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(6) 1EHEpop /N T 9L LB B 73 Apopl, HARH HApop2;
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Abstract:

Objective Driven by 5G/6G networks, Multi-access Edge Computing (MEC) environments face major
challenges in ensuring Quality of Service (QoS) for heterogeneous network slices while improving resource
utilization. Existing resource allocation methods often lack dynamic adaptability in heterogeneous settings.
They also fail to jointly optimize caching, bandwidth, and computing resources, which reduces resource
utilization and service success rates. This paper addresses these limitations by proposing a robust framework for
joint multi-dimensional resource optimization under strict QoS constraints. The framework provides a tailored
solution for heterogeneous MEC environments.

Methods The network slicing resource allocation problem is first formally defined. Its NP-hardness is proved
by reducing the NP-hard multidimensional 0-1 knapsack problem to this problem. To solve this complex
optimization problem, a cache-aware two-layer closed-loop cooperative framework, termed QCache, is proposed.
The framework uses a synergistic “generate-evaluate-feedback” loop. In the upper Global Exploration Layer, a
hybrid heuristic algorithm is designed by combining a population evolution strategy, including selection,
crossover, and mutation, with a particle update mechanism guided by historical individual and global best
positions. This layer broadly explores the solution space and generates high-quality candidate resource
allocation schemes under complex constraints. Adaptive parameter adjustment and elite retention strategies are
used to avoid local optima. In the lower Multi-Dimensional Weight Evaluation Layer, a quantitative assessment
model is constructed. This model converts low-latency and high-bandwidth service demands into explicit QoS
constraints by normalizing key performance indicators, including delay and rate, and by dynamically assigning
weights through the entropy weight method. The weighted score reflects different slice priorities. The evaluated
score (SCORE) from this layer is fed back to the upper layer as the fitness value, guiding the iterative
evolution of candidate solutions until convergence.

Results and Discussions Extensive simulations are conducted to validate the effectiveness of QCache against
several baseline methods, including Genetic Algorithm (GA), PSO-Leader, GraphSAGE, and the No-
Consideration-of-Service-Quality (NCSQ) scheme. Under identical resource and user demand scenarios, the
overall comparison (Fig. 3) shows that QCache achieves the highest resource utilization rate of 80.30% and the
best average service score of 1.109. Compared with the baseline methods, QCache improves resource utilization
by 2.29% to 24.50% and increases user service scores by 4.13% to 59.34%. Experiments with varying total cache
resources (Fig. 4) show that QCache maintains superior performance across different cache states. It improves
resource utilization by 2.43% to 27.53% and service scores by 10.81% to 119.56%, confirming its cache-aware
adaptability. Tests with increasing user numbers (Fig. 5) show that QCache scales effectively, achieving up to
85.83% resource utilization and a service score of 3.06. These results demonstrate its ability to handle dense
access scenarios. Experiments with time-varying user demands (Fig. 6) further confirm the dynamic robustness
of the framework. In these tests, QCache achieves average improvements of 9.20% in resource utilization and
23.45% in service score over the baselines.

Conclusions This paper studies the NP-hard resource allocation problem in dynamic MEC environments with
heterogeneous network slices. The proposed cache-aware two-layer closed-loop cooperative framework, QCache,
jointly optimizes caching, bandwidth, and computing resources under explicit QoS constraints. The upper-layer
hybrid heuristic provides strong global search capability. The lower-layer multi-dimensional weight model
supports accurate QoS quantification and dynamic feedback. Comprehensive experimental results show that
QCache outperforms existing methods in both resource utilization efficiency and user QoS satisfaction. Future
work will explore reinforcement learning and traffic prediction mechanisms to further improve the response of
the framework to bursty traffic and anomalous demands. This may support more intelligent and autonomous
MEC network slice resource management.

Key words: Multi-access Edge Computing(MEC); Network slicing; Resource allocation; Quality of Service(QoS)
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