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Abstract. The efficiency of modern companies depends largely on the efficiency of computer information systems (CIS).
The efficiency of the CIS can analyzed by modeling and calculating their performance indicators. For the analysis and mod-
eling of the (IS of the “client-server” class, the most widely used mathematical apparatus of Petri nets and the theory of
queuing. Representation of the CIS in the form of a Petri net makes it possible to obtain information about the structure and
dynamic behavior of the CIS. The most effective in the case of modeling and analysis of corporate information systems with
a service-oriented architecture (SOA) are colored Petri nets (CPN). CPN is a graph-oriented language for designing, describing,
modeling, and managing distributed and parallel CIS. Unlike a classic Petri nets, data typing based on the color set concept
plays an important role in CPN.

In addition to Petri nets, the theory of Queuing systems (QT) is an effective tool for analyzing CIS. Analysis of QT models
in the (IS allows calculating the performance indicators of the CIS in order to determine the optimal mode of their operation.
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In addition, the design process (IS models of the individual fragments allows adequately choose the appropriate parameters
of equipment and resources of (IS, to forecast the state of the CIS. An attempt on intuitively choose the option of integrating
heterogeneous products and parameters of the designed system can lead to a significant loss of productivity at the operational
stage and high costs for updating the information system. The use of QT for the analysis and modeling of CIS, in particular with
a service-oriented architecture, allows, in addition to the simulation tool, to use the Markov chain apparatus for research.

When modeling and analyzing CIS, it is impossible to limit the creation of a single model, which is due to the complexity
of the configuration of interacting components. Hence, accounting and analysis of CIS characteristics within a single model
is very complex and often impractical. In this regard, the actual task is to build several complementary models of the (IS
operation.

Two models of operation of the main component of the CIS Web server proposed in this paper, which based on the appa-
ratus of Petri nets and the theory of Queuing systems. In General, modeling and analysis of CIS based on CPN is very complex
and time-consuming, and therefore specialized software products are used. In particular, the specialized CPN TOOLS package.
In contrast to Petri nets, TQS allows, in addition to direct simulation of CIS under certain assumptions about incoming request
and service flows, to obtain final formulas for CIS performance indicators in analytical form.

For the simplest flows of receipt and service of requests, the calculation of performance indicators of the (IS can perform
on the discrete and continuous Markov chains. The example of calculating the performance indicators of an information
system shows that it is possible to requlate certain performance indicators of the CIS within certain limits, mainly due to the
number of communication channels and the time for processing documents. At the same time, additional communication
channels can be not only physical channels, but also virtual dynamic communication channels.

Thus, the Petri and QT models proposed in this paper for modeling and calculating CIS performance indicators are quite
universal in terms of the characteristics of the flows of receipt and service of requests in the CIS.

Keywords: computer information systems, colored Petri nets, apparatus of Markov chains, queuing theory, state graph,
calculation of word load

Introduction. The efficiency of modern companies  Unlike a classic Petri nets, data typing based on the color
depends largely on the efficiency of computer information  set concept plays an important role in CPN. To describe the
systems (CIS). The efficiency of the (IS can analyze by mod-  dynamic properties of CPN introduces the notion of a net-
eling and calculating their performance indicators. For the  work layout with the use of so-called tokens are placed in
analysis and modeling of the CIS of the “client-server” class,  certain positions. To describe dynamic properties, the CPN
the most widely used mathematical apparatus of Petri nets introduces the concept of network markup using so-called
[1,2] and the theory of queuing [3]. tokens placed in certain positions. The position has a certain

It known [2] that Petri nets are very convenient for mod-  value to be determined from a variety of colors. The color of
eling systems consisting of many interacting components.  the position, in turn, determines the type of tokens that are
From here, Petri nets make it possible to model CIS in the  there. CPN is an asynchronous system in which the tokens
form of a mathematical representation based on kit theory, ~ moved according to the positions of the through transitions.
which is an extension of set theory. Representation of the A transition moves a token from an input position to an out-
(IS in the form of a Petri net makes it possible to obtain  put position if at least one token is present in all input posi-
information about the structure and dynamic behavior of tions for this transition and a logical condition that restricts
the CIS [2]. the transition (trigger function) is met.

It should note that the most effective in the case of mod- In addition to Petri nets, Queueing theory (QT) is an
eling and analysis of corporate information systems with  effective tool for analyzing CIS. Analysis of QT models in the
a service-oriented architecture (SOA) are colored Petri nets (IS allows calculating the performance indicators of the CIS
(CPN) [4]. in order to determine the optimal mode of their operation.

(PN is a graph-oriented language for designing, describ-  In addition, the design process CIS models of the individual
ing, modeling, and managing distributed and parallel CIS.  fragments allows adequately choose the appropriate param-
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eters of equipment and resources of CIS, to forecast the state
of the CIS. This approach is due to the high complexity of
modern (IS, it is usually very difficult for the designer to
analyze all the performance indicators of the developed
(IS at once. An attempt to intuitively choose the option of
integrating heterogeneous products and parameters of the
designed system can lead to a significant loss of productiv-
ity at the operational stage and high costs for updating the
information system [3,5].

The use of QT for the analysis and modeling of CIS, in
particular with a service-oriented architecture [6], allows,
in addition to the simulation tool, to use the Markov chain
apparatus for research.

Problem statement. When modeling and analyzing
(IS, it is impossible to limit the creation of a single model,
which is due to the complexity of the configuration of inter-
acting components [6]. Hence, accounting and analysis of
(IS characteristics within a single model is very complex and
impractical [7]. In this regard, the actual task is to build sev-
eral complementary models of the CIS operation.
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Two models of operation of the main component of the
(IS Web server proposed below, which are based on the
apparatus of Petri nets and the theory of Queuing systems.

Modeling and calculation of CIS performance indi-
cators. For heterogeneous applications in the framework of
the CPN theory, we consider the following special case of the
Web server model.

The model contains three sources of requests from client
terminal users, an application server, and a database server.
Each source generates the following stream of requests:

— the requests to get static site content (images, static
HTML pages, style tables, etc.);

— the requests to get information from the database;

— the requests to save information in the database.

Simulation model (IS in the form of stochastic CPN is shown
in fig. 1. To simulate the server processing requests of different
types entered into the model coloring i as markers of differ-
ent shapes <V 4 M o> Markers indicated with a circle,
reflect the employment status of a resource of the application
server query processing channels to the application server.

Fig. 1 — Web server model in the form of a colored Petri net

Petri net transitions t,, t, t, are associated with
request sources, and the intensity of their arrival at
the application server inputs is determined by the
known values of the intensities A, \,, A,, respectively.

The set of M server channels is represented as a subset
of loaded M1 channels and a subset of free M, chan-
nels, provided that M,\NM, = @ and M = (M,, M,).
The moments when the application server starts
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processing requests are determined by transitions
t, t,.... t,. When the next request received at time t, the
K, M, service channel with the minimum number starts
working. The start time of the K, channel is determined by
the time 7{ = 7. The end of request service is determined
by transitions t,,,..., t,,,t,;. The end time of service with the
i-th channel coloring K_is set by the expression (1):

(1)

where i, is the service intensity of the request with the
i-th coloring.

=141/, i=1,23,

In General, modeling and analysis of CIS based on (PN is
very complex and time-consuming, and therefore special-

ized software products are used. In particular, the special-
ized CPN TOOLS package [8].

In contrast to Petri nets, QT allows, in addition to direct
simulation of CIS under certain assumptions about incoming
request and service flows, to obtain final formulas for CIS per-
formance indicators in analytical form. For example, for the
simplest flows of receipt and service of requests, the calcula-
tion of performance indicators of the CIS can performed on
the discrete and continuous Markov chains [9]. In this case,
the Web server operation can represented by the following
state graph (fig. 2), which corresponds to the uniformity of
the request flow and the absence of coloring in the Petri net
model shown in fig. 1. Other words, in the model circulates an
ordinary request flow with an exponential distribution.

A 4 A 1 1 ]
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Fig. 2 - Web server state graph

The operation of such a Queuing system model (QMS)
from the point of view of QT is as follows.

The operation of such a Queuing system model (QMS)
from the point of view of QT is as follows. The simplest
stream of requests with a known intensity A fed to the input
of the n-channel CIS. The intensity of the simplest request
service flow for each channel determined by the value of .
According to Fig. 2 in this CIS model, the following set of
states is possible:

— X, — all channels are free, one request is not served;

— X, — exactly one channel is busy (which one is not
important), one request is being served;

— X, —exactly k channels are busy (which ones are not
important), k requests are served;

— X, — all n channels are busy, n requests served.

If the request finds all n channels busy, the request is
rejected (leaves the system unserved).

In the special case considered earlier, we assumed that
the number of service channelsisn =15, i.e. the Web server

is configured to simultaneously work with 15 channels. For
the Web server state graph (Fig. 2), in accordance with the
mnemonic rule for composing equations [4], the system
of differential equations for the probabilities p; of States X
defined as:

2 (t) =-\p, (t)+up1(t);

Pk(f)=—[7»+'<u]pk(f);.%pkl(f)+(k+1)upk+1(t), o)

D, (t) = —nu];n.(t) + kpn(t),

where k=1, ...,n-1.
The system of differential equations (2) integrated under
initial conditions:

0(0)=1
{pk(()i 0: p,(0)=0 6)

In this case, the solution of the system of differential
equations (2) satisfies the normalization condition:
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n

Yo.(1)=1. (120)

k=0

(4)

The simplest stream of requests with a known intensity
A fed to the input of the n-channel CIS. The intensity of the
elementary service flow for receiving and servicing requests
performed over a long-time interval. Mathematically, this
mode corresponds to the ergodic mode of operation of the
(IS, which corresponds to the following algebraic system of
equations:

O =-M\p, + up,;

0= —[X+ku]pk +Ap, +(k+l)upk+l; (5)

O=-nup, +A\p,_,,

Solving the system (5) together with (4), we obtain
a formula for the probabilities of the state of the CIS model

under consideration:
(x]k
U

Let's introduce the notation: A =My, where A is equal
to the average number of requests received by the sys-
tem during the average service time of one request in one
channel. Given the expressions for ), and multiplying the
numerator and denominator (6) by e*, we get:

U _ p(kX)

(Y R(nlk) '
Zk:O E €
where p(kX) and R(n}) are table functions of the

Poisson distribution [4].

Based on the formula (7) , you can get a number of indi-
cators for the operation of a computer information system:
the probability of downtime, the probability of failure, the
average number of busy channels, average time to fully load
the system and so on.

b= (7)

In particular, the following indicators are relevant for the
(IS analysis:
1. The probability of servicing the request:
R(n —1,7:)
oben. R(}’l,}_\,) :

2. Average time to fully load the system:
1
tns‘.:__‘
77
3. Probability that at least one channel is busy:
P(n,X)
B P(n,X) '
4. Probability of failure:
P =1-P

omk. oben. *

(10)

3.K.

(11)

Example of calculating CIS performance indicators

Let the CIS have 15 communication channels (Fig. 1). The
flow of applications (documents) is on average A=11/sec.,
the average document processing time is T=10 sec. , i.e.
u=0,11/sec. The distribution law is exponential. It is neces-
sary to evaluate the main characteristics of the information
system, including the likelihood of immediate processing of
the document immediately upon its receipt.

Using the above formulas (6) — (11), we can calculate
the following indicators of the CIS:

Probability of failure: Pf=0,0365.

Probability of service: Ps = 1- 0,0365 = 0,9635.

Absolute throughput 4, i.e. all documents entering the
system are processed almost immediately: A =1-0.9635 =0

Average number of active communication channels
(equal to the average number of requests):

n,=\/p=1/0.1=10.

Usage and downtime rates for communication channels:

K.=n,/n=0,666; k,=1-k, = 0,334.

Ifwe take the number of communication channelsn=10,
then the utilization factor becomes close to 1 (K, = 0.997).
In other words, in the CIS under the above conditions, there
is practically no downtime of any service channels.

The example of calculating the performance indicators
of an information system shows that it is possible to requ-
late certain performance indicators of the CIS within certain
limits, mainly due to the number of communication chan-
nels and the time for processing documents. At the same
time, additional communication channels can be not only
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physical channels, but also virtual dynamic communication
channels [11].

Conclusion. The Petri and QT models proposed in this
paper for modeling and calculating CIS performance indica-
tors are universal in terms of the characteristics of the flows
of receipt and service of requests in the CIS. In addition to

simulation modeling, QT allows you to obtain final formu-
las for CIS performance indicators in analytical form, under
certain assumptions about incoming request flows and their
service flows. This reflected in the given example of calcu-
lating the performance of a computer information system
under the formulated conditions of its operation.

B w N =

0 N oW

10.
1.
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AHHOTauuA. J)OEKTMBHOCTb COBPEMEHHbIX KOMMaHWIi BO MHOTOM 3aBUCUT OT 3Q(EKTUBHOCTU KOMMbHTEPHDBIX
nHdopmavmonHbix cuctem (KIC). SpdektusHoctb featenbHoctin KWC moxeT 6biTb npoaHanu3upoBaHa nytem mogenupo-
BaHWA 1 pacyeTa ux nokasarteneii 3pdekTusHoCTU. [Ina aHann3a u mogenuposanua KNC knacca “knuenT-cepeep” Hanbonee
LUIMPOKO MCMONb3yeTcA MaTemaTiyeckuii annapart ceteid lletpu n Teopua maccooro o6cnyxuBanus. lpencrasnexue KNC
B BuUAe ceTy leTpu No3BonAeT NOAYYNTL MHGOPMALIMIO O CTPYKTYpe 1 AuHamuyeckom nosegeHun KIC. Hanbonee 3¢pdek-
TUBHBIMM B CNlyyae MOAENMPOBAHMA 1 aHANN3a KOPNOPaTUBHBIX UHPOPMALMOHHBIX CUCTEM C CePBUC-OPUEHTUPOBAHHOI
apxutektypoii (COA) aBnatotca uetHble ceti Metpu (LLCM). LICM — 370 rpado-opueHTMpOBaHHbIN A3bIK ANA NPOEKTUPOBA-
HUA, OMUCAHNA, MOLENIMPOBAHIA U YNpaBNeHna pacnpedenedHbiMu 1 napannenbHbiMu KAC. B oTanume ot knaccnyeckmx
ceTeit [leTpu, TUNM3aLNA AaHHbIX HA 0CHOBE KOHLENLMI Habopa LBETOB UrpaeT BaxHyto ponb B LiCI.

Mpu mopenupoBaHum 1 aHanu3e KNC HeBO3MOXKHO OrpaHNUNTLCA CO3AAHNEM eANHOI MOLENU, UYTO (BA3AHO CO CNIOXK-
HOCTbI0 KOH(UTypaLlK B3auMOZAECTBYOLLMX KOMNOHeHToB. (nefjoBaTeNbHO, yueT 1 aHanu3 xapaktepuctnk KNC B pamkax
O/1HOI! MoZeNN ABNAETCA 0UYEeHb CNIOKHBIM M YaCTO HeNpaKTUYHbIM. B CBA3M € 3TUM aKTyanbHOl 3afaueii ABNAETCA NOCTPO-
€HIe HeCKobKINX B3aumoZonoHawLLmx mogenei dyHkumnonnposaxua KIC.

B maHHoil pabote npeanoxeHbl ABe Mopenu paboTbl Beb-cepBepa kak 0CHOBHOrO komnoHeHTa KIC, ocHoBaHHbIe Ha
annapare ceteii [leTpu 1 Teopun CucTem MaccoBoro obcnyxuanus. B uenom mogenuposanue 1 aHanu3 KNC Ha ocHose LiCIT
ABNACTCA 0YEHb CJIOXKHBIM U TPYA0EMKIAM NPOLLECCOM, B CBA3M C YeM UCNONb3YHTCA CeLnani3upoBaHHble NporpaMmHble
NpoAyKTbl. B yacTHOCTH, Cneunanu3npoBaHHblil naket nHcTpymentos LICM. B otnnume ot ceteit Metpu, TCMO no3gonser,
nomumo npamoro mogennpoanua KIC npu onpeseneHHbIx AONYLLEHUAX 0 BXOAALLAX NOTOKAX 3anpocoB U YCAyT, noayyaTb
OKOHYaTenbHble dopmynbl nokasatenei 3ppexktusHocTi KNC B aHanutnueckoi hopme.

Knioyeswie cnosa: komnbioTepHble MHPOPMALMOHHbIE CUCTEMDI, packpalleHHble ceTi MeTpu, annapart ueneit Map-
KOBa, TeOpUA MaccoBOro 06CNYXMBaHIA, rpad COCTOAHNIA, pacyueT KonuyecTBa CioB.
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AHoTauis. EQekTMBHICTb CyyacHMX KOMNaHiii 6arato B YoMy 3aNnexuTb Bif epeKTUBHOCTI KOMN'IOTePHUX iHPOpMa-
uiiux cuctem (KIC). EGeKTUBHICTb BiANbHOCTI Kic MOXe OYT NpoaHanizoBaHa WAAXOM MOAENOBAHHA Ta PO3PaxyHKY iX
MOKa3HIKiB edeKTMBHOCTI. [1nA aHani3y i MoAentoBaHHA Kic Knacy “KnieHT-cepeep” HaibinbLu WMPOKO BUKOPUCTOBYETHCA
maTemaTUyHuii anapat Mepex [letpi i Teopia macoBoro o6cnyroByBaHHA. Moganxa KICy Burnagi mepexi letpi fo3sonae
0TPUMATK iHpOpMaLito Npo CTPYKTYpY i AuHamiuHy noseAinky KIC. Haibinblu edpekTuBHUMY Y BUNAJKY MOAENOBAHHSA Ta
aHanisy KopnopatuHux indpopmaiitiux cuctem 3 Cepsic-opieHtoBaHoto apxitektypoto (COA) € Konboposi mepexi Metpi
(KMI). KMIT-we rpado-opieHTOBaHa MOBA ANA NPOEKTYBAHHA, ONKUCY, MOAESIOBAHHA Ta YNPaBNiHHA Po3noAineHumMu i napa-
nenbHumu KIC. Ha Bigminy Big knacuuHux mepex [MeTpi, Tuni3auisa aHWX Ha 0CHOBI KOHLeNLii Habopy KonbopiB Bidirpae
BaxnuBy ponb B KMII.

[pu mopentoBaHHi Ta aHanisi KIC HeMoXn1BO 06MeXNTUCA CTBOPEHHAM €AMHOI MOAENI, L0 NOB'A3aHO 3i CKNAAHICTIO
KoHirypauii B3aemoaitounx komnoHeHTig. 0Txe, 06nik i aHani3 xapakrepuctik KIC B pamkax oaHiei Mogeni € fyxe cknag-
HUM | YaCTO HeNPaKTUYHUM. Y 3B'A3KY 3 LIMM aKTyaNbHUM 3aBAAHHAM € N0OYA0BA AeKiNbKOX B3aEMOAOMOBHIOOUNX MOfe-
neit gyHkuioHysaHHa KIC.

Y naniit poboti 3anponoHoBaHi ABi Moaeni poboTn Be6-cepBepa Ak 0cHOBHOro KomnoHeHTa KIC, 3acHoBaHi Ha anapari
mepex [letpi i Teopii cuctem macoBoro 06cnyroByBaHHA. B Linomy mogentoBanHa Ta aHani3 KIC Ha ocHoBi KMIT € pyxe
CKNAJHUM | TPYAOMICTKUM NpOLIecoM, Y 3B'A3KY 3 UM BUKOPUCTOBYIOTbCA CNeLjiani3oBaHi NporpamHi NpoayKTh. 30Kpema,
cnevianizoBaHnit naket incrpymentia KMIN. Ha Bigminy Big mepex letpi, TCMO fo3Bonse, Kpim npAMOro MoAentoBaHHA Kic
npy NeBHUX JONYLIEHHAX NPO BXiZHI MOTOKW 3anuTiB i NOCYr, OTPUMYBATI 0CTaTOUHI GOPMYNN NOKA3HUKIB ePeKTUBHOCTI
KiC B aHaniTMYHin GopMmi.

Knioyosi cnosa: komn'totepHi iHpopmauiitHi cuctemn, konbopoBi Mepexi [leTpi, anapat naHutoris MapkoBa, Teopis
MacoBoro 06CyroByBaHHs, rpadik cTaHy, po3paxyHoK KinbKocTi CniB.
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