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UDC 681.58

Diagnostic graphs for distributed radio direction
finding system

D.A. Aminev*, A.P. Zhurkov’, D.V. Kozyrev*!

* V.A. Trapeznikov Institute of Control Sciences of Russian Academy of
Sciences, Profsoyuznaya str. 65, Moscow, Russia
t National Research University Higher School of Economics,
Myasnitskaya str. 20, Moscow, Russia
¥ RUDN University, Miklukho-Maklaya str. 6, Moscow, Russia

Abstract. We consider a distributed over large area radio direction finding
system (RDFS) and its hardware. The possibility of its diagnosis based on
Preparata-Metze-Chien, Barsi-Grandoni-Maestrini and Russel-Kime models is
studied. An approach is suggested to the construction of diagnostic graphs for
the general case of topology and structure of the distributed RDFS. An example
of construction of diagnostic graphs for the existing system is presented.

Keywords: diagnostics, diagnostic model, radio system, communication net-
work, communication channel, radio direction finding, system topology, graph.

1. Introduction

Despite the existence of global navigation satellite positioning systems,
radar and radio direction finding continue to be widely used at the present
time, because in remote and underdeveloped areas radars and undetectable
automatic direction finders (ADF) are among the main flight facilities and
main means of monitoring of mobile [1].

Distributed on the landscape radio direction finding system (RDFS),
which has the topology type multilevel star network consists of equipment
of the local dispatching center (LDC), communication channels and unat-
tended radio terminals (URT), which can be removed from the LDC over
distances up to several hundred kilometers. The general structure of the
distributed over the landscape RDFS and its hardware is shown in Fig-
ure 1.

In URT hardware [2] signals from Doppler antenna and phased array
antenna (PAA) arrive at the analog automatic direction finder (ADF) and
the radio locator (RL), respectively. The digital signal processing (DSP)
block forms flows of bearing data and radar data, which are then trans-
mitted via channeling equipment (CE) both to the main communication
channel (CC) and to the reserve one (CCr). For the reason that URT
is unattended, it is necessary to provide it with an autonomous energy
supply system, which also requires self-diagnosis. Similarly CE of LDC [3]
receives data streams from several URTs via CCs and feeds data into the
data processor, afterwards the data is displayed on the monitor and is
recorded in the storage subsystem.
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Figure 1. Distributed over area RDFS (a) and its hardware structure (b)

Since the distributed RDFS is a complex telecommunications, comput-
ing radio electronic system, to ensure its reliable operation it is necessary
to establish the periodic and systematic diagnosis of technical condition of
parts and components of its equipment. It is reasonable to ensure such a
diagnosis through an automated system based on the model for diagnosis
of distributed systems [4].

2. Diagnosis models of distributed systems

The basic model for the representation of a self-diagnosable techni-
cal system is the graph model proposed by Preparata, Metze and Chien
(PMCh) [5]. According to this model a system is represented in the form of
a directed graph G(U, E) without loops with binary weights on arcs. The
set of vertices U corresponds to the system modules, and the set of arcs E
corresponds to the verifying connections. A weight r;; of an arc e;; € E is
determined by the result of testing the inspected unit u; by the inspecting
one u; and is equal to 0(1) if u; considers u; operable (malfunctioning).
The set of all test results of units is called the syndrome of the system.
The test results for a unit u; is valid only in the case of operability of a
unit u;, if the testing unit is malfunctioning, than the test output value
is invalid (r;; = «,2 € {0,1}). In order to ensure the unambiguity of
the test results there should be not more than a certain number of 7(G)
simultaneously malfunctioning units in the system. The number 7(G) is a
system diagnostic factor [6].

The system is called parallel diagnosable (or single-step diagnosable)
with respect to ¢,¢ < 7(G) faulty units if all the malfunctioning units
are unambiguously determined without replacement, provided that their
number does not exceed t. If under the same condition the replacement of
failed units is allowed in the process of diagnosis, then the system is called
sequentially ¢-fault diagnosable. Sequential diagnosis is also called k-step
diagnosis or diagnosis with repairs. To maintain parallel diagnosability of
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a system it is required that the system should contain n units, n > 2t + 1,
and each unit should be inspected by at least ¢ other units.

The mentioned above necessary conditions are also sufficient for sys-
tems where there are no pairs of mutually verifiable modules. An addi-
tional necessary and sufficient condition for a system to be t-diagnosable
in the absence of this restriction is as follows: for any integer p, 0 <p <t
and each X C U , |z| = n — 2t + p it holds that [[T(X)| > p, where
It (u;) = {w|(ui,u;) € B}, TT(X) = {UI't(u) — X},X C U, |X| — the
power of set X.

In PMCh model a class of optimal parallel-diagnosable systems is in-
troduced with a regular structure (so-called Dg; structure) of verifying

connections in which an arc from w; to u; exists only if j —4 = dm(
mod n), where m = 1,¢ and §,n — are relatively prime to each other
numbers.

The possibility of building sequentially ¢-fault diagnosable systems with
n + 2t — 2 verifying connections at n > 2t + 1 is proven. The described
above PMCh model and the results of its study are fundamental [6].

According to PMCh model we represent a system consisting of n inter-
related units as a connected directed graph G(U, V) without loops. The
set of vertices U = {uy ... un} of the graph is a set of system units that

can check the operability of each other. V = {v;;|i,j = 1,n} — is the set
of arcs of the graph that indicate diagnostic checks on a set of units. A
label d;; of an arc v;; of the graph, i.e., the “opinion” of a verifying unit u;
about the technical condition of an inspected unit u; is defined as follows:

0, ifwu;andu;areoperable
dij = {1, if u; is operable and u; is mal functioning
X, inothercases

where X € {0,1}. For every unit u; a set of labels of outgoing arcs is
called the syndrome of that unit. Hence the syndrome of the system can
be represented as a matrix D, whose rows are syndromes of units.

Define 7(G) as a diagnosability measure of the system, i.e. the maxi-
mum possible number of simultaneously failed units under which the sys-
tem remains diagnosable. Then the system is called a one step t-fault
diagnosable if all ¢ < 7(G) failed units are unambiguously determined
without replacing separate units. The possibility of decoding of a system’s
syndrome exists only if the necessary condition — system diagnosability —
holds: n > 2t+1 and each unit is verified by at least ¢ other units. Denote:
|A| — power of set A. Hereafter without special mention we use the graph
theory terminology. Systems with diagnosability measure 7(G) = [n/2],
where [n/2] — the largest integer less than n/2, are optimal in terms of
self-diagnosability. These include systems with a fully- connected structure
of verifying links without loops of length [ = 2, Ds; - systems. If a system
has a non-optimal organization of verifying links, i.e. 7(G) < [n/2], and
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the number of malfunctioning units ¢ > 7(G), then the sufficient condition
for t-diagnosability doesn’t hold for it. Violation of this condition implies
the existence of syndromes decoding of which does not detect all ¢ failed
units in the system. This violation may be due to objective reasons, when,
for example, the diagnosability measure does not meet the requirement
imposed on the number of simultaneous failures in the system.

Analysis of a real syndrome of a system [7] with the use of a number
of symptoms, clearly indicating the units belonging to a set of failed or
operable ones, in general case allows to reduce the number of units with
uncertain technical state. According to the “opinion” of obviously oper-
able units and due to the wrong (0) “opinion” concerning the apparently
malfunctioning units one can further reduce the degree of uncertainty of
the technical state of the system. A graph G of the system can be repre-
sented as a generalized graph (Figure 2a), where A — is a set of obviously
operable units, B — a set of obviously faulty units, C' — a set of units in
uncertain technical state.

Figure 2. The principle of diagnostic graph construction for basic models

Fig. 2a shows that units of the set C' could not be tested by units of
the set A, and testing them by units of the set B gives uncertain results.
Therefore, the technical condition of units of the set C' can be determined
using only its own syndrome. Number ¢ of malfunctioning units in C is
defined as t¢ = t — tg where tg — power of the set of obviously failed

units, ¢ < [n/2]. In general, 0 < t¢ < |C| —1 and at tc > L%J the

sufficient diagnosability condition of the entire system is violated.

In the framework of the model in fig. 2a an assumption is introduced
that each malfunctioning unit has one particular “opinion” about all tested
by it units. At that, it can be claimed that units, which syndromes corre-
spond to rows of matrix D with different values in them, are apparently
operable. We exclude from the matrix D syndromes of obviously operable
units and units, tested by them. The question arises as how, using the
reduced matrix D, i.e. matrix containing only syndromes with the same
values, to distinguish the remaining ¢. failed units? The set I of operable
units consists of subsets I; and Iy, which produce test results, respectively
1 and 0. In the same way we divide the set H of failed units to subsets
H, and Hy. On account of the necessary condition (diagnosability) each
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failed unit is checked by at least one operable unit. Consequently, units of
the set I7 test all units of the set H. It follows from the definition of an
operable unit that units of the set I; do not test units of its set and set Ij.
The set C of units in uncertain state, which corresponds to the reduced
matrix D., for this model can be represented by a generalized graph in fig.
2b. The double arrow denotes the mandatory availability of test checks.

In the Barsi-Grandoni-Maestrini model (BGM Model) [8], which is a
modification of the PMCh model, a failed verifying unit always records
the failure of a verified unit and therefore sets a “1” value, in contrast to
the PMCh model, where in a similar situation both values “0” and “1”
could be obtained. On the basis of this difference, the PMCh model is
symmetric and the BGM model is asymmetric. There exists a large class
of systems that can be represented by an asymmetric diagnostic model, but
under high reliability requirement, it is desirable to use the PMCh model.
The peculiarity of the BGM model allows to achieve the t-diagnosability
for t < n — 2 under parallel diagnosis and reduce the number of test
connections in sequentially diagnosable systems to |E| = [(n —1)/2] + 1,
where [a] — the smallest integer not less than a. In the cited papers an
assumption is used that every test check is produced by one unit and is
intended for testing of only one unit a.

The Russel-Kime model (RK model) [9], particular cases of which
are PMCh and BGM models, is represented by a quadruple (®,T, F,G),
where ® = {fy, fo,...,fn} — is a set of considered single failures ;
T = {ti,ta,...,tp} — set of tests (a test can be represented by any
combination of procedures used to determine the operability of a unit);
F={F' F? ... F?"} — aset of collections of failures (each collection of

failures F* € F is defined as a set of single failures that may simultane-
ously exist in the system); G — summary table of failures of size 2™ x p (an

element G’? = 0,1, or z, if for a collection of failures F* a test t; always

passes, fails or has unpredictable results). Diagnostic graph D of a system
S is a labeled directed graph that has a vertex for each fault out of & and
a directed arc from the top f; to the top f; if and only if the presence of
failures f; in the system makes invalid at least one complete test for f;. A
test t; is considered complete for a failure f;, if it always detects a single
failures f;.

Thus, all basic diagnostic models for distributed systems contain graph
representations, reflecting verifying links between the nodes of the system.

3. Construction of diagnostic graphs for the general case of
distributed RDFS

Figure 3 shows the diagnostic graphs of the extended topology RDFS
and its generalized structure, consisting of a local dispatching center and
N + 2 unattended terminals, some of which are connected with the LDC
directly and the rest — through the terminals. Their explanation is given
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in table 1. The nodes of the graph topology G1(U, W) correspond to the

Figure 3. Diagnostic graphs for the RDFS with extended topology and

Gy (U, W}

generalized structure

Gz (U, W)

URT and the LDC, and the arcs between the nodes correspond to the test-
ing relations and connection links. Here u; — is a testing unit, u(j) — unit
being tested, “-” — lack of diagnosability, “w” - diagnostic link. Diagnostic
graphs G(U, W) and G3(U, W), which are subgraphs of G1(U, W), are
built for the LDC and URT equipment in accordance with their structure
(fig. 1b). Nodes of graphs G (U, W) and G5(U, W) correspond to the com-
ponents of the URT and the LDC and arcs correspond to the diagnostic

links and interface connections.

Table 1
Diagnosability of components of a distributed RDFS in general case

Gl([J7 V) “i/uj ug (U1 |u2 |uz (U4 |uUs |Us |Un Un4+1 |Un+2 GQ(U, V) J U U1 (U2 (U3 |Ug

LDC uQ wo (w1 |ws|ws|wy W DSP&CU|ug |wo|wy |wa |ws|wy

URT1 Ul w13 |wy ADF Ul

URT2 u Wi4g wsg RL u

URTg us w15 wog CE uz |Wws wWe

URTy Uy wie wip|ws Power Uy wr

URTs us w17 |w13|we G2 (U, V) LJ‘ ug |u1 |uz (U3 |ug

URTs ug wig|wiz Processor|ug |wo|wi |we |ws|wy

URT,, Uy W Wy |Wni2 |Wni2 |Recorder |ug we

URTn+1 Un41 Wh41|Wm+2 Monitor |us wr

URTn+2 Un42 WE42 Wm+42 CE u3 |(Ws ws
Power Uy wy
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4. Example of diagnostic graphs for the existing system

The hardware equipment of a distributed over area RDFS [10] con-
sists of the equipment of the local dispatching center (LDC) which collects
bearing information through communication channels (CC) from 12 unat-
tended radio terminals (URT), connected to the LDC directly (figure 4).

Figure 4. Example of a distributed on the landscape RDFS (a), and its
hardware structure (b)

Structural diagram of URT and LDC interaction is shown in Fig. 5b.

Automatic Direction Finder (ADF) receives signals from the quasi-
doppler antenna and generates a corresponding corner bearing quadrature
voltage, from which analogue phase converter (APC) forms a bearing value
as a phase shift. Phase code converter (PCC) generates a bearing angle
code out of the phase shift. Remote signaling (RS) device is a receiver,
which indicates breakdowns (body temperature, fire, smoke) to the URT
and performs the following functions: receives and stores in its buffer the
status signals form ADF and URT hardware, generates information exis-
tence signals and transmits the RS digital code and control signals. Re-
mote control (RC) device performs remote on/off switching of the ADF,
reception and processing of ADF information in APC and PCC modules.
Matching device (MD) collects code messages from the PCC, RS, RC and
peripheral control unit (PCU) into a single data packet, which is trans-
mitted to the links through the interface unit with the channel (IUC) and
secondary sealing equipment (SSE). PCU monitors the performance of
URT components while in operation and while performing repair or main-
tenance works. Secondary power system (SPS) provides power to the other
elements of the scheme. Non-end URTS are equipped with a retransmitter
(RT), which provides data exchange between end URTs and LDC via CCs.

LDC hardware is designed to: collect bearing information from URT
via communication channels (CC); with the help of bearing values deter-
mine the location of an object at the moment of radio contact of its on-
board transmitter; provide control over URT via the CC; perform bear-
ings membership test; display and record the air situation; perform the
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automated control of the technical state of URT and LDC hardware. LDC
hardware consists of a micro-computer with management firmware, service
data storage device (SD), information processing unit (IPU), the reference
indicator of air situation (RIAS), remote dispatching controller (RDC),
interface unit with a channel (IUC) to interact with an available commu-
nication system through distributors.

IPU is designed to: collect information on bearing and signals coming
from the IUC and input it to the microcomputer; prepare the information
on air situation to display it on RIAS; perform URT remote control and
reception of signals; record and store the dynamic information displayed
on RIAS; store service data in accordance with which the input informa-
tion is conversed; perform oversight. IPU includes an interface unit (IU),
a remote technic controller (RTC), an image forming apparatus (IFA), an
information-documenting block (IDB), a configurable PROM and a central
control unit (CCU). IU provides interface between a CC and a microcom-
puter, and control over the map data recording in PROM. IU consists of
interfaces hardware (IH) and the map information input hardware (MIIH).
IH allows to receive/transmit code messages between the microcomputer
and the IUC. IDB provides (i) connection between a recording and storing
device and a microcomputer; (i) conversion of "Common Bus" interface to
the "Q-Bus" interface. IDB consists of the information documenting equip-
ment (IDE) and adapter boards. IDE operates in two modes — recording
and displaying. IFA is a part of the display equipment and provides: (i)
interface between RIAS and a microcomputer, (ii) RIAS backup, (iii) gen-
eration of the current time code. PROM is designed for storing programs
and constants, according to which the input information is transformed.
Output of programs and constants is performed upon request from the
microcomputer.

CCU refers to the control and diagnostic equipment and is designed to
provide timely information on the technical condition of LDC. The objects
of control are CCU, RTC, PROM, IDB, IU. The microcomputer’s CPU
controls the rest of the LDC. To manage the CPU control and to ensure
the monitoring and diagnostic coordination between channeling equipment
and communication channels, CCU has a "semi-active" access to the "Q-
bus" that allows to automatically transfer data from CCU into the micro-
computer for displaying it RIAS and form the microcomputer to the CCU
for displaying it on its front panel.

Diagnostic graphs for RDFS of this topology and structure are pre-
sented in Figure 5. As can be seen from the graphs and table 2, all of the
nodes of the distributed RDFS are self-diagnosable, and all URTs are diag-
nosed by LDC via CCs. All URT hardware nodes are diagnosed by PCU.
PCU, ADF, SSE and SPS are self-diagnosable. The control over LDC
equipment is distributed: CCU and CPU are self-diagnosable and they
perform diagnosis of each other like in PMCh model; CCU diagnoses RTC
and self-diagnosable IDB, PROM, IU; CPU diagnoses the other elements,
of which TUC, distributors, SD and SPS are self-diagnosable.
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Figure 5. Diagnostic graphs for the distributed RDFS

5. Conclusions

Development of the theory based on Preparata-Metz-Chen, Barsi-
Grandoni-Maestrini and Russel-Kime models, allows to build a powerful
mathematical tool based on diagnostic graphs for the diagnosis of complex
multiprocessor distributed computing and communication systems.

The obtained diagnostic graphs define the principle of diagnosis and
are the basis for the development of an automated system of technical di-
agnostics of a distributed RDFS with given topology and structure. To
provide real-distributed radio monitoring systems it is recommended to
use truncated versions of PMCh and BGM models due to the cost and
complexity restrictions, and the valuation of technical states of equipment
units should be carried out on the triple criteria — normal state, deterio-
ration state, failure state.

Some differences between graphs of the existing system and graphs
of the RDFS of extended topology and generalized structure and that of
PMCh model are due to the complexity and cost restrictions. The fact is,
the implementation of inter-module diagnostics tests in most cases requires
the use of processing elements and designing specific control algorithms for
them, that do not always outweigh the reliability costs.
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Table 2
Diagnosability of components of the distributed RDFS
G.(U, W) % uo |u1 |u2 |us |u4 |us |ue |[u7 |us |Ug |Ulo U1l [U12
LDC Uo |wo |wi |w2 |ws |wa |ws |we |wy |ws |wg |wig|lwil|wiz
URT, U1 w13
URT2 u2 W14
URTg us w15
URT4 Uyg W16
URT5 Us w17
URT(} ue w18
URT~ Uz w19
URTs Uus w20
URTy Uy w21
URTi9  |uio Wa2
URT14 U1l w23
URT12  |ui2 Wa4
G2 (U, W) ;‘—: uo |u1 |u2 |uz |us |us |ue |ur |us |uo
PCU U |(Wo (w1 (w2 W3 (W4 (W5 |[We W7 |Ws |Wg
ADF U1 w10
APC u
PCC us
RTC Ua
RS us
MD ue
IUC ur
SSE us w11
SPS ug9 w12
Gs(U, W) % Uo (U1 (U2 (U3 |Us |Us |Us |U7 |US |U9 |Uio|U11|Ui2 |U13
CCU up |wo |wis|ws w3 |wa |ws
CPU U1 |wis|wy We |wr |ws |wg |wip|wil|wiz|wis
IDB U2 w16
PROM |ug w17
RDC U4
Al Uus wig
1UC Ug w19
Distrib. |ur Wag
IFA us
Indicators|ug
SD U110 W21
RDC U11
RIAS U112
SPS u13 w22
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One Problem of the Risk Control
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* Transport and Telecommunication Institute
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Abstract. A problem of supply order is considered. It is necessary to determine
an order which gives the minimal probability of the upsetting of the supply. A
corresponding probabilistic model is elaborated. The reduced gradient method
is used for the minimization. Numerical example illustrates the efficiency of the
suggested approach.

Keywords: normal distribution, reduced gradient method, planned reward, risk
minimization.

1. Introduction

We consider the following problem of the risk. A firm wishes to order

some product. The full size of the order equals m*. For that the firm has
the money resources C. There exists n suppliers with numbers i =1, ..., n.
The i-th supplier is characterized by the following indices: «; - maximal
size of the supply, ¢; - the cost of the product per unit. A product quality
is different for the different suppliers and is a random variable. As result,
production unit of the i-th supplier gives a random reward R;. Addi-
tionally, R; has normal distribution with mean r; and standard deviation
o;. Vector R = (Ry, Ra, ..., R,) has multivariate distribution with mean
r = (r1,72,...,7,) and covariance matrix o = (0, ;)nxn Where o;; = o2,
The firm is planning getting a reward r*, at least. It is necessary to deter-
mined supply plan m = (m, ma,...,m,), which satisfies the request size
m* and the disposed sum C, and gives the minimal probability that gotten
reward S = Rymq + Roms + ... + R, m,, will be less then r*.
Let us give a mathematical setting of the described problem. The reward
of the firm is the random variable S = m; Ry +maoRy+...+mp R, = mTR.
We suppose that it has normal distribution with mean and variance, cal-
culated by formulas

E(S) =rimy +roma + ... +rpymy, = rTm,

V(S) = mTUm = zn: En:miaiyjmj.

i=1 j=1
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If ®(z) is the cumulative distribution function of the standard normal
distribution, then the probability doesn’t receive the planned reward r*

r* — rTm)

V(S)
We must minimize this probability under restrictions:

P{S<r} = <I>(

mi +mo + ... +my, =m",
micy + mocs + ... + mpc, < C,

Ogmigai, i:l,...,n.

It is possible to simplify the formulas if to consider weights w =

( my m2 Mmn

instead of my,ma,...,my. Setting C* = C/m*, p =

r*/m*, a; = ¢;/m*, and D(w) = V(S)(m*)~2 = w? o w, have the prob-
lem:
Minimize "
S p—rtw
P < - e{)
f(w) ey o)

under restrictions
w1+w2+...+w1 = 1,

wicy + wacCy + ... + wpe, < CF,

0<w; <qi i=1,...,n.

We will solve this problem by reduced gradient method [1].

2. Reduced gradient method

Using vector-matrix notations

A: 1 1 1 ; 1 , w:(wl 'lUQ wn)T,
Cc1 Co Cp, C*

we rewrite two upper equations as
Aw =b.

Let us declare w; and wj, ¢ # j, as basic variables, the remaining - non-
basic ones, and denote wg = (w;,w;), wy = {w1,...,w,} — (w;, w;) so
w = (wp wy). Let B be the submatrix of A corresponding to the basic
variables, and N be the analogous matrix for non-basic variables. We
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suppose that the basic is such, that matrix B is nonsingular matrix. Then
we have
Bw, + Nwy = b,

wy, = B~ (b— Nwy) = b — Nwy,
where b= B~'b, N=B7!N.

As the basic variables dependent on non-basic variables only, we have for
the aim function

flwy) = flwp,wy) = f(B™'(b — Nwy)wy).

The gradient is calculated with respect to the chain rule [2]:

_ 0 0
Mf(wN) = %f(wg,wN)\wB:bele+(%w3)%f(wg,wjv) =
8 o B—IN T a .
dwn (WB, WN)|wp=b-Nwy + (= ) %f(vawN”wB:bewN'
The gotten vector is called the reduced gradient uy(w):
ulw) = 55— == flux) =
M duy NI
0 o 0
m (wBawN)|wB:57NwN - NT@ (wB7wN)|w5257NwN'

Now the gradient optimization works as follows. Let current value w =
(wp,wy) be gotten. We go to direction y = (yp,yn), where yy is deter-
mined as follows:

v, =0 if >0 and w; =0, or u; <0 and w;=q;,

y; = —u, otherwise,

and for the basic variables yp = —Nwy.

If yy = 0, then the optimum is reached. Otherwise we find value 6 > 0,
which minimizes function g(w) = Pr(w+6y). The non-negation condition
requests that

9<0 _ min {_ﬂ}
= Ymazx yl<0 Ui

This one-dimension procedure gives optimal value 6* on the interval
(0, 0,4z ). Two cases are possible here.
1)0* < Opmaz. The procedure is continued with new point w’ = w + 0*y
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and the same base B.

2) 6* < O42. In this case one basic variable, let with number s, is can-
celled. If it is non-basic variable then the base doesn’t change and all is
repeated. If it is a basic variable then the base is changed. Any non-basic
variable with number ¢ is introduced on the base, if new matrix B will be
nonsingular.

3. Reduced gradient of the aim function
We have:
p—rTw
T

5 5 VT )
—r-w
awiq)<pgi(w)> = ow; 4 Eezp(—if)dz:

T

1 1, p—rtw2y 0 ,p—r'w
N \/T?exp(—i( D(w)) )3102'( D(w)) -

T

= \/12?6.%‘]9(—;(% ))

1 1 8
(- =300 (5 S ) -

k=1 j=1
1 T

= \/%exp(—§(7p _Dr(uj;))Q)
-(—Dl(u])ri—(p—r w) 3/2220”wj>

Therefore the full gradient is of the form

1 T

9 1 p—rTw, 2
Vi(w) = %f(w) = Eexp(—i(m) )

-(— Dl(w r—(p— TTw)D(w)_3/20w>.

~

The sub-gradient % f(w) is the following:

1 T

0 —rtw,2
- el )
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1 T —3/2
— ry —(p—1r"w)D(w awN>,
(-~ )D(w)
where ry and wy are subvectors of r and w, corresponding to non-basic
variables. 5

The sub-gradient Fon (w) is calculated analogously by means of change

ry and wy by rp and wg.
Also the reduced gradient is calculated.

4. Numerical example

Below there is presented relative initial data, corresponding to unit
production: the disposed financial sum C* = 15, the number of the
suppliers n = 5, the vector of the costs per unit of the production
c=(9 12 15 18 21), the vector of reward means r = (10 15 20 25 30).
A restrictions on maximal sizes of the supply {a;} is absent. Rewards from
various suppliers are multivariate random vector with standard deviation
oc=(4 79 12 17). Minimal desired reward r* = 25.

Iterative procedure begins with uniform distributed orders w =
(0.2 0.2 0.2 0.2 0.2). Matrix A and vector b from (6)are the following:

A— 1 1 1 1 1 b= 1 .
9 12 15 18 21 15

Initially the basic variables are w; and ws, so

B— 1 1 . N= 1 1 1 7
9 12 15 18 21

Bl—< 4 1/3)7 N—BlN—<1 9 3>.

-3 1/3 2 3 4

Table 1 below contains stepwise results of the gradient optimization: the
current vector of the variables w, corresponding aim’s function value P,
and further the numbers ¢ and j of basic variables, the step length along
gradient 6 for the next step.

We see that minimal probability equals 0.717 and is reached by vector
(0.5 0 0 0 0.5), but it is a local minimum only. The less value of the
probability is reached for the degenerative case when the third supplier is
used only, namely vector (0 0 1 0 0) gives probability 0.711. As the
sequence of basic solutions (¢ 0 1 —2¢ 0 ¢) and (0 € 1 —2¢ 0 ¢) trends
to (0 0 1 0 0) when € tends to 0, we can get probability P arbitrarily
close to 0.711.
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Table 1
Protocol of gradient optimization

wy | 0.200 | 0.247 | 0.436 | 0.464 | 0.492 | 0.500 | 0.500
wy | 0.200 | 0.136 | 0.048 | 0.009 | 0.009 | 0.000 | 0.000
ws | 0.200 | 0.201 | 0.055 | 0.056 | 0.000 | 0.000 | 0.000
wy | 0.200 | 0.203 | 0.001 | 0.002 | 0.002 | 0.000 | 0.000
ws | 0.200 | 0.213 | 0.459 | 0.468 | 0.496 | 0.500 | 0.500
P 0.851 | 0.846 | 0.730 | 0.719 | 0.717 | 0.717
1 1 1 1 1 2 2 2

2 5 2 3 3 3 3

4 0.02 | 0.02 | 0.01 | 0.01 | 0.01 | 0.01 | 0.01

.

Now we suppose that restrictions on maximal sizes of the supply from
the third and fifth suppliers exist: a3 = 0.8,a5 = 0.4. In this case
vector (0.10 0.8 0 0.1 0) gives optimal solution with probabil-
ity P(0.10 0 0.8 0 0.10) = 0.750. Other solution grows worse:
P(0.4 0 0.2 0 0.4)=0.756, P(0 0.5 0 0.5 0.10) = 0.764.

The situation is changes for various values of the desired reward r*. For
example, if restrictions on maximal sizes of the supply «a; absents and
the firm wish cover its own expenses at least, i.e. r* = C* = 15,
then the optimal solution is (0.169 0.226 0.224 0.197 0.184) or
(0.182 0.208 0.216 0.216 0.178). This solution insures the probabil-
ity of the expenses covering 0.145. It is close to uniform distributed order
w= (0.2 0.2 0.2 0.2 0.2), which gives probability 0.149. The previous
optimal solutions (0.5 0.0 0.0 0.0 0.5) and (0 0 1 0 0) give worse
results 0.283 and 0.289, correspondingly.

More involved situation arises, if we take into account dependence of the
rewards for various suppliers.

5. Conclusions

Considered examples show that it is impossible to foresee a solution,
that insures the minimal risk. The probability theory gives us such possi-
bilities.
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Abstract. It is not uncommon that delay-sensitive requests cannot be pro-
cessed repeatedly in case of delivery failures, especially in real-time systems.
Hence, there is a strong need to enhance reliability of requests’ delivery to des-
tination nodes (servers). It is therefore proposed to use redundant transmission
of requests, when copies of a request are distributed concurrently through the
network over multiple routes to a number of similar servers. However, the re-
sulting increase in the initial flow of requests leads to the rise of the network
load and the average residence time and possibly to the excess of the ultimate
residence time. In the research, the usefulness of redundant distribution of re-
quests through the network was estimated, with the maximized probability of
successful delivery and the minimized average residence time. Thus, the range of
efficiency of redundant multipath transmissions was defined. It was also found
that there existed the optimal redundancy order for a given set of parameters,
namely the intensity of the flow of incoming requests and the bit error rate.

Keywords: reliability, request, redundancy, multipath routing, queueing sys-
tems.

1. Introduction

Constantly growing complexity of distributed computing systems,
which is ahead of the pace of increasing reliability of storage, processing,
and transmission devices, gives rise to the need for developing methods
to ensure high reliability, availability, and security of distributed resources
for data processing and storage [1-8|. High availability of distributed re-
sources is particularly important for real-time systems, which are critical
to delay-sensitive requests, and provided with redundant network elements
and redundant data transmission and processing. In delay-sensitive sys-
tems, sending and serving requests twice or more times is often impossible
or pointless. As a result, methods to introduce redundancy in such systems
turn out to be topical and deserving attention in current paper.

Redundant data transmission is proposed to rely on distributing copies
of a request (a packet) through the network over multiple paths (routes)
to a number of similar servers, for example within the same cluster. Tradi-
tionally, one route is supposed to be the main, the "best" path from some
point of view, i. e. based on the given criterion, or metrics: bandwidth,
average residence time, router and link load, and so on. Other routes are
considered as alternate ones, used in case the main path fails.
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request sender link segment switch/router

server
‘ request receiver

PR

Figure 1. A possible network configuration for redundant data transmission.

Another approach is presented in [9], where requests are being sent over
numerous paths concurrently. There is no need to choose the "best" path
because all of them are regarded to be acceptable based on some metrics,
with no ranking. On the one hand, redundant distribution of requests
through the network causes the increased network load and higher average
residence time as well as possible excess of the ultimate residence time. On
the other hand, sending copies of a request over multiple paths results in
the enhanced chance that at least one copy will be delivered successfully.
The goal of current research is to estimate the efficiency of redundant
distribution of requests through the network when repeated transmission
is impossible, and therefore to discover if there is a way to resolve this
technical contradiction.

2. System Design and Calculations

Current study focuses on transmitting numerous copies of a request
from the node under consideration — the request sender — to multiple re-
quest receivers (servers) over a number of routes, as shown in Fig. 1. It is
assumed that there are n acceptable paths to deliver a request to one of
the servers; in this research, all these paths are considered disjoint. Each
path i is set of d; switches or routers K;; and d;+1 link segments j. Each
node K;; is a single-channel non-preemptive M/M/1 queueing system with
the infinite queue [10,11].

Any errors and faults of switches, routers, link segments, and destina-
tion servers prevent requests from being delivered and processed. Let us
consider the bit error rate B;; as a measure of transmission errors for the
link segment j of the path . It is possible that a request reaches one of
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the destination servers with no bit errors but finds it busy or unavailable
due to faults, temporary shutdown or the state of being overloaded with
the already accepted requests. Thus, we take into account the probability
of a server’s availability Py, introduced in [9].

The probability of successful transmission over the path ¢ is

d;
Ri = H(]. - Bij)N,
j=1
where N is the average data packet length in bits. Provided that the bit
error rate is a constant, this formula can be rewritten as follows: R =
(1 — B)Nd. The probability of error-free transmission of at least one copy

of the request over any redundant path is P, = 1 — (1 — PyR)*. Here, k
represents the number of redundant paths out of n acceptable ones, or the
redundancy rate.

Let us estimate the average residence time, or time in the system, start-
ing from the moment when a request is being initially sent by the request
sender to the moment when the request is being accepted for processing
by the destination server, depending on the intensity of request flow A.
The delay T; is defined as the total delay for all nodes of the path i:

d; d;
Vi
Ti=2.Ty=2 1w

j=1 j=1 n
where v;; = N/L;; is the average time of transmission through the node j
of the path i, L;; is the speed of transmission.

Efficiency of redundant distribution of requests through the network
depends on the average residence time, which is to be minimized, and
the probability of error-free transmission, which is to be maximized. The
combination of these two criteria produces a new multiplicative criterion
Multl = P./T.

For the case when the ultimate residence time ¢, is known, let us define
another multiplicative criterion — Mult2 = P.(tg —T), which describes the
average stock time between the ultimate and the average residence time.

Last but not least, let us estimate the efficiency of redundant trans-
mission based on the following additive criterion, with the normalized res-
idence time: Add = P, + totf;fm , where tg is the ultimate residence time,
while T},,;» is the minimal residence time.

The results of calculations, shown in Fig. 2, are derived from the fol-
lowing values: N=2048, L=100 Mbit/s (consequently, v=2.148x1075, s),
n=10, d=5, Py=0.9, B = 1077, A; = 9x103, A, = 1x10%, A3 = 2x10%,
A4 = 3x10*. Curves 1-4 in each of three graphs correspond to A; —Ay.
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Figure 2. Efficiency of redundant transmission for the multiplicative criteria
Multl (A) and Mult2 (B) and for the additive criterion Add (C).

3. Conclusion

Fig. 2 gives an indication about the efficiency of redundant transmission
of requests through the network, depending on the intensity of request
flow. It is clearly seen that introducing redundancy in the process of data
transmission appears efficient, according to all three criteria, and that one
can calculate the optimal redundancy rate, based on the maximal values
of the criteria of k.
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Abstract. Possible ways of increasing the probability of timely and faultless
execution of delay-sensitive requests in real-time clustered computing systems,
when multiple copies of requests are created and served in different cluster nodes,
are investigated. The proposed models of queuing and functional reliability
prove the existence of scope of efficiency for service disciplines with redundant
handling of copies of requests, when the probability of their prompt and error-free
servicing can be increased significantly, despite the rise of the load in the nodes.
It is examined how the arrangement of redundancy and the redundancy order
affects timely and reliable servicing of requests, with possible faults, failures,
and errors in the nodes. It is shown that destruction of the overdue copies,
whose waiting in the queue exceeds a given ultimate time, and the copies which
become irrelevant after one of them has been executed produces an essential
enhancement of efficiency of the system.

Keywords: cluster, real-time, reliability, queuing systems, request copies.

1. Introduction

Reliability, security, and efficiency of the processes of handling and
sending data in information and communication systems and networks
are highly dependent on timely and faultless transmission of requests over
redundant communication channels and execution of those requests by
servers within given clusters [1-7]. It is especially important in real-time
systems, dealing with delay-sensitive data.

In distributed computing systems with multipath routing and redun-
dant communication channels, the probability of successful delivery and
servicing of a request can be increased in case multiple copies of the request
are sent over different routes concurrently and served by different servers
of a given cluster [8]. However, such redundant transmission of copies of
requests leads to the rise of the total intensity of the flow of requests and
possibly to the growth of the residence time of those copies in the system.

The choice of design solutions, used to build redundant information
and communication systems, should rely on modeling for multi-criteria
evaluation of the efficiency of applying redundancy in such systems. An
analytical model to assess the (ultimate) residence time of requests is to
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be developed based on the existing solutions [9-11] and to underlie a sim-
ulation model needed to estimate the efficiency of redundant transmission
and execution of requests.

2. Object and Purposes of Research

The object of current research is a group of n servers which comprise
the cluster created in order to arrange redundant servicing of (copies of)
requests, arriving from the multilevel network (Fig. 1). Redundant execu-
tion of copies of requests by the servers under consideration and redundant
transmission of those copies through the network to the servers serve as
a basis for providing timely and faultless servicing of at least one copy of
each request.

Let us consider a distributed computing system in which copies of re-
quests can be transmitted in the redundant manner, i. e. over k£ out of n
possible routes (paths) concurrently to & servers belonging to the cluster.
The request is regarded to be served successfully if at least one copy of it
has been transmitted with no distortion to one of the servers in the cluster
and the server has accepted and executed that copy of request within a
given period of time. To enhance the performance of the system, the pos-
sibility to destroy irrelevant copies of requests, waiting in the queue, was
introduced.

The aim of the study is to develop a simulation model and tools to sup-
port the design process of highly reliable distributed computing systems.
The model is to provide the basis for analyzing the efficiency and select-
ing the optimal design solutions, used to create networks with redundant
transmission and execution of requests. The research focuses on the as-
sessment of efficiency and usefulness of redundant distribution of requests
through the network and their redundant servicing in the cluster.

3. Analytical Model Development

Consider the reliability model for the redundant computational process,
like in [9], given absolutely reliable nodes and ideal control when, by the
time of executing the request, without extra delays, information about the
correctness (validity) of the computations is generated.

Let us analyze the redundancy of the computational process in k£ nodes
when the condition of timeliness for computations in the system is fulfilled
at least in one of k£ nodes, i. e. the delay of the request in the queue is less
than some limiting value ¢y at least in one of k£ nodes.

Taking into account the increase in the computational load for the re-
dundant computations in k£ nodes, the probability that the waiting time of
requests will not exceed the limit ¢y in some (particular) node is evaluated

as
r—lAvkexp<t0(v1Ak)>,
n n
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Figure 1. The structure of a distributed computing system with redundant
transmission and servicing of copies of requests

where the computational load of the node is p = Avk/n.

Taking into account the computational load generated by redundant
computations [9], the stationary distribution of the waiting time of requests
in the M/M/1 queuing system is calculated as

r(t) =1— Anvkexp<—t(v_l - Ank))

Assuming that service operations in different nodes are independent,
the probability that the delay of the request executed at least in one of k
nodes is below the threshold ¢y is written as

R:l—(l—r)kzl— (AZkexp(—to(v_l—[?f))>k,

while the stationary distribution of the waiting time of requests for the
redundant execution in & single-channel infinite M/M/1 queuing systems

) R(t)=1- (AnUkexp<t(v1/f))>k

For the infinite M/M/1 queuing system, the average waiting time of
requests [9], with consideration of the increase in the computational load
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due to the k-tuple redundancy of requests is calculated as

Av3k/n

1— (Avk/n)
This formula provides the upper estimate of the average waiting time, since
it reflects the increase in the computational load due to the redundancy;
however, the formula takes no account of the possibility of decreasing the
average waiting time owing to the fact that, in one of the nodes, the
redundant request can wait less time than in the other nodes.

To obtain more precise estimates, we suggest that simulation models,
taking into account service operations not only in the cluster, but also in
the communication system, are to be developed.

w

4. Simulation Model Development

Let us develop a network model to illustrate forwarding requests to
the single server and to the group of servers belonging to a given cluster,
where those requests are to be served. Delivery of requests might fail due
to their loss and bit errors emerging in the communication links, with a
certain probability. It is required that requests can be sent over one or
multiple routes at a time. For simplicity, we assume that

— the routes are disjoint and predefined;

— there is no loss of requests due to queue overflow;

— no confirmation of delivery of the request is generated;

— the servers have identical performance characteristics;

— each server can handle one request at a time;

— some constant speed of transmission of requests is maintained along
the whole path, i. e. within every link segment.

We need to compute the residence time for each request in order to
calculate the average residence time and thus to draw the line between
those requests which are processed in a timely manner and those requests
which expire.

It is expected that parameters of the proposed model, particularly the
redundancy order of transmission of requests, can be easily adjusted and
the model contains three units (Fig. 2):

— the source of requests with the mechanism which distributes them
over multiple predefined routes;

— the routes which can be configured to distort or lose requests;

— the servers which handle incoming requests or reject them if they are
overdue or irrelevant.

The source of requests consists of the generator of requests (source),
the buffer for requests produced by the generator (queue), the element
which delays forwarding requests over the routes (delay), and the balancer
of requests, which distributes requests among the routes (selectOutput).
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Each route (routel, route2, routeN) is a set of the elements which
are linked between each other and can simulate loss of requests (loss),
distortion of requests due to bit errors (damage), and delays (delay).

The servers contain the elements, which buffer requests (queue), sort
out expired requests (timeouter), sort out irrelevant (already handled)
requests (req_done), produce delays (delay), and destroy requests (sink).

The following parameters are to be defined for the source: the inten-
sity of the flow of requests, the redundancy order of transmission, or the
number of copies of the request to be sent concurrently, the algorithm for
selecting the route for each particular incoming copy of the request, and
the algorithm for assigning numbers to the requests and their copies.

The following parameters are to be defined for the route: the number of
hops (or transitions on the way from the source to the server); the speed of
transmission; the probability of loss of requests; the probability of faultless
delivery of requests, which is calculated as (1 — b)V", where b is the bit
error rate for the link segment, N is the number of bits in the packet, and
h is the number of link segments. Additionally, we should introduce the
formula to compute the delay depending on the size of the packet and the
speed of transmission.

The following parameters are to be defined for the server: the queue
capacity, the algorithm for sorting out expired requests, the algorithm for
sorting out irrelevant requests, and the service time of requests.

Any copy of the request should contain the information about the num-
ber to distinguish between different copies of the request, the number of
bits in the packet, the time when the source generated the copy, the time
when the request (one of its copies) was served, and the route selected to
transmit the copy.

5. Timeliness of Results with Redundant Transmission and
Redundant Execution of Copies of Requests

On the basis of the proposed model, we explored the probability of
timely and faultless distribution of requests through the network and their
servicing by one of the servers belonging to the certain cluster as depend-
ing on the redundancy order. The simulation process involved applying
different values of such parameters as the probability of packet loss within
communication channels and the bit error rate, with various values of the
ultimate residence time allowed.

We considered that the size of packets varied from 1024 to 4096 bits and
the speed of transmission in the channels was 10 Mbit/s. The intensity
of the flow of requests generated by the source was 1000 requests per
second, while the intensity of their servicing by the server varied from 0,01
to 5 seconds. Both intensities followed an exponential distribution. The
simulation model was developed in AnyLogic 7 simulation environment.
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Figure 2. A simulation model illustrating redundant transmission of copies of
requests over k routes from the source to at least one of k servers in the cluster

Figure 3 illustrates how the probability of prompt and error-free trans-
mission of requests through the network and their execution in the clus-
ter depends on the redundancy order, when their copies are transmitted
through the network over routes with different bit error rate. The increase
in redundancy results in the higher probability of the successful delivery
and execution of at least one copy of the request but until the redundancy
order is less than some value. According to Fig. 3, redundant transmission
and execution of requests is efficient if the redundancy order does not ex-
ceed a certain threshold value. For example, the optimal redundancy order
for the bit error rate b=0,00001 is two, whilst it is three with 56=0,0001.

The conducted study proves the efficiency of redundant transmission of
(copies of) requests through the network over multiple routes and redun-
dant execution of those (copies of) requests by the servers in the cluster.

6. Conclusions

The proposed simulation model makes it possible to evaluate the ef-
ficiency of redundant distribution of requests over multiple routes in the
network and redundant (and independent) servicing of those requests by
the group of servers belonging to a certain cluster.

The efficiency of redundant transmission and execution of requests is
calculated as depending on
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Figure 3. The probability of timely and faultless delivery and execution of
requests as depending on the redundancy order in case the bit error rate is
0,0001 (blue curve) and 0,00001 (red curve)

— the probability of packet loss in the network and the bit error rate,

— the ultimate residence time of requests in the system — computed
based on the analytical model considered in current paper, and

— the algorithm for destroying copies of requests in the queue, both
expired (because the waiting time of the request has exceeded the
ultimate residence time) and irrelevant (due to the fact that a copy
of the request has already been processed by one of the servers).

To sum up, the results of current research prove the efficiency of redun-
dant delivery of requests (packets) and their redundant execution by the
servers in the cluster. Consequently, the probability of faultless delivery
and execution of at least one copy of the request within a given period of
time can be increased.

It was found that there exists the scope of efficiency for redundant
transmission and servicing of requests. This scope depends on the bit
error rate, the ultimate residence time, and the algorithm for destroying
expired and irrelevant copies of requests.

The proposed models can be applied in CAD systems and underlie the
choice and the optimization process of design solutions, to create fault-
tolerant redundant distributed real-time computing systems, dealing with
delay-sensitive requests.
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AnHoTanus. B crarbe npuBeieHbI pe3y/IbTaThl UCCIEI0BAHUS CBONCTB TpaduKa
mamuHa-Mammaa (M2M) u ero Biusinust Ha cucreMy obcirykuBanusi. Pacemor-
peHa MOZEeJIb y3J1a OOCIy>KHBAIONIEI'0 CMEIIAHHBINA ITOTOK TpaduKa, COCTOANIMM
13 II0TOKa, co3faBaeMoro ycrpoiicrsamu M2M u Tpaduka TpaJ uIiuoHHBIX yCIIyT.
IIpuBenen anaims pe3yIbTaTOB UMUTAIMOHHOI'O MOJIEIMPOBAHUS O0CIIY )KIBAHMIA
CMEIIAHHOIO II0TOKA U AHAJIN3a ITapaMeTPOB KadecTBa OOCIIYKUBAHUS [ 000UX
COCTABJISIOIINAX CMEITaHHOTO MOTOKA.

KurougeBsbie cioBa: Tpaduxk mamunua-mamunna, M2M, cucrema maccoBoro 06-
CJIy?KUBAHUS, PEryJIAPHBIA MOTOK, IIPOCTEMNINII TOTOK, CAaMOIOILOOHBINH IIOTOK,
KO3 DUITUEHT TOTEPDH, KAYECTBO OOCTyKUBAHUS.

1. Bsenenwne

PazBurre TexHOJIOTHI CBSI3W U BBIYUCIUTEHHON TEXHUKH IIPUBE-
au K (OPMUPOBAHUIO OTHOCUTEIHHO HOBOTO KJIACCA MCTOYHUKOB W TO-
Tpebutesieil TpaduKa B CETAX CBA3M — DPA3JIMYHOIO POJIA ABTOMATHUIE-
CKHUX ycTpoiicTB. VX B3amMoJieficTBHE B CETH CBSI3U TOJIYYUJIO HA3BAHUE
marmuaa-mamuasaa (M2M) [1]. Xors undopmaruonabie B3auMoaeicTBus Ta-
KOT'O POJIa y2Ke JABHO IPAKTUKOBAJIICH B PA3JIUIHBIX 00JIACTSIX, HAIIPIMED,
TeJIEMEeTPHSI, OXPAHHAS CUTHAJM3AINS U JIP. JIUITh CPABHUTEIHBHO HEJIABHO
HAYAJIOCh X CTPEMUTEILHOE TPOHUKHOBEHHUE BO BCE C(hEePhl eI TeTbHOCTH
JenoBeka [2]. DTo BBIpaXKaeTCsl KaK B MOSBJIEHUA CIIENUAJA3APOBAHHBIX
TEXHUYIECKUX YCTPOMCTB, TAK ¥ MPOTPAMMHBIX CPEJICTB UCIIOJIb3YeMbIX, Ha~
npumep, B cmaprdonax, mianmernsix 11K u apyrux ramkerax [3]. Vike
CEroJIHS B HEKOTOPBIX cTpaHax unucyio M2M ycTpo#icTB, HOAKIIIOYaeMbIX K
CEeTH BSI3U Ha MpaBax MOOUJIHLHOI'O TEPMHUHAJA COM3MEPUMO C IUCJIO MOJIb-
30BaTesell MOABMKHOM CBsA3M [4]. DTOT IpoIece 9acTo COOTHOCAT € PA3BH-
THEM CHCTeM CBsI3U OIpejieIeHHbIX B KoHIennun NarepHera Bemeii (IoT)
[5]. TTopoxkgaemblii TuMK cucreMaMu TpadUK B CETU CBSA3M II0KA OTHOCH-
TesibHO MaJt (0kos1o 5% [6]), mo cpaBHEHWIO ¢ GE3yCIIOBHBIM JIMIEPOM — TPa-
bUKOM BUJIE0, OJTHAKO, TEHJEHIIMHA €r0 POCTA MO3BOJIAIOT MPEIIIOIOKUTD,
49To B buimrkaiieM Oy/yniemM oH OyJIeT OKa3bIBATh CYIECTBEHHOE BIIUSTHUE
Ha dyHKIMOHUpOBaHue cetell cs3u [7]. Hapsimy ¢ pocrom tpadbuka M2M
CJIEITYTOTIIell OCODEHHOCTBIO SIBJISIETCsT OTHOCUTEJIHHO OOJIBIITOE KOJIMIECTBO
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UCTOYHUKOB TpaduKa, KOTOPOE B IIEPCHEKTUBE MOXKET 3HAUUTEJILHO (B pa-
3BI) MPEBBICUTD YUCJIO TOJIB30BATENEeN TOABUKHOM cBsi3n [§]. DTo mpuBo-
JUT K (POPMUPOBAHUIO BBICOKOI IIOTHOCTH MCTOYHUKOB TpaduKa, ITO C
YYETOM TOTO, YTO 3TH YCTPOICTBa MMEIOT, KAK MPAaBUJIO, OECIIPOBOIHBIIMA
nnrepdeiic, TpebyeT mepecMOTpa MOIXOIOB K OPraHU3aIMH CeTeil CBA3U
u MeTonoB obciyxKuBaHus Tpaduka. B maHHO! paboTe MBI paCCMOTPUM
TOJILKO HEKOTOpble ocobennoctu M2M rtpaduka, XxapaKTepHbIE JJsT MHO-
IUX COBPEMEHHBIX MOHHUTOPHHIA U CHCTEM COOpa JTAHHBIX.

2. IlocranoBKa 3ama4du

Tpaduxr, mponsBoaUMEBIit GOIBLIMMHCTBOM CHCTEM MOHUTOPHUHTA U cOOpa
JIAHHBIX MOXKHO YCJIOBHO DA3JI€JUTh HA TPHU XapaKTEPHBIX THUIIA: OIIOCpe-
):LOBB,HHI)II‘/'I7 T.C. IIOpO)K;[aeMbIﬁ KaK peaKIiisg Ha HEKOTOPbIE€ BHEIIHUE CO-
OBLITHS; JTETEPMUHUPOBAHHBIN — MMPOM3BOINMBIN yCTpOitcTBAMU, PabOTaT0-
[IIMU TI0 YKECTKO 33JAaHHOMY DaCIIMCAHUIO; TEXHOJOTUIECKIIT — He0OX0 -
MBI Jist o eprkanust byHKInOHnpoBaHust cucteMsl [2]. IIponssoaumbiii
yerpoiicrBamu M2M tpaduk MoxkeT 00C/IyKUBATHCA COBMECTHO C Tpadu-
KOM JIDYTHX YCJIyT CBsi3u, Hanpumep, bazosbimu craniusmu CIIC, roukamu
6ecmposoanoro T u apyrumu y3aamu cetr. BBuy Toro 9To XapaxTep
tpaduka M2M, B obiem cirydae, oTiimdaercss OoT Tpaduka APyrux yeayr
“MeeT CMBIC/I OIEHUTb €ro XapaKTepUCTUKHU U BJIMsIHAE Ha KadecTBO 00-
ciyXuBaHusg. PaccMoTpuM Mozesib IpuBelieHHYI0 Ha puc.l. Momess co-
crout u3 ucrouannka M2M Tpaduka, KOTOpbIit UMATHPYET pabOTy OIHOTO
WJIN HECKOJIBKUX ycrpoiicte M2M, ucrourunka hpoHOBOro Tpaduka, yCIoB-
no nasBanHoro H2H. O6a moroka Tpaduka MOCTyHAOT Ha y3€J CBSI3W,
MOJIEJIMPYEMBIil CHCTEMOI MacCCOBOTO OOCJIYKUBAHUS C OXKUJAHUEM U OT-
kazamu (KOMOMHMPOBaHHAS JUCIUILINHA 0OCayKuBanus ). CpejiHee BpeMst
00CTyKMBaHUS [TAKETa PABHO t.

Puc. 1. Mognesnpb y3sia cBsi3u, 00CIy?>KHBAIOIIETO CMEIIAHHBI TOTOK

nHTEeHCUBHOCTHL Tpaduka M2M Ajyrans, Tpacduxka H2H Apop, nnTen-
CHBHOCTD CMEIIAHHOTO TOTOKA A=A prop +Agopg. C BEPOSITHOCTBIO p IMaKeT
MOCTYIAET Ha BXOJ| CUCTEMbI, KOTJIa BCE TIO3UIMNA B 0YEPEIU 3aHSITHI U I10-
Jydaer orka3 B obcuyxkuBaHuu (repsiercs). Ha BbIXose cuCTeMBI OTOK
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UMeeT WHTEHCUBHOCTH A. CBOMCTBA CMEITAHHOTO MOTOKA HA BXOIE CHUCTE-
MBI OIIPEJIEJIIOTCS CBOMCTBAME OOOUX MTOTOKOB, ITIOITOMY B OOIIEM CJIydae,
oum oTnndaorca Kak ot cpoiicts H2H tak mw M2M tpaduka. Pabora Ta-
KOIf CHCTEMBI XapaKTEPU3yeTCsl MOKA3ATEISIMU KadecTBa OOCITyKUBAHMS:
BEPOSITHOCTBIO OTKA30B (IIOTEPh) IIAKETOB, BPDEMEHEM JOCTABKH, T.e. Bpe-
MEHEM OXKHUIAHUS B O4epeln W BpeMeHeM obciykuBaHust. Kak npasuiio,
JIJIST PA3JIUIHBIX YCIYT, TOPOXKIAIOIINX CETEBON TpadUK MMEIOTCS PA3/INd-
Hble TPeOOBaHMS K KauecTBY 00C/ Iy KuBaHus. [Iporecc obciryKuBaHusl BJIu-
sieT Ha CBOMCTBa 00C/IyKEHHOIro TpaduKa, KOTOPBIA Jajee IIOCTyIaeT Ha
JPyTHe CEeTeBbIE JIEMEHTHI, IIOITOMY TaKXKe MPEJCTAB/ISIOT UHTEPEC aHa-
JIN3 CBOMCTB ITOTOKA Ha BBIXOJE JaHHOM cucreMbl. JIjist OlleHKM B3aMMHOIO
BJIUSIHAS TTOTOKOB TpadUKa MMEET CMBIC] OIEHUTDH MMOKA3ATeTN KAadeCTBa
obcary)uBanus JuddepernupoBanHo s Tpaduka M2M n H2H.

3. Ormucanue MOoAOeJin CUCTEMBI

Ilpusenennast Boime momenr CMO, B ofmem ciiyuae uMeeT BHI
G/G/1/k, nast KOTOPOii OTCYTCTBYIOT TOYHBIC AHAJUTHYECKHE MOJIEJN
OIEHKN BEPOSITHOCTH II0TE€Pb W BpeMeHH oxujanus. B [9] miust pacdera
HOTEPh B CHCTEME JIAHHOTO BUJA [IPU U3BECTHBIX PACIIPE/IEIEHNIX, OUCHI-
BAIOIIUX BXOJIHOI HOTOK ¥ IIPOIECC OOCIIY KUBAHMUS, IIPE/JIAraeTCs NCIOb-
30BaTh MeTOJ MU OY3MOHHON ANIIPOKCUMAIIAN:

1-— P —52—mn
— cZ4+cz ™
b= 2. +1p atcs (1)
1— pc§+c_§ b
rye C2 u C? — xBajipaTuynbie K03 OUIHEHTH BAPHAIITH COOTBETCTBEHHO
pacipeiesleHuii BXOJAIIEr0 HOTOKa U BPEMEHU 00CITy ) KUBAHHUS, 1 — Pa3Mep
6ydepa, p - 3arpyska cucremsl. s mosrydeHnst TpUOINIKEHHON OIEHKN
CPEJIHEr0 BPEMEHH JOCTABKU ITAKETa PA3JIMIHBIX IIOTOKOB BOCIIOJIB3YEMCS
BbIpaxkeHueM [10]

7 2 2 72 2
T p oy + o5 + o5 2)

2(1 - p) 12 a? + o?

riae O'g, 0'3 - JUCIIEPpCHUU MHTEPBaJIOB BpEMEHN MEK/1Y ITaKeTaMU 1 BpEMEHN

00CITyKMBaHUS, COOTBETCTBEHHO, @ - CPEJHEe 3HAYECHIE HHTEPBAIA MEXK LY
rmakeramu, t - cpejiHee BpeMsi OOC/Ty KUBAHMUSI.

B mamem ciiygae npeacrasisier naTepec auddepeHupoBaHHas OIeH-
Ka KagecTBa obcirykuBanus nakeroB H2H u M2M rtpaduka, mosromy nme-
€T CMBICJI UCCJIe0BaTh TPUMEHNMOCTh U3BECTHBIX MTPUOJIMAKEHHBIX perle-
HOU JJI1S OIEHKH KAaYeCTBa 0OCJIYKUBAHUS CMEIIAHHOI'O IIOTOKA.

Byaem nosarars, uro norok ¢dponosoro rpaduka (H2H) umeer csoiicrsa
mpocteiiiero moroka. JaHHoe mpenoioKeHne He BCerJa MPUeMJIEMO, HO
BO MHOI'HX CJIydasiX, Korja (bOHOBBI TpaduKk 00pa30BaH arperupoBaHueM
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JIOCTATOYHO GOJIBIIOrO KOJUIECTBA IIOTOKOB (IIOTOKH OT MHOYKECTBA Pa3-
JIMYHBIX 110JIb30BaTe/Iell WU [IPUJIOXKEHUIT) ¢ Pa3InIHbIMU CBOCTBAME U
6e3 fBHOTO JJOMUHUPOBAHUS OHOIO M3 HUX, TO CBONCTBA PE3YJIbTUPYIOIIE-
ro MOTOKa IPUOIMKAIOTCS K cBOficTBaM mpocTeiiero noroka [11]. Cresna-
eM Jomyiienne o ToM, uto Tpaduk M2M mnpeacrasasier coboit meTepMuHm-
POBaHHBIA IOTOK, OIpeAe/IdeMblil KaK IIePUOAUYIECCKUN IIPOLIECC OTIPABKU
JAHHBIX CUCTEMbI MOHUTOPHUHTIA.

4. AHayin3 pe3yJbTATOB MOJEJIUPOBAHUS

st mecmemoBanus 3aBECHMOCTEH NMOKA3aTeN€ell KaIecTBa MOCTPOCHA
UMUTAIMOHHAST MOJIENb ¢ TIOMOIIBIO CHCTEMBI HMUTAITAOHHOTO MOJIEIUPO-
sarust AnyLogic [12].
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Puc. 2. 3aBucUMOCTb BEPOSITHOCTH MIOTEPH OT BEJIUYUHBI HATPY3KH IIPU
SKCIIOHEHITHAJIHHOM PACIPEIeSIEHNN BPEMEHH OOCIYKUBAHUS IPU PASTHMIHON

piuHe 6ydepa (n=2; 10, p # 1)

Ha puc.1 Takke mokazaHbl 3aBUCHMOCTH, IIOJIyU€HHBIE COIJIACHO Aall-
npokcuMarmu (1). PesysnbraTsl MOIEIMPOBAHUST TOKA3AJU, UTO OIEHKA C
nomornwio (1) maer 3aBblinienHoe 3HadeHre KO3(MMUIUEHTA TTOTEPh, TPUIEM
Haubosibias omubKa (0KOJIO 2 pa3) UMeeT MeCTO JJisl IPOCTEHIIero moTo-
Ka MPU CPEJHUX 3HAYCHWSAX WHTEHCHMBHOCTH HAUDY3KH. V3 mpuUBeIeHHBIX
rpaduKOB Tak»Ke BUIHO, 9TO KOI(M@MUIMEHT TOTEph JJis 3asiBOK IeTep-
MUHHUPOBAHHOT'O TIOTOKA 3HAMUTEIHLHO MEHBIIE KO3PdUIINEHTa TOTEPD JJIst
3asIBOK ITPOCTEHIIEro MOTOKA B CMEIIaHHOM ToToKe. Ha puc.2 nmpuseseHb
3aBHCUMOCTH 3aJePyKKH JIOCTABKH IAKeTa JIJIsi IPOCTEHIIero U JIeTePMU-
HUPOBaAHHOI'O ITOTOKOB B CMENIaHHOM IIOTOKE OT MHTEHCHUBHOCTU Harpy3-
KU IIpU Pa3IudHOM pa3mepe Oydepa (2 — jesblii pucynok, 10 — npasbiii
PHCYHOK), MOJIydeHHble MMUTAIMOHHBIM MOJeJupoBanueM. Ha pucyHkax
JIJIS CDABHEHUS IIPUBEJIEHBI OLEHKH, II0JIyY€HHBIE ¢ IIOMOIIBI0 Mogenu (2)
(myHKTHpHAas JHHASA). 8

Kax BujiHO M3 pe3ysbTaTOB MOJIEIUPOBAHUS CPEJHsS 3aJIeP:KKa, J0-
CTaBKM MAKeTa, JIJIsl TIPOCTEHINEro MOTOKA HECKOJIBKO IIPEBBIIACT 33/ 1ePK-
Ky JIOCTABKH ITAKETa JIETEPMUHUPOBAHHOTO ITOTOKA, PA3HUIA 3HAMEHUN He
upessiinaer 20%. Axamurndeckas Moess (2)(2) I CMeIanHoro MoToKa
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Puc. 3. 3aBucumocTh 3a71epKKU JOCTABKA MTAKETa OT BEJTUIUHBI HATPY3KU PU
SKCIIOHEHITHATHFHOM PACIPEIESIEHNN BPEMEHN OOCTYyKUBAHUS TIPU PASTMIHON

pimHe 6ydepa (n=2; 10, p # 1)

JIOCTATOYHO TOYHO OIUCHIBAET 3aJI€PXKKY JIOCTABKH IIaKeTa Ha MHTepBaJe
3HAYEHUIl HHTEHCUBHOCTU B KOTOPOM IIOTE€PH HAKETOB OJIMKH K HYJIO (10
0,5 pa npu gymae Gydepa n=2 u 0,8 Dpu npu n=10) HATPY3KH, IPUIEM
ee 3HaYeHUsT HanboJtee OJIM3KU K 3HAUEHUSIM 33JIEPXKKU JIJIs IPOCTEHIIero
ITOTOKA.

Takum 06pa30oM, 3asiBKH JI€TEPMUHUPOBAHHOIO ITOTOKA B 3asTBOK 00CJTY-
JKUBaeTcs ¢ 0ojiee BHICOKMM KadeCTBOM, IMPUYEM B HAMOOJIBINEH CTeleHn
9TO MPOSIBJISIETCA B pocTe KO3 DUIMEeHTa MOTEePh JIjisi COBMECTHO 0OCITY-
KUBAEMOTO TpaduKa.

Jiis mccsreioBanusi CBOMCTB TpaduKa HA BBIXOJE CHUCTEMBI 0OCITYKU-
BaHUsl VCCJIEI0BaHA 3aBUCUMOCTh Koadduimenra Xepera [13] or nHTeH-
cuBHOCTH Harpy3ku. Ha puc.3 mpuBeieHbI pe3yJbTaThl UMHUTAIIMOHHOTO
mozenuposaruss CMO suna G/M/1/k, Ha BX0J KOTOpOI nomaBascs cMme-
MAHHBIH TIOTOK MMOJIYYeHHBIN ArpErupoOBAHUEM CAMOIIOI00HOIO U JIETEPMHU-
HUPOBAHHOI'O MIOTOKOB. 3HaUYeHrne KO3 dummeHT Xepcra BXOJHOIO ITOTOKA
H;,=0,77.

C pocrom wmHTeHCHBHOCTH Harpy3ku Ha Bxoge CMO wnabmomaercs
yMeHbienne kKoaddurmenta Xepra noroka Ha Bxoge CMO. Ilpu majbix u
CpeJIHUX 3HAYEeHWsIX WHTEHCUBHOCTU Harpys3ku Ha Bxoje or 0 mo 0,5 Dpu,
k03 durment Xepcra BBIXOIHOTO IOTOKA, TPAKTHIECKH, DABEH AHAJIOT NI~
HOMY IapaMerpy BXOAHOro moToka. C pocTOM WHTEHCUBHOCTH HAIPY3KU
CBOWCTBA BBIXOJIHOTO TIOTOKA, OMPEIEIISIIOTC B OOJIBIIEN CTEEHN 3aKOHOM
pacpejie/ieHust BpeMeHU 0OCIy KUBAHUS, YeM CBOHCTBAME BXOJHOTO TIOTO-
Ka, 9TO COBIIAJIAeT ¢ pe3yJbraTaMu uccyegosanus [14].

Takum 06pa3oM IpU HEXBATKE PECYPCOB, TPUBOAIIEH K IIOTEPSIM TTaKe-
TOB JJOMUHUPYIOT TIOTEPHU MPOCTERIero noroka. CBoiCTBa CMEIIAHHOTO M0-
TOKa COXPAHSIFOTCS [IOCJIe OOC/IY?KUBAHUSI Y3JIaMU CETU IPU OTHOCUTEJIBHO
MaJIOif MHTEHCUBHOCTH HATPY3KH W M3MEHAIOTCS TPU CpeaHeil m OObImoi
BeJINYUHE HAIPY3KH.
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Puc. 4. 3aBucumocts K03 durmenta Xepcra TOTOKA Ha BBIXOABI CUCTEMBI OT
WHTEHCUBHOCTY HATPY3KHU HA BXOJE

5. BriBoasbl

1. PegynbraTsl MofemmpoBaHus MOKA3aJId, 9TO IIPU O0C/IYKUBAHUN ar-
PErMpOBAHHOIO IOTOKA IApaMETPhl KadeCcTBa OOCJIyKUBAHUS PA3JIMIHDI
JIJTsT KazKJIOTO U3 MTOTOKOB.

2. AHanu3 pe3yabTATOB MMUTAITMOHHOTO MOJIEIMPOBAHUS OOCTYKHUBa-
HUsI CMEIIAHHOTO TIOTOKA IMOKA3aJI, ITO BEPOSITHOCTH TIOTEPH ITAKETa JIETEP-
MUHUPOBAHHOIO (PEryJisipPHOIO) IOTOKA MEHbIIE, YeM CJIYYIaiiHOroO IOTOKA.
DTa pa3sHUIA BO3PACTAET C yBEJIMIEHUEM WHTEHCHUBHOCTU HATDY3KU.

3. Ommcana 06J1aCTh TPUMEHUMOCTH U3BECTHBIX IMPUOIUKEHHBIX MOJE-
neit mst cucrem G/G/1/k u G/G/1 st onmcanus kosdbdunueHTa N0TEPH
U 3aJIePKKH JIOCTABKH HAKeTa.

4. CBoiicTBa BBIXOJHOIO IOTOKA OJM3KM K CBOWCTBAM BXOHOI'O IIOTO-
Ka IPHU MaJbIX U CPETHUX 3HAYECHUSIX WHTEHCHBHOCTU BXOJHOW HAIDY3KW,
[IPU OTHOCUTEIBHO OOJIBIION MHTEHCUBHOCTH HAIPY3KHU CBONCTBA BBIXOJIHO-
IO IOTOK& OILPEJIE/ISIOTC B OOJIbIIell CTEeleHH PacUpeiesieHIeM BPeMeHn
00C/TYKUBAHUSI.

5. Ilpu BeIOOpE CETEBBIX PEIIEHUIT [T0 COBMECTHOMY OOCJIY2KMBAHUIO Pe-
ryaspuoro Tpaduka M2M u tpaduka Apyrux yciayr ciaeryer yIUTHIBATH
OOJIBITIYIO «YCTONYIUBOCTB> Tpaduka M2M K moTepsM, B TO BpeMs Kak
cilyJaliHble TIOTOKU B OOJIbINEHl CTEIeH! I0/IBEPKEHBI ITOTEPSIM IIPU COB-
MECTHOM 00CJIy?KIBAHUH.

Buaaromapuoctu

WccneroBanue BoImoIHEHO TP (buHAHCOBOI nToiepkke PODU B pam-
kax HaygHoro mpoekrta Ne 16-37-00215 mour a "Buonpaiisep”
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Machine-to-Machine Traffic Analysis And Its Impact
On Quality of Service
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Bonch-Bruevich Saint - Petersburg State University of Telecommunications
22-1, Prospekt Bolshevikov, 193232, Saint-Petersburg, RUSSIA

This paper presents some results obtained by simulation model of M2M traffic.
We consider a service system in the network which serves aggregated traffic
formed by two flows which represents traffic of traditional services and M2M
traffic. We consider M2M traffic as a determinated (not random) flow. Results
of investigation depict quality of service parameters of the service system for
both flows which are different for each one.

Keywords: Machine-to-Machine Traffic, M2M, mass service system, regular
flow, selfsimilar flow, losses ratio, quality of service.
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Multichannel Discrete Wavelets and Multiscale Image
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Abstract. Wavelet signal decomposition into two or more subbands is discussed.
Two-band decomposition could be implemented using FIR filters with even and
odd taps. Scheme for multiband decomposition and restoration is presented. Ex-
amples of two, tree, four and five band decomposition and restoration filters are
shown. Utilization of multiband wavelet decomposition for image compression
and method for quantization of decomposed image subbands are discussed. Im-
provement of image processing using additional decomposition of high frequency
subbands is shown with illustrations on standard test images.

Keywords: discrete wavelet transform, wavelet decomposition, filter bank,
wavelet image decomposition, quantization.

1. Introduction

The base of multiscale analysis is the representation of the signal wave-
form as a summary of coarse approximation and local refinements at var-
ious time intervals [1-3].

Standard two-channel discrete signal transform scheme is shown at
Fig. 1. Low frequency (LF) and high frequency (HF) finite impulse re-
sponse (FIR) filters are used. In this case orthogonal FIR filters with both
odd and even taps may be used [4].

In the first case (odd number of taps) filter frequency responses are the
following:

N
H(z)=ho+2 Z hy, cos(mnx),

et 0<z<1. (1)
G(z)=go+2 Z gn cos(mmax),

m=1
The samples of input signal U(k) = 1 are transformed after LF and
HF filters into two sequences:
h—N7 h’—N 1y-ees h07 cey hN—la hN7
N (2)

9—M>s9—M+15---5905 s M —1,9M -
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Figure 1. Block diagram of two-channel signal transform system

In the second case (even number of taps):

N
H(z) =2 hian_1)/2 cos(mx(2n — 1)/2),
" (3)
G(z)=-2 Z 9(2m—1)/2 cos(mx(2m — 1)/2),

and two sequences are the following:

h—N+1/27 h—N+3/2, o h—1/2, h1/2, T hN—3/2, hN—1/2; (4)

—9-M+1/2s —9—M+3/2) s —9-1/2,91/25 -y 9M—-3/2, M —1/2-

These sequences are decimated two times, i.e. each second sample of
the sequences (2) or (4) is discarded.

Two variants of decimation are possible: co-phase discarding of samples
in the sequences after LF and HF filters or discarding of HF signal samples
with shift regarding to discarding of LF signal samples [4, 5].

During the reverse process of signal synthesis zero samples are inserted
instead of discarded ones. Let us denote discrete signals as Hy(z), G1(z)
for the first case of decimation and Hi(x), Ga(x) or Ha(z), G1(x) for the
second case. The case with simultaneous shift of the centers of formed
signals Hs(z), Ga(x) is also possible.
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Restoration (synthesis) of the signal is possible for example using the
following system of equations:

Hi(2)Kp(z) + Go(x)Kg(x) =1,
Hy(2)Kp(z) + Gi(z)Ky(x) = 1.

The determinant of this system may be presented as:

det(z) = Ag + Z Ay, cos(mkx).
v

If all the coefficients Ay, k # 0, are set to zero and Ay = 1, then

Kp(z) = Gi(z) — Ga(2),
Ky(z) = Hi(z) — Ha(z),
Kp(0) = Ky(1) = V2,
Kn(1) = K4(0) =0

Taking into account that N+ M +2 equations are needed for calculation
of unknown values h,, 0 <n < N, and g.,, 0 < m < M, additionally odd
derivatives of H(x) and G(x) may be set to zero:

H(2r)(x)|I:0 orz=1, T =1,2,3,..;
G(2p)(m)|w:0 orx=1, P = 17 2, 3,

Even derivatives are equal to zero according to definitions of H(z) and
G(z).

Examples of H(x), Ky (x), G(x), K4(z) waveforms are shown on Fig. 2.
Waveforms on Fig. 2a corresponds to equation (1) with N =5 and M = 6;
waveforms on Fig. 2b corresponds to equation (3) with N = M = 5.

Strict matching of input and output signals of two-channel transform
system U (k) = U(k) corresponds to the equation:

SIH @) Kn(r) + Gla) Ky ()] = 1.

2. Multichannel wavelet signal transform

A sequence of medium frequency (MF) filters is used in addition to LF
and HF filters in the case of multichannel signal transform system.
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Figure 2. Frequency responses of orthogonal FIR filters with odd (a) and
even (b) number of taps

Three-channel system uses MF filter with characteristic frequency re-
sponse B(z): B(0) = B(1) =0, B(0.5) — max.

Four-channel system uses two additional filters By (x), Ba(z): B1(0) =
B1(1) = B2(0) = Bo(1) =0, B1(1/3) — mazx, B2(2/3) — maxz.

Three additional firlters By (z), Ba(z), Bs(x) of five-channel system
obtain the following characteristic parameters: B;(0) = B1(1) = B2(0) =
By(1) = Bs3(0) = Bs3(1l) = 0, Bi(1/4) — maz, B2(1/2) — maz,
Bs(3/4) — max, etc.

Block diagram of multichannel signal transform system is shown at
Fig. 3.

Equations (1) for LF and HF filter characteristics are extended by equa-
tion for MF filter characteristic for construction of three-channel system:

K

B(z) =2 Z by, sin(mkzx).
k=1

In this case three times decimation (removing of two from every three
samples) is performed for the signals after LF, MF and HF filtering. Dec-
imates samples are set to zero during restoration (synthesis) process. The
input signal will be restored if restoration filter characteristics Kp,(z),
Ky(z), K4(x) meets the following equation system:

Hy(2)Kn () + Bi(2) Ky (x) + G (2) Ky (2)
Ha(x) Kn () + Ba(2) Ky (x) + G () Ky (7)
Hg(x)Kh($) + B3(£L’)Kb(l') + G3(£L’)Kg({£)

)

1
L,
1

)
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Figure 3. Block diagram of multichannel signal transform system

where H;, B;, G;, i = 1...3, denotes corresponding filters with 3 variants
of decimation position.

A set of filter banks could be constructed as a solution of this system
enhanced similar to two-channel system calculation. Fig. 4 shows an ex-

ample of three-band transform filter characteristics for N = 6, K = 5,
M =6.

Strict matching of input and output signals of three-channel transform
system U(k) = U(k) corresponds to the equation:

[H(2)Kn(z) + B(2) Ky (2) + G(z)K,y(z)] = 1.

Wl
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Figure 4. An example of three-channel filter bank frequency responses

The equations (3) for LF and HF filter characteristics are comple-
mented by MF1 and MF2 filter characteristics for construction of four-
channel system:

L

Bi(z) =2 byj@i-1)2sin(rz(2 - 1)/2),
=1
P

By(z) =2 baj2p-1)/2 cos(mz(2p — 1)/2).

p=1

Four times decimation (removing of three from every four samples) is
performed for the signals after four input filters. Decimates samples are set
to zero during synthesis. The input signal will be restored if restoration
filter characteristics Kp(x), Ky (x), Kp2(z), K4(z) meets the following
equation system:

Hy(2)Kn(x) + Bij () K (2) + B (2) Kpz(2) + G (2) Ko () = 1,
Hy(2)Knp(x) + Buj2(x) Kp1 (2) + Bapp () Kez(x) + G () Ky () = 1,
Hj(x)Kp(2) + Bua(2) Kp1 (x) + Bajz(2) K2 (z) + Gs(2) Kg(2) = 1,
Hy(2)Kp(x) + Byja(x) Kp1 (2) + Boja(x) Kpa(x) + Ga(2) Ky(x) = 1,
where H;, By;, Gi, i = 1...4, denotes corresponding filters with 4 variants

of decimation position.

Fig. 5 illustrates the example of four-channel filter bank characteristics
for N=M=4,L =P =3.

Strict matching of input and output signals of four-channel transform
system U (k) = U(k) corresponds to the equation:

i[H(m)Kh(x) + Bi(2)Kp1 () + B2(2)Kp2(z) + G(z)Ky(x)] = 1.
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Figure 5. An example of four-channel filter bank frequency responses

The equations (1) for LF and HF filter characteristics are comple-
mented by MF1, MF2 and MF?2 filter characteristics for construction of
five-channel system:

L
Bi(z) =2 Z by sin(wlx),
=1
Bo(z) = bajo + 2 Z boy, cos(mkx),
k=1
P
Bs(z) =2 Z by sin(mpx).
p=1

Five times decimation is performed for the signals after five input filters.
Decimates samples are set to zero during synthesis. The input signal will be
restored if restoration filter characteristics Kp, (), Kp1(x), Kpa(z), Kpz(x),
K, (z) meets the following equation system:

Hy(2) Ky (2)+ By () K1 (2) + Bap1 (2) Kya () + Baj1 (2) Kz (2) + G (2) Ky (1) =1
Hy(2) Kp(2)+Byj2(2) K1 (2) + Bajo(2) Kyo () + Bjo (2) Kpz (2) +Go(2) Ky (1) =1
H3(x) Ky (x)+Byj3(x) Kyi (z) + Bajs(2) Kyo () + B3 (2) Kpz (2) +G3(2) Ky (7) =1
Hy(z)Kp(x)+ Bija(2) Ky1 (2) + Baja (2) Ky2 () + Bsja (2) Kis () + Ga(2) Ky (2) = 1
Hs(x) Ky, (2) 4 By |5 (2) Kp1 (2) + Bajs () Kya (2) + Bgj5 (2) Kps (2) +Gs (2) Ky (1) =1

where H;, By;, Gi, i = 1...5, denotes corresponding filters with 5 variants

of decimation position.
Fig. 6 illustrates the example of five-channel filter bank characteristics
for N=M=K=4,L=P=3.
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Figure 6. An example of five-channel filter bank frequency responses

Strict matching of input and output signals of five-channel transform

system U(k) = U(k) corresponds to the equation:

S UH () K ()4 B () i () + B () Koo ()4 B ) o )+ Gla) Ky ()] = 1.

3. Multichannel image decomposition and quantization

Processing of two-dimensional signal (i, k) during image transform
using separable scaling wavelet functions is performed firstly along rows
then along columns.

Fig. 7 shows block diagram of such procedure using three-channel filter
bank as an example. Nine areas (sequences of discrete samples) are sepa-
rated and then decimated forming nine subbands. Size of each sequence —
(N/3) x (M/3), where N x M — image size (Fig. 8).

Each sample of HH subband is quantized using linear quantization
scale during luminance (chrominance) processing. So the number of quan-
tization levels J is defined by B — bit depth of sample representation:
J=2B.

Distribution of wavelet transform coefficients in high frequency sub-
bands is approximated with rather high accuracy by one-dimensional
Laplace law of probability density:

A
w(z) = 567)41‘,‘.
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Figure 7. Block diagram of two-dimensional image wavelet transform

) 1 | NolMod
here \ = ——— = —— MSD= | —— Y2
where A= 375D = Moa» M0 MN Z; . Ly S
| No1mMa
Mod = VN Z Z |Youml, Yam — transform coefficient values, M x N —

n=0 m=0
size of subband.
Threshold levels and quantization levels are determined by solution of
equations:

dj
1
— = / w(z)de, i=1,..,m—1,
m
dj71
d;
ri= [ aw(@)dz, i=1,..,m,
dj_1

where d;, r; — j*® quantization threshold and level respectively, m — the
number of quantization levels.

Intensive investigation of a large number of various images results in a
mask for choice of quantization level number N depending on A\ parameter,
given in Table 1 [4].

The value A < 0.02 is specific usually for textures (synthetic images)
and rarely occur in natural and television images.
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Figure 8. Example of transformed image

Table 1
The quantization level number mask for coefficients of wavelet transform high
frequency subbands

A
A>1
04<A<1
0.15< A <04
0.05 < A< 0.15
0.02 < A <0.05
A <0.02 63

Ko Nwol|=

For the improvement of image transform effectiveness, it is possible to
decompose the signal using, for example, three-channel filter bank follow-
ing by additional decomposition of some high frequency subbands using
two-channel wavelet filters. Fig. 9 gives an example of image decomposi-
tion into 9, 11, 13 and 16 subbands.
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Figure 9. Diagram of wavelet image decomposition into 9 — 16 subbands

Fig. 10 illustrates wavelet decomposition of test image “Harbour” into
11, 13 and 16 subbands. The values of HH subband coefficients are de-
creased 3 times, the values of all other coefficients are increased 5 times
and placed on gray level (128).

Table 2 shows the results of information amount decrease due to image
decomposition into 4, 6, 9, 11, 13 and 16 subbands providing that restored
image PSNR > 37 dB.

Table 2
Information amount decrease due to wavelet image decomposition

Information amount decrease depend-
ing on the number of decomposition
Test image | subbands

4 6 9 11 13 16
"Lenna" 1.68 | 2.05 | 2.32 | 2.51 | 2.61 | 2.84
"Barbara" | 1.60 | 1.94 | 2.16 | 2.34 | 2.46 | 2.63
"Goldhill" | 1.68 | 2.05 | 2.16 | 2.29 | 2.42 | 2.67
"Harbour" | 1.60 | 1.94 | 2.32 | 2.49 | 2.58 | 2.81
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)

Figure 10. Decomposition of test image “Harbour” into 11 (a), 13 (b) and
16 (c) subbands

The amount of information could be decreased 1.64 times after stan-
dard wavelet image decomposition into 4 subbands and following quantiza-
tion of high frequency subbands. Additional processing of 2 high frequency
subbands enable further 25% decrease of the information amount. Wavelet
decomposition of image into 9, 11, 13 and 16 subbands enable average de-
crease of information amount in 35%, 45%, 50% and 60% respectively
compared to 4 subband decomposition.

Image decomposition into comparatively large amount of subbands
leads to some increase of calculation operations in coding device compared
to standard wavelet decomposition into 4 subbands. The number of cal-
culation operations at the decoder side increases negligibly because of few
number of non-zero samples in medium and high frequency components.

4. Conclusions

Two-band wavelet decomposition is usually used for signal analysis.
Decomposition could be implemented using FIR filters with even or odd
taps. It was shown that appropriate decimation is very important in this
case. Multiband wavelet decomposition could enrich signal analysis. New
multiband filter bank calculation technique was presented with examples of
tree-, four- and five-band filter bank characteristics. Calculated filter banks
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could be efficiently used for wavelet image compression if combined with
the technique for quantization of high frequency subbands. The efficiency
of decomposition and quantization could be improved by utilization of
additional decomposition of high frequency subbands. It was illustrated
using evaluation of information amount decrease on standard test images.
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Abstract. New methods for high efficiency window function calculation are de-
scribed. The methods allow to calculate both well-known classic windows and
new ones with needed characteristics. The first method is based on minimiza-
tion of window spectrum power outside of given frequency interval. The second
one is based on minimization of deviation between the window waveform and its
spectrum envelope. Modification of Dolph-Chebyshev and Barcilon-Temes win-
dow functions is also proposed. This modification improves some characteristic
features of the windows.

Keywords: harmonic analysis, window function, discrete Fourier transform
(DFT), finite impulse response (FIR) filter.

1. Introduction

The main purpose of signal processing using window functions is the
analysis of its characteristics usually in the presence of various interfer-
ences. Discrete Fourier transform (DFT) is often used for such tasks.
DFT provides decomposition of the analyzed signal with respect to the
basis consisting of simple cosine and sine functions. In this case it is as-
sumed that the signal is time limited and its duration is equal to processing
interval.

Windows (window functions) are weighting functions that provide the
decrease of spectral component leakage due to finite observation interval.
Influence of window function leads to substantial decrease of investigated
signal discontinuity at the boundaries of its periodic extension, if maximum
number of window function derivatives are equal or close to zero at the
boundaries of processing interval [1,2].

Using of window smoothing allows calculation finite impulse response
(FIR) filters for any practical purposes for Gibbs effect reduction and im-
provement of filter characteristics with approximation of complex gain fac-
tor and linear phase frequency response (PFR).

Filter banks are used traditionally in perceptual audio codecs. These
banks helps to encode efficiently audio signals and to form quantization
noise according to evaluated masking curve [3].

Special area of window function utilization is the development of adap-
tive antenna arrays. The characteristics of these antenna arrays, including
direction pattern, are changing automatically for supply of the best or near
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to best useful signal reception conditions in the presence of permanently
varying interference.

After the publication of F.J. Harris [1] most problems of window func-
tion construction and utilization were seemed solved. Nevertheless, the
authors have proposed principally new approaches to development of win-
dow functions: by minimization of spectrum power outside of given fre-
quency interval; by minimization of difference between window waveform
and its spectrum envelope. Proposed modernization of Dolph-Chebyshev
and Barcilon-Temes windows has a special importance.

2. High efficiency window function synthesis using the
minimization of spectrum components outside of given interval

Waveforms of window functions are symmetric with respect to the cen-
ter of processing interval —7T'/2 < ¢ < T'/2 and limited in duration by this
interval. So such functions could be presented using even and odd cosine
basis functions:

M
1+2 Z A, cos(2mmx) o
ue(x) = mzlsume =by+ 2m§::1 b, cos(2mrmz), (1)
M 1 a M
here Sum, =1+2 ms bo = s bm = —=— by +2 by, =1,
where Sum, + mZ:1 a 0 Sum. Sum. 0 + mZ:1
[ < 1/2,
K
220%_1 cos(m(2k—1)x) K
k=1
uo(x) = =2 Z doj—1 cos(2m(2k—1)x), (2)
Sum, po
K . K
here Sum, = 2 Cdopg = 2L 9Ny =1, |2 < 1/2.
where Sum ;C% 1 okt = g s ; k-1 =1, [z[ <1/
Normed spectrums of these functions are the following:
M
F.(y) = sinc(my) + Z am[sine(m(y +m)) + sinc(n(y —m))], (3)
m=1
i T
where sinc(z) = sm(z)7 Y= C;— = fT — normed frequency, |y| < oo,
z T

2k —1 2k —1
5 )) + since(w(y — 5

K
Fo(y) = o D eanabine(n(y + N @)
? k=1
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- %—1, 4 c
where Sp = 2 Cok_1sinc(m =— -1 k_lﬁ, < 0.
0 ;%1 ( Q)W;;() or 1 Y/

Fourier spectrum (3) and (4) of window functions (1) and (2) is infi-
nite and theoretically couldn’t be restricted because window functions are
restricted at finite time interval. But for specially selected coefficients a,,
and cog_1 the spectrum could be practically restricted by some frequency
interval. Variations of some terms of series (3) and (4) will be almost com-
pletely compensated by variations of other terms outside that frequency
interval.

F.(y) and F,(y) functions (denoted further as F(y)) have minimum
meansquare power of sidelobes outside the interval [—C, C] under the fol-
lowing condition:

—C 00 [
/F2(y)dy+/F2(y)dy:2/FQ(y)dy:>min.
c c

—00

For example, maximal sidelobe of window function (1) spectrum Wiax
gradually decreases with the increase of interval [—C,C]: from —26 dB
for C = 1 to —188 dB for C = 7. In spite of considerable variation of
C parameter, the window function quality coefficient 0 [1] varies slightly
from 4.7% for Wiax = —26 dB to 6% for W.x = —188 dB.

Maximal sidelobe of window function (2) spectrum also gradually de-
creases with the increase of interval [—C,C]: from —23 dB for C =1 to
~157 dB for C = 6, while quality coefficient ¢ varies slightly from 3.8% for
Wnax = —23 dB to 5.8% for Wax = —157 dB.

Signal waveforms with even taps calculated using the described method
are shown at Fig. lafor C =2, M =2 (Wpax = —42dB); C =6.5, M =6
(Whax = —144 dB). Fig. 1b shows spectra of these signals.

Signal waveforms with odd taps are shown at Fig. 1c for C' =2, K =2
(Whax = —43 dB); C =5, K = 5 (Wpax = —118 dB). Fig. 1d shows
spectra of these signals.

It should be noted that practically all classic window functions (for
example, Hamming, Kaiser-Bessel, etc.) could be calculated using the
method of minimization of spectrum power outside given frequency inter-
val.

3. High efficiency window function synthesis using the
minimization of deviation between the waveform and its
spectrum envelope

This algorithm is implemented using the aid of method described above.
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Figure 1. Examples of window calculation using minimization of its spectrum
power for even cosine components (a, b) and odd cosine components (c, d)

Let us transform the waveform of window function with even cosine
components so that time interval become equal [—(M + 1), (M + 1)]:

1

M
= Sum. |12 >ty cos(mmy/(M + 1)) |, [yl < (M +1).

m=1

ue(y)

F.(y) and u.(y) coincide is the points y = —(M+1),y =0,y = (M +1)
if

M
1+2 Z (=1)™ay, = 0.
m=1

Let us fulfill such transform for window with odd cosine components so
that time interval coincides with relative interval [—(K +1/2), (K +1/2)]:

K
1 2%k — 1
= 23" e
Sum, l k:lc% 1608 (Wy2K+1>

o (y) syl < (K +1/2).




Dvorkovich A. V., Dvorkovich V.P. 61

In this case F,(y) and u,(y) coincide is the points y = —(K + 1/2),
y=0,y=(K+1/2).

The simplest case of such function calculation uses minimization of
maximal value of absolute difference A(y) = |F(y) — u(y)|:

A= IAr;in}[mgx [F(y) — u(y)]]- (5)

Algorithm for equation (5) solution is rather simply implemented using
selection of point positions y, at the interval |y| < (M + 1) (in the first
case) or |y| < (K'+1/2) (in the second case), where the values of the signal
u(yy) and its spectrum F'(y) or their derivatives of some orders are equal
each other.

Fig. 2 illustrates the characteristics of window functions with even co-
sine components for M = 1, M = 2, and M = 3. In this case maximum
differences between waveforms and spectrum envelope are 2.7%, 0.07%
and 0.0025% correspondingly. For M = 9 this difference is lower than
0.4-10719%.

[FO) - u(y)], % u(x)

44

a)

Figure 2. Characteristics of even window functions for M =1, M = 2, and
M=3
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Fig. 3 illustrates the characteristics of window functions with odd co-
sine components for K = 1, K = 2, and K = 3. In this case maximum
differences between waveforms and spectrum envelope are 17%, 0.45%
and 0.02% correspondingly. For K = 10 this difference is lower than
0.17 - 10719%.

u(x)
[FO) - u()], % 2

a)

Figure 3. Characteristics of even window functions for K =1, K = 2, and
K=3

4. High efficiency window function synthesis using the
minimization of deviation between the waveform and its
spectrum envelope

4.1. Characteristics of Dolph-Chebyshev and Barcilon-Temes
window functions

Characteristic feature of Dolph-Chebyshev windows is the equality of all
spectrum sidelobe amplitudes. This leads to a significant suppression of
sidelobes for a given width of the main lobe, or the minimum width of the
main lobe for a given sidelobe level. These windows were developed for
analysis of discrete signals with periodic spectrum.
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Realization of Barcilon-Temes windows is based on algorithm of mini-
mization of power of spectrum components outside mane lobe. This crite-
rion gives some compromise between the criteria for construction of Dolph-
Chebyshev and Kaizer-Bessel windows.

Normalized spectra of Dolph-Chebyshev and Barcilon-Temes windows
depends on two parameters (n and h):

T, (n cos {7‘“%05}’(1/1])} cos(ﬂy))

n

T, (Tl oS |:Arccosh(1/h) i| ) ’

FDCh(y) = F(y,nvh) =

Ty (y cos(my)) + 3 cos(my) - Un (7 cos(my))
T (y) + % cos(my) - Un(7) ’

FBT(y) = F(yan7h) =

where y = fAT — normalized frequency, AT — sampling interval, v =
ch(R/M), R = Arch(1/h), h = 10, T;, — Chebyshev polynomial of the
first kind of n-th order (T, (z) = cos(n-arccos(z)), z < 1), U,, — Chebyshev
polynomial of the second kind of n-th order (U, (z) = sin(n-arccos(z))/(1—
)2 2 <1).

The structure of spectra of both functions are practically very close.

For even value of parameter n = 2m both functions F'(y) are periodical
and defined at all frequency interval (Fig. 4a):

Fly+k)=Fly), ly <1/2, k=..,-2,-1,0,1,2,...

For odd value of parameter n = 2m — 1 both functions F(y) are also
defined at all frequency interval (Fig. 4b):

Parameter n defines relative frequency of cosine oscillations ny/2 at
the interval [—1/2,1/2], and parameter h defines the amplitude of these
oscillations.

Fig. 4c illustrates two variants of the function F(y) structure near zero
for even value of n; sequence of cosine oscillations h - cos(mny) is shown
below.

If n = 4m then integer number of periods fits into the half interval
[—1/2,0] or [0,1/2] and the values of function F'(y) at interval boundaries
are positive and equal to h.

If n = 4m + 2 then integer number of half-periods fits into the half
interval [—1/2,0] or [0,1/2] and the values of function F(y) at interval
[—1/2,1/2] boundaries are negative and equal to —h.

Fig. 4d illustrates the function F(y) structure near zero for odd value
of n. In this case integer number of quarter-periods fits into interval
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[-1/2,1/2] and the values of function F'(y) at interval [—-1/2,1/2] bound-
aries are equal to zero.

The derivatives of these functions at the boundaries of interval
[-1/2,1/2] for n = 4m + 1 are negative — F'(1/2) = F'(—1/2) = —mnh,
and for n = 4m =+ 3 are positive — F'(1/2) = F'(—1/2) = ©nh.

F(y,2m, h)

F(y,2m, h)

a)

Fv, 2m - 1, h)
b) -1 1 y 1

-1.0+

Figure 4. Even and odd Dolph-Chebyshev and Barcilon-Temes functions
spectrum structures

It was proved that normalized spectra of Dolph-Chebyshev and
Barcilon-Temes windows are identically defined by finite number of co-
sine functions [2].

For n =2m

F(y) =by+2 Z by, cos(2mky), (6)
k=1

1/2 1/2 m
where by = [ F(y)dy, by, = [ F(y) cos(2mky)dy, by + 22 b = 1.
0 0 et



Dvorkovich A. V., Dvorkovich V.P. 65

Forn=2m -1
y) =2 Z dy cos(m(2k — 1)y), (7)
k=1
1/2
where dj, = 2 f F(y) cos(m(2k — 1)y)dy, Qde =1.
It is rather easy to determine relative Waveforms of these windows using

equations (6) and (7):
for n =2m

u(zx) = sinc(mx) Z [sinc(m(x — k)) + sinc(7(x + k))], (8)

forn=2m-1

Z [sinc(m(x —k + ))—i—sinc(ﬂ'(x—l—k—%))], (9)

_
u(0)

4 N (—1)k-t
where U(O) = ; ’; m

Equations (6) and (7) defines the waveform of LF filter frequency re-
sponses after substltutlon of relative frequency fT instead of y argument,
where T'=1/(2fp), fo — cutoff frequency of LF filter, 0 < f < fy. Impulse
responses of these filters:

Ugm (t) = Y bid(|k|T) for n = 2m,

k=—m
“ 2k —1
Ugm—1(t) = Z bro( | |2 T) forn=2m—1.
k=—m

Dolph-Chebyshev window main sidelobe levels are defined by coefficient
« and equals —20« [dB|. For a = 2.5, 3, 3.5 and 4 the levels are equal to
-50 dB, —60 dB, —70 dB and —80 dB.

Barcilon-Temes window main sidelobe levels for o« = 2.5, 3, 3.5 and 4
are equal to =52 dB, —62 dB, —72 dB and —82 dB.
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4.2. Modification of Dolph-Chebyshev and Barcilon-Temes
window functions

The characteristics of Dolph-Chebyshev and Barcilon-Temes window func-
tions could be improved significantly with the use of the following window
components:

1
F(y) = §[FDCh/BT(y7 n, h)+
Fpconysr(y,n+2,h)+Fpcn/pr(y,n—2, h)]
2 b

(10)

where Fpcrnypr(y,n, h) — standard Dolph-Chebyshev or Barcilon-Temes
windows.

Taking into account that waveforms of functions Fpcy/pr(y, n, h) and
(Fpchysr(y,n+2,h)+Fpcn pr(y,n—2,h))/2 are very similar in the area
of main lobes and cosine oscillations near zero are shifted on 180°, equation
(10) constructs new window functions with the main lobe very close to the
waveform of Fpcp,pr(y,n, h) and sidelobes substantially decreasing from
center to boundaries of interval [—1/2,1/2].

The parameters of sum functions could be calculated using (6), (7),
(8), (9) with modification of high limit of sums:

m—+1
F(y) =by+ 2 Z by cos(2mky) for n = 2m, (11)
k=1
1/2 1/2 m+1
where by =2 [ F(y)dy, b, =2 [ F(y)cos(2rky)dy, by + 2 Z by = 1;
0 0 1
m+1
F(y) =2 dycos(2m(2k — 1)y) for n =2m — 1, (12)
k=1
1/2 m—+1

where d, =2 [ F(y) cos(2m(2k — 1)y)dy, 2 Z dp = 1.
0 k=1

It is possible to determine relative waveforms of these windows using
(11) and (12):
for n =2m
m4+1 b
u(z) = sinc(mz) + Z b—k[sinc(ﬂ'(x —k)) + sinc(m(x + k)],
0
k=1
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forn=2m—1

m—+1
1
u(z) = "ol > dyfsine(m(x — k +1/2)) + sinc(r(x + k — 1/2))],
k=1
m+l k-1
45 (=D
here u(0) = = S L
where u(0) - ; 5% 1
The results of normalized spectrum comparison of modified Dolph-
Chebyshev (a, b) and Barcilon-Temes (c, d) windows are shown on Fig. 5.
—£/2 —1/4 1)4 1/‘2'—1‘/2 —1‘/4 1)4 1)27
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T1 -100
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Figure 5. Comparison of modified Dolph-Chebyshev and Barcilon-Temes
windows

It is need to note that the maximum level of first sidelobes lower on
several dB than that of Dolph-Chebyshev window and the levels of further
sidelobes gradually decreases to the boundaries of interval [—1/2,1/2].

For instance, for a = 2, 2.5, 3, 3.5 and 4 the maximum sidelobe levels
are equal to —44 dB, —56 dB, 69 dB, -81 dB and —94 dB respectively at
n = 16.
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For modified Barcilon-Temes windows, for o = 2, 2.5, 3, 3.5 and 4 the
maximum sidelobe levels are equal to —46 dB, -57 dB, —72 dB, -84 dB and
—99 dB respectively at n = 16.

5. Conclusions

Two new methods for calculation of high efficiency window functions
with necessary parameters were presented. The new methods allow to cal-
culate both well-known classic windows and new ones with needed char-
acteristics. The methods are based on minimization of window spectrum
power outside of given frequency interval and on minimization of devi-
ation between the window waveform and its spectrum envelope. Dolph-
Chebyshev and Barcilon-Temes window functions were also analyzed. The
normalized spectra of these windows are identically defined by finite num-
ber of cosine functions. Modification of the windows with improved char-
acteristics was proposed.
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Abstract. The paper deals with a multi-server controllable queueing system
M(t)/M/K with time-dependent and, in particular, with periodic arrival rates.
The models with homogeneous and heterogeneous servers are of interest. In
latter case the fastest free server allocation mechanism is assumed and the pre-
emption is allowed. The control problem consists in evaluation of the optimal
number of servers during some specified stages and is solved by finite horizon
dynamic programming approach. To calculate the transient solutions we use a
forth-order Runge-Kutta method for the system with a truncated queue length.
The results are compared with corresponding queues operating in a stationary
regime. It is shown that the optimal control policies are also time dependent and
periodic as arrival rates and heterogeneous systems are superior in performance
comparing to the homogeneous ones.

Keywords: time-dependent arrival rate, controllable queueing system, dynamic
programming approach, forth-order Runge-Kutta method.

1. Introduction

Many queueing systems are subject to time-dependent changes in sys-
tem parameters. This feature is very important to cover the problems with
seasonality and periodicity of stochastic processes. Particularly it happens
with an arrival rate which is used for modelling of arrivals of calls and in-
quires at call centres, arrival of packets at routers of the telecommunication
systems, of time changing air traffic at airports, different arrival rates of
trucks to the warehouses, goods depot or seaports and so on. A very good
literature overview on this subject can be found in [4]. This paper sur-
veys and classifies the results on performance evaluation approaches for
time-dependent queueing systems and their applications and identifies the
links between different approaches. The performance analysis of multi-
server queueing system subject to breakdowns was studied in [1]. There
are several approaches to analyse such systems. The dynamic behaviour

This work was funded by the Russian Foundation for Basic Research, Project No.
16-37-60072 mol a_dk. The reported study was funded within the Agreement No.
02.203.21.0008 dated 24.04.2016 between the Ministry of Education and Science of the
Russian Federation and RUDN University.
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of Markovian queueing systems is described by a system of Kolmogorov
differential equations (KDEs). Analytical solution of such systems exists
only for special cases. Numerical approaches are based on a Runge-Kutta
method. The systems with an infinite buffer are normally approximated
by using a finite buffer system. The numerical solution of KDEs is used for
example for the performance evaluation of a M (t)/M/1/N system in [3].

In many cases the time-dependent system parameters must be com-
bined with some controllable problems. The paper [5] deals with optimal
allocation of such resources as beds in emergency departments of a hospi-
tal. For the mathematical modelling the queueing system with losses of
the type is used. It was shown that the periodic variation of arrival rates
makes a hysteretic policy time-dependent and periodic with the same pe-
riod. To find the optimal decisions dynamic programming is used. The
same approach was used in [2] for the multi-server queueing system with
a controllable number of homogeneous servers.

The contribution of the present work is an evaluation of the optimal
number of servers in multi-server queueing system with homogeneous and
heterogeneous servers and time-dependent arrival rate. The discretization
of a continuous-time Markov process is performed to apply the Runge-
Kutta method and the iterative dynamic programming algorithm over a
finite horizon. The decisions are chosen at specified moments of time which
divide the observation time interval into so called stages. The number of
available servers is assumed to be a constant within each stage. The paper
provides comparison analysis of stationary and transient solutions as well
as homogeneous and heterogeneous systems.

The rest of the paper is organized as follows. In Section 2 we describe
a mathematical model and formulate a optimization problem for transient
and stationary case. Section 3 deals with a description of a time-dependent
arrival rate. In Section 4 a forth-order Runge-Kutta method is adopted for
the model under study. The recursive dynamic programming algorithm is
shown in Section 5. Some illustrative numerical examples are discussed in
Section 6. Conclusions are given in Section 7.

2. Mathematical model

Consider the controllable multi-server queueing system M (t)/M/K
with K servers. This system features Poisson arrival stream with time
dependent arrival rate A(t). The servers are assumed to be heterogeneous
with servers intensities p;,j = 1,2,..., K. In special case when all inten-
sities are equal, p; = pu,j = 1,2,..., K, we get the homogeneous system.
The control consists in specification of the number of servers K (t) at any
decision epoch which will be specified later.

Denote by N(t) the number of customers in the system at time ¢.
The dynamics of the system is described by means of the controllable
continuous-time inhomogeneous Markov chain {N(¢)};>o with a set of
states E = {n;n € Np} and set of control actions A = {1,2,...,K}.
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Define additional cost structure with the following components: ¢; — the
waiting cost per unit of time for each customer in the queue, co ; — the idle
state cost per unit of time when the server j is idle. In homogeneous case
it is assumed that ¢y ; = 2,5 = 1,2,..., K. The servers are enumerated
in such a way that

M1 > g > > K, €21 > C22 2> 0 > CoK- (1)

In accordance with the given cost structure, the mean total cost criterion
is denoted by

T
79 (n) = B[ [ N (0), K0, A0), 0|V (0) = ] )
0
Here f is a Markov control policy which depends on the current state

and time only, i.e. K(t) = f(t,n(t)), the expectation E/ is taken with

respect to the probability distribution P/ over the state-action sequence
under control policy f. The immediate cost function ¢(N(t), K (t), \(t),t)
is defined as

oo

c(N@E),K®),At),t)=c1 > (k= K@) nw=r (3)
k=K (1) +1
K(t) K(t)
+> D eilvo=r-
k=0 j—k+1

The substitution of (3) into (2) yields the relation for the mean total cost
in form

J'(n)

n(n, K(t), A(t), t)dt (4)

(t) K@)

QU KA.+ > coymiln K(1), A1), )] dt.

k=0 j=k+1

Ot—5 TT—

The first term by c¢; at the right hand side of (4) stands stands for the
mean number of customers in the queue at time ¢ with K (¢) servers and
initial state N(0) = n, the second term stands for the mean idle state
costs. We wish to minimize the functional J#(n) over all control policies
and find optimal policy f* that achieves the minimal cost J*(n), i.e.

J*(n) = J (n) = mfin J'(n).
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The solution of proposed optimization problem can be performed numeri-
cally. To realize some iterative algorithm the continuous time model must
be converted to a discrete one. We divide a time interval [0,T] into I
equally spaced periods. The mean total cost functional in this case can be
rewritten a follows,

K(i) K(3)

I
T (n) =Y n(n, K(i),\(0), 1) (5)
i=1
I
Z[ClQ(TLK —|—Z ZCQJWan)/\() )}
i=1 k=0 j=k+1
where K (i) is a number of servers at period 4, Q(n, K (i), A(i),4) is a mean
number of customers in the queue at period 4, mx(n, K(i),i) — probability
of k customers in the system with K () servers at period ¢ with initial state
n.
The transient solution of the problem will be compared with a station-
ary one. In this case the long-run average cost per unit of time

(K, (1) = e1Q(K, \(t +Z Z co i (K, A(1)) (6)

k=0j=k+1

must be minimized over K(t) for any fixed value A(t). The substitution
of the stationary state probabilities of the infinite buffer system into (6)
yields the relation

KO\t
K(t) K(t)

A(t)*
+ ¢, o (K (), A(£)),
§%§1HH31}°

(7)

K(1)

ORI y (RGN o 7S
k l j !
pr il | IR SR T e i) O A 11 ZkK:(tl) e — A(t)

3. Arrival Rate

We have chosen a similar arrival rate A(t) as in the paper from [2]. The
authors have studied there incoming and service of airplanes of an airport
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Table 1
Values for the arrival rate A(t)

l Time in hour Input intensity ‘

1-5 8.75 4+ 4.25 Cos(¥%)
6 4.5
7 5.0
8 5.5
9 6.5

10-17 7.0

18-21 10.0

22-24 13.0

modelled via a M(t)/M/K/N queuing system. In the queueing system
under study the condition

K
MO <D m ®)

is a necessary one, since there is no cost relation for customers who get
rejected. That means that the maximum number of server K can handle
the average arrival rate of users. The data for A(t) is given in Table 1.

The arrival rate will be divided into three equidistant stages. It means
that each stage lasts eight hours, which is a normal working shift cycle.
At the beginning of a stage, the number of customers n in the system is
known. This value will be called initial state of the current stage. A natural
question, one can ask is, how many servers (in this context workers) should
be hired at current and following stage(s) so that the expected costs are
minimized. Obviously the number of necessary operators are depending
on the initial state n.

4. Fourth-Order Explicit Runge-Kutta Method
Since there is no way to solve the system of Kolmogorov forward equa-

tions
' (t) = 7 (t)A(t) (9)

analytically a numerical algorithm is needed to get an approximate solu-
tion. For this task we have used the standard fourth order explicit Runge-
Kutta procedure which is a widely used one-step method. It considers
differential equations of the form

y'(t) = f(t.y@t) Vte(0,7)
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with given initial condition

y(to) = Yo-

Algorithm 1 The explicit fourth-order Runge-Kutta method.

Step 1. Computation of five parameters K1, Ko, K3, k4 and K:

R1 = f(tnvyn)At

At K
52:f(tn+ 7yn+71)At
2 2
At K
kg = fltn + - ﬁ%*‘f)At

ka = f(t, + At,y, + K3) At

1
K= 6(,«;1 + 2K + 263 + Kq)

Step 2. FEvaluation of yn+1 by the recursive relation,

Yn+1 = Yn T K.

For solving the Kolmogorov forward equations (9) interpret f(t)mw(t) as
f(m(t),t), choose a appropriate step size At and apply this Runge-Kutta
method directly on the function f(m(t),t). Obviously the error between
the calculated and the real solution gets less if one selects a smaller step
size. On the other hand a greater step size means less computing time.
We have chosen At = 0.005. This value for the step size seems to have a
reasonable balance between computing time and computation error.

To solve the system (9) we use a truncation of the buffer capacity by
assuming that N is the maximum allowable number of customers in the
system.

5. Optimisation Problem

Let T = 24h be an observation cycle and a finite horizon for the dy-
namic programming. The decision epochs occur each 8h, hence we get

S = 3 stages with é periods ¢ within each stage s. A strategy at a de-
cision epoch d = (S — s)I/S + 1 which depends on a current stage s is
donated by f(d,n), where n stands as before for the initial state. A strat-
egy is equal for any period ¢ from the interval

I
<1 < — —1.
d_z_d+S
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Denote by V,,(s) the optimal cost function for s stages left which we refer
to as value function:

I
Vi mlnIEch ,A(9),)|N(s)=n],s=1,2,..., 5, neE.
i=1

The minimum must be taken over tail policies
(F(L K1), f(I/S+1, K(I/SH1)), .., f(S—1)I/S+1, K((S—1)T/S+1)).

Obviously, V,,(S) = J*(n).
Algorithm 2 The finite horizon dynamic programming:
Step 1. Backward recursion: V,(0) =0,n € E, and

N
Va(s) = 151@2% {r(n, k,s)+ 7§::Opnm(k, $)Vin(s — 1)},

where r(n, k, s) is the total average cost per stage,

r(n,k,s) = n(n, k,A(i),1), s=1,2,...,85,
i=d

and the transition probabilities between the stages are defined as

Pum(k, ) = P[N(d+1/8) = m|N(d) = n, f(d,n) = k], (10)
s=2,...,5.

Step 2. Any Markov policy f* that satisfies

N
f*(d,n) = argmin {r(n, k,s)+ Z Drm (k, 8)Vin (s — 1)} (11)
m=0

1<k<K

is an optimal control policy.

The values pn,(k, s) in (10) have to be interpreted in the following way.
They stand for the probability to be in state m at the beginning of the
next stage under the condition that the initial state of the previous stage
was n.

Algorithm 3 The following basic steps are involved into the computation
procedure:
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Step 1. Compute the state probabilities w(n, k, A(i),1) for each n,k and i via
the Runge-Kutta fourth order method.
Step 2. Compute the cost function n(n,k, \(i),i) for each n, k and i.
Step 3. Compute r(n,k,s) for each n, k and s by accumulating n(n, k, \(i),1)
over all periods i within the corresponding stage.
Step 4. Compute the transition probabilities ppm (k,s) for each n, m, k and s
via Runge-Kutta fourth order method.
Step 5. Evaluation of the optimal strategy for any s and n by means of Algo-
rithm 2.
The number of servers k* = f(s,n) defined by (11) for which the expression
in the right hand side of (2) is minimal is called the best or optimal strategy
at stage s given the initial state is n.
Remark 1 Notice that in this queueing model rejecting of customers is
not a valid option. If, for example, the initial state n at the current stage
is the capacity of the buffer plus 2, the best strategy cannot be one server.
However if the one choose the waiting room capacity high enough, restrict
n up to this value and condition (8) is clearly fulfilled there will be no
dropping of users.

6. Numerical Realisation and Results

The main goal in this paper is to compare the operating costs for
the M(t)/M/K queue between homogeneous and heterogeneous servers
when optimal policies are used. Further the difference between transient
and stationary solution will be contrasted for both philosophies. For this
computations the following assumptions are used:

1. The maximum number of servers is K = 6.

2. The buffer capacity is N — K = 10.

3. The waiting cost ¢; = 10.

4. The service rate of the server in homogeneous case is p = 4.

5. The service intensities u;,j = 1,2,..., K, of heterogeneous servers
are listed in table 2.

6. The idle state cost in homogeneous case is ¢y = 2.1.

7. The idle state costs ¢z j,7 = 1,2,..., K, for heterogeneous servers are

listed in the table 2.

To get comparability with the homogeneous case we have chosen the
service rates and operator idle costs for heterogeneous servers so that they
satisfy the following conditions,

K

K
S=EKp, Y 22
J=1

= Hi H

together with the ordering (1). That means that the server 1 is the fastest
one but has the highest mean standing costs. Followed by server 2 and
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Table 2
Values of p; and c2,; for heterogeneous servers

l Server ‘ Idle state cost Service rate
1 c2,1 = 0.4371 p = 480
2 c22=0.9ca pe = 5
3 c2 3 =0.85ca2 ps = B
4 c24=08ca3 pa = EL
5 C25 =075 cpq | ps =4
6 ca6 = 0.7 cas pe = 4

so forth. This is a quite reasonable assumption because a faster operator
needs more resources. If this server is idle more costs are generated as for
a slower one. In heterogeneous case the fastest free server policy is used
for the allocation mechanism. If more then one operator is free and a new
customer enters the queue the fastest free server will be entrusted with
this task. This must be considered in the calculation of n(n, k, A\(i),4). To
calculate the best stationary policy the long-run average cost n(k, A(7))
must be minimized for k,1 < k < K. For homogeneous servers the service
intensities u; as well as idle state costs co ; in homogeneous case must be
set to be equal as was discussed before.

In Figures 1 and 2 we illustrate the mean number of customers in
the buffer Q(n, K(t), A(t),t) in homogeneous and heterogeneous cases for
different number of servers K(¢). The queue length for K(t) = 4,5,6
servers are not shown in these figures, since the values are very small
(especially when heterogeneous servers are used). In Figure 1 and 2 the
initial state N(t) = n at time ¢t = 0 is set to be zero. That means the
queueing system is at start empty. The mean number of waiting customers,
which is needed in (5), is calculated via the formula

N
Q(?’L,K(i),/\(i)J) = Z (k - K(i))ﬁk(nuK(i)7>‘(i)vi)7 (12)

k=K (i)+1

where K (i) is fixed in period 4, k is a state at period ¢ and N is the
maximum number of customers in the system. The state probabilities in
this expression are the solution of the system (9) performed by the fourth-
order Runge-Kutta method for each given number of servers K (i) at each
period 7.
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Figure 1. Q(n, K, \(t),t) for Figure 2. Q(n, K, \(t),t) for
homogeneous system heterogeneous system

Figures 3 and 4 illustrate how the mean queue length (12) differs from
the stationary solution in the homogeneous and heterogeneous case which
can be calculated by expression from (7). Again the mean queue length
for 4, 5 and 6 servers are not shown because of the small values. The
continuously plotted lines belong to the transient and the dashed lines to
the stationary solution.

3
Figure 3. Transient / stationary Figure 4. Transient / stationary
Qn, K, A(1), 1) | Q(K, A(t)) Qn, K, A(1),1) /| QK A(t))
for system with hom. servers for system with het. servers

These pictures illustrate clearly the behaviour of the queuing system.
When the transient solution is off and A(¢) is a constant value for
a certain period it converges to the stationary result as time goes
by. This is not astonishing because a stationary queuing system can be
interpreted as a long running transient system with a constant arrival rate.

To compare the minimum expected costs between homogeneous
/ heterogeneous servers in stationary / transient case simply evaluate
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n(n, k*, A(i),4) and n(k*, A(¢)) for each period 7 and corresponding optimal
number of servers k*. The calculated values of the optimal policy are
listed in Table 3. To get more server variety in the transient solutions one
can increase the waiting room capacity and adjust ¢; and cs.

Figures 5, 6, 7 and 8 show the minimum expected costs
n(n, K (i), \(i),4) in homogeneous and heterogeneous case. The first one
deals with a stationary case. Here the initial state n is without any signifi-
cance. The second, third, fourth one is dedicated to the transient solution
of the optimizing problem with initial state n at each stage equal to 0, 5
and 10. In the following pictures the stages should be interpreted severally.

KD, A0)
70, K0, A0, 1)

Figure 5. n(K(t), A\(t)) in Figure 6. n(n, K(t),A(t),t) in
stationary case transient case for n =0

75, K1), A1), 0

710, K0, A0,

Figure 7. n(n, K(t), A(t),t) in Figure 8. n(n, K(t),A(t),t) in
transient case for n = 5 transient case for n = 10

As one would expect, the queuing system with heterogeneous servers
is superior in terms of running costs. A similar gap to the homogeneous
costs as in Figure 6, 7 and 8 can be seen for different initial states n at
the end of every stage.
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The Figures 9, 10, 11, 12 deal with homogeneous and number 13, 14,
15 and 16 with heterogeneous operators. They picture the minimum ex-
pected costs n(n, K (i), A(i),7) and n(K(z), A(i)) which were induced in the
stationary and transient case respectively for chosen initial states.

700, K(), A0, 0, nK(0, A1)

Figure 9. n(n, K(t), A(t),t) with
homogeneous servers for n =0

79, K(1), A1), 0, (K1), A1)

Figure 11. n(n, K(t), A(t),t) with
homogeneous servers for n =9

Figure 10. n(n, K(t), A(t),t) with
homogeneous servers for n =5

B

S

7010, K, ). 0). (K (W), A©)

Figure 12. n(n, K(t), A(t),t) with
homogeneous servers for n = 10
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70, K(1), A1), 0. K1), A1)

05f

00k

Figure 13. n(n, K(t), A(t),t) with
heterogeneous servers for n =0

7, K, A, 0, nK©, A0)

Figure 15. n(n, K(t), A(t),t) with
heterogeneous servers for n =7

Figure 14. n(n, K(t), A(t),t) with
heterogeneous servers for n =5

7010, K@, ), ). (K (), A©)

Figure 16. n(n, K(t), A(t),t) with
heterogeneous servers for n = 10

At a close look at Figures 9 up to 16 one can see that the costs induced by
the transient queuing system converges to the expenses of the stationary
model if and only if the computed optimal policies for this stage are the
same.

7. Conclusions

In this paper we have provided performance analysis of the Markov-
ian controllable queueing system with a time-dependent arrival rate. The
control policy prescribes the number of allowable servers and is time-
dependent as well. The transient and stationary analysis for homogeneous
and heterogeneous systems with preemption is provided. It is shown that
the optimal policy differs in transient and stationary case. For the same
control policy the corresponding cost functions take very close values. It
is confirmed that the heterogeneous queueing systems are superior in per-
formance comparing to the homogeneous case.
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Table 3
Optimal policy f

Initial State at ‘ Homogen ‘ Homogen ‘ Heterogen Heterogen

Stage One Transient Stationary Transient Stationary
0 4 5 6 6
1 4 5 6 6
2 5 5 6 6
3 5 5 6 6
4 5 5 6 6
5 5 5 6 6
6 5 5 6 6
7 5 5 6 6
8 5 5 6 6
9 5 5 6 6
10 6 5 6 6

Stage Two
0 4 4 4 4
1 4 4 4 4
2 4 4 4 4
3 4 4 4 4
4 4 4 4 4
5 4 4 4 4
6 4 4 5 4
7 4 4 5 4
8 4 4 6 4
9 4 4 6 4
10 5 4 6 4

Stage Three
0 5 5 6 6
1 5 5 6 6
2 5 5 6 6
3 5 5 6 6
4 5 5 6 6
5 5 5 6 6
6 5 5 6 6
7 5 5 6 6
8 5 5 6 6
9 6 5 6 6
10 6 5 6 6
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ITocTpoeHne BeIOMCTBEHHBIX ceTell ¢ IpUMeHeHueM
CUCTEM pPaCIO3HABAHUS pevu

M. II. ®apxagos, C. B. BacbkoBckuii

Hremumym npobaem ynpasaienus um. B.A. Tpanesnuxosa PAH,
IIpogpcorosnasn ya., 65, Mocksa, Poccus

AnHOoTanms. B jmanHOM JI0KJIa/le pacCMATPUBAETCS OJWH U3 IOJAXOJOB K IIO-
CTPOEHHUIO KOPIOPATUBHOM CETH, KOTOPBIM MOXKHO IIPUMEHUTH IIPU pean3alliu
BEJOMCTBEHHOI TeJie(pOHMY U CUCTEMBI MepeJladn JTaHHbIX. HekoTophlie mpeio-
JKEHHBIE DEIEHUs WCIIOJIBL30BaHUSA CUCTEM paclio3HaBaHuUdA peuu. Psam mpemo-
JKEHHBIX ITOJIX0JIOB OIPOOOBAHBI ITPYU BBIMTOJHEHUN HEKOTOPBIX ITPOEKTOB ITOCTPO-
€HUd BE€JOMCTBEHHOII CeTH.

Kirouesnble ciioBa: KOPIIOPATUBHBIE CETU, YIPEXKIACHICCKUE aBTOMATUYICCKUE
Teﬂed)OHHBIe CTaHIINN, CUCTEMBI PpaCIlIO3HaBaHUA PEIU.

1. Bsenenune

OrpomMHy10 poJib B COBPEMEHHOM OOIECTBE UI'PAIOT HOBEiiIIne Teje-
KOMMYHMKAIIMOHHbBIE KOMILJIEKCHI. 1109TOMy NpHM IOCTPOEHUU W PA3BUTUN
MHMOPMAIMOHHBIX CHCTEM BayKHO MCIOJb30BATDH IOCJIETHIE pa3pabOTKN B
aroil obsiactu. Ilpu co3nanuy BeJOMCTBEHHBIX CeTeil IPUMEHSIOT Pa3jind-
HBIE METO/bI IIPOEKTUPOBAHUSA U IIOAAEPKUBAIOIINE UX AllllapaTHO-
MpOrpaMMHBIE CPEJCTBa, OCHOBHOM 3ajiadeil KOTOPBIX SABJISIETCSI OpPraHU-
3alisl U IIOBBIIIEHNE KAYeCTBA COBPEMEHHBIX CHUCTEM YUETa, JIEJIOIPOU3-
BOJCTBA, 3allUThl CIy>KeOHOI mHOpMAaIuu, a TakxXKe Iepenada JaHHbIX,
(BaKCUMUIBHBIX COOOIIEHUN 1 TejiepOHHAs CBA3D.

B Hacrosiiee BpeMsi MHTEHCUBHO Pa3BUBAIOTCS CPEJICTBa TeaehOHHOMN
CBA3M, OJ1arogaps BHEAPEHNIO PA3HOOOPA3HBIX I'OJIOCOBBIX CEPBUCOB, KOTO-
pble BKJIIOYAIOT B ceOsi aBTOOTBETYMKH, T'OJIOCOBYIO MOYTY W PsiJi JPYTHUX
coBpeMeHHbIX dyHKIMii. HoBeiilue yupexk ieHuecKue aBTOMaTUIeCKIe Te-
aedonnbie cranmuu (YATC) upejcraBisior nesblii Habop ycayr o6Cy-
JKUBAHUS U IIAPOKNE BO3MOXKHOCTH Tapudukarmu. Tak, HapuMmep, rojo-
COBasl IOYTA IIO3BOJIIET SKOHOMHUTDL BDEMsl II0JIb30BATEIsS, KOTOPOMY HET
HEeOOXOIUMOCTH JO3BAHUBATLCA B TEUEHUHU JJINTEJLHOrO BpEeMeHH. B co-
BPEMEHHBIX KOPIIOPATUBHBIX CETSX JOCTATOYHO OCTPO BOSHUKAET HEOOXO-
JMMOCTh CO3/IaHUSI CUCTEM, IOIAEPXKUBAIONIUX pedueBoil nHTepdeiic. D1o
OTIPENIeJISIeTCS TEM, UTO y PA3JIMIHBIX KOMIIAHWI BO3PACTAET MOTPEOHOCTD
yBeJIndeHusi o0beMa T0JI0COBOI MH(pOpMaIUu, 00yCJIOBJIeHHAs CIernudu-
KOIi B3aMMOENCTBUs C KJIMeHTaMU. TakuMm oO6pa3oM, YHCJIO IEPErOBOPOB
1 00bEM TOJIOCOBOI MH(MOPMAIIMI MOYKET BO3pacTaTh JaBuHooOpasHo. Co-
OTBETCTBEHHO BO3pacTaeT W 4ucjo rnorpedureseii. Tak, Hampumep, cep-
BHUCHBIE TeJIe(DOHHBIE CJIY?KObI OYEHb YaCTO IIPH BO3SHMKHOBEHUU aBapuii-
HBIX CUTYAIUil He CIPABJISIOTCS C OTPOMHO MacCCOi Te/IePOHHBIX 3BOHKOB.
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Cremyer OTMETUTH, YTO OTBETHI TeJe(OHHBIX OIEPATOPOB YaCTO HE YII0-
BJIETBOPSIIOT 3aIPOChI IoTpedbuTesist. HeoOXommumMo OTMEeTHTD, 9TO HAPSILY C
HaKOILJIEHUEM TIOTyIaeMoil nHdopMaImu, TpedyeTcst ee CKopeiimas obpa-
6orka. Yarre Bcero Takue 3a/1a9u PEIIaTCs C IIOMOIIBIO ABTOOTBETIYNKOB U
repepacipeieieHust II0TOKa TeJIe(POHHBIX 3aIIPOCOB K Pa3/IMIHBIM UHGOP-
MAaIMOHHBIM CJIy>KOaMm Kopropamuii. Kak mpasuio, 06padboTka 6OILITOro
noToka rosiocosoit uudopmaruu ocymecrsiusierca B CALL - nenrpax [1].

OCHOBOIOJIATAIOMIAM ~ JIEMEHTOM  COBPEMEHHOI'O  PAa3BUBAIOIIETO-
Csl TIPEJIPUSATHS SBJISIETCS CKOOPJAMHUPOBaHHAasi paboTa BCeX dYacTeil
OPEIIPUSATAS - [EHTPAJbHOrO oduca U TEPPUTOPUAJIBHO YIAJEH-
HBIX Tompasnenenuii. KoprnoparuBaas cerb, Kak MIPAaBUJIO, SBJISETCH
TepPUTOPUAILHO-PACIIPEIESIEHHOM, T.e. O0bEIUHSIONEN O(UCH, MOAPa3-
JIeJIEHUs U JIPYTHe CTPYKTYPbI, HAXOIAIINECS HA 3HAYUTETHHOM Y/IAJEHIH
Jpyr ot gapyra. B manHOI paboTe paccMaTpMBAETCs OIUH W3 ITO/IXO-
JIOB, KOTOPBI MOYKHO IPUMEHUTH JJIsi MOJEPHU3AIUN BEJIOMCTBEHHOM
TenedoHHO ceTn.

B nociteree Bpemsi TpeboBanust Kk [T - uadpacTpyKType omnpenesisior-
cst morpebHocTsIME OusHeca. OCOOEHHO BaXKHBIM SIBJISIETCS CO3J[AHUE UeT-
KOI OTJIazK€HHOII CHUCTEeMBbI C MHTeTrpallieil Iepeladl JAHHBbIX U KOpIiopa-
TUBHOMI TestedonHoi cBsa3u. OaHON U3 TEHICHIINA B PA3BUTHN BEIOMCTBEH-
HBIX TEJEKOMMYHUKAIMOHHBIX CHACTEM CTaJO IIOCTPOEHUE MYJIbTUCEPBUC-
HBIX CeTell ¢ MHTerpamueil pa3judHbIX ycJyr. Takume cetn 0OecreInBaioT
B3anMMO/IEfICTBIE PA3HOPOJIHBIX KOMMYHUKAIIMOHHBIX IIOJICHCTEM B OOIIEi
TPAHCIOPTHO! Cpejie, KOrjia Iepejiada Tpaduka JAHHBIX, T'OJIOCA U BUJEO
ucob3yercs eannas nadpactpykrypa. [Ipu npoekTupoBanuu u peainsa-
U BEJIOMCTBEHHBIX ceTell OOJIBIINX KOPIOpaIuii HEOOXOMMO YMEHbINATh
pacxoipl KaK Ha OTJIAJKY TAKMX CHUCTEM, TAK U HA aJMUHUCTPUDPOBAHUE
7 nojepKanue paborocrnocobnoctu. Kak mpaBmiio, KpymHOMACIITAOHBIE
BEJIOMCTBEHHbBIE CETU Yallle BCErO IMPEJICTABJISIIOT cOO0M TEPPUTOPHUATIBLHO-
pacnpe/iejieHHbIE aBTOMATU3NPOBAHHbIE NH(MOPMAIMOHHBIE CUCTEMBI, 00-
pa30BaHHBIE COBOKYITHOCTBIO KOMIIOHEHTOB, (DyHKITMOHUPYIOIINX KaK B TO-
CyJIapCTBEHHBIX OpraHaX, Tak U B Ou3Hec crpykrypax. OHU BKJIIOYAIOT B
cebsi pa3HOOOpAa3Hble TEXHUYECKUE DEIeHNs U allllapaTHO-IIPOrPAMMHbBIE
CPEJICTBA, SBJSASCH, KAaK IPABUJIO, TEPPUTOPHUAIBHO-PACIPEICTCHHBIMHA,
T.e. BKJIFOYAIONIUMHU IIOJPA3JIE/I€HUs] U CTPYKTYPHI, YIAAJIEHHbIE JIPYr OT
apyra. Hekoropble aciekTsbl TeXHUYIECKUX Pellennil u pparMenThbl BeIoM-
CTBEHHBIX cereii paccmorpensl B paborax [1-3]. Huke paccmarpusaerca
OJINH M3 TIOJXOJIOB, MOJIEPHU3AIMKM KOPIIOPATHUBHOM CeTH, OIPOOOBAHHBIIMA
[IpY MOJIEPHU3AINHI BEJIOMCTBEHHON MHTEI PHPOBAHHON TEJIEKOMMYHIUKAIIU-
ounoii ceru (BUTC) ®Penepanbuoit Tamoxkennoii ciryxk6n1 (PTC) Poccuu,
KOTOpasl IPeJCTaBjsgeT co00i KOPIOPATUBHYIO CETHh OOJIBIION pa3sMepHO-
CTH.

Cern Takoro Kjiacca IMpEeICTABJISIOT COOOM KOMILJIEKC aIllapaTHBIX U
[IPOTPAMMHBIX CPEJICTB, IPEeIHA3HAYEHHBIX /I OOeCIedeHus: IPOIELyD
o opMIIeHNS JTOKYMEHTAINN 1 HHPOPMAIIMOHHOTO 00MEHA; HEITPEPHIBHOTO,
YCTONYUBOrO, 3alUIIEHHOr0 OT BHENIHEro Bo3ehcTus (puc.l).
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Puc. 1. ®parmenr BUTC

OCHOBHBIM Ha3HAYEHWEM KPYITHOMACIITAOHBIX BEIOMCTBEHHBIX CETEi
SABJISIETCS ObecrievueHne nHMOPMAITMOHHOTO 0OMEHA MEXK Ty TePPUTOPUATIb-
HO PacCIpeIeIeHHBIMI TOIpa3aeaeHusaMu. [Ipr 9ToM MOXKHO BBIIETUTH CJIe-
JYIOITUE COCTABJISAIOIINE:

— IOJICHCTEMY JIOKaJIbHBIX Bhrunciaurenbubix cereii (ILIBC);
— mnogcucremy nepegaqn ganueix (ITITT);
— nojcucTeMy BenoMcTBeHHOM TestedonHoii cern (BTC).

C TOuYKM 3peHus OpraHu3aIui WHMOOPMAIMOHHON CHCTEMbI KaXKIbII
y3€JI TAKO! BEJOMCTBEHHOW CeTH ODECIIeUNBAET IUPKYJISINIO CIIEIYIONIIX
BUI0B mHMOpMAIUu: Tpaduk ITaHHBIX; TeaedOHHbI Tpaduk, obecredn-
BAIOIIUI TOJIOCOBYIO M (DAKCUMUJIBHYIO CBsi3b; BUIEO-TPA(MUK, B JACTHO-
¢TH, BUJEOKOHMEPEHTICBI3b. Bosee ToapoOHO OCTAHOBIMCS HA ITOCTPOCHUT

TITLL.
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2. Tlomcucrema mepemavu JaHHBIX

Tloacucrema mepeadn MaHHBIX ABJISETCs, KAK IPABUIO, reorpadude-
CKU PAaCIIPEJIe/IEHHON TeIEKOMMYHUKAITMOHHOW HWHPPACTPYKTYPOil, KOTO-
pas mpemHa3HAYEHA I PEAJIM3AINN HAJIEXKHOM, OMEPATUBHON W 3alu-
[IEHHOM 1epeiadn MHMOPMAIIUU MEXK 1y [TO/Ipa3/Ie/IeHUsIMU, 8 TaKXKe 0bec-
IIeYeHns UX JOCTYIA K IEeHTPAJIN30BAHHBIM NH(MOPMAIIMOHHBIM PECYPCAM.

JlanHas TOACHCTEMA IPENCTABIsIET COOOW BEIOMCTBEHHYIO CETh IIe-
pelladn JIAHHBIX, 0DECIIeYUBAIOIIYI0 eIUHOEe WH(POPMAIMOHHOE TPOCTPaH-
CTBO, HAIIPUMED, [IJIs BCEX IOJIpa3/esIeHUil KPYIHBIX KOMIAHUN. DTa CeTh
pacmosiaraeT TOYKaMU IMOAKTIOUCHNS - T€IEKOMMYHUKAITMOHHBIME y3JIaMU
(TKY), pacioyioxKeHHbIME B IIO/IPa3/IeIeHNsIX. B 9TUX y3/1aX BBINOJIHSET-
cst conpsizkerne JIBC coorBeTcTBYIOMUX OPA3Ie/IEHUl ¢ TOACUCTEMOM
IIepeJiavn JAaHHBIX.

[Toacucrema mepemadn JaHHBIX 00ECIIETNBACT TPAHCIOPT UH(MOPMAITA-
OHHBIX ITOTOKOB C KCIIOJIb30BAHUEM IIMHPOKO PaCIPOCTPAHEHHOI'O CETEBO-
ro mpotokosa IP. [Ipunnun paboThl moacuCcTEMbI COCTOUT B mepematie 1P-
TpaduKa MEXKy y3JaMH CeTH Hambojee ONTUMAJIBHBIM CIIOCODOM, OIpe-
JIeJISTEMBIM C ITOMOIIBIO CHEINAIU3UPOBAHHBIX IPOTOKOJIOB JIMHAMUYIECKO
MaprpyTusanuu. MexaHu3Mbl MapuIipyTU3AINUA TaKKe 00eCIIeInBaioT pe-
3€pPBUPOBAHNE B CETU 3a CUET HUCIOJIH30BAHUS AJTBTEPHATUBHBIX HAIIPABIIE-
HUHI B TOIIOJIOI'UAU.

ApxurekTypa IMOJCHCTEMBI IEPEIAIN TAHHBIX OTPaYKaeT CTPYKTYPY
IMIHICTPATHBHO-TEPPUTOPUATBLHOTO JlejieHus Koproparuu. [lemrecoo6-
Pa3HO O3TOMY pa3pabaTbiBaTh CUCTEMY, UMEOILYI0 HepapXuieCKUuil IIpuH-
[IUII TOCTPOEHUs. B cOOTBETCTBIY C MePaAPXUIECKUM IIPUHITUIIOM OPTaHI3a-
[IAU B TOMOJIOTUU CETH MIE€PEIAYN TAHHBIX BBIIEISIOTCS J[Ba OCHOBHBIX YPOB-
Hsl nepapxuu. BepxHuil ypoBeHb 00pa30BaH MeXKPErnOHAJbHBIM CErMEH-
TOM, OOBEIUHSIONINM I[EHTPAJIBHBIA TEJIEKOMMYHUKAIIMOHHDBIN y3es CBs-
30 W y3JIbl PETMOHAJBHBIX CTPYKTYDP. MeKpernoHaabHbBI CEIMEHT Ipe-
cTaBjsieT co0OU BBICOKOCKOPOCTHYIO TPAHCIIOPTHYIO CPely, 0becreunBaro-
IIyfo OOMEH JAaHHBIMU MEXKJIy MOAPA3/IEICHUSMI PA3JINIHBIX PETHOHOB.
Hwxkauit ypoBenb opmupyercsi cerMmeHTaMu 00beKTaMU HEIOCPEICTBEH-
HOTO no4unHeHus. Ha ypoBHE pernoHaJIbHBIX CETMEHTOB OCYIIECTBJISET-
¢t nH(MOPMAIIMOHHOE B3aMMOJEHCTBIE MEXKIY OObEKTaMU, BXOISIIAME B
CTPYKTYPY PEruoHaJjbHBIX Hojpassesenuii. [Ipu aToMm Bce permoHasibHbIE
CErMEHTHI UMEIOT JIOCTYI K MEXKPErnOHAJbHOMY CEIMEHTY JIJIsi B3aUMHO-
ro mHGOPMAIMOHHOTO OOMEHA B PAMKAaX IOJCUCTEMBI [T€PEIAIN TaHHBIX.
PaccmorpuM MeTO0/IOTHI0 TPOEKTUPOBAHKS CUCTEMBI MT€PeIadn JTaHHBIX

(CILL).
3. Meronosnorus npoektuposauus CIL/] B cucreme
pacno3HaBaHUA pedu

B obmem ciayuae CIIJL comep:kutT jBe MOACETH: TEPMUHAJIBHYIO (1) U
y3nosyio (U) (puc.2).
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Puc. 2. Ilpumep crpyrrypsr CIL/T

Tepmunasbt () npeacTaBiagOT COGOM TOPOACKYIO TeJIeOHHYIO CETh
(cerb MOOUIIBHBIX TeiehOHOB HA PHC.2 HEe HOKa3aHa, XOTs OHA TaK¥Ke pa-
6oraer). Paccmorpum nekoropyio CIT/T. OGBI9HO MOXKHO CUATATD, ITO TO-
moJiorusi ceTu 3ajana.3ajada npoektupoBanus CILI cocrout B onTuMu-
zanuu cetu. I[Ipu 9TOM MapaMeTpsl MOI'YT BBICTYIATH JIMOO KaK IIOJJIEXKAa-
1ee OIpeeIeHAIO, JINOO KAK MTOJIJIEXKAINE OIITHMU3AIINN, JINOO B KATECTBE
orpannyenus. ChHopMyIupyeM BO3HUKAIOIINE IIPU ITOM 3aJIa<U OITHMHU-
3aIyu.

1. OupemenmTh TPOITYCKHBIE CIIOCODHOCTH KAHAJOB CBSI3U IIPU 3aJIaH-
HOIA IIPOITYCKHOM CIIOCOOHOCTH MO0 KPUTEPHUIO MIHUMYMA CPEJTHETO BPEMEHU
3a7IePKKU COODITEHMIA.

2. OmpenenuTh MPOIMYCKHBIE CIIOCOOHOCTH KAHAJIOB CBSI3U IPU 3aJIaH-
HOM CpEeJHEM BPEMEHU 33JI€PXKKU 10 KPUTEPUI0 MUHUMYyMa CyMMAapHOI
MIPOITYCKHOM CIIOCOOHOCTH CETH.

Hanomuum, 1ro nporyckaast criocOOHOCTb CUCTEMBI CBSI3aHA JITHEHHO
CO CTOMMOCTBIO cucTeMbl. [loaTOoMYy, ecsin onpesesiuTh MPOIYCKHYIO CIIO-
COOHOCTD, JIETKO BBIYHUC/ISIETCSI CTOMMOCTD, U HA0OOPOT.

Nrak, B 3a7ade 1 orpannyeHneM sBJISIETCS CTOUMOCTD, a B 3aJade 2 -
BpeMs 3aJIepKKHU mepeatn coodrenunit. K 3ToMy M0KHO J106aBUTH , UTO
KPUATEPUH ONTUMU3AINY B YKA3AHHBIX 33/a9aX TaK K€ Pa3JINIHbIE.

Ilepeiigem kK aHaIM3y ONTUMHU3AIMOHHBIX 33/1a4.

Sagada Nel. QopmMympoBKa 3a/1a4u OblIa IPUBEJEHA BbIIIIE.
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N ckoMble HPOIYCKHBIE CIIOCOOHOCTH KAHAJIOB CBSI3W IPE/ICTABIICHBI
dbopmyzoit (1).
Ai
s C(1-p) s
Cip = g VI 1)
Hi %: W

= >

2
rjge: p = 7:0 "~ npezcrasisier coboit cpeauuii o ceru KodbduImenT
HCIIOJIb30BAHUS KAHAJIOB,;
\; - THTEHCUBHOCTBb BXOJIHOT'O ITOTOKA 3BYKOBBIX COOOITICHMIA;
[4; - TIPOILYCKHAsI CIIOCOOHOCTH KAaHAJIA;
C - cymmapnas npomyckaas criocobnocts CIT. JTasee MOXKHO BbIYHC-
JINTH BPeMsl 3aJIepPKKU COOOIEHNT B KaHAJIaX CBS3U

Z “J
L= sa s v @

Munumasbsroe cpegtee 1o CITII Bpemst 3a/iepKKu paBHO:

Tonin = 7<§ \/7>,0) ¥

Ie Y - THTEHCUBHOCTh BXOJMAIIUX B CETh IIOTOKOB.

Sagmada N2. B dbopmynupoBke 3T0i 3amadm napameTp, MO IeKAIITA
OIIPeJIeJIEHUIO, TOT K€, 9TO B 3ajade Nel, a orpaHuvYeHue U KpUTEPHil OIl-
TUMU3AIANA TTOMEHSITNCh MecTaMu. Popmynbl 1-3 MOIydeHbI, WCIOIb3Ys
TEOPHUIO0 MAaCCOBOI'O OOC/IyXKUBAHUsI M MeTOJ MHOXKuTejeil Jlarpamxka.

IToaxom, ucnonmb3oBanubIit B 3amade Nel, Mor mpuBecTH JuOO K Ipe3-
MEpPHO MAaJIbIM, JIN0O K Ipe3MepHO OOoJbIMM BpeMeHaM 3aaepxkku. Omaa-
KO, YKeJIaeMOe BpeMsl 3aJ[eP>KKU B IIPAKTUKE YeJI0BEKO-MAIIIMHHOI'O JINAJIOTa
M3BECTHO W COCTABJSET MPUMEPHO 2-3 CEK., U, CJIETOBATEIHHO, MOYKET HC-
MOJIb30BAThC KaK OrpaHWYIeHre, UTO W CaejaHo B 3agade 2. B kadecrse
pe3yibraTa B 3ajade N2 1ojrydum:

Ao 1
Cione = — + ==
Hio Y

I pY]
i ,Zj) o
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B sTom cityuae yke He BpeMsi 3aJI€PXKKH, & MIPOILYCKHBIE CITOCOOHOCTH
MOI'YT BBIATH W3-110Ji KOHTPOJISI U IIPUHSITH HEJOIYCTUMbBIE 3HATEHMUSI.

Ocoboe mosiozKeHrne 3aHIMAaeT 33J/1a49a, B KOTOPOIl MCIOJIb3yeTcs “mini-
max’ KpuTepuii.

Cdopmynupyem sty 3agagy Ne3.

“OrpejiesieHne TIPOILYCKHBIX CIIOCOOHOCTEN KAHAJIOB CBSI3U MPHU 3a/aH-
HO# CyMMAapHO IPOITyCKHO# CIOCOOHOCTH CETH 10 KPUTEPUI0 MUHUMYMA
MaKCUMAaJILHOM 3aJIePKKU B CETH .

Permtenne sToit 3aatn, yMeHbIas MAKCUMAJIbHYIO U3 33/I€PKEK, yPaB-
HUBAET BCE 3aJEPXKKM, & 9TO KACAETCs MPOIIYCKHOM CIOCOOHOCTH, TO OHA
zajtana. CJie0BaTe/IbHO, HEIIPEJICKA3YEeMOCTh ITOBEJIEHNS IIPOIIYCKHOI CII0-
COOHOCTH yCTPAHSIETCS.

3amnuineM MUHUMA3UPYEMYIO (DyHKITHIO:

AL [% fj Ai(TZ—)K} x (6)
i=1

rae N — KOJIMYECTBO KaHAJIOB CBSI3HU B CETH.

IIpu K = 1 nosiydyaeM pacCMOTDEHHBI BbIllle KPUTEPHUIl cpeiHEll 3a-
JIEPIKKH.

IIpn K = 2 nosyunM KpuTepuit cCpeTHEKBaIPATIIHON 38/ T€PIKKI.

IIpu K = oo umeem kputepuit UebbineBa Win MUHUMAJIbHBIN KpUTe-
puii.

Heificreuresnsro, npu K = 0o B BbipaxkeHun (6) JOMUHHPYIOT cJiarae-
Mbl€, COOTBETCTBYIONINE KAHAIAM C OOJIBIIIIMY 33/I€PXKKAMU 1 IMEHHO ITH
3a/IepKKI MUHUMU3UPYIOTCA. B pesysibrare 3aIepKKu BO BCEX KaHAJIAX
OKa3BIBAIOTCS OJIMHAKOBBIMH, a BCE KJINEHTHI OKA3BbIBAIOTCA B PABHOM IIO-
JIO2KEHUN.

Kak u mpex e, nucmomb3ysi COOOIIEHNsT TEOPUI MACCOBOTO OOCITY KB~
HOS ¥ MeToJ| MHOXKuTeJeit Jlarpam»ka, mosmydmm:

)\i 1 C(l—p)
=" = 7
PR (7)

~ K
b J

Bpewms 3agepxkku coobiennii BO Bcex KaHajaX paBHO:

1 1

(o0)
) - L N2
' C(1—p) & u

U3 (8) Bugno, 4T0 BpeMs 3aJ(epKU COODIIEHU B CeTH PABHO:

(o0) n N
ey Y
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31ech T PABHO YUCJIY KAHAJIOB CBS3U, [0 KOTOPBIM IIPOXOIUT COOOIIe-
HUE B CEeTsX C IIPOM3BOJILHON KOHMUTYpaIneii:

oA

v

n =

B wactrOCTH, My1d ceTm ¢ Tomosiorneit tumna “3Be3ma’ m =1, N paBHO
00IIIEMY YMCIIy KAHAJIOB CBS3W B CETH.

Takum obpa3oM, B paMKax JaHHOTO JOKJIAda, MBI PACCMOTPEIN HEKO-
TOpble TeopeTndeckue acrekThl npoektuposanus CIII B cucreme pacio-
3HABAHUS PEUH.

4. 3akJjouyeHue

IIpu mpoekTupoBaHNN BEIOMCTBEHHBIX CETeil HEOOXOIMMO YUUTHIBATH
0COBEHHOCTH KOMILIEKCHOH oriaaku [4, 5|. B mporecce KoMIuiekcHod or-
JIQJIKU TaKUX HEPAPXUYECKUX IIEJIEBBIX CHUCTEM DeNIaloTCd CJIOXKHbLIE 3a-
Jady OTJIQIKU allllapAaTHBIX U IIPOTPAMMHBIX KOMIIOHEHTOB B peaJIbHOM
BpeMenu. Heobxo/IuMO OTMETHUTB, UTO JIJIsT PA3TUIHBIX aCIEKTOB peajn3a-
[ TE€PPUTOPUAILHO-PACIPEIETIEHHBIX BEJIOMCTBEHHBIX ceTeil Kpome Oa-
30BBIX KOMMYHUKAITMOHHBIX (DYHKIUI BaxKHA, JOMOJHUTEIbHAS (DYHKIMO-
HaJabHOCTh. K Takoit pacmupeHHo#l PYHKITMOHAILHOCTH MOXKHO OTHECTHU
ABTOMATHYIECKYIO 00PAbOTKY U PACIIPEIEIEHIEe BXO/ISAIINX BBI30BOB, T'OJIO-
coBasi TI04Ta, KOH(EpeHI-CBsi3b u Jp. CoOBpeMeHHbIEe KOHIIEIIUNA TOCTPO-
€HUsI MHTEIPUPOBAHHBIX NH(MOPMAIIMOHHBIX CeTell Ipe/IoIaraeT HaJIndne
TOJIOCOBOT'O CEPBUCA C CUCTEMaMU PACIIO3HABaHUSA PEYU, YTO B 3HAYUTEIIb-
HOI CTeneHN MO3BOJIIeT PA3BUBATH HAIIPABJICHIE aBTOMATUIECKOTO 00CTy-
JKABaHUS KJIMEHTOB 0e3 yJ4acTus OlepaTopOB.
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Sensitivity analysis of steady state reliability
characteristics of a cold redundant data transmission
system to the shapes of lifetime and repair time
distributions of its elements

M. P. Farkhadov, S. V. Vas’kovskii

V. A. Trapeznikov Institute of Control Sciences of Russian Academy of
Sciences, Profsoyuznaya str. 65, Moscow, Russia

This report describes one of the approaches to construct a corporate net-
work. The approach can be applied to implement department telephony and
data transmission systems. Some of the proposed solutions utilize speech recog-
nition systems. Ourproposed approach was tested in some of recent private
network projects.

Keywords: corporate networks, private branch exchanges, speech recogni-
tion systems.
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CrarnmoHapHbIe XapaKTEPUCTUKNA HEHaeKHOM
CHUCTEMBI MAacCOBOTrO OOCJIy>KMBaHUS C MAPKOBCKUM
MOTOKOM M pe3epPBHBIM NPuboOpoOM

B. 1. Kimmmenok*, B.M. Bumuepckuii!

* Daxysvmem npukaaOHOT MAMEMATMUKY U UHPOPMATMUKU,
Benopyceruti 2ocydapemeennoili yHusepcumen,
npocnexm Hesasucumocmu, 0.4, Munck, Beaapyco, 220030
T Hnemumym npobaem ynpasienus,
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Amnnporanusi. B crarbe paccmarpuBaercs CHCTEMa MaCcCOBOIO MaCCOBOIO 00-
CJIy?KUBAHUSI C JByMsI TJIABHBIME HEHaJIe’KHBIMU NPUOOpaMy 1 abCOJIIOTHO Ha-
JIe’KHBIM PE3epBHBIM IpubopoM. B cucremy mocrynaer rpyniroBoii MapKOBKHit
norok 3asBok (BM AP-Batch Markovian Arrival Process). Ilonomku nByx Tu-
[I0B ITOCTYIAIOT Ha OCHOBHBbIE IPHUOOPHI B MAPKHPOBAHHOM MApPKOBCKOM IIOTO-
ke (MM AP -Marked Markovian Arrival Process). Bpemena ob6cmyKusanust u
BpeMeHa PEMOHTOB MMeIoT pacupesesnenns dasosoro tuna (PH -Phase type)
distributions). PaccmarpuBaercst cTalgoHapHBIH peskuM GyHKIIMOHUPOBAHUS CH-
CTEMBI, BEIBOJIUTCSI yCJIOBUE CYIIECTBOBAHMS CTAIMOHAPHOIO PE?KMAMA U OCHOBHBIE
XapaKTEPUCTUKHU ITPOU3BOAUTEBHOCTHA CUCTEMBI.

KuroueBbie ciioBa: HeHaJIeXKHAsi CHCTEMa, MAaCCOBOTO MaCCOBOTO OOCITYKUBa-
HUSI; HEOJHOPOJHbBIE IIPUOOPHI; PE3EPBHBIM NPHOOD; CTAIMOHAPHBIE XapaKTEPHU-
CTHKH TPOU3BOIATETHHOCTH.

1. Bsenenune

Kaxk ormeuero B [1], ojHUM 13 BasKHBIX HAIIDABJIEHUH CO3/@HUST BBICO-
KOCKOPOCTHBIX W HAQJIEXKHBIX CeTell CBSI3U SIBJSETCS Pa3BUTHE TMOPUIHBIX
ceTeil CBsIi3M, OCHOBAHHBIX HA JIA3EPHBIX U PAJINO TEXHOJOrusX. Bemeacreue
0OJIBIIIOI TPAKTUYECKON 3HAYMMOCTH THMOPHUIHBIX CETeil CBSI3M BOIIPOCHI,
CBSI3AHHBIE C WX WCCIEIOBAHNEM, PACCMATPUBAIOTCSI BO MHOTHUX PabOTax,
omyOJIMKOBaHHBIX B IOC/eIHee BpeMsi. HeKoTopble pe3ysibTaThl UCCIeI0-
BaHWUI B 00JacTu IUOPUJIHBIX CeTell CBsI3U W3JI0KEHBI B CTaThbsax [2]- [4].
B Gombmuncree paboT MCCIEAYIOTCA OMHOIUHEHHBIE CHCTEMBI C PE3EPB-
vbeiM npubopom. Hacrositiiasi craTbst siBjisieTcs JTabHENNINM pPa3BUTHEM
3TUX UCCJICJOBAHUN Ha ciaydail JABYXJIMHEHHOU CUCTEMBbI C HEHaCXKHBIMbI
HEOTHOPOIHBIMI OOCTYKUBAIOIIIMHI TTPHOOPAMU W PE3EPBHBIM HAJIEKHBIM
pubOPOM, KOTOPasi MOYKET HCIOJIb30BATHCsI DA MATEMATHIECKOM MO/~
JINDOBAHWY T'MOPHUIHON CETU CBSI3U, COCTOsAINE u3 n3 Tpex KaHayoB: FSO
(Free Space Optics) kaHaja, MUJUIMMETPOBAIO PAJIUOKAHAIA U [IHUPOKOIIO-
JIOCHOTO PaIMOKaHaja, (DYHKIIMOHUPYIOIIETO O/ YIIPABJIEHUEM IIPOTOKO-
ga IEEE 802.11 u ucmosn3yeMoro Kak pe3epBHBIN KaHAJ I IepeIatdn
uadopmarmn. Crenuduka OCHOBHBIX KaHaa0B - FSO 1 MU/LTMMETPOBOTrO
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paguokaHaJja - cocTouT B ToM, 4To FSO KaHa/ He MOXKeT IepeiaBaTh TaH-
HBlE B YCJIOBUSIX IUIOXON BUAMMOCTH (TyMaHa MJIM HACMYPHOI HOToibl), a
MUJUIUMETPOBBII pa/IMoOKaHa I He MOXKET OCYIIECTBJIATH IlepeJady BO Bpe-
Msl OCaJIKOB (Z02KIb, CHEr U T.11.). B cilyuae, KOrja BbIXOJAT U3 CTPOs 06a
KaHaJIa B YCJIOBUAX ILIOXOH BUJIUMOCTH W OCAJIKOB, HH(MOPMAIHS Tepeia-
eTcd 110 PE3EPBHOMY IINPOKOIIOJIOCHOMY PaJIMOKaHaJLy, KOTOPBI ABJIAeTCA
abCOJTIOTHO HAJIEXKHBIM, HO 00JIaIaeT TOPA3/I0 MEHbBINEl CKOPOCTHIO IIepe-
Ja4¥ 110 CPABHEHUIO C OCHOBHBIMU KaHAaJIaMH.

2. MaremaTudyecKasi MOJ€JIb

PaccmarpuBaercst cucrema MacCoBOrO OOCIyKMBaHUsI C JByMsl HEHa-
JIE2KHBIME TPpUGOpaMu, KOTOpbie MO MpyoT FSO 1 MULIMMeTpOBbIil Ka-
HaJIbI TUOPUJIHONA CETH CBSA3M M OJHHMM HAJEXKHBLIM IPUGOPOM, KOTOPBIi
MOJIeJIUPYeT IUPOKOIIOIOCHBIA pajrokanas. Byaem Hasbsarh FSO kana
KaK mpubop 1, MAJITIMETPOBBII PaJMOKaHA - KaK TPUOOpP 2 W IMUPOKO-
MOJIOCHBIA PaJIMOKAHAJ - KaK npubop 3.

3arpochl Ha 06cyKuBaHue rnocrynatoT B BM A P-11oToke. 9T0 3HAYHT,
YTO 3aIPOCHI MOTYT MOCTYTIATH B CHCTEMY B MOMEHTBHI CKAYKOB HETPUBO-
numoit nerm Mapkosa, v, > 0 ¢ HellpepbIBHBIM BPEMEHEM M KOHEUHBLIM
npocrpascTsoM cocrosiamii {0, 1, ..., W}. Ilosenerne BM A P-nioToka nosi-
HOCTBIO XapaKTepPU3yeTcsi MATPUIHON npousBoisiieil dyukmmei D(z) =

o0
S Dpz*, |z| < 1. Marpuma Dy XapakTepusyeT HHTEHCHBHOCTH TIEPeXO-
k=0

JIOB TIPOIIECCA Vg, COIPOBOXKIAIOIINECS TeHepaIlneil TPy bl u3 k 3alPOCOB,
k > 0. Marpuna D(1) aBisiercst remeparopoM tponecca vy, t > 0. Unren-
CHBHOCTB TIOCTYIUIEHUSI 3aIIPOCOB A ompenenserca kak A = 0D'(1)e, rue
6 — BeKTOp CTAIMOHAPHOIO pacupejesenus mnporecca vy, t > 0. Bekrop 6
SIBJISIETCsI €IMHCTBEHHBIM perenneM cucrembl 0D (1) = 0, fe = 1. Boutee
nozpobuoe onucanue BM AP moxHO HaiiTu, Hapumep, B [5].

3alpoc, HOCTyIarImii Ha O00C/Iy>KUBaHUe, Korja mpubop 1 siBjsiercs
UCIIPABHBIM ¥ CBOOOTHBIM, HEMEJIEHHO HAYUHAECT OOCIYKUBATHCS Ha 3TOM
npubope. Eciu aToT mpubop 3aHAT MIn HAXOIUTCS Ha PEMOHTE, 3aIIpOC Ha-
qrHaeT 00CIyKUBAThCsI Ha pubope 2. Eciu ofuH 13 OCHOBHBIX IPpUOOPOB
HAXOJUTCs HA PEMOHTE, & BTOPOil 3aHAT 0OCIYKUBAHIEM, TO 3AIIPOC CTAHO-
BUTCS B OY€pe]lb, JIJIMHA KOTOPOil HEOrpaHWIeHa, U BbIONpaeTcs Ha 00CTy-
JKuBaHue 1o3xke corsacHo crparernu FIFO (mepBbiM mpuies — mepBbiM
ob6cayxken) Eciau o6a npubopa 3aHATbI B MOMEHT HOCTYILICHUS 3alIPOCA,
TIOCTIEJTHAM CTAHOBUTCS B odepesb. Ecimm oba mpubopa HAXOMATCS Ha pe-
MOHTE B MOMEHT IOCTYIIJIEHUsI 3aIIpOCa, OH HAYUHAET 0OCJIyKUBATHCS HA
npubope 3.

Bpemena o6ciyzkuBanus 3asBOK Ha Bcex npubopax umeror PH (Phase
type) pacupenesenns. Ilojgaraem, 9To IpoIECC OOCIYKUBAHUA Ha j-OM,
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7 = 1,2,3, npubope mmeer P H-pacupejesenne ¢ HEIPUBOIUMBIM IIPE/I-
crapienneM (3, S}) ¥ yHpaBIISIOIIIM POIIECCOM mgj ), t > 0, c npocTpan-
crBoM cocrosiamit {1,...,M;, M; + 1}, tue cocrosiuue M, + 1 sBisiercs
MIOTJIOMIAIONIAM. DTO O3HAYAET CJejyioniee. Bpemst 00C/IyKUBAHUST HHTEP-

MIpeTUpyeTcs KaK BpeMs, 3a KoTopoe 1enb MapkoBa mgj ) JOCTHATHET HOTJIO-

matormero coctognuusa M + 1. Ilepexoaer menm B MPOCTPAHCTBE COCTOSHMIM
{1,...,M;} 3amatorcs cybremepaTopoM S;, a HHTEHCHBHOCTH IIEPEXOIOB

B IIOTVIOIIAIOIIEE COCTOSTHHE 3a/[AI0TCSI BEKTOPOM S ((J] ) = —Sje. Korna o6-
CJIy’)KUBaHIEe HAYNHAETCs, COCTOSHIE IIPOIECCa mgj ) BBIOMpaeTCd U3 Mpo-
crpancrsa cocrosuuit {1, . .., M, } Ha OCHOBAHUY BEPOSTHOCTHOIO BEKTOPa~
crpoku 3.

Kak 0b110 cKa3aHO BBIIIE, MOJOMKHM TPUOOPOB 3aBUCAT OT MOTOIHBIX
yeaosuit. Canraem, 9o nojomku npuxogar 8 MM AP (Marked Markovian
Arrival Process)-1ioToke ¢ ynpapJIsiONUM OPOLECCOM 1), t > 0, npuHu-
MmarormeM 3Hadenust B MHOXkectBe {0,1,...,V}. Dror MMAP 3anaercs
(V +1) x (V+ 1) marpunavmu Hy, Hy, Ho. Tlosomku (HeGraronpusit-
HbI€ IIOTOJIHBIE YCJIOBUS) MOLYT ObITh JIBYX TUIIOB. [10JIOMKH 1IepBOro THIIA
MHTEPIPETUPYIOTCA KAaK (DAKTOPBI, BBI3BIBAIOIINAE ILIOXYIO BUJIUMOCTD, U
HanpasJsoTes Ha npubop 1. IlosoMKr BTOpOro Tuma WHTEPIPETUPYIOTCS
KaK OCaJKHU M HAIIPABJIAIOTCA Ha npuOop 2. VIHTEeHCHBHOCTH MOCTYILICHUM
ITOJIOMOK 7-I'0 THUIIA 33JIaI0TCs djieMeHTaMu Marpuibl H,,,n = 1,2. Henua-
TOHAJIbHBIE JIEMEHTHI MaTPUIbl H( 33/1a10T NHTEHCUBHOCTH II€PEX0a Cpe-
JIbI, HE COIIPOBOXKIAIOIINECS YXY/IIIEHNEM BUIUMOCTH WIH ocaakamu. [lo-
npobroe ormcanne MM AP moxkHo Halitn, HaunpuMmep, B [6]. Cpa3sy mocse
HOCTYILIEHUS] HOJIOMKH HA j-if npubop Ha HEM HAYMHAECTCA PEMOHT ([IepUOLL
HeOJIArOIPUATHBIX HONOJHBIX YCI0BHil). Bpemsi, HeobxouMoe Jyisi peMOH-
Ta j-ro mpubopa, umeer PH pacmupenesieHne ¢ HEIPUBOIUMBIM IIPEJICTAB-
JIEHUEeM (Tj, Tj)7 7 = 1,2. Kak orMe4aj0ch BbIIIE, TPUXO/T TOJIOMKHU BbI3bI-
BaeT MpeKpalleHne 0OCIyKUBAHUS 3a1poca (eCIm TaKOBOE UMEET MeCTO)
OCHOBHBIM ITPUOOPOM, HA KOTOPBI HAIIPABIAETCS HMOJOMKA. DTOT IPUOOD
YXOJMT Ha PEMOHT, B TO BpeMsi KaK JIPyroil OCHOBHON pubOp, €Ciu OH He
Ha PEMOHTE U He 3aHAT, HAYMHAeT OOCJIyKMBAHWE 3aIpoca 3aHOBO. Ecim
9TOT TPUOOP BBIXOAWT W3 CTPOsI, B TO BPEMsi KaK JAPYroil OCHOBHOM TIpH-
6op ellle He BOCCTAHOBUJICS, TO 3aIlPOC MEPEXOJUT HA Pe3epPBHbII ITPUOOD
(upubop 3), rue HaunHaeT 06CIYKUBATHCs 3aHOBO. Eciu Bo Bpems 06CIy-
JKABAHUsI 3aIIPOCA PE3EPBHBIM TPUOOPOM KAKON-I1MO0 13 OCHOBHBIX IIPUOO-
POB BOCCTAHABJIMBAETCSI, 3AIPOC HEMEJJIEHHO MEPEXOIUT Ha 9TOT IPUOOP
7 HAYUHAET OOCIIyKUBATHCS 3aHOBO.

2.1. IIens MapkoBa, onucbiBamIas (pyHKIIMOHNPOBAHIE
CUCTEMBI

IIycTs B MoMeHT ¢
® i; - YHCJIO 3adBOK B cucTeme, 1y > 0,
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e n; = 0, ecm 06a OCHOBHBIX NpHOOpPa ncrpasHbl; 7y = 0;, ecan oba
OCHOBHBIX IPUOOPA UCIPABHBI, TPUOOP j OOCIIY?KHUBAET 3AIIPOC, & JIPYTOi
OCHOBHOI1 ipubop cBobojeH, j = 1,2; ny = 1, ecoiu npubop 1 Ha pemoHTe;
ny = 2, ecau upubop 2 Ha peMoHTe; Ny = 3, ecqu oba mpubopa Ha
peMOHTE;

mgj ) _ cocrostme yupasJsitoniero mporecca PH - obciyxuBanus Ha
j-M 3aHATOM TIpHbope, j = 1,2, 3,m§J) =1, M;;

rt(J ) _ cocrosmme yrpasJsioniero mporiecca PH -Bpemenn pemonTa Ha
npubope j = 1,2, Tt(]) =1, Ry;

® Uy W 1) - COCTOSIHUS YIIPABJISIIONINX ITPOIECCOB Bxojsmmero BM AP
noroka u M M AP noroka moJoMoK cooTBercTBenno, vy = 0, W, n, =0, V.

[Iporiecc BDYHKITMOHUPOBAHUST CUCTEMBI OIUCHIBACTCST HEIMPUBOIUMOI
nernbio Mapkosa &, t > 0, ¢ IPOCTPAHCTBOM COCTOSTHUIA

{(0,n,v,n),i=0,n=0,3, v=0,W OV}U
{(,05,v,7,mP), i=1,7=1,2,n=0j,v =0,W,n=0,V, m¥) =1,M,}
(G0, m® m®), i > 1n = 0,0 = 0,W, 5 = 0,V, mV) = T, 7,

m(2) = 17M2}U{(27 17V»77am(2)»7"(1)), iz1ln=1v= 07W777 = O,V,
m® =1, My, rH = 17Rl}LJ{(Z}2,u777,m(1)77"(2))7 i>1l,n=2v=0W,
n="0,V,m" =T M, r™ = TR} J{(3,3,v,m,m®,rW) r3) i > 0,

n=3v=0W,n=0,V,m® =1 M, =T R;,j =1,2}.

Hasee Oymem mpemmosaratb, 910 cocrosHus nenu &,t > 0, BHyTpHu
KaXKJIOr0 U3 MPUBEJIEHHBIX [TOIMHOXKECTB YIIOPSI0YEHbI B JIEKCUKOrpadu-
YeCKOM ITOPsJIKE U TAKUM 00Pa30M YIIOPsiIOYeHHbBIE [I0JIMHOXKECTBA yIIOPSI-
JIOYEHBI B TOM TOPSIIKE, B KOTOPOM OHM IepevuncyeHbl Boie. O0o3HaInM
4epes (); ; MATPHUILy HHTEHCUBHOCTEI II€PEXOI0B IIENN I3 COCTOSHUIA, COOT-
BETCTBYIONMX 3HAYEHWIO ¢ [epBOii (CUeTHOM) KOMIIOHEHTBI, B COCTOSIHUSI,
COOTBETCTBYIOIINE 3HAYEHUIO j 3TON KOMIIOHEHTHI, %, ] > 0.

Jlemma 1. Undunnuresnmasibablii renepaTop @ nenu Mapkosa &, t >
0, nmeer GIOUHYIO CTPYKTYDPY

Qoo Qo1 Qo2 Qoz Qoa- -
Qio Qi1 @iz Qi3 Qia---
O Q21 Q1 Q2 Q3
) O Qo Q1 Q2
o 0O O Qo Q1
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I7le HeHyJeBble OJOKM (J; ; 3alMCLIBAIOTCA B TEPMHUHAX MATPHII, OIMCHI-
BAIOIUX WHTEHCUBHOCTH BXOJSIINErO MMOTOKA 3AIPOCOB, MOTOKA ITOJIOMOK,
WHTEHCUBHOCTH OOC/IY2KUBAHUsI U PEMOHTOB.

Kak cmenyer ux Jlemmbr 1, remeparop () mmeer OJIOYHYIO BepxHe-
Xeccen-6eproBy CTpyKTypy u 0710Ku (Q; j IpHU ¢ > 2 3aBUCAT OT BEJHYHH {
7 j TOJBKO Yepe3 Pas3HoCTh j — 4. Torma, COTyIacHO ONpPeIesIeHuIO, TaHHOMY
B [9], MOXKHO yTBEPXKIATh, YTO

Ciaenctsue 1. Ilens Mapxkosa &;,t > 0, npuHaJIe2KUT KJIACCY MHOI'O-
MEpHBIX KBA3UTEILIUIEBBIX Teneil ¢ HenpepbiBHbIM BpemereM (KTIIM).

Pesynbrarer, nosyuennsie B [9] aus KTIIM, 6buin nConb30BaHbL 11T
aHaJIN3a CTAIMOHAPHOTO PEYKNMa PACCMATPUBAEMOM CHCTEMBI.

3. CranuonapHoe pacnpejejeHne. XapakTepPUCTUKUI
HOPOU3BOUTETBHOCTA

Teopema 1. Ilens MapkoBa &; 9progudHa TOrJa 1 TOJbKO TOT/Ia, KOra
BBIIIOJTHAETCA HEPABEHCTBO

A< —mo(Sy @ Sp)e + mSE + moSLY + waSP (1)

rae o = Xo(ey @ Ina), ™1 = Xi(ep ® Iy, ® er,), T2 = Xa(ey ®
Iy, ® eg,), w3 = x3(ey ® Iy, @ €r,R,), & BEKTOp X = (Xq,X1, X2, X3)
ABIAETCS eMHCTBEHHBIM PellieHHeM CHCTeMBI JHHEHHBIX alre0pamIecKmx
ypaBHeHnil, K03(pUIIEHTL KOTOPOil OIIPEAeIaioTcs B TepMHUHAX HHTEH-
CHBHOCTelt BXOJAIIEro MOTOKA 3aIpOCOB, IOTOKA, IIOJOMOK, MHTEHCUBHO-
cTelt OBCIYKUBAHUS W PEMOHTOB.

Sameuanue 1. [Ipu Gusmueckoil HHTEPIPETAIIMN YCJIOBHA 3PrOIIY-
Hoctu (1) ydmThbiBaEeM, YTO JIAHHOE YCJIOBHE OTPAXKAeT IIPOIECC ODCIIy-
JKUBAaHUS B CHCTEMe B YCJIOBHSAX HEepPerpy3Kh. PaccMOTpuM (bHU3IIecKuit
CMBICJT TIEPBOT'O CJIATAEMOTo B ITpaBoil yacTu HepabeHcTsa (1). KommonenTa

wo(m™), m?)) Bexropa-cTpokm ) ecTh BEPOATHOCTH TOTO, YTO MPUOOPHI
1 2 ucnpaBHb! 1 06cTyKuBaIoT 3ampockl Ha dasax mP) 1 m® coorser-

1 2
crBeHHO. COOTBETCTBYIOIMIAsT KOMIIOHEHTa BEKTOPA-CTOJIOIA (S(() )& S(() ))e
€CTh CyMMapHasl MHTEHCUBHOCTH OOCJIYKUBAHUs 3aIIPOCOB 1-M 1 2-M TIpH-
6opaMu [IpU YCJIOBUH, 9TO OOCIy?KHBAaHUE HA STUX MPUOOPAX HAXOIUTCS B

dazax mM) u m® coorsercrsenno. Torna nmponsseenne wo(Sgl) @ S(()2))e
IPEJICTAB/IAET COOON MHTEHCUBHOCTD BBIXOJSIIErO MTOTOKA B IIEPHOJBI, KO-
718 3aIpOChl OOCIyKUBAIOTCA 1-M M 2-M IIprOOpaMu. AHAJOTHYHO TPaK-
TYIOTCSI OCTAJIbHBIE CJIaraeMble CYMMBI B ITPaBOil 9acTH HepaBeHCTBa (8.4):
BTOpOE CJIATAEMOE €CTh MHTEHCUBHOCTDH BBIXOJAIIETO IIOTOKA IIPU 0OCJTy-
JKUBAHWUU 3aIPOCOB 2-M mpubopoM (1-if mpnbop HaXOMUTCsT Ha PEMOHTE),
TpeThe cllaraeMoe -MHTeHCUBHOCTD BBIXOJSIIEr0 MOTOKA MPH 00CIyKUBa-
HUM 3a0pocoB 1-M npubopom (2-if npubop HAXOAUTCS HA PEMOHTE), YeT-
BEPTOE CJIAraeMoe ~-MHTeHCUBHOCTD BBIXOISAIIErO IIOTOKA IPU OOCITy KUBAa-

HUM 3a11pOCOB 3-M npubopom (1-it u 2-if TpubOpPHI HAXOAATCA HA PEMOHTE).
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Torga npaBas dacTb HepasencTBa (1) BbIpaxKaeT CyMMAapHYIO WHTEHCHB-
HOCTh BBIXOJAIIETO MMOTOKA 3AIPOCOB B YCJIOBUSAX Teperpy3ku. O4ueBuHoO,
9TO ISl CYIIECTBOBAHUSI CTAIMOHAPHOIO PEXKUMa, B CHCTEMe HEeOOXOIIMO
7 JIOCTATOYHO, YTOOBI MHTEHCUBHOCTH BXOJHOI'O IIOTOKA A Oblila MeHbIIe
MHTEHCUBHOCTH WHTEHCABHOCTH BBIXO/ISIIErO IIOTOKA.

Hasee Gyziem cauTarh, 9o HepaBeHCTBO (1) Bhinosuagerca. ObozHadnM
4Jepe3 P; BEKTOP-CTPOKY CTAIMOHAPHBIX BEPOSTHOCTEl, COOTBETCTBY FOIIIX
3HAYEHUIO ¢ CIeTHON KoMIOHeHTH nern Mapkosa &, ¢ > 0. s Beraucie-
HHS BEKTOPOB P;, ¢ > 0, Mbl HCIOJH30BAJIHN UHUCJIEHHO YCTONYIUBBIN ajro-
put™ (cM. [9]), KoTopsIit 6B paspaboTaH /sl BEIYMCIEHNST CTAIIMOHAPHO-
ro pacupeneneans KTIIM. Beraucius cranponapHoe pacipe/jieieHne menu
&;, MOXKHO HAWTH D]l BA>KHBIX XapaKTEPUCTUK ITPOU3BOIUTETLHOCTH Pac-
cmaTpuBaemoii cucteMbl. QOPMyJIBI IS BBIYUCJIEHNsT HEKOTOPHIX XapaK-
TEPUCTHUK [PUBEIEHBI HUXKE.

e Ilpomyckuasi crlocOGHOCTb CUCTEMBI (MAKCUMAJIHHOE 3HAYEHUE UHTEH-
CHBHOCTH II0TOKA, KOTODPBIIl MOXKeT ObITh IIPOIYIIEH Yepe3 CUCTEMY )

2 1 3
0= —my(5S1® S2)e+ 7T1Sg ) 4 71'288 )4 7\'35(() )
e BeposiTHOCTH TOTO, UTO ¢ CHCTEME HAXOJUTCS | 3aIPOCOB p; = Pje.
o0
o Cpejee 4mcIIo 3a4BOK cucreMe L = Y ip;.
i=1
o0
e Jlucriepcus amcyia 3agBOK B cucteme V = Y i%p; — L2,
i=1
e Be P ' 6
posiTHOCTE P,/ TOro, ITO B CHCTEME HAXOIUTCS 4 3asBOK H 00a
pubopa UCIIPpaBHBI

ea
)

P =py
Oa(Rl+R2+R1R2)

)

Pl(o) =p ea(M1+M2)
OG(M2R1+M1R2+M3R1R2)
0 e )
P = p, abM: Mz i > 2.
Oa(MQR1+M1R2+MsR1Rz
rne a = (W +1)(V+1).
e BeposiTHOCTH Pi(l)(PZ.(z)) TOrO, YTO B CHCTEME HAXOJUTCS 1 3asdBOK U
ToJIbKO ipubop 1 (mpuGop 2) Ha pemoHTE

0
" o ¢ - 0u(1+Ry)
Py’ =po OaR1 ., Py =10 €uR,
aR2 OCLR1 Rz

OuR, R,
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00.(M1+M2) 0
1) CulsR ) a(My+Mi+M2Ry)
_ a _
P =p1 0 M2Rl o By =1 €aM1 R
alviy fiz
s i 1 Ours Ry R,
aM3R1 Rz
OaM1M2
Ou (M) Mo+ M5 Ry )
P(l) _ €aMs R, P(2) _ G o ;> 9
i TP Ourtirs | ° — Po €aM; Ry b2 e
a
e 0aMs Ry Ry
OaMgRle

3 .
e Beposraoctnb PZ.( ) TOrO, 9TO B CHCTEMe HAXOJWTCH i 3asiBOK U 00a
OCHOBHBIX IPUOOpa Ha PEMOHTE

—p 00 (M, + Mo+ My Ry + M Ry)
)

eaRle eaIVIgRle

P9 = o (O} g

P¢(3) —p; Oa(My Ma+ My Ry M R2) P> 2.

eaM3 Rl R2

e BeposiTHOCTE TOTO, 9YTO B IIPOM3BOJILHBIN MOMEHT BPEMEHU ITPpUOOPHI

o0
HAXOJATCsl B cocrostamu n. - P = > Pl-(n), n=20,3.
i=0

4. 3akJjo4yeHue

Paccmorpena cucrema MaccoBoro 00CTyKUBAHUS, COCTOSIIAS U3 JIBYX
OCHOBHBIX HEOJHOPOJIHBIX MPUOOPOB M OJHOIO pe3epBHOro mpubdopa. Oc-
HOBHbBIE IPUOOPBI SBJISIOTCSI BBICOKOCKOPOCTHBIME, HO HEHAIeKHbIME. Pe-
3€pBHBII TPUOOP - HU3KOCKOPOCTHO#, HO abcoroTHO Haaexkubiit. Haxomsaco
B UCIIPABHOM COCTOSIHUH, OCHOBHBIE TPUOOPHI 0OC/IYKUBAIOT 3anpockl. Ko-
raa oba 3TUX Mpubopa HAXOIITCI Ha PEMOHTE, 3AIIPOCHI 00C/TYKUBAIOTCS
pesepBHBIM 11pubopoMm. [Ipu mocTaTouno OOMUX MPEIITOI0KEHUSIX OTHOCHU-
TeJILHO IIOTOKOB 3aIlPOCOB U IIOJIOMOK M PacIpeie/ileHuii BpeMeH 00C/ Ty Ku-
BaHUS ¥ PEMOHTOB ITOBEJIEHUE CHCTEMBI OIMCAHO B TEPMHHAX MHOTOMEP-
HoIt KBasuTeruienoi e Mapkosa. [Tosrydueno ycioBue cyIecTBOBaHUsT
CTAIMOHAPHOI'O PEXKUMa, B CUCTEME U PsiJl BAYKHBIX XapPaKTEPUCTHUK ee IPOo-
U3BOJIUTETHLHOCTU. Pe3ysibraThl MOTYT OBITH UCHOJB30BAHBI ITPU ITPOEKTH-
poBaHUYU MrUOPUIHBIX CeTell CBSI3U.
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On the queue length in the discrete cyclic-waiting
system of Geo/G/1 type
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Abstract. We consider a discrete time queueing system with geometrically
distributed interarrival and general service times, with FCFS service discipline.
The service of a customer is started at the moment of arrival (in case of free
system) or at moments differing from it by the multiples of a given cycle time
T (in case of occupied server or waiting queue). Earlier we investigated such
system from the viewpoint of waiting time, actually we deal with the number
of present customers. The functioning is described by means of an embedded
Markov chain considering the system at moments just before starting the services
of customers. We find the transition probabilities, the generating function of
ergodic distribution and the stability condition. The model may be used to
describe the transmission of optical signals.

Keywords: Queue length, discrete cyclic-waiting system, Geo/G/1.

1. Introduction

This paper continues the investigation of a single-server queueing sys-
tem where an entering customer might be accepted for service at the mo-
ment of arrival or at moments differing from it by the multiples of a given
cycle time T'. As described in [4] such problem was motivated by the trans-
mission of optical signals: optical signals enter a node and they should
be transmitted according to the FCFS rule. The information cannot be
stored, if it cannot be served at once is sent to a delay line and returns to
the node after having passed it. So the signal can be transmitted at the
moment of its arrival or at moments that differ from it by the multiples
of time required to pass the delay line. The original problem had been
raised in connection with the landing of airplanes, later it appeared to be
an exact model for the transmission of optical signals where because of the
lack of optical RAM the fiber delay lines are used.

First this system was considered from the viewpoint of number of
present customers in the case of Poisson arrivals and exponentially dis-
tributed service time distribution [3]. By using Koba’s results [1,2] in [4]
we investigated the distribution of waiting time for the continuous time
model. [5] solved this problem for the discrete time case if the service
time had geometrical distribution. Finally, [6] considered the waiting time
problem in the case of general discrete service time distribution.
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In this paper we investigate the distribution of queue length for the
discrete system with geometrical interarrival and general service time dis-
tribution.

2. The theorem

We investigate a service system where the service may start at the
moment of arrival (if the system is free) or at moments differing from it
by the multiples of a given cycle time T (in the case of busy server or
waiting queue). The service is realized according to the FCFS discipline.
The service process is not continuous: during the "busy period" there are
idle intervals required to reach the starting position, during them there is
no real service.

Let the service of the nth customer begin at ¢,,, and let us consider the
number of customers at moment just before the service begins. Then the
number of customers is determined by the recursive formula

An - 1, lf Ntn,O = O7
N

n+1—0 —
Ntn—O -1+ An, if Ntn—O >0,

where A,, is the number of customers arriving at the system for [t,, tp41).
In [3] we showed that these values form a Markov chain.

Theorem. Let us consider a discrete queueing system in which the
interarrival time has geometrical distribution with parameter r, the service
time has general distribution with probabilities q¢; (i = 1,2,...). The ser-
vice of a customer may start upon arrival or (in case of busy server or
waiting queue) at moments differing from it by the multiples of a given cy-
cle time T (equal to n time units) according to the FCFS discipline. Let us
define an embedded Markov chain whose states correspond to the number
of customers in the system at moments ty — 0, where t;, is the moment of
beginning of service of the k-th one. The matrix of transition probabilities
has the form

ap a1 a2 as
ap a3 az as
0 bo b1 b2
0 0 b b

its elements are determined by the generating functions

r

_ L _ kn
A(z)—Zazz—Ql—&—zl_rCh—l—z;(l r+4rz)"x

i=0 —
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kn+1 00 oo
x Z qi + Z qi(1 —)i=hn=1 _ Z gi(1 — )i~ (ke=Dn=1
i=(k—1)n+2 i=kn+2 i=(h—1yn+2

Qr = Z%‘(l )’
B SURHD 5} SPRPIESRELS

k=0 j=1
{ r 1—(1 )1 —r 4 r2)i 7t
1—( (

1_ n—j+1
1—-r)» 1-(1-=r)(1—-7r+r2) (1=rrz) +

r(l—r) =1 1 — (1 =) 91—y pz)nIFt }
1—-(1—=r)n 1—-(1=-r)(1—7r+rz) '

o0 .
The generating function of ergodic distribution P(z) = > p;z* has the

i=0
form
_ polzA(z) — B(2)] + p12[A(2) — B(2)]
P(z) = z — B(z) ’
where
1-— ap
b1 = Do,
ao
ap[l — B'(1)]

o= A - B (1)
The ergodicity condition is

oo

1 (mod n
ZQZ’V—‘ - Z 1 (mod n)

3. The proof of Theorem

The matrix of transition probabilities is given in the theorem, the gen-
erating functions of transition probabilities are found in the following sec-
tion. Denote the ergodic probabilities by p; (¢ = 0,1,...) and introduce

o0

the generating function P(z) = >_ p;z*. We have
i=0
Jj+1

pj = Poaj +pra + Y pibj-ita (=1,
1=2
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Po = Poao + p1ao.

By using these equations we obtain the generating function

po [2A(2) — B(2)] + p12 [A(2) — B(2)]
z — B(z) '

P(z) =

This expression includes two unknown probabilities py and p; from the
desired distribution, but p; can be expressed via py,

lfao

b1 = Po;

ao
and pg can be found from the condition P(1) =1, i.e.

ao[l — B'(1)]
ao+ A'(1) — B'(1)

Po =

By using the corresponding values we obtain

ap+ A'(1) — B'(1) =

_ qu lfrz l(modn)( )[i] > 0.

Consequently, the numerator must be positive, too; so the condition
1-B'(1)>0

must be fulfilled. This leads to the ergodicity condition B’(1) < 1, i.e.

qu’mﬂ (k+ 1nr] — T " a—rn ZqunJrjl_r?l 1,

k=0 j=1 k=0 j=1

which can be written in the form as it appears in the theorem.

4. The generating functions of transition probabilities

Concerning the transition probabilities we have to distinguish two
cases: at the moment when the service of a customer begins the next
one is present or not. First we find the generating function A(z) corre-
sponding to the case when the next customer is not there yet, then we
find the generating function B(z) for the case when the next customer is
present, too.
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4.1. The generating function A(z)

This possibility appears at the states 0 and 1. Assume that the service
time of first customer is equal to u, the second customer appears v time
after starting its service. The probability of event {u —v = £} is

o

Plu—v=1{(}= Z qe(1 —r)F= 1y (£=1,2,...).
k=041

We are interested in the number of customers appearing during intervals
whose lengths are the multiples of n, i.e. [(i —1)n+1,in]. The generating
functions are represented by the following tables: if ¢ changes from 1 till
n (we will not write the factors r(1 — r + rz)™)

@ g(l—7r) @l-r? ... ¢1-r)""2 gu(l-r)""?
q3 al—=r) . @@ =r)" (1 —r)"?
U s (=)™ g (1 =)
gn(1 =) Gni1 (1 —7)?
dn Qn+1(1 - 7”)
An+1

for the following columns it is continued as

Gnao(l —1)" Gnis(L—r)"T 0 gon(1 — )22
Gnio(l—r)""1 quis(l—r)" cor qan(1—7r)n=3
Gnio(1—7)""2 qus(1—7r)""1 .. gon(1 —r)2n—2
Gnio(l —1)3 Gnis(1—7)4 e qan(1 =)t
Gni2(1—1)2 Gnaz(1—71)3 e (=7

n—1

Gna2(l—1) Gni3(1 —1)? cer qan(1—1)
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etc., if £ changes from n + 1 till 2n (we omit the factor r(1 —r 4 rz)?")

Gz Guis(1—=7) oo @n(1=7)""% ggu(1—r)"!
Gn+3 s (=) gaua (1 — )2
q2n(1 - r)n74 q2n+1(1 - r)n73
qon(1—7) Gont1(1 —1)?
G2n Gon+1(1—1)
q2n+1
etc.
Summing up the elements of columns for r(1—r+7rz)", r(1—r+rz)%"
r(1 —r+7r2)3", ... we get the coefficients
n+1 n
Z % 1 1(1(17" - + Z qz( )z nil%’
i=n—+2
2n+1 (1 _\i—n—1 n
Qil (11,(2)4) + E QZ(l _,r)z 2n-1 1o ((11 rr)) )
1=n-+2 1=2n-+2
3n+1 i—2n—1 0
1—(1— 1—
. 22:+2 i (1—(Tl)—r) + ) 32: 2Q1(1 _T)Z sn—1 1 ((11 Tg) P
1=2n 1=3n+

and, in general, for r(1 — r + rz)*”

kn+1 e’}
1—(1—r) ~(k—1)n—1 kn 1= (1 =1)"
Z % + Z qi(1—r) " ——
i=(k—1)+2 —(d-r i=kn+2 1—(1-r)
which canceling r is
kn+1 oo (e
Z ¢+ Z Qi(l _ T)z—kn—l _ Z Qi<1 _ r)z—(k—l)n—l.
i=(k—1)n-+2 i=kn42 i=(k—1)n+2

Taking into account that the probability of event during the service of a
customer a new one does not arrive

Z(h(l —r)' = Q1 = ao,
i=1

and the probability of zero waiting time is

> ) r
(1 — 1—1 —
;:1 Qz( T) r 1— ’I“Ql
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we obtain the generating function A(z)

o0 o0
Az) = Zaizi =@ +zl irQl +zZ(1 —r4rz)x
1=0 k=1
kn+1 %) o) .
D DR DI D DRI i
i=(k—1)n+2 i=kn+2 i=(k—1)n+2
Its derivative at z = 1 gives
%) kn+1

’ _TQI o Q2
A<1)_17T+Z Z qi 177,“!‘

k=1i=(k—1)n+2

o0 kn+1 o 0o
o Z k Z ¢ —nr Z Z gi(1 — r)i=th=Dn=1,
k=1 i=(k=1)n+2 k=1i=(k—1)n+2

4.2. The generating function B(z)

At the beginning of service of first customer the second customer is present,
u—1

too. Let z =u — n ([z] denotes the integer part of z), and let y

be the mod T interarrival time (1 < y < n). The time elapsed between
the starting moments of two successive customers is

-1 -1
[u ]n—i—y if <y and ([un ]+1)n+y if z>y.
n

One can easily see that y has truncated geometrical distribution with prob-
abilities
(1 —7r)—1r

1—(1—mr)m

the generating function of entering customer for a time slice is 1 —r 4+ rz.
The generating functions of entering customers depending on the service
time and the mod T interarrival time are given in the tables (the rows

P{y=1(} = (£=1,2,...,n),
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correspond to the mod T interarrival and the columns to the service times):

qn(1 — 7+ rz)"tt
qn(1 — 7+ 1z)"+2
(1 =7+ rz)"+3

q@(1 — 7+ rz)ntt
@l —1r+rz)?
(1 —1r+rz)3

G(l—r+rz)
(1 —7r+rz)?
a(l—r+rz)3

qn(1 =7 +rz)?n1
gn(l—=r+7r2)"

a(l—r+rz)" 1 gl —r+rz)nt
Gg(l—r+rz)" @(l—r+rz)"

the following n columns

Gni1(1 —7r +rz)"tt
Gni1(1 — 7 +rz)nt?

Gni1(1 — 1 +rz)nts

Gni1(1 —r +rz)2n=t

Qi1 (1 =1 +712)%"

Gnio(l — 7 +1r2)2ntl
Gnio(1 — 7 +rz)"+2
Gnio(l — 1 +rz)nts

Gnio(l —1r +12)2n-t

Gnio(l — 1 +712)%"

Gon(1 — 7 4 7rz)Pntl
Gon(1 — 7+ 1z)2n+2
Gon (1 — 1+ 72)?nt3

Gon (1 — 7 4 1rz)3n-1
Gon(1 — 7+ 172)*

etc. Summing up the elements in the columns, then considering these sums
shifted by n (i.e. the sums of columns corresponding to the service times
Qs Gntj> G2ntj» --- (1 < j < n)) for a concrete deviation j the generating
function equals

{ 1- (1T— "

r(l—r)y~t1-(1

1—(1—=r)Y 11 —r+rz)it
1—(1=r)(1=r+rz)

(1—r+rz)" Iy

— )P = r2)" I & ,
) ( ) } qun+j(1_r+rz)kn+J7

1—(1—=mr)n 1—-(1=r)(1=r+rz) —
so summing up by j we obtain B(z).
Its derivative at z =1 is
) B o n | nr oo n | .
B'(1) = kz_oj;qknJrj[(k‘—l— Dnr+1]— 1-1_ a—nn kz_oj;(l}wprj(l—r)] .

Remark 1. In [6] and the present paper we characterized the same
discrete cyclic-waiting system, so between their characteristics there exists
certain connection. One can check the coincidence of stability condition
(in the two cases they are written in different forms), between the zero
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probabilities there is valid the relation

s = (p +pf )Zqzl—r :

Here the upper index w corresponds to the waiting time, the upper index
q to the queue length.

We clarify the meaning of this expression. Consider a moment just
before starting the service of a customer and let the system be free or let

there be present one customer. The probability of this event is p(q) (Q).
One starts the service of the actual customer and it takes i time unlts.
The waiting time for the next customer will be zero if during the first
i — 1 time slices no customer enters and on the last time slice either no
customer enters (the server becomes free) or a new customer appears. So,
it is not important that during this time slice a further customer arrives
or not since either the server becomes free or the service of new one can
be started on the following time slice, in such sense it will be taken for
service without waiting.

Remark 2. Our formulas for the generating functions of transition
probabilities, pp, P(z) and the stability condition in the case of geometrical
service time distribution (i.e. it is i time slices with probability (1—¢)g‘~!)
give the following formulas.

P(2) has the same form as in the general case, the generating functions
of transition probabilities are

e .
z) = Zaizl =
i=0

((-n-a) _ri-q ___ rall-r+r)"(l-g")
1—gq(l—r) "1-gq(-r) "[1—-gq=n)l—-q¢"(1-r+rz)"]

z) = ibtz’ =
k=1

1= =r)"(I=r+rz)" r(l =7 +712)
1-(1=-r)(1=r+4+rz) 1—(1-r)"
1—¢"1=—r)"A—=r+7r2)" rq(l —r+rz)[(1—r+rz)"—1]
1—gl=r)1=r4rz) 1-—QQ-r)1-q*(1—r—+rz)"]
The probability of free state and the ergodicity condition are respectively

rq(1—7)[1 —q"(1 —7)"]
(I=7r)*(1 =gl —q(1—7)]

+

po=1-71—
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and
rq[l —¢™(1 —1r)"]
(I—g")(1—7)"1—q(1—r)

<1
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Abstract. The paper is devoted to caching of popular multimedia and Web con-
tents in Internet. We study the Cluster Caching Rule (CCR) recently proposed
by the authors. It is based on the idea to store only popular contents arising in
clusters of related popularity processes. Such clusters defined as consecutive ex-
ceedances of popularity indices over a high threshold are caused by dependence
in the inter-request times of the objects and, hence, their related popularity
processes. We compare CCR with the well-known Time-To-Live (TTL) and
Least-Recently-Used (LRU) caching schemes. We model the request process for
objects as a mixture of Poisson and Markov processes with a heavy-tailed noise.
We focus on the hit probability as a main characteristic of a caching rule and
introduce cache effectiveness as a new metric. Then the dependence of the hit
probability on the cache size is studied by simulation.

Keywords: Caching, Cluster Caching Rule, TTL, LRU, hit/miss probability,
popularity process, clusters of exceedances, inter-request times.

1. Introduction

Nowadays, caching of contents is intensively applied in the Internet to
provide multimedia or Web objects on demand to the users with a minimal
delay. The idea stems from computer systems where frequently demanded
files have to be cached in a short-term memory to accelerate the exchange
between the processor and the operative memory. In telecommunication
systems this concept is used to keep the requested content in a cache, e.g.
at an edge router in mobile edge computing, or a hierarchy of caches. Nu-
merous problems arising from the randomness of the inter-request time
(IRT) sequences concern the optimal cache size, cache utilization and oc-
cupancy, and the replacement of objects within a cache to provide the fast
availability of the requested content. The latter item is characterized by
the hit/miss probability, i.e. the probability to find/miss a requested con-
tent in the cache.

Among these caching replacement rules, the Least-Recently-Used (LRU)
(cf. [1]), the Least-Frequently-Used (LFU) (cf. [2]) and the Time-to-Live
(TTL) policy (cf. [3], [4], [5]) are the most popular schemes. Usually,
the Independent Reference Model (IRM) that summarizes a number of
assumptions is used to simplify the formulation of the hit/miss probabil-
ity, the cache utilization and occupancy problems. According to IRM it is
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assumed that the inter-request times (IRTs) are independent and exponen-
tially distributed (i.e. the request process is a Poisson renewal process),
the popularity of contents (or Web objects) and content sizes are constant.
The IRM implies a time and space locality regarding the object popular-
ity. It should be noted that normally a non-Poisson renewal process model
cannot capture the superposition of request processes that arise in cache
networks, cf. [3].

Not much has been done when the IRM model is not appropriate. Then
the IRT sequence may be correlated, heavy-tailed and non-stationary. Our
first objective is to show how one can handle the caching problem in this
case and what is the impact of such conditions on the effectiveness and
utilization of a cache. Correlated IRTs are particularly realistic if some
content has become very popular and many users are interested in it.
Therefore, such correlations generate clusters of peaks of the popularity
index. Following [6] we determine the cluster as a conglomerate of consec-
utive exceedances of the popularity process over a threshold between two
consecutive non-exceedances.

We focus on the Cluster Caching Rule (CCR) policy proposed and stud-
ied in [7], [8]. Dealing with a single cache we propose an effectiveness of
a cache as new caching metric. It is defined as total popularity of ob-
jects placed in the cache at time ¢. The second objective is the analysis
and comparison of the CCR, the TTL and the LRU rules by a simulation
study. Both the CCR and TTL rule use timers as tuning knobs for in-
dividual objects to stay in the cache, but they apply different arguments.
We propose to select the TTL timers depending on the popularity of the
cached objects.

The paper is organized as follows. In Section 2 related work is discussed.
In Section 3 we propose the effectiveness of a cache. In Section 4 we com-
pare the hit probability of the CCR, LRU and TTL rules depending on
the cache size and the TTL timer selection by simulation. The results are
summarized in the Conclusion.

2. Related Work

Cache replacement schemes can be split into capacity-driven and TTL-
based policies, cf. [9]. The hit (or miss) probability determines the long-
term frequency to find (or not to find) a requested object in the cache.
The LRU and LFU policies belong to the capacity-driven group since ob-
jects are evicted from the cache by arrivals of those objects not yet stored.
Modifications of LRU were proposed like persistent-access-caching (PAC)
to improve its miss probability, cf. [11].

The CCR policy [7] is related to a popularity oriented, threshold-driven
policy. CCR is in a way similar to LFU where only popular objects may
be placed in the cache. Caching only frequently referenced objects has also
been developed as central processing unit (CPU) approach in [1].

Regarding the stochastic analysis of caching rules for correlated request
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processes with heavy tails not much research has been done yet. Poisson
arrival processes were considered in [12]- [14] with light- and heavy-tailed
request rates \;, i.e. \; ~ cexp(—&i®) and \; ~ ¢/i®, respectively. The
miss probability of the LRU policy was shown to decrease following a
power law or exponentially, respectively, for heavy- and light-tailed \; as
the cache size C tends to infinity. It was derived that the correlation does
not impact on the miss probability for unlimited cache size. Markov ar-
rival processes (MAPs) were also used to model correlated requests, cf. [3],
since they are closed regarding superposition. Non-stationary and depen-
dent request processes and the average miss probability for the LRU and
moderate cache sizes were considered in [15].

Cache utilization determines an important metric and raises several is-
sues. To optimize cache utilization based on TTL policies, [16] proposed
to maximize the sum of utilities of all objects regarding the TTL timers.
In [7] the mean cache utilization with regard to CCR was considered both
for fixed and random object sizes.

3. Effectiveness of CCR Caching

The analysis of real traces has shown that about 70% of contents in
caches is requested only once. It translates into an even higher miss ratio
of 0.88, cf. [1]. The LRU and TTL cache policies do not prevent to place
unpopular contents in the cache. To prevent caching of a large portion
of rarely requested objects, we propose to maximize the effectiveness of a
cache. It is reflected by the new metric

c
e(t) = Zpi (t)I{ith object from the catalog is in cache at time t}.
i=1

We assume that all objects {o; | j € M}, M = {1,..., N} in the catalog

have equal size s and C' = C's is the cache size. N denotes the size of the
catalog. p;(t) is the popularity of the ith object 0, in the cache at epoch ¢.
e(t) indicates the total popularity of all objects {o0;,,...0j,} stored in the
cache. It holds jo < C since the cache may not be full. According to the
CCR policy, the ith object 0;, may be placed in the cache if its popularity
p;i(t) at time ¢ exceeds a given threshold w.

As the cache load is provided by clusters of highly popular objects, their
indices p;(t) may belong only to one cluster. This means that the number
of cached objects is limited by the cluster size Tz(u) (w.r.t. notations
defined in [6], [7]) or more exactly by the maximal cluster size. Regarding
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the CCR policy, we then get the effectiveness

C J
eyu(t) = Zpi(t)P{pi(t) > ulith object in cluster} = Zpi(t)P{Tg (u) =3}

i=1

1)
where j < C' is the observed cluster size. In case j > C we can load the
rest of those objects in the next cache of a cache hierarchy or increase u
to decrease the cluster size. The effectiveness metric e, (¢) is driven by w.
We can find such u that provides a maximal value e, (t) for a fixed time
t. To this end, let us assume that the objects’ popularity is determined
by Zipf’s law, i.e. p; ~ x/i%, where x > 0 is a constant. « > 0 is the tail
index. It shows the heaviness of the tail of the popularity distribution. As
the popularity index may change over time, we can take p;(t) ~ x/i%®).
Regarding a sequence of increasing thresholds {uy, },>1, the probability of
T5(u,) derived in [6] satisfies for each £ > 0 and some n. and jo(n.) the
following expression | P{Ty(z,, ) = j}/(0%qn(1 — ,) 7~ 1%) — 1 |< € for all
n > n. and j sufficiently large, i.e j > jo(n.). Here high quantiles {z,, }
of the common popularity process of all objects in the catalog w.r.t. the
levels ¢, = 1 — pp, pn ~ 1/n are taken as thresholds {u,}. 6 € [0,1] is the
dependence measure of the popularity process called extremal index [17].
The reciprocal 1/6 approximates the mean cluster size of exceedances over
the threshold v = w,. By (1) and an approximation of the Rieman Zeta
function for a(t) > 0, a(t) # 1, we get the total popularity of the j objects

placed in the cache of size C' = Cs in terms of

J

.17
£~ 020(1 — \U—18 X o v020(1 — U0 T2
eq(t) ~ 0%¢(1 - q) ;z‘a@) X0%q(1 — q) e

alt) _q

(2)

As the quantile level ¢ represents now the threshold u, one can find ¢ =
1/(1+(j—1)0) that maximizes e,(t). In Fig. 1 e,(t) is depicted for a fixed
time ¢, i.e. a(t) = a. As Zipf’s model may fit the popularity not accurately
enough for samples of moderate size, we can estimate the popularity of the
ith object o;, at stopping time t by [7]

pi(t) = Ji,t/Nt- (3)

Here J; + and N; denote the number of requests for the ith object o;, and for
all objects o5, 7 € M in the catalog at time ¢, respectively, that progress in
time. The cluster size probability can be evaluated as ratio of the number
of requests R; with popularity exceedances over u to the total number of
requests Ny at time ¢. Then we get from (1) e,(t) = [Rt/NtQ] 220:1 Jit
An increasing level u induces clusters with smaller sizes. It may lead to
the necessity to select a smaller cache size or to a less efficient utilization
of the cache.



Markovich N. M., Khrenov V., Krieger U.R. 115

006 T

T T
|—— Theta=0.7,alpha=4
—— Theta=0.7,alpha=1.2
|- -- Theta=0.2,alpha=4
|--=-- Theta=0.2, alpha=1.2 [7|

004

Effectiveness

002

o e
Pl == -
0 02 04 06 02

Quantile level, g

Figure 1. Effectiveness (2) with C' = j = 10 for the CCR policy against the
quantile level ¢ of the extremal index 6 € {0.2,0.7} and the tail index
a € {1.2,4}, where g € {0.137,0.357} corresponds to the maximal effectiveness.
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Figure 2. The intervals estimate 0 of the extremal index averaged over 50

samples against the threshold u: the estimate 0 =022 corresponds to the
stability interval of the plot by threshold w.

4. Comparison of the CCR, LRU and TTL Caching Rules

By simulation we compare the CCR, LRU and TTL caching rules,
where the latter TTL scheme is derived from the eviction-reset policy R
in [3]. Following [8] we use a mixture of the Moving Maxima (MM) and
the Poisson renewal processes to model a common IRT process regarding
all objects of the catalog of different types. The MM process {7;:} as IRT
model of the ith object type satisfies 7;; = maxj—o,.. m,{0;Zi—;}, t € Z,

with nonnegative constants {«;} such that Z;’:O a; =1 and iid standard

Fréchet distributed r.v.s {Z;} with distribution function F(z) = P{Z; <
u} = e~ 1/u_ The distribution of i+ is also Fréchet. The MM process is a
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Figure 3. The hit probabilities for the CCR, LRU and the TTL policies
averaged over 50 samples against the cache size C, horizontal lines indicate
standard deviations.

m;-dependent Markov chain where m; determines the popularity duration.
The MM process models IRTs of short-term news that are of public interest
for a limited time. The Poisson process with intensity A; models objects
like scientific and culture articles which may attract interest within a long
time independently. Each object of equal size s = 1 from the catalog has
an own (m;, {c;}) or A; value as unique IRT model parameter.

The MM processes generate the correlation and the cluster structure of
such common IRT process that has been generated here by 90% MM and
10% Poisson renewal processes. In (3) the J;; is calculated in a cross-
window with Ny = 300 requests. The number of objects in the catalog was
taken as N = 100.

We compare the CCR, the LRU and the TTL policies for such simulated
IRT processes. For each object 0;, we propose TTL timers {¢;} depending
on its popularity index p;(¢t) and the mean IRT E(Y;) of the overall IRT
process, i.e. t; = h E(Y;) p;(t) ,0 < h < co. h is a scalability parameter.
The TTL timers are larger for highly popular objects. t; is proportional
to the popularity of the ith object in [0, ¢].

In Fig. 2 we estimate the extremal index 6 of the popularity process by
the intervals estimator proposed in [18]. This allows us to estimate the
effectiveness (2) and the cache size as the reciprocal C' = 1/6 equal to the
mean cluster size as proposed in [7].

In Fig. 3 we show the hit probability for the TTL, LRU and CCR policies
depending on the cache size C' for s = 1. The hit probability is estimated as
the ratio of the number of requests hitting the cache and the total number
of requests. For small cache sizes the best hit probability is provided by
the CCR scheme with a threshold u corresponding to the stability interval
and both the TTL and CCR policy work similar if h and u are relatively
small. Small u generates large clusters. Then the CCR stores more objects
in the same manner as TTL irrespectively of their popularity processes. If
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h and u are small, then the inter-cluster time for large clusters is of similar
small scale as the TTL timers. For large caches and long timers TTL
is better than CCR. This means a long-term placement of many objects
in the large cache which is not effective. For large caches the CCR hit
probability reaches a stability level that is lower than the corresponding
TTL value due to the limited cluster size and the impossibility to store a
larger number of objects than the cluster size. A minimal C' corresponding
to the stability level of the hit probability may be taken as a sufficient cache
size.

5. Conclusion

We have studied the caching of popular contents assuming correlated

inter-request time processes and fixed object sizes when the popularity of
the stored objects may change over the time. The CCR, LRU and TTL
caching rules have been compared by a simulation study. The following
results have been obtained: 1) cache effectiveness has been introduced as
new quality metric; 2) regarding a TTL determined policy TTL timers
based on popularity indices have been proposed; 3) the CCR policy has
better hit probability than TTL regarding relatively small cache sizes and
thresholds u corresponding to the stability interval of the extremal index
plot (u,8).
Regarding caching in a mobile edge computing environment based on in-
terconnected powerful SBC boards that implement the sketched approach,
the adoption of a dynamic version of the proposed CCR policy is a topic
of our future research.
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Ontuyeckue GUABTPHI JJIs aJalITUBHON KOMIIEHCAIIAN
XPOMaTU4YE€CKOUN JUCIIEPCUU B BBICOKOCKOPOCTHBIX
OIITUYECKUX CUCTEMAX Hepeaadu

M. A. Meabrenucos, A. FO. Maroxun

Kagedpa cemeti ceasu u nepedavwu 0aHHbIT,
CII6T' YT um. npog. M. A. Bonu-Bpyesuua,
np. bBoavwesuxos 0.22, Canxm-Ilemepbype, Poccus, 193232

AnsoTanusi. YBejMueHre CKOPOCTHU IePEIadn [0 OIITUIECKOMY BOJIOKHY II03BO-
JIsIeT CHU3UTh CTOMMOCTH nepenadn 6ura nndopmanuu. Ho ¢ pocrom ckopocTn
repeiady MO ONTHYECKON JIMHUU CBA3U PACTET U CTEIEHb BO3IEHCTBHS XPOMATH-
4ecKoii aucrepcun Ha curHas. Hanbosiee EpCIEKTUBHBIM CIIOCOOOM KOMIIEHCAC-
[V JTUCIIEPCUM SIBJISIETCS IPMEHEHNE aJIalITUBHBIX METOJI0B 0OPAbOTKU CHUTHA-
JIOB B ONITUYECKO# obsiacTu. B crarhbe paccMaTpwBarOTCS METOABI CHHTE3a MHTE-
TPaJbHBIX AIANTUBHBIX (PUIBTPOB, UMEOIINX B CBOEM COCTaBE MHTEPDEPOMETPHI
Maxa-3eHepa u KOIbIEBbIE Pe30HATOPHI. [Ipom3BOAUTCS CpaBHEHWE HEPEKYD-
CHUBHBIX U PEKYPCUBHBIX KOPPEKTOPOB IO CTEIEHN CIOXKHOCTH UX PEATN3AINN.

KuroueBsbie ciioBa: amanTuBHBIE (DUIBTPHI, PEKYPCUBHBIE (DUIIBTPHI, HEPEKY P~
cuBHble DUILTPHI, (Ha30BBINl KOPPEKTOP, nHTEpdepomerp Maxa-3eHiepa, Kolb-
eBoit pezonarop, PHUX.

1. Bsenenne

B nacrositiiee BpeMsi IIPOUCXOUT AKTUBHOE Pa3BUTHE BBICOKOCKOPOCT-
HBIX BOJIOKOHHO-ONTUYIECKUX cucTeM mepenadn. OCHOBHOM 3aja4deil sBJis-
ercsi yBeJIMYeHNe CKOPOCTH IIePE/Iadr 10 OJHOMY OINTHYECKOMY BOJIOKHY
C TEJIbI0 CHU3UTH CTOMMOCTD Trepesaun Gurta urdopmarmu [1]. Oxun u3
CI0COOOB JOCTUYD TAKOTO PE3Y/IbTATA — YMEHBINUTh JJINTEIBHOCTD IIepe-
JaBaeMoro umiysibca. OIHAKO 9eM KOPOUe UMILYJIbC, TEM CUJIbHEEe Ha HEro
JIefiCTByeT XPOMATHIECKas JIUCIIEPCUST — OJINH M3 BAXKHEHIIINX HEraTUBHBIX
GbaKTOPOB, BAUSIONINX HA CUTHAJ B OIMTHIECKOM BOJIOKHE.

Cy1tmecTByeT MHOXKECTBO CITOCOOOB KOMITEHCAITMHN XPOMATHIECKON JTHC-
nepcun [2-4|. HawmGosiee meperieKTUBHBIM K3 HUX SIBJISIETCS] IPUMEHEHWE
ATANTUBHBIX (DUIHTPOB, CO3JAHHBIX HA KOMIIOHEHTAX WHTEIDAJIHLHON OII-
TuKH. Takoil crocob, B OoTjindne OT CTATHYECKUX METOJI0B KOMITEHCAIIAN
JINCIIEPCUN B ONTHUYECKON 00JIACTH, TO3BOJISIET CHCTEME CaMOCTOSITETHHO
AJIANITHPOBATHCS K M3MEHEHUIO XapaKTEePUCTUK TPAKTa IMepeIadn, ITO 3Ha-
YUTEIbHO TOBBIMAET €€ TMOKOCTh. A HCIIOJIb30BaHNE KOMIIOHEHTOB HHTE-
IPAJIbHOI OITUKH TIO3BOJISIET UCIIOIH30BATH TAKOW METOJ HA BHICOKUX CKO-
pOCTSIX mepefadu, 9TO 3aTPYAHUTEIHHO I ITOXOXKUX DPEIIeHUil B 3JIEK-
TpUYIeCKoi 06JIacTH.

CymecrByer JBa C€Hocoba peaym3aliuid  ONTHYIECKUX  (DUIBTPOB-
KOPPEKTOPOB: HEPEKYPCUBHBIN U PEKYPCUBHBIIA. B JaHHOI cTaThe paccMaT-
PUBAIOTCsT OCOOEHHOCTH KarKJIOi U3 HUX.
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2. OcHoBHasI 4acThb

PaccMoTpuM Bo3eficTBre XpOMaTUIeCKOil TUCIIepCud Ha, curHajl. Pac-
IPOCTPAHEHNE MMITYTHCOB MO ONTHYECKOMY BOJIOKHY MOYKET ObIThH 3aIiCa-
HO B BHJE [5]

0A .
— = —jBw)A (1
2~ iBw)A )
rie A(jw,z) — CHekTp curHasa Ha PAcCTOSHWUA z, a ((w) — HOCTOsSHHAST
PACIPOCTPAHEHNSs, 3aBUCAIIALA OT YaCTOThI. Pemenuem ypasuenus (1) saB-
JIeTCs BhIparKeHHe

A(jw, 2z) = A(jw, 0)e 7P)2

CrenoBare/ibHO, IepeIaTOYHAsT XaPAKTEPUCTUKA CUCTEMbI, B KOTOPOIi Jeii-
CTBYET TOJILKO JUCIIEPCHUsI, BBITJIAUT CJETYIONINM 0O0pa30M:

H(ju) = e 97" @

7151 KOMIIEHCAIMN [IUCIIEPCUOHHBIX NCKAXKEHUIT XapakTepucTuka GuabTpa
JIO7KHA OBITH 06paTHa (2):

1

_ piBw)s
H(jw) ®)

K(jw) =
Ha puc. 1 nokasana yacrorHast 3apucumMoctb @UX ornrudeckoii cucreMbl
B(w)z. OHa COmEPKUT CYNIECTBEHHYIO JMHEHHYIO 9aCTh, KOTOPasl BJIUSET
TOJILKO Ha TPYIIOBYIO 33JIEPXKKY. [103TOMYy, MpexKje YeM MpPUCTYIaTh K
pacuéry bumibTpa, meaecoodpasno eé nckioantb. Bug @UX 6e3 muHeitHOM
JacTU IIOKA3aH Ha PUC. 2.

2.1. CunHte3 HepeKypcuBHOTO PUIbTPaA

st pacaéra Ko3dDUIMEHTOB HEPEKYPCUBHOTO (PUIBTPA BOCIIOTIB3YEMCS
paszJioxkenueM Boipaxkenus (3) B psig Dypbe. 5(w)z B MCXOMHOM BUJIE UMEET
CJIOYKHYTO 3aBUCUMOCTD OT 9acToThl [5]. [TosTromy HaxoxkeHMe aHAUTHYE-
CKOT'O BBIDAXKEHUsI JJIsT KOIM@MUIMEHTOB Psijia IPEICTABIISET CJIOXKHOCTb.
Opnako @YUX duiabrpa, Kak BUIHO U3 PUC. 2, MOXKHO allllpOKCUMUPOBATH
kBagparnguoii dyunkuueit. Torpa Boipaxkenue (3) upumer Bui:

K (ju) = ellaw thto)2

Kosddurmenrsr pasnoxenus B psag Pypbe Takoil GyHKINNA BEIPAYKAIOTCS
gepe3 uHTerpaJjsl Openejis:

. (bzL+7n)?
ej( 4azL2

20+\/az

+cz)
[C(X2) = C(X1) + 55 (X2) =4S (X1)],

Cp =
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5.838 q

5.8375 1

5.837 1

5.8365 . . . . . . . . .
193 193.01 193.02 193.03 193.04 193.05 193.06 193.07 193.08 193.09 193.1

f,THz

Puc. 1. Hacrornas 3aBucumocts @HX onTudecKoil cucTeMbl Ha, PACCTOSTHUN

100 kM.

roe X1 = azw; — bz“‘””, Xo = Vazwy, — M, L — mosioBuHa guama-

30Ha [wi;wp], a n = [-N; N].

[Tonydyennnre K03 UIMEHTHI COOTBETCTBYIOT KOdbdUImenTaM Hepe-
KYPCUBHOTO (bUJIbTPA, TOKA3aHHOrO Ha puc. 3. CKOPPEKTUPOBAHHBIN CUT-
HaJl CHUMaeTCs C IeHTPaJbHOro oroja. Obimee KojmdecTBO Kodp uUIm-

entoB paBHO 2N + 1. 3azmeprkka ogHOrO d1emenTa 1 = W}Qf
v

B wHTerpasbHON OITHKE HEPEKYyPCUBHBIE (DUIBTPBI CTPOSITCS B BHJIE
MOCJIEIOBATEIHHOIO COEJMHEHUsT CUMMETPUYHBIX U ACUMMETPUIHBIX WH-
repdepomerpos Maxa-3enziepa [6], kak nokasano Ha puc. 4. Cummerpuy-
Hble THTeP(dEPOMETPBI UTPAIOT POJIh JIEKTPUIECKHU YIIPABISIEMbBIX YMHO-
KuTesel Ha Ko MUIMEHT, ACHMMETPUIHBIE — JIMHUN 33JI€PKKH.

K mpeumyrmiecrBam Takoro puiibTpa MOXKHO OTHECTU YCTOWYMBOCTH U
CPaBHUTEJIBHYIO TPOCTOTY pacuéra KoddhdunmeHToB. OTHAKO MTPEJIOKEH-
HBIl B CcTaThe METOJ[ PAcUeTa JOIMYCTUM TOJIBKO JIJIs pabOvero JIuamnaso-
na qactor He bosee 200 I'T'm. B 6osee mupokom muanazone PUX umeer
3HAYUTEILHOE OTKJIOHEHWE OT KBaJpPATUIHON (DYHKIMU, UTO CKA3bIBAET-
¢ Ha omubKe annpokcuManuu. B [7] 6bL1 ommcan MeTOJ, MO3BOJISIONIHI
MUHMMHU3UPOBATH 3Ty OIMIMOKY C COXPAHEHWEM BBIPDAXKEHUsl JJIsi Pacdyéra
K03 PUIMEHTOB B aHAJIUTHIECKOIT popme. Kpome Toro, Kak OyaeT moka-
3aHO Jlajiee, KOJIMIeCTBO KOI(MMHUIMEHTOB Y TAKOTO (DUIBTPA JOCTATOTHO
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Puc. 2. Hesmmneitnast vacte @UX na paccrosgaum 100 kM.

C-n

Puc. 3. Ctpykrypa HEpeKypCcHBHOTO DUIBTPA-KOPPEKTOPA.

BEJIMKO, 9TOOBI BOBHUKJIH CJIO?KHOCTH ¢ (bU3UYECKON peasm3anueil Ha 3Ha-
YUTENIbHBIX paccTosiHusx (6osee 500 Kkm).
AnbrepHaTHBOIl HEPEKYPCUBHOMY (DUIBTDY SIBJISIETCS] PEKYPCHBHBIIA.

2.2. CuHTe3 peKypCHUBHOTrO (pUIbTPA

Tak Kak B BeIpazkeHUn (2) MOJIyJIb IepeiaToIHoi GhyHKIMN paseH 1, Heob-
XOJUMO CKOMIIEHCHPOBATh TOJbKO HejmHeiiHocTh PUX. Takyro 3agauy
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JInHusa
TepMo-onTUUecknn 3anep)KKV| T AcuMMeTquHbm nMm3
dJaaonamaTenb S

C MMeTpMqulﬁ

3nb coenMHuTenb ™, \
<N _NM3

Puc. 4. Hepekypcusnsrit GuabTp Ha ocHOBe mHTepdepoMerpoB Maxa-3eHmepa.

crrocobeH BBITOJHATE (ha3oBblit huiabrp. Ero kosddunment mepegaqn:

. N .
e]wNT (1 + Zk:l CkejwkT)

N —jwkT
14> cke™
Paccunrars k03 pumenTsr peKypcuBHOTO (pa30BOro PUILTPA C MOYKHO,
peluB cucreMy JMHENHBIX ypaBHeHuil [8]:

K (jw) =

al 1 1
Z ¢k sin [kwiT + 2¢(w,»)] = —sin §¢(wi),
k=1

e w; — N TPaHWYHBIX YaCTOT-TIOAUHTEPBAJIOB, HA KOTOpbIe pa30UT WH-
TepBa [wy; wp], ¢(w;) — HemmueliHas gacte PUX Ha KaxKJIOH U3 YACTOT.

AnajinTUYecKoe peIleHne TAaHHON CHCTEMbI He BBLI3BIBACT IIPUHIIUIIN-
AJILHBIX TPYIHOCTEH, OHAKO MpHU OOJbmuX N 3a7ada MOXKET OKa3aThCsl
HEJIOIIYCTUMO TPOMO3JIKOM. [lo3TOMY B NMAHHOM CJly4ae HYKHO HCIIOJIB30-
BaTb 4YHUCJICHHbLIEC METO/IbI. 9TO IPpUBOAUT K HEBO3MOXKHOCTU BBIYUCJ/IATH
K03 durmenTs! GUIBTPa HEIOCPEIACTBEHHO U3 (OPMYJIbI, KAK B CIydae C
HEPEKyPCUBHBIM (BUIBTPOM. TeMm He MeHee, JTAHHYIO POy Py HeoOXO0 I H-
MO BBIIOJIHUTD JIUINb Pa3, IPU HAYAJILHON HACTPOiTKe DUIbTPA.

B unTerpanpHoil onTuke CymecTByeT HeCKOJIbKO CIOCODOB MOCTPOEHMUST
peKypcuBHBIX GUIBTPOB [6]. CaMbIM IIPOCTBIM SIBJISETCS II0CIIEI0BATE b
HOE COEJIMHEHUE KOJIBIEBBIX PE30HATOPOB, KaK MMOKa3aHo Ha puc. 5. B ka-
YECTBE HACTPAUBAEMBIX COCIUHUTENEH OOBIYHO UCIIOIB3YIOTCS CAMMETPIY-
uble naTepdepomerpnl Maxa-3enepa.

T'aBHBIM TIPEUMYIIECTBOM PEKYPCUBHOTO (DUIBTPa-KOPPEKTOPA, 10
CPABHEHUIO C HEPEKYPCHUBHBIM, sIBJISIETCSI CHIKEHHE OOIIero KOJUIeCTBa
3JIEMEHTOB 33 CYET COKDAINEHUs KoJmdecTBa KoddpduruenToB. B tadan-
e 1 mpuBemeHO 00IIee KOJIUMIECTBO KO(DDUIMEHTOB, KOTOpoe Tpebyer-
CsT JIUIST JIOCTHZKEHUST TOYHOCTH AIIIPOKCUMAINN KO3 DUIMEHTa [IepeIatn
(2) 1072 B mosoce 193.0..193.1 T'T'1 1j1st PEKYPCHBHOIO U HEPEKYPCHBHOIO
GUIBTPOB.

U3 HepocTaTkoB peKypPCUBHOTO (DUIBTPA MOXKHO OTMETUTH OTCYTCTBHE
VIOOHOM aHAJIUTUIECKOW POPMYJIBI JjIs pacdéra Ko3(hMOUINEHTOB U HEOO-
XOJIMMOCTD BBINIOJIHATH IPOBEPKY HA YCTOWYMBOCTD.
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/Cbasospau.l,aTenb

KonbLeBoi
pe3oHaTtop

~~ HacTtpaeBaeMmblit coeuHUTENb

Puc. 5. PexkypcuBHblit pUIbTp Ha OCHOBE KOJIBIIEBBIX PE30HATOPOB.

Tabymua 1
CpasHenne TpebyeMOro KOJandecTBa KO3 PUIIMEHTOB KOPPEKTOPOB

Paccrostnue, kM | N, HepekypcuBHbBIH | N, peKypCUBHbIH
10 101 10
50 201 38
100 321 7
200 461 162
500 1101 415
1000 2001 805

3. 3akirouyenune

AanTuBHAS KOMIIEHCAIMST XPOMATHIECKON JIUCIEPCUN B OITHYIECKOMN
00JIaCTU TO3BOJISIET CO3/1aBATH BBHICOKOCKOPOCTHBIE OINTUYECKNE CHCTEMbI
repeiadu, CIIocCOOHbIE PAOOTATDH B IITUPOKOM JTHAITA30HE YCJIOBUM, 1 OBICTPO
[IEPECTPAMBATHCS IIPU UX M3MeHeHnr. KTI0UeBbIM KOMIIOHEHTOM, TTO3BOJIs-
FOIIUM COBEPIIATDH JIAITUBHYIO MOJCTPONKY sIBJISIETCSI MHTEIPAJIbHBIN WH-
tepdepomerp Maxa-3eniepa. Ha ocHOBe Takux nHTEpdEpPOMETPOB, 8 TaK
JK€ MHTErpaJjibHBIX KOJIBIIEBBIX PE30HATOPOB, BO3MOXKHO CO3/1aTh KOPPEK-
Tupyoimue GUILTPHI, KOIPMUIUEHTH KOTOPBIX MOI'YT PACCUUTHIBATHCS
[0 TIPEJJIOXKEHHBIM MeTOJIaM. PeKypCUBHBII (Da30BbIil KOPPEKTOP UMEET
BBIUTPHIII B KOJTMIECTBE JIEMEHTOB 0OJIee UYeM B Ba Pa3a 10 CPABHEHUIO C
HEPEKYPCUBHBIM KOPPEKTOPOM. UTo jiesiaeT ero 60jiee npuBjeKaTe IbHBIM
JIJTsT HCIIOJIB30BAHUSI B ONITHYECKUX CHCTEMAX MEPEIatm.
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The increasing of transmission speed in optical fiber allows decreasing trans-
mission cost of one bit of information. But with growth of transmission speed in
optical communication line the efficacy of chromatic dispersion to signal grows
accordingly. The most promising method of dispersion compensation is the adap-
tive signal processing in optical area. Methods of synthesis of integrated adaptive
filters, which consist of Mach-Zehnder interferometers and ring resonators, are
considered in this article. Comparison of infinite impulse response filter and
finite impulse response filter by complexity of implementation is performed.

Keywords: adaptive filters, infinite impulse response filters, finite impulse
response filters, all-pass filter, Mach-Zehnder interferometer, ring resonator,
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Annoranusi. Jlok/a mocBsien KparkoMy 0030py HEKOTOPBIX BHJIOB aBTOKO-
JUpPOBIIUKOB (auto-encoders) ¢ WTIOCTPATUBHBIMY TIPUMEPAME MX TPUMEHEHHUST
JIJIsI TIOHUKEHUsT PA3MEPHOCTH JTAHHBIX.

KuroueBbie ciioBa: mamumuHOE 00yUeHne, HeIfPOHHBIE CETHU.

B mammHHOM 0O0yYeHUM W3BECTEH Psiji METOJOB JIMHEHHOTrO W HeJIu-
HEIHOro IOHMKEHUS PAa3MEPHOCTH JAHHBIX: B TOM UHUCJIE, METOJ, TJIAB-
ubix komioneHT (Principal Component Analysis, PCA), sinepubiii PCA,
t-Distributed Stochastic Neighbor Embedding (t-SNE) [1-3].

BumecTe ¢ pasBuTneM Teopun HEHPOHHBLIX ceTeii, MIIyOMHHOTO 00yJeHus
(deep learning) [4-6] ycuemno npuMeHsIOTCS ABTOKOMPOBIUKY [7—9]| 1151
HNOHMYKEHUsI PA3MEPHOCTH JIAHHBIX: HampuMmep, B crarbe [10] peus mzer o
cxarnn nzobpazkenuii. CyImecTByeT HECKOIBKO TUIIOB aBTOKO/INPOBIIMKOB:
paspsizkennble (sparse), crekosbie (stacked), Bapuanumonnbie (variational) u
T.21. VI3BECTHBI peanu3anun aBTOKOAMPOBITUKOB ¢ IPOrPAMMUPOBAHUEM Ha,
pasnu4HbIX si3bikax: or C++ mo Julia. Hanpumep, theanets [11] u Lasagne
[12] ¢ uporpammuposanuem na Python, mlpack [13] — ma C++.

B nmannom mokisaze o6CyKaaroTcess 0630pHO HEKOTOPbIE U3BECTHBIE aB-
TOKOJIMPOBIIUKY TTPUMEHUTEIHHO K TIOHUKEHUIO PA3MEPHOCTH JAHHBIX HA
IpUMepax.
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Abstract. In this paper, we present the review of existing and proposed pro-
gramming models for Internet of Things (IoT) applications. The requests by the
economy and the development of computer technologies (e.g., cloud-based mod-
els) have led to an increase in large-scale projects in the IoT area. The large-scale
IoT systems should be able to integrate diverse types of IoT devices, support
big data analytics. And, of course, they should be developed and updated at a
reasonable cost and within a reasonable time. Due to the complexity, scale and
diversity of IoT systems, programming for IoT applications is a great challenge.
And this challenge requires programming models and development systems at all
stages of development and for all aspects of IoT development. The first target
for this review is a set of existing and future educational programs in infor-
mation and communication technologies at universities, which, obviously, must
somehow respond to the demands of the development of IoT systems.

Keywords: internet of things, Smart Cities, streaming, sensor fusion, program-
ming, education.

1. Introduction

The Internet of Things (IoT) world is becoming an important direction
for technology development. In general, the IoT promotes a heightened
level of awareness about our world. IoT plays a basic role in many other
things. For example, IoT is a base for Smart Cities, etc.

ToT ecosystem is currently presented by multiple (sometimes - com-
peting) technologies and platforms. IoT platforms (at least, nowadays)
are varied across the vertical and horizontal segments of the markets. Of
course, it complicates and delays the development and deployment, makes
the support of IoT systems more expensive than it should be, etc. So, IoT
standards are highly demanded [1].

In the same time, it is a very competitive area. We cannot expect
that a general solution will be agreed upon by all players. Standards
proposals in IoT (and M2M) come from formal standards development
organizations (e.g., the European Telecommunications Institute - ETSI) or
non-formal groups (the Institute of Electrical and Electronics Engineers -
IEEE). Standards can target the connectivity for a particular set of devices
(e.g., Bluetooth Low Energy) or provide common application interfaces up
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to developers (e.g., oneM2M) [2]. In this paper, we would like to discuss
the common elements of IoT programming models and perform this review
from the perspective of educational programs.

The rest of the paper is organized as follows. In Section 2, we discuss
programming systems for IoT. In Section 3, we discuss data models, data
persistence, and processing.

2. IoT programming models

The choice of programming languages for IoT platforms does not de-
pend on a hardware platform. Also, new hardware platforms makes pro-
gramming embedded (nowadays - cyber-physical) systems easier. Even
more, the diversity in hardware platforms enhances the interest to the
platform independent on hardware.

Standards for the IoT could be classified as. downward-facing stan-
dards that establish connectivity with devices and upward-facing stan-
dards that provide common application interfaces up to end users and
application developers.

By our opinion, confirmed by the practical experience and academic
papers, the key moment for software development in telecom and related
areas (IoT is among them) is time to market indicator [3]. The main
question to any software standard is the generalization. Shall the standard
follow to the "all or nothing" model and covers all the areas of the life cycle?
In software standards, the excessive generalization (unification) could be
the biggest source of the problems. Actually, all the standards should make
its implementation by the most convenient way for developers. Because
only the developers are finally responsible for the putting new services in
place.

It is especially true for such areas as IoT or Smart Cities. The services
here are not finalized (and it is very probably that they could not be fi-
nalized at all). This means that we will constantly try (test) new services
and to refuse from the old ones. Naturally, this process needs to be fast
and inexpensive. As the next step, it means that the most of IoT appli-
cation could be described as mashups [4]. Mashups use data from several
data sources. On programming level, it should stimulate the interest in
scripting languages and to the systems for fast prototyping. In the modern
software architecture world, we can mention also micro-services approach
[5]. Of course, these directions should have an appropriate reflection in
educational programs.

Another direction, which is very close to mashups, actually, is so-called
Data-as-a-Service (DaaS) approach [6]. In its technical aspects, DaasS is an
information provision and distribution model in which data files (including
text, images, sounds, and videos) are made available to customers over a
network. The key moment is the separation for data and proceedings. It
lets delivery data (e.g., in some open format, like JSON), rather than some
API with the predefined model for data processing.
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The next significant visible trend is the growing interest to the dynamic
languages. And the perfect example here is JavaScript. We can mention
the following reasons for JavaScript in IoT applications [7]. At the first
hand, there is a big army of web developers. So, the entry level for pro-
gramming is low. Most of the Internet applications already use JavaScript.
JavaScript nowadays covers both server-side and client-side programming.
It could be useful to use the same language across the whole project. So,
it makes sense to extend the same standard platform to the Internet of
Things, communicating to a larger set of devices using the same language.

JavaScript has matured as a language and international standards cover
its extensions. JavaScript has a range of already existing libraries, plugins,
etc. And what is also important, there is a huge Open Source community
behind JavaScript.

Technically, this language has got a great support for event-driven apps.
The nature of IoT project is mostly associated with asynchronous commu-
nications. And event-driven models are the most suitable solution. In
JavaScript it is very easy to implement models, where an application can
receive and respond to events, then wait for a callback from each event that
notifies us once it is complete. It lets respond to events as they happen,
performing many tasks simultaneously as they come in.

Also, the recent development shows more and more direct involvement
JavaScript into data processing. Actually, the winning data format (JSON)
has its origin in JavaScript.

As a recent example of JavaScript in IoT, we can mention the develop-
ments from Samsung. Samsung Electronics recently opened the develop-
ment of ToT.js, a web-based Internet of Things (IoT) platform that con-
nects lightweight devices. Examples of lightweight devices include micro-
controllers or devices with only a few kilobytes of RAM available [8]. The
idea is to make all devices interoperable in the IoT space by enabling more
devices to be interoperable, from complex and sophisticated devices such as
home appliances, mobile devices, and televisions, to lightweight and small
devices such as lamps, thermometers, switches and sensors. The IoT.js
platform is comprised of a lightweight version of the JavaScript engine,
and a lightweight version of node.js. We think that JavaScript for IoT
world should be in educational programs. This is very important because
until now, this language is often seen as simple web pages scripting. But
it’s not for a long time already.

By the same reason, any attempt to replace JavaScript with the similar
idea of portability could be also interested in IoT programming. In this
connection, we should mention Dart programming language from Google
[9].

3. Data persistence and processing

It terms of the data processing in IoT applications, we should pay
attention in educational programs to the following two moments: sensor
fusion and streaming. There are different data mining and data science
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Figure 1. Sensor fusion [12]

approaches which are applicable to IoT. And of course, they should be a
subject of the separate courses for statistics, machine learning, etc. For
example, in many cases, IoT (Smart City) measurements are time series.
Of course, it should be a subject of a separate course among other data-
mining techniques [10].

But one moment is important, in our opinion, and should be discussed
separately for IoT applications. It is sensor fusion. Sensor fusion is com-
bining of sensory data or data derived from disparate sources such that
the resulting information has less uncertainty than would be possible when
these sources were used individually [11]. It is illustrated in Figure 1.

here are many ways of fusing sensors into one stream. FEach sensor
has its own strengths and weaknesses. The idea of sensor fusion is to take
readings from each sensor and provide a more useful result which combines
the strengths of each. Actually, such a fusion is the main idea for all IoT
and Smart City projects, related to some measurements. The next big
issue for IoT data processing is streaming. By our opinion, it is a key
technology in data acquisition and proceeding for Smart Cities and IoT.

There are many tasks in IoT with the requirements for real-time (or
near real-time) processing. In this case, the common use case is associated
with some messaging bus. And it is very important to present the software
architectures associated with streaming. At the first hand, it is so-called
Lambda Architecture [13]. Originally, the Lambda Architecture is an ap-
proach to building stream processing applications on top of MapReduce
and Storm or similar systems (Figure 2). Currently, we should link it to
Spark and Spark streaming too [14].

The main idea behind this schema is the fact that an immutable se-
quence of source data is captured and fed into a batch system and a stream
processing system in parallel. Of course, the negative impact of this de-
cision is the need to implement business logic twice, once in the batch
system and once in the stream processing system.
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The Lambda Architecture targets applications built around complex
asynchronous transformations that need to run with low latency. One
proposed approach to fixing this is to have a language or framework that
abstracts over both the real-time and batch framework [16].

Another solution here is so-called Kappa architecture [17]. The Kappa
architecture simplifies the Lambda architecture by removing the batch
layer and replacing it with a streaming layer (Figure 3).

With Kappa, everything in the system is a stream. All batch operations
become a subset of streaming operations. Data source (raw data) is per-
sisted and views are derived. Of course, a state can always be recomputed
where the initial record is never changed. This feature lets us support re-
play functionality. Computations and results can evolve by replaying the
historical data from a stream. With Kappa, only a single analytics engine
is required. It means that code is considerably reduced. Also maintenance
and upgrades are cheaper.

The hearth for such implementations is a scalable, distributed messag-
ing system with events ordering and at-least-once delivery guarantees. At
this moment, it is almost always Kafka system [18].

Apache Kafka is a distributed publish-subscribe messaging system. It is
designed to provide high throughput persistent scalable messaging. Kafka
allows parallel data loads into Hadoop. Its features include the use of
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compression to optimize performance and mirroring to improve availability,
scalability. Kafka is optimized for multiple-cluster scenarios In general,
publish-subscribe architecture is the most suitable approach for mostly
asynchronous measurements in IoT.

As per Kafka’s semantics, when publishing a message, developers have
a notion of the message being "committed" to the log. Once a published
message is committed, it will not be lost. Kafka is distributed system, so
messages are replicated to partitions. For message commit, at least one
replicating broker should be alive.

Kafka guarantees at-least-once delivery by default. It also allows the
user to implement at most once delivery by disabling retries on the pro-
ducer and committing its offset prior to processing a batch of messages.
Exactly-once delivery requires co-operation with the destination storage
system (it is some sort of two-phase commit).

In connection with Kafka, we should highlight Apache Spark [19].
Apache Spark is an open-source cluster computing framework for big data
processing. It has emerged as the next generation big data processing en-
gine, overtaking Hadoop MapReduce. Apache Spark provides a compre-
hensive, unified framework to manage big data processing requirements
with a variety of diverse data sets (text data, graph data, etc) and data
sources (batch data and real-time streaming data). Spark enables appli-
cations in Hadoop clusters to run up to 100 times faster in memory and
10 times faster even when running on disk. Spark lets developers write
applications in Java, Scala, or Python using a built-in set of high-level
operators. In addition to MapReduce operations, Apache Spark supports
SQL queries, streaming data, graph data processing, and machine learn-
ing. Developers can use these capabilities stand-alone or combine them to
run in a single data pipeline use case.

Another model is the recently introduced Kafka Streams. Kafka models
a stream as a log, that is, a never-ending sequence of key/value pairs.
Kafka Streams is a library for building streaming applications, specifically
applications that transform input Kafka topics into output Kafka topics
(or calls to external services, or updates to databases, or whatever). It lets
you do this with concise code in a way that is distributed and fault-tolerant
[20].

The above-mentioned models describe the modern view of the building
IoT systems from the position of data architecture. A review for some
IoT and/or Smart Cities related program (of course, we target technology
only) presented in [21], for example.
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Abstract. We review the queuing system, the input of which is supplied with
the Poisson process of priority customers and N number of the Poisson processes
of non-priority customers. Durations of service for both priority and non-priority
customers have a distribution functions of A(x) and By (z) for applications from
priority flow and for customers from n flow (n = 1...N) respectively. By using
methods of systems with server vacations and asymptotic analysis in conditions
of a large load we have found the asymptotic probability distribution of values
of virtual time of waiting for non-priority applications. It is shown that this
distribution is exponential.

Keywords: ciclic queueing system with server vacations,priority customers, as-
ymptotic analysis, exponential distribution.

1. Introduction

A ciclic queueing systems with priority customers mathematical mod-
els of telecommunication systems, which are pretty common in practice
[1].Method of research of such systems is her decomposition and research
of system with server vacations. In real systems "vacations" are considered
as a temporal suspension of service either for device other applications or
for its breakdown or repair [2].

2. Main section

Let’s review the queuing system with one service device, the input of
which is supplied with the Poisson process of priority information with the
intensity of 7 and a N number of the Poisson processes of non-priority
information with the intensity of A,, where n = 1, N [3]. The flows of
non-priority customers will be called A,-flows, and the flow of priority
information will be called 7-flow. Let’s assume that the intensity of a 7-
flow is substantially lower than the total intensity of A,,-flows. Applications
of each \,-flow form a queue with an unlimited number of waiting seats.

Device visits queues in a cyclic order, starting from a first queue and
finishing with the IV, then the cycle repeats. Duration of a visit is ran-
dom and has the distribution function of T},(z). During that time device
receives customers of a \,-flow for service, duration of which has the dis-
tribution function of B, (z). If there are no customers in the queue when
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device addresses it or if device has already serviced all applications in the
queue, device is still addressing the queue till the end of a visit, duration
of which is determined by the distribution function of T, (x).

7-flow customers form their queue with an unlimited number of wait-
ing seats as well. If the system receives an application from a 7-flow,
device stops the service of a common application and instantly starts ser-
vicing priority customers for a time, duration of which is distributed by
the function of A(z). Upon finishing the service of a priority customer
device resumes the service of non-priority customers. If during a service
of a priority customer device receives another priority application device
services all priority application and only then returns to the queue of a
non-priority customers and resumes servicing them.

Cyclic system research method is it’s decomposition and the research
of a system with server vacations. Let’s review the queuing system with
one service device and two queues with an unlimited number of waiting
seats. The system receives a Poisson process of priority customers with
the intensity of 7 (7-flow) and a Poisson process of non-priority customers
with the intensity of A (A-flow).

The system functions in cyclic mode, the cycle of which consists of
two consecutive intervals. During the first interval customers of a A-flow
are serviced at the device. If there are no customers in the queue at the
start of an interval or if device has serviced all customers that were in the
queue during that interval, device still remains in this mode, waiting for
customers to come. At the end of an interval device goes on a "vacation"
during a second interval of the said cycle. Customers of a A-flow that
were received during a vacation are accumulating in the queue and wait
till device returns to servicing them [4].

Let’s assume that durations of these intervals are random and are de-
termined by distribution functions of T} (z) and T»(z) respectively. During
the first interval device services customers for a random time with a dis-
tribution function of B(x). If a server vacation interrupted the service of
a common application then after vacation device resumes the service of
this application. When the system receives priority customers of a 7-flow,
then regardless of where the device previously was (in a service mode or
on a vacation) it starts servicing priority customers for duration of time,
that has distribution function of A(x). After a device has serviced all pri-
ority customers it either resumes the service of non-priority application or
returns to a vacation.

In order to research the waiting time in systems with server vacations
we have to find the characteristic function and the probability distribution
of value V (t) of an unfinished work on servicing all non-priority customers
that were in a system at the time ¢. Let’s denote

V(t) the volume of work on servicing all non-priority customers that
were in a system at the time t.

Y (t) — the volume of work on servicing all priority customers that
were in a system at time t.
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k(t) — device status: 1 —device is available for A-flow applications
, 2 —device is on a vacation, 3 —device is servicing priority customers,
having interrupted the interval of being available for a common information
(Ist device status), 4 —device is servicing priority information, having
interrupted a vacation.

z(t) — the remaining time of a vacation or servicing priority informa-
tion.

Let’s review the Markov process {V (¢),Y (¢), k(t), 2(t) } and set up a di-
rect system of Kolmogorov differential equations for a following probability
distribution:

Py(v,z,t) = P{V(t) <v,k(t) =k, 2(t) < z},k =1,2,
Pu(v,y.2,8) = PV (£) < 0, Y () < g, k(t) = k, 2(t) < 2}, k = 3,4.
Let’s assume that a system functions in a stationary mode, then:

—(A+71)Pi(v,2) + )\/B(v —z)dPy(x,z) +
0
OP;(v,0,2)  OPi(v,z) OPi(v,z) 0Pi(v,0)
+ oy + v * 0z 0z

—(A+7) Py(v1,2) + )\/B(v —x)dPy(x,z) +
0

+8P4(11,0,z) . OPy(v,2)  O0P2(v,0)

y 0z 0z

- ()‘ + T) P3(Ua Y, Z)+

6P2 (’U7 0)
0

:O7

v Yy
+/\/B(v —x)dPs(x,y,2) + T/A(y —x)dPs(v,z,2)+
0 0

+ 6P3(’Uayaz) _ 6P3(Ua072)

+Pi(v,2)A(y)T oy a9y =0,
— (A +7) Pi(v,y, 2)+
v y
+)\/B(y —x)dPy(x,y,2) + T/A(y —2)dPy(v,z,2)+
0 0
+Py(v, 2)A(y)T + OPuv.y,2) OA(v,0.2) _ 0.

Jy dy
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Let’s introduce functions

[ee]

Hy(u,z) = /eﬂ“’dpk(v,z), k=12,
0
Hy(u,y,z2) = /e_“”de(v,y7z),k = 3,4,
0

for which we will rewrite a system of Kolmogorov equations in a following
form:

MB(u) — (AN +7) +u] Hy(u,z) —uPy(0,2)+
+8Hf9(zu,0)T1(z) + 8H3g2,07z) + (')Hla(zu,z) _ 0H1(u,0) _ 0,

0z
[AB(u) — (A +7)] Ha(u, 2)+
+8H19(:’0)T2(Z) + 8H4g;,07z) + (')Hz:a(zu,z) . 6H%(Zu,0) =0,

[)‘B(u) - ()‘ + T)] H3(’U,, Y, Z) + Hl (u7 Z>A<y)T+
_ OH3(u,0,z) __

- foy Aly — 2)dHs(u, 2, 2) + BHB(BZ% = dy =0,

AB(u) — (A + 7)] Ha(u,y, 2) + Ha(u,2)A(y)T+

(1)

r foy Aly — z)dHy(u,x, 2) + 8H4(31;’y’z) 0H4<(91;0 = =0
Here
) o P
0 0
/e—uvd /B(U — x)de(x7y,Z) = B(U)Hk(u7y7z).
0 0

Py (0, z) is probability of situation where device stays in the service
mode, and there are no customers in the system [5]. Let’s make changes
in the third and the fourth equations of a system (1)

HB(uv Y, Z) = Hl (u7 Z)HS(uv y)a H4(’U,7 Y, Z) = HQ(U, Z)H4(U7 y)a

AB(u) — (A +7)] H3(u,y) + A(y) T+
+7 fo Hi(u,y — x2)dA(z) + 3H36(;,y) B aH%(u,O) _o,
(A +

Y
[(AB(u) — 7)] Hy(u,y) + A(y) T+
+ 3 Ha(u,y — w)dA(x) + 2w — 2000 — g,

(2)
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Let’s take a Laplace-Stieltjes transform of the equations of system (2),
by denoting:

Gr(u,v) = /e_y”de(u,y),a(U) = /e_y”dA(y),
0 0

Then we have:

{ AB(u) — (A +7) + Ta(v) +v] G3 a(v)r — QH%(yu,O) —0.
MBu) — (A +7) + Ta(v) + v] G4(u,y) + a(v)T 8H?3(: 0 _

Solution of the last system exists for v = v(u) when

[AB(u) — (A +7) + Ta(v) + v] = 0.

Then
v(u) = (A+7) = AB(u) — Tor(v(w)). (3)
We have OHy(u.0)  OH,(u.0)
3 U, o 4\U, _
a9 = oy = a(v)T.
Now let’s make changes in the first and the second equations of a system
(1)
8H3(u7072) _ 8H4(U,0,Z) _
8y - Oz(U)THl(’U,,Z), 8y - OZ(U)THQ(’U,7Z),
we’ll get
MB(u) — (AN +7) +u] Hy(u,z) —uPy(0,2)+
0H5(u,0) OHi(u,z)  O0Hi(u,0)
Jriaz T1(z) + a(v)THi(u, 2) + 9, 9, =0,
AB(u) — (A +7)] Ha(u, 2)+
0H;(u,0) OHs(u,z)  OH3(u,0)
+782 To(z) + a(v)THa(u, 2) + 9 - 2 =0.

Considering that (3), we can write down this

[—v(u) + u] Hy(u, z) — uPy (0, 2)+
+8H2(u70)T1(Z) + aH}j(zmz) . 8H19(u70) _ 07 (4)

0z z
—o(w)Hy(u, z) + HOTy (z) 4 2Hes)  SHul) — g,
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The last system will be solved by using a method of asymptotic analysis
in conditions of a large load [6]- [7]. Let’s denote S — the bandwidth value
of a system with vacations, b — first moment of a random value, which is
determined by a function of servicing time of non-priority customer B(x), &
— is a small positive parameter, which in theoretical research is considered
to be e — 0. Let’s make changes in the system (4) of equations .

A =10-¢)S/b,u=ecw,P1(0,z) = em(ze).
Hk(U,Z) = Fk(UJ,Z,E),Hk(U,y,Z) = Fk(w,y,Z,f‘:),
S is the system’s load. It’s value will be found below. We'll get
[—v(ew) + ew] F1(w, 2,€) — 2wy (z,€)+
+8Fg(@u;,0,6) Tl(Z) + aFl(au;,z,e) - 8F1(au;,0,s) -0, (5)

—v(ew)Fy(w, z,€)+

+0F1(au;7076) To(2) + 6F2(811;,z78) _ 6‘F2(8u:0,€) =0.

Theorem 1.The limit value for ¢ - 0 Fip(w) = Fji(w, co0) solu-
tions Fy(w, z, €) of the system (5) has the following form

Frp(w,z) = Ri(2)®(w),

where S = T1§T2 (1-r7a),

{ Ry = Ri(00) = 757 (1 —7a) = 8,

Ry = Ra(o0) = le—ETz (1-7a)=1-8—ra.

S~

Asymptotic characteristic function ®(w) = is a Laplace-Stieltjes

- Sytw
transform of an exponentially distributed random function with the pa-
rameter of 7y type.

Here
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b and by - are the starting moments of a first and second orders of time
of a service of non-priority customer, a and as — are the starting mo-

ments of a first and second orders of time of a service of priority customer.
o0

J (1 = Ty(x))dx = Ty is the average time of staying in the corresponding
0

mode. T}gz) is the second initial moment of the time of device’s staying in
mode k. Let’s find an asymptotic function of volume of work on servicing
all customers

(5 —Ab)y

ENCEPUEET)

3. Conclusions

The found function and an exponential probability

distribution of a value of an unfinished work V(¢) let us perform re-
search of a virtual time of waiting in cyclic systems by reviewing models
with vacations once again.
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Abstract. The problem of sequential transient change detection is considered
in the paper. The original contribution of this paper is twofold : first, a mixed
count/continuous statistical model with abrupt changes is considered in the pa-
per; second, a new sequential test for such a mixed count/continuous statistical
model is designed and studied. The theoretical findings are applied to the prob-
lem of cyber-physical attack detection.

Keywords: Mixed count and continuous random data, Sequential change de-
tection, Minimax criterion, Cyber-physical attacks, Cyber-physical systems.

1. Introduction and motivation

The problem of cyber-physical systems security is of great importance
nowadays. A typical distributed cyber-physical system (networked control
systems, SCADA, etc.) is composed of several physical and cyber layers.
These layers are connected by different computer networks (WAN, LAN,
VPN, etc.) The recent studies have established that the cyber-physical
systems are vulnerable to cyber-physical attacks, when both, physical and
cyber, components are sabotaged by attackers (see for details [1]).

A typical feature of cyber-physical systems is the presence of mixed
count and continuous parallel data flows. The count data represent the
number of events N(t) occurring during a fixed time interval (0,t] (for
example, the number of requests per second). The data with continuous
state space describe the physical parameters {X;};>1 like temperature,
pressure, position/speed, etc., usually in discrete time ¢ = 1,2,.... The
theory and tests for sequential detection are well-developed for the obser-
vations with continuous state space and for the observations with discrete
states (also for some types of point processes). To the best of our knowl-
edge, the theory of sequential detection is practically not developed for the
case of mixed count/continuous statistical models with abrupt changes.

2. Sequential detection of transient changes

Let v be the number of the first post-change observation. It is assumed
that the changepoint v is unknown and not necessarily random. Let P; and
Ej denote the probability measure of {X;},;>1 and its expectation when
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v =k and let P, and E., denote the same when v = oo, i.e., there is no
change. This means that X; ~ Pq for every ¢t < v and X; ~ Py for every
t > v under the measure P, and X; ~ Pg for every ¢t > 1 under the measure
Pw. A sequential change detection test consists in calculating the stopping
time 7' at which the change-point v is detected. In the classical abrupt
change detection, the post-change period is assumed to be infinitely long.
The conventional (Shiryaev-type, Lorden-type and Pollak-type) criteria of
optimality involve the minimization of the average detection delay for a
given value of false alarms (see details in [2]). For instance, the minimax
Lorden-type criterion of optimality based on the minimization of the worst-
worst-case average detection delay (ADD) is given by [3] :

inf {ESADD(T) = supesssupE,[(T — v + 1)+|}",,]} (1)
TeC, v>1

over the class
C, = {T: En(T) > 7}

of stopping times T'.

Unfortunately, such criteria of optimality (like (1)) are not adequate
for the detection of transient changes of duration L (i.e., the changes of
short duration) because the detection of changes after their disappearance
or with the detection delay greater than a prescribed value L is considered
as missed. Moreover, for the safety-critical applications, it is no matter if
the true duration of the post-change period is greater than L. The changes
should be detected with the delay which satisfies the following condition
T —v+1 < L due to safety requirements. The penalty function related to
the detection delay is quite nonlinear.

The conventional (Shiryaev-type, Lorden-type or Pollak-type) criterion
warranties that some large detection delays can be compensated with some
short detection delays and, hence, the (worst-worst-case) mean detection
delay will be optimal. In safety-critical applications, such philosophy does
not work : a detection delay greater than L cannot be compensated with
a detection delay shorter than L.

Motivated by safety-critical applications, we use through this paper the
criterion of optimality introduced in [4,5], which involves the minimization
of the worst-case conditional probability of missed detection (under the
assumption that no change occurs during the “preheating” period (i.e. it
is assumed that v > L))

inf {Pmd (T;L) =supP, (T —v+1>L|IT > V)} (2)
TeCq v>L

over the class

(Ca:{T P (T;m)=supPy ({ < T <l +m — 1)§a},
>L
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where P,., denotes the worst-case probability of missed detection and Py,
stands for the worst-case probability of false alarm within any time window
of length m.

3. Main results

Let us formalize the transient change detection problem considered in
this paper as follows. We sequentially observe n. parallel independent se-
quences {X; ;};>1 of random variables (also independent) with absolutely
continuous distributions F;, ¢ = 1,...,n.. We also sequentially observe
ng parallel sequences {N; ;};>1 of independent random variables with dis-
crete distributions P;, i = 1,...,n4. Therefore, the generative model of
the continuous distributions with transient changes is given by :

X, ~ F'L',O if 1<t<v
o F, if v<t<v+IL-1

where F; g is the parameterized cumulative distribution function during
the transient change period L and (6;1,...,6; 1) is the set of known pa-
rameters defining the dynamic profile of the transient change. Without
loss of generality, it is assumed that the pre-change parameter is ;9 = 0.
Hence, the pre-change cumulative distribution function is denoted by F; o.

Analogously, the generative model of the discrete distributions with
transient changes is given by :

Pi,O if 1<t<v
Nig ~ )
P, if v<t<v+L-1

where P; g is the parameterized probability mass function of the discrete
random variable IV, ;.

The motivation and rationalities of the Window Limited (WL) CUSUM
test as a solution to the transient change detection problem can be found
in [4,5]. Let us first consider that the pre-change density is fy and the
post-change density is fy. Because the conventional CUSUM test can be
interpreted as a set of parallel open-ended sequential probability ratio tests
(SPRTs), which are activated at each time n with the upper threshold h
and the lower threshold —oo [2] :

79t—1/+1

Ot—vt1

T — min{n > k: S} > h} Sn— o fo( t7
g { oo if no such n exists F tZ; ng(Xt)

where k = 1,2,..., the stopping time Tg is defined as
Tes =inf{Ty | k=1,2,...}. (3)
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The rationality of the WL CUSUM test is due to the fact that any
detection with a delay greater than L is considered as missed. Hence, the
WL CUSUM test uses at each moment only L last observations. To get
a more general stopping time, we consider now the following definition of
the truncated SPRT with the upper variable threshold hq,...,hr, and the
lower threshold —oo

T, = min{k <n<k+L—-1:S>hy,_k41}
oo if no such n exists ’

n f97k+1’X) _
sy = 21 %) L k=1,2,.

Putting together the above mentioned equations, we get the stopping time
of the Variable Threshold Window Limited CUmulative SUM (VTWL
CUSUM) test :

Tyrw: = inf {n >L: 1I§nka§xL [Sﬁ_lﬁ_l - hk] > 0} )
- for it (Xt)
5127 — lOg $.
v =2 e

Let us consider the time instant n. Considering the parallel truncated
SPRTs 11, T5, ..., T,, we get a set of stopping times. All these tests, con-
sequently activated at each time m, 1 < m < n, accumulate the statistics
in the “direct’” time. Say, the test activated at time m calculates the
log-likelihood ratios (LLR) Sm, Sm+1 Sm+2" . From a practical point
of view, it is more convenient to consider the on-line detection algorithm
in the “inverse” time, i.e., to re-write equations (3) and (4) for a sliding
window [n — L + 1;n]. In the other words, the procedure of observation is
stopped and a transient change is declared at the first time instant n when
Sy _je1 = hy, for some k such that 1 < k < L. These LLRs S}_, | | are cal-

n—
culated by using the replicas of the profile : (61,...,0y1), (61,...,0L-1),.
(A1) in the sliding window [n — L 4 1;n].

The originality of this paper with respect to previous publications is
the parallel processing several mixed continuous-discrete data flows. The
following results will be presented at the conference and in the extended
version of the paper.

1. The design of the VTWL CUSUM test for the mixed

count/continuous statistical model.  In this case the LLR is
given by
n
. fibioa 0y (Nit)
Staem 3 Sl $ St feonli)
l l Z

t=n—k+1 i=1 t=n—k+1 i=1
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The main problem with respect to the previously published results is
the co-existence of parallel continuous and discrete data flows. Hence,
it is necessary to study the LLR as a function of continuous state
space data, represented by {X;};>1 and discrete (countable) data,
represented by the number of events {N;};>1 per sampling period
and to define its statistical properties.

2. The calculation of the error probabilities, i.e., the worst-case proba-
bility of missed detection P;, and the worst case probability of false
alarm P, for the proposed VIWL CUSUM test.

3. The optimization of the VIWL CUSUM test with respect to criterion

2).
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AHanu3 pa3BuUTHSA COBPEMEHHBIX YCJIYT CBA3U U UX
BJIMSHUE HA mepepacnpejiejieHue Tpaduka
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t Kaedpa npozpammmots unotcemepuu i 8uucAumenssoti mesnuKy,
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Canxm-Ilemepbype, Poccus, 193232

AnHoTamusa. . B pabore paccMOTpeHBI Pe3yJIbTATHI MCCJIEIOBAHUST COBPEMEH-
HBIX YCJIYT' CBSI3U, PACCMOTPEHBI TEHIECHIIMKA PA3BUTHUS HOBBIX YCJIYT, BIUSIOIINE
Ha mepepaciipe/iesienre aboHeHTCKOro Tpaduka. OupeneseHbl OCHOBHBIE TPO6JTe-
MBI, CBsI3aHHBIE C 9TUM IporeccoM. CTaTbs COJEPKUT: aHAJIN3 TEHJIEHIUN pa3-
BUTHUA HOBBIX yciayT, Takux kak OTT yciyru mocryna K BugeokoHtenty, VolP,
conpajbHbIe CETH, YCJIYT'W JOIIOJIHEHHOM PeajIbHOCTH, AHAJIHM3 M IIPOTHO3 M3Me-
HEHUsI 9HCJIa I0Jb30BaTeseil 1 Tpaduka HOBBIX YCIyT, aHAJM3 IpobJseM mepe-
pacupejiesienusi Tpaduka, TPUBOIUTCSA MOJENb Tepepacipeieienns: Tpaduka,
MIOCTPOEHHAsT HA OCHOBE MPOTHO30B M3MEHEHWsI UMUCIEHHOCTH TOJIL30BaTes el 1
COOTHOIIIEHUS T[eHa /KauecTBO YCIyT. [IpuBeIeHbl DE3YJIbTATH AHAJIN3a PASBUTHS
TEXHOJIOTHI CBA3M, TEHCHINI pa3BUTUsI ADOHEHTCKUX YCTPOMCTB M KIUEHTCKIX
NPUJIOYKEHUI, BIUSHUS DA3BUTHUs YCIYD Ha IlepepacipejiesieHne abOHEHTCKOTO
Tpaduka. Bburta BeiOpaHa MOEIb aOOHEHTCKOIO TpadUKa € yIeTOM pPa3BUTHS
yeayr. CdhopMupoBaH 1peIBapUTEIbLHBIN IPOrHO3 U3MeHeHnsT TpaduKa.

KirroueBble cjioBa: TeJIEKOMMYHHMKAIMHU, CETh, Iepepacipeiesenne Tpaduka,
JaHHBbIE, YCIYTH, CBA3b, IPOBaliep, HOJIb30BATE/b, HAJIOXKEHHBIE CEDBUCHI.

1. Bsenenune

Opimoit n3 HanboJlee IMHAMUYHO PA3BUBAIOIINXCS OTPAC/ell COBPEMEH-
HOCTU $IBJIIE€TCS CBsA3b. TeIEKOMMYHUKAINY, THMOPMAIINOHHBIE U HHTEP-
HET TEXHOJIOTMH — cdepa AesaTeTbHOCTH, KOTOpas IOJBEPXKEHA KapiIu-
HaJILHBIM, CTPEMUTEbLHBIM U HEIIPEPBIBHBIM U3MeHeHusiM. Ha HavabHOM
JTare pa3BUTUs TEJIEKOMMYHUKAIIMOHHBIH PHIHOK OBLI TOJTHOCTHIO MOHOIIO-
JIN3UPOBAH BO BCeX cTpaHax. /ledaTeslbHOCTH B 9TO# 001aCTH, OCYIIECTBIIs-
Jla, KaK IIPABUJIO, eJIMHAas TOCYJapCTBEHHAs] KOMITAHUSI. JBOJIIOINsT UHGO-
KOMMYHUKAIIMOHHBIX TEXHOJIOIWil IIpUBeJia K PACHIUPEHNIO BO3MOXKHOCTE
110 peau3aliy TP TUIIMOHHBIX, & TAKKE K ITOBJIEHUIO HOBBIX YCJIYT CBA3U.
IloBbImieHne ypoBHSI PA3BUTHUS TEXHUYIECKON 0a3bl CO3/IAET IPEITOCHIIKN
K PA3BUTHUIO HOBBIX CIIOCOOOB IMIPEIOCTABJIEHUS YCIYT CBSI3H, I10 STON IPHU-
qUHEe TTPOUCXOINT TI€PepacIpeiesieHne aDOHEHTCKOTO TpaduKa.
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2. OcHoBHasI 4acThb

B nacrosiiee BpeMsi, TOBOPsT O TEXHOJIOTUSIX CBSI3W, IPUHSITO BBLIEIATH
HECKOJIBKO MOoKojieHnil. K mepBoMy IMOKOJIEHUS] OTHOCAT aHAJIOIOBBIE CUCTE-
MBI, JEeHCTBYIOIIE B IIPeJiejiaX OJHOW CTPAHBI, B paMKaxX HAIIMOHAJIBHBIX
IPAHUI], 9TO TPUBOJUIIO K HECOBMECTUMOCTH TaKMX cereif. Bropoe mokoJie-
HU€ COCTABJISIOT CACTEMBbI, OXBATHIBAIOIINE OTIEIbHBIE PETHOHBI 36MHOIO
mapa. JlaHHBI Ieproj XapaKTepu3yeTcsi ITOBCEMECTHBIM PaCIpOCTPaHe-
HUEM CHCTEM BTOPOTO TIOKOJIEHUsI, PACIIUPEHUEM CIIEKTPa MPEIOCTABIIsIC-
MBIX YCJIyT, Ilepejiada JaHHbBIX, HanboJiee pacipoCTPaHEHHBIM CTAHIAPTOM,
UMeIIUM HeObIBaJIbIil yerex, craj crasgapr GSM. Orpommslii cripoc B
MUpE Ha YCJIYTH MOJBUXKHON CBSI3U U YCIIEXW B PA3BUTHHU TEXHOJOIUU Pa-
Juonepeaadn, obecreunBIme HAAEXKHYIO0 CBSA3b C BBICOKUMU CKOPOCTSIMH,
MIPUBEIN K CO3JIAHUIO CHCTEM TpeThero mokojenwus. lIporece rimobasmsa-
U MOOWJIBHOM CBSI3U MIPU3BAH 3aBEPIIUTH CUCTEMbBI TPETHErO MOKOJICHMUS.
Haugajyiom paboT Haj YeTBepTHIM IIOKOJEHHEM MOXKHO CUHMTATH CEMUHAD
[0 Pa3BUTHUIO CETH PaJIMOJIOCTYIIA, KOTOPBIA mnpomies B Kanaje B HOSA0-
pe 2004 roma. imenuo tam 6butr chOPMUPOBAHBI OCHOBHBIE HAIIPABJICHUS
pa3BUTHs CeTell YeTBepPTOro IOKOJIEHNs: CHUKEHNE CTOUMOCTHU IIepe/iadn
6uta nHGOPMAINH, PACIINPEHIE CIIEKTPA MPEJIOCTABIISIEMbBIX YCIYT, YIIPO-
[EHHAsT APXUTEKTYPA U OTKPBIThIE nHTepdeiichl. Onepexkaromiee pa3BuTue
TeJIEKOMMYHUKAIUI sIBJISIeTCs] HEOOXOIMMBIM YCJIOBUEM JIJIsI CO3IaHUS] WH-
bpacTpyKTyphl OM3HECA W BaKHBIM (PAKTOPOM IMOAbHEMA HAIMOHAJIBLHOMN
9KOHOMUKU, POCTa JIEJOBON U MHTEJIEKTYAJbHON aKTUBHOCTH ODIIECTBA,
YKPEIJIEHUsI aBTOPUTETa CTPAHBI B MEXKJIyHAPOIHOM COODIIECTBE. DTAIlbI
PA3BUTHsS OTPACH CBSI3U MOXKHO IPEJCTABAUTHL B BUJE TPEX ILIAT(OOPM.
IlepBasi crponTcs Ha Oa3e yHUBEPCAJBHBIX CEPBEPOB U TEPMHUHAJIOB, HA
KOTODPBIX pabOTaJI0 OTPOMHOE KOJMIECTBO ITPUJIOKEHUN U TIOJIh30BaTeel;
OCHOBAaHHUE BTOPOIl 00pa3yioT TPaJUIMOHHBIE TEPCOHAJBHBIE YCTPONCTBA,
cerb lHTEpHET, apXUTEKTypa KJINEHT-CEPBEP U COTHU THICSY ITPUJIOYKEHMIA;
MOCJIETHSIST — TPeThs MIaTdOpMa OIMPAETCs HA CTPEMUTEIHLHO PACTYIIee
KOJIMYECTBO HEIPEPBIBHO TOJK/IIOYEHHBIX K ceT VIHTepHeT nepCOHATHLHBIX
YCTPOUCTB, IIOCTOSTHHOE IITUPOKOE UCIIOIb30BAHNE COIUAIBLHBIX CETE, a Tak
JKe Ha Pa3BUTYIO 0OJIATHYI0 HHMPACTPYKTYPY, KOTOPast TPUMEHSIETCS JIJTst
pelleHns KOMILJIEKCHBIX 3aiad. [liardopmbl sBosmonuy peiaKa nHMOpMa-
[IMOHHBIX TEXHOJIOTHIl ITpeJicTaBjieHbl Ha Puc. 1.

[oBbimierre ypoBHS pa3BUTUSI TEXHUIECKON Oa3bl U PACIIUDEHHE BO3-
MOXKHOCTEI CeTH M PA3BUTHE PBIHKA TEJEKOMMYHUKAIIMOHHBIX TEXHOJIOTU
[IPUBOJUT K YBEJIMYEHUIO BO3MOXKHOCTEH 110 peajim3alluu YCIyr CBsI3U H,
KaK CJIEeJICTBHE BeJeT 3a coDOil yBeJndeHrne 9rc/ia MpOBaliIepoB, CIoco0-
HBIX [IPEJIOCTABATH HEOOXOIUMBIE YCJIYTH CBSI3U TOCPEICTBOM HAJIOKEHHBIX
(OTT) cepsucos. IIpu cozpannun OTT ceprrcos nposaiinep yciyru opra-
HU3YET CEpBEPHYIO YacTh, COMpsiras ee CeThI0 CB3M, a TaKKe pa3pabda-
TBHIBAET KJIMEHTCKUE MPUJIOXKEHUS, PeaU3yIOIINe JIOCTYIT TOJb30BaTe s K
yeayre[l]. OnepaTopsl ¢Bsi3u He MOTYT KaK-JIMOO OIPAHMYIMBATEH JOCTYII
CBOMX aDOHEHTOB K yCJyTaM-3aMEHHUTENsIM, 3TO 3HAUHUT, YTO B IMOJTOOHBIX
YCJIOBUSIX JIESITEJIBHOCTh OIIEePaTOPOB HA PHIHKE OKA3aHWS YCJIyT CBSA3U Ha-
YUHAET CyKaTbCsl JI0 POJIN, IIPH KOTOPOH OHU 00ECIIEUYNBAIOT JIUIIIh JIOCTYII
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Puc. 1. Ilnardopmsr sBomonuu poiaka 1T

abOHEHTOB K HEOOXOAMMBIM ycjyraM. VIHbIMEA CJIOBaMHU CETh OIEPATOPa
mpeBparaercs B «TpyOy» i mepeadn Tpaduka, IpU 9TOM CeThb OyIer
HE B COCTOSIHUU CIIPABJIATHCA C PACTYIIMMHU 00beMaMu TpaduKa, B TO Bpe-
Ms KaK OIepaTop CBA3U He Oymer 00/1a/1aTh HEOOXOMMMBIMU JIJIsI PA3BUTHSA
cerr (PUHAHCOBBIMEU BO3MOXKHOCTSMU. 110 TaHHBIM MCCIEOBAHUN, TOJTBKO
B 2014 r. poccuiickue onepaTopbl MOOMJIBHON CBS3M HE JIOCYUTAJINCH HE
meree 15-20 mupy, py6ieit nmm okos1o 2% CBOMX JOXOM0B M3-38 MOOMJIBHBIX
uHTepHEeT-MeccennkepoB u VoIP-cepsucos (Puc. 2)[2].
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Puc. 2. Beipyuka MOOMJIBHBIX OIIEPATOPOB
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B cersix omeparopoB cras mpeobsanarh TpadUK TPUIOKEHWH THIIA
Skype, Viber, ¢ pasimasbivu Bujiamu Bujieo- u ayauonrdopmarmu[3]. [Ipe-
obyramaBinit parnee TpaduK yCayr TeaedOHHON CBA3U U OTAEILHO YCJIyT
10 Tepesadn JAHHBIX TPAHC(OPMUPOBAJCA K Pa3HOKJIACCOBOMY Tpadu-
Ky (BUIEO, ay/no, JAHHBIE), IIepeaBaeMoMy Ha 6a3e eMHBIX TEXHOJIOIHI,
7 IyBCTBUTEJILHOMY K 33aJI€P2KKAM U IIOTEPSM. Y 9UTHIBAsA 3TH (PAKTOPHI,
a TaKKe IIOBCEMECTHBI MMePEeX0/l Ha eMHbIE TEeXHOJOIUU OKA3AHUS YCJIYT
CBsI3U Ha Oa3e cereli ¢ KOMMYyTaIlell [TaKeTOB, IPUBEIYT K OIIPeJIe/IeHHOM
moTepe orrepaTopaMu KOHTPOJIS HaJ TIOJIb30BATEISIMA B 9aCTU BbIOOpA TOM
WK WHOU yCayru. FImHCTBEHHBIM IeCTBEHHBIM METOJIOM OCTAETCS BO3-
MO2KHOCTD YIIpaBJIEHHA Ka1eCTBOM YCJIYT, IIPDEJIOCTaBJ/IsAEMbIX Ha HJ'IaT(bOp-
Me OIlepaTopa CB3H, WU IIPpU B3anMozeiicTsuu ¢ Heit. Pazsurne texmosio-
Uit U yCayr CBA3U Hem30€KHO MPUBOIUT K M3MEHEHUIO CBONCTB abOHEHT-
cKoro Tpaduka. ITO U3MEHEHUE OMPEJIEIAeTCs PAIoM (haKTOPOB, TAKHX
KaK: n3MeHeHne 0A30BBIX MPUHIIAIIOB PEAU3alliN yCJIyT CBSI3W BO BHE-
PSIEMBIX TEXHOJIOTUSIX; U3MEHEHNEe HADOpa YCJIyT CBsI3U; U3MEHEHHUE CIIPOCa
[IOJIb30BATEJIEHl HA YCIYTU CBSI3U; M3MEHEHWEM IIPOHUKHOBEHUST TEXHOJIO-
ruil (4ucia noJab30oBaTesiell); N3MEeHEHNe CTOMMOCTH YCJIYyT CBS3U; U3MEHe-
HUE CHOCODOB yUeTa CTOMMOCTHU YCIIYT.

Yenyra coaam
AfaueHT A a )
onepareps

Wenyra LWNA i venyra LNJ

EpaTepa /

n

Mponaige
— ffi=—- OTT yenyr 2

Moneaopatena MNoas3oearand
yenyra 1 yonyna K

Puc. 3. Beipyuka MOOUIBHBIX OIEPATOPOB

s mIaHupOBaHUA PA3BUTUs TON WJIM WHON TEXHOJIOTMH CBHA3U, Pe-
[IEeHUsT 38129 TPOEKTUPOBAHUS M IKCILIYATAIUNA CETEl CBsI3U HEOOXOIIMO
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WCITOJIb30BAHUE JTAHHBIX 00 aOOHEHTCKOM TpadUKe, OMUCHIBAIOIIAX OCHOB-
Hble, 3HAUNMBIe J|JIsl KOHKPETHOH 3a/iaun Xapakrepuctukn(4,5]. Takum 06-
pa3oM, JIJIsi OPraHU3aIMK B3aNMOBBITOHOTO B3ANMOJIEHCTBUST BCEX YIaCT-
HUKOB TEJIEKOMMYHUKAIIMOHHON CHCTEMBI HEOOXOJMMO OINPEIEIUTh MHO-
JKECTBO YCJIOBHIl M NpaBUJI WX B3ammojeiicTBus. Jljs 9Toro HEoOXommmo
UMETb MO/IeJIh, OIMUCHIBAIOILY IO n3MeHeHne abOHEHTCKOro Tpaduka B JIaH-
HBIX ycJIOBUsIX. [[pu mocTpoeHnn MOe/n moJiaraeTcs, 9T0 OCHOBHBIE (haK-
TOPBI, BJIASIONINE Ha [IepepaciipejiesieHre abOHEHTCKOTO TpaduKa: Inc/IeH-
noctb abonertoB OTT cepBucos (oupemessier JOCTYIHOCTD YCJIYTH), COOT-
HOIIIEHNE TIeHA KauecTBO (OIpe/iensieT CyObeKTUBHBIE MPENOITeHnsT ab0-
uenta). Ha Puc. 3 npuseseno cxemaTudHoe IpeJCTABICHAE MOIEIH PAC-
rpejiesieHnst abOHEHTCKOI'o TpaduKa.

[IpuHsaB JaHHYIO MOJEJb MMOJIYYeH MPOrHO3 U3MEHEHUsI COOTHOIIEHUST
noJieit Tpaduka 6a30BbIx yeayr omneparopa ceasu u OTT cepsucos (Puc.
1)
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Puc. 4. Beipyduka MOOUIBHBIX OIIEPATOPOB

W3 npusenennsix na Puc.4 pesyiabTraToB mpoOrHO3WpOBaHUS Iepepac-
npejiesieHnst Tpaduka MOXKHO 3aMETHTb, YTO B HACTOSIIEE BPEMsi, JIOJIs
rpaduka OTT cepsucos cocrapisier npumepHo 18% oT ob1ero rojocoBo-
ro tpaduka, a 1o 2020 r. Bozpactaer 10 40

3. 3akJirouyenue

PezynbraThl ncciemoBanmit moka3aJm, YTO B HACTOMAIIEE BPEMsl TTPOUC-
XOIUT MHTeHCHBHOE passuTue HajoxkeHHbIX (OTT) cepsucos, KoTopoe co-
[IPOBOXK/IAETCH NHTEHCUBHBIM POCTOM YHUCJIA UX TOJIb30BaTes el n abOHeHT-
cKkoro Tpaduka. PBIHOK yC/Iyr TAaKUX CEPBUCOB SIBJISIETCS HA CETOTHSITHUI
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JIeHb OJTHUM M3 CaMbIX JUHAMUYHO PA3BUBAIOIMMXCs. Pe3ysibrarom paboTh
SIBJISIETCsT MOJIEJIb TTepepacIpeieieHns TpaduKa YCIyT CBA3U, YINThIBAIO-
magd UX JIOCTYIIHOCTb U COOTHOIIEHHUE IIeHa-KadecTBO, & TaK K€ IIPOrHO3bI
repepacpeiesieHns Tpaduka psijia TOMyJIApHBIX yeayT cBsa3u. CyrmecTBy-
eT O4YeBUIHAS 3a/la4a yPeryJupOBaHUsl OTHOIIEHUIT MKy OIllepaTopaMu
CB$I3U U [IPOBAIiIEpaMU YCJIyT CBS3H, C [EJIHIO CODJIIO/IEHNST HHTEPECOB 000-
X CTOPOH W MHTEPECOB IOJIb30BaTeseil, a Tak »Ke obecrieueHns JaTbHeli-
IIIeT0 Pa3BUTHS YCJIYT CBA3UM M KAaYeCTBA UX IIPETOCTABJIEHUS.

BaaromapuocTu

UccenoBanne Boimosaeno npu dhuHancosoii moaepkke PODIU B pam-
kax Hay4aHOro mpoekTta N 16-37-00209 mour a "Pa3zpaboTka IpUHIIUIIOB UH-
Terpaluu TeXHOJOTHH JIOTIOJTHEeHHON peasbHocTH 1 VnTepHera Bermeit."
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The results of the analysis of the traffic changes related to the rapid devel-
opment of Internet services. The tendencies of development of new services
and providers, affect the redistribution of subscriber traffic. The main prob-
lems associated with this process. The work includes: analysis of trends in the
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development of new services, -Analysis and forecast changes in the number of
users and traffic of new services, the analysis of the problems of redistribution
of subscriber traffic.

Keywords: telecommunications, net, traffic redistribution, data, services,
communication, provider, user, imposed services.
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YIK 004.057.4

MeTtooorus nccjaeJoBaHUA W yHpaBJieHUs TpadpuKoMm
MYJIBTUCEPBUCHBIX PaANOCUCTEM OOMeHa
nHdopMmanmeit

B. JI. ITupokos

I'pynna xomnanuti «/TAHUT»

Awnnoranusi. Hacrosiiasi crarbst onucbiBaeT OBIYI0 METOIOJOTUIO UCCIIEI0BA~
HHUs PECYPCHBIX U BPEMEHHBIX IIapaMeTPOB KOHBEPIeHTHBIX TeJIeKOMMYHUKAaIlU-
OHHBIX ceTeil pajmojocTyia. PaccMaTpuBarOTCs OCHOBHbBIE 33/Ia4d JIEKOMIIO3M-
MY, aHAJIN3a ¥ CUHTE3a, MOJIEPHU3AINN U 06ECITeUeHUsT KAYECTBa OOCITY XKIUBAHUSI
B KOHBEPreHTHBIX (MyJIbTUCEPBUCHBIX) cucTeMaxX obMeHa nH(pOpMAaIyeii, HCIob-
3YIOMMUX KaHAJbl PaJUOd0CTyIIA.

KuiodeBble cioBa: ceTn paanoI0CTyIIa; MYJIbTUCEPBHCHBIE CHCTEMBI OOMeEHa
nuadOopManmei.

1. Bsenenune

OGbeKT ucciemoBanus: koMmmyHukaiuontusle cucrembl (KC) ¢ paamo-
KaHaJIAMH, OTHOCSIIECS K KJIACCYy KOHBEPIEHTHBIX (MYJIBTHCEPBHC-
HbIX) cucreM obmena undopmanumeit (MCON).

Hpe/:[MeT HcCcJieJOoBaHUsA: JTEKOMIIO3UIUA, MOJIeJIMPpOBaHUE, pac4er,
OTIeHKA, aHaJn3, BHIOOD MMapaMeTpoOB, CHHTE3, obecrmevdeHne Kade-
crBa obciyzxkuBanust B KC xmacca MCOU ¢ pajmokanaiaMu 10CTyIIA.

AKTyaJIbHOCTB: MOCTOSIHHO pACTeT O0bEM Tepe/laBaeMbIX JIAHHBIX,
MOSIBJISTFOTCS HOBBIE YCJIYTH, YBEJIUIUBAIOTCS O0bEMBI MYJBTHUMEINA,
pactyT TpeboBaHUSI K CKOPOCTHU II€PEJIATH.

Heobxomum BeibOp mapamerpoB KC Ha Bcex srTamax »KU3HEHHOTO
[UKJIA:

— TPOEKTUPOBAHUS;

— pa3BepTHIBAHUS CETH;

— cTajusi MOJEPHU3AINY;

— pexuM QYHKIMOHUPOBaHUs (PeasIbHbIA MAcIITab BPEMEHH ).
KC xmacca MCOU siBastroTcst CIOKHBIMU M€T€POT€HHBIMU CHCTEMAMU, CO-
CTOSAIIMME U3 MHOXKECTBA 3JIEMEHTOB HECKOJILKMX TUTOB. Hapsiay ¢ omop-
HOI1 CeThIO (SIZIPOM CETH) UCIIOJIL30BAHKME CUCTEM DAJUONOCTYIA B HUX CTa-
HOBUTCsI 6A30BBIM M CAMBIM MACCOBBIM.
O6memupossie ganuble o ceTsix 4 nokosenns (4G LTE u LTE-Advanced)
[IOCTOSTHHO OOHOBJISIIOTCSI M IO cocTostHmio Ha, 2015 rom;

— cereit 4G — 6ouee 500;
— abonenToB 1 mup.
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IIporros na 2020 ros:

— mepexog K ceraM 5 nokosenus 5G (m2m, 0T, orpomuas cKopocTb);
— abonenToB 4G u 5G Oymer 5 mup;
— ycrpoiictB 50 Mp.

B rmakux cersix Heobxoaumo:

— BBLIEJATh U PACIpPelesaThb PeCypPChI;

— obecnieynBaTh KaueCTBO 0OCIyKUBaHUS;

— CBOEBPEMEHHO BBIABJIATDH CJIa0ble MECTA CETH,;

— BOBPEM$ M3MEHHATH IapaMeTpbl (MOJIEPHU3UPOBATD CETh).

s pemenust 3a1a1 HeoOXoiuMa, 00IIast METOIOIOTUS: TIOCTAHOBKA 33124,
MOJIEJIM 3JIEMEHTOB, CUCTEM, KJIACTEPOB MMOKPBITUI U CETH B IEJIOM, METO-
JINKU PEIIeHUs] ITUX 3314,

OCHOBHBIM KpHUTEpHEM, KOTOPBII OIMpeIesseT KaueCTBEHHBIE MapaMeTpPhl
CEeTH, SIBJISIETCSI €€ POU3BOIUTEIHHOCTD.

2. TlocramoBka 3aga4 MCCJI€OBAHUS

CyIecTByeT MHOXKECTBO PA3JIMIHBIX MOJIEJIel W MeTOJ0B, KOTOPBIE
OPHEHTUPOBAHBI Ha OTIE/IbHBIE IOJICUCTEMBI, KJIACTEPHI, PEYKUMBI, ITAIIBI
xusnennoro mukia KC.

Bribop mozeseit, MeTo10B, pa3paboTKa METOAMK OMPEIEIAIOTCS OrPAHTIE-
HUSIMH, TPEOYEMOIl JeTaju3anueil 1 TOYHOCTHIO MOJEJTUPOBAHUS DJIEMEH-
TOB ceTH, cucreM u KjactepoB mokpeituii KC. O6muii mepedeHn 3aad
meronoaoruu uccienosanus KC [3] caemyromuii:

— BBIGOP cTPYKTYPhI, Tonosioruun KC (pa3merienue 6a30BbIX CTAHIUIA,

Y

— pacuer, olleHKa, BbIOop mapamerpos BC u kimacTepos;

— pacuer paboyeil U TUKOBOI IIPOU3BOIUTEILHOCTH;

— 0aJIaHCUPOBKA HArpy3KW Ha KaHaJybl, BC, y3Jbl ceTn.

I/ICXO,ILHBII\II/I JaHHBIMU IIPU PEIIeHNN 3a/1a9 UCCACJOBaHUA ABJIAIOTCA CJIe-
Ayomuyue OrpaHuYIeHIAd:

— KOJIMYECTBO II0JIb30BATENCH M CePBUCHDBIX YCIIYT;

— oTCyTCTBHE TOCIeaeicTBIA (MAapKOBCKUil Tpaduk);

— 3aJaHa CTPYKTYPa, TOIOJOIHs CETH, MPEIIoJaracMas Harpy3Ka,;

— TPOIyCKHAS CIIOCOOHOCTD M KOJMYECTEO KAHAJIOB CBSI3M OIPAHUYIEHO;

— OrpaHMYeHbI PA3MEPhl AKETOB 3aIlPOCOB, JUIMHLI COODIIECHUMN, TPaH-
3aKIMH 110 TUNaM yCayr (JaHHBIe, TOJOC, BHJIEO U JIp., HAIPUMED,
m2m, IoT).

g oxBara Bcero xkusHeHHoro nukJia KC neobxoauma meIocTHas METOL0-
JIOTUsI OIIEHKU U BbIOOpa mapamerpo KC, nmpoekTupoBanusi, pa3paboTKu,
MOJIEPHU3AIMH CETH, a TaKXKe — PaclpeesIeHnsi U YIIPaBJIeHNUs] PeCypcaMu
KC B pabouem pexume.

Paccemarpuarorcest u Mogeupyrorcest cieytormue yposau Mojean OST/ISO:

— KaHaJIbHBIN YpOBEHb "
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— JIBa CETEBBIX MOy POBHSI:
— IIO/lyPOBEHbB YIIPaBJIEHUS U
— TOJyPOBEHb KOMMYTAITUH.
KaHnayibHbIil ypOBEHB, OIYPOBHH YIIPABJIEHUS M KOMMYTAIIUA OKA3bIBAIOT
HanbOJIbIee BIIUSIHAE HA KadecTBO obcsrykuBanus Tpaduka KC.

3. Metonosiorus pelieHus: 3a4a4 NUCCJIeJOBAHUA

[Ipengiaraercs cieyromas METOIOIOTUs UCCIeI0BaHus (JIeKOMIIO3H-

U1, aHAJIU3a CUHTe3a, MojepHusanun u) ceru TKC:

— JIEeKOMIIO3UIIASI CeTU Ha DJIEMEHTBI, CACTEMbI, KJIACTEPhI IIOKPBITHUIA;

— Ppacdert, OlleHKa, aHaJIU3 U BBIOOP MMapaMeTpoOB CETH;

— ¢cOOp UCXOMHBIX JTAHHBIX;

— METOJMKH pacdeTa, OIEHKM U BBEIOOpa IMapaMeTpOoB CETH, KJIACTEPOB

IIOKPBITUNA U CUCTEM.

Bugpr pexkommosuruun TKC:

— byHKIEOHAIbHAs (110 BUIAM YCIIYT);
— CTPYKTYPHO-TOMOJIOITYIECKasl.
JleKOMITO3UIHST CETU BBITTOJIHSIETCS T10:
— BHJIAM YCJIYT;
— BJIEMEHTAM CHCTEMBI;
— KJlacTepaM IIOKPLITUM.
Tpaaunuonnas kiaccudukaus naGopManuoHHbx yeuayr (triple play) —
9TO: JIAHHBIE, TOJIOC U BUJIEO. B mocsennee BpeMst Tak e K yCJIyraM OTHO-
car nojydenue koopaunar (quad play). BosMOXKHBI U Jpyrue ycjyru.
Kpome storo, npemiarajcs nporokos DSCP tumos obciyKuBanust cep-
BUCHBIX TOTOKOB (ycityr), B yactHoctu: BE (best effort), RT (real time),
nRT (non-real time), UGS (unsolicited grant service) m mpmopuresarust
or 0 jio 7. Ognako DSCP B GosibIinHCTBE pean3anuii MpaKTUIeCKd He
ucronib3yercs. [Ipegnaraercs GoJtee mpocTas KiaccuduKaims wHMOpMa-
IIHOHHBIX TTOTOKOB:
— KBazucuHXpoHHas uHbopMalms (rosoc, ayauo: 1o kecrkuii (hard)
Tpad UK, KOTOPBIl 3aa€TCsl IacCTOTON CJIeTOBaHMsI KOPOTKUX IaKe-
TOB U MAJIBIM JIZKUTTEPOM, IIPUYIEM II0CJIE[0BATEILHOCTD TAKETOB HE
JIOJIZKHA, HAPYIIATHCH );
— aCHUHXPOHHbIE JI[AHHbIe (IIepe/lada BIIe0, KOHTEeHTa, (DailioBblii 06MeH:
rubkuii (resilient) tpaduk, 3amaercs cpejHeil CKOPOCTHIO Hepead,
[AKETBI JJIMHHBIE, OYEPEJHOCT UX CJICJOBAHUS MOYXKET HAPYIIATHCS ).

B 1poBejieHHBIX HCCIIEIOBAHUAX JAHBI HEOOXO/IMMBbIE OIIPEIeJICHUs] HJIEMEH-
toB KC. [IpoananusupoBans ajbrepHaruBabie Mojesn KC, BBIOpaHbI MO-
JleJId, aJleKBaTHbIE HCCiepyeMbIM nporeccaM [1] [2] [3]:

1. snemenros KC: y3moB Y (1) (aKTHBHBIX 3J1eMeHTOB) u KaHaa0B K (c)

(IACCUBHBIX JIEMEHTOB), L€ [ — UHTEHCUBHOCTL OOC/IY KUBAHUSL y3-
JIOB, C — IIPOITyCKHAasl CIIOCOOHOCTb KaHAJIOB;
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2.

4.
5

. ympaBJyieHus — MeTo Opokepa, duabrpamnus Kanvamna, mogens bem-

tpaduka: xkecrkuil (hard) — rosmoc, rubkwmii (resilient) — ganHbIe; MO-
nem: on/off; sxenonenmanbHas u dpakTanbHas; d-DyHKIWS U yaer
oBepXeia, CKOPOCTH ¥ CJIEIOBAHUSA MOJOCOBBIX ITAKETOB
(v =bx f=nmHa*4yacToTy) M/WUIN AKETOB NAHHBIX;
POU3BOIUTEILHOCTH:
(a) B mepexofHbIX pexuMax (CaydaiiHbll JOCTYII, pEerucTparys
abOHEHTOB) — TUIEPIKCIIOHEHTINATBHAS MOJIEJb;
(b) B paBouem pexxumMe — Mozesn poussoguTenbrocrn: G/G/1/N
(n = /> + 1), GIG/m/N (n=m(u/A+1));
(c) B pabodyeM peuMe — Pa3HOCTHBIE MOJEJM HArPY3Km: Ap =
— A — st y3710B 1 Ac = ¢ — A — JIJIST KAHAJIOB.
faIaHCUPOBKHU HAIDY3KH — 110 METOJy OBparos (Imar mo oBpary);

Mana (DYHKIUS eHbl, MUHUMU3AIM CyMMaPHON 3a/1€PKKN).

MeTtonosorus.

Paszpaborana meromosorust [3], cocrosimast U3 MeTOJMK, Mojee u cie-
HapueB pa3BepThIBaHusA cucreM, KiaacrtepoB u KC B 1memom:

U o=

o

2.
3.

© ©wx

Meroanka cbopa n aHaan3a UCXOTHBIX TAHHBIX;

Meron, mekommosunmu KC Ha y3i1bI, KaHAJBI, KJIACTEPHI, YCIYTH;
Mogemnu sementos KC (y3/10B 1 KaHAJIOB, KJIaCTEPOB);

Mogenu tpaduka (JaHHbIE, FOJIOC/aYIHO0);

Metrouka pacdera W OIEHKHU MPOU3BOIUTETHLHOCTH dieMeHToB KC
(y3710B, KAHAJIOB, KJIACTEPOB);

Meronuka crienapues paszseprbiBanust KC u IpOHUKHOBEHUST HA PhI-
HOK;

Basancuposka Harpysku (c neseBbiMu byHKIMAMEA 10 MUHUMA3AIUH
SHEpronoTpebieHnss (IHEProcOeperKeHrsl) WM MAKCUMU3AIUE TIPO-
IYCKHOM CIIOCOGHOCTH, TIPOU3BOIUTEIHLHOCTH );

Mopesn pabouero pexxkuma dyukuunonuposanus KC (BC, kiacrepos);
Mogenb mepexomaoro pexknma (Hanpumep, npu Briovernn BC);
Moenb ynpassenust THOPUIHON CEThIO (IOCTPOCHHE CAMOYIPABJIAIO-
mieiicst KC, koTopast yBsi3aHa ¢ OM3HEC-TIEJISIMA U PEATTU3YET [TOJIUTHKA
[0 HECKOJIbKUM KOHTYpaM C MUHUMAJILHBIM BMEIIATEIHCTBOM YeJI0-
BeKa — IpejiozkeHa Kommanueii Ericsson).

Mogemn KC:
1.

Iepenaun maHHBIX (YPOBEHBb aHAJIN3a, BBHIOOPA MAPAMETPOB, IIPOEK-
tupoBanus, mojepauzayu KC).

Vposus yupasienus (pexum pabodero dyukuunonuposanus KC).
Mogenn ynpasienust pecypcamu KC, Kak JUHAMAYECKUMA CHCTEMa~
mu maccoBoro obcyxusanus (CMO) u ceramu ouepeneit (CeMO)

Pemena 3ama1a mocTpoeHust COBMECTHOTO yIIPABJIEHNUST COCTOSTHUSIMY CETH
1 HaOJIIOCHUSIMU.
MogenbHble OTpaHUIEeHUST ITOM 3a,a<N:

— CMO mim CeMO — mapKoBCKasi;
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— HCXO/IHBIE JIAHHBIE: TIOJHbIE UJIN HEIIOJIHbIE;
— BXOJIHBIE IIOTOKH — MOCJIEI0BATEIHLHOCTH MOMEHTOB IIPUX0JIa TPeOOBa-
HUMA.
Koukypupyrtormue mojenu yipasienust pecypcavu KC:

— QuibTpsl Kanvana;

— Meton Bpokepa [4](ucmonb3yer HEMAPKOBCKYIO MPEIUCTOPUIO MPO-
necca);

— Oyuknusa Beuvana [5] (DyHKIMS IeHBI HIH 33/ICPIKKH ).

IIpemaraercs ucrnosib3oBaTh MeTo 1 yipasjenus pecypcamu KC mo Bes-
MaHy, KOTOPBIN IO3BOJIIET YYUTHIBATb, KaK IPOU3BOJIMTEIHLHOCTH CETHU
(MaKCUMM3UPOBATH KOJIMYECTBO [0JIb30BaTE el ), TAK U MUHUMU3UPOBATD
sueprounorpebiienue (KaK OCHOBHBIE YKCILIYATAIIMOHHBIE 3aTPATHI).

4. 3akJjodyeHue

1. TIpemioxKenbl aJeKBATHBIE MOJEJIU, METOIbI, METOAUKH (CIEHAPHN),
HEOOXOMMBIE [T TPOEKTUPOBAHNUS, CO3/IAHUA, BLIOOPA IIAPAMETPOB,
MojlepHU3anun, yupasiaenus Tpadukom KC, T.e. 17151 0XBaTa MoJIHOTO
skuznenHoro mukiaa KC [1] [2] [3].

2. OcuosabiMu napamMerpamu KC, KOTOpble HEOOXOAMMO YUUTHIBATH W
YIIPABJIATD UMU, SIBJILIOTCA cienyiomue [6]:

(a) Yuer BpeMeHHBIX 3a/I€PKEK U JPKUTTEPA IIPH OOMEHE JTAHHBIMU
WM TIPH TIepeade nHhOPMAIHNT;

(b) Makcumuzanus npoussogurebuoctu KC (kosndecrBa mojib-
30BaTesiell 1o ycayraMm Bcex Tuios) B nepecuere na BC u/ niun
KJIacTep;

(¢) MuHIMHU3AIMST SHEPTOMOTPEOICHUSI.
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thesis, modernization, and maintenance of quality of service in the convergent
information sharing systems using a radio access channels.
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Abstract. Communication specialists around the world are facing the same
problem: shifting from circuit switching to packet switching. Network paradigm
shift means the transition from Signal System Seven (SS7) signaling to Internet
Protocol (IP). SS7 is a set of protocol standards that controls signaling for the
public switched telephone network, allowing mobile carriers around the world
to pass information across their networks. The transition to IP assumes that
the IP protocol will be the only means of communication between the transport
layer and applications. Telecom services evaluation due to the transition from
Time-division multiplexing network to IP are considered and some lessons for
Russian telecommunications are named.

Keywords: circuit switching, packet switching, ISDN, SS7, intelligent network,
softswitch, SIP, AS-SIP.

1. Introduction

Communication specialists around the world are facing the same prob-

lem: shifting from circuit switching to packet switching, from ISDN signal-
ing and AIN (Advanced Intelligent Network) architecture to all-IP world.
For example, most of the broadcasters now recognize that IP networks are
more flexible, cheaper to upgrade and extremely reliable when configured
correctly [1]. For operators, all-TP world lets bypass security problems in
SST [2], etc. In the same time, this process has own issues, especially, on
the global level [3].
The article is devoted to the discussion of the telecommunications devel-
opment strategy. We will provide examples to illustrate the difficulties
that complicate the transition from CS to PS to web-oriented services.In
Section 2, we discuss the orientation towards AIN. In Section 3, we discuss
the transition from TDM to IP. Sections 4 and 5 consider MFSS services.In
Section 6, some lessons for Russian telecommunications are named.

2. On the orientation towards AIN

The AIN architecture was developed by Bell Labs in the 1970s. The
basic AIN design includes (Figure 1):

e STP (Signaling Transfer Point)



Sneps-Sneppe M., Namiot D.

163

SCP-DB
sSSP
EO STP STP
Signaling SS7
b
sp Voice channel \SP
EO a) Ea
SPACE WAN
X 5—‘?:.‘—-3*—~..X
Senice
Envionman 4 v _
{ECE) ' St
DATABASE # > i B
m f ;_*-d"' POTS ‘;;" .
‘ . ke | E ) N vser \ el
- P % Data Cootrol 157 1 “-:‘_‘f‘.-.. Terminal
Marageenss CRCUTSWITCHED 4
VOICE HETWORK g Saeeiite Grouns
e 07
"\
Sanvicr ‘ LY
Bwrchin
ot 387 | PACKET SWITCHED
';‘ TERRESTRIAL WAN
s T
Natwork Access r R
Pain! (RAF) Q
Hoa? Compuier
melgent b)
Parstmesl

Figure 1. a) AIN basic design. b) An implementation of AIN Service

Architecture

e SSP (Service Switching Point)

e SCP-DB (Service Control Point with Database)
e cach End Office (EO) contains Signaling Point (SP).
The AIN provides integrated "one stop" end-user services, such as

voice, data, video, email, images, office applications, and 800 services.
SS7 is a means by which elements of telephone networks exchange infor-

mation. Information is conveyed in the form of messages.

SS7 defines

the procedures for the setup, ongoing management, and clearing of a call
between users. The key points of AIN are the following: Service Control
Point and Database of services, as well as TCAP (Transaction Capabilities
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Application Part) - a main protocol in the SS7 protocol stack, providing
access to databases.

Intelligent Peripheral also plays an important role: its functions include
tone generation, voice recognition, speech and data compression, dialing
recognition, and much more, including tactical and strategic services for
personnel identification. The Adjunct provides the same operation as the
SCP but is configured for one or fewer services for a single switch. The
Network Access Point (NAP) is a switch that has no AIN functions. It is
connected off a SSP and interfaces to trunks with SS7 messages. It will
route the call to its attached SSP or AIN services based on the called and
calling number received. Channel switching network subscribers, as well
as packet switching network subscribers, can be AIN users. Point out the
attention to the Service Creation Environment (SCE) as a standardized
means for service software development.

3. MFSS - the transition from TDM to IP

The Information System Network paradigm shift means the transition
from SS7 signaling to IP protocol. It is assumed that the IP protocol will
be the only means of communication between the transport layer and ap-
plications.

Note that SIP protocol was designed to solve a small but important set
of issues and to allow interoperability with a broad spectrum of existing
and future IP telephony protocols. SIP is regularly deployed alongside
SOAP, HTTP, XML, VXML, WSDL, UDDI, SDP, RTP and a variety of
other protocols.But SIP, as a signaling protocol, does not have the ability
to break into ongoing calls. The support for Multi-Level Precedence and
Preemption (MLPP) can be used instead. For this reason, particularly, As-
sured Services SIP protocol was invented. Understanding the differences
between AS-SIP and standard SIP is not a trivial task. RFC 5638 (Simple
SIP) specifies the support of only 11 RFCs necessary to create a SIP appli-
ance with presence, instant messaging, audio and video communications.
The UCRrequires support for nearly 200 RFCs. It is the substantially
large number of requirements for the end instrument that make AS-SIP
different from the typical SIP stack.

The most important step for network modernization is the replacing of
channel switching electronic Multifunctional switches (MFS) by packet
switching routers under AS-SIP signaling. The transition phase is based
on Multifunctional SoftSwiches (MFSS) developed by CISCO.

The MFSS (Figure 2) will be interfacing between the TDM and IP
backbone network and will have much more complex circuit-switched based
interfaces along with simple packet-switched based IP interfaces. The
ISDN network uses ISDN User Part (ISUP) signaling protocol for the
session/call control. So, MFSS will also need to provide ISUP-SIP inter-
working function (IWF). It is expected that TDM switching portion of the
MFSS will be retired as soon as all users/systems migrate to IP.
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Figure 2. Reference model for Multifunction SoftSwitch.

The MFSS provides all required PSTN/ISDN interface functions, including
ISUP, CCS7/SS7, and CAS signaling and media conversion. A signaling
gateway (SG) deals with all signaling protocols such as ISUP, CCS7/SS7,
and CAS. The MFSS also operates as a media gateway (MG) between
TDM circuit-switching and IP packet-switching under the control of the
media gateway controller (MGC) while communications control protocol
like H.248 is used between MG and MGC. Besides, there are EI (End
Instrument) and AEI (Assured Services End Instrument), following AS-
SIP, as well as PIE (Proprietary Internet Protocol Voice End Instrument).
H.323 is the leading protocol for video conferencing. With its superior
handling of video and conference control, no other protocol comes close to
matching the capabilities of H.323 for video.

4. MFSS services

Take an attention to the Service Control Function (Figure 3). The
SCF cooperates with 19 servers by a lot of protocols. Besides, the UC
Extensible Messaging and Presence Protocol (XMPP) supports the full
potential of Instant Messaging (IM), Chat, and Presence.

It is worth to pay attention to TCAP (Transaction Capabilities Ap-
plication Part) Application Server. The TCAP enables the deployment
of advanced intelligent network services by supporting non-circuit related
information exchange between signaling points using the Signaling Con-
nection Control Part (SCCP) connectionless service in SS7 networks of
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Figure 3. Service Control Function and its 19 servers

the TDM network. A service switching point (SSP) uses TCAP to query
a signaling point control point(SCP) to determine the routing number(s)
associated with a dialed 800, 888, or 900 numbers. The SCPuses TCAP to
return a response containing the routing number(s) (or an error or reject
component) back to the SSP. Calling card calls are also validated using
TCAP query and response messages.

5. IETF moves towards MLPP services

The Multilevel Precedence and Preemption (MLPP) service is the key
feature of AS-SIP. It allows properly validated users to place priority calls.
If necessary, users can preempt lower priority phone calls. Precedence des-
ignates the priority level that is associated with a call. Preemption desig-
nates the process of terminating lower precedence calls that are currently
using the target device, so a call of higher precedence can be extended to or
through the device. This capability assures high-ranking personnel of com-
munication to critical organizations and personnel during network stress
situations, such as a national emergency or degraded network situations.

RFC 4542 [4] describes six precedence classes, in descending order:

1. Executive Override (or Flash Override): used by the Commander in
Chief, Secretary of Defense, and Joint Chiefs of Staff, commanders
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of combatant commands when declaring the existence of a state of
war. Commanders of combatant commands when declaring Defense
Condition Flash Override cannot be preempted.

2. Flash Override: the same users. Commanders of combatant com-
mands when declaring Defense Condition One or Defense Emergency
and other national authorities the President may authorize. Flash
Override cannot be preempted in the DSN.

3. Flash: reserved generally for telephone calls pertaining to command
and control of military forces essential to defense and retaliation, crit-
ical intelligence essential to national survival, conduct of diplomatic
negotiations critical to the arresting or limiting of hostilities, dis-
semination of critical civil alert information essential to national sur-
vival, continuity of federal government functions essential to national
survival, fulfillment of critical internal security functions essential to
national survival, or catastrophic events of national or international
significance.

4. Immediate: reserved generally for telephone calls pertaining to sit-
uations that gravely affect the security of national and allied forces,
reconstitution of forces in a post-attack period, intelligence essential
to national security, conduct of diplomatic negotiations to reduce or
limit the threat of war, implementation of federal government actions
essential to national survival, situations that gravely affect the inter-
nal security of the nation, Civil Defense actions, disasters or events
of extensive seriousness having an immediate and detrimental effect
on the welfare of the population, or vital information having an im-
mediate effect on aircraft, spacecraft, or missile operations.

5. Priority: reserved generally for telephone calls requiring expeditious
action by called parties and/or furnishing essential information for
the conduct of government operations.

6. Routine: designation applied to those official government communi-
cations that require rapid transmission by telephonic means but do
not require preferential handling.

MLPP is intended to deliver a higher probability of call completion to the
more important calls. The rule, in MLPP, is that more important calls
override less important calls when congestion occurs within a network.
More than one call might properly be preempted if more trunks or band-
width is necessary for this higher precedence call.A video call (perhaps of
384 KBPS, or 6 trunks) competing with several lower- precedence voice
calls is a good example of this situation.

6. On the future service capabilities

Service capabilities are the integration of voice, video, and/or data
services delivered ubiquitously across a secure and highly available network
infrastructure, independent of technology, to provide increased mission
effectiveness to the war fighter and business communities.

For example, Voice Features and Capabilities are the following;:
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e Call Forwarding: on Busy Line, Don’t Answer, Selective Call For-
warding

e Multi-Level Precedence and Preemption (MLPP): Interactions With
Call Forwarding , at a Busy Station, No Reply at Called Station

e Precedence Call Waiting: Busy With Higher Precedence Call, Busy
With Equal Precedence Call, Busy With Lower Precedence Call, No
Answer,Line Active With a Lower Precedence Call, Call Waiting for
Single Call Appearance VoIP Phones

e Call Transfer: at Different Precedence Levels, at Same Precedence
Levels

e Call Hold

e Three-Way Calling

The capabilities described in the previous section are provided through a
collection of services, where a service is defined as ’a mechanism to enable
access to a set of one or more capabilities’.

7. Some lessons for Russian telecommunications

On emergency services. Development of the system 112 is a com-
plex project of national importance. The project covers all aspects of
the life of Russian society. In the course of its realization are exposed
many shortcomings of the country’s economy, accumulated over a quarter-
century of capitalism development. To illustrate the diversity of network
requirements NG9-1-1, we present the scheme of NG9-1-1 activities for
single US state. According to official documents [5], the future network
of emergency services has to be packet-switched networks. Particularly
it noted that NG9-1-1 network must support multimedia and practically
cover all aspects of social life, as shown in Fig. 4. It is worth to consider
the transition to the AS-SIP protocol.

On critical infrastructure protection. Data network is of the high-
est importance for the sustainable city.In order to increase its reliability,
we offer the new architecture of the data network.Ilt should not focus on
client-server architecture (data centers and terminals), but on a fully dis-
tributed architecture, in which each object is acting as a terminal and a
server at the same time and where critical objects interact with each other
using DDS publish-subscribe model to specify the QoS. This applies par-
ticularly to sensor networks, mobile units, the operational headquarters on
the site of disaster and others. Messaging zones can overlap with global
data networks.

Circuit switching versus packet switching. Conduct a systematic
study and compare the features of circuit switching and packet switching
technology. A policy of import substitution has discussed now in Russia.
If we really go for the construction of communications networks on its
own, it should return to the state of knowledge achieved before - some 20
years ago, and to develop them further. In this case, the system SS7, as
well as intelligent network are reasonable to consider as a reference point.
In Russia, the gap from the more advanced countries is the great one,
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Figure 4. NG9-1-1 activities for a single U.S. state [5]

especially on the packet switching technique, which requires a high level
microelectronics. Therefore, channel switching is presently preferred
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1. Introduction

Cognitive radio has emerged as a promising technology to realize
dynamic spectrum access and increase the efficiency of a largely under
utilized spectrum. In a cognitive radio network (CRN), a cognitive
or secondary users (SUs) are allowed to use the spectrum by primary
users (PUs) as long as the PUs do not use it. This operation is called
opportunistic spectrum access [1]. To avoid interference to PUs, SUs must
intelligently release the unlicensed spectrum if a licensed user appears [3].

In this paper we introduce a finite-source queueing model with two
(non independent) frequency channels. According to the CRN modelling
the users are divided into two types: the Primary Users (PUs) have got
a licensed frequency,which does not suffer from overloading feature. The
Secondary Users (SUs) have got a frequency band too, but suffers from
overloading. A newly arriving SU request can use the band of PUs (which
is not licensed for SUs) if the band of SUs is engaged, in the cognitive way:
the non-licensed frequency must be released by the SU when a PU request
appears. In our environment the band of the PUs is modelled by a queue
where the requests has preemprive priority over the SUs requests. The
band of the SUs is described by a retrial queue: if the band is free when
the request arrives then it is transmitted. Otherwise, the request goes to
the orbit if both bands are busy. We assume that the radio transmission is
not reliable, it will fail with a probability p for both channels. If happens
then the request retransmission process starts immediately [3].

Hence, it should be noted that the novelty of this work is that we create
a new model to analyze the effect of distribution of inter-event time on
the mean and variance of the response time of the PUs and SUs. In
several combinations of the distribution of the involved random variables
and using simulation we compare the effect of their distribution on the first
and second moments of the response times illustrating in different figures.
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Figure 1. A priority and a retrial queue with components

2. System Model

A Fig.1 illustrates a finite source queueing system which is used to
model the considered cognitive radio network. The queueing system
contains two interconnected, not independent sub-systems. The first part
is for the requests of the PUs. The number of sources is denoted by Nj.
In order to analyse the effect of the distribution, these sources generate
high priority requests with hypo-exponentially and hyper-exponentially
distributed inter-request times with parameter A\;. The generated requests
are sent to a single server unit (Primary Channel Service - PCS) with
preemptive priority queue. The service times are supposed to be also
hypo-exponentially and hyper-exponentially distributed with parameter
p1.  The second part is for the requests of the SUs. There are No
sources,the inter-request times and service times of the single server unit
(Secondary Channel Service - SCS) are assumed to be hypo-exponentially
and hyper-exponentially distributed random variables with parameters A,
and pg respectively.

A generated high priority packet goes to the primary service unit. If
the unit is idle, the service of the packet begins immediately. If the server
is busy with a high priority request, the packet joins the preemptive
priority queue. When the unit is engaged with a request from SUs, the
service is interrupted and the interrupted low priority task is sent back
to the SCS. Depending on the state of secondary channel the interrupted
job is directed to either the server or the orbit. The transmission through
the radio channel may produce errors, which can be discovered after the
service. In the model this case has a probability p, and the failed packet
is sent back to the appropriate service unit. When the submission, is
successful (probability 1-p), the requests goes back to the source.

In case of requests from SUs. If the SCS is idle, the service starts, if
the SCS is busy, the packet looks for the PCS. In case of an idle PCS,
the service of the low priority packet begins at the high priority channel
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Figure 3. The effect of service time distribution of the PUs on the variance and
mean response time of SUs vs A1

(PCS). If the PCS is busy the packet goes to the orbit. From the orbit it
retries to be served after an exponentially distributed time with parameter
v. The same transmission failure with the same probability can occur as
in the PCS segment.

The Figure 1 shows the functionality of the system.

In order to analyse the effect of the distribution of the inter-event
times, we used simulation and standard methods to calculate the mean
and variance of the response time of the PUs and SUs. the following
figures illustrates that effect [2][4].

The figure 2 shows that the distribution of the inter-arrival time of the
primary packets has no effect on the mean and variance of response time
of the secondary users knowing that the inter-request time of the SUs
and the service time of both servers units are exponentially distributed.
The other operation mode is where the service time of the primary
server unit is hyper-exponentially, hypo-exponentially distributed and
the inter-arrival time of PUs and SUs, the service time of the secondary
server are exponentially distributed. The figure 3 shows that the value of
the mean response time and variance is greater when the service time is
hypo-exponentially distributed.
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Table 1
Numerical values of model parameters

No. | Ny | Ny Al Ao | p1 | p2 |V | p
Fig.2 | 10 50 | x - axis | 0.03 1 1 20 | 0.1
Fig.3 | 10 50 | x - axis | 0.03 1 1 20 | 0.1

The numerical values of parameters are collected in Table 1.

3. Conclusions

In this paper a finite-source retrial queueing model was proposed with
two bands servicing primary and secondary users in a cognitive radio net-
work. Primary users have preemptive priority over the secondary ones
in servicing at primary channel. At the secondary channel an orbit is
installed for the secondary packets finding the server busy upon arrival.
The simulation was used to carry numerical calculations illustrating the
effect of the distribution of the inter-events times on the first and second
moments of the response time.
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Abstract. The problem of dynamic virtual machine (VM) placement in cloud
data centers is addressed. The aim of dynamic VM placement is to provision
hosted applications in real-time and to keep the parameters of the data center
within limits. The key aspects of this problem are monitoring conditions un-
der which it is necessary to take action on VM migration and switching on / off
physical servers, selection of virtual machines for migration and selection of des-
tination nodes. In this paper we propose a method of dynamic multi-criteria VM
placement in data centers. It includes the algorithm of prediction of parameters
of such criteria functions as temperature dissipation, power consumption, and
uniform resource utilization of physical servers. Furthermore, the multi-criteria
algorithm of selection of destination nodes makes a prediction of the state of
the server after VM migration. Efficiency of the proposed method is assessed
through simulation using random and real-world traces.

Keywords: optimal server placement, cloud computing, resource management,
virtual machine allocation; multi-objective optimization.

1. Introduction

The problem of optimal resource allocation appeared relatively long
ago. At the beginning it was the problem of allocation of physical re-
sources [1]. But more recently, the need for dynamic resource allocation
has raised, due to the increased demand for data center services. One of
the solutions to meet this demand is to increase data center space and to
connect to additional power sources. It is a very expensive way. There-
fore, the problem is addressed with the help of virtualization technology
that allows to create multiple virtual machines (VMs) on a single physical
server, and move them from one server to another without shutting down
(live migration). This allowed without a significant increase in the data
center area and power consumption to meet the demand and to provide
qualitatively new services called cloud computing. But the process of in-
creasing demand has not stopped. More and more people are using cloud
services and more data is stored in data centers. Therefore, the problem
of effective use of the physical and virtual data center resources is still
urgent.

The focus of this work is on multi-criteria virtual machine placement
strategies that can be applied in a virtualized data center by a Cloud
provider. The criteria includes CPU temperature, power consumption,
and uniform resource utilization.
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The problem of dynamic virtual machine placement can be divided into
several stages:

1. Monitor the conditions under which the server is assumed to be
overloaded or underutilized. Then, start the process of migration of virtual
machines from this server.

2. Select appropriate VM(s) for migration.

3. Select the physical server (destination host) on which the VM will
be moved.

The main focus of our work is on the method of determining the prob-
lem server and forecasting its parameters in the near future. Server param-
eters such as CPU temperature and utilization are monitored. The forecast
is based on the usage of Group Method of Data Handling (GMDH). At
each iteration, during the calculation of the function coefficients, the pro-
posed algorithms takes into account the dispersion of the experimental
data. Experimental data on the CPU utilization and temperature, ob-
tained using the monitoring software show that variation is significant. It
was shown that the accuracy of prediction in determining the step-ahead
value is increased by at least 10%.

The remainder of the paper is organized as follows. In Section 2 we
discuss the related work. In Section 3 we introduce the model of the data
center. In Section 4 we describe the proposed method of determining the
problem host and forecasting its parameters. Evaluation and analysis of
the experimental results described in Section 4. Section 5 is a conclusion.

2. Related Work

This problem was addressed in a series of articles. Among them are
works of Beloglazov A. and Buyya R. [2] and Xu J. and Fortes J. [3]. In
[2] studied the algorithms of VM allocation based on the single criterion
of energy efficiency. In [3] a multi-criteria approach to the problem of VM
allocation is proposed. Also authors used least squares method to search
parameters of the linear model to predict the behavior of the servers in
the step-ahead observation. However, our experimental data have shown
significant dispersions. Therefore, to improve the accuracy of the forecast
we propose to use the GMDH-method, which is based on the algorithm
of least squares method with measurements of different accuracy. A more
accurate server temperature and utilization forecast as well as taking into
account multiple criteria for the selection of the destination host will reduce
the number of unnecessary migrations and balance the state of the data
center as a whole.

3. System Model

In this work the target system is an IaaS environment, represented by
a large-scale data center consisting of N heterogeneous physical nodes.
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In the data center management architecture the function of the dy-
namic distribution of virtual machines (VMs) assigned to global controller,
which receives the necessary information from the monitoring system. The
monitoring system saves system information, such as resource utilization,
power consumption and server temperature in a central repository. Global
controller analyzes this information and in accordance with it places vir-
tual machines (see Fig. 1).

Dynamic allocation of virtual machines in data centers requires from
global controller answering the following questions:

1. When it is necessary to distribute VMs?

2. Which VMs are optimal for migration?

3. Where to move VMs?

To solve these problems global controller continuously analyzes data
received from multiple sensors. If working parameters of the model are out
of a threshold, global controller initiates the process of virtual machines
migration.

System indicators are checked sequentially, in accordance with criteria
importance (temperature, resource wastage, energy efficiency) (see Fig. 2).
The monitoring process is carried out continuously, even in cases of per-
forming actions on the movement of VMs. The system administrator may
change the priority of criteria, but due to their contradictory, the step of
verification should remain consistent.

4. The Problem Host Determination

At the first stage the main difficulty lies in how to evaluate the prox-
imity of server state to some critical thresholds. They can be static [3]
or dynamic [2]. Different prediction methods can be incorporated, such
as Markov chains [4], moving average [5], linear least-squares approach [3]
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and Kalman filters [6]. A sliding-window detection is applied, in which the
analysis of the time-varying data such as CPU temperature and resource
utilization is performed over the values covered by a window of finite length
[3]. In [2] the authors propose a multisize sliding window approach that
auto adjust to current conditions. The sliding window method assumes
the selection of data for a certain period of time (the size of the window),
averaging parameters and comparing them with previous results. Infor-
mation from the sensors is stored as a profile, which is a typical behavior
of the object. Exceeding values of parameters beyond a certain threshold
indicates the need to move the VM. The size of the window influences the
aggressiveness of observation and is defined by the system administrator,
but its minimum size must be longer than VM migration time as it is
obvious that the moving process introduces an error in the observations.
Furthermore, it is assumed that in the window of a certain size, we observe
a stationary process.

Comparison of the average deviation may be incorrect for the trend (ie
monotonically rises or falls) strategies. In addition, it is desirable to pre-
dict the step-ahead values of the parameters in order to avoid unnecessary
VM migrations in such situations as exceeding the critical threshold due
to short-term events, such as local load surge. For this reason the second
level threshold is proposed, which is used to check if the step-ahead value
of parameters is beyond the second threshold. If it is true, the global con-
troller initiates the migration process. We conducted a study on different
kinds of computers. To emulate a variety of data center loads we used
workload generators SysBench and LookBusy for Linux. We investigated
such CPU parameters as temperature and utilization, depending on the
dynamically changing load. As shown in Tables 1 and 2, the scatter in
the experimental data in case of high temperature is significant and differs
by more than 15%.
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The results indicate that the use of the classical algorithm of least
squares method to find the parameters of the linear model may not provide
enough accurate predictive assessment of server parameters.

To improve the accuracy of the forecast we propose to use combinatorial
group method of data handling (GMDH) proposed by Ivakhnenko [7]. This
method is characterized by high speed of data processing, as well as the
possibility of obtaining results in a statistically insignificant sample, when
the number of unknown factors at a fixed time may be greater than the
number of such moments. It is based on full or reduced sorting-out of
gradually complicated models and evaluation of them by external criterion
on separate part of data sample. To build models we used the Kolmogorov-
Gabor polynomial, which is as follows:

Y(x1,...,2n) = ag +Z%%+ZZGU$ xj +ZZZakala:Jxk + ..

=1 j=1 =1 j=1 k=j

As a model selection criterion has been used minimum regularity
criterion.

To determine the parameters a; in models used the least squares
method. Since, as discussed above, the scatter of experimental data is
significant, it is proposed to use a method of least squares algorithm
with measurements of different accuracy. The use of this algorithm for
determining the tempera-ture and the CPU utilization at the next step
improves prediction accuracy not less than 10%, which is essential for the
dynamic allocation of virtual machines.

5. Virtual machine selection

What virtual machines to move depends on the nature of the event.

Table 1
CPU temperature scatter

CPU temperature (°C) | 31-35 | 36-40 | 41-45 | 46-50 | 51-55
Scatter (%) 4 6 8 10 16

Table 2
CPU utilization scatter

CPU utilization (%) | 0-20 | 21-40 | 41-60 | 61-80 | 81-100
Scatter (%) 10 14 21 26 28
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1. Overheating — VM(s) with the maximum CPU usage have to be
migrated, as having the direct impact on the CPU temperature of the
physical server. Since the migration process causes extra strain on physical
resources, the VM with minimum amount of RAM should be chosen to
make the migration faster.

2. The lack of resources — the total average utilization is calculated on
the affected physical server and VM are selected from the above-average
performance. As in the previous case, all VM on the server should be sorted
in order of increasing size of memory.

3. Low energy efficiency — in this case, the physical server has low
resource utilization. All VMs from this server should be moved and the
server itself should be switched off.

6. Destination host selection

The next challenge in the dynamic VM allocation process is the
determi-nation of the destination host. It should take into account all the
criteria and make the prediction of server state after migrating VM on it.
In general, the following recommendations are relevant:

— in case of overheating - to balance the temperature in the data center
the destination node should be the "coolest"server. With the use of
the temperature model derived from the data monitoring system, the
global controller is able to predict the temperature of the server after
placing VMs on it;

— lack of resources - preference is given to the server with the largest
amount of available resources;

— energy efficiency - in terms of energy savings, preference is given to
loaded servers with sufficient resources. Servers with low load have to
be released and switched off.

Results for various server selection criteria can differ from each other. For
this reason it is proposed to use the convolution of multiple criteria into a
single objective function having the following form [8]:

min f = Q1 ft (T) + a2fresource (UCPU7 URAM) + Oé?;fpowcr(“CPU)a
T,ucpu,urAM

where f;—temperature criterion
F(T) =1=1/(1+TT),
where T—current CPU temperature;

Ts—safe CPU temperature.
Sfresource—unused resources criterion

fresource (UCPUa uRAM) =1- UCPUURAM s

where ucpy—CPU utilization;
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uURrApM—Main memory utilization.
fpower—POWer consumption criterion

+ — Po)u , U >0
fpower(uCPU): Po (p1 po) CPU CPU

b)
0, ucpy =0

where pg—power consumption by an underutilized server;

p1—power consumption by a fully utilized server;

a7y, aig, ag—criteria weights, which values the administrator sets, based
on his current tasks. All three criteria functions are normalized in [0,1]
range. Optimization is performed under the constraints on the parameters
of physical servers. Also, before the migration process is started, the state
of the destination host should be taken into account to ensure its stability
in the near future. For prediction of the server’s step-ahead parameters on
this stage we also propose to use GMDH-method.

7. Experimental results

The effectiveness of multi-criteria algorithm is assessed through simula-
tion. We used simulation platform CloudSim [9], which allows to simulate
various scenarios for cloud data center and incorporate various resource
allocation algorithms. The simulation was performed for the data center,
consisting of 100 homogeneous physical servers with one processor core,
output of 2,000 million instructions per second (MIPS) and 16 GB of
RAM. Underloaded server consumed 175 watts, and at 100% CPU usage
— 250 watts. Each VM required processor capacity of 250, 500, 750 or
1,000 MIPS, and 128 GB of RAM. The number of VMs is 250, that fill
the capacity of the data center. The change in CPU usage was modelled in
accordance with a uniform distribution, reflecting the change in application
workloads on running virtual machines. Also, we used real-world PlanetLab
workload traces, which are provided with CloudSim.

The proposed multi-criteria algorithm for selecting the destination host
was compared with used in practice bin packing heuristics — First Fit
Decreasing (FFD) and Best Fit Decreasing (BFD).Also, the comparison
was done with an exhaustive search method by a single criteria. It was
taken as an 100% result.

These results demonstrate the effectiveness of the proposed algorithm
by 10-15% compared with algorithms BFD and FFD (see Fig. 3).

8. Conclusion

We proposed a method of dynamic computing resources allocation of
the data center, which includes three stages: determination of the con-
ditions for moving VM(s), virtual machine selection for migration and
determination of the destination host.
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Figure 3. Performance comparisons of algorithms

At the first stage it is important to determine the right moment to
move VM(s) from the problem server. A method of predicting the state
of the host in the step-ahead moment based on the group method of data
handling which allows to increase the forecast accuracy by not less than
10%.

While choosing the destination host, it should be taken into account
such criteria as server temperature, uniform resource utilization and energy
efficiency.

The proposed multi-criteria destination host selection algorithm allows
to avoid unnecessary VM migrations and to take into account criteria
relating to the state of the data center, as well as meeting SLAs.
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Awnnoranusi. BesiesicTBre aKTHBHOIO BBOJI@ B IKCILUIYATAIMIO KAHAJOB CBA3U
MEK/Ly I10JIpa3/IeJICHUIMA KPYIIHBIX T€PPUTOPUAIBHO-PACIIPE/IEJIEHHBIX OPTraHy-
3a1Mif, a TaKyKe MaCCOBOIO BHEJPEHHsI CHUCTEM JOKYMEHTAJIBLHOI'O OOecIedeHust
yupassernusa (COY), Bce akTyanbHee CTAHOBUTCS 33/1a49a II€PEX0/Ia OT OyMazK-
HOTO JTIOKyMeHTOO6opoTa K 6e30yMaykHOMY. BHenpsiemasi B KpYITHBIX TOCyJap-
CTBEHHBIX OPraHU3AIUSAX CHCTEMa MEKOPTaHU3aIMOHHOTO SJIEKTPOHHOTO JOKY-
menroobopora (MDJI0) onpenenuia eaunblii HOPMAT IEPEIABAEMBIX JOKYMEH-
ToB. Kaxk1p1it mepeaBaeMblit JOKYMEHT COCTOUT U3 KAPTOUIKHU JOKYMEHTa B hOp-
mare XML (macmopr mOKyMeHTa), COAEpXKalieil BCe OCHOBHBIE DEKBHU3UTHI, U
rpadudeckoro obpa3a MOAIUCAHHOTO JOKyMeHTa. [l0CKOIbKY Ha CeromHANTHMIA
JeHb elre He chopMyIMPOBaHbI euHble TpeOoBaHusS K (POPMATY MOAMUCAHHOTO
3s1eKTPOHHOI 1 poroit noamuceio (DLIIT) noxymMeHTa JUIst IIepesiadn 10 CUCTe-
me MO, ocHoBHBIM criocoboM hopMupoBaHus rpadUIeckoro obpasa siBJjsier-
csl CKaHMPOBaHMe OyMaKHOI BepCUM JOKyMeHTa. Ky JOKyMEeHT OTIIPaBIIsSeTcs
HECKOJIbBKUM aJIpecaraM, JJisl KakJ(0il OPraHu3alliy JI0JIKEH ObITb chOpMUPO-
BaH OTJEJIbHBIN 06pa3 ¢ COOTBETCTBYIOIIMM THUTYJIOM. B obiiem cirydyae Kojmde-
CTBO aJIpeCcaTOB MOYKET JIOCTUTATh HECKOJIBKUX JIECSITKOB OPTaHU3aIIHii, YTO TIPU-
BOIUT K OOJIBITAM BPEMEHHBIM M TEXHUYIECKUM M3/IEep:KKaM Ha (DOPMUPOBAHIE
rpadudeckux obpa3oB. B manHoit pabore paccMaTpuBaeTCst aJaropuTM GopMUpPO-
BaHus rpaduaeckux 06pa3oB JOKYMeHTOB s naTerpupoBanuoro B CIOY mo-
yJisi CKaHUpOBaHUsl. 11peyToXKeHHBIN AJITOPUTM TIO3BOJISIET YIPOCTUTH U YCKO-
puth mporiecc GOPMHUPOBAHUSA TpadUIeCKNX 0O0Pa30B JOKYMEHTOB, HAIPABJIIA-
€MBIX HECKOJIbKHAM aj[pecaTaM II0 CUCTEME MEeXKOPTaHU3AIMOHHOIO B3aMMOJIEl-
CTBUSI.

KuaroueBbie ciioBa: mHGOPMAIMOHHBIE CUCTEMBI, OPraHU3AIMOHHOE yIIpaBJIe-
HIE, MEXKOPTaHU3AIMOHHBIN 3JIEKTPOHHBIN JOKYMEHTOODOPOT.

1. Bsenenwne

B ycinoBusix BHEJpEHHs] KAHAJOB CBSI3M MEXKJLy II0JIPA3/IEeIeHUsIMU
KPYIHBIX TEPPUTOPUATHHO-PACHPEIEIEHHBIX OPraHu3aluii (BblIeJICHHbIE
muann, VPN) [1], a Tak:ke mmpoKoro pacupocTpaHeHusl CACTEM JIOKYMEH-
TaabHOro obecredenus yupasienus (CIOY), aBagONUXCA YACTHBIM CJLy-
YaeM CUCTeM 3JIEKTPOHHOro jokymenroobopora (CI) [2], Bce Gonbinee
YHUCJIO TIPEANPUSTUI TTePeXoIuT Ha 6e30yMarKHbIH JTOKYyMEHTOO00pOT [3].
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Buenpsiemast B KpyIIHBIX TOCYIAPCTBEHHBIX OPTAHU3AINAX CHCTEMA MEXKOP-
FaHU3AIMUOHHOIO 3JIEKTPOHHOrO JoKyMeHToobopoTa (MIJI0) onpenenmia
enuublil opMaT neperaBaeMbIX JOKyMeHTOB. B pabore [4] Gbuia crpo-
eKTHPOBaHa 00Iasi CTPYKTYpa IMPOrPaMMHOIO KOMILJIEKCA, KOTOPbI 103~
BOJISIET peasin30BaTh OOMEH JIOKyMeHTaMu Mexiy JeficrByommumu CI]]
opraunuzanuii. B padore [5] upencraBiena peajusanus MO/ OTIPABKA
JIOKYMEHTOB I10 CUCTEMe MeKOPIraHU3AIMOHHOIO JIOKYMEHTO000pOTa, HHTE-
TPUPOBAHHOIO B IIPOTPAMMHBIN KOMILJIEKC B3aUMOIEHCTBUSI MEXKJy Opra-
auzamuonabiMu CIOY. st oTopaBKu JOKyMEHTa [0 CHCTEME MeXKOpra-
HU3AIMOHHOIO B3auMoieiicTBus HeobxoauMo cdopmuposatb B CIOY ero
JIEKTPOHHYIO KAPTOYKY U IPUKPEIUTDH K HEll OTCKAHNPOBAHHBIHM rpadute-
ckuit 06pa3 gokyMenTa. Eciu TOKyMeHT OTIIPAB/ISieTCs HECKOJIBKUM aJ[pe-
caTaM, JJIst KaXKJI0M OPraHu3aIlnu JI0JI2KeH ObITh C(hOPMUPOBAH OT/IE/IHHBI
00pa3 ¢ COOTBETCTBYIOIMIMM TUTYJIOM, YTO HPUBOAUT K OOJIBIIAM BPEMEH-
HBIM U aIlllapaTHBIM U3JepKKaM. B aHHOl pabore paccMaTpUBaeTCs aJ-
TOPHUTM, ITO3BOJIAIONINN YIPOCTUTHh M YCKOPUTH IIpoIiecc (hOPMUPOBAHUS
rpadudecknx 00pa30B IOKYMEHTOB, HAIPABJISAEMbIX HECKOJIBKUAM apeca-
TaM 110 CHCTeMe MeXKOPIaHU3AIMOHHOIO B3anMOI€HCTBYSI.

2. IlocranoBka 3ama4du

TlockoJibKy Ha CEroiHSIIHUN JIeHb elle He ChOPMYJIUPOBAHBI €IIMHbIe
TpeboBaHus K (POPMATY MOAITUCAHHOTO 3JIEKTPOHHON 1T POBOIT OAMUCHIO
(QUII) mokymenta s nepegadn 1o cucreme MO, OCHOBHBIM CIIOCO-
60oM (opMupoBaHUs I'padUIECKOro 00Opas3a sBJISIeTCs CKaHUPOBaHUE Oy-
MaxKHO# Bepcun jokymenTta. ChopmupoBanHblil rpadudeckuii 06pa3 co-
xpansercss B 6a3e manubix B dopmare PDF, npukperuisiercs Kk kaprouke
gokymerTa B CIOY u B najbHeiineM MOXKeT ObITh OTIIPABJIEH 10 CHCTEME
MEXKOPTaHU3AIMOHHOTO B3anMOJeicTBuA. Kciu moKyMeHT OTIpaBiisieTcs
HECKOJIBKHUM aJIpecaram, HeoOXomuMo chOPMUPOBATE Tt KAYXK IO OpraHu-
3aliy OTIEJIbHBIN 006pa3 JOKYMEHTA C TUTYJIBHBIM JIHCTOM, COJEPKAIIAM
DPEKBHU3UTHI JAHHOTO aJipecara. Takrke TpedyeTcs IPeyCMOTPETh BO3MOXK-
HOCTH (POPMHUPOBAHHUS BU30BOI'O IK3EMILISIPA JIOKYMEHTA JIJIsl TOCJIE/ Y IOIIe-
ro orobpazkenuss B CIIOY opranmsanuu. Takum obpazom, mporecc Gpop-
MHUPOBaHUS TI'paduiecKux 00pPa30B JTOKYMEHTOB COCTOUT W3 CJIEIYIOIIIX
JTAIIOB:

— CKaHUPOBaHWE ODYMarKHOM BEPCHU JOKYMEHTAa;

— dopmupoBanne 06pa30B JOKYMEHTOB JIJIsI BCEX aJ/I[PECATOB U BU30BOTO
9K3EMILISIPA;

— coxpanenne 0b6pazos mokymenToB B B/l CHOY opranmsaruu.

Pazpaborannbiit aaropuT™ mpeaHasHatueH M1 NCIOIb30BAHNT B MOTY-
Jle ckanmpoBaHusi, naTerpupoBansoro B CIOY opranmsariuu.
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CxaunpoBanue Coxpauenne OrnpaBka no cucreme
M3]10

sovmazp Gpas ; %
p Jipecata 1 Jipecara
(n Clplmlll) % @

Aupecar 1

BACAOY %
s Avlpu ara M
(n crpannu)
@ @ =
B —

m-ajpecaton

Buzosbrit O6pas s
IK3EMILIAD xpatieiis B BJ1
(n crpanui) cnoy

Puc. 1. ®opmupoBanne rpadudeckux 06pa30B JOKYMEHTOB CPEICTBAMUI
tunosoit CIOY

3. AuaroputMm dopmupoBaHuda rpadpudeckux oopa3on
JOKYMEHTOB

B o6rmiem ciydae y OHOTO JIOKYMEHTa MOYKET OBbITh HECKOJIBKO aJjpe-
caroB. Takxke ObiBaeT HeobxonuMo xpauuTh B CIOY BU30BBIT IK3eMILTSID
nokymerTa. PopmupoBanne rpadudeckux 00pa3oB JOKYMEHTOB CPEICTBA-
vu GosbmuacTBa CJIOY ocymiecTBisiercsi O CxXeMe, IPUBEIEHHONH Ha
puc. 1.

CortacHo cxeme, JJIsT KaXKJI0TO aJpecara HeoOXOMMMO OTCKAHHPOBATD
BCE CTPAHUIbI &JIPECOBAHHOIO €My OYMarKHOI'0 3K3eMILIsIpa JOKYyMEHTA.
Tomyaennstit 06pa3 coxpansiercss B 6aze manabix CIOY B dopmare PDF
7 B JaJIbHEHIeM JIOCTYIIeH Il IPOCMOTPa U OTIPABKHU 1O cucreMe M-
0. Takum obpaszoM, Jjisl JJOKYMEHTa C KOJUYECTBOM CTPAHUIL 11, HAIIPaB-
JIIEMOT0 B I OpraHu3anuii Heo6XoauMo co3aTh m+1 06pa3os (BKIOUasd
BU30BBII 9K3EMILIAD ), OTCKAHNPOBAB CTAHIAPTHBIME cpejicTBamu (m+1)*n
crpanutl. JIjisi yCKOpeHus IIpoliecca CKaHNPOBAHUS U CHUXKEHUsT HAIPY3KH
Ha 000PYI0BaHUE MPEJJIATAETCs CXeMa, PEJICTABICHHAs Ha PUC. 2.

Jyist yuporenus npuBesieH ciaydail hopMupoBaHus odpa3a JOKYMEHTa
JUIS IBYX ajpecaroB. AjiropurMm paspaboTaH UCXOJsl U3 TOTO, YTO IK3EM-
IJISIPBI JIOKYMEHTOB JIJIsl PA3HBIX &JIPECATOB OTIMIAIOTCS JIUIIH TUTYIBHBIM
JIICTOM, Ha KOTOPOM yKa3aHbI PEKBU3UTHI a/IPeCaTOB. BU30BbIN 9K3eMILISIP
COJIEP2KUT HA TUTYJIE BCe HEOOXOUMbIe BU3bI. TaKuM 00pa3oM, ecju y J10-
KyMEHTa N CTPAHWIL U M aJPecaToB, HEOOXOAUMO CHAYAJIA OTCKAHUPOBATH
BCE TUTYJILHBIE JIUCTHI JJI BCEX J(pecaToB (M-CTPAHUIL) U BU3OBLIN JIUCT,
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®opmupoBanme Coxpaunenne OTrnpasKa 1o cuereme
obpa3os MAJ10

Turya s
Anpecara 1
Anpecar 1
3 Ui
al
D N
N

Anpecar
Turys wis
Anpecara 2
BA CAOY
—v
— -

OBt Teker
JIOKyMeHTa
(n-1 crpannm)

Puc. 2. Anropurm dopmuposanus rpaduueckux 06pa30B JOKYMEHTOB JJIst
unrerpupoBannoro B CIOY Moy ckaHupoBaHUs

a 3aTeM OCTAJIbHYIO YACTh JIOKYMEHTa, OOIILYIO JJIs BCeX ajpecaros (o0mumit
TeKkeT moKyMeHTa) (n-1 crpanui). Beero npu ucnosnb30BaHuM JAHHO CXe-
MBI HEOOXOJIMMO OTCKAaHMPOBATh m-+n crpanunt. PopMupoBanme 06pa3oB
JIJISE TIPOCMOTPA, W OTIPABKU OCYIIECTBJISETCST ITPOIPAMMHBIMU CPEJICTBA-
MU MO/l CKaHUpOBaHUs. s TUTYJIBHBIX CTPAHUI] ¥ BH30BOIO JIUCTA
[IOJTb30BATEIb YCTAHABIMBAECT COOTBETCTBYIOIINE OTMETKHU C IIOMOIIBIO MH-
Tepdeiica Moy, 3aTeM MOJY/Ib aBTOMaTHYeCKu (GOpPMHUpPYeT 00pa3 Jio-
KyMEeHTa JIJTsl KaXKJIOTO aJ[pecara, COeJIUHsIsT COOTBETCTBYIOIINI TUTYJILHBII
JiacT ¢ obmum TekcToM gokymenTa. [locie coxpanenns 8 B CHOY chop-
MHUPOBaHHBIE I'padudecKre 00pa3bl JOCTYIIHBL JJIsl IPOCMOTPA U3 KapTOU-
KU JIOKYMEHTa U MTOCJIEIYIONei OTIIPABKY 10 CHCTEMEe MeXKOPraHU3aIMOH-
HOTO B3aUMOJICHCTBHUS BCeM ajpecaTam. B 1esisix yMeHbImeHust 00beMa JIuc-
KOBOI'O IIPOCTPAHCTBA, HEOOXOMMOrO JIJIsi XpaHeHUsi 00pa30B JTOKYMEHTOB,
MoxkHO coxpaudaTh B B/l CAOY swmib TUTYIIBI U 00U TEKCT JTIOKYMEHTA,
10 OTJIEJIBHOCTH, & 00pa3bl JJjis IPOCMOTPA U OTIPABKU (DOPMHUPOBATDH -
HaMUYECKH [IPU BbI30BE COOTBETCTBYIOMMX (PYHKIUN cucteMbl. OQuruMusa-
IIHsI UCTIOJIb30BAHUS JINCKOBOTO TIPOCTPAHCTBA OCODEHHO AKTYaJbHA B CJIy-
JasX, €CJu OpraHu3anus paboraer ¢ OOIBITUM KOJUIECTBOM JTOKYMEHTOB
00'beMOM TIOPsIJIKA HECKOJIBKUX JIECSITKOB MJIM COTEH CTPaHUI, OTIPaBJIsie-
MBIX MHOTHM ajpecaTaM. Pa3paboTaHHbBIN aJrOPUTM MOXKET ObITH PeaJin-
30BaH B MOJyJIe CKAHMPOBaHUS Jisi (DOPMUPOBAHUS 00PA30B JTOKYMEHTOB
cpeacrBamu CIIOY opraHusalniuu Ipu OTIIPABKe JTOKYMEHTOB HECKOJIbKUAM
ajpecaTaM IO CHCTeMe MEYKOPTaHU3AIUOHHOTO B3AUMOJICHCTBUS.
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4. 3akJjo4yeHue

B pesynbrare paboThl CIPOEKTUPOBAH aJTOPUTM (POPMHUPOBAHUS 00-
pa30B foKyMeHTOB juisi uaTerpupoBantoro B CIOY momyns ckanmpoBa-
HUs1. AJITOPUTM [TO3BOJISIET YIIPOCTUTH U YCKOPHUTH IIPOIiece (POPMUPOBAHUST
rpadudecknx 00pa30B JOKYMEHTOB, HAIPABJISEMbBIX HECKOJHLKUM aJlpeca-
TaM I10 CUCTEME MEeXKOPTaHU3AIMOHHOr0 B3anMoeiicTeusi. Vcronb3oBanne
[IPEJICTABJIEHHOIO METO/Ia II03BOJISIET TAKYKE YMEHBIIUTb 00bEM JIMCKOBOIO
MIPOCTPAHCTBa, HEOOXOIMMOTO I XpaHeHus o0pa3oB JoKyMeHTOB B BJI

CaoVy.
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Development of an algorithm for forming graphic
images of the documents for scanning module
integrated into DMS

D. V. Volchkov

Publishing Department
Keldysh Institute of Applied Mathematics
Miusskaya sq., 4, Moscow, 125047, Russia

Due to the active commissioning of the communication channels between de-
partments of large geographically distributed organizations and mass introduc-
tion of document management system (DMS), all the more urgent becomes the
problem of the transition from a paper-based flow of documents to an paper-
less one. Introduced in large public institutions of Interorganizational System of
Electronic Document Flow (ISEDF) has determined a uniform format of trans-
mitted documents. Each transmitted document consists of a document card in
XML format (document passport), containing all the basic details, and a graphic
image of signed document. As for today we have not yet formulated unified re-
quirements to the format of the signed digital signature (EDS) document for
transmission over ISEDF, the basic method of forming the graphic image is a
scan of a paper version of the document. If the document is sent to multi-
ple recipients, for each organization separate image with the corresponding title
should be formed. In general, the number of recipients may reach several tens
of organizations. It leading to considerable time and technical costs for forming
graphic images. In this paper, we consider the algorithm for forming graphic im-
ages of the documents for the scan module integrated into DMS. The proposed
algorithm allows to simplify and accelerate the process of formation of graphic
images of documents to be sent to multiple recipients over an interorganizational
system.

Keywords: information systems, organizational management, interorgani-
zational electronic document flow.
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O moaxozax K 3ajilade pacCTaHOBKM 0A30BBIX CTAHIUIA
JJIsI BHyTPEHHUX CUCTEM MO3UITMOHUPOBAHUS

P. B. Boponos*, O. B. Jlykamenko*

* Illemposasodckutl 2ocydapcmeennuill yrhusepcumem

P Hnemumym npukaadrsa mamemamuseckux uccaedosarnuti Kapeavcrozo
HayuHnozo yenwmpa PAH

Annoranusi. PaccmarpuBaercs 3a/1a4a pacCTaHOBKU OA30BBIX CTAHIIUN C IIEIBIO
VIIy4IIeHUs TOYHOCTH PAbOThI CUCTEMBI JIOKALMK B ITOMerenuu. [lomemenne mMo-
JeTUPYeTCs B BUJIe HEOPUEHTUPOBAHHOTO Ipada, y3JIbl KOTOPOr0 COOTBETCTBYIOT
BO3MOXKHBIM TIOJIOXKEHUSIM OTCJIEXKMBAEMOI0 OOBEKTA.

KuaroueBbie cjioBa: BHYTPEHHUE CHCTEMBI IMO3UIMOHUPOBAHMSI, 6a30Basi CTaH-
1¥sI, METPUIECKasi PA3MEPHOCTH rpada.

1. Bsenenne

B macrosiiiee BpeMsl MHAPOKOE PACIPOCTPAHEHHE HOJIYJal0T CHCTEMbI
OTIPE/IEJIEHU ST MECTOITOJIOKEHHST MOOMJIBHBIX 00BEKTOB BHYTPHU ITOMEIEHUH.
BospmuHCeTBO M3 9THX CHCTEM OCHOBAHO HA HCIOJB30BAHUU OECIIPOBOJI-
HbIX cereil ctannapros Wiki, ZigBee, Bluetooth niim UWB. Takue cucre-
MBI COCTOSAT U3 HECKOJBKUX CTAIMOHAPHBIX TOYEK JOCTYTA U MOOHIHLHOIO
YCTPOHCTBA, MECTOIOJIOXKEHUE KOTOPOI'0 HEOOXOIMMO OIIPE/IE/IUTh.

st onpeiesieHnsi MECTOIIOJIOXKEHHsT 00bEKTa HUCHOJb3YIOTCH PA3HbIE
METOJIBI ¥ AJTOPUTMBI. [Ipr 3TOM TOYHOCTH JIOKAIUU 3aBUCUT OT MHOTHX
GbaKTOPOB, OJMH U3 KOTOPBIX — YHCJIO ¥ PACIIOJIOXKEHNE CTAIIMOHAPHBIX TO-
Y€K JIOCTyTa. 3ajada PacCTAaHOBKU TOYEK JIOCTYIIA PACCMATPHUBAJIACH Dsi-
JoM aBTOpOB (cM., Hanpumep, [1]). B GosbiumnacTBe TakUX MOJesedi mome-
IeHre pa3bUBaETCs Ha KOHETHOE YUCJIO 30H, CJIE0BATEIHLHO MECTOIIOJIONKE-
HUE OTCJIEXKUBAEMOI0 OObEKTa OIPEJIEIISETCS ¢ TOTHOCTHIO JI0 30HBL. [1pn
9TOM 331294 OIPeJIeICHIsT KOH(MUTYPAIUT TOYEK JOCTYTIa 9acTO (POPMYJIH-
pyercst iubo B popMe 3329 MATEMATHIECKOTO IIPOIPAMMHUPOBAHMUS, JTHOO
B bopMe KOMOMHATOPHON 3a/1a91 006 OITUMAJIHLHOM B3BEIIIEHHOM IMOKPBITUN
MHOKECTBa CUCTEMON €ro MmoJIMHOYKECTB. B psijie crareil paccMaTpuBaeTcst
BEPOSITHOCTHAS MOJIEJIh OIPEJIEJICHNs] TIOIPENTHOCTU JIOKAIIMA MOOHIBHOTO
00'beKTa Ha OCHOBE M3MEHUYMBOCTU M3MEPEHUIl YPOBHS CUTHAJIA.

B macrositieit pabore npeanpuHsTa MOMBITKA PACCMOTPETD JIBa TOIX0A
(JleTepPMUHUPOBAHHBIN M BEPOSITHOCTHBIH) 15T TOMEIIEHUs!, MOJIEIUPYEMO-
ro B BHJIe HEOPUEHTUPOBAHHOIO CBA3HOIO rpada [5].

2. JleTrepMuUHUPOBAHHBIN ITOIXO/I

B kauecTBe MO€IM MOMEIIEHUsT PACCMATPUBAECTCA HEOPUEHTUPOBAH-
ublit cas3ubiii rpad G = (V, B, w), tae V — MHOXKECTBO BEPIIUH, KOTOPHIM
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COOTBETCTBYIOT MECTa BO3MOXKHOT'O PACIIOJIOKEHNsS 00bekTa; K — MHOXKe-
CTBO pebep, OIMUCHIBAOIIEe BO3MOXKHbBIE IIyTH IT€PEMEINEeHNns] 00beKTa; W —
BecoBast PYHKITUS:

w: E—N.

Ps uccienoarenei, HanpumMep [3], cBsi3bIBaeT 3a/a4y PACCTAHOBKH TO-
9eK JIOCTYIa B IMOMEIIEHUH ¢ 3ajadeil u3 reopun rpadoB, M3BECTHOI 10T
HA3BAHUEM METPHYECKasl PA3MEPHOCTDH [4].

O6o3uayuM yepes d(u,v) paccTosHue MeXKJY JIBYMs BEpIIUHAMU U U
v rpada (MUHMMAJbHAS JUINHA CBs3bIBatOMmEil ux 1enu). [IoqMHOXKECTBO
Bepia W C V Ha3bIBaeTCs pa3pemnaloniiM, eCIu JJIsd KayK 0! mapbl Bep-
muH u,v € V naiinercs Bepmmua w € W, nys koropoit d(w, u) # d(w, v).
Merpuueckas pazmeprocts §(G) rpada G — 310 MUHUMAJIBHOE YUC/IO BEP-
IIUH B pa3pelnaonieM MHOKecTBe. Pazperaoniee MHOXKECTBO MUHUMAJIb-
HOI MOTITHOCTH HA3bIBAETCs 6a3UCOM METPHUK Tpada.

NzBecTHO, 9TO 33/1a49a ONpeIe/IeHrsT METPUIECKO pazMepHOCTH rpada
B obmeMm cirydae siByisiercss NP-mosiHoO#. [{jisi HEKOTOPBIX YaCTHBIX CJIyda-
€B TIOJIyUeHbl ee pelleHust B sBHOM Bujie [2]. MHOXKecTBY TOuek jocryna
MOYKHO COTIOCTABUTH PA3PEINAoNiee MHOKECTBO BEPIIHUH rpada, Mpu 3TOM
MUHUMAJIBHO HEOOXOIMMOE YUCJIO TOYEK JIOCTYIIa COOTBETCTBYET METPHUte-
CKO1 pa3MepHOCTH Trpada.

3. BeposgTHOCTHBIII TOAXOMT

PaccmoTpum MaTeMaTHYeCKyI0 MOEb, YUUTBIBAIONLYIO CJIyYaiiHbIe
OIUOKY IIPU OIIPEJIEJIEHUN PACCTOSHUIA.

Mycrs V' = {vy,...,v,}. 3abukcupyem ungexc i € {1,...,n} u pac-
CMOTPHM JIByMEPHYIO CJIydaiiHyio Besumauny (€, 7);), rae & IPUHUMAET 3Ha-
JeHust U3 MHOXKecTBa {1,...,n}, 1; IpUHUMAET IeJIble 3HAYEHNsI, KOTOPbIE
OyJeM UHTEPIIPETUPOBATH KAK PE3YJIBTAT OIIPEeJIeHNs PACCTOSHUS MEXK Ty
BEPIINHOH v;, COOTBETCTBYIOIIEH TOUKE JTOCTYIIa, U BEPIIMHON Vg, COOTBET-
CTBYIOIIEH MECTOIOIOXKEHNIO MOOMILHOTO O0BHEKTA.

IIycTpb 3aano pacrpeenenne

P(é-:]):pjv j:17"'5n7
P(ni:‘9|§:j):qij(8)v s €L,
Zqij(s)zl, i=1,....,n, j=1,...,n.

SEZ

ITyers D C {1,...,n} — MHOXKECTBO, COCTOsIIIEE U3 HOMEPOB BEPIIIVH,
COOTBETCTBYIONMX MOTEHIUAIBHO BO3MOKHBIM TOYKaM jocTyma. O6o3Ha-
aum E(d(ve, u) | p) — YCIOBHOE MATEMATHIECKOE OKUAAHNUC PACCTOSHUS
MeKJIy BEPITHHON V¢ Tpada 1 BEPITHHON % OTHOCHTEIBHO CIIyIaifHOTO BeK-

Topa Tjp = {n;, i € D}.
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IIycrn cucTema JOKaIuu MOCje PETHCTPAIINN BEKTOPa M3MEPEHUIl pac-
CTOSAHUN Sp € ZIP| B kagecTBe MCKOMOI BO3BpAaIlaeT BEPUINHY U C MUHU-
MasbHbIM 3HadeHneM E(d(ve, u) | 5p). Obosnadnm

A(p) = min{ E(d(ve, u) | 7p)}-

MaremaTuteckoe 0XKUJAHHE TIOTPEITHOCTH JIOKAIIUH MOOUJILHOTO OOBHEKTA
pPaCCUUTHIBAETCS CTAHAAPTHBIM 00pa30M:

E(A(Mp)) = > A(p)P@p =3p).

Sp€ZIPI
O6ozHaunM
B'(e) =min{|D| : Dc{l,...,n}, BE(A(Tp)) <e}.

Buauenue f'(g) cymecrByer upu € > £* = E(A(7y)).

B pesynbrare MOXKHO IIOCTABUTDL CJIEAYIOIINE ONTUMHU3AINOHHDBIE 3a/a-
qn:

Bamaua 1. IIpu 3amanHOM 3HAUeHNU £ > ¢* onpenesnuts 3'(€) u coor-
BETCTBYIOIIEe MHOYKECTBO BepHiuH D.

Bagaua 2. [Ipu 3amannom m (1 < m < n) HAlTH MHOXKECTBO BEpIIUH
D, nnst koroporo |D| =m u E(A(Tjp)) nupuMer MUHUMAJIBHOE 3HAUEHNE.

Pemenune mocTaBlIeHHBIX 33189 MMO3BOJISIET HANTH ONTHMAJBLHYIO pac-
CTAHOBKY TOYeK JIOCTYIIa CHCTeMbl JIOKAIIUK C y4eTOM HOIDEIIHOCTH Olpe-
JIeJIeHUsI MECTOIIOJIOYKEHIS 00bEKTa.

4. 3akJroueHue

PaccmoTpeno gBa mosixoia K 3ajatde pacrioyioyKeHns 6a30BbIX CTAHIINIMA
BO BHYTPEHHUX CHCTEMAaX MMO3UIIMOHUPOBAaHUSA. JleTeMUHUPOBAHHBIN TOJI-
XO/T OCHOBAH U3BECTHOM U3 TeOpUHU IpadOB MOHATUN METPUIECKON pasMep-
voctu. OCHOBHasl IPobJIeMa COCTOUT B TOM, YTO HE YUUTHIBAIOTCS OIIMO-
KM U3MEpEeHUil, B pe3yabTaTe Yero IoJydaloTcsd HeTUIUYHbIE C IIpaKTHYe-
CKOW TOYKM 3peHust KOH(MUIYypaIun. BeposTHOCTHBIA MOIX0 YINTHIBAET
[IOTPENTHOCTH IPU u3MepeHusik. COIVIaCHO JIAHHOMY IOJIXOJTy BBIOMPAETCst
Takas PacCTAaHOBKA OA30BBIX CTAHIMIL, IPU KOTOPOH rapaHTUPYETCsl, ITO
MaTeMaTUYeCKOe OKHUJaHUe IOTPEITHOCTH JIOKAIIUN HE IIPEBBICUT HEKOTO-
pPOTO 33/IAHHOTO 3HAYEHUs, JUOO0 JJI 3aJaHHOTO YNCja 0A30BBIX CTAHIIHIA
HaXOJINTCsT KOH(MUTYpAIlsi ¢ MUHUMAJBHON MOIPEITHOCTHIO JIOKAIIHH.
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The problem of the base station placement for indoor
positioning systems

R. V. Voronov*, O. V. Lukashenko*!

* Petrozavodsk State University
T Institute of Applied Mathematical Research of Karelian Research Centre RAS

We consider the problem of optimal placement of base stations under random
error measurements in order to improve the accuracy of the locating system
indoors. A door is modeled as undirected graph whose nodes correspond to the
possible location of tracking object.

Keywords: indoor positioning systems, base station, metric dimension of
graph.
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ITpumenenne meTom0B MHPPaKPACHOM
MUKPOCIIEKTPOCKOIINM JIJisi cOopa U aHa/in3a JaHHbIX B
CeTdX CBSA3M OOIIEero moJib30BaHUS M MOJIEKYJISIPHBIX
HaHOCeTIX

M. B. 3axapos*, P. !I. I'mymaxkos’

* Kagedpa Cemeti Ceasu u Ilepedayu JJannwi,
Canxm-Ilemepbypecruii 2ocydapcmeertbill YHUBEPCUMEM MeEACKOMMYHUKAUUL
um. npog. M.A. Bonu-Bpyesuua,
nabepestcnas pexu Motixu, 0.61, Cankm-Ilemepbype, 191186
Y ®IrBBOY BIIO «Boenno-meduyuncrasn axademus um. C.M.Kuposas
Mumnoboponwv, Poccuu,
ya. Axademura Jlebedesa, 6, aumepa 2K, Canxm-Ilemepbype, 194044

Awnvoranusi. B manHON cTarhe paccMaTpUBAIOTCS BOIPOCHI, KACAIOIIAECT HO-
BBIX METO/IOB cOOpa JTaHHBIX, & IMEHHO, BO3MOXKHOCTH IIPUMEHEHHsI HHMpaKpac-
HOIT MUKPOCIIEKTPOCKOIINH, & TAKZKe TPUOOPOB, PeaTn3yIONuX JaHHY O (DyHKIIUIO
- MOPTATUBHBIX MHMPAKPACHBIX MUKPOCIIEKTPOMETPOB JJIst cO0pa MHMOpMAIIT
O CBOWCTBaX U COCTOSTHUU BEIECTBA. [aK2Ke OCBEIIEeHbI BOIPOCHI OPTAHU3AINHI
KAHAJIOB CBSI3U JIJIsI KOMMYHUKAIMK [OJOOHBIX TPUOOPOB € 4YeI0BEKOM (depes
TepMUHAIBHOE 060pymoBaHue - cMapTdOH, IUIAHIIET, HOYTOYK U T.JI.), U APYTHA-
MH QYHKIMOHAJIBHBIME y3JIaMHU CEeTEl CBSI3M OOINEro IOJb30BAHUS — YIAJCHHBI-
Mu OOJIAYHBIMHU CepBepaMu, 00eCIeUYNBAIONIMI XpaHeHne n OOHOBJeHHE Oa3bl
JAHHBIX 00PA3I0B, MOAEPKUBAIOIIIMA BO3MOXKHOCTH YIAJIEHHOTO AHAJIN3A IO~
JIY9E€HHBIX JAHHBIX. TeMaTuKa JAHHOW CTATbM HAXOAWTCS HA CTHIKE HECKOJIBKIX
obacTell 3HAHWI — MOJIEKYJISIPHBIX HAHOCETEH, MaTepruaioBeIeHusl, (DUBUKHU, XU~
mua u T.7. UK-MuKpocnekTpoMeTp pacCMaTpUBaeTCs aBTOPOM KaK JIEMEHT CETH
CBSI3U OOIIErO ITOIB30BAHUS.

KuaroueBbie cjioBa: MOJIEKY/ISIDHbIE HAHOCETH, MEIUIMHCKNE CeTH, cOOp MaH-
HBIX B MOJIEKY/ISIDHBIX HAHOCETSIX, WH(MPAKPACHAS CIIEKTPOCKOINS, CETH CBSI3M
00IIIero MoJIb30BaHUsA, ODJIATHBIE CEPBUCHI.

1. Bsenenune

Hu nyia xoro He cexper, 9TO B ABaIIATH IEPBOM BEKE CAMBIM BarKHBIM
U 3HAYUMBIM PECYpPCOM siBJisieTcsi nH(pOpMaIms. Bo3MOXKHOCTH YesioBeKa
110 Tepejatie, IpuéMy, oOOMeHy, XPaHEHHUIO W PaCIPEeIeTeHNI0 NHpOPMAIUN
B TIEPBYIO OYEPEIb OMPENEIAIOTCI TeKYIIUM YPOBHEM PA3BUTHUs TEXHOJIO-
ruvyeckoii 6a3pl. K coxkasieHunto, J10Jiroe BpeMst 3TOT YPOBEHb HE TTO3BOJISLI
3¢bPEeKTUBHO U3BJIEKATH HEOOXOIUMYIO MHPOPMAIINIO U3 00HEKTOB OKPY-
JKAIOIIEro MUPa, IepeaBaTh eé Ha TpebyeMble PACCTOSHUSA ¢ 00eCTIedeHneM
3aJJAHHOTO0 YPOBHS Ka4deCTBa MPeIOCTaBJICHUs YCIyT. Biiaromapst iearesb-
HOCTH MHOTUX MOKOJIEHHWI MccJiegoBaTesIeill dyeJoBedecTBO Ha TaHHBIIT MO-
MEHT 3HAYUTEIHHO PACIINPHUIIO CIIEKTP BO3MOXKHOCTEH B JAHHOI 00JaCTH.
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2. OcHoBHasI 4acThb

IlepBonadanabHO weSIOBEKY OBLIO JIOCTATOYHO OCTPOTHI COOCTBEHHOIO
3peHusi, CIyxXa U ODOHSHUSI, TYBCTBUTEIHHOCTH TAKTUJIBHBIX OILYIIEHUI
JIJTsT TIOJTy YeHust HHGOPMAIK U3 OKPYKAIOIIEro MUpPa, MOITOMY OCHOBHBIE
ycuust ObLIM HAIIPABJIEHBI Ha, COBEPIIIEHCTBOBAHME CITOCODOB Iepeadn NH-
dopmarmu. Tak, Hanpumep, A.C. ITomos 60JbIie cTa JieT Ha3a,[ COBEPIIIIII
HAYYHBIA TTPOPBIB, OTKPBIB JjIsi HAC Tepejady WHMOpMAIuu B pajIuoda-
crorHoM crekTpe. OJHAKO B HACTOsIIIIEe BpeMsi B 3TOH OOJIACTH MbI IIO-
JIONILJIN K OIPEJIEJIEBHHOMY IPeJesTy, KOTOPBII CBSI3aH ¢ OrPAHMIEHHOCTHIO
PECYPCOB PAIHOYACTOTHOIO CIEKTPA, U BBIHYKJICHBI U3BICKUBATH aJIbTep-
HATUBHBIE CHOCOOBI Hepenadn uHdopManuu. Hampumep, B COBpeMeHHOM
HAYJHOI JINTEPAType ONMUCHIBAETCS BO3MOXKHOCTH HUCIOJIBL30BAHIS HAHOCE-
reit g nepenaun undopmanuu [1]. Iox HaHOCETHIO B HAHHOM Cilydae
[TOHMMAETCsI TEJIEKOMMYHUKAIMOHHASI C€Th, B KOTOPOil Iepejada uHGOP-
MAaIUU TPOUCXOIUT MEXKLY Y3JaMU JIAHHOW CETH, U MOXKET OCYIIECTBIISITh-
Cs KaK KJIACCHIECKUMU CIIOCODAMU - C UCIOJb30BAHUEM PaIHOIACTOTHOIO
CIIEKTpA, TaK M IIyTEM IIEepeMelleHus BelecTBa. JacTo TaKue CeTu erné
HA3BIBAIOT MOJIEKYJISIPHBIMI HAHOCETSIMHU.

C mpyroit CTOPOHBI, BHAYUTEIHHOTO ITPOTPECCA JTIOCTUTIIA METOBI ITOJTY-
JeHust THMOpMAIUU 13 00beKTOB OKpY2Katoliero mupa. Ceifdac Ha IIOMOIIb
9eJIOBEKY TMPUXOJST BCEBO3MOXKHBIE TEXHUIECKHUE YCTPOHCTBA U MPUOOPHI.
Taxk, Hanpumep, IMUPOKOE PACIIPOCTPAHEHUE B COBPEMEHHOI HAayKe U TeX-
HUKE TIOJIYIMIN MeTO/ bl MHMPAKPACHOH crekrpockonun [2]. 910 ocobsrit
Pa3/IesI CIIEKTPOCKOIUH, U3y JalOni B3aNMOJIeCTBIE HH(OPAKPACHOTO U3~
JIy9eHUsl ¢ Pa3InIHbIMU BemecTBaMu. JI1o60i nadpakpacHbIii MUKDPOCIIEK-
TpoMeTp paboTaeT MO CJEYIONEeMy TPHHIIUAITY: CEHCOP M3JIydaeT uHdpa-
KpaCHOe U3JIydeHune, KOTOPOEe MPOXOJIUT Yepe3 UCCIIEyeMOe BeIeCTBO, 1Mo~
cJie 9ero MpOUCXOIUT BO30YyXKIEHMe KOJIe0ATe/IbHBIX JIBUXKEHUN MOJIEKYJI
WU UX OTIEJbHBIX (bparmenToB BemecTBa. OHOBPEMEHHO C 9TUM HAOJIIO-
Jaercs ocaabiieHe MHTEHCHBHOCTH CBETOBOTO U3JIyYeHUsI, KOTOPOE ITPOXO0-
auT depe3d obpaser. llorsomenue cBeTa MPONCXOAUT HE BO BCEM CHEKTDE
naiarorero nHGPaKpaCcHOTO U3JIyYeHNs, & JIUIIb B T€X JINHAX BOJIH, SHEP-
I'Usl KOTOPBIX COOTBETCTBYET SHEPIUsAM BO30YKICHUsT KOJIEOAHUN B U3yda-
eMBIX MOJIEKyJiaX. JacToThl, IIPU KOTOPBIX HAOJIIOIAETCS MAKCUMAJIBLHOE
orJIoMIeHne HHPPAKPACHOTO M3JTYIEHUsI, MOTYT CBUJIETEIHCTBOBATH O Ha~
JIMIUU B MOJIEKyJiax oOpasra BeIecTBa TeX WU UHBIX (DyHKIIMOHATHHBIX
IPYII U APYruX (pparMeHTOB, YTO IIUPOKO UCIHOJIL3YETCS B PA3JIUIHBIX
00JIACTSX JIJTsl YCTAHOBJIEHUSI CTPYKTYPBI COEIMHEHUIT. DTOT MOIXOJ BO3-
MOXKeH Oj1aromapst 60JIBIIOMY KOJUYECTBY HAKOILIEHHON SKCIEPUMEHTAb-
HOIt nHMOPMAITIH - 6JIaronapst TPY/Ly HUCCIe0BATeNell B HACTOSIIEe BPeMs
COCTABJIEHBI CHENUAIbHBIE TAOJIUIIBI, CBI3BIBAIOIINE YaCTOTHI TOTJIOEHUST
nH@PAKPACHOTO CIIEKTPA C HAJIMYUEM B 0OPA3IE ONPEIEEHHBIX MOJIEKY-
JisipHbIX pparmenToB. Co3aHbl TakKe 6a3bl, XpaHsilye B cebe JTaHHbIe 06
nHGPAKPACHOM CHEKTPE HEKOTOPBIX KJIACCOB COEIMHEHUN. DTO TTO3BOJISIOT
ABTOMATHUYECKN CPABHUBATH CIIEKTP HEM3BECTHOI'O AHAJIM3UPYEMOTrO BeIlle-
CTBa C yKe U3BECTHBIMU CIEKTPAMU U HICHTU(MUINPOBATH ITO BEIIECTBO B
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kpargaiiimue cpokn. CKOPOCTH BBITIOJIHEHUS aHAJIN3a W CPABHEHHS ITO3BO-
JIsIeT UCTIOJIB30BaTh JIAHHBIN METOJ B 00JIACTSIX, IVle KIIOUEBYIO POJIb UTPa-
€T BpeMsI IIPOBEJICHNUST AaHAJIN3A - B MEIUIMHE, CyJIe0HOM IKCIEPTU3E U T.JI..
Jlo HeraBHErO BpeMeHn IpUMEHEeHUe TTOTO0HBIX METOI0B CCIIEI0BAHUN ObI-
JIO CBSI3aHHO C HUCIIOJIb30BAHUE JOPOTOCTOSIIIETO BBICOKOTEXHOJOIHIHOIO
CTAIOHAPHOTO O0OPYIOBAHUS, UMEIOMIEr0 3HAYUTEILHBIE MACCOTabapuT-
HBbIE XapaKTepUCTUKN. 1109TOMY TIpOBEIeHre MOIOGHOTO aHAIN3a C TETBI0
noJrydernsi HH(MOPMAIIMU O COCTaBe U CBONCTBAX BEIECTBA MOIJIO IIPOXO-
JINTH TOJBKO B JABGOPATOPHBIX YCJIOBUSAX BBICOKOKBAJIUMUIMPOBAHHBIME
CTIEIUATICTAMH, YTO OIPAHMIUBAIIO KOJUIECTBO MOTEHINAIBHBIX T0JIb30-
BaTesieil y3KMM KpyroM npodeccnoHasoB. Mexy TeM COBCeM HEeIaBHO
YI6HBIM W Pa3pabOTINKaM COBMECTHO YJAJOCH CO3JaTh MPOTOTHILI HO-
CUMBIX TIEPCOHATBHBIX MH(PPAKPACHBIX MUKPOCIEKTpOMETPOB. [Ipumepom
MOXKET HOCIyKUTh MuKpocrekTpomerp SCiO, HemaBHO IIpejCcTaB/IeHHbBIN
kommanueit Consumer Physics [3].

Puc. 1. Bremnnii Bug nadpaxpacuoro mukpocnekrpomerpa SCiO.

Kommanus-pa3paboTank MO3UIMOHUPYET CBOE YCTPOUCTBO KAK IIEPCO-
HaJIbHBI HOCHMBIN WH(PAKPACHBIA CKAHHEP, KOTOPBI HOJZKEH B3aUMO-
JIefCTBOBATH C IPOrPAMMHBIM OOECIIeYeHNEM, YCTAHOBJIEHHBIM HA CMapT-
doHe, mIaHIIETe WM KOMIIBIOTEPE T0JIb30BaTe 1. HebombImoit KapMaHHBIIM
NK-crekTpomMeTp MO3BOUT OYKBAJIbHO 33 OJIHY MUHYTY OIPEIEIUTH CO-
CTaB M KQ4eCTBO TOT'O MJIM MHOT'O IIPOAYKTA IINTAHNS, JIEKaPCTBEHHOI'O IIpe-
mapara 7 T.JI., CTOUT JIWINb ITOJHECTH MPUOOP K UCCIETYEMOMY OOBEKTY,
IIPOU3BECTU CKAHUPOBAHUE U CPABHUTD IOJIYUYEHHBIN Pe3ysIbTaT ¢ 0O6pa3Ia-
MH WHPPAKPACHOTO CIEKTpa U3 00/JIaUHON 0a3bl TaHHbIX.
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Puc. 2. UcnonpzoBanne UK-criekTpomeTpa u ero B3aumojeiicrsue ¢ 00J1adHON
0a30il JIaHHBIX.

st Toro 9To6BI BEPHO OIEHUTH IOCJE/ICTBHS HOSBICHUS TOT0OHBIX
npubOpOB HA PBIHKE, MOTEHIHAIbLHBIE BO3MOYKHOCTH €ro IMPUMEHEHUs U
0COOEHHOCTH B3aNMO/IEHCTBUSI IPUOOPOB C TEPMHUHAJIBHBIM 000DYI0BAHIEM
nose3oBaresiss u CCOIL, paccmorpuMm pabodne XapakKTEPUCTUKU YCTPOIi-
CTBa, MPEJIIIOJIarasi TaK¥Ke, YTO OHU OYIIYT SIBJISTHCS THITOBBLIME JIJIsI BCEX
nH@PAKPACHBIX CIIEKTPOMETPOB JIAHHOI'O KJIACCA.

st paboThl MPOrpaMMHOTO ObOeCIiedeHrsT YCTPOHCTBA MOTpedyeTcs
TEPMUHAJILHOE 0DOPYIOBAHUE C TOMJIEPXKKON OneparmoHubix cucrem i0S
8 u Borme wm Android 4.3 u Bbime ¢ momepxkkoi Bluetooth Low Energy.

B nepByio ouepesib CTOUT OTMETUTD, ITO TOIOOHDBIN TPUOOP MTO3BOJIUT
PSIOBOMY TIOJTB30BATENIO OCYIECTBIIATH B3AUMOJEHCTBHE ¢ TAKUM TUIOM
cerefl, KAK MOJIEKYJIsIDHbIE HAHOCETH. HcCiu paHee HCIIOJIB30BAHUE TAKUX
cereil OBLTI0 OrpaHIYeHO JIAOOPATOPHBIMY YCJIOBUASIMU U IIPEJIIOJIArAI0 Ha-
JIMIUE CJIOKHOTO JIOPOTOCTOSIIETO ODOPY/IOBAHUSI, & TAKXKEe €ro WCIIOJIb-
30BaHMe BHICOKOKBAJIMMDHUIIMPOBAHHBIME IPOMhECCHOHAIaMu, TO TEIeph J10-
CTYT K TOJYIE€HUIO HHMOOPMAIINN TOCPEJICTBOM TAKHUX CeTeil OYIeT OTKPBIT
JIUTsT KaK7I0ro JesioBeka. CTaHeT BO3MOYKHBIM BHEJIPEHUE U UCIOJIb30BAHIE
MOJIEKYJISIPDHBIX HAHOCETE! B KOMMEPUECKHUX IEJIAX, B IeJIsIX 00ecievdennst
6e30MIaCHOCTH JIIOJIEH, U B JPYIUX CIydasx, KOTJA 3TO HEOOXOIUMO WJIN
HET BO3MOYKHOCTH OPraHU3aIl KJIACCHIeCKNX ceTeil ¢Ba3u. Takke cTOUT
OTMETHUTD, UTO paHee Iepeiada HHMOPMAINN B MOJIEKYJISIPHBIE HAHOCETSIX
OTPAHUYNBAJIACH OTPAHNIEHHBIM HAOOPOM BEIECTB — MOJIOKUTETbHBIE HO-
HBI KaJIbIust, GEepOMOHBI, KI'yTHKOBbIE OakTepun [4]. D10 GbLIO CBA3aHO ¢
TEM, 9TO CYIIECTBOBAJIM JIOCTATOYHO ITPOCTHIE YCTPOUCTBA, KOTOPHIE MOI-
JIH pearupoBaTh Ha TOSBJIEHUE MOJOOHBIX HOCHTEs el nHMOPMAIUN U U3-
BemaTh noJib3oBaress. Ceituac e 6s1aromapst MOsIBJICHUIO IEPCOHATHHOTO
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Tabymma 1
XapakTepuctuku mHppakpacHoro Mukpocmekrpomerpa SCiO.

Ne | Xapakrepucruka Suauenue

1 CrekTp U3JIydYeHnst CEHCOPa, Nudpakpacubrit

2 Tumn cemcopa NudpaxpacHblii ClIeKTPOMETP
3 Bpemsa nzmepenus 1.5 cek

4 Jucrannust u3aMepeHust 5-15 MM

5 Tun coenunenus Becmposommoe

6 ITuranue Or BHyTpenHeit barapen

7 Sapsiaka Mukpo USB

8 Bpewms mosHoro 3apsiza 6arapen | 3 daca

9 T'abaputst 54x36,4x15.4 MM

10 | Bec 35 rpamMMm

11 | Pabouas Temmeparypa 5-35 rpamaycos mo Ilemabcuio

HOCHMOTO CHEKTPOMETPa MOSBUJIACH BO3MOYKHOCTH HCIOJIB30BATH 3HAUM-
TeJIFHO OOJIbIIEe KOJIMIECTBO PA3JIMIHBIX HOCUTEIEH 1 HCTOYHUKOB HH(OP-
maruu. Hanpumep, mosiB/IsieTcst BOSMOYXKHOCTh MapKUPOBATH CIIEIIAAJIbHBI-
MU COCTABaMU, OE3BPEHBIMU JIJIsl I€JI0BEKA, MPOJAYKTHI MATAHUS, JIEKAP-
CTBEHHBIE TPENapaThl U T.JI., & MOKYIATe/JN, B CBOIO OYepPEe/lb, [TOJIYIaioT
JIOCTYII K JIETKOMY CIIOCOOY IIPOBEPKH KadeCTBA M COOTBETCTBHS TOBapa
W MEJMIMHCKOTO TIPernapaTa My TéM CKAHUPOBAHUST HAHECEHHOTO COCTABA
WK caMoOro OObeKTa HUCC/IeI0BaHUsS MH(PPAKPACHBIM MHUKPOCIEKTPOMET-
pPOM. DTOT METO, MOYKET HOCJIY>KUTh JOMOJHUTEIbLHON 3aIIuTOi 0T KOH-
TpadaKTHBIX TOBAPOB, a TaKKe CIOCOOOM OIIOBEIEHUS MOKYIIATEs N
pabOTHUKA MEIUITMHCKOIO YUPEXKJIEHNsI O TAKUX KPUTEPUSAX, KAK CTPaHa-
[IPOU3BOJINTEb TOBApA WK IIPerapaTa, COCTaB U T.I.

Bo BrOpBIX, CTOMT paccMaTpuBaTh MOAOOHBINA MPUOOP KAK MCTOYHUK
JIOIIOJIHUTEILHOM HAIPY3KM Ha CETH CBsI3W OOINEro moJib3oBaHus. JlomoJi-
HUTEJbHBIE TIOTOKN TpaduKa, KOTOPBIH Oy/IyT reHepupoBaThCs B PE3YJib-
TaTe pabOTHI YCTPOWCTBA, JOJKHBI OyIyT IMepe1aBaThbCs st 00paboTKu u
CpaBHEHUSsI C 9TAJIOHHBIMU JAHHBIME C COOJIIO/IeHreM TPeOOBaHU K mapa-
MeTpaM KadecTBa obcayxkusanus [5]. [ToTpeGHOCTS XpaHeHHs 1 HAKOILIe-
HUsI STAJIOHHBIX JaHHBIE 00 NHPPAKPACHOM CIIEKTPE PA3IUIHBIX BEIIECTB U
COEJIMHEHUH TI0JIpa3yMeBaeT MCIIOJIb30BAHUE CIIENINAJIbHBIX O0JIAYHBIX CEP-
BHCOB, KOTOPBIE SIBJISIIOTCS COCTABHON YaCTHIO CeTell CBs3U OOIIEro moJib-
30BaHUs. XpaHeHne Bceil nHMOPMAINY HA TEPMUHAJIBHOM OOODYIOBAHUN
[TOJIb30BATEJISI HE [IPEJICTABJISIETCS BO3MOYKHBIM B CBSI3M C OOJIBIIMMEU 00'b-
émamu mHOpMAIUKA B 0a3e JAHHBIX 00 WH(PPAKPACHOM CIIEKTPE BEIIECTB
U COeTMHEHNU, MOTPEOHOCTH €€ OOHOBJICHUST M JOIOJTHEHUS.



198 DCCN—2016

B Tperbux, BHempeHnue momo0HOrO mpubOpa MO3BOUT UHTEHCH(DUII-
poBaTh paboThI 10 PA3BUTHIO IIEPCOHAJIBHBIX CeTeil U HAaTeJbHBIX CeTeif,
pa3paboTKe IPOTOKOJIOB LI B3AUMOJIENCTBUS IOJIH30BATENS C [10/I00HBI-
vu mpubopamu, M2M u D2D kommynukamnuit. Kak Bumao u3 tabsuisr,
pa3paboTUYnKaMy I B3aUMOJIENHCTBUS C TEPMUHAJIBHBIM 00ODYI0BAHHEM
moJIb30BaTe st Boibpana Texunosiorusi Bluetooth Low Energy. 9ra Ttexnoso-
rusi 00eCIIeINBaET SKOHOMUIO SHEPIUU MHMPAKPACHOTO MUKPOCIEKTPOMET-
pa, U Tak>Ke C YCIIEXOM MOXKET HCIIOJIb30BATHCS JIJI PEeaJIM3aIlui I0CTPO-
€HUsI CAaMOOPTaHU3YIONNXCS CeTell M B3aMMOJIEHCTBUS B PAMKaX KOHIIEI-
muu Uarepuera Bemeit. [Ipn Hamuauu coOTBETCTBYIONIETO TPOTPAMMHOTO
obecIriedeHnsl BO3MOXKHO PeajIi30BaTh CEPBUCHI, KOTOPbIE OYIyT CIIOCOOHBI
dopMupoBaTh BpeMEHHbIE CeTeBble NH(MOPMAIMOHHBIE KJIACTEPHI s 00-
MeHa MHMOpMAIUEN MEXKIy TOJIh30BATESIMA MUKPOCIEKTPOMETPOB, Ha-
[IpUMeED, €CJIU OHU HaXOJATCd B IIOMEIEHNN Mara3mHa U OOMEHUBAIOTCS
nuadopMarmeil 0 TpeCTABIEHHBIX TOBAPAX C IEJIHI0 COCTABJIEHUST PEHTUH-
OB, PEKOMEHJIAIINN TOrO WJIK UHOT'O TOBapa.

3. 3akirouyenue

B nannoit ctarbe paccMOTPEHBI BOIIPOCHI, KACAIOITUECS] HOBBIX METOJIOB
cbopa 1 aHaIM3a JAHHBIX 00 OKPYKAIOIEM MUPE, 8 UMEHHO — IIPUHIIUI Pa-
06OTBI U METO/bI IPUMEHEHUs MHMOPAKPACHBIX MUKPOCIEKTPOMETPOB KaK
COCTaBHOI YacTu cerefl CBs3W 00OIIEro moJib3oBanus. llpuBenén mpumep
CYIIECTBYIOIIEH peasm3aluu MUKPOCIIEKTPOMETPa U ero paboune xapakTe-
puctuku. OTMEYEHO BO3MOXKHOE BJIMSIHUE JIAHHOTO YCTPOUCTBA Ha Pa3BH-
THe MOJIEKY/ISPHBIX HAHOCETEl, HA YBeJIMYIeHNE TOTOKOB TPa(UKa B CETIX
CBsI3U OOIIEro I0JIb30BaHUsl, HA WHTEHCUBHOCTH PA3BUTHUS IEPCOHAJIBHBIX
U HATETbHBIX CceTel, MeTUITNHCKUX ceTeit, TpoToKoI0B nTeprera Berreit,
M2M u D2D BzammogeiicrBus. Jlamabie ycTpoiicTBa, KOTOpbIe 6e3 COMHE-
HUsI B CKOPOM BPEMEHU BOMIYT B MIUPOKOE yHOTPeOJIeHNe, U CTAHyT He3a-
MEHUMbBIM UHCTPYMEHTOM cOOpa U aHAJN3a JAHHBIX.
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In this article the questions concerning new methods of data collection, namely,
possibilities of application of infrared microspectroscopy, and also instruments
realizing this function - portable infrared microspectrometers for information
collection about properties and a status of substance are considered. Questions
of the organization of communication links for communication of similar instru-
ments with the person (through terminal equipment - the smartphone, a pad,
a notebook, etc.), and other functional assemblies of communication networks
public — the remote cloud servers providing storage and up-dating of the data-
base of samples, supporting possibilities of the remote analysis of data retrieveds
are taken also up. The subject of this article is on a joint of several knowledge
domains — molecular nanonetworks, materials science, physics, chemistry, etc.
Infrared microspectrometer is considered by the author as an element of a com-
munication network public.

Keywords: molecular nanonetworks, medical network, data collection on
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On strong polynomial bounds of rate of convergence
for regenerative processes
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Moscow State University of Railway Engineering (MIIT)
9b9 Obrazcova Street, Moscow,127994, Russia

Abstract. We give strong bounds for the rate of convergence of the regenerative
process distribution to the stationary distribution in the total variation metric.
These bounds are obtained by using coupling method. We propose this method
for obtaining such bounds for the queueing regenerative processes.

Keywords: regenerative process, queuing theory, rate of convergence, coupling
method.

1. Introduction.

We study the rate of convergence of distribution of regenerative process
to the stationary distribution in the total variation metric.

Many queueing processes are regenerative, and establishing bounds for

the rate of their convergence is a very important problem for the practical
applications of the queueing theory. Recall the definition of regenerative
process.
Definition. The process (Xi, t > 0) on a probability space (0, F,P),
with a measurable state space (X, F (X)) is regenerative, if there exists an
increasing sequence {0} (n € Zy) of Markov moments with respect to the
filtration Fi<o such that the sequence

{®n} = {Xt+9n71 — Xgnil,en — gnfl,t c [Hn,l,ﬂn)} , ne N

consists of independent identically distributed (i.i.d.) random elements on
(Q,F,P). If 6y # 0, then the process (X;, t > 0) is called delayed.

Denote Cn 2 6, — 0,1, and let F(s) = P {¢,, < s} be the distribution
function of regeneration period; we suppose that the distribution F' is not
lattice.

The first great results about the convergence rate of regenerative pro-
cesses was obtained in [1], namely.

If the condition

ECK = Mg <00, K>1 (1)

is satisfied, then for every A € F(X) and all k < K — 1 there exists C(k)
such that

PrO(A) = P(A)| < Clr)t", (2)
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where PX°(A) = P{X; € A} and P is the stationary distribution of X,
but bounds of the constants C(x) are unknown.

Later this results was repeated by probabilistic approaches, namely, by
modified coupling method: shift-coupling and distributional shift-coupling
[5, 6], e-coupling [3,4]. Emphasize that the application of the coupling
method is possible only for the Markov processes. However, in queuing
theory, usually the regenerative processes are not Markov. Therefore, the
state space of considered regenerative process must be extended so that
the regenerative process with this state space would become Markov.

So, for the use of the coupling method for the arbitrary regenerative
process X; we must to extend the state space X of this process of by such
a way that the process X; with this extended state space X is Markov.
For markovization of non-Markov regenerative process we can include to
the state Xy, ¢ € [0,,—1,0,,) full history of the process on the time interval

[0r—1,t]: the process X, def {Xs,s € [On-1,t]|t < 0,} is Markov and regen-
erative with the extended state space X'. Thus, in the sequel we suppose
that the regenerative process X; is Markov.

The use of modified coupling method is explained by the fact that
the applying of the “direct” coupling method for not discrete processes in
continuous time is impossible. Indeed, for using of coupling method, it is
necessary to estimate the distribution of random variable

(xPxP) Lt {e>0: x = xP},

where Xt(l) and Xt(2) are two versions of Markov process X; with different
initial states. Then for any increasing positive function ¢(s) we have for
all A e F(X)

P ) -2 )| < B {r (XX > o) -

=P {¢ (r (%" X)) > o0} < (o) Beo ( (x§". X))

by the coupling inequality.
Now by integration of this inequality with respect to the measure P we
have

‘pf“m - P(A)' <o) [ (r (x".x87)) ap (x7) =
X
= (e (%), ®
and
[P - PHTV < (plt)t2c (xV). (4)
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But in general case P {T(Xél),Xéz)) < oo} < 1, and the “direct” use

of coupling method is impossible.
We will present a new method for obtaining polynomial bounds with
the rigorous bounds for C(x) in (2).

2. Idea.

Our method applies the idea of [2]. This idea is based on the con-
struction (in a special probability space) of the paired stochastic process
Z = (Zt(l), Zt(2)) such that:

1. For all £ > 0 the random variables Xt(i) and Zt(i) have the same
distribution, i = 1, 2.

2. ET (Zél), 52)) < o0 where 7(Zo) 2L inf {t <0: 72V = ZP}.

3. 20 = 2@ forall t > 7 (Zé”, ZSZ)).

The paired stochastic process Z; = (Zt(l), Zt(2)) satisfying the condi-

tions 1-3 is called successful coupling.
For all a € F(X) we can use the coupling inequality in the form:

P (4) =P (A)‘ =[P {xV eal P {x?ca}|=

=[p{zV ea}-p {2z eal| <P {r (2" 2P) =1} <
Ee(r(2.28)) c(z4.2)
) 20 ST

(5)

for some constant C (Zél), Z(2)>. As Zéi) = X(gi), the right-hand side of
the inequality (5) depends only on X(()i).

Then, if PXo = P for all initial states, we can use integration of (5)
with respect to the measure P as in (3)7(4)

This applying of successful coupling has some difficulties: this is a need
to integrate E(p( (Z(()l),Z(2)>) or C’( (1) Z(z)) with respect to the

stationary measure P.
Therefore we propose to apply the schema of successful coupling for the
process Xy with the initial state X, and its stationary version, namely.

We will construct a successful coupling Z; = (Zt, Zt) for the process

X, and its stationary version )Z't, and we will estimate the random variable
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F(Xo) = 7(Zo) 2 inf {t ~0: 7, = Z}. Then

[P =P < 2P {F(X0) > 1}
In the sequel, we suppose that

f(s)ds > 0. (6)
s:3f(s)

3. Implementation of idea.

We will divide our reasoning into several steps.

Step 1. Consider some renewal processes R; with the distribution of re-

o0
newal time F(s). R, is a counting process: R; dof > 1(S,, < t) where

i=0
. n
Sn def > (i, and ¢, i@ € Z4 are mutually independent; E ¢; < 0o,i € Z;

P{¢ én:SO}:F(s),ieN.

Then X, def (t — Sg,) — backward renewal time of process R; — is a

Markov process.
It is well known that

oo

lim P{X; > s} =y /(1 — F(u)du®1- F(s),
—00

def
where y = E (3.
Our first step is the estimation of the rate of convergence

P{X, <s}— F(s).
For the initial state Xg = a we suppose

P {(o < s} =Fu(s) d:fW

We will construct a successful coupling Z; = (Zt, Zt) for the process

X; with an initial state Xy = a and its stationary version )?t.
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Denote ¢(s) def 1(3 f(s)) x (f(s) A ﬁ'(s)); the condition (6) implies

/go(s)dsdzef%>0.
0

Denote ®(s) & Of o(u)du, U(s) L F(s) — d(s), U(s) XL F(s) — d(s).
Put for a € [0,1), b € [0,5), ¢ € [5,1)

Z(a,b,¢) 2 1(a < 3)B~1(3b) + 1(a > )T (1 — 3)c);
Z(a,b,¢) L 1(a < )1 (sd) + L(a = ) T~1((1 - x)c).

We will construct the pair Z; by induction.
Let U, ; be i.i.d. uniform random variables on [0,1) defined on a some
probability space (2, F, P).
Basis of induction. Put
def _ ~ def 7/ ~ def _
to = Fy '(Uoo), to = F~'Uon), Zo = Fp'(Uo2);

and we put Z; ey Laforte [0,60) where g d:efto A to.

Inductive step. Suppose that we have constructed the process Z; for
t €1[0,0k), 6k =t; At;. There are three alternatives.

1. 0 =t; = t;. In this case we put

Zo = Zo, =0, tip1=1t;01 =01 =F " (Upit1);
~ def

and Z, = Zy =t — Oy for t € [0k, 0k41)-

2. 0, =t; <t;. In this case we put

= ~  def~ _
Zo, =0, Zo, = Zo,—0, tjiv1 = t; +F ' (Urjs);
and Z; dzeft—ek, Zy dzeft—ek—i—ng for t € [0, Ok+1) where 051 dzefti/\%vjﬂ.
3. 0 =t; <tj;. In this case we put

def — ~ ~
tiv1 = ti +ZUoir1,Us is1Usiv1); t; = t; + A,

where A = E(U27i+1,u?,,i+1,z/{57i+1); and

def =~ def —
Zt =t _9k7 Zt =t —Gk +Fgl(uﬁ7i+1)
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for t € [0y, 0k+1) where 011 &ty Atjq.

It can to check that the constructed process Z; = (Z;, Z) satisfies the
conditions 1-3 of definition of the successful coupling, and

P{Zt |Zt7éZt}:%>0;

i+1 1+1
we will give the full proof of this inequality in the following publications.

Step 2. Now we can give a strong bounds for the constant C'(k) in (2) if
the conditions (1) and (6) are satisfied, and for all k < k we have

v v—1
Zo)<to+ Y (ti—ti)=to+ Y Gi+G
=1 =1

where B ot R ot
P{vr>it = (1 — )i ( = §|{zt PR and (, =
<|{Z,,U:Zty |2, 1 #20,_,}
By Jensen’s inequality we have:
Ex,(7(Xo))" <
(n+ 1)1 5e(1 = 50)" T (Ex, (f0)" + (n = DE(G)" + E(G)") <
n=1
< %/s"dFXo(s) Z(n + 1)1 = )"
0 n=1
oo
+ B (n+ 1) n—1)(1 - )"+
n=2
+ECY (1) (1= )" E (X ). (7)
n=1

Step 8. Now let X; be a regenerative process with an extended state
space X, and on this state space it is Markov. The regeneration times %,
t1,...of X; form an embedded process Y; &y max {t; <t} (the backward
renewal time of the embedded renewal process) with the distribution of the
renewal time P {¢ < s} = F(s); the length of i-th regeneration period is

D
i —tio1 =G =¢.
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The random element X; = {X;,t € [t;—1,t;)} depends on the random
variable (; = t; — t;—1; for A € B(X) denote
def
Ga(s,A) =
Ga(s, A) specify a conditional distribution of X; on the time period [t;_1, ;)
given {t; —t;_1 = a}.

Therefore if we know all regeneration times of X;, then we know the
(conditional) distribution of process X; in every time after the first regen-
eration time ¢y: this distribution is determined by the conditional distri-
bution G, (s, A) of the random elements X;.

Then we can repeat the construction of the Step 1 for an embedded
renewal process Y; of regenerative process X; and for embedded process
Y; of the stationary version X; of the process X;. We can complete the

pair Z; = (Zt,z>, Zy L Y:, Z 2 )Z by random elements X; on such a

P {Xtifl'i‘s € AKZ = a}, s € [O,(I).

way that completed regenerative processes Wy and Wt have a distribution
’PtX ° and P correspondingly.

Hence, 7(Z)) def ing {t : Zy = Z} > inf {t Wy = Wt}7 and we can
estimate a bounds for the convergence rate for regenerative Markov process
X similar to (7).

Now we can return to the original state space of the regenerative (non-
Markov) process X;. The bounds of the convergence rate will remain the
same, i.e. we can apply (7) to non-Markov regenerative processes.

4. Applying to the queuing theory.

In the queuing theory the distribution of the regenerative process pe-
riod is often unknown. But often the regeneration period can be split into
two parts, usually this is a busy period and idle period. And as a rule the
idle period has a known non-discrete distribution. If the bounds of mo-
ments of a busy period are also known, then we can use a modified Step 1.
This modification is a construction of a successful coupling for alternating
renewal process X; and its stationary version.

Let X; be an alternating renewal process having two states, 1 and 2,
say. The time of the stay of the process in a state ¢ has the distribution
function Fj(s) = P {¢(¥ < s}, and periods of stay of the process in states
1 and 2 alternate. Again, we consider the markovization of this process,
namely.

We complement the state of the process by the time, during which the
process located continually in this state: if X; = (n,z), then at the time
t — x it got into the state n; denote n(X;) = n, ©(X;) = x. The process

X has a state space {1,2} x R;. Denote c(n) def 1(n=2)+2x1(n=1).
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If Xo = (4,a), then the process X; changes it’s first component n(Xt)
at the times ((¢9) = tOZ, to.e(i)s P t1e(i)se - g( D=t ey — i 2 (O
(e(3)) _ (e(4)) (a,i) a’ + 8) F; (8) .
=1 (i) = ;P <st = ;-
C J, tj—1,c() C {C } l—Fi(s)
Suppose that the distribution function Fj(s) satisfies the condition (6),
E((%)X < oo, and random variables ¢(*9), C;l), Cj@) are mutually inde-

pendent.
Now we can construct the successful coupling of the process X; and its

stationary version Z; = (Zt, Z) so that

1 —Fl(S)

P{th,2 - Zt72|2t7 1,2 7é Zt] 12} 2 / Fll(s) A
{3F)}

Then, by calculations similar to (7), we can obtain a rigorous bound
for the rate of convergence for marginal distributions of process X;.
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