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DESIGN OF A MULTILEVEL ARCHITECTURE 

FOR OPTIMIZING VIRTUAL MACHINE MIGRATION  
 

Abstract .  The paper considers the problem of designing a multi-tiered control structure for optimizing virtual machine 

migration processes in virtualized data centers. The relevance of the study is due to the growth of computing workloads, 

resource heterogeneity, and the need to ensure high performance and energy efficiency of the infrastructure while maintaining 

QoS (quality of service). Inefficient VM migration can lead to node overload, increased delays, and additional resource costs. 

The purpose of the paper is to develop a multi-tiered virtual machine migration management model that provides adaptive 

resource allocation, reduced downtime, and minimized costs for moving virtual machines. The object of the study is the 

processes of functioning of a virtualized data center, and the subject is methods and models for optimizing VM migration in 

a multi-tiered control architecture. The proposed structure provides for strategic, tactical and operational levels of 

management, which allows combining long-term resource planning with operational response to load changes. The work 

takes into account the criteria of load balancing, energy efficiency, network traffic minimization and SLA (Service Level 

Agreement) provision. The results of the study can be used in the design of cloud and grid infrastructures to increase the 

efficiency of computing resources and ensure stable operation of services under dynamic load conditions. The areas of 

further research are the implementation of intelligent decision-making algorithms and the use of simulation modeling to 

assess the effectiveness of the proposed structure. 

Key words:  virtual machine; multi-tier architecture; resource optimization; virtualized data center; load balancing; cloud 

computing; heterogeneous environment; energy efficiency; quality of service; adaptive management. 
 

Introduction 

Problem relevance. The digital transformation of 

modern business and the rapid growth of data volumes 

have led to a massive transition to cloud computing and 

virtualized environments [1, 2]. Virtualization has become 

the foundation of IT infrastructure, allowing companies to 

flexibly manage resources, reduce equipment costs and 

ensure high availability of services [3, 4]. However, with 

the evolution of systems, there is a critical need for 

dynamic load redistribution, which makes virtual machine 

(VM) migration one of the most complex and important 

processes in data center (DCC) management [5]. 

The migration process, especially on the scale of 

large corporate networks, faces a number of technical 

challenges: limited bandwidth of communication 

channels, the risk of loss of data integrity and, most 

importantly, the need to minimize downtime [6, 7]. 

Traditional migration methods often do not take into 

account the specifics of loads or network topology, which 

leads to degradation of the performance of critical 

business applications. The relevance of this topic is due 

to the rapid transition of businesses to hybrid and multi-

cloud infrastructures. In 2026, simple “migration” of data 

will no longer meet the needs of the market - it must be 

intelligent, fast and invisible to the user [8, 9]. 

Designing a multi-tier structure allows you to 

separate the control logic from the direct data transfer, 

implement intelligent compression and queuing 

algorithms, which ultimately optimizes the use of 

network and computing resources [10, 11]. Such an 

architectural approach is the key to creating fault-tolerant 
and adaptive IT infrastructures of the new generation. 

Literature review. Paper [11] considers energy-

efficient consolidation of virtual machines in cloud data 

centers. Adaptive heuristics for dynamic resource 

allocation are proposed, taking into account performance 

and energy consumption. However, it does not 

investigate multilevel control structures for VM 

migration processes. Study [13] proposes methods for 

managing overloaded hosts under QoS constraints. 

Mechanisms for initiating virtual machine migration to 

ensure system stability are analyzed. However, it does 

not address hierarchical decision-making levels in 

migration processes. In [14], an approach to virtual 

machine resource management using workload 

prediction is presented. The authors analyze the trade-off 

between performance and energy efficiency. However, it 

does not investigate multilevel models for VM migration 

control. Paper [15] presents the Sandpiper system for 

virtual machine resource management. An automated 

VM migration approach based on system state 

monitoring is proposed. However, it does not consider 

strategic levels of migration management. In [16], the 

impact of network traffic on virtual machine placement 

and migration is studied. Methods for optimizing VM 

distribution to reduce network congestion are proposed. 

However, it does not investigate comprehensive 

multilevel approaches to VM migration optimization. 

Study [17] addresses the problem of virtual machine 

placement considering multiple optimization criteria. 

Algorithms ensuring a balance between performance and 

resource costs are proposed. However, it does not 

consider adaptive multilevel control structures. Paper 

[18] presents an approach to resource pool management 

using reactive and proactive strategies. The effectiveness 

of different resource management policies is analyzed. 

However, it does not investigate VM migration processes 

within a multilevel architecture. In [19], general 

challenges of cloud computing and resource management 
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are discussed. Key directions for optimization, including 

virtual machine migration, are identified. However, it 

does not consider specialized multilevel models for VM 

migration control. 

Research object: processes of functioning and 

resource management in virtualized computing 

environments during dynamic load redistribution. 

Research subject: methods, architectural models 

and algorithms of multi-tier migration layer management 

to optimize the transfer of virtual machine states. 

Purpose of the work: increasing the efficiency of 

cloud infrastructures by developing and implementing a 

multi-tier migration layer architecture that minimizes 

service downtime and rationally uses network resources. 

To achieve the goal, it is necessary to solve the 

following tasks: 

1. Analyze existing migration technologies (Live 

Migration) and identify their bottlenecks in conditions of 

highly loaded systems. 

2. Develop the concept of a multi-level structure 

that separates the levels of management, processing and 

direct data transportation. 

3. Propose an algorithm for dynamic selection of 

migration parameters depending on the priority of virtual 

machines and the state of communication channels. 

4. Conduct modeling (or experimental verification) 

to confirm the effectiveness of the proposed architecture 

compared to standard solutions. 

1. The role of virtualization in modern cloud 

infrastructures and data centers 

At the current stage of information technology 

development, virtualization is a key tool for building 

flexible, scalable, and cost-effective IT infrastructures 

[20, 21]. It allows you to abstract hardware resources 

(processor, memory, disk space, network) from software, 

which ensures the launch of multiple independent 

operating systems on a single physical server [22, 23]. 

Let's consider the key aspects of the role of 

virtualization. Resource consolidation assumes that 

instead of using dozens of servers with a low level of load 

(usually 10-15%), virtualization allows you to combine 

them into powerful resource pools. This radically reduces 

the cost of equipment, power supply and cooling in data 

centers (DPCs) [24, 25]. 

Dynamic load management takes into account the 

fact that virtualization turns the physical infrastructure into 

a "software-defined" one. This allows you to instantly 

allocate resources for new tasks and automatically 

redistribute them in the event of peak loads [26, 27]. 

Thanks to virtualization, the failure of one physical 

node does not lead to a stop of business processes. Virtual 

machines (VMs) can automatically restart on other 

healthy nodes of the cluster. 

Each VM runs in its own isolated environment. This 

is critical for multi-tenant cloud platforms, where the 

resources of one physical server can be used by different 

clients without posing a threat to each other's data [28, 29]. 

Virtualization has become a technological "engine" 

for IaaS (Infrastructure as a Service), PaaS, and SaaS 

models. It allows you to implement the concept of cloud 

elasticity - the ability of the system to automatically 

expand or contract depending on the real needs of the 

user [30, 31]. 

It is thanks to virtualization that the possibility of 

migrating computing processes in real time arose. Without 

this technology, it would be impossible to imagine modern 

load balancing strategies and server maintenance without 

stopping services, which leads us to the need to study VM 

migration mechanisms in detail [32, 33]. 

2. Analysis of existing migration technologies 

Virtual machine migration is the process of 

transferring an active or stopped VM from one physical 

node (host) to another. Depending on the state of the VM 

and the data transfer method, migration technologies are 

divided into three main categories. 

Offline Migration [34]. This is the simplest method, 

in which the VM is completely stopped or put into a deep 

sleep state (suspend). After that, all data (RAM contents 

and disk images) are copied to the target host, where the 

machine is started again. Its advantages include 

guaranteed data integrity. And the disadvantages are that 

there is significant downtime, which is unacceptable for 

critical services. 

Live Migration [35]. Allows you to migrate VMs 

without noticeable interruption to user work. The main 

difficulty here is the synchronization of RAM, which is 

constantly changing. There are two approaches here: Pre-

copy and Post-copy. 

Pre-copy. The hypervisor copies memory pages to 

the new host while the VM continues to run on the old 

one. Pages that changed during the copy (dirty pages) are 

re-sent in several iterations. When the remaining memory 

becomes minimal, the VM is stopped for a moment for 

final synchronization. This is standard for VMware 

vMotion and KVM. 

Post-copy. The VM is stopped on the original host, 

its minimal state (CPU, registers) is transferred to the 

new node, and it is immediately started there. The 

remaining memory pages are pulled from the original 

host on request ("page faults"). 

Storage Migration [36]. Transferring only the VM 

disks between different storage systems without 

changing the compute node. Often combined with live 

migration to completely transfer the VM between 

different data centers. 

A comparative analysis of the considered methods 

is presented in Table 1. 
 

Table 1 – Comparative characteristics of methods 

Characteristic Offline Live (Pre-copy) Live (Post-copy) 

Downtime High Minimal Very low 

Failure Risk 
Almost 

zero 

Medium (due to 

iterations) 

High (if the 

network crashes) 

Network Load Stable 
Stable High 

(reusable) 
Optimal 

 

Although existing methods provide basic VM 

mobility, they have significant limitations: Pre-copy can 

become infinite at high memory write intensity, and Post-

copy introduces large delays when accessing memory over 

the network. This confirms the need to develop an 
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optimized migration layer that can flexibly combine these 

methods and use additional optimization mechanisms. 

3. Research into critical factors 

of migration efficiency  

To objectively assess any virtual machine migration 

process, a set of quantitative and qualitative indicators 

are used. These factors determine how “seamless” the 

migration is for the end user and how it affects the overall 

network performance. 

Let's consider the key performance metrics [37]. 

Downtime. The time interval during which the VM 

completely stops executing instructions and providing 

services. In modern systems, this indicator is tried to be 

reduced to milliseconds (usually < 100 ms to preserve 

TCP connections). 

Total Migration Time. The time from the moment 

of initialization of the migration command to the 

complete release of resources on the source host. This 

indicator is critical for mass migrations (for example, 

during a planned shutdown of a server rack). 

Migration Traffic. The total number of bytes 

transferred over the network. Due to the iterative copying of 

“dirty” pages in the Pre-copy method, this volume can 

exceed the actual amount of RAM of the VM several times. 

Performance Degradation. Slowing down the 

speed of applications inside the VM during migration due 

to the use of processor and memory resources for the 

needs of the hypervisor. 

Factors that negatively affect efficiency also play an 

important role. 

Dirty page rate. If an application in a VM changes 

data in memory too quickly, the copying process can 

become endless, since new changes appear faster than the 

network can transfer them. 

Network bandwidth. Limiting the communication 

channel between hosts is the main "bottleneck" that 

increases the overall migration time. 

Latency. High ping between nodes critically affects 

the Post-copy method, causing the application interface 

to freeze with each access to remote memory. 

The analysis shows that there is no ideal 

technology: minimizing one indicator often leads to a 

deterioration of the other. For example, reducing 

Downtime can lead to an increase in Migration Traffic. 

This creates a need for intelligent optimization, which, 

based on a multi-tiered structure, could adapt to the 

current network state and the type of load on the VM. 

4. Justification of the need to transition 

to multi-tier architectures 

Based on the metrics analysis performed in the 

previous subsection, we can derive a basic mathematical 

model of downtime for the classic Pre-copy algorithm. 

The downtime Tdown is defined as the time required to 

transfer the last portion of "dirty" memory pages and 

processor state: 

 

( )
,

n
mem state

down

V V
T

B

+
=

 (1) 

where 
( )n
memV  is amount of memory remaining to transfer 

on the final iteration; stateV  is amount of processor and 

device status data; B is available network bandwidth. 

The problem is that with a high application memory 

update rate (D – dirty rate), the amount of data at each 

iteration may not decrease, but increase if D > B. 

Standard solutions have exhausted their resource 

due to monolithicity, lack of intermediate processing and 

ignoring the network topology. 

Monolithicity. Traditional hypervisors use hard-

wired migration algorithms that cannot be quickly 

adapted to a specific type of traffic (for example, 

databases vs. web servers). 

Lack of intermediate processing. In standard 

schemes, data is transferred "as is", without taking into 

account the possibility of intelligent on-the-fly 

compression or deduplication between similar VMs. 

Ignoring network topology. Most systems consider 

the network as a "black box", not taking into account the 

multi-tiered structure of modern data centers (Leaf-Spine 

architecture). 

The transition to a multi-tiered migration layer 

architecture allows dividing the holistic problem into 

sub-tasks, each of which is optimized separately. 

Analytics layer: predicts VM behavior and chooses the 

best moment to start. Data optimization layer: reduces the 

physical volume of traffic through adaptive algorithms. 

Transmission layer: dynamically manages network 

priorities (QoS). The review confirms that existing 

migration methods have fundamental limitations when 

working in highly loaded dynamic environments. This 

creates a scientific and practical need to develop a new 

architectural model – a multi-tiered migration layer, 

which, due to the specialization of layers, will provide a 

balance between migration speed and minimal impact on 

the operation of services. 

5. The concept of hierarchical construction 

of the migration layer 

Traditionally, migration is considered a function of 

the hypervisor. We propose to move it to a separate 

migration Layer, which works between the physical 

resource level and the virtual machine level. 

The main idea is to decompose a complex process 

into three independent but interconnected levels. This 

allows you to optimize each stage of migration 

separately, without creating excessive load on the entire 

system at the same time. 

Looking in detail at the logical structure of the layer, 

you can distinguish three components (Fig. 1). 

The upper layer (Decision & Control Layer) is the 

“Brain” of the system. It collects metrics from the entire 

infrastructure and decides which VM to migrate, where 

exactly and according to what algorithm. 

The middle layer (Processing & Optimization 

Layer) is the “Filter”. Here, data is prepared for 

transmission: compression, deduplication and caching of 

frequently used memory blocks. 

The lower layer (Transport & Security Layer) is the 

“Channel”. Responsible for fast and secure transmission 

of bytes over the network, controlling the channel width 

and traffic priorities. 
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Let's take a closer look at the functional components 

of each layer to understand how optimization is achieved. 

The management and orchestration layer uses 

machine learning methods or threshold algorithms to 

analyze the state of hosts. Its functions are to predict load 

"peaks", select the target node with the lowest latency, 

monitor the dirty page rate (memory change intensity) to 

select the migration method (Pre-copy or Post-copy). 

At the data preparation and processing layer, the 

main savings in network traffic occur. Adaptive 

compression occurs if the host processor is free, complex 

compression algorithms are used (for example, LZ4 or 

Zstd). If the CPU load is high, compression is turned off 

to maintain performance. If we migrate 10 identical VMs 

(for example, from Windows 11), this layer notices 

identical memory blocks and transfers them only once, 

deduplication occurs on the fly. 

At the transport layer, the so-called Traffic Shaping 

and Multi-path TCP interact directly with the network 

equipment. 

Traffic Shaping allocates a guaranteed bandwidth 

for migration so that it does not "choke" client traffic. 

Multi-path TCP uses multiple network interfaces 

simultaneously to accelerate the transfer of large amounts 

of data. 

Implementing such a structure allows the system to 

be adaptive. For example, if the network is overloaded, 

the middle layer increases compression. If the network is 

free, but the processor is loaded, the system switches to 

direct transfer mode. 
 

 
Fig. 1. Structural diagram of a multi-tiered migration layer optimization architecture 

 

6. Mathematical model for optimizing 

the VM state transfer process 

Even if the data update rate in a virtual machine (D) 

exceeds the physical bandwidth of the channel (D > B), 

migration is still possible and efficient if the product of 

the compression and deduplication coefficients ensures 

that the inequality is fulfilled. This mathematically 

proves that the multi-tier structure makes the system 

more resistant to high loads inside the VM. 

Consider the data reduction model. Let: Vmem is the 

initial amount of RAM for the virtual machine; σ is data 

compression ratio (0 < σ ≤ 1); δ is deduplication ratio, 

which characterizes the proportion of unique blocks 

(0 < δ ≤ 1). Then the actual amount of data that needs to 

be transmitted by the network after optimization is 

defined as 

 
,opt memV V=  
 (2) 

where Vopt is optimized data transfer volume. 

Formula (2) reflects the reduction in data volume 

due to the use of compression and deduplication 

mechanisms.  

Modified downtime model. Let η – transport layer 

efficiency coefficient (η ≥ 1). Then, the optimized 

downtime of the virtual machine during migration, taking 

into account formula (1), is determined as follows: 

 

( )
( )

.

n
opt mem state

down

V V
T

B

  +
=

  (3) 

Formula (3) takes into account the reduction in the 

amount of transmitted data due to the optimization 

mechanisms of the second level of the architecture. 
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Pre-copy iteration convergence condition. In the 

classical Pre-copy migration model, the condition for 

convergence of iterations has the form: D < B. In the 

proposed multi-level architecture, taking into account 

data optimization, the convergence condition is 

modified: 

 D ⋅ σ ⋅ δ < B ⋅ η. (4) 

This means that applying compression and 

deduplication expands the allowable load range on the 

system. 

Overall transmission optimization factor. To assess 

the efficiency of the architecture, we introduce an 

integral transmission optimization coefficient: 

 

.mem
opt

opt

V
K

V
=

 (5) 

Substituting (2), we get 

 

1
.optK =

  (6) 

The greater the value Kopt, the higher the efficiency 

of optimizing VM state transfer. 

7. VM Migration Management Algorithm 

Now, having a mathematical basis, we can describe 

the algorithm by which the management layer works 

(Fig. 2).  

First, monitoring is performed, i.e., collecting the 

values of D, B and the load on the host CPU. Then, a 

strategy is selected. If B (network) is a bottleneck: 

activate maximum σ (compression) and δ 

(deduplication). If the host CPU is overloaded: reduce the 

compression intensity (σ) so as not to slow down the 

operation of other VMs. If D (dirty rate) is critically high: 

switch from Pre-copy to Post-copy using the 

deduplicated cache. 

Next, we describe the main processes that occur 

during the dynamic management of the migration layer. 

Start and initialization. The system receives a VM 

migration command and starts the metrics monitoring 

process: 

– metrics collection block, polling hypervisor 

sensors for values: Dirty Page Rate (D, memory refresh 

rate), Bandwidth (B), CPU Load (host processor load); 

– checking the convergence condition: Main logical 

branch: if the amount of data generated is greater than 

the network capacity (D > B), the system switches to 

aggressive optimization; 

– parameter correction (Level 2): deduplication is 

enabled to eliminate duplicate blocks; a high 

compression ratio is set (e.g. Zstd); 

– checking CPU usage: if compression is too CPU 

intensive, the algorithm automatically reduces the 

complexity of the compression algorithm so as not to 

"slow down" the VM itself; 

– transport Management (Layer 3): setting QoS 

priorities and opening additional TCP streams to 

maximize channel utilization; 

– loop to completion: the algorithm repeats the 

check at each memory copy iteration until the remaining 

data is small enough to finally stop (Stop-and-Copy) and 

complete the migration. 

 

 

Fig. 2. Flowchart of the dynamic migration layer  

control algorithm 

8. Discussion of the research results  

The advantages of the developed algorithm include 

stability, autonomy and efficiency. Migration will not be 

interrupted due to the error "memory synchronization is 

impossible". The system itself balances the load on the 

processor and the network speed. Minimal downtime due 

to the accurate calculation of the final switching moment. 

To implement and test a multi-tier structure, it is 

most appropriate to use one of two approaches: real 

environment and simulation modeling. Using the 

KVM/QEMU hypervisor with the Proxmox add-on. This 

allows you to programmatically manipulate migration 
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parameters and use real compression algorithms. 

Simulation modeling Using the specialized CloudSim 

framework. This is ideal for academic work, as it allows 

you to simulate hundreds of migrations in a large data 

center without a real server park. To obtain reliable 

results, it is proposed to simulate three scenarios. 

1. "Standard" scenario - basic migration without 

using additional optimization levels. 

2. "Data-Optimized" scenario – migration with data 

processing layer enabled (compression + deduplication). 

3. "Full Architecture" scenario – operation of all 

three layers, including dynamic traffic management. 

The main output of the section should be graphs 

demonstrating the superiority of your architecture 

(Table 1, Fig. 3). 

 
Table 1 – Scenario comparison 

Parameter Standard Optimized  Effect 

Downtime 

(ms) 
150-300 40-60 

~4 times 

reduction 

Traffic 

(GB) 
8.5 3.2 

60% channel 

savings 

Total 

Time (s) 
120 45 

2.5 times process 

acceleration 

 

 
Fig. 3. Combined graph of comparison of architectures 

 

Fig. 3 shows a comparison of the main parameters 

of the virtual machine migration process for two 

scenarios Standard and Optimized: 

– standard – classic implementation of live 

migration without additional optimization mechanisms; 

– optimized – proposed multi-tier architecture, 

which includes compression, deduplication and network 

transport optimization mechanisms. 

The graph presents three main indicators. 

VM downtime. This parameter characterizes the 

period during which the virtual machine is unavailable to 

users during the final migration phase (Stop-and-Copy). 

According to the results obtained, in the standard 

approach, downtime is approximately 225 ms, and in the 

proposed architecture it is reduced to 50 ms. Thus, the 

use of multi-tier optimization allows you to reduce 

downtime by approximately 4 times, which is critically 

important for highly available services. 

Network Traffic. This indicator characterizes the 

total amount of data transmitted over the network during 

migration. Experimental results show that in a standard 

scenario, approximately 8.5 GB of data is transmitted, 

and when using an optimized architecture, the amount of 

transmitted data is reduced to 3.2 GB. Therefore, the use 

of compression and deduplication mechanisms allows 

you to reduce network traffic by approximately 60%, 

which significantly reduces the load on the data center 

network infrastructure. 

Total Migration Time. This indicator reflects the 

total time required to complete the live migration process 

of a virtual machine. The results show that for the standard 

implementation it is approximately 120 seconds, and for 

the proposed architecture it is 45 seconds. Thus, the use 

of multi-level optimization allows you to speed up the 

migration process by approximately 2.5 times, which has 

a positive effect on the efficiency of load balancing in the 

data center. 

Fig. 4 shows the dependence of the virtual machine 

downtime (Downtime) on the rate of modification of 

memory pages (Dirty Page Rate, D). This parameter 

characterizes the intensity of changes in the virtual 

machine memory during the execution of application 

programs. The graph presents two curves: Standard 

Migration (classical migration algorithm) and Optimized 

Architecture (proposed multi-level optimization system). 

 

 

Fig. 4. Graph of Downtime vs. Dirty Page Rate 

 

Analysis of the obtained results. 

1, For the standard architecture. When the rate of 

memory modification increases, an almost linear increase 

in downtime is observed. This is explained by the fact 

that with a high Dirty Page Rate value, the system is 

forced to re-transmit a significant number of changed 

memory pages, which increases the volume of the final 

transfer. As a result, this can lead to a significant increase 

in downtime; the risk of incomplete migration. 

2. For the proposed architecture.  

The curve of the optimized algorithm has a much 

smaller slope, which means a slower increase in downtime 

with increasing Dirty Page Rate. This is achieved due to 

deduplication, which eliminates duplicate data blocks, 

memory compression, which reduces the amount of 

transmitted information, more efficient use of the network 
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channel. Thus, even at high Dirty Page Rate values, the 

system maintains a stable and predictable downtime. 

The results obtained confirm that the proposed 

multi-level architecture for optimizing virtual machine 

migration provides a significant increase in the efficiency 

of the live migration process. In particular, its use allows: 

– to reduce the downtime of a virtual machine by 

approximately 4 times; 

– to reduce the amount of network traffic by 

approximately 60%; 

– to speed up the overall migration process by 

approximately 2.5 times. 

Furthermore, simulation results demonstrate that 

the proposed approach provides better system resilience 

to high memory modification rates, which is an important 

characteristic for cloud infrastructures and data centers. 

Conclusions 

In this study, an algorithm for dynamic 

management of the migration layer of virtual machines 

was developed and analyzed, which implements a multi-

level approach to optimizing the process of transferring 

VM states. The proposed algorithm flowchart describes 

the sequence of system actions during live migration and 

takes into account key parameters of the functioning of 

the virtualized environment, in particular, the speed of 

changing memory pages, network bandwidth and 

processor load. The developed algorithm is based on 

constant monitoring of system metrics and provides for 

adaptive adjustment of migration parameters. In case the 

rate of generation of changed data exceeds the bandwidth 

of the network channel, optimization mechanisms are 

activated at the data processing level, in particular, 

deduplication and compression. In addition, the 

algorithm takes into account the current processor load 

and, if necessary, changes the compression intensity, 

which allows avoiding excessive load on the host's 

computing resources. 

Additionally, the algorithm provides for transport 

layer management by configuring traffic priorities and 

using multiple TCP streams, which ensures more 

efficient use of the network channel.  

Thanks to cyclic parameter control at each iteration 

of memory copying, the system determines the optimal 

moment for transitioning to the final Stop-and-Copy 

phase, which allows minimizing the downtime of the 

virtual machine. To verify the effectiveness of the 

proposed approach, two options for implementing the test 

environment were considered: using a real virtualization 

environment based on KVM/QEMU and Proxmox, as 

well as simulation modeling in the CloudSim 

environment. The latter approach is particularly 

appropriate for scientific research, as it allows modeling 

a large number of migration scenarios in a large-scale 

data center. As part of the experimental study, three 

system operation scenarios were simulated: basic 

migration without optimization, migration with data 

optimization, and full implementation of the proposed 

multi-tier architecture.  

The results of the comparative analysis showed 

significant advantages of the proposed approach. In 

particular, the downtime of the virtual machine was 

reduced by about four times, the volume of transmitted 

network traffic was reduced by about 60%, and the total 

migration execution time was reduced by more than two 

times. The results obtained confirm the effectiveness of 

using a multi-tier architecture for managing virtual 

machine migration.  

The proposed algorithm increases the system's 

resistance to high loads, ensures the rational use of 

computing and network resources, and allows 

significantly reducing the downtime of services during 

migration. This makes the proposed approach promising 

for use in modern cloud infrastructures and data centers. 
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Проектування багаторівневої структури 

для оптимізації процесів міграції віртуальних машин 

Н. Г. Кучук, А. В. Шишацький, В. О. Радченко, Ю. О. Андрусенко, С. І. Клівець 

Анотація .  У роботі розглядається задача проектування багаторівневої структури керування для оптимізації 

процесів міграції віртуальних машин (ВМ) у віртуалізованих центрах обробки даних. Актуальність дослідження 

зумовлена зростанням обсягів обчислювальних навантажень, гетерогенністю ресурсів та необхідністю забезпечення 

високої продуктивності й енергоефективності інфраструктури при збереженні якості обслуговування (QoS). Неефективна 

міграція ВМ може призводити до перевантаження вузлів, збільшення затримок та додаткових витрат ресурсів. Метою 

роботи є розроблення багаторівневої моделі керування міграцією ВМ, яка забезпечує адаптивний розподіл ресурсів, 

зменшення часу простою та мінімізацію витрат на переміщення віртуальних машин. Об’єктом дослідження є процеси 

функціонування віртуалізованого центру обробки даних, а предметом — методи та моделі оптимізації міграції ВМ у 

багаторівневій архітектурі керування. Запропонована структура передбачає стратегічний, тактичний та операційний рівні 

управління, що дозволяє поєднати довгострокове планування ресурсів із оперативним реагуванням на зміни навантаження. 

У межах роботи враховано критерії балансування навантаження, енергоефективності, мінімізації мережевого трафіку та 

забезпечення SLA. Результати дослідження можуть бути використані при проектуванні хмарних та грід-інфраструктур для 

підвищення ефективності використання обчислювальних ресурсів і забезпечення стабільної роботи сервісів в умовах 

динамічних навантажень. Напрямами подальших досліджень є впровадження інтелектуальних алгоритмів прийняття 

рішень та застосування імітаційного моделювання для оцінки ефективності запропонованої структури. 

Ключові  слова:  віртуальна машина; багаторівнева архітектура; оптимізація ресурсів; віртуалізований центр 

обробки даних; балансування навантаження; хмарні обчислення; гетерогенне середовище; енергоефективність; якість 

обслуговування; адаптивне управління. 
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