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Abstract  With the convergence of Edge Computing (EC) and Artificial Intelligence (AI),
advanced Al models are increasingly deployed at the network edge, in close proximity to end
users. This strategic deployment not only facilitates real-time data processing but also fosters

collaborative training among distributed devices, thereby improving the efficiency, scalability,
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and responsiveness of Al systems. In the context of edge Al, the Federated Continual Learning
(FCL) framework emerges as a promising paradigm that supports continuous learning from
streaming client data while preserving privacy. By aggregating local updates instead of
transmitting raw data, FCL jointly optimizes a global model, ensuring confidentiality, reducing
communication overhead, and enabling sustainable model evolution over time. However,
existing incentive mechanisms in federated settings primarily focus on unidimensional factors,
such as data heterogeneity in terms of volume and quality. They often overlook the inherently
multidimensional nature of client attributes, which include not only data timeliness and task
relevance but also computational capacity, storage capability, training costs, and
communication bandwidth. Neglecting these aspects reduces the effectiveness of client selection
and undermines fairness in reward allocation. Meanwhile, in a hierarchical FCL environment,
evaluating edge-server contributions at the upper cloud-edge level becomes considerably more
complex, as dynamic participation causes resource availability to fluctuate across rounds and
Non-Independent and Identically Distributed (Non-1ID) data further complicates contribution
evaluation, often resulting in inequitable reward allocation. Consequently, existing methods
often struggle to simultaneously capture complex time-varying characteristics and category-
specific effects. To address these issues, this paper proposes a hierarchical FCL incentive
mechanism that explicitly integrates multidimensional individual attributes and ensures equitable
contribution evaluation. At the lower edge-client level, the mechanism adopts a deep learning-
based reverse-auction framework that accounts for multidimensional individual attributes.
Within this framework, the allocation network determines the probability of selecting each
client, while the reward network computes the corresponding payment. Both outputs derive
from the joint consideration of multidimensional attributes, including data timeliness, task
relevance, computational power, storage resources, and training costs. This design enables
adaptive participant selection under dynamic conditions and ensures that rewards align with
actual contribution potential. At the upper cloud-edge level, the mechanism introduces the
Cosine-Class Shapley Value (CCSV) to evaluate edge-server contributions under Non-IID data
conditions. Without relying on auxiliary validation datasets, CCSV constructs a category-level
characteristic function by computing the cosine similarity between the last-layer gradient
aggregated by a sub-coalition of edge servers and the globally aggregated gradient of the grand
coalition, and then derives each edge server's expected marginal contribution across all
coalitions. To reduce computational complexity, the cosine similarity between gradients is used
as a good approximation to the Shapley value, thereby reducing computational overhead while
maintaining fairness. Overall, the proposed mechanism approximately satisfies incentive
compatibility, individual rationality, and reserve-price constraints, while simultaneously
optimizing client selection and enabling fair reward distribution at both levels of the hierarchy.
Rigorous theoretical analysis and extensive experimental validation confirm its effectiveness in
promoting sustained client participation, maintaining fairness across heterogeneous participants,
and improving the robustness of federated continual learning, while also offering valuable
insights for the future design of efficient and fairness-aware FCL systems in real-world

deployments.
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Background

Federated Continual —Learning enables clients to

collaboratively train models in a dynamic data distribution
environment, where each client continuously receives local data in

a data stream form, and the central server coordinates the
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federated learning process in this dynamic environment. Most
existing studies assume that clients are always willing to
participate in training. However, participation inevitably incurs

computational and communication costs. Unless adequately
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compensated , self-interested clients generally lack the motivation
to contribute data. Therefore, this paper focuses on the critical
issue of incentive mechanisms in federated continual learning. In
the cloud-edge-client architecture, client selection and
contribution evaluation remain challenging research topics.

Most current research on incentive mechanisms in federated
learning is confined to static data scenarios and single-dimensional
optimization, lacking a comprehensive consideration of multi-
dimensional attributes. Facing multiple challenges in federated
continual learning environments, such as dynamic client
participation, non-independent and identically distributed data,
and resource heterogeneity, traditional incentive mechanisms
perform poorly in contribution evaluation, making fair reward
allocation difficult. Moreover, due to their static design
assumptions, these mechanisms cannot adapt to continuously
changing data streams and task demands, leading to significant
shortcomings in client selection and fair contribution evaluation.

To address the limitations of existing research, this paper
proposes a fair incentive mechanism for federated continual
learning in a hierarchical framework. In the lower layer, a multi-
dimensional reverse auction mechanism based on deep learning is
constructed, which dynamically selects clients and allocates
reasonable rewards based on neural networks that analyze multi-

dimensional client attributes, subject to client reserve-price

constraints. In the upper layer, this paper introduces the Cosine-
Class Shapley Value method, which measures the contribution of
edge servers in a Non-IID data environment through gradient-
based cosine similarity, ensuring the fairness and accuracy of the
evaluation. Furthermore, we theoretically show that gradient
cosine similarity provides an effective approximation to the
Shapley value and derive an explicit bound on the approximation
error. Extensive simulations demonstrate that, under dynamic
and Non-1ID conditions, the proposed mechanism achieves higher
social welfare with lower ex post regret, satisfies individual
rationality and reserve-price constraints, and simultaneously
improves the utilities of the cloud and edge, thereby ensuring
overall fairness.
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