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Introduction
In the ever-evolving landscape of artificial intelligence (AI), the demand for computational 
resources continues to surge, particularly with the advent of generative AI models. The-
se models, which have gained considerable traction across various fields, introduce new 
challenges and requirements for efficient deployment. Understanding the computational 
needs inherent in AI and generative AI is crucial for optimizing performance and ensuring 
seamless integration into real-world applications.
At the core of AI development lies model training, a process that consumes significant 
computational power. However, it is essential to recognize that training models is just 
one facet of the multifaceted activities involved in deploying and managing machine le-
arning operations (MLOps). Beyond training, tasks such as data preprocessing, model 
validation, and deployment orchestration demand substantial computational resources 
and operational expertise. Neglecting these aspects can lead to inefficiencies and hinder 
the scalability of AI systems.
Moreover, the emergence of generative AI, which enables machines to produce novel con-
tent such as images, text, and music, presents unique computational challenges. Gene-
rative models, such as GANs (Generative Adversarial Networks) and VAEs (Variational 
Autoencoders), require extensive computational resources during both training and in-
ference stages. The complexity of these models, coupled with the need for large datasets 
and sophisticated optimization techniques, underscores the importance of robust compu-
tational infrastructure.
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Managing computational demands in inference tasks can be addressed through various 
strategies, including optimizing model architectures, implementing hardware acceleration 
techniques, and utilizing cloud-based solutions for scalable computing. However, the ini-
tial investment required for high-performance GPUs or dedicated hardware can be sub-
stantial, representing a significant upfront cost. This expenditure is often justified by the 
promise of enhanced computational power and accelerated AI model training.
Despite the allure of high-performance GPUs, underutilization issues frequently arise. 
GPUs may not operate at full capacity around the clock, leading to financial inefficiencies. 
Businesses must grapple with the challenge of maximizing GPU utilization to optimize 
their return on investment. Conversely, peaks in demand can overwhelm current GPU 
offerings, particularly in on-premises clusters, resulting in substantial backlogs for users 
such as scientists and students.
The solution proposed in this paper leverages unused resources available elsewhere, with 
minimal overhead on the originating cluster. This approach aims to address underutili-
zation and demand peaks, thereby enhancing efficiency and scalability in AI operations.

1. Dynamic resource onboarding and cloud bursting
Dynamic allocation is a pivotal strategy for optimizing efficiency and cost-effectiveness in 
resource management. By dynamically allocating GPU resources in response to real-time 
demand, organizations can maximize utilization and minimize underutilization, thereby 
enhancing overall performance while controlling expenses.
However, implementing dynamic resource allocation presents its own set of challenges. 
One significant challenge is ensuring that Kubernetes clusters can be dynamically exten-
ded without necessitating a full reinstallation of the existing infrastructure (Marino et al. 
2023). Creating a new cluster (e.g., with Terraform) dedicated to current AI/ML proces-
sing on different infrastructure (e.g., another cloud provider) to absorb demand peaks is 
often impractical. This approach requires replicating all applications and data from the 
originating cluster, leading to wasted time, resources, and increased costs and operational 
burdens.
A more effective solution involves adopting robust systems and processes capable of se-
amlessly integrating new, external GPU resources into the existing cluster. This approach 
allows the current cluster to extend geographically and integrate with other underutilized 
clusters that have free GPUs available at any given moment. Adding elasticity to the origi-
nating cluster enables it to dynamically offload GPU workloads across the infrastructure, 
scaling resources up or down in response to changing demands by leveraging available free 
GPU resources elsewhere.
Such a mechanism allows research infrastructures to optimize GPU utilization proacti-
vely, resulting in significant cost savings by avoiding unnecessary hardware investments 
and minimizing operational overhead. By aligning GPU resources with workload requi-
rements in real-time, research institutions can achieve enhanced agility, resilience, and 
cost efficiency. This positions them as frontrunners in the competitive landscape of GPU-
driven environments, and ultimately in innovation.
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2. Kubernetes and Liqo
In this context, Liqo (Iorio et al. 2023), emerges as a cutting-edge technology that empo-
wers organizations to harness the full potential of their Kubernetes clusters. Designed 
to facilitate seamless interconnection between Kubernetes clusters, Liqo plays a pivotal 
role in enabling efficient GPU offloading and resource optimization across distributed 
environments.
At its core, Liqo serves as a bridge, connecting Kubernetes clusters regardless of their loca-
tion or underlying infrastructure. By abstracting cluster boundaries, Liqo creates a highly 
dynamic, unified, federated environment where resources, including GPUs, can be shared 
and utilized dynamically.
Liqo benefits from sophisticated orchestration capabilities that enable the efficient di-
stribution of container workloads across disparate clusters. Leveraging advanced schedu-
ling algorithms and network overlays, Liqo orchestrates the deployment and execution 
of GPU-accelerated applications, ensuring optimal resource utilization and performance.
One of Liqo's key strengths is its ability to operate seamlessly in multicloud environments, 
where Kubernetes clusters span multiple cloud providers as well as on-premises clusters. 
By abstracting cloud-specific complexities and providing a unified management interfa-
ce, Liqo empowers organizations to leverage GPU resources across diverse cloud envi-
ronments, driving agility and flexibility in their operations.

3. An Example of Full Stack Solution
A comprehensive solution to the above problem is emerging that amalgamates Kuberne-
tes, Liqo, Jupyter Notebooks, and MetaFlow1. Each component brings unique capabilities 
to the architecture, collectively forming a potent framework for advanced data science and 
AI endeavours.
Kubernetes serves as the cornerstone of this solution, offering powerful orchestration 
capabilities for containerized workloads. With features like automated scaling, self-hea-

Fig. 1
An On Prem 
cluster is offlo-
ading AI tasks to 
GPU-equipped 
clusters loca-
ted in different 
environments
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ling, and resource management, Kubernetes streamlines deployment and management 
processes, ensuring optimal performance and efficiency across diverse computing envi-
ronments. Liqo complements this by providing seamless interconnection between Ku-
bernetes clusters, facilitating the creation of easily managed, highly dynamic federated 
computing infrastructures.
Jupyter Notebooks, renowned for their interactive and collaborative nature, provide a 
versatile platform for data exploration, visualization, and analysis. Supporting various 
programming languages and libraries, Jupyter Notebooks empower researchers to expe-
riment, iterate, and share insights in real-time, fostering a culture of collaboration and 
innovation.
MetaFlow, on the other hand, offers a sophisticated workflow management system tai-
lored for machine learning pipelines. With features like versioning, dependency manage-
ment, and experiment tracking, MetaFlow simplifies the development and deployment 
of machine learning models, accelerating time-to-insight and facilitating reproducibility.
At the forefront of this transformative initiative is a prototypical implementation cur-
rently underway at Politecnico di Torino. Leveraging the combined capabilities of Kuber-
netes, Liqo, Jupyter Notebooks, and MetaFlow, researchers at Politecnico di Torino are 
exploring new frontiers in collaborative research and computational science.
However, the potential of this solution extends beyond individual institutions. By em-
bracing a fully federated infrastructure that includes HPC main players and aggregates re-
sources across a wider (e.g., national) research community, additional benefits can be rea-
lized. A federated approach enables the pooling of resources, facilitates cross-institutional 
collaboration, and maximizes the collective impact of research efforts, ultimately driving 
innovation and advancing knowledge across diverse domains.

4. Conclusions
The advancement of AI and ML technologies necessitates efficient and scalable computa-
tional resources, with GPUs playing a pivotal role. However, fluctuating GPU utilization 
presents challenges, including high ownership costs and resource underutilization. Liqo 
offers a solution by enabling dynamic GPU offloading in a multi-cloud environment, opti-
mizing resource use and reducing operational expenses. By leveraging remote Kubernetes 
clusters, Liqo facilitates seamless and efficient ML deployments tailored to fluctuating 
computational demands, mirroring the “resource sharing” model popularized by services 
like Airbnb.
This paper addresses the operational inefficiencies in traditional GPU management within 
MLOps, demonstrating how Liqo provides a scalable, cost-effective, and low-code solu-
tion. It highlights the significant business impact of adopting a multi-cloud approach, 
emphasizing enhanced flexibility and the ability to adapt swiftly to research needs. This 
exploration showcases the competitive advantages offered by such technological agility, 
including cost reductions, operational efficiency, and high responsiveness to the needs of 
the academic community.
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Notes
1The described tools represent a possible example of deployment, with several alternatives (e.g., KubeFlow 
vs. MetaFlow) available to adapt to diverse application and usage scenarios.


