending transactions remains bounded.
Consequently, the network operates in a steady state with finite queues, and
transaction latencies stay manageable. This finding is intuitive in light of queue-
ing theory. When capacity exceeds demand on average, the system can keep
up with the workload, preventing uncontrolled growth of waiting transactions
and ensuring consistent throughput. When the input rate exceeds processing
capacity (A > u), the model predicts an onset of instability characterised by un-
bounded backlog growth. In this overloaded regime, incoming transactions arrive
faster than they can be completed, causing the queue of unprocessed requests to
lengthen over time. The immediate consequence is a sharp increase in waiting
times (latency) for transactions — as the backlog grows, each transaction spends
longer in the queue before completion. Throughout this regime, the throughput
saturates at its maximum possible value (approximately ), but any excess load
beyond pu is effectively buffered, leading to ever-increasing delays. In practical
terms, if a blockchain node or network operates above its capacity, users will
observe degrading responsiveness (e.g., transactions taking progressively longer
to be confirmed). These results highlight the critical importance of keeping the
system load under control or provisioning sufficient capacity so that A\ does not
persistently exceed p.

They also imply that beyond the stability threshold, simply adding more
load yields no increase in actual throughput — only a larger backlog — underscor-
ing a hard limit on sustainable transaction processing rate. Another key insight
from our study is the inherent multi-criteria trade-off between latency, through-
put, and participation in the consensus process. It is not possible to optimise
all three metrics simultaneously without compromise. For instance, achieving
lower latency (faster transaction finalisation) often requires processing smaller
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batches of transactions or shortening consensus rounds, which can reduce overall
throughput.

Conversely, maximising throughput — by aggregating more transactions per
block or increasing the block production rate — typically causes higher latencies,
as the system needs more time to process larger blocks or to coordinate more
frequent consensus decisions. Participation (here referring to the number of val-
idators actively involved in making each consensus decision and the inclusivity
of the process) also intertwines with these two metrics.

Broad participation (a large validator set) can increase the security and fair-
ness of the system, but it generally incurs greater communication and coordina-
tion overhead, tending to increase latency and sometimes limit throughput. In
contrast, reducing the number of participants or the frequency of their involve-
ment can improve performance (lower latency and higher throughput) but at
the cost of decentralisation and collective trust.

Our results quantify these trade-offs, reinforcing the notion that system de-
signers must balance latency, throughput, and participation according to the
priorities and requirements of a given application or use case. The role of spe-
cific consensus parameters — notably the quorum threshold and the validator
count n — is evident in shaping system performance. Quorum requirements: A
higher quorum (closer to n, e.g. needing almost all validators to sign off on a
block) increases the confidence in each decision but also adds to latency, since
the block must wait for more acknowledgements before finalisation.

In our model (absent Byzantine faults), this manifests as a longer decision
time as quorum increases, which in turn can throttle throughput because fewer
consensus decisions (blocks) are completed per unit time. Conversely, a lower
quorum threshold (for example, just over a simple majority) allows consensus to
reach decisions faster — improving latency and throughput — but with fewer par-
ticipants confirming each block, which could reduce the fault tolerance margin.
Validator count: Increasing the total number of validators n tends to slow down
the protocol’s performance due to communication complexity.

Many consensus algorithms incur message complexity that grows with n (of-
ten quadratic or worse in n for Byzantine agreement), meaning that larger net-
works require more time and bandwidth to coordinate each block. Thus, as
n grows, we observe an increase in consensus latency and a potential drop in
throughput, all else being equal. On the positive side, a larger n improves the
decentralisation and diversity of the consensus process (more organisations or
nodes participating), which may be desired for security and trust.

The interplay between n and quorum is also essential: for a fixed n, raising
the quorum size increases latency (as noted), and for a fixed quorum percentage,
increasing n also effectively raises the absolute number of signatures needed,
again slowing performance. The findings suggest that there is an optimal range
for these parameters depending on goals — for instance, a moderate validator
committee size with a quorum that is strict enough for safety but not maximal
can achieve a balanced outcome, preserving good performance while involving a
broad set of validators.
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Our analysis also examined the influence of the parameter p (in particular, the
choice of an optimal p*) on system stability and performance. The parameter p
represents a configurable probability or fraction in the protocol (as defined in our
model) that affects how aggressively the system operates — for example, it might
control the rate of producing blocks or the likelihood of a validator initiating
some action in each round. We find that selecting p judiciously is crucial.

An optimal value p* emerges from the analysis, at which the system achieves
maximal throughput without sacrificing stability. Setting p = p* essentially
drives the system to operate at the edge of its capacity (A approaching p from
below) but not beyond it. If one chooses a p significantly larger than p*, the sys-
tem is pushed into an unstable regime where \ effectively exceeds p; this leads
to the overload effects discussed earlier (growing backlog and latency).

On the other hand, a p much smaller than p* keeps the system well within
stable limits but under-utilises resources — throughput will remain stable but
below what the system could handle, and latency, while low, could have been
slightly higher in exchange for processing more transactions per unit time.

In summary, p* can be seen as a sweet-spot operating point: it balances the
desire for high throughput with the need to maintain A < . The sensitivity
analysis around p* shows that deviating from this optimum in either direction
(too high or too low) incurs a cost, either in the form of stability risk or in
forgone performance.

Therefore, tuning this parameter to p* (or as close as practical) is recom-
mended for maintaining a healthy, efficient network. Beyond theoretical analysis,
these insights have practical implications for real-world blockchain deployments.
Consider, for example, a permissioned Ethereum network using the IBFT con-
sensus protocol (such as a Hyperledger Besu cluster in a consortium setting).

Our results provide guidance for configuring such a network. First, ensuring
A < p translates to making sure that the transaction arrival rate into the network
does not routinely exceed what the network can process in each block interval.
In practice, this could mean implementing back-pressure or admission control on
transaction submission when the system is nearing capacity, or scaling up node
performance (or the number of nodes) to increase p.

The latency-throughput-participation trade-offs inform choices like block in-
terval time, block size (or gas limit), and the size of the validator pool. For
instance, if a Besu-based consortium prioritises low latency for rapid transaction
finality (as might be the case in a financial setting where quick settlements are
crucial), the network operator might opt for shorter block intervals and a rela-
tively small validator committee. This configuration reduces the communication
overhead per block. It speeds up consensus, at the expense of processing fewer
transactions per block (lower per-block throughput) and involving fewer entities
in each decision (which is acceptable if the consortium is small and trusted).
In contrast, if the application demands high throughput (e.g., a supply chain
network processing large volumes of events), one might increase the block size
or allow a slightly longer block time to accumulate more transactions, accepting
a moderate increase in latency.
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The number of validators n and the quorum threshold should also be chosen
with an eye to these trade-offs: a large n with a high quorum gives stronger
assurance that many nodes endorse each block, but might only be feasible if
the expected transaction rate is modest (so that added latency is tolerable). If
using our identified optimal parameter p* in such a cluster (for example, if p
governs how frequently validators propose new blocks or some other consensus
aggressiveness setting), practitioners should set it to the recommended value to
maximize throughput while avoiding the onset of instability (which in a real
network could manifest as congested mempools and delayed confirmations).

In summary, the analytical results act as design guidelines for tuning a Besu
or similar blockchain network: they help determine safe operating throughput,
appropriate consensus committee size, and other protocol parameters to meet
targeted performance goals without compromising network stability. Finally, it
is important to recognise the limitations of our model and analysis. To obtain
analytical tractability, we adopted several idealised assumptions. No Byzantine
faults: We assumed that all validators follow the protocol correctly (no malicious
or faulty nodes). This allowed us to focus purely on performance characteristics
without considering the additional delays and protocol complexity that arise
from tolerating Byzantine behaviour (e.g., extra communication steps for val-
idation or view-change procedures when a leader fails). In a real deployment,
Byzantine faults could increase latency and reduce throughput, so our perfor-
mance results represent a best-case scenario.

Stable network conditions: Our model assumes a stable network with reliable
and relatively uniform message delivery times (no significant network partitions
or highly variable delays). In practice, network conditions can fluctuate — mes-
sages can be delayed or dropped, and temporary network slowdowns can occur,
which would affect consensus timing and could cause performance to deviate
from our predictions. Linear processing and fixed service rate: We treated the
processing capacity p as a constant linear rate, essentially assuming each node’s
throughput scales linearly with the load and that there are no internal resource
contention issues.

Real systems might have non-linear performance characteristics (for example,
due to multi-threading overhead, I/O bottlenecks, or caching effects), and clever
engineering (such as parallel transaction processing or hardware acceleration)
could improve throughput beyond the simple linear model. Our analysis does not
capture these intricacies, so it may underestimate or overestimate performance
in specific regimes. Lack of traffic variability: We assumed a Poisson-like steady
arrival process with a well-defined average rate .

Actual transaction arrival patterns in deployed networks are often bursty or
time-varying (for example, periods of sudden high load followed by lulls). Such
variability means that even if the long-term average load is below pu, short-term
bursts could temporarily exceed capacity and create backlogs before subsiding.

Our steady-state analysis does not fully reflect these transient dynamics. Due
to these assumptions, the quantitative results of our model should be interpreted
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with caution. They likely represent optimistic outcomes; real-world performance
could be lower or require safety margins.

Nonetheless, the qualitative insights (stability conditions, trends under chang-
ing parameters, and trade-offs) remain valuable. Future work could relax some
of these assumptions — for instance, introducing Byzantine behaviour in the
model, or considering stochastic bursty traffic and variable network delays — to
study how the system performance degrades or what additional safety buffers
are needed in those more complex scenarios.

8 Scope and Limitations

We adopted several idealised assumptions in our model to ensure analytical
tractability, which define the scope of this study.

No Byzantine faults: All validators are assumed to follow the protocol
correctly (i.e., no malicious or faulty nodes), allowing us to focus purely on per-
formance characteristics without accounting for additional consensus overhead
(such as extra communication steps or view-change procedures to handle faulty
behaviour).

Stable network conditions: The network is assumed to be stable and
homogeneous, with reliable and relatively uniform message delivery times (no
significant network partitions or prolonged delays). In practice, transient network
slowdowns or message loss could occur, which would affect consensus timing and
performance; those effects are not captured in our model.

Linear processing rate: Each node’s transaction processing capacity p is
treated as a constant, linear rate. We do not model internal resource contention
or non-linear performance factors (e.g., multi-threading overhead, I/O bottle-
necks), so the results reflect a simplified “best-case” throughput scenario.

Steady traffic load: Transaction arrivals are assumed to follow a Poisson-
like process with a well-defined average rate A\, without extreme short-term
bursts. Real-world traffic can be bursty or time-varying (e.g., sudden surges
of transactions followed by lulls), which our steady-state analysis does not fully
capture.

Due to these deliberate scope limitations, the quantitative results and opti-
mal configurations derived in this work should be interpreted as applying to an
idealised environment. Factors beyond our assumed scope — such as malicious
participants, unstable network conditions, non-linear scaling effects, or highly
variable workloads — are not addressed here and could lead to different perfor-
mance outcomes if present. Acknowledging these limitations helps to clarify the
context of our findings and suggests avenues for future work where the model
could be extended to more realistic settings.

9 Future Work

The present study establishes a theoretical framework for analysing and opti-
mising the performance of a Hyperledger Besu blockchain network under BFT
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consensus. Several promising directions exist for extending and deepening this
work.

First, the analytical model can be generalised to account for Byzantine faults
explicitly. Incorporating fault scenarios would require modelling additional mes-
sage exchanges for view-change or leader replacement, and capturing the result-
ing effects on both throughput and latency. This extension would bridge the
gap between the best-case (fault-free) performance analysed here and the more
variable conditions of real-world deployments.

Second, future work should relax the assumption of stable and homogeneous
network conditions. Investigating the model’s behaviour under variable message
delays, network partitions, and heterogeneous validator performance could reveal
new stability boundaries and parameter trade-offs. Stochastic models for bursty
or time-varying transaction arrival processes would allow for evaluating transient
behaviour, including short-term overloads and recovery dynamics.

Third, the linear processing assumption (p constant) could be replaced with a
more detailed nonlinear service model, capturing multi-threaded execution, I/0O
contention, and state update costs. This would make predictions more accurate
for networks operating near hardware or software bottlenecks, and could inform
hardware provisioning strategies.

Fourth, the optimisation framework can be extended beyond static tuning to
adaptive control of consensus parameters. Techniques from control theory and
machine learning (e.g., reinforcement learning) could be employed to adjust block
interval, timeout, or quorum thresholds dynamically in response to observed
workload and network conditions. Such self-optimising mechanisms could keep
the system close to Pareto-optimal operation even under fluctuating demand.

Finally, empirical validation remains a key step. Deploying the model in
controlled testbeds or production-like Hyperledger Besu environments, subject
to synthetic and real transaction loads, would enable calibration of model pa-
rameters and verification of predictions. The resulting data could also guide
refinements to both the stability analysis and the multiobjective optimisation
criteria, ultimately producing a robust and deployable decision-support tool for
blockchain network operators.

10 Conclusion

We presented a rigorous, differential-equation model of transaction load for Hy-
perledger Besu under BFT consensus and used it to derive operational guarantees
and tuning rules. Modelling the arrival process as A(t) and the effective service
rate as p, we proved that the system is stable (bounded backlog and latency)
precisely when A < p, while sustained A > p yields backlog divergence with
throughput saturating at p. By probing the model with standard dynamic in-
puts (step, exponential, Gaussian burst), we characterised transient behaviours
that matter in practice (backlog peaks, settling, and saturation effects).

On this foundation, we formulated a quorum-aware, multiobjective optimiza-
tion of protocol parameters x = (x1, x2) with three criteria: block-finalization la-
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tency Fy, throughput cost F» = —TPS, and participation deviation F5 = |p(z) —
p*|, subject to the BFT quorum constraint p(x) > ¢g(n). Pareto-front analysis
across validator-set sizes showed that mid-range committees dominate extremes,
and that targeting high—but not maximal—participation (p* € [0.85,0.95]) en-
ables robust latency—throughput trade-offs.

The resulting guidelines are practical:

(i) choose n in the mid range compatible with network conditions;

(ii) set p* to maintain a safety margin above the quorum;

(iii) tune (x1,x2) to operate near, but below, the stability boundary A < p.

This work contributes: a formal load model with provable stability bounds;
a quorum-constrained, multiobjective control formulation; and decision criteria
(via Pareto frontiers and hypervolume) for selecting n, p*, and (x1,z2). Limita-
tions (fault-free assumption, idealised networking, linear service) and concrete
paths to relax them are discussed in Discussion and Future Work.

Overall, the framework provides a principled, deployment-oriented method-
ology for configuring Besu-based consortium blockchains.
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