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Abstract. The Cloud-SAP framework employs a layered autonomic
computing strategy to retain Quality of Service (QoS) of tenant applica-
tions in heterogeneous and distributed cloud environments.

Cloud computing uses a layered architecture composed of five levels:
first, execution environment controllers (EAC); second, containerised
workload orchestrators (CWO); third, application stack managers (AS);
fourth, cloud instance provisioners (CP); and fifth, “federated cloud”
(FC) manager for negotiating between providers.

Adaptive scaling through horizontal and vertical provisioning is facili-
tated by feedback control loops at all levels. A proof-of-concept imple-
mentation on OpenNebula and extensive experiments and simulations
validate the approach. The results indicate that the solution reduces the
cost of deployment by 20% as compared to single-layer scaling solutions,
while enabling consistent application performance through coordinated
decisions made across abstraction layers.

The architecture is ideal for hybrid and federated clouds with efficient
collaboration of multiple providers for dynamic workloads. This approach
offers an agnostic federation model for providers and a reference archi-
tecture that can be reused for enterprise cloud systems with complex
multi-layered resource management. . . .

Keywords: Autonomic computing, cloud federation, service elasticity,
resource orchestration, quality of service, self-adaptive systems, cloud
bursting, multi-tier architecture.

1 Introduction

Cloud computing enables on-demand, scalable resources with pay-as-you-go mod-
els [17], creating expectations of high availability and reliability. However, main-
taining consistent Quality-of-Service (QoS) remains challenging due to dynamic
workloads.

Traditional systems scale resources at isolated layers rather than across the
full stack. PaaS platforms offer limited auto-scaling based on simple thresholds
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[18]. For example, Amazon EC2 Auto Scaling and OpenShift rely on request-
based scaling, while Heroku requires manual intervention [19]. These approaches
are inadequate for enterprise environments requiring multi-provider coordination
and fine-grained control.

Prior work addresses these issues partially. InterCloud [20] introduces fed-
eration but lacks self-adaptation, while Carina [29], OneFlow [30], and Cloud-
Foundry [31] support scalability but operate at single abstraction levels without
full autonomic capabilities.

This paper proposes Cloud-SAP, inspired by IBM autonomic computing [21],
featuring a five-layer architecture enabling self-configuration, optimization, heal-
ing, and protection. Contributions include: (1) a multi-layer autonomic resource
management architecture, (2) a proof-of-concept implementation, and (3) eval-
uation showing improvements in cost, utilization, and QoS.

The remainder of the paper is organized as follows: Section ?7? covers back-
ground, Section 3 presents the architecture, Section 4 details implementation,
Section 5 discusses results, and Section 6 concludes.

2 Related Work

Machine learning has improved cloud resource management via optimization
techniques such as Bayesian tuning [4] and learning-based calibration [1].

Handling uncertainty is critical in federated clouds. Adaptive reweighting
[6] improves prediction reliability, while multi-task learning [8] optimises cost,
performance, and reliability.

Anticipatory autonomic management [12] supports proactive scaling and fail-
ure prediction, while spatial and agent-based models [10] assist distributed in-
frastructure management.

Efficiency is enhanced through tensor optimisation [14] and continual learning
[13]. Infrastructure challenges [2] highlight the need for resilient systems, and
energy disaggregation [3] improves monitoring granularity.

NLP techniques [7, ?] support policy management, while sentiment analysis
[11], dataset construction [16], and summarisation [15] aid evaluation and log
analysis. Health modelling [9] further supports QoS monitoring under uncer-
tainty.

Cloud-SAP integrates these approaches into a unified hierarchical framework,
enabling federation-aware, multi-layer autonomic management.

3 Cloud-SAP Architecture

3.1 Architectural Overview

Based on IBM’s autonomic computing model, the Cloud-SAP comprises five lay-
ers, with each layer controlled by autonomic controllers. This allows coordinated
management across the cloud stack. The architecture and relationships between
resources and managers are shown in Figure 1.
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Fig. 1. Cloud-SAP Hierarchical Architecture

Every layer applies a complete MAPE loop and connects its sensors and
effectors to adjacent layers. Using orchestrating managers, this hierarchy allows
for local optimisation with global coordination while being provider agnostic via
standard interfaces.

3.2 Managed Resources Hierarchy

Cloud-SAP defines six resource abstraction levels:

1. Application Execution Environment: Runtime environments (e.g.,
JVM, .NET CLR, Python) requiring tuning.

2. Container: Isolated units (VMs, containers) ensuring resource bound-
aries.

3. Stack: Homogeneous container clusters (e.g., web or database groups).

4. Service: Composite applications of multiple stacks.

5. Cloud Instance: Provider-specific infrastructure managing services.

6. Cloud Federation: Interconnected cloud instances via standard proto-
cols.

The performance of the lower-layer affects the quality of service at the higher-
layer. Hierarchical autonomic control manages these dependencies.

3.3 Autonomic Manager Design

Each manager implements a MAPE loop with layer-specific adaptations:
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Monitoring: Uses provider-specific sensors with aggregation and adaptive
intervals based on volatility and policies.

Analysis: Applies statistical and machine learning models, supporting par-
allel execution based on QoS needs.

Planning: Generates actions considering dependencies, priorities, and cooldown
constraints.

Execution: Enforces actions via consistent effectors to ensure stable recon-
figuration.

Figure 2. The MAPE-based autonomic manager is illustrated as the compo-
nents utilise knowledge and learn from history for adaptation.
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Fig. 2. Autonomic Manager Control Loop with Knowledge Sharing

3.4 Federation Management

The cloud federation manager of Cloud-SAP deploys resources from several cloud
suppliers with two specialised autonomic managers.

1. Monitor and Analyse Manager: Continuously evaluates availability,
cost, and performance of federated resources, forecasts demand, and identifies
scaling opportunities.

2. Plan and Execute Manager: Through analysis of insight, it uses multi-
criteria optimisation of cost, performance, and reliability to determine deploy-
ment strategies across providers.

The federation manager uses market-based resource allocation models [28],
where it treats a cloud instance as an economic entity to allow dynamic pricing
and the efficient distribution of the resources.
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4 Proof-of-Concept

Implementation

4.1 Implementation Overview

The implementation of Cloud-SAP proof of concept was developed with four au-
tonomic managers including container manager, stack manager, cloud instance
manager, and cloud federation manager. The design exhibits feasibility and re-
mains extensible for future components. The architecture for system deployment

is illustrated in figure 3.

Cloud Brokerage Subsystem

Cloud Client

Cloud Broker

Auto-scaling Subsystem

Auto-scaling Subsystem

Auto-scaling Subsystem

Cloud Provider 1

Cloud Provider 2

Cloud Provider 3

Fig. 3. Cloud-SAP Implementation Architecture

The OpenNebula cloud manager is an extensible platform supporting mul-
tiple hypervisors. OpenVZ container virtualisation has been adopted owing to
its light-weight and dynamic adjustment of resources. Ruby portions allow fast

prototyping.
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4.2 Component Implementation Details

Container Manager: Utilises OpenVZ user bean counters for vertically scal-
ing CPU in 30% increments. It uses threshold-based analysis with customizable
bounds and will delegate to stack managers when local resources run out.

Stack Manager: Integrates container clusters using OpenNebula API. It
uses Appflow templates to ensure horizontal scaling, load balancing, and reliable
monitoring of cluster health.

Cloud Instance Manager: Functions as a supplier substitute, revealing
capacity and pricing towards federation managers. It schedules basic tasks and
takes part in resource negotiations.

Cloud Federation Manager: Uses asynchronous messaging based on AMQP,
connects clients and providers in a cost-effective manner using greedy algorithms
based on the pricing per stack.

4.3 Policy Specification Framework
Cloud-SAP uses JSON-based policies supporting:

— Threshold policies: Limits for CPU, memory, and response time
— Composite policies: Logical combination of conditions

— Temporal policies: Time-based workload handling

— Cost policies: Budget and optimization constraints

Policies are evaluated at configurable intervals with cooldowns to prevent
oscillation and can be inherited or overridden across resource levels.

5 Experimental Evaluation

5.1 Evaluation Methodology

Cloud-SAP is compared to Carina [29]. Performance index is evaluated along
three dimensions: (1) minimisation of deployment cost in multi-provider setups;
(2) auto-scaling in single-provider setups; and (3) cloud bursting in federations.

Different hardware configurations were used for experiments to simulate real
datacenters. Resource monitoring utilised simulated services to facilitate repeat-
able workload generation through polynomial interpolation. Experiments were
conducted 10 times and averaged.

5.2 Deployment Cost Optimization

This experiment investigated the reduction of cost by selecting optimum providers.
We tested three providers with different pricing models against five stack types:
Java, Ruby, PostgreSQL, Python and AMQP. In Table 1, price matrices and
optimal allocations are shown.

Cloud-SAP successfully attained an overall deployment cost of $1080 with an
optimal distribution of stacks. This represents a 16.9 saving against the best al-
ternative single-provider scenario. Resource allocation that is aware of federation
can result in economic benefits, especially to heterogeneous applications.
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Table 1. Deployment Cost Analysis and Provider Selection

Stack Type|Provider 1|Provider 2|Provider 3| Selected
Java $150 $120 $180 Provider 2
Ruby $220 $290 $250 Provider 1
PostgreSQL $320 $240 $290 Provider 2
Python $200 $260 $180 Provider 3
AMQP $330 $390 $285 Provider 3
Total Cost $1220 $1300 $1185 $1080
Savings 11.5% 16.9% 8.9% -
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1
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Fig. 4. Resource Allocation Comparison During Auto-Scaling

5.3 Single-Provider Auto-Scaling Efficiency

The second experiment examined efficiency in terms of computing resources.
We implemented the same Java application stack in both platforms and then
exposed them to synthetic CPU load patterns resembling actual business cycles.
Figure 5 resource allocation and cost comparison over time.

According to Cloud-SAP, it opted for vertical scaling for efficient resource
use without performance drop and over-provisioning reduction. Carina costs 15.3
currencies according to an analysis; the estimate for Cloud-SAP is 15.19, which
provides a convenient estimate of a savings of 0.7%. The estimate could not be
more aggressive in terms of performance maintenance. Cloud SAP was capable
of executing smoother resource transitions without substantial capacity changes.

5.4 Cloud Bursting Effectiveness

The final experiment tested federation capabilities under resource depletion con-
ditions. We configure two cloud service providers with limited resources, but they
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have a sufficient capacity when combined together. The illustration shows the
processing capacity beyond one supplier.

Cloud-SAP attained 283 trans/s by vertical scaling and cloud bursting, while
Carina achieved 180 trans/s due to single provider limits. The 57% capacity gain
shows the power of federation for dynamic workloads.

6 Conclusion and Future Work

Cloud-SAP employs a hierarchical design with five layers of abstraction to man-
age multi-provider cloud resources. It supports coordinated scaling up or down,
and left or right, while being federation-aware, overcoming limitations of current
platforms.

The results of the experiment demonstrate that comparing the costs of multi-
provider deployment reduces costs by 16.9%. It improves the utilisation of re-
sources by vertical scaling. It increases capacity by 57% through cloud bursting.
These results validate the approaches used for enterprise deployment.

Future work involves improving the prediction accuracy with the use of ma-
chine learning models [26], optimising economically using cost-aware policies and
dynamic pricing, and using upcoming standards (OCCI, CIMI) for better inter-
operability. Using enterprise benchmarks such as SPECweb and TPC-C will be
examined as well.

The architecture lays the groundwork for next-generation cloud platforms
where hierarchical and self-adaptive frameworks are crucial to ensuring QoS and
cost savings in hybrid and multi-cloud settings.
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