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ABSTRACT 

Multi-objective routing in communication networks requires simultaneous optimization of delay, congestion, 
and reliability—posing challenges for classical single-metric routing protocols. This paper presents a rigorous 
quantitative benchmarking framework comparing classical deterministic routing paradigms, namely Routing 
Information Protocol and Open Shortest Path First, against a quantum-assisted routing formulation based on 
the Quantum Approximate Optimization Algorithm (QAOA). The routing problem is encoded as a 
constrained Quadratic Unconstrained Binary Optimization (QUBO) model incorporating flow-conservation 
and path-continuity constraints. Random connected weighted graphs (10–20 nodes) were evaluated across 
50 independent runs per topology size under a unified scalarized cost function (0.5D + 0.3C + 0.2L). Results 
demonstrate that deterministic link-state routing achieves optimal path selection with minimal computational 
complexity O(m log n), while QAOA attains near-optimal solutions (3–8% deviation) at significantly higher 
computational overhead due to qubit scaling and variational optimization loops. Scalability analysis reveals 
quadratic qubit growth with network size, limiting NISQ-era applicability. The study establishes a structured 
comparative benchmark and positions quantum routing as a complementary exploratory mechanism rather 
than a replacement for classical routing. 
Keywords: Multi-objective routing, QAOA, QUBO, RIP, OSPF, quantum networking, combinatorial 

optimization, SDN. 

1.  INTRODUCTION 

Routing is a fundamental function in packet-
switched networks, responsible for determining 
optimal forwarding paths between source and 
destination nodes. Classical routing protocols are 
broadly categorized into two principal paradigms: 
distance-vector and link-state approaches. Distance-
vector protocols such as Routing Information 
Protocol (RIP) rely on the Bellman–Ford algorithm 
and exchange periodic routing updates with 
neighbouring routers, typically optimizing hop-
count as the primary metric. In contrast, link-state 
protocols such as Open Shortest Path First (OSPF) 
employ Dijkstra’s shortest-path algorithm and 
maintain global topology awareness through link-
state advertisements, enabling faster convergence 
and improved scalability. 

While these classical protocols have demonstrated 
robustness and operational reliability for decades, 
they fundamentally optimize a single scalar metric. 
Modern communication networks—driven by cloud 
computing, Internet of Things (IoT) ecosystems, 

high-bandwidth applications, and virtualization 
technologies—require routing decisions that 
simultaneously consider multiple performance 
objectives, including delay minimization, 
congestion avoidance, and reliability assurance. The 
increasing heterogeneity and scale of network 
environments expose limitations in traditional 
single-metric optimization strategies. 

In multi-objective settings, deterministic shortest-
path routing may fail to adequately balance 
conflicting performance criteria. Although OSPF 
supports configurable link weights, such 
scalarization does not inherently explore the broader 
solution space of alternative near-optimal paths. 
Similarly, RIP suffers from scalability constraints, 
slower convergence in larger topologies, and limited 
metric expressiveness. As network complexity 
grows, routing mechanisms must evolve beyond 
fixed deterministic optimization toward more 
adaptive and exploratory frameworks. 

Quantum computing introduces a novel 
computational paradigm capable of addressing 
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combinatorial optimization problems through hybrid 
quantum-classical techniques. The Quantum 
Approximate Optimization Algorithm (QAOA) is 
designed to solve Quadratic Unconstrained Binary 
Optimization (QUBO) problems using 
parameterized quantum circuits optimized via 
classical feedback loops. Routing, when formulated 
as a constrained path-selection problem, can be 
encoded into QUBO form, enabling exploration 
through variational quantum optimization. 

However, quantum-assisted routing approaches 
introduce their own challenges. Current Noisy 
Intermediate-Scale Quantum (NISQ) devices are 
constrained by limited qubit counts, decoherence, 
gate errors, and restricted circuit depth. QAOA 
produces probabilistic outputs requiring repeated 
sampling, and its performance depends on parameter 
tuning within classical optimizers. Furthermore, 
classical simulation of quantum circuits incurs 
significant computational overhead, limiting 
experimental scalability. 

Despite these limitations, the motivation for 
exploring quantum-assisted routing arises from the 
ongoing transition toward intelligent, adaptive 
network architectures such as Software-Defined 
Networking (SDN) and AI-driven control systems. 
As multi-objective optimization becomes central to 
dynamic traffic engineering and autonomous 
network management, quantum-inspired 
optimization techniques may offer enhanced 
exploration of complex cost landscapes, although the 
present evaluation is conducted under classical 
simulation constraints. 

Accordingly, this study presents a rigorous 
benchmarking framework that evaluates and 
compares classical routing paradigms and QAOA-
based optimization under unified scalarized multi-
objective conditions. The framework incorporates 
formal mathematical formulation, QUBO encoding, 
complexity analysis, and scalability evaluation to 
provide a balanced and implementation-aware 
assessment of classical and quantum-assisted 
routing methodologies. This work does not claim 
quantum superiority over established deterministic 
routing protocols. Instead, it establishes a structured 
and statistically validated quantitative benchmarking 
framework to evaluate feasibility, scalability 
limitations, and exploratory characteristics of 
QAOA-based routing under NISQ-era constraints. 

This study focuses on medium-scale communication 
networks with node sizes ranging from 10 to 50, 
evaluated under static topology conditions. The 
proposed QAOA-based routing framework is 

implemented using classical simulation due to 
current NISQ hardware limitations. A fixed 
scalarization approach with weights (0.5, 0.3, 0.2) is 
adopted to combine delay, congestion, and packet 
loss into a unified cost function. The study does not 
consider dynamic traffic variations or real-time 
deployment on quantum hardware, which remain 
beyond the present scope. 

The primary aim of this study is to develop a unified 
benchmarking framework to systematically compare 
classical routing protocols and QAOA-based 
quantum optimization under a multi-objective 
routing formulation. The performance of the 
proposed framework is evaluated using multiple 
outcome measures, including path-cost deviation, 
computation time, convergence iterations, success 
probability, and scalability behavior across 
increasing network sizes. 

This study is guided by the following research 
questions: (1) How does QAOA-based routing 
compare with classical routing protocols such as RIP 
and OSPF under multi-objective conditions? (2) 
What are the scalability and computational 
limitations of QAOA under NISQ-era constraints? 
(3) Can QAOA provide competitive routing 
solutions in complex multi-constraint environments? 

H1: QAOA-based routing achieves near-optimal 
performance with statistically significant 
improvement over distance-vector routing in multi-
objective scenarios. 

H2: QAOA incurs higher computational overhead 
compared to classical routing protocols due to 
variational optimization and circuit simulation. 

1.1  Research Contributions 

The main contributions of this work are summarized 
as follows: 

Unified Benchmarking Framework: 

A structured evaluation framework is developed to 
compare classical routing protocols and quantum-
inspired optimization techniques under a common 
multi-objective cost formulation. 

Multi-Objective Routing Formulation: 

The routing problem is formulated as a multi-
constraint optimization model incorporating link 
delay, reliability, and congestion metrics. 

Quantum Approximate Optimization Application: 
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The routing optimization problem is mapped to a 
Quadratic Unconstrained Binary Optimization 
(QUBO) formulation and solved using the Quantum 
Approximate Optimization Algorithm (QAOA). 

Comprehensive Experimental Evaluation: 

Extensive simulations are performed on randomly 
generated network topologies ranging from 10 to 50 
nodes, comparing QAOA with classical routing 
protocols such as RIP and OSPF across multiple 
performance metrics. Scalability and Performance 
Analysis: The proposed framework evaluates the 
trade-offs between routing optimality, computational 
overhead, and scalability under classical quantum 
simulation constraints. 

2.  RELATED WORK 

Classical routing protocols have long formed the 
backbone of IP-based communication networks. The 
Routing Information Protocol (RIP), standardized in 
RFC 1058 [1], represents one of the earliest distance-
vector routing mechanisms based on the Bellman–
Ford algorithm. Its simplicity ensures low 
computational overhead; however, extensive studies 
document inherent weaknesses, including slow 
convergence, routing loops, and the count-to-infinity 
problem [1], [16], [17]. The strict 15-hop limitation 
significantly restricts scalability, rendering RIP 
unsuitable for large-scale or latency-sensitive 
networks. Although stabilization mechanisms such 
as split horizon and hold-down timers mitigate 
instability, they do not fundamentally address multi-
objective optimization or scalability constraints. 

The Open Shortest Path First (OSPF), defined in 
RFC 2328 [2], introduced a scalable link-state 
paradigm with global topology awareness and 
hierarchical area-based structuring. By employing 
Dijkstra’s shortest-path algorithm, OSPF guarantees 
deterministic optimality under non-negative link 
weights and achieves faster convergence compared 
to distance-vector approaches [2], [16], [17]. 
Nevertheless, OSPF fundamentally optimizes a 
single scalar metric, typically derived from link cost 
or bandwidth. Multi-objective requirements—such 
as joint optimization of delay, congestion, and packet 
loss—are addressed indirectly through weight 
tuning rather than explicit multi-objective 
formulations. Consequently, classical link-state 
routing remains constrained to deterministic 
polynomial-time optimization without systematic 
exploration of broader solution landscapes. 

To address the limitations of single-metric routing, 
researchers have explored heuristic and evolutionary 

multi-objective optimization frameworks. Yetgin et 
al. proposed non-dominated optimization techniques 
for wireless multihop networks, demonstrating 
improved Pareto balancing across conflicting 
objectives [10], [18], [20]. While these approaches 
enhance adaptability, they remain computationally 
intensive and operate entirely within classical 
computational paradigms, limiting scalability in 
large-scale deployments. 

Recent advancements in quantum computing 
introduce a new framework for combinatorial 
optimization. The Quantum Approximate 
Optimization Algorithm (QAOA), originally 
proposed by Farhi et al. [19], is a hybrid quantum-
classical variational algorithm designed to solve 
Quadratic Unconstrained Binary Optimization 
(QUBO) problems. Foundational theoretical work 
[15] and comprehensive reviews [13] establish 
QAOA’s applicability to NP-hard graph 
optimization problems such as Max-Cut and 
scheduling. 

Building upon this theoretical foundation, emerging 
studies have extended QAOA to networking 
contexts. Recent studies such as Urgelles et al. [3] 
and Bouchmal et al. [4] demonstrate the applicability 
of QAOA in routing optimization; however, these 
works lack direct benchmarking against operational 
protocols such as OSPF and RIP, limiting their 
practical relevance. 

Additional investigations address satellite routing 
constraints [5], wireless multihop optimization [6], 
distributed circuit compilation for network 
optimization [7], and comparative evaluation of 
quantum routing algorithms [8]. Furthermore, 
improvements in qubit routing and circuit 
optimization techniques have been proposed to 
enhance QAOA feasibility under Noisy 
Intermediate-Scale Quantum (NISQ) constraints [9]. 

Similarly, existing heuristic and evolutionary 
approaches improve multi-objective routing 
performance but introduce significant computational 
overhead, limiting their scalability in large-scale 
network environments. Despite these advances, 
significant research gaps remain. First, most 
quantum-assisted routing studies evaluate abstract 
graph-theoretic instances rather than operational IP-
routing protocols. Second, direct quantitative 
benchmarking against established classical protocols 
such as RIP and OSPF remains limited. Third, 
scalability analysis—including qubit growth, circuit 
depth constraints, and computational overhead 
evaluation—is often insufficiently addressed. 
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Accordingly, while quantum-assisted routing has 
demonstrated conceptual and domain-specific 
feasibility, a structured and implementation-aware 
benchmarking framework comparing QAOA with 
operational classical routing paradigms under 
unified multi-objective conditions remains 
underexplored. This work aims to bridge that gap. 
This research addresses that gap by providing a 
structured, metric-driven comparison between 
deterministic classical routing protocols and a 
QAOA-based routing framework under identical 
multi-objective conditions. Unlike prior studies that 
focus solely on optimization performance, this work 
evaluates path cost deviation, convergence 
iterations, computation time, success probability, 
and scalability trends across increasing network 
sizes. By positioning QAOA within a realistic 
routing performance benchmark, this study 
contributes a quantitative foundation for assessing 
the practical viability of quantum-assisted routing in 
next-generation intelligent networks. 

2.1  Research Gap & Motivation 

Although several studies have investigated routing 
optimization using classical algorithms and heuristic 
techniques, most existing approaches focus on 
single-objective metrics such as shortest path or 
minimum hop count. Recent research has explored 
quantum-inspired optimization methods; however, 
these studies often evaluate the algorithms in 
isolation without providing a structured comparison 
with classical routing protocols. Furthermore, many 
existing evaluations are limited to small-scale 
network topologies or lack comprehensive 
performance analysis across multiple routing 
metrics. To address these limitations, this work 
proposes a unified benchmarking framework that 
systematically compares classical routing protocols 
and QAOA-based optimization under a multi-
objective routing formulation across scalable 
network topologies. 

2.2  Novelty Statement 

This study presents one of the few structured and 
statistically validated comparative analyses between 
operational classical routing paradigms and QAOA-
based optimization under a unified multi-objective 
framework. Whereas existing studies predominantly 
evaluate QAOA in abstract combinatorial settings or 
specialized domains such as 6G or optical 
networking, the present research situates quantum 
optimization within a realistic IP-routing 
performance framework. By encoding multi-metric 
routing as a QUBO problem and applying consistent 
delay–congestion–loss weighting across all 

protocols, this study ensures methodological fairness 
and reproducibility. Furthermore, it extends beyond 
path optimality comparisons by incorporating 
convergence behavior, computational overhead 
growth, probabilistic success rates, and scalability 
analysis across increasing network sizes. Unlike 
optimistic quantum-advantage narratives, the work 
critically evaluates QAOA performance under 
practical NISQ-era constraints, thereby offering a 
balanced and implementation-aware perspective. 
Collectively, these contributions establish a 
quantitative benchmark for assessing the practical 
viability of quantum-assisted routing and provide a 
foundational basis for future hybrid classical–
quantum network control architectures. 

3.  PROPOSED WORK 

The proposed architecture is designed as a modular 
and protocol-agnostic evaluation framework that 
enables fair comparison between classical and 
quantum routing paradigms under unified multi-
objective conditions. The system begins with a 
random graph generator module that constructs 
connected network topologies of varying sizes with 
controlled edge density. Each edge is assigned multi-
metric weights representing delay, congestion, and 
packet loss, which are processed by a unified cost 
evaluator implementing the composite objective 
function (0.5D + 0.3C + 0.2L). The classical routing 
engine executes shortest-path computation using 
Bellman–Ford (for distance-vector modelling 
aligned with Routing Information Protocol) and 
Dijkstra’s algorithm (for link-state modelling 
aligned with Open Shortest Path First). In parallel, 
the same weighted graph is transformed into a 
Quadratic Unconstrained Binary Optimization 
(QUBO) formulation compatible with the Quantum 
Approximate Optimization Algorithm. QAOA 
circuits with depth parameter p = 2 were simulated 
using Qiskit to approximate optimal routing paths. A 
dedicated performance evaluation module then 
compares protocols across cost optimality, 
convergence behavior, computation time, and 
success probability. The complete workflow follows 
a structured pipeline: Graph Generation → Weight 
Assignment → Classical Routing → QAOA 
Optimization → Metric Comparison, ensuring 
methodological consistency and reproducibility as 
shown in Figure 1. 
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Figure 1: Proposed Architecture 

3.1. Problem Statement 

The problem thus consists of identifying an optimal 
routing path that minimizes the scalarized multi-
objective cost while satisfying structural path 
constraints within the network topology. The core 
problem addressed in this study is the identification 
of an optimal routing path that simultaneously 
minimizes delay, congestion, and packet loss in a 
multi-objective setting. Traditional routing protocols 
are inherently limited to single-metric optimization 
and fail to capture the trade-offs among multiple 
conflicting objectives. While quantum optimization 
methods such as QAOA have shown promise in 
combinatorial optimization, their effectiveness in 
practical routing scenarios remains insufficiently 
explored, particularly in comparison with 
established routing protocols. 

Existing routing protocols fail to simultaneously 
optimize delay, congestion, and reliability under 
dynamic network conditions. Recent studies using 
QAOA [3], [4] highlight its potential, but lack direct 
benchmarking against operational protocols such as 
OSPF and RIP 

3.2.  Research Methodology Protocol 

The research methodology follows a structured and 
reproducible protocol consisting of five stages: (1) 
generation of random connected network topologies 
with controlled node sizes, (2) assignment of multi-
objective edge weights representing delay, 
congestion, and packet loss, (3) execution of 
classical routing algorithms (RIP and OSPF), (4) 
transformation of the routing problem into a QUBO 
formulation and optimization using QAOA, and (5) 
performance evaluation using statistical metrics 
averaged over 50 independent runs. Fixed random 
seeds and identical simulation conditions are 

maintained to ensure reproducibility and fairness in 
comparison. 

3.3.  Simulation Setup 

The simulation framework was designed to ensure 
statistical robustness, reproducibility, and fair 
comparison between classical routing protocols and 
the quantum optimization model. Random 
connected graphs were generated to emulate realistic 
communication network structures while avoiding 
disconnected components. Five topology sizes were 
considered 10, 20, 30, 40, and 50 nodes to evaluate 
scalability behaviour across increasing network 
complexity. For each topology size, 50 independent 
graph instances were generated, resulting in 
statistically reliable averaged performance metrics. 
This multi-run approach minimizes bias introduced 
by specific graph structures and ensures consistent 
benchmarking across routing methods. Each edge in 
the generated topology was assigned three 
independent performance attributes: delay (1–20 
ms), congestion level (0–1 normalized scale), and 
packet loss probability (0–0.1). where D represents 
delay, C congestion, and L packet loss. The 
weighting scheme prioritizes latency while 
maintaining sensitivity to congestion and reliability 
factors. 

4.  MATHEMATICAL FORMULATION 

4.1.  Network Model 

Let the communication network be represented as a 
connected directed graph G=(V,E), where ∣V∣∣=n 
denotes the number of nodes and ∣E∣=m represents 
the number of edges. The generated graphs ensure 
connectivity between a randomly selected source 
node s∈Vs in Vs∈V and destination node t∈Vt in 
Vt∈V, thereby guaranteeing the existence of at least 
one feasible routing path. Each edge eij∈ is 
associated with three independent performance 
attributes: delay Dij>0, congestion level Cij∈[0,1], 
and packet loss probability Lij∈[0,1]. To enable 
unified multi-objective optimization, a scalarized 
composite cost is assigned to every edge as shown in 
Equation (1)  

wij=αDij+βCij+γLij α+β+γ=1         (1) 

In the experimental configuration, the weights are 
chosen as (α,β,γ)=(0.5,0.3,0.2), prioritizing delay 
while incorporating congestion and reliability 
considerations. 

For any feasible path P connecting s to t, the total 
path cost is defined as Equation (2) 
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Path cost: J(P)=∑ w⬚
ୣ୧୨∈୔ ij           (2) 

To enable quantum-assisted optimization, the 
routing problem is reformulated as a Quadratic 
Unconstrained Binary Optimization (QUBO) model. 
Each directed edge (i,j)∈E is associated with a binary 
decision variable xij∈{0,1}, where xij=1 if and only 
if the edge (i,j) is selected as part of the routing path. 
such that the total scalarized cost is minimized, 
formally expressed as 𝐽(𝑃)୔∈୔ୱ,୲ 

୑୧୬ .where Ps,t denotes 
the set of all valid paths between s and t. 

The complete routing configuration is represented 
by the binary vector x∈{0,1}m.The QUBO objective 
function integrates the composite edge costs along 
with quadratic penalty terms enforcing source, 
destination, and flow-conservation constraints, and 
is expressed as in Equation (3) 

𝐦𝐢𝐧
୶∈ {଴,ଵ}୫

⬚ ෍ 𝑊௜௝𝑋ூ௃ + 𝑃௦ + 𝑃௧ + 𝑃௙௟௢௪

(୧,୨)

      (3) 

4.2  Evaluation Metrics 

Performance was assessed using average path cost, 
computation time, convergence iterations, success 
probability (for QAOA), and a multi-objective 
quality ratio measuring deviation from the 
deterministic optimum. Success probability is 
defined as the proportion of experimental runs in 
which the algorithm produces a routing path whose 
cost deviation from the deterministic optimum is less 
than 10%.This comprehensive metric suite enables 
both efficiency and optimality analysis across 
routing paradigms. 

4.3  Implementation & Reproducibility Details 

All quantum simulations were implemented using 
Qiskit (version 0.45.x) executed on a classical 
simulator backend (Aer simulator). The QAOA 
circuits were constructed with depth parameter p=2p 
= 2p=2, balancing solution quality and circuit 
complexity under NISQ-era constraints. Parameter 
optimization was performed using the COBYLA 
(Constrained Optimization BY Linear 
Approximation) optimizer with a maximum of 100 
iterations. 

Each quantum circuit evaluation used 1024 
measurement shots to estimate expectation values of 
the cost Hamiltonian. To ensure statistical 
reproducibility and eliminate stochastic bias, fixed 
random seeds were applied to both the simulator 
backend and the classical optimizer initialization. 
All experiments were executed under identical 
hardware conditions, and performance metrics were 

averaged over 50 independently generated graph 
instances per topology size. 

The complete simulation pipeline—including graph 
generation, scalarized weight assignment, classical 
routing execution, QUBO construction, QAOA 
optimization, and metric extraction—was executed 
in a controlled Python environment to ensure 
consistency across experimental runs. 

5  RESULTS AND DISCUSSION 

The experimental evaluation was conducted on 
randomly generated connected network topologies 
of sizes 10, 20,30,40 and 50 nodes, with 50 
independent runs per topology size. Performance 
was assessed under the unified scalarized multi-
objective cost function 0.5D+0.3C+0.2L. 
Comparative analysis was performed across 
classical distance-vector routing (aligned with 
Routing Information Protocol), classical link-state 
routing (aligned with Open Shortest Path First), and 
the Quantum Approximate Optimization Algorithm 
(QAOA)-based formulation. 

The distance-vector implementation aligned with 
Routing Information Protocol exhibited path-cost 
deviations of 15–20% relative to the optimal 
solution, with computation time ranging from 4.8–
11.5 ms and convergence occurring within 6–11 
iterations. Performance degradation became more 
noticeable as network size increased. The 
comparative performance of RIP, OSPF, and QAOA 
under the unified multi-objective cost model (0.5D + 
0.3C + 0.2L) is summarized in Table 1. 

Table 1 Quantitative Results Summary 

Metric RIP OSPF QAOA 
Path Cost 
Deviation 

15–20% 0% 3–6% 

Computation 
Time(ms) 

4.8–11.5  2.1–5.4  52–125 

Success 
Probability 

82–92% 100% 85–95% 

Convergence 
Iterations 

6–11 1 35–51 

Scalability Poor Strong Limited 
 

The optimized Quantum Approximate Optimization 
Algorithm achieved near-optimal solutions with 4–
8% cost deviation while significantly reducing 
runtime compared to the baseline quantum 
configuration. Computation time ranged between 
38–145 ms, representing approximately 55–70% 
improvement over the non-optimized 
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implementation. Convergence required 18–27 
optimizer iterations, and success probability 
remained within 83–92%. Although still slower than 
classical protocols, the optimized QAOA maintained 
strong multi-objective performance and evaluated 
under classical simulation constraints. 

5.1  Plus–Minus–Interesting Analysis: 

Plus: OSPF achieves optimal routing with minimal 
computation time; QAOA demonstrates strong 
multi-objective adaptability. 

Minus: QAOA incurs high computational overhead 
and limited scalability due to qubit growth; RIP 
shows high deviation. 

Interesting: QAOA maintains bounded deviation 
under varying weight configurations and produces 
diverse near-optimal solutions, indicating strong 
exploratory capability. 

This analysis indicates that while classical link-state 
routing dominates in deterministic efficiency, 
QAOA provides a flexible optimization framework 
capable of exploring alternative trade-off solutions, 
which are not captured by traditional routing 
mechanisms. 

The work compares RIP, OSPF, and QAOA-based 
routing in terms of cost optimality, scalability, and 
computational performance shown in Figures 
(2)(3)(4)(5) and (6). 

 

Figure 2:  Path Cost Deviation 

 

Figure 3: Time 

 

Figure 4: Success Probability 

 

 

Figure 5: Convergence 

 

Figure 6: Scalability 

The comparative results shown in Figures 2–6 
illustrate the performance differences between 
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distance-vector routing, link-state routing, and the 
QAOA-based optimization model under the unified 
multi-objective cost function. Figure 2 shows that 
the link-state approach consistently achieves zero 
path-cost deviation because Dijkstra’s algorithm 
guarantees optimal shortest-path selection under 
non-negative link weights. In contrast, the distance-
vector method exhibits larger deviations due to its 
hop-count-based metric and iterative update 
mechanism, which does not directly incorporate 
multi-objective weighting. 

 The QAOA-based formulation produces near-
optimal solutions with relatively small deviations, 
demonstrating its ability to explore alternative 
candidate paths within the combinatorial solution 
space. Figures 3–6 further reveal that while classical 
protocols maintain significantly lower computation 
time and deterministic convergence, QAOA incurs 
higher runtime and iteration counts due to 
probabilistic sampling and classical optimization 
loops required for parameter tuning. The parameter 
metrics with respect to network size were 
systematically evaluated, and the corresponding 
results are illustrated in the following figures 
Figure(7)-Figure(10). 

 

Figure 7: Path Cost Deviation 

Figures 7–10 present the scalability behaviour of the 
evaluated routing approaches as the network size 
increases. The results indicate that path-cost 
deviation in RIP grows gradually with network size 
because the distance-vector model lacks global 
topology awareness, leading to suboptimal route 
selection in larger graphs. OSPF maintains stable 
optimal performance across all network sizes since 
the link-state algorithm computes globally optimal 
paths using complete topology information. 

 

Figure 8:  Time 

 

Figure 9: Success Probability 

 

 

Figure 10: Convergence 

The QAOA-based routing framework maintains 
bounded deviation levels even as the topology 
grows, suggesting that quantum-inspired 
optimization can effectively explore multiple 
candidate paths in complex networks. However, 
computation time and convergence iterations 
increase noticeably for QAOA as network size 
expands, reflecting the quadratic growth in qubit 
requirements and the additional optimization 
overhead inherent to variational quantum 
algorithms. 

In contrast, the distance-vector approach aligned 
with Routing Information Protocol continued to 
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exhibit higher path-cost deviations and slower 
convergence due to iterative update mechanisms and 
limited metric awareness. While classical algorithms 
clearly outperform QAOA in raw speed and 
scalability under classical simulation environments, 
The QAOA-based routing framework demonstrated 
strong multi-objective exploration capability and 
was evaluated under classical simulation constraints. 
These findings suggest that quantum routing is not 
yet superior in execution efficiency but shows 
promise in handling complex optimization 
landscapes, particularly when integrated within 
hybrid classical–quantum network control 
architectures. 

RIP exhibited the highest deviation from optimal 
cost, with average increases ranging from 
approximately 13% (30 nodes) to 23% (50 nodes), 
reflecting its hop-count-based metric and limited 
adaptability to multi-objective weighting. QAOA, 
while not outperforming OSPF, significantly 
improved upon RIP, maintaining bounded deviations 
below 9% even at 50 nodes as shown in Tables (2) 
and (3). Statistical hypothesis testing (α = 0.05) 
confirmed that the differences among all three 
protocols are significant, with moderate-to-large 
effect sizes observed particularly between RIP and 
the other approaches as shown in Table 4. 

In terms of computational efficiency, OSPF 
remained the fastest and most scalable classical 
solution, followed by RIP, while QAOA incurred 
substantially higher runtime due to circuit depth, 
shot sampling, and optimization iterations. 
Scalability trends aligned with theoretical 
complexity analysis, with QAOA exhibiting 
quadratic growth consistent with qubit scaling O(n2). 
Sensitivity analysis revealed that RIP performance 
degraded markedly under congestion- and 
reliability-dominant weight configurations, whereas 
QAOA demonstrated improved adaptability to 
varying objective priorities as shown Table 5. Pareto 
front analysis further indicated that QAOA 
generated a larger set of non-dominated intermediate 
trade-off solutions, while OSPF occupied the delay-
optimal extreme and RIP was frequently dominated. 
Overall, the results position QAOA as a NISQ-era 
exploratory optimization framework that improves 
upon traditional distance-vector routing (RIP) in 
multi-objective scenarios, while classical link-state 
routing (OSPF) remains computationally superior 
under current hardware constraints. 

Table 2 Path Cost Performance Comparison (30–50 
Nodes) 

Nodes 
(n) 

Algorithm 
Mean 
Path 
Cost 

Std 
Dev 

95% CI 
Mean 

Deviati
on (%) 

 
 

30 

OSPF 121.4 4.2 [119.8, 123.0] 0 
RIP 136.9 7.8 [133.8, 140.0] 12.8 
QAOA 127.2 6.1 [124.7, 129.7] 4.8 

 
40 

OSPF 133.9 4.8 [131.9, 135.9] 0 
RIP 156.4 9.2 [152.7, 160.1] 16.8 
QAOA 142.1 7.3 [139.1, 145.1] 6.1 

50 OSPF 142.3 5.1 [140.2, 144.4] 0 
RIP 174.8 11.6 [170.1, 179.5] 22.8 
QAOA 154.7 8.6 [151.1, 158.3] 8.7 

 

Table 3 Computation Time Comparison (ms) 

Nodes (n) 
RIP (ms)  

Mean ± SD 
OSPF (ms)  
Mean ± SD 

QAOA (ms)  
Mean ± SD 

30 6.7 ± 1.1 3.9 ± 0.6 52.4 ± 6.8 
40 11.5 ± 1.6 6.2 ± 0.8 83.7 ± 9.5 
50 18.9 ± 2.4 9.8 ± 1.2 124.5 ± 12.3 

 

Table 4 Statistical Significance Testing (Pairwise 
Comparison, n=50) 

Comparison t-value p-value 
Effect Size 
(Cohen’s d) 

RIP vs OSPF 8.21 <0.001 1.31 
QAOA vs 
OSPF 

5.03 <0.001 0.62 

QAOA vs RIP 4.87 <0.001 0.69 

 

Table 5 Sensitivity Analysis Including (n=40) 

Weights (α, β,γ) OSPF Cost RIP Cost QAOA Cost 
(0.6,0.2,0.2) 134.2 148.5 140.5 
(0.4,0.4,0.2) 133.9 156.4 142.1 
(0.3,0.3,0.4) 137.8 162.2 145.4 
(0.2,0.6,0.2) 139.6 168.9 147.2 
(0.2,0.2,0.6) 141.3 171.5 149.6 

 

The experimental results highlight a fundamental 
trade-off between deterministic optimality and 
exploratory optimization capability. Link-state 
routing, modelled after OSPF, consistently achieved 
globally optimal paths due to its polynomial-time 
shortest-path guarantees under non-negative edge 
weights. Its computational efficiency and 
deterministic convergence confirm its suitability for 
real-time deployment in structured IP networks. 

In contrast, the QAOA-based formulation introduces 
probabilistic solution sampling over a high-
dimensional combinatorial landscape. While this 
approach incurs higher computational overhead 
under classical simulation, it demonstrates enhanced 
adaptability under varying objective-weight 
configurations. Sensitivity analysis reveals that 
QAOA maintains bounded deviation even when 
congestion and reliability weights dominate, 
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suggesting robustness in multi-criteria 
environments. 

The quadratic qubit scaling derived from edge-based 
encoding confirms that near-term NISQ hardware 
constrains large-scale deployment. However, hybrid 
classical–quantum integration may mitigate this 
limitation. For instance, classical shortest-path 
preselection could reduce candidate subgraphs prior 
to quantum refinement, lowering qubit 
requirements. Importantly, the study does not claim 
quantum superiority over classical link-state routing. 
Rather, it positions QAOA as a complementary 
exploratory mechanism capable of addressing 
complex multi-constraint optimization landscapes 
where deterministic scalarization may be 
insufficient. These findings indicate that quantum-
assisted routing is currently impractical for real-time 
deployment but conceptually promising for future 
intelligent network control architectures, 
particularly within software-defined networking 
environments. 

6.  CONCLUSION AND FUTURE WORK 

This study is to provide a statistically validated, 
protocol-level benchmarking comparison between 
classical routing protocols and QAOA-based 
optimization under a unified multi-objective 
framework. This work contributes a unified 
benchmarking framework enabling direct 
comparison between classical and quantum routing 
approaches. The findings highlight that while QAOA 
is not yet suitable for real-time deployment, it offers 
strong exploratory capabilities for future intelligent 
and SDN-based networks. The findings provide 

important insights into the practical limitations and 
potential of quantum-assisted routing, particularly in 
the context of emerging intelligent and software-
defined network architectures. 

The results directly address the research 
questions by demonstrating that QAOA achieves 
competitive multi-objective performance while 
exhibiting scalability limitations under current NISQ 
constraints. While classical routing protocols remain 
superior in terms of computational efficiency and 
scalability, QAOA demonstrates promising 
exploratory capabilities for solving complex multi-
objective optimization problems, positioning it as a 
complementary approach for future hybrid classical–
quantum network systems. 

Future research can extend this work in several 
directions. First, a fully constrained QUBO 
formulation incorporating strict flow-conservation 
and path-continuity constraints should be developed 
to enhance quantum solution validity. Second, 
hybrid routing architectures integrating OSPF-based 
preselection with quantum refinement can be 
explored to reduce qubit requirements and improve 
scalability. Third, implementation on real quantum 
hardware platforms beyond classical simulators will 
provide insight into noise resilience and hardware-
induced variability. Additionally, adaptive QAOA 
depth selection and parameter transfer learning may 
further improve convergence efficiency. Scaling 
experiments to larger topologies (30–50 nodes) and 
incorporating dynamic traffic conditions would 
enable realistic performance evaluation for software-
defined networking (SDN) and intelligent network 
control systems.  
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