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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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Peslome

Llenu. AHann3 pasnnyHbiX apXMTEKTYP BbIMUCINTENBbHbIX cucTeM (BC), MCnonb30BaBLUMXCA B NOCNeaHVE AecaTue-
TUS, NO3BONWI BbIAENNTL HANbBOIee pacnpocTpaHeHHble CTPYKTYpPbl. OLHOM 13 KIIOYEBLIX 0COOEHHOCTEN ABNSETCH
MCMOb30BaHME CEePUINHO NPOM3BOANMOro 060pyaoBaHNS O co3oaHms nogcuctem ob6paboTky AaHHbIX (Hanpu-
Mep, MHOrosiiepHbIE MPOLLECCOPLI M MOJIYNPOBOAHNKOBAS NaMsTb 60NbLLOK EMKOCTU) U CeTEBOro 060pya0BaHMs
05t NOCTPOEHUS KOMMYHUKALMOHHBIX NMOACUCTEM. ITO CHUXAET 3aTpaThl Ha 060pyaoBaHMeE 1 NO3BONSIET CO34a-
BaTb TUMOBbLIE UM KNAaCTEPHbIE KOHDUIYpPaLMK, HTO 0COBEHHO BaxXHO Afis goporoctoswmx BC. CtpemneHue no-
CTWYb BbICOKOW BbIYUCTIUTENIBHOW CKOPOCTU U NMPOU3BOAUTENBLHOCTU B Takux BC TpebyeT MMHMMU3auMmn BpEMEHN Ha
BbINOJIHEHVE 334a4M 1 BanlaHCUPOBKM BPEMEHHBIX 3aePXeEK Kak B nogcncTeMax 06paboTky AaHHbIX, Tak U B KOM-
MYHUKaLMOHHOM noacuctemMe, obecneumsatroLlein nepenady aaHHbix BHyTpu BC. Llenbto paboThl sBnseTcs aHanmsa
BbIYNCUTENbHBIX MOAynen (BM) n CTpykTyp, Ha OCHOBE KOTOPbIX MPOBOAUTCA NOCTPOEHME KnacTepHbix BC.
MeToabl. OcHOBHbIE pe3ynbTaThl PabOThl MOJlyYEHblI C MCMOJIb30BAHMEM METOL0B MaTteMaTU4ecKoro aHanmaa
1 MOAENNPOBaHNS.

Pe3ynbTaTbl. PacCMOTpeEHa CTPyKTypa COBPEMEHHbLIX MHOMOSAEPHbLIX MUKponpoLeccopos (M), aBnaioLwmxcs oc-
HOBoOW nocTpoeHns BM knactepHbix BC. o mepe yBennyeHust yncna saep B CTpykType Ml yCnoxXHsaeTca KOMMYHU-
KaLMOHHas ceTb, 06beauHSOLAs NX B €AMHYIO CTPYKTYPY. MNokasaHo, 4To B HOBbIX paspaboTtkax MM koMMyHMKaLms
MeXAay sapamMu BbINONHAETCS B Buae cetu, a camu MM npeactasnstoT co6ot MIMD-CTpyKTypbl (MHOXECTBEHHbI
NMOTOK KOMaH[,, MHOXECTBEHHbI MOTOK AaHHbIX) B COOTBETCTBUM C U3BECTHOM kKnaccudukaumein @nnHHa.
BbeiBogpl. [NpennoxerHHas metoauka Boibopa addekTnBHol cTpykTypbl BC N03BONSET NOAYYNTb ONTUMASIbHYIO
cTpykTypy BC no kputeputo 66ICTPOOENCTBUS.

KnioueBble cnoBa: ceTb InfiniBand, 6bicTpoaeicTBme, MUKPOMPOLECCOPbI!, BbIYUCAUTENbHBIE MOAYSIN, METPUKN
XoncTtepna, aHanm3

e Moctynuna: 18.10.2024 » fopa6oTaHa: 26.10.2024 ¢ MpuHaTa kK ony6nukoBaHuio: 05.11.2024

Onsa untupoeaHus: Metywkos .B., Curos A.C. AHanu3 1 BblGOP CTPYKTYPbl MHOMOMPOLLECCOPHONM BbINUCTIUTENIBHOM
cucTteMbl Mo kputeputo BbicTpoaencTeus. Russ. Technol. J. 2024;12(6):20-25. https://doi.org/10.32362/2500-
316X-2024-12-6-20-25

Mpo3payHocTb pUHAHCOBOMN AEeATENIbHOCTU: ABTOPbLI HE UMEKDT PUHAHCOBOM 3aMHTEPECOBAHHOCTW B NPEACTaBNEH-
HbIX MaTepmanax unm MeToaax.

ABTOPbI 3a5BNSIOT 06 OTCYTCTBUM KOHGMIMKTA MHTEPECOB.
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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]:

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

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

e 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:

=T

pr calc

* Texch’ (1)
wherein T is the time spent on calculations in CMs;
T, 1s the time spent on data exchange between CMs.
T, value can be estimated taking into account the
capacity of one CM P, and their number K by the
formula:

G
T . .=—", 2
calc KPCM ( )

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
T 0 in a data network is defined as follows:

Tp=Tn+Td+%, 3)

wherein 7 is the delay of data packet formation in the
network adapter; T, 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 7, ,
can be estimated taking the limited network bandwidth
into account as follows:

_x2
Texen =K - )

[

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:

0=CGL, (5)

wherein C 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 C),
and L is the share of computational operations in the
executed program fragment (L =~ 1).

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

G CGL

T = +——K. 6
KPPy V ©

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 Koo providing the
minimum value of the program execution time 7T or The
value of the coefficient &, determining the number of
CMs in the full CS, is calculated based on the condition
dTpl/dk =0 as follows:

v
K. . = ’— 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 CMs 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 ' = 1, Tbyte/s for the
data network can increase the optimal number of CMs
by more than 10 times (up to 100 CMs), significantly
improving the efficiency of multiprocessor and multi-
module CS.

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:

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

e analysis of CM performance depending on the
equipment used;

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

e selection of the CS structure as a choice of the
optimal number of CMs in accordance with Eq. (7).
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