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ABSTRACT: The availability and capacity of the data should not be compromised during infrastructure migration in
enterprise systems that use SAP HANA. The paper proposes a tactical plan for improving SAP HANA resilience and
performance on Red Hat Enterprise Linux (RHEL) using the deployment of Pacemaker as a high-availability cluster
manager. The study suggests that a dual-purpose infrastructure model can combine the concept of resiliency and
performance optimization into one system to facilitate uninterrupted migration and performance. An experimental
environment was used to deploy SAP HANA, configured on a two-node RHEL cluster under the management of
Pacemaker and Corosync, where migration, failover, and recovery-controlled simulations were done. Performance
measures like the transaction throughput, replication latency, time to go offline, and system resource use were measured
before and after Pacemaker's integration. Findings show that the environment managed by the Pacemaker was quite
effective in improving system resilience. The environment cut downtime by up to 45 percent and maintained stable
throughput during hectic workloads. The migration strategy, which had been optimized to the maximum, also reduced
the replication backlog to the minimum level and enhanced efficiency in the synchronization process. Overall, this
paper would be a valuable roadmap to any enterprise that wants to upgrade its SAP HANA platform using Linux-based
clustering and smart migration coordination. The results are helpful in the high-availability systems research and
provide practical information about configuration tuning, resource control, and dual-purpose infrastructure
configuration of mission-critical loads.
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L. INTRODUCTION

1.1 Background and Context

IMDB technologies have transformed enterprises' computing since they permit real-time analytics and transactional
processing of vast amounts of data in real time. SAP HANA is one of such technologies, becoming a central platform of
data-driven organizations, providing integrated analytics, artificial intelligence, and further business work on a single
architecture (Farber et al., 2012; Kovalyov, 2023). Columnar data storage, compression, and a parallel execution engine
provide unprecedented performance, which makes it a favorite choice in digital transformation efforts (Wang, 2022;
Nahbhas et al., 2022). Nevertheless, the effectiveness of SAP HANA as an operational system highly depends on the
strength of the operating system and infrastructure setup.

The availability of stability features, security features, and scalability of Red Hat Enterprise Linux (RHEL) has rendered
it a significant platform for deploying SAP workloads. Close integration with clustering systems like Pacemaker and
Corosync also increases the RHEL capability of handling mission-critical systems with high availability and fault
tolerance (Tenaya et al., 2022; Villegas, 2024). Pacemaker is an automated service failover, resource monitoring, and
fencing tool that works as a cluster resource manager and maintains workloads that are constantly available in the event
of nodes or hardware failures (Erickson et al., 2014). RHEL and Pacemaker are used together in multi-tier SAP HANA
systems to create a resilient base that ensures system performance and data accessibility are constant on the server.
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Resilience and performance optimization do not exist as independent goals in enterprise infrastructures where business
continuity and speed of operation are the primary priorities (Bak et al., 2023; Wang & Chen, 2022). Resilience will be
used to assign minimum downtime and data stability, whereas performance will be used to ascertain efficiency and
throughput in the peak operations. The coexistence of these objectives is the focus of the modern IT infrastructure
design, particularly in the case of migrating the system, where system migration commonly reveals the weaknesses in
terms of synchronization, replication, and load management (Yang & Deng, 2023; Wu & Tham, 2023).

1.2 Problem Statement

Although SAP HANA has inherent high availability (HA) capabilities, including system replication and recovery based
on a backup mechanism, the actual continuity of the operational system during the migration process is a complicated
matter. Conventional HA designs focus on resilience or speed, typically not simultaneously. Migration events result in
potential performance degradation of SAP HANA instances owing to replication lag, memory overheads, and limited
network throughput that can be quantified in terms of downtime and delays in data synchronization (Gunawan &
Nengzih, 2023)

Moreover, most organizations still use single-function cluster designs, in which performance optimization or failover
management is the prevailing design objective. The result of such a silo approach is less flexibility in infrastructure,
which causes risks in cutover operations, when service redirection or switching roles take place (Sitzenfrei et al., 2023).
Infrastructure resilience is focused on supporting the dual-function architecture that could balance operational priorities
dynamically and retain system performance under stress (Lisdiono et al., 2022; Littlewood & Holt, 2018). Nonetheless,
there is still a scarcity of practical frameworks that can combine migration optimization and high availability in the SAP
HANA environments.

The RHEL environments with integrated Pacemaker-administered clusters present ample opportunities to bridge this
gap by enabling the flexibility in managing resources, ordering by constraint, and automatic node recovery. However,
there is little empirical literature on the quantitative effect of such configurations on the performance of SAP HANA
and their effect on downtime reduction. Such a gap will require an organized analysis of how Pacemaker can maximize
resilience and performance throughout SAP HANA migration.

1.3 Objectives and Research Questions
This paper seeks to assess a strategic implementation of Pacemaker to improve the resilience and performance of SAP
HANA on RHEL using a two-purpose infrastructure design. The study aims to develop and try out a framework that
makes it possible to optimize migration and enable high availability, as well as reduce downtimes by eliminating
variations in throughput and resource consumption.
The main objectives of this research are:
e To examine the shortcomings of the current SAP HANA HA and migration solutions on Linux-based
environments.
e To create and deploy a two-function Cluster on RHEL that enables Pacemaker and supports performance and
resilience.
e To test the system's operational behavior using controlled migration, failover, and recovery tests.

To measure the improvements in downtime reduction, throughput, and replication latency compared to performance at
the baseline.
The following research questions guide this study:
e Which benefits will be gained through Pacemaker clustering on RHEL, and how will it enhance the resiliency
of SAP HANA during migration operations?
e What are the quantifiable effects of Pakemaker configuration on the performance measures like throughput,
latency, and synchronization time?
e Can a dual-function infrastructure design effectively balance migration speed and high availability in
production-scale SAP environments?

1.4 Significance and Practical Relevance

The results of this research have theoretical and practical implications. Theoretically, it provides an extension of the
discussion on the resilience of enterprise systems with a two-functional architecture that can be applied to mission-
critical settings (Wu and Chen, 2022; Bak et al., 2023). It adds to the accumulated knowledge on infrastructure
coevolution, which highlights the interdependence of the system performance, reliability, and smart automation (Zischg
et al., 2019).
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The study provides an implementable model applicable to companies that would update their SAP HANA systems
without causing too much disturbance in transferring to the new infrastructure. With Pacemaker's dynamic resource
management opportunities, IT administrators can implement quicker recovery in case of failure, finer resource
balancing, and diminished operational threat (El-Chami et al., 2020; Darlington et al., 2022). The framework aligns with
the industry priorities of zero-downtime migration and long-term service delivery, helping global enterprises remain
competitive in a digitally resilient economy (Keith et al., 2022; Chen et al., 2023).

Besides, the suggested solution complements the interaction between the HA Add-On of RHEL and the native
replication of SAP HANA, demonstrating how open-source solutions could be used to support proprietary enterprise
applications. Such alignment shows that dual-function infrastructure design is technically feasible and leads to
discussing operational resilience as a strategic benefit of digital businesses (Nahhas et al., 2022; Yang & Deng, 2023).
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Figurel. The conceptual architecture diagram of SAP HANA dual-function deployment on RHEL with
Pacemaker illustrates high-level nodes, resources, fencing, and failover paths.

II. LITERATURE REVIEW

2.1 SAP HANA High Availability (HA) and Replication Features

SAP HANA is a database platform developed as a high-performance and real-time analytics in-memory database. The
native high availability (HA) features of it (system replication, host auto-failover, storage-based replication) are
intended to ensure that downtime and data loss during unplanned outages or migrations are minimal (Farber et al., 2012;
Kovalyov, 2023). The most widespread method is system replication. An active (primary) system will keep duplicating
data to a standby (secondary) system, either synchronously or asynchronously, based on the toleration of latency and the
possibility of data loss. Although this architecture provides certain resilience, it is frequently limited by the multi-node
scalability and flexibility, particularly in the large-scale enterprise environment (Wang, 2022).

The most problematic issue in the native HA design of SAP HANA is the trade-off between performance and
availability. For example, the less risky synchronous replication modes cause performance overheads that might impact
real-time analytics in the peak-performance conditions (Nahhas et al., 2022). In addition, HANA's internal replication
and failure capability is firmly based on similar hardware and operating-system settings, and this limits the hybrid or
dual-use deployment where production and testing may coexist (Gunawan & Nengzih, 2023). These limitations
highlight the importance of external clustering solutions like the Pacemaker, which may provide a more flexible and
platform-neutral HA policy to all RHEL-based infrastructures (Erickson et al., 2014).
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2.2 RHEL and Pacemaker: Clustering, Resource Agents, Fencing, and Constraints

Pacemaker is also included in the Red Hat Enterprise Linux (RHEL) as a high-availability add-on to help with complex
failover situations and managing resources. The fundamental parts of the Pacemaker, such as Cluster Information Base
(CIB), resource agents, and Fencing mechanisms, underline the automated failover management. Pacemaker cluster is
used as an external controller in SAP HANA deployments to measure the health of the nodes, address virtual IP
addresses, and raise failover sensations in case of threshold violation (Burkhard et al., 2017; Christoffels et al., 2010).

The resource agents of Pacemaker (scripts or binaries managing particular applications or services) have been changed
to incorporate SAPHana and SAPHanaTopology agents that explicitly interact with HANA internal replication
capabilities (El-Chami et al., 2020). These agents allow close coordination so that it is possible to determine the state of
replication of the system, with the help of which the Pacemaker can start/stop or activate a precise failover. Moreover,
fencing, an isolation mechanism that eliminates split-brain conditions, is also necessary in ensuring data integrity in
transitioning to failure. Fencing systems that include STONITH (Shoot-The-Other-Node-In-The-Head) ensure that
failed nodes are shut down cleanly before a standby node is promoted (Darlington et al., 2022).

In addition to fault recovery, the constraint system ensures that complex policies are defined in the Pacemaker,
including colocation and order constraints, that define how and where resources may enter or leave the cluster. This
granularity offers an architectural benefit in designing dual-purpose environments where the development and
production loads have a similar infrastructure but remain logically distinct. The Pacemaker-RHEL ecosystem, therefore,
is an alternative to native SAP HA functions, is a mature, scalable, OS-level solution, and makes it compatible with a
broader range of hybrid deployments (Villegas, 2024).

2.3 Migration Strategies, Performance Bottlenecks, and Prior Benchmarks

Migrating to SAP HANA clusters under the RHEL operating system will typically bring various performance-related
issues, including network latency to disk I/O bottlenecks, particularly where a conversion process is performed between
an older operating system, like CentOS or SUSE. Research on RHEL 8 vs. CentOS 8 and Oracle Linux 8 revealed that
RHEL regularly scored higher in the benchmarks of stable performance under transactional loads, in part because of the
optimization of the kernel and the provided HA packages (Tenaya et al., 2022). This result is consistent with previous
investigations in the field of infrastructure evolution, where the growth of performance is closely related to the strength
of the system architecture and elastic control of the load (Mamatzakis, 2003; Wang, Zhu, and Yang, 2020).

The migration optimization should also consider the synchronization latency during the replication of the HANA
systems. With synchronous replication mode, the transaction commit times depend on the network throughput and inter-
node latency. On the other hand, asynchronous replication enhances performance, but the chances of data divergence in
case of failover are high. As a possible trade-off, hybrid configurations, where synchronous replication is used on the
workloads with the highest sensitivity, and asynchronous replication is applied on less critical workloads, have become
a promising solution (Chen et al., 2023; Sitzenfrei et al., 2023).

Benchmarking studies have also demonstrated that better resource utilization can be achieved by dual-function
infrastructures, i.e., where nodes are employed in primary and secondary modes depending on their state, without
compromising resilience (Zischg et al., 2019). In addition to lowering the total cost of ownership, this architectural
design also supports the enterprise sustainability objectives since it minimizes the idle system time (Yang & Deng,
2023). Nevertheless, this efficiency is possible only with closely adjusting the Pacemaker's time limits and constraint
patterns to eliminate redundant failovers, which might lead to worse performance (Oda et al., 2022).

The urgency of optimized migration frameworks to unite automation, resilience, and ongoing performance visibility has
also increased at a rapid pace due to the impact of digital transformation initiatives (Wang & Chen, 2022; Wu & Chen,
2022). The combination of RHEL Pacemaker framework and SAP HANA replication layers is an example of this
development, which provides the enterprise with the avenue to a new infrastructure of functionality and flexibility
balanced between performance and availability.

2.4 Gap Analysis and Justification for This Study

Although SAP HANA HA architecture has advanced and the management of complex infrastructural clusters has been
advanced through Pacemaker, there is still a considerable research and practice gap in the coordinated and effective
integration of migration optimization and dual-function infrastructural design. Literature investigates most of these
aspects separately, e.g., replication latency, HA configuration, or operating system performance benchmarks (Farschi et
al., 2012; Tenaya et al., 2022), yet little serves to study the interactions between these layers in a live migration.
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Moreover, the particular architectural features of SAP HANA on RHEL and Pacemaker, including resource colocation
of shared clusters and concurrent resource workload, are not addressed by enterprise resilience frameworks (Lisdiono et
al., 2022; Wang, 2022). The absence of empirical evidence of the evolution of performance trade-offs when using dual-
function configurations, when the infrastructure is used to both provide support to the production process and to provide
disaster recovery, is a key omission in the literature (Nahhas et al., 2022; Gunawan & Nengzih, 2023).

This work bridges this gap by assessing the ability of a strategically optimized migration model to promote resilience
and performance of SAP HANA on RHEL based on dynamic orchestration with the help of Pacemaker. This study aims
to provide a systematic framework for IT administrators and enterprise architects who want to move towards more
flexible, high-availability systems to transition to better downtime, recovery time objectives (RTO), and resource
utilization (Bak et al., 2023; Wu & Tham, 2023).

Table 1. Comparative Review of High-Availability Approaches for SAP HANA

Approach Description Advantages Limitations
Native HANA System | Built-in replication feature with | Tight SAP integration, | Limited to homogeneous
Replication synchronous/asynchronous minimal setup effort. environments; high
modes. replication latency.
Storage-based Replicates data at the block level | OS-agnostic, fast | It requires  expensive
Replication via storage systems. recovery for local | storage infrastructure and
failures. limited app-level control.
Pacemaker-managed External cluster control using | Platform-independent, It requires careful tuning
Cluster (RHEL) resource agents and fencing. flexible topology, | and has higher initial
optimized failover. configuration complexity.
Hybrid HA | Combines native and OS-level | Enhanced  resilience, | Complexity in managing
Configuration HA mechanisms. automated recovery, | synchronization and
(Pacemaker + System and multi-role node | constraints.
Replication) utilization.

III. METHODOLOGY

3.1 Research Design: Experimental and Simulation Approach

This research employed a hybrid research design that combined experimental testing with a simulation-based research
design to test the performance and resilience of SAP HANA deployment on Red Hat Enterprise Linux (RHEL) using
Pacemaker. The experimental part was to set up a two-node HANA live cluster under controlled conditions, whereas the
simulation segment reproduced the workload variation and the failover to obtain repeatable performance indicators
under a stressful situation (Nahhas et al., 2022; Erickson et al., 2014).

This mixed-method will correspond with the previous benchmarking literature on the topic of database optimization and
cluster performance, where it is recommended that controlled simulations complement real-system testing to yield
credible performance information (Wang, 2022; Tenaya et al., 2022). It is also helpful in assessing complex behavior,
e.g., replication lag and downtime during migrations, which are not entirely covered in theoretical analysis alone
(Férber et al., 2012).

3.2 System Setup: Hardware and Software Specifications

The test environment consisted of two identical enterprise-grade servers. Each server had dual Intel Xeon Gold
processors (24 cores at 2.6 GHz), 256 GB of RAM, and 4 TB NVMe solid-state drives. The servers were interconnected
through a 10 Gigabit Ethernet network with redundancy for high availability.

The operating system was Red Hat Enterprise Linux 9.2, and the clustering software included Pacemaker and Corosync,

fully configured following best practices for high-availability setups (Villegas, 2024). The database layer used SAP
HANA 2.0, configured with two system replication-enabled nodes: primary and secondary.
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The storage system was organized using logical volume management, with partitions formatted for high-performance
access. Network configurations included redundancy and isolation, separating replication traffic from client and
application traffic. This setup mirrors enterprise deployments for dual-function infrastructures, ensuring the
experimental findings are both relevant and scalable (Gunawan & Nengzih, 2023; Wang & Chen, 2022).

3.3 Cluster and Resource Configuration

Pacemaker has been set up as the cluster manager, ensuring that the database is monitored, the failovers are organized,
and continuous availability is maintained. The SAP HANA database and the replication states were monitored with the
help of specialized resource agents.

The cluster included:
e  These are: the database service, which manages the SAP HANA instance.
The replication monitoring service was responsible for ensuring that data between nodes was consistent.
Network resources guarantee that clients will always be able to connect to the active node.
In the case of fencing mechanisms, the malfunctioning nodes were safely isolated to avoid data corruption.

The sequences of service startup and failover were thoroughly specified so that the replication monitoring service was
always started first, and then the database, followed by the network resources. Such arrangements enabled the
secondary node to also execute small analytical tasks when the system was operating normally to make the best use of
its resources and not to put it at risk of failover (Lisdiono et al., 2022).

3.4 Migration and Failover Test Plans
Migration and failover testing were developed for various planned cutovers, final sync, and rollback tests.
The process of migration consisted of three stages:
e Replication Configuration: A secondary node was configured and checked to ensure all the data was synced.
e Cutover Simulation: This is based on switching active operation between the primary and secondary nodes,
where service downtime and continuity of user session are measured.
e Rollback Scenario: Restore operations to the primary node upon which the original node has failed or gone
offline due to a simulated failure and check the speed and integrity of the data during the recovery period.

Each test was repeated several times, and different workloads were used to achieve consistency. The transactions and
queries were performed with the workloads to address the realistic enterprise environment. The resilience was tested
under unplanned conditions by simulating failures, e.g., forcefully restarting the servers or temporarily interrupting the
network (Oda et al., 2022; Sitzenfrei et al., 2023).

3.5 Metrics and Performance Evaluation

The metric was a system level and database level performance measure. System metrics were processor usage, memory
usage, disk throughput, and network latency, which were monitored with the help of monitoring tools. Database-level
indicators that monitored the transaction latency, transaction replication time, and time taken by SAP HANA to recover
on failure, could be monitored using the monitoring interfaces of SAP HANA.

Throughput was given in terms of transactions per second, and latency was given in the 95th percentile to reflect
maximum delay. Downtime was captured since the active service was disconnected up to the time when the system
started working again. All the metrics were repeated five times, and average values and standard deviations were
calculated (Wang, Zhu, and Yang, 2020; Chen et al., 2023).

The workloads were of mixed nature transactional and analytical, with most of the operations being analytical queries,
like those of the real-world enterprise. The method allowed measuring both the consistency of the transactions and the
analytical performance under stress (Férber et al., 2012; Nahhas et al., 2022).

3.6 Data Collection and Analysis

All the logs and performance data were gathered automatically and stored in a standard format to analyze it. The main
metrics were the downtime, replication delay, processor usage, input/output throughput, and transaction response times.
Each metric's mean, median, and variance were calculated using descriptive statistics. Where necessary, paired t-tests
were used to test the difference between the native SAP HANA replication and the one managed by the Pacemaker
cluster. They created visuals to demonstrate the latency of replication and stabilization of the system following the
incidences of failover, and it was evident that their performance improved (Kovalyov, 2023; Wu & Chen, 2022).
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It presents a repeatable, scalable system to test SAP HANA high-availability systems on RHEL using Pacemaker and
provides a valuable guide to enterprise IT architects who want to maximize both resilience and performance at the same

time (Bak et al., 2023; Wang & Chen, 2022).

Table 2. System Configuration and Measured Performance Metrics

Category Parameter Specification / Measurement
Hardware Processor Dual Intel Xeon Gold, 24 cores, 2.6 GHz
Memory 256 GB RAM per node
Storage 4 TB NVMe SSD
Software Operating System RHEL 9.2
Cluster Stack Pacemaker + Corosync
Database SAP HANA 2.0
Cluster Resources Services Database instance, replication monitoring, network resources,
fencing mechanism
Network 10 GbE, VLAN-segmented, bonded
Performance Throughput 18,450 transactions per second
Metrics
Failover Time 14.6 seconds
Replication Delay 280 ms (synchronous), 890 ms (asynchronous)
CPU Utilization 68% average, 87% peak
Downtime (Planned | Less than 20 seconds
Cutover)
IV. RESULTS

4.1 Performance Outcomes

The outcome of the experimental assessment shows significant gains in the transaction throughput and the efficiency of
failover recovery after incorporating the element of Pacemaker in the SAP HANA environment on RHEL. Before
rolling out the Pacemaker, the system only used the native high-availability mechanisms of SAP HANA, which did not
offer high levels of automation and slowed down response to node failures. With the introduction of the Pacemaker-
controlled cluster, the database became more responsive and coordinated failover behavior, leading to improved system
continuity and reduced downtime.

The benchmark tests were conducted with a steady mixed workload trend of 60% online transaction processing (OLTP)
and 40% analytics (OLAP) usage. The performance indicators showed an improvement in average transaction
throughput, which rose by 27 per cent; it increased by 14,500 to 18,450 transactions per second. This was because it
improved the scheduling of resources and the distribution of loads between the active and standby nodes.

Latency was also significantly decreased during steady-state operation. The average delay of the synchronous mode was
280 milliseconds, as opposed to 510 milliseconds prior to the integration of the Pacemaker. On the same note, latency in
asynchronous replication was minimized by half to about 890 milliseconds with similar workloads. These results,
according to the past research in which clustering applications like Pacemaker have been demonstrated to provide an
increase in communication effectiveness and task coordination in an outspersed database system (Murino et al., 2021).

Further tests, such as failover tests, verified the resilience of the system and its quick recovery ability. Before installing
the Pacemaker, the average downtime during planned failovers (when failovers were scheduled, e.g., during
maintenance) was 34.8 seconds. However, when a simulated fault caused the failover, it took over a minute. Pacemaker
achieved a time of less than 20 seconds in planned and unplanned failovers, indicating that about a 45 percent reduction
in service interruption was achieved. It directly complements the technical documentation of Red Hat (Red Hat, 2023)
that names policy-managed automation of Pacemaker as one of the reasons why recovery time is minimized.

In general, the findings validate that incorporating a Pacemaker into the SAP HANA cluster infrastructure optimizes the
throughput and latency, and the consistency and predictability of failover behavior under different load conditions are

ensured.
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4.2 Resilience Evaluation

The resilience testing was to look at the service continuity, cluster stability, and system responsiveness during various
failure and migration conditions. The experiments also found that the environment managed by the Pacemaker was able
to keep the nodes in a steady synchronization, even in cases of induced stress (network interruption and throttling of
hardware resources).

Over the test cycles, the cluster recorded an average uptime of 99.94 which was higher than reliability baseline of 99.8
found with SAP HANA standalone replication model. The fact that this was enhanced by the system being able to
automatically identify and isolate failed components played a major role in this. This fencing system was effective and
made sure that split brain situation was avoided and only one node was active at the time.

The post-failover recovery response time was also optimized. Following a failover episode, SAP HANA could resume
transaction processing with an average response time of 2.3 seconds, significantly lower than the average in the pre-
integration period of 5.7 seconds. The results demonstrate that the mixture of RHEL clustering and Pacemaker resource
administration improves the resiliency and the efficiency of its operation, which provides a more reliable runtime
environment for mission-critical workloads.

System monitoring logs displayed a stable replication health status with a small backlog in all test runs. The reliability
of synchronous replication in case of failovers was proven, as no data loss and transactional inconsistency were
observed. These findings support the current research underlining the effectiveness of open-source clustering
frameworks in providing high service availability without jeopardizing the performance (Caiazzo et al., 2021).

In stress tests with similar workloads as those simulated, CPU usage was at the highest point of 87 percent, yet
throughput and latency were at acceptable levels, which implies the effective use of system resources and the ability of
the load balancers to maintain the balance among nodes. Also, the network redundancy package that separated the
replication and client traffic aided in maintaining throughput during the migration and recovery processes.

The combined results of the resilience testing prove that Pacemaker offers an enterprise-grade stability layer to
supplement the built-in replication capabilities of SAP HANA and massively decrease operational risks in case of node
failure or migration events.

4.3 Migration Optimization Findings

The last part of the results concerned the assessment of the migration optimization strategy, which compared the
conventional manual migration technique and the automated dual-function technique suggested in this research.
Traditional migrations required administrators of databases to run synchronization, final sync, and cutover manually. It
posed increased risks of replication backlog and temporary data inconsistency and took more operating time.

Conversely, the optimized algorithm enabled the nodes' automatic synchronization and migration sequencing with the
aid of Pacemaker. This led to a reduction of 32 percent in the time of total migration, from an average of 46 minutes to
31 minutes. The last synchronization step, which can be the most resource-intensive step, also took less than 10 minutes
in the optimized system against 18 minutes in the manual case.

The same was evident in replication backlog clearance, which decreased almost by half to allow the secondary node to
stabilize faster. These results align with previous studies that have demonstrated that automation and orchestration
models can decrease the complexity and human mistakes in database migrations (Murino et al., 2021; Red Hat, 2023).
Further, the final cutover, where user transactions are suspended during a downtime, was less than 20 seconds, whereas
with traditional migration, it was 48 seconds. Graphs of post-cutover stabilization showed that Pacemaker's transition to
event-driven synchronization model was smooth and did not produce any latency spikes.

To conclude, the outcomes of the migration optimization confirm the suggested infrastructure design that includes two
functions, i.e., resilience improvement and migration efficiency. The combined Pacemaker model simplifies the
transition stages and provides the ongoing availability of the data, which makes it a viable solution to the enterprise-
level SAP HANA implementation that aims to combine operational efficiency with flexibility.
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Table 3. Performance Comparison Before and After Pacemaker Implementation

Metric Before Pacemaker After Pacemaker Improvement
Transaction Throughput (TPS) 14,500 18,450 +27%
Average Latency (Synchronous) 510 ms 280 ms —45%
Failover Duration (Planned) 34.8 sec 19.6 sec —44%
Failover Duration (Unplanned) 62.1 sec 21.8 sec —65%
Migration Time 46 min 31 min —32%
Replication Backlog 100% (baseline) 53% —47%
Uptime 99.8% 99.94% +0.14%
Response Time (Post-Failover) 5.7 sec 2.3 sec —60%
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Figure 2. Performance Metrics Trend Across Migration Phases
V. DISCUSSION

5.1 Interpretation of Findings

As seen in the experiment results, introducing the Pacemaker into the deployment framework of SAP HANA on RHEL
substantially positively impacts the resilience and performance. This enhancement can be attributed to how the
Pacemaker handles resources, constraints, and failover logic. Pacemaker is a policy-oriented cluster resource manager
that constantly monitors the state of nodes, services, and dependencies. In case of failure of a node or resource,
Pacemaker enables a series of recovery operations - fencing, promotion, resource restarts, and health checks - to be
automatically activated, and the system should be back online within seconds (Caiazzo et al., 2021).
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This involves an automated decision-making that removes human intervention and minimizes human error and its
impact on downtime. The increased throughput and decreased latency may be due to the best resource colocation and
ordering constraints that allow SAP HANA services to operate on the most stable resource states and synchronized
replication data. In addition, dynamism in workloads between active and standby nodes of Pacemaker is the reason
behind the constant transaction throughput throughout the migration and failover. These processes correlate with the
resource management models suggested by Murino et al. (2021), which place significant importance on orchestration
logic and dynamic constraints as the key elements in ensuring service continuity in the case of failure.

Moreover, Pacemaker's fencing strategy is important in maintaining the integrity of the data. The system avoids parallel
write operations that may cause split-brain situations by immediately isolating malfunctioning nodes. This aligns with
what Red Hat (2023) recommends in configuring high-availability environments, where fencing is the first line of
defense when data corruption occurs unexpectedly due to failure.

5.2 Practical Implications

This study has important practical implications for system administrators and IT architects who implement SAP HANA
on RHEL in the enterprise. According to the research, several configuration practices can be suggested to get similar
resilience and performance advantages.

First, administrators are advised to embrace policy-based failover management where resource promotion and demotion
are clearly spelled out using Pacemaker constraints. This will ensure the database replication hierarchy is stable and
predictable even in unforeseen circumstances. As an illustration, establishing order constraints, which make the
replication services commence database activation, will avoid the problem of synchronization during the recovery
phase.

Second, fencing equipment (e.g., Intelligent Platform Management Interface (IPMI) or Redfish) will be set up as a
compulsory cluster node. Adequately fenced setup decreases the uncertainty of failure since the failed nodes will be
powered off or isolated immediately before recovery efforts begin.

Third, resource-agent tuning is necessary to achieve SAP HANA responsiveness in a clustered environment. Setting
parameters such as resource monitoring periods, timeouts, and stop/start delays can significantly affect the failover time.
These parameters can be fine-tuned, and recovery is faster without overloading the cluster communication layer.

The administrators are also supposed to watch replication modes and synchronization thresholds. Synchronous
replication using Pacemaker is preferable for workloads that need low downtime, as it provides real-time data
consistency but with a minor increase in CPU usage. However, in contrast, asynchronous replication may be applicable
in an environment where throughput is important and not instant failover, like in data warehousing or analytical loads.

Lastly, the most effective Hardware Utilization and Continuous Availability enforced by dual-purpose node
configurations (secondary nodes are also used to serve read-intensive analytical queries) can be implemented. This
hybrid architecture specifically helps cost-conscious companies to achieve resiliency in the form of not implementing
idle standby systems (Villegas, 2024; Wang & Chen, 2022).

5.3 Trade-offs and Applicability of Dual-Function Design

Although the dual-function infrastructure design has obvious benefits, some trade-offs must be considered
appropriately. Running data processing activities in standby nodes can add load to the CPUs and available memory,
slowing down the recovery process in resource saturation. The most critical aspect of reducing this risk is to plan the
capacity properly and control the dynamism of the load in the standby nodes so that the consumption of resources is
never large than the safety indicators established in advance (Gunawan & Nengzih, 2023).

Furthermore, in high-speed systems where the speed of the failover process plays a crucial role, the allocation of
standby nodes to replication and recovery alone can also be more desirable. The dual-function model is best suited to
hybrid workloads, which are both steady environments, neglecting analytical processing, and predictable transactional
loads.
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The other factor is the complexity of the system management. Even though Pacemaker has made the automation of
recovery easier, implementing and maintaining the multi-node cluster with the two workloads requires a high level of
administrative skills. Consequently, the given model can be suggested to organizations with competent IT specialists
dealing with cluster health, tuning constraints, and troubleshooting synchronization problems (Lisdiono et al., 2022).

Despite these trade-offs, the findings affirm that dual-function infrastructure offers an ideal balance between resilience
and efficiency if implemented. The fact that high availability and workload optimization can be integrated into one
design is what makes this approach unique when compared to other standard clustering solutions.

5.4 Comparison with Literature and Novel Contributions

This study provides new knowledge of migration optimization and dual-function infrastructure in the SAP HANA
settings compared to the current research. Previous studies have been mostly based on the performance benchmarking
of HANA when running in a standalone or virtualized setting (Nahhas et al., 2022; Wang, 2022). Nevertheless, limited
studies discuss the potential of constraint management in migration efficiency-enhancing mechanisms at Pacemaker.

The results improvement in 45% of downtime and 32% of the migration time in this study validate and build on the
previous research demonstrating the reliability of automation frameworks in database transitions (Murino et al., 2021).
This paper, in contrast to previous ones that focused on creating only static replication, presents a composite approach
that integrates the resource policies of Pacemaker with real-time monitoring to maximize both the failover and the
migration process simultaneously.

Additionally, the research fills the gap between the high-availability design and the performance engineering by
quantifying the latency and throughput improvement in the migration phases. This aligns with the current trend, as
Caiazzo et al. (2021) observed on the unification of infrastructure resilience and system optimization on intelligent
orchestration frameworks.

Therefore, the originality of the paper is based not only on confirming the previously known high-availability features
of the Pacemaker but also on showing how these can be used to provide efficiency in migration, synergy in resources,
and dual-purpose use of workloads, all in the context of an enterprise-grade RHEL setting.

5.5 Limitations and Future Scope

The present study's findings are promising, but some weaknesses should be noted. The experiments were done in a
standard laboratory setup with standard hardware, network, and storage conditions. Enterprise infrastructures in the real
world can be characterized by unpredictable network latency, inconsistent storage throughput, and workloads of
multiple tiers that can affect the failover and migration behavior. Thus, additional testing in the production scale would
be necessary to confirm the ability to scale and consistency (Oda et al., 2022).

Also, the current study had a limited scope to a two-node cluster configuration. Even though this setup is a typical
deployment model, bigger multi-node clusters can create some communication overhead and complexity in constraint
management. Future studies may focus on constraint optimization in multi-node topologies that are adaptive in order to
optimize the responsiveness of a cluster.

There are also problems with storage and network variability. The experiment conducted in the present research used
high-speed NVMe storage and 10 GbE networking, which might be not very typical of slower or non-homogeneous
conditions. Such experiments as hybrid storage layers or cloud-based networking might be considered in the future to
analyze the performance of Pacemaker in distributed or hybrid deployment (Wu & Chen, 2022).

Lastly, more research into the optimization of clusters with the use of machine learning might present new research
directions. More can be done to enhance the efficiency of high-availability clusters on SAP HANA environments by
predictive algorithms targeting the anticipation of resource failures or dynamic fine-tuning of constraints according to
workload patterns (Bak et al., 2023).
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Figure 3. Cluster-State Sequence Diagram
VI. CONCLUSION AND FUTURE WORK

This study aimed to build and test a resilience and performance improvement strategy of SAP HANA implementations
on Red Hat Enterprise Linux (RHEL) by incorporating Pacemaker as a high-availability cluster manager. The paper has
proved that a well-designed cluster of Pacemakers can considerably decrease the system's downtime, enhance the
throughput of transactions, and enhance migration intensity during scheduled or unexpected infrastructure changes.
When optimizing performance and operational resilience are merged into a two-function design, the framework offers a
balanced and scalable solution within the mission-critical enterprise environments.

The experimental findings validated the claim that the Pacemaker-controlled system recorded the maximum speed of up
to 45 percent failover and recovery periods compared to native SAP HANA replication systems. Moreover, the dual-
purpose infrastructure design enabled standby nodes to perform analytic tasks in regular operation, using maximum
hardware without affecting data integrity. These gains were obtained with a refined constraint of resource, fencing
mechanism, and coordinated replication management, which form the key components that characterize the
orchestration logic of Pacemaker. The research thus offers empirical evidence that high availability and performance
optimization can be deployed in the exact unified infrastructure representation that dispels the long-held dichotomy

between reliability and efficiency.

This study can provide practical information for enterprise system architects and database administrators. The suggested
best practices would be clear ordering and colocation rules, implementation of fencing policies so that split-brain cases
do not occur, and continuous monitoring of replication health with such applications as crm_mon and saphostctrl. The
results indicate that an active, policy-based strategy concerning cluster configuration can provide quantifiable
performance gains, especially in those settings where business continuity and data consistency are of the essence.
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This research contributes to the knowledge on the topic of SAP HANA in high-availability mode with clustered Linux
systems compared to other sources. Unlike previous studies that have mainly focused on the replication or non-portable
failover mechanisms (Férber et al., 2012; Nahhas et al., 2022), this study incorporates migration optimization as part of
the fundamental design of resilience measures. It introduces a new standard of judging the design of the enterprise-
grade database infrastructure by covering both the operational and performance features of high availability.

Nevertheless, several limitations should be explored in the future. Although useful in measurement consistency, the
controlled experimental setting might not be as valuable regarding the dynamic variability of production-scale systems.
Thus, Future research must examine the framework's scalability to multi-node clusters and geographically dispersed
data centers. Also, by incorporating the idea of artificial intelligence or predictive analytics into the resource
management of Pacemaker, the fault detection and automatic constraint tuning can be further enhanced, and clusters can
self-optimize in real time.

The other area of opportunity is extending this framework into hybrid or cloud-native systems, specifically Red Hat
OpenShift or orchestration based on Kubernetes. This would allow dynamic high availability of containerized SAP
HANA workloads, allowing the transition between the old on-premise architecture and the new cloud architecture.
Finally, the study provides a strong, empirically tested framework for developing resilient, high-performance SAP
HANA systems on RHEL with the help of Pacemaker. This proposed dual-function infrastructure design will reduce
downtime and increase throughput. It will also become the basis of the next generation of intelligent, self-healing
enterprise database architecture. The results confirm once again that strategic orchestration, which is informed by
practical engineering principles and active management of resources, is the key to implementing sustainable digital
transformation of mission-critical operations.
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