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Abstract. Serverless computing at the network edge introduces critical cold-start latency penalties 

that undermine real-time service-level agreement (SLA) compliance in latency-sensitive workloads. 

This paper addresses the challenge by proposing AdaptWarm, a hybrid framework combining 

adaptive container checkpointing with a Long Short-Term Memory (LSTM)-driven predictive pre-

warming scheduler. AdaptWarm continuously profiles invocation frequency distributions, 

constructs Markov-based transition models for function call sequences, and restores snapshotted 

execution contexts ahead of predicted demand spikes. Evaluated across heterogeneous edge nodes 

using the OpenFaaS and Knative runtimes with production-grade workload traces, AdaptWarm 

reduces mean cold-start latency by 73.4% and tail latency (P99) by 68.1% compared to baseline 

reactive provisioning, while maintaining memory overhead below 11%. These results establish 

AdaptWarm as a viable, deployment-ready solution for sub-millisecond function initialization in 

multi-tenant edge infrastructures. 
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Introduction 

The rapid proliferation of Internet-of-Things (IoT) ecosystems, real-time analytics 

pipelines, and autonomous systems has fundamentally shifted the computational gravity of 

modern distributed architectures toward the network edge. Function-as-a-Service (FaaS) 

paradigms have emerged as the dominant abstraction for deploying event-driven 

microservices in these environments, offering fine-grained resource elasticity and operator-

transparent scaling. However, a structurally persistent impediment—the cold-start 



problem—continues to compromise the viability of serverless deployments in latency-

critical scenarios. Cold-starts arise when an incoming invocation request finds no pre-

initialized execution context, forcing the runtime to sequentially allocate container 

resources, load the function image, initialize the language runtime, and execute 

bootstrapping logic before any application-level computation can commence. In production 

edge environments characterized by heterogeneous hardware, constrained memory 

envelopes, and highly bursty, non-stationary workload distributions, this initialization 

overhead can range from several hundred milliseconds to multiple seconds—values that are 

wholly incompatible with sub-10ms SLA thresholds mandated by emerging 5G and 6G 

edge service contracts. Existing mitigation strategies fall into three broad categories: keep-

alive pooling, which wastes idle memory on warm containers; snapshot-based restoration 

(e.g., CRIU-based checkpointing), which reduces re-initialization time but lacks demand-

aware invocation; and reactive auto-scaling, which inherently cannot anticipate bursty 

demand. None of these approaches holistically addresses the temporal prediction of 

invocation patterns combined with state-preserving context restoration at the granularity 

required for edge deployments. The literature reveals a critical gap between static 

provisioning heuristics and the dynamic, non-Markovian nature of real-world FaaS 

invocation sequences, particularly when function dependency graphs introduce correlated 

call chains that simple exponential moving averages fail to model accurately. This paper 

presents AdaptWarm, a unified framework that closes this gap through two tightly coupled 

components: (1) an LSTM-based temporal forecasting engine trained on sliding-window 

invocation telemetry to predict demand onset with function-level granularity, and (2) an 

adaptive container checkpointing subsystem that selectively serializes and restores 

execution snapshots based on predicted warm-up deadlines derived from Markov chain 

transition probability matrices. By co-designing the prediction and restoration layers, 

AdaptWarm achieves pre-warming decisions that are both temporally precise and memory-

budget-aware, enabling dynamic trade-offs between restoration fidelity and resource 

utilization across multi-tenant edge nodes. The remainder of this paper is structured as 

follows. Section 2 reviews related work on cold-start mitigation, container snapshotting, 

and edge workload prediction. Section 3 formally defines the system model, workload 

assumptions, and the optimization objective. Section 4 details the architecture and 

algorithmic design of AdaptWarm. Section 5 presents the experimental methodology, 

testbed configuration, and evaluation metrics. Section 6 analyzes empirical results against 

baseline and state-of-the-art comparators. Section 7 discusses deployment considerations, 

limitations, and directions for future work. Section 8 concludes the paper. 

This is a preliminary version. To read the full version of the article, please purchase a 

subscription. 
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