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Abstract. The object of the research is computing clusters of cloud data centers, containing many servers, 
data storage systems, an input-output system interconnected by a communication network. The goal of 
this research is to develop methods and models for improving the performance of a data center cluster 
by reducing the processing time of service requests as well as reducing equipment costs due to the 
efficient allocation of its resources. Therefore, it is necessary to implement optimization algorithms for 
placing virtual machines (VMs) on physical servers in real time based on load balancing. The proposed 
method of resource allocation is based on an iterative greedy algorithm and a limited search procedure. 
Reduction in the computation time is achieved by introducing restrictions on the permissible search 
depth. The paper puts forward a mathematical model of resource allocation, built using the Erlang model 
in the form of a multi-line m-node queuing system (QS) of the 𝑀𝑀|𝑀𝑀|𝑚𝑚|𝑛𝑛 type with an n-seat buffer, 
which makes it possible to determine the main indicators of service request quality in the form of QS 
parameters. The efficiency of this approach was tested on a simulation model built on the basis of the 
system functioning statistical analysis. Its experimental study was also carried out. 
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Резюме. Объектом исследования являются вычислительные кластеры облачных центров 
обработки данных (ЦОД), содержащие множество серверов, систем хранения данных, систему 
ввода-вывода связанных между собой коммуникационной сетью. Целью работы является 
разработка методов и моделей повышения производительности кластера ЦОД путем 
уменьшения времени обработки запросов на обслуживание, а также уменьшения затрат на 
оборудование за счет эффективного распределения его ресурсов. Это вызывает необходимость 
реализации оптимизационных алгоритмов размещения виртуальных машин (ВМ) на физических 
серверах в реальном времени на основе балансировки нагрузки. В основу предложенного метода 
распределения ресурсов положен итерационный жадный алгоритм и процедура ограниченного 
перебора. Сокращение времени вычислений достигается при этом путем введения ограничений 
на допустимую глубину перебора. В работе предложена математическая модель распределения 
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ресурсов, построенная на основе модели Эрланга в виде многолинейной m-узловой системы 
массового обслуживания (СМО) типа 𝑀𝑀|𝑀𝑀|𝑚𝑚|𝑛𝑛 с n-местным буфером, позволяющая определять 
основные показатели качества обслуживания запросов в виде параметров СМО. 
Работоспособность предложенного подхода проверена на имитационной модели, построенной 
на основе статистического анализа функционирования системы, проведено ее 
экспериментальное исследование. 

Ключевые слова: вычислительные кластеры, виртуальные машины, физические серверы, модель 
распределения ресурсов, эвристические алгоритмы, модельный эксперимент. 

Для цитирования: Мочалов В.П., Братченко Н.Ю., Линец Г.И., Палканов И.С. Методы и модели 
сервиса распределения ресурсов в кластерах с балансировкой нагрузки центров обработки 
данных. Моделирование, оптимизация и информационные технологии. 2022;10(2). Доступно по: 
https://moitvivt.ru/ru/journal/pdf?id=1188 DOI: 10.26102/2310-6018/2022.37.2.030 (На англ.). 

Introduction 
Cloud data centers are the most commonly used form of providing computing resources 

to corporate users. Research results have shown that in corporate data centers, as a rule, from 
10% to 35% of the computing power of servers is realized [1,2]. One of the ways to increase 
the efficiency of using the computing resources of the data center and to reduce the cost of 
equipment is to improve the quality of its management. To do this, based on the given 
parameters of the data center computing cluster and input request streams, it is necessary to 
solve the problems of optimal distribution of software applications among virtual machines; 
distribution of virtual machines on the hardware and software platform of the data center; 
determining the number of servers in the cluster; the amount of its internal and external 
memory, provided achieving the maximum value of its performance as well as the minimum 
cost of resources of all servers. At the same time, as an optimality criterion, we will employ the 
average processing time of incoming requests to the data center cluster and its total resource 
costs. A fairly realistic model of a data center cluster, taking into account the properties of 
incoming requests for processing, can be built on the basis of a QS with arbitrary distributions 
of intervals between requests and the duration of their service. However, the application of 
models such as 𝐺𝐺|𝐺𝐺|𝑛𝑛|𝑚𝑚, 𝐺𝐺|𝐺𝐺|𝑛𝑛|1, 𝐺𝐺|𝐺𝐺|𝑛𝑛 helps to obtain only approximate analytical results in 
the form of upper and lower estimates even for average values of the system load [3,4]. It was 
shown by L. Kleinrock [5] that under certain assumptions for the study of such systems, the 
apparatus of the QS type | | |M M n m  can be utilized. The article describes the development 
and investigation of a model for studying the resource allocation processes of cloud data center 
clusters. 

Related works 
The load distribution systems of widespread modern hypervisors (VMware 

Infrastructure, VMware ESXi Server, Microsoft Hyper-V) have direct application distribution 
methods as well as experimental settings selected empirically, which are often based on 
statistics and resource utilization forecasting [6–9]. For example, a resource scheduler based on 
the OpenStack platform algorithms neither properly matches the dynamically changing and 
unpredictable load rate nor fully reflects the real-time dynamics of all ongoing processes. These 
algorithms do not provide a complete solution to balance the load of data centers and to allocate 
physical server resources among virtual machines and network applications in real time [10–
13]. Therefore, the quality of service is not properly guaranteed. For a higher efficiency of the 
hardware-software platform of data centers, it is necessary to develop rational methods and 
models implementing, first, resource allocation service for load balancing clusters and, second, 
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optimization algorithms for placing requests and software applications on physical servers in 
real time. 

Implementing a static approach to allocating data center resources 
The static approach of data center resource allocation is used at a stable demand flow 

rate and is implemented by the data center hardware and software platform management system, 
shown in Figure 1. The resource allocation algorithms implemented here perform the placement 
of VMs and implement the procedures for their migration. 

Local 
manager

Physical 
server

1 n...
Virtual machines

Local 
manager

Physical 
server

1 k......
Virtual machines Placement of 

virtual machines 
and migration

Monitoring

Global 
manager

System 
information

Service quality
Resource utilization

Load rate
Load volume

Placement strategy of 
virtual machines

 
Figure 1 – Load distribution and balancing system 

Рисунок 1 – Система распределения и балансировки нагрузки 

The monitoring system, local and global managers manage the hardware and software 
platform of the data center, distribute physical servers, and migrate VMs. The non-polynomial 
algorithms used in this case, shown in Table 1, provide a solution to the problems of placing 
VMs on the hardware platform of the data center with acceptable accuracy (the FFD and BED 
algorithms provide distribution accuracy no more than 22% different from the optimal one) 
[14,15,16]. 

Table 1 – Non-polynomial data center resource allocation algorithms 
Таблица 1 – Неполиномиальные алгоритмы распределения ресурсов ЦОД 

Algorithm NF FF BF NFD FFD BFD 
Accuracy 2 1.7 1.7 1.691 1.222 1.222 

Studies [6,17,18,19] have shown that in the case of a data center cluster equipment load 
of more than 40%, these algorithms lead to unacceptable results. This necessitates the 
development of more rational approaches to the distribution of software applications across 
VMs as well as the distribution of the hardware and software platform of the data center 
between VMs. In this case, it is most advisable to use the following constraints [6,14,20]: 

– An application can be executed on a single VM only, i.e.,  

1,jn
n

a ≤∑       (1) 
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where 
if application is executed on VMs,
otherwise,jn

1 n
a

0


= 


 

1, , 1,j n n k= = . 

– The applications distributed to VMs request the total volumes of resources not 
exceeding the available ones, i.e., 

, ,jn j n jn j n
n n

a C C a m M≤ ≤∑ ∑     (2) 

where nC  and nM  are the performance and memory capacity of the j th VM. 

– The applications are indivisible for all time intervals nt  of their execution, i.e., 

0
.

nt

jn j jn
t n n

a t a
=

=∑ ∑ ∑      (3) 

To solve the problem of distributing software applications over VMs, one can use the 
greedy heuristic algorithm presented below [21,22], which provides a distribution close to 
optimal. 

1. Rearrange all software applications j r∈  in the descending order of their requests for 
the resources of VMs. 

2. Rank all VMs k K∈  by their performance, top to bottom. 

3. For each application ( )j k  on each time interval nt , select a VM that is able to execute 
this application. 

4. If such VM is not selected, the application will not be executed. Otherwise, the 
required volumes of resources are reserved on the VM. 

When solving the problem of distributing a set kBM , ( )1,k N=  to a set of application 

servers iS , ( )1,i L=  and file servers jH , ( )1,j M= , we introduce the following restrictions: 

– Each VM can be placed on a single server only, i.e., 

1 1 1
1,

L M N
ijk

i j k
x

= = =
=∑ ∑ ∑      (4) 

where 
if is placed on or

otherwise.
k i j

ijk
1 VM S H ,

x
0
= 


 

– The memory resources (RAM) requested by VMs from physical servers satisfy the 
inequality. 

1 1 1
.

L M N
k ijk ij

i j k
RAM x RAM

= = =
<∑ ∑ ∑      (5) 

– The server performance constraint, written as 

1 1 1
.

L M N
k ijk j

i j k
CPU x CPU

= = =
<∑ ∑ ∑      (6) 
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– The disk storage capacity constraint, written as 

1 1 1
.

L M N
k ijk ij

i j k
S x S

= = =
<∑ ∑ ∑       (7) 

– The performance constraint on the data input-output system, written as 

1 1 1
.

L M N
k ijk ij

i j k
IOPS x IOPS

= = =
<∑ ∑ ∑      (8) 

The throughput of the switching system must meet the following conditions  

1 1 1 1
П,

n L n L
i i

i l i l
r l r l K

= = = =
< <∑∑ ∑∑     (9) 

where ir l  is the required throughput of iVM  under the utilization of l  virtual channels; 
П and K are the total throughputs of physical channels and the switching system. 

Choose the following criteria of optimality: 
– the maximum load of data center equipment, 

1
1 1 1

L M N
k ijk k ijk

i j k
K CPU x RAM x

= = =
= ⋅∑ ∑ ∑     (10) 

– the maximum performance of the input-output system, 
L M N

2 k ijk
i 1 j 1 k 1

K IOPS x
= = =

= ∑ ∑ ∑      (11) 

– the maximum performance of the switching system and transfer system, 

3
1 1

n L
i

i l
K r l

= =
= ∑∑       (12) 

This problem can be solved by sequential processing of requests for VM placement. The 
external data center scheduler allocates to each VM the maximum value of the resources of 
CPU, RAM, disk, IOPS, etc. A physical resource with a minimum residual sum of its 
parameters is determined, and a VM is placed VMi on it using the following scheme: 

1. All VMs are ranked by the value of the characteristic 
K i

i j j
j 1

V C V ,
=

= ∑  where i
jV  is the 

request of iVM  for resource j , j 1,K ,=  and jC  denotes the significance of this resource. 
2. In accordance with the initial scheme, a VM with the highest resource requirements is 

selected and then placed on a physical element with a minimum resource. A most reasonable 
method is to use here an iterative algorithm based on dynamic programming. 

For example, the iterative greedy algorithm runs as follows [23,24]. As the input 
processes ia  of the set { }1 2 nS a , a , ... ,a=  the final times if  of their implementation are used. 
The sequentially selected processes are combined by the Greedy Activity Selector procedure 
( )s, f  into a set A  in which if  is the maximum final time of all processes 

3. The external data center scheduler estimates the performance of the VM placed to the 
server. 
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4. If the VM’s performance is below the specified level, the external scheduler moves it 
to a physical element with a higher level of resources and goes back to Step 3. 

5. If the VM’s performance is higher than the specified level, the external scheduler 
moves it to a physical element with a lower level of resources and goes back to Step 3. 

If it is impossible to distribute VM, the transition to the limited enumeration procedure 
is performed. The enumeration depth, which determines the maximum number of servers for 
which the distribution is assigned, must guarantee the required balance between the quality of 
service and the VM distribution time (find an acceptable solution in an allowed time). The 
scheme of the data center resource allocation algorithm is shown in Figure 2. 

VMs are ranked by the value of the characteristic 

where          is the request of VMi for resource j,

 j = 1,K, Cj is resource significance coefficient. 

A VM with the highest resource requirements is 
selected and placed on a physical element with a 

minimum resource

The local data center manager evaluates the 
performance of the VM hosted on the server

Is the VM performance below the 
specified level?

Is the VM performance above the 
specified level?

The global manager moves the VM to a 
physical element with a higher resource 

level

Yes No

The global manager moves the VM to a 
physical element with a lower resource 

level

Yes

The user makes a request to create a VM

Begin

=
= ∑

K i
i j j

j 1
V C V ,

i
jV

 
Figure 2 – Diagram of the data center resource allocation algorithm 

Рисунок 2 – Схема алгоритма распределения ресурсов ЦОД 
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queue

Is the VM hosted?

Placing the next VM.
The resource level requirements of the previous 

VM are lowered and it becomes a common 
ordered queue

Yes No

Choosing the best placement in terms of time, 
subject to all restrictions

VM cannot be hosted?

Going to the limited 
enumeration procedure

Yes

End

1

 
Figure 2 (continued) 

Рисунок 2 (продолжение) 

The quality of service can be estimated by the probability of blocking for Pδ  service 
requests; otherwise, by the probability of no admissible servers per unit time. This can be done 
using the Erlang formula 

0

! ,
!

n

n k

k

a nP
a k

δ

=

=
∑

     (13) 

where Pδ  denotes the probability of blocking; 
n is the number of servers; 
a is the rate of requests. 

The value of this probability can be determined in a recurrent way [20,25,26] 

( ) ( )
( )

1,
, ,

B n a
P B n a

B n a n aδ
−

= =
− +

    (14) 

where n 1,2,...,=  and ( )B 0, a 1= . 
In the case of large values of n and a, the computing time of Pδ  can be reduced by 

choosing a required deviation ( ) ( )P i P i 1δ δ δ− − <  and terminating the enumeration procedure 
as soon as the value δ  is achieved. Here δ  specifies the accuracy of calculations. 

6. If the resource is not found, then the next VM is placed, the resource requested by the 
previous VM is decreased, and it is included in the common ordered queue. 
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7. If the resource is found, then the VM is eliminated from the queue. 
8. The time-optimal placement is selected under the existing constraints. 

Analytical model of resource allocation for a data center cluster 
Figure 3 shows a formalized model of a data center in the form of a multichannel QS, 

which includes the following elements: 
– input stream of requests for processing; 
– a set of clusters, each of which is formed by many parallel servers; 
– input buffer (cluster memory); 
– central buffer common to all clusters. 
Figure 3 shows a formalized model of a data center in the form of a multichannel QS, 

which includes the following elements: 
If the incoming flows of requests are ordinary and stationary, then the total input flow 

is Markov and the main indicators of the quality of its processing can be defined as indicators 
of the QS. A request that arrives in the system and makes at least one of the cluster servers free 
occupies any free VM without waiting. The service characteristics of the request can be 
described by the indicators of the M/M/N system with the service probability P1. When all 
servers and cluster memory are busy, the request is sent to an unlimited external memory-
central buffer. The service characteristics can be described by the indicators of the M/M/N/m 
system with the service probability P3. If all VMs in the cluster are busy, the request goes to 
the cluster memory queue. The probability of this event is P2=1-P1-P3. 

 
Figure 3 – Formalized data center model 

Рисунок 3 – Формализованная модель ЦОД 

For the QS | | |M M m n , 1 n≤ < ∞ , 0 m≤ < ∞  the state graph is shown in Figure 4. 

 
Figure 4 – State graph of the QS 𝑀𝑀|𝑀𝑀|𝑛𝑛|𝑚𝑚 

Рисунок 4 – Граф состояний СМО 𝑀𝑀|𝑀𝑀|𝑛𝑛|𝑚𝑚 
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In the stationary mode, the probability distribution of states of a given QS has the form 
[15] 

1

0

! , 0 ,
1

! ! 1

k

k m

k nn

k

kP k n

n
k n n

n

ρ

ρ
ρ ρ

ρ

+

=

= ≤ ≤
 −  
 + −

⋅ −
∑

    (15) 

1

0

! , 1 ,
1

! ! 1

sm

m s m

k nn

k

m mP s m

n
k n n

n

ρ ρ

ρ
ρ ρ

ρ

+

+

=

 ⋅ 
 = ≤ ≤

 −  
 + −

⋅ −
∑

   (16) 

where a
n

ρ
µ

=  is the system load (in case n < ∞ ); 

,k m sP P +  are the probabilities of finding the system in the k-th and (m + s)-th states. 

System loading: 

0
1

1
m n

j
j

q P P
+

=
= − = ∑      (17) 

Average number of requests in the system: 

0

m n
c k

k
N k P

+

=
= ⋅∑      (18) 

The average number of requests in the queue: 

( )
1

m n
o k

k n
N k n P

+

= +
= − ⋅∑      (19) 

Average time spent by requests in the system: 

( ) ( )
0

0 01 1

m n
k

c k
с

k P
NT

n P n Pµ µ

+

=
⋅

= =
− −

∑
    (20) 

Average waiting time for requests in the system: 

( )

( )

( )
1

0 01 1

m n
k

o k m
o

k m P
NT

n P n Pµ µ

+

= +
− ⋅

= =
− −

∑
    (21) 

Average service time: 
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( ) ( )

( )

1

2

0

1 1
1

1

m n m
k k

k m k
обсл с о

m P k P
T T T

m m Pµ µ

+ −

= =
− + − ⋅

= − = +
−

∑ ∑
   (22) 

The probability that all servers in the cluster are free: 

( )

1
1

0
0 ! ! 1

k nn

k

a aP
k n ρ

−
−

=

 
= + 

−  
∑     (23) 

where a
n
λ
µ

=  and 
n

ρ
µ
Λ

=  are traffic intensity and cluster utilization rate. 

Probability of request processing delay: 

0 !(1 )

n

D
aP P

n ρ
=

−
     (24) 

The probability of an out-of-order request: 

1 1 DP P= −       (25) 

The probability of a request arriving when the input queue is overflowed is equal to the 
probability of blocking the system | | |M M n m : 

( )
3 1

1
1

s

sP
ρ ρ

ρ +

−
=

−
     (26) 

where s is the size of the input buffer. 
The probability of receiving a request when all the servers in the cluster are busy: 

2 1 31P P P= − −      (27) 

For an Erlang system with failures, which contains n parallel servers and an unrestricted 
central buffer, the average time a query spends in a cluster will be [5,27]: 

( )ср 1 2 3
1

1s s r
s

P P P
Pωτ τ τ τ τ = + + + ⋅  −

   (28) 

where 
1

1

s

s
n

ω
ρ ρτ

µ µ ρ

+

+= −
−Λ −Λ

. 

It can be seen from the obtained expressions that the average time for processing 
requests by a data center cluster depends on its load by the input stream of requests and on the 
amount of internal shared memory. By setting the required time for processing an application 
by the cluster, you can define the necessary parameters of the servers and VM of the cluster. 

Numerical experiment 
In Python the programming language, a simulation model has been developed that 

implements the presented algorithm (certificate of state registration of a computer program No. 
2020617795 dated July 15, 2020). The simulation was carried out for a data center based on the 
Huawei 2488 platform, Intel (R) Xeon (R) Gold 6154 processor, 512 Gb memory containing 
10 hosts and 40 VMs. The boundaries of the required VM resources were randomly generated 
in the range of 35–70% of the server resources. The throughput of the switching system is 
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defined in the range of 0.7–1 Gbps. The random VM migration time was set by the gamma 
distribution. The distribution of the number of requested resources for each VM is described by 
normal law. The research results are shown in Tables 2-5. 

Table 2 – Utilization percentage of the number of servers in a data centre cluster 
Таблица 2 – Процент использования количества серверов кластера ЦОД 

Number of cluster 
servers 1 2 3 4 5 6 7 8 9 10 

Used cluster servers 
before placement, % 85 63 100 81 42 37 34 45 30 40 

Used cluster servers 
after placement, % 73 75 70 75 – – – – – – 

Table 3 – Percentage of buffer memory usage in data center cluster servers 
Таблица 3 – Процент использования буферной памяти серверов кластера ЦОД 

Numbers of hosts 1 2 3 4 5 6 7 8 9 10 
memory usage before 

placement, % 60 65 70 45 27 25 20 32 40 43 

memory usage after 
placement, % 80 65 40 70 – – – – – – 

Table 4 – Time to host virtual machines on data center cluster servers 
Таблица 4 – Время размещения виртуальных машин на серверах кластера ЦОД 

Number of 
VMs 5 10 15 20 25 30 35 40 

Placement 
time, sec. 12 19 25 31 50 75 85 90 

Table 5 – Time of processing requests by a data center cluster 
Таблица 5 – Время обработки запросов кластером ЦОД 

Load of servers 0.35 0.40 0.45 0.50 0.55 0.60 
Request processing 

time, sec. 0.103 0.147 0.183 0.216 0.342 0.451 

It follows from the simulation results that the proposed model for the distribution of data 
center cluster resources provides acceptable distribution rates for the number of VMs not 
exceeding 20. With an increase in the number of VMs, the time for distribution and processing 
of requests by a data center cluster grows exponentially. The implementation of the presented 
algorithm reduces the number of used data center servers by 60%, with the number of VMs 
being hosted not exceeding 40. 

Conclusion 
An approach based on a heuristic greedy algorithm with a bounded enumeration 

procedure and restrictions on the resources of the hardware and software complex of the data 
center is proposed to solve and study the problem of efficient allocation of resources for a 
computing cluster in a cloud data center. The search depth, which determines the maximum 
possible number of servers and virtual machines to assign allocation, provides the necessary 
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balance between quality of service and allocation time. The algorithm for solving the problem 
includes the following stages: optimal distribution of software applications among virtual 
machines, distribution of virtual machines among servers of a data center cluster, construction 
of an algorithm diagram, determination of the main indicators of request processing quality by 
means of analytical and simulation modeling. Taking into account that such stochastic systems 
satisfy the ergodicity condition, the parameters of the data center cluster, which determine the 
main indicators of request processing quality, are defined as indicators of the QS operating in 
a stationary mode. The use of the proposed approach will make it possible to reasonably carry 
out the placement of software applications on the VM of a corporate data center, choose the 
composition of virtual machines and solve the problems of their rational placement on the 
physical servers of the data center clusters. 
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