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ABSTRACT

The proliferation of decentralized applications calls for complex
deployments across the highly heterogeneous Cloud Continuum,
an overlay infrastructure encompassing traditional public/private
clouds, fog clusters, and edge devices. Orchestrating distributed ap-
plications within such a non-uniform environment presents signifi-
cant challenges, particularly in ensuring the fulfillment of critical
Quality of Service (QoS) requirements. Achieving the objectives
posed by this research challenge requires addressing several key
needs, including the development of a robust system for virtualizing
heterogeneous resources spanning multiple domains, the design
of an intelligent scheduler capable of implementing deployment
schemes that respect application-specific QoS requirements, and
the provision of an orchestration mechanism that simplifies the task
of specifying application functional and non-functional require-
ments for the application owners while automating the application
roll-out. In this work we propose a framework that integrates ex-
isting tools that individually address the aforementioned needs
by blending them in a unified manner. Preliminary experiments
conducted on a software prototype demonstrate the feasibility of
the proposed approach.

CCS CONCEPTS

« Computer systems organization — Cloud computing; « Soft-
ware and its engineering — Software as a service orchestra-
tion system.
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1 INTRODUCTION

The evolution of computing has long been guided by the continu-
ous pursuit of efficiency, adaptability, and optimal resource utiliza-
tion. Over past decades, the computing paradigm has progressively
shifted from hardware-specific and tightly coupled systems to virtu-
alized infrastructures and, eventually, to cloud-native architectures.
Each evolutionary step has been motivated by the need to abstract
physical resources and manage them more flexibly, enabling higher
levels of scalability, resilience, and cost-effectiveness. This trajec-
tory has expanded into the cloud continuum, which integrates public,
private, and hybrid clouds with edge and IoT resources [11]. Accord-
ing to the new paradigm, organizations can freely move workloads
across infrastructures without rigid boundaries, leveraging the se-
curity, privacy, and control of private environments, the scalability
and performance of public clouds, and the real-time responsiveness
of edge and IoT devices. By enabling workloads to execute on the
most suitable platform across the computing spectrum, the contin-
uum paradigm is expected to further enhance efficiency, ensuring
that computational tasks are processed where resources, latency,
and energy consumption are optimal.

Although the cloud continuum offers unprecedented flexibility,
its heterogeneity also introduces significant management issues [7].
In the continuum, resources differ not only in capacity and per-
formance, but also in access policies and management interfaces,
making manual oversight of infrastructures and workloads im-
practical. For this reason, service orchestrators! are essential to
achieve target operational and quality objectives. Orchestration
solutions such as Kubernetes are becoming useful tools for service
providers as they seek to deploy and manage increasingly complex
workflows across a wide range of computing resources, including
multi-cloud and cloud continuum scenarios. The heterogeneity of
the cloud-continuum introduces significant challenges for service
management, particularly in the context of identifying convenient
deployment strategies for distributed applications with substantial
computational demands. Smart deployment calls for the systematic
exploration of multiple configuration alternatives, coupled with a
rigorous evaluation of the QoS requirements imposed by the re-
questing applications. To provide a concrete example, inter-site
communication latencies across geographically distributed com-
puting environments can significantly hinder the performance of
complex workflows, particularly those involving tightly coupled
distributed applications. Effectively maintaining these latencies
below critical thresholds exemplifies a key task that requires intel-
ligent deployment strategies, continuous monitoring, and dynamic

!tools capable of automatically selecting, coordinating, and reconfiguring hardware
and software resources based on the current state of the overall infrastructure
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adaptation of resource allocations to meet application-specific QoS
requirements.

Although several state-of-the-art orchestration tools consider
such requirements [6, 13], there remains a lack of approaches that
provide application providers with mechanisms to easily specify
the QoS requirements of distributed applications, and to seamlessly
deploy them across multiple, heterogeneous cloud environments,
according to deployment schemes that enforce the desired QoS
levels. To address the heterogeneity and complexity inherent in
cloud-continuum, we propose an approach based on three key
pillars: cloud resource federation, QoS-aware orchestration mecha-
nisms, and the adoption of portable application models. Resource
Federation addresses the fragmentation and heterogeneity of the
cloud-continuum by providing a unified and coherent view of dis-
tributed resources. This unification is crucial to ensure seamless
accessibility and secure resource sharing across multiple adminis-
trative domains and infrastructures. QoS-Aware Orchestration fo-
cuses on guaranteeing that provisioned applications operate in
accordance with their performance requirements—such as latency,
throughput, and availability—despite the heterogeneity and dynam-
icity of the underlying computing environments. Portable Appli-
cation Models introduce a technology-agnostic abstraction layer
through which application providers can describe topologies, work-
flows, and QoS requirements independently of specific cloud stacks.
This abstraction conceals runtime complexity while enabling the or-
chestrator to generate deployment and management strategies that
can adapt to diverse infrastructures, thereby mitigating vendor lock-
in and promoting interoperability within the cloud-continuum.
Building upon these principles, this work integrates open-source
tools [2, 10, 17], each individually designed to address one of the
aforementioned needs, into a unified framework. The resulting plat-
form provides service providers with a comprehensive and effective
solution for the intelligent and QoS-aware roll-out of distributed
applications across heterogeneous cloud—continuum environments.

The remainder of this paper is organized as follows. Section 2
reviews the state of the art. Section 3 presents the architecture of
the OPTIMUUM framework and describes its main components.
Section 4 discusses the results of an experiment conducted in a
controlled environment to validate the proposed approach. Finally,
Section 5 concludes the paper and outlines directions for future
work.

2 RELATED WORK

In this section, we analyze the relevant literature addressing the
research topics outlined in the introduction. Concerning Resource
federation, several initiatives partially tackle the associated chal-
lenges but still leave significant gaps unaddressed. KubeEdge [18]
extends Kubernetes to support device and edge management, en-
abling deployment and metadata synchronization across cloud and
edge environments. However, it focuses on specific communication
patterns and does not generalize to broader multi-cluster scenarios.
Karmada [5] targets multi-cluster application management under a
master—worker model, yet it lacks true peer-level federation among
clusters and relies on external components to enable inter-cluster
networking. Liqo [10] directly addresses these limitations by en-
abling dynamic and seamless multi-cluster Kubernetes management

Drudi et al.

across on-premises, cloud, and edge environments. Through a peer-
ing mechanism, each remote cluster is abstracted as a virtual node
accessible via the local Kubernetes API, thereby providing a uni-
fied resource view and secure inter-cluster connectivity. Regarding
QoS-aware orchestration, the research community has made several
efforts to enhance the management of distributed applications by
ensuring that QoS objectives are consistently achieved across het-
erogeneous infrastructures. Frameworks such as ROMA [6] focus
on optimizing resource utilization for microservice-based applica-
tions in multi-tier computing and network environments, while
hierarchical and analytical models proposed by Pereira et al. [13]
aim to improve availability and scalability in edge-cloud scenarios.
Other studies [15] adopt model-based techniques to automatically
generate and assign multiple software deployment plans to large
sets of Internet of Things (IoT) and edge devices operating in contin-
uously evolving contexts. In parallel, Digital Twin (DT) approaches
have emerged as powerful tools for performing what-if analyses of
applications deployed in multi-cloud environments [3]. DTs enable
rapid and parallel exploration of multiple configurations, support-
ing the simulation of orchestration behaviors such as autoscaling
and scheduling, and thereby allowing significant time and cost
savings during the optimization process [12]. KubeTwin [2] repre-
sents a concrete realization of this paradigm within the Kubernetes
ecosystem. It emulates orchestration actions, including pod schedul-
ing, autoscaling, and inter-service communication—allowing devel-
opers to evaluate the impact of alternative deployment strategies on
latency, throughput, and resource utilization. Focusing on Portable
Application Models, a number of existing solutions have been pro-
posed to support the modeling of distributed applications. Tools
such as Docker Composeand Helm [4] facilitate the description of
complex application architectures. However, they are tightly cou-
pled to specific runtimes and consequently lack portability across
heterogeneous environments. While infrastructure provisioning
and configuration management tools such as Terraform [8] and An-
sible [9] can be used to automate the configuration and deployment
of diverse infrastructures and applications, they do not provide
the high-level, platform-independent modeling features needed to
describe portable systems. TOSCA [16] is a widely recognized OA-
SIS standard that defines a metamodel useful for the description of
distributed systems in a technology-agnostic manner. It offers a rich
syntax for specifying both application topologies and the policies
governing their quality and non-functional requirements. Alterna-
tive technology-agnostic modeling languages, such as CAMEL [1],
are available; however, none yet match TOSCA in terms of maturity,
community support, and standardization.

The approaches analyzed provide valuable insights into address-
ing specific requirements; however, they fall short of delivering a
comprehensive solution. The OPTIMUUM platform aims to bridge
this gap by integrating some of the aforementioned tools into a
complete solution.

3 OPTIMUUM ARCHITECTURE

OPTIMUUM (OPTImized deployment of cloud-native applications
in Multi-cloud and cloud continUUM environments) is an open-
source? platform that offers a comprehensive solution to enable

2available at https://gitlab.com/MMw_Unibo/optimuum
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efficient deployment and orchestration of cloud-native and dis-
tributed applications across multi-cloud and cloud continuum en-
vironments. OPTIMUUM fulfills the essential requirements of a
QoS-aware, cloud-continuum orchestrator through the integration
of three complementary tools: TORCH [17], Liqo [10], and Kube-
Twin [2]. In particular, Liqo serves as the abstraction layer respon-
sible for federating multiple clusters of computing resources, each
governed by a container orchestration system such as Kubernetes.
KubeTwin, in turn, uses discrete-event simulation to perform in-
formed decision-making regarding resource allocation, workload
balancing, and performance optimization, providing deployment
schemas that satisfy QoS objectives and meet user expectations.
Finally, TORCH is a TOSCA orchestrator that acts as the integrative
element between the end user and the aforementioned components.

The next sections describe the three tools in detail and illustrate
the operational workflow of the OPTIMUUM platform.

3.1 Liqo

Liqo is an open-source® project that enables seamless workload
orchestration across multiple Kubernetes clusters through a peer-to-
peer federation model. It allows clusters to autonomously discover
each other, establish secure peering sessions, and share comput-
ing, storage, and networking resources. Once peered, each remote
cluster is collapsed into a virtual node, whose resources (CPU, mem-
ory, storage) become part of the local scheduling domain and are
fully accessible through the standard Kubernetes APIL From the
developer’s perspective, this abstraction creates a unified infras-
tructure view in which scheduling and offloading decisions can
transparently span both local and remote clusters while preserving
full Kubernetes compliance.

To guarantee secure connectivity, Liqo automatically establishes
encrypted VPN tunnels using WireGuard, creating a protected
network fabric that ensures confidentiality, integrity, and authen-
tication of all inter-cluster communications. This secure overlay
network enables workloads offloaded to remote clusters to interact
with services and resources as if they were running locally, while al-
lowing administrators to consistently enforce network and security
policies across the entire federated environment.

Liqo’s native observability and monitoring mechanisms are fun-
damental to OPTIMUUM’s operation. By continuously collecting
and exposing metrics on resource utilization, offloading perfor-
mance, network latency, and policy compliance, Liqo delivers com-
prehensive visibility over the federated infrastructure. These met-
rics are then leveraged by the other components of the platform to
guide optimization and workload placement decisions across the
continuum.

3.2 KubeTwin

KubeTwin? is an open-source framework designed to create digital
twins of container-based applications running atop Kubernetes.
By accurately replicating Kubernetes orchestration mechanisms,
including service management, networking, load balancing, and

3available at https://github.com/liqotech/liqo
4available at https://github.com/DSG-UniFE/KubeTwin
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autoscaling, and simulating the behavior of the target distributed ap-
plication, KubeTwin allows service providers to evaluate various de-
ployment configurations and enables what-if scenario analyses for
optimization tasks such as resource allocation, scheduling, and per-
formance tuning [2]. In particular, to identify optimized scheduling
decisions KubeTwin employs a metaheuristic-based optimizer that
improve the overall performance of the application. Configuration
parameters can also be fine-tuned to model additional constraints
or simulate specific runtime conditions, increasing the flexibility of
the optimization process.

For accurate simulation, KubeTwin requires a detailed descrip-
tion of both the distributed application and the underlying multi-
cluster infrastructure. Within OPTIMUUM, this information is ob-
tained partly from user inputs expressed as TOSCA models and
partly from observability tools deployed on the infrastructure, such
as Prometheus. By combining up-to-date infrastructure metrics
with simulation-based evaluation, KubeTwin enables OPTIMUUM
to generate deployment plans that satisfy QoS requirements while
maintaining resource efficiency.

3.3 Torch

TORCH [17] is an open-source® TOSCA orchestrator capable of in-
terpreting TOSCA application models and acting upon them to pro-
vision and manage application lifecycles on target infrastructures. It
includes a user-friendly dashboard running on a PHP Lavarel frame-
work through which users can specify both functional and non-
functional requirements of their distributed applications as well as
initiating and monitoring deployments, a set of BPMN-compliant
workflows that encapsulate the provisioning logic in a technology-
and vendor-independent manner and a modular service layer built
around pluggable Java connectors, which separate generic orches-
tration workflows from the invocation of technology-specific APIs.
This design makes TORCH highly extensible, as new technology
stacks can be supported simply by developing lightweight plugins
that translate abstract orchestration actions into the corresponding
API calls of the target environment. As a result, TORCH can easily
evolve to accommodate new cloud providers, tools, or infrastruc-
ture layers without altering its core logic. Through its support of
TOSCA, TORCH allows users to model distributed applications,
target infrastructures, and non-functional requirements such as
QoS objectives in a portable, technology-agnostic way via TOSCA
templates comprising nodes, relationships, and policies.

Overall, within OPTIMUUM, TORCH serves as the orchestration
backbone, interpreting TOSCA models and translating them into
actionable deployments over Liqo-federated clusters. It integrates
seamlessly with KubeTwin, leveraging the optimizer’s placement
decisions to drive deployments that balance QoS objectives with
resource efficiency.

Savailable at https://gitlab.com/MMw_Unibo/optimuum with Liqo and KubeTwin
integration
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3.4 The OPTIMUUM workflow

Within the OPTIMUUM platform, TORCH, KubeTwin and Liqo
cooperate within a unified operational workflow that enables fed-
erated and QoS-aware deployments across heterogeneous cloud-
continuum infrastructures. Fig. 1 depicts how these three compo-
nents interact.

The orchestration process begins when the user uploads through
TORCH of a TOSCA-based specification of the target application
and its QoS policies (1). TORCH validates the syntax of the model
and translates it into an internal representation capturing both the
application topology and the associated optimization policies. This
processed TOSCA template is then asynchronously transmitted to
KubeTwin (2), which acts as the optimization engine of the sys-
tem. KubeTwin retrieves up-to-date infrastructure metrics exposed
by Liqo, including resource availability and inter-cluster network
conditions collected through Prometheus (3). Leveraging its dig-
ital twin simulation framework, KubeTwin reenacts deployment
behaviours within a virtualized multi-cluster environment that re-
produces the characteristics of the real infrastructure. This allows
it to perform multiple what-if analyses and evaluate efficient place-
ments according to the QoS and policy constraints defined in the
TOSCA model. KubeTwin executes an optimization process based
on the Quantum Particle Swarm Optimization (QPSO) algorithm
[14], which efficiently explores the configuration space to identify
the deployment that best satisfies the declared objectives while re-
ducing computational overhead. Once the optimization is complete,
KubeTwin enriches the TOSCA model with the optimal placement
and replication details and returns it to TORCH (4). At this stage,
TORCH takes charge of provisioning the application across the
Liqo-federated clusters, relying on Kubernetes and Liqo APIs (5).
Specifically, Liqo abstracts the underlying heterogeneity by expos-
ing a unified resource view, enabling TORCH to deploy applications
seamlessly across the continuum. Once the application is deployed,
TORCH continues to interact with Liqo to monitor the runtime sta-
tus of the infrastructure (6), ensuring that the deployment remains
aligned with the conditions assumed during optimization.

4 PRELIMINARY RESULTS

To assess the effectiveness of our proposal, we developed a proto-
type that covers steps 1 through 5 of the workflow illustrated in
Fig. 1 and used it to deploy a distributed application across a multi-
cluster infrastructure. We collected metrics to evaluate its ability
to satisfy a predefined QoS objective constraining the maximum
delay between application components and compared the results
with standard baseline scheduling strategies to demonstrate the
advantages of the proposed approach.

The experimental evaluation was conducted on a multi-cluster
testbed composed of three Kubernetes clusters (Cy, Cy, and C3) fed-
erated through Liqo. Cluster C; acts as the root of the federation
and is equipped with 12 GB of RAM and eight virtual cores, each
running at a base frequency of 2.645 GHz. In contrast, Cluster C
and Cluster Cs each contribute 8 GB of RAM and four virtual cores
at 2.645 GHz to the federation. To introduce further heterogeneity
into the experimental setup, network latency was injected using the
chaos engineering tool Chaos Mesh . Specifically, communication
between Cluster C; and Cluster C2 was subjected to an additional
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Figure 1: Conceptual Architecture of OPTIMUUM.

round-trip latency of 140 ms, while communication between Clus-
ter C; and Cluster C3 experienced 40 ms. Communication between
Cluster Cz and Cluster C3 inherited both delays, as secure inter-
cluster traffic is routed through Cluster C; by Liqo. We used a
customized version of Istio’s Bookinfo polyglot demo® as a refer-
ence application for the experimental validation. The application is
composed of four microservices: details, which provides book meta-
data; reviews, which retrieves user reviews and queries the ratings
service; ratings, which supplies the rating information associated
with each review; and productpage, which aggregates data from the
details and reviews services to render the final page; The Bookinfo
application was chosen because it natively includes timeout mech-
anisms that trigger a failure when inter-service communication
exceeds predefined thresholds, a behavior that can be represented
through QoS policies that constrain the response time of specific
service chains. To align its behavior with our experimental goals,
the application was modified to retain a single timeout mechanism,
between productpage and reviews, with a reduced threshold of 320
ms. In this new configuration, the placement of the microservices
across the federation plays a critical role in the overall application
performance. Deployments in which requests traverse multiple
clusters are more likely to trigger timeouts due to injected latency,
while concentrating all services within a single cluster can lead to
resource contention under high load, increasing the response times.

To evaluate the OPTIMUUM platform, we modeled the Book-
info application and its QoS policy, constraining the response time
of the microservices, in TOSCA and deployed it over the multi-
cluster testbed described above. The prototype, installed on a host
equipped with an Intel(R) Core(TM) i7-12650H processor and 16 GB
of RAM, took approximately 3 minutes to complete the application

Chttps://istio.io/latest/docs/examples/bookinfo/
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Table 1: Deployments proposed by each Scheduling Strategy

Baseline Deployments OPTIMUUM Deployments
Microservices Standard Spread Co-location At 500 rps At 1000 rps At 1500 rps
G G G G G G G G G G G G G G G G G G
productpage 1 3 3 2 3 2 0o 0 7 3 2 2 3 2 2 31 3
reviews 1 3 3 2 2 3 o 0 7 0o 0 7 1 0 6 30 4
ratings 1 3 3 2 3 2 0 1 6 o o0 7 1 0 6 1 1 5
details 1 3 3 2 2 3 0 1 6 3 4 0 3 4 0 2 4 1
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Figure 2: Comparison of Deployments under Different Sustained Load

deployment without accounting for the time required to generate
an optimized placement schema. The duration of the optimization
process depends on the configuration parameters provided to Ku-
beTwin at installation time, such as the number of replicas per
microservice, the expected workload intensity, and the duration
of the simulated load. More complex configurations increase the
search space explored by the optimizer, resulting in longer decision
times. For example, across twenty optimization runs for our exper-
imental setup, the prototype required on average 126.93 seconds
to generate a placement schema for a target load of 500 requests
per second (RPS), 206.57 seconds for a load of 1000 RPS and 296.11
seconds for a load of 1500 RPS.

To evaluate the quality of the placement decisions made by our
platform, we compared its deployments against those produced by
three baseline strategies implemented using standard Kubernetes
mechanisms on top of the Liqo overlay. The first baseline relied
on the Kubernetes default scheduler, which performs placement
without any topology awareness. The second used the topology
spread constraint feature, configured with a maximum skew of one,
to promote balanced distribution of replicas across clusters. Finally,
the third one employed pod affinity rules to implement a co-location
strategy that favors the placement of all microservices within the
same cluster to minimize inter-cluster communication. For a fair
comparison, a replica budget of seven instances per microservice

11

was applied to all baseline deployments and to our platform’s sched-
uler, which was fine-tuned to generate three placement schemas
optimized to sustain target loads of 500, 1000, and 1500 RPS.

Table 1 summarizes the placements selected by each strategy,
highlighting the different deployment patterns produced by the
baselines and our proposal. In all strategies, most workloads were
assigned to Cluster Cy and Cluster Cs, although Cluster C; had
greater nominal capacity. This behavior can be attributed to the ad-
ditional overhead on Cy, which, as the root of the federation, hosts
several supporting services such as Prometheus pods for observabil-
ity and the Liqo gateway for secure cross-cluster communication.
The optimized placements prioritized Cluster Cs, and to a lesser
extent Cluster Cj, as a compromise between available resources
and cross-cluster latency. At lower loads, C3 was favored due to
its lower communication delay, while higher-load configurations
adopted a more balanced distribution, shifting part of the workload
to the other clusters to mitigate resource saturation.

To evaluate the runtime behavior, we subjected each deployment
to synthetic load tests using Locust , an open-source load-testing
tool that simulates concurrent user requests. We configured Locust
to generate sustained HT TP request rates of 500, 1000, and 1500 re-
quests per second (RPS) for a duration of 15 minutes per experiment.
During each run, we collected aggregated metrics to assess the per-
formance of each deployment. In particular, we measured the error
rate, which accounts for the application-level timeouts triggered
when service interactions exceed the predefined 320 ms threshold.
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This metric reflects the ability of each placement to maintain the
required response time for productpage service chain under varying
load conditions. Additionally, we monitored the full response time
as perceived by clients, which provides a more comprehensive view
of system responsiveness beyond the built-in timeout logic.

Figure 2 summarizes the error rate and the 90th percentile (P90)
of the response time observed across all deployment strategies at
each target load. At 500 and 1000 RPS, the optimized placements
achieved the lowest error rate among all strategies, including the Co-
location strategy. This improvement stems from the optimizer’s de-
cision to place latency-sensitive microservices primarily in Clusters
Cs3 and Cy, a configuration that offers a good balance between avail-
able resources and communication overhead. Regarding response
times, the optimized deployments consistently outperformed the
default and topology-spread strategies, and achieved P90 latencies
slightly lower than co-location at 1000 RPS. At 500 RPS, however,
the co-location strategy benefits from reduced cross-cluster commu-
nication, yielding a better response time due to the limited impact
of resource contention at this load level. At 1500 RPS, the optimizer
adopted a more distributed placement to mitigate saturation, lead-
ing to a slightly higher error rate (5.55%) compared to co-location
(2.59%). Nonetheless, it achieved a markedly better P90 latency,
approximately half that of the co-location deployment. This behav-
ior is expected, as co-locating all services within a single cluster
amplifies resource contention. On the other hand, the error rate
remains low in the co-location deployment even at this high load,
probably because the application-level timeout is enforced after
the productpage service begins processing a request; thus, queued
requests contribute to longer response times without necessarily
triggering the application timeouts.

Overall, these results show that optimized deployments gener-
ated by our proposal produce placements that effectively balance
QoS awareness and resource efficiency, achieving low error rates
while maintaining competitive response times across varying load
conditions.

5 CONCLUSIONS AND FUTURE WORKS

In this paper we presented OPTIMUUM, an orchestration platform
designed to enable efficient and QoS-aware deployment and man-
agement of applications across the cloud continuum. Building upon
the key requirements of resource federation, QoS-driven optimiza-
tion, and application portability, the platform integrates Liqo for
cross-cluster resource federation, KubeTwin for QoS-aware place-
ment optimization, and TORCH for TOSCA-based orchestration,
realizing a unified workflow for provisioning distributed applica-
tions over heterogeneous infrastructures. Experimental validation
on a multi-cluster Kubernetes testbed demonstrated that the pro-
posed platform can streamline the deployment of distributed appli-
cations and generate optimized placements that effectively balance
QoS awareness and resource efficiency. The resulting deployments
achieved low error rates and competitive response times across
varying load conditions, highlighting the benefits of QoS-guided
optimization compared to common baseline scheduling strategies.

While the current prototype focuses on static deployment-time
optimization, future work will extend these capabilities toward
runtime monitoring and adaptive re-optimization to dynamically
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react to changing workloads and infrastructure conditions. Further
experiments on larger and more heterogeneous testbeds will also be
conducted to evaluate scalability and refine the platform decision-
making capabilities.
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