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Abstract
Objectives. Analysis of the various architectures of computing systems (CSs) used in recent decades has allowed 
us to identify the most common structures. One of the key features is the use of mass-produced equipment to create 
data processing subsystems  (for example, multicore processors and high-capacity semiconductor memory), as 
well as network equipment to build communication subsystems. This reduces hardware costs and allows typical 
or cluster configurations to be created, which is especially important for expensive CSs. The desire to achieve 
high computational speed and performance in such CSs requires minimizing the time to complete the task and 
balancing time delays both in data processing subsystems and in the communication subsystem which provides 
data transmission inside the CS. The aim of this work is to analyze computing modules (CMs) and structures on the 
basis of which the construction of cluster CSs is carried out.
Methods. The main results of the work were obtained using methods of mathematical analysis and modeling.
Results. The study considers the structure of modern multicore microprocessors as the basis for building CMs 
of cluster CSs. As the number of cores in the microprocessor structure increases, the communication network 
which unites them into a single structure becomes more complicated. It has been shown that in new developments 
of microprocessors, communication between cores is performed in the form of a network. The microprocessors 
themselves are MIMD structures in accordance with the well-known Flynn classification.
Conclusions. The proposed method of selecting an effective structure of a CS allows us to obtain the optimal 
structure of a CS according to the criterion of performance.
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НАУЧНАЯ СТАТЬЯ

Анализ и выбор структуры 
многопроцессорной вычислительной системы 

по критерию быстродействия

Г.В. Петушков @,  
А.С. Сигов

МИРЭА – Российский технологический университет, Москва, 119454 Россия
@ Автор для переписки, e-mail: petushkov@mirea.ru 

Резюме 
Цели. Анализ различных архитектур вычислительных систем (ВС), использовавшихся в последние десятиле-
тия, позволил выделить наиболее распространенные структуры. Одной из ключевых особенностей является 
использование серийно производимого оборудования для создания подсистем обработки данных (напри-
мер, многоядерные процессоры и полупроводниковая память большой емкости) и сетевого оборудования 
для построения коммуникационных подсистем. Это снижает затраты на оборудование и позволяет созда-
вать типовые или кластерные конфигурации, что особенно важно для дорогостоящих ВС. Стремление до-
стичь высокой вычислительной скорости и производительности в таких ВС требует минимизации времени на 
выполнение задачи и балансировки временных задержек как в подсистемах обработки данных, так и в ком-
муникационной подсистеме, обеспечивающей передачу данных внутри ВС. Целью работы является анализ 
вычислительных модулей (ВМ) и структур, на основе которых проводится построение кластерных ВС.
Методы. Основные результаты работы получены с использованием методов математического анализа 
и моделирования.
Результаты. Рассмотрена структура современных многоядерных микропроцессоров (МП), являющихся ос-
новой построения ВМ кластерных ВС. По мере увеличения числа ядер в структуре МП усложняется коммуни-
кационная сеть, объединяющая их в единую структуру. Показано, что в новых разработках МП коммуникация 
между ядрами выполняется в виде сети, а сами МП представляют собой MIMD-структуры (множественный 
поток команд, множественный поток данных) в соответствии с известной классификацией Флинна.
Выводы. Предложенная методика выбора эффективной структуры ВС позволяет получить оптимальную 
структуру ВС по критерию быстродействия.

Ключевые слова: сеть InfiniBand, быстродействие, микропроцессоры, вычислительные модули, метрики 
Холстеда, анализ
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INTRODUCTION

Modern multicore microprocessors form the basis 
for constructing computing modules (CMs) of cluster 
computing systems  (CSs). Along with an increase in 
the number of cores in the microprocessor structure, 
the communication network which unites them into 
a single structure becomes more complex. In improved 
microprocessor designs, communication between 
cores is performed in the form of a  network. The 
microprocessors themselves are multiple instruction and 
multiple data (MIMD) structures in accordance with the 
well-known Flynn classification [1–3].

At the next level, one or more microprocessors are 
used as the basis for a CM of a CS cluster cell. In a CM, 
microprocessors are combined with RAM modules 
by standard peripheral component interconnect  (PCI) 
class, i.e., Express 3.0 class interfaces. They can also be 
combined with a  switch that provides communication 
between all microprocessors and all memory modules [4].

At the system level, a  relatively large number of 
CMs in the clustered systems are interconnected by 
networking facilities. As a  rule, this requires several 
networks, such as [5]:

•	 a network providing data transfer between CMs in 
the process of task solving;

•	 a  network that connects individual CMs to a  data 
warehouse used both for initial task data loading and 
for storing results; 

•	 a service network associated with the control of CS, 
through which the information on monitoring the 
performance of the CM and entire CS is circulated.
The fastest of these networks should be the former 

network, also referred to as a  data transfer network 
and executed as an InfiniBand network (IBA) [6]. This 
network supports the densest data transfer traffic during 
the process of task solving in CS. As the number of CM in 
the CS increases, the processing time for a task decreases 
due to the increase in the number of processing devices, 
and the “time overhead” of data transfer between CM 
will increase [7]. 

The question then arises about the optimal number 
of CMs in the CS, providing the minimum time of task 
execution at known characteristics of CMs and data 
transmission network. This task is formulated in the 
work as a cluster CS structure selection problem [8].

METHODOLOGY FOR SELECTING AN EFFICIENT 
STRUCTURE OF THE ALL-ROUND SYSTEM, 

OPTIMAL BY THE CRITERION OF FAST 
PERFORMANCE

Let us evaluate the performance of the CSs using 
the IBA network when the number of microprocessors 
and CMs increases  [9]. The performance growth of 

such systems with an increase in the number of CMs is 
nonlinear. This is because the increase in the number of 
CMs leads to an increase in the “overhead” associated 
with the time required for data exchange between 
modules. The time spent on data exchange especially 
increases when CMs interact through the network, where 
delays occur and traffic volume increases.

In order to analyze the influence of these 
“overheads”  [10], let us consider an idealized case of 
executing a  well-parallelized program which consists 
of N parallel fragments distributed over K CMs, where 
N > K.

The program execution time in the considered case 
can be estimated as follows:

	 Тpr = Тcalc + Тexch,� (1)

wherein Тcalc is the time spent on calculations in CMs; 
Тexch is the time spent on data exchange between CMs.

Тcalc value can be estimated taking into account the 
capacity of one CM РCM and their number K  by the 
formula:

	 calc
CM

,GT
KP

= � (2)

wherein G is an estimate of the number of operations in 
the program.

G value can be obtained by analyzing the program 
algorithm using, for example, Halstead metrics.

The time consumption for exchanging a data packet 
Тp in a data network is defined as follows:

	 p n d ,QT T T
V

= + + � (3)

wherein Тn is the delay of data packet formation in the 
network adapter; Тd is the delay of packet transmission 
in the network, associated with delays in the switch; Q is 
the amount of transmitted data in the data packet; V  is 
the velocity of data transmission in the network.

Let us consider the data transmission network as 
part of the CS [11], since the volume of traffic therein is 
much larger than that in the service network. Analyzing 
the time of data exchange as an “overhead” in the 
process of computation, in the first approximation Тexch 
can be estimated taking the limited network bandwidth 
into account as follows:

	 exch .QT K
V

= � (4)

Let us explain the derivation of Eq.  (4) in greater 
detail on the example of a system consisting of K CMs. 
Since the amount of traffic of each CM is proportional to 
the number of CMs, let us assume that each CM forwards 
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packets to other CMs after completing the execution of 
its program fragment. The total communication time can 
be estimated by combining the traffic of all CMs  [12] 
forwarded over the network. This time is shown in the 
form (4).

The amount of data in bytes of the exchange packet 
is related to the number of operations in the executed 
program G (computational complexity of the algorithm) 
as follows:

	 Q = CGL,� (5)

wherein С  is the coefficient characterizing the class 
of algorithms being executed with respect to data 
connectivity (algorithms with higher data connectivity 
are characterized by a  higher intensity of exchanges 
between CMs and a higher value of the coefficient С), 
and L  is the share of computational operations in the 
executed program fragment (L ≈ 1).

Taking Eqs.  (2)–(5) into account, Eq. (1) can be 
rewritten as:

	 pr
CM

.G CGLT K
KP V

= + � (6)

It follows from the above expression  (6) that an 
increase in K  leads to a decrease in the time spent on 
computation and an increase in the time duration for 
data exchange in the CS. Thus, the characteristics of the 
data transmission network will strongly affect the CS 
performance.

Equation (6) can be used to determine the optimal 
value of the number of CMs Kopt, providing the 
minimum value of the program execution time Тpr. The 
value of the coefficient k, determining the number of 
CMs in the full CS, is calculated based on the condition 
dТpr/dk = 0 as follows:

	 opt
CM

.VK
CP L

= � (7)

For modern CSs [13], the coefficient values are at the 
level of unity for network throughput V = 10 Gbytes/s 
and data processing speed of 10  billion operations 
per second. However, for the coefficient values 
C = 0.01 bytes/operation, characterizing algorithms with 
weak data connectivity, it can reach 10.

Along with an increase in the data network 
bandwidth, the number of СMs in the system can be 
increased without significant performance degradation 
due to the time spent on data exchange. Using an optical 
bus with a data transfer rate of V = 1, Tbyte/s for the 
data network can increase the optimal number of СMs 
by more than 10  times (up  to 100  СMs), significantly 
improving the efficiency of multiprocessor and multi-
module СS.

Equation (7) for the coefficient will be referred to as 
the rule of “selecting the effective structure of the CS” 
and we note its important practical significance in CS 
design. The methodology of structure selection for 
a cluster CS includes several stages [14, 15]:

1.	CM performance analysis.
2.	Estimation of the data transfer rate in the fastest CS 

data network.
3.	Analysis of the algorithm for determining the data 

cohesion coefficient C.
4.	Determination of the coefficient according to Eq. (7).

In actual CS, the number of CMs, as a rule, exceeds 
the value of  10. This is due to the development of 
efficient CS designs. However, with the growth of data 
transmission speeds in the network, the calculated and 
actual numbers of CMs will be better coordinated.

CONCLUSIONS

1.	The most efficient ratio structures of cluster CSs in 
terms of “cost/performance” are built on the basis of 
standard equipment of IBA and Ethernet networks.

2.	A methodology for selecting an effective structure 
of the CS is proposed on the basis of the analysis of 
time costs for data processing and transmission in 
the CS. This allows the optimal structure of the CS 
to be obtained according to the criterion of speed. 
The methodology includes the following steps:

•	 analysis of the specifics of data exchange between 
CMs depending on the algorithm of the task solving;

•	 analysis of CM performance depending on the 
equipment used;

•	 analysis of the bandwidth capacity of the data 
transmission network in CS;

•	 selection of the CS structure as a  choice of the 
optimal number of CMs in accordance with Eq. (7).
Authors’ contribution
All authors equally contributed to the research work.
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