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Modeling and design of an re-configurable isolated
remote for plasma experiments with hard-real-time
synchronization
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The purpose of this paper is to present the design and implementation of a recon-
figurable remote control for performing plasma experiments with Hard-Real-Time
(HRT) synchronization under jitter less than 1 microsecond. An additional require-
ment for a multichannel synchronization system is the use of high-speed optical
converters to provide galvanic isolation between powerful modules of the setup
and remote control in order to exclude any possibility of disruption of the physical
experiment control system.

Modeling and development of the software part of the maser remote control panel
was performed in the LabVIEW application development environment with Real
Time and FPGA modules.

The hardware part of the control panel is implemented on a real-time controller
working in conjunction with the Xilinx FPGA module. To ensure the optical isolation
of synchronization signals, boards of electron-optical converters based on LED lasers
with fiber-optic terminals were developed and manufactured.

The control program is implemented in a two-module architecture with a HOST
application and an FPGA application that exchange data over a 1000BASE-T
Ethernet network.

Key words and phrases: remote control, synchronization, hard real-time system,
FPGA, reconfigurable input-output (RIO)

1. Introduction

Control of a complex multi-parameter physics experiment places high de-
mands on the synchronization of the operation of various systems, nodes and
modules of the experimental setup [1]-[3]. In such case, controllability is de-
fined as the ability of the remote control system to achieve a define state
when several processes work together or in a certain experiment scenario in
a time sequence [4]. Real-time systems must accomplish executive and appli-
cation tasks within specified timing constraints [5], [6]. The time resolution —

(© Andreev V.V., Chuprov D.V., 2021
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the minimum distinguishable step along the time axis-is in this case the most
important characteristic of the synchronization system. So simultaneity of
processes or phenomena is reduced to the fact that these processes on the
time axis are separated from each other by intervals that do not exceed the
time resolution of the system.

The use in physics experiment high-voltage AC and DC or UHF power
systems generates a high level of electromagnetic noise and in this case the
concept of Power-over-Fiber technology is applied to ensure controllability [7],
[8]. Thus, the safety regulations for equipment operating at high power levels,
along with the serious requirements for the reliability of the electronics in
harsh environments, require galvanic isolation [9], [10].

Our work on synchronization in HRT systems has been performed as part of
an ongoing autoresonance plasma experiments in Plasma physics laboratory
of RUDN [11], [12]. To organize the operation of the synchronization system,
a single time reference point is selected, and the characteristic stages of each
of the processes are separated from this beginning by an adjustable amount of
delay. The device that provides a countdown of the required delay was called
a delay generator. The developed concept can easily be scaled practically on
any type of complicated plasma experiments.

2. Experimental setup

As an example of a complex physical installation that requires control with
real time synchronization, consider the problem of controlling a plasma maser.
A plasma maser (plasma relativistic microwave generator) is a source of
powerful microwave radiation in which the Cherenkov effect of the interaction
of a high-current relativistic electron beam (REB) with a slow wave of a plasma
waveguide is realized [13]-[15]. The configurations of plasma masers differ
in the relative position of the REB and plasma and are described in detail
in [16], [17].

In the maser scheme implemented in this project, the REB propagates in
a strong longitudinal magnetic field in a metal cylindrical waveguide, in which
a plasma with controlled parameters is pre-created.

A simplified block diagram of the created plasma maser is shown in the fig-
ure 1 and includes an main experimental setup and a system for ensuring its
operation.

The main experimental setup includes 4 modules:

— A generator of periodic high-voltage pulses of nanosecond duration as
a source of a high-current REB in a direct-acting accelerator based on
an explosive-emission cathode.

— A plasma source with controlled parameters.

— The space of formation of REB and plasma in a strong magnetic field.

— Remote control of all nodes and diagnostic systems.

The support system consists of:

— A vacuum pumping system.

— Gas inlet system for creating plasma.

— A system for converting a plasma wave into an electromagnetic wave,
releasing radiation into the atmosphere, focusing it, and transporting it.

— Radiation detection and diagnostics system.
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Figure 1. Block diagram of a plasma maser

The operation of all the main operating systems of the plasma maser is
provided by a synchronization system with a strict reference to real time.
This system is integrated into the control panel, where the operator sets
the required operation scenario, provides a physical start of the maser and
receives a report in the form of tabular and graphical data on the state of the
maser subsystems at synchronous times of the working cycle. Schematically,
the maser operation scenario is shown in the figure 2.

plasma sourse cathode heating >

t
2-4s 1s 0,1s

solenoid current

>

t

N pulses

plasma sourse anode current .

t

20 - 100 mks
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Figure 2. Plasma maser working scenario

If the warm solenoid is ready, after 30 seconds after all the limit switches
(locks) are triggered, a ready signal is generated — the “Start” button in the
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remote control interface is activated. Pressing the “Start” button generates
a “glow” pulse, which is applied to the power supply of the plasma source.

After the set time “Glow duration” (set by the operator in the range of
0-5 s), the signal “solenoid current” is generated. After the battery charge
current of the solenoid reaches the set values, the remote control generates
a burst of pulses with the set frequency during 1 s.

The developed remote control allows the operator to implement two options
for starting the maser. In case 1 (see the figure 2) a beam of relativistic
electrons interacts with a “quiet” plasma in the absence of current in the
cathode circuit of the plasma generator. The plasma decay time is of the order
of tens to hundreds of microseconds, so synchronization with a jitter of the
order of 1 microsecond is enough. In the development of the launch scenario
according to the case 2 option, the REB interacts with the plasma under
conditions of increasing concentration. One of the tasks of the experiment is
to compare the two described scenarios and identify the preferred conditions
for the occurrence and development of a plasma-beam discharge in terms of
obtaining a powerful broadband EMR pulse.

After a time of about 1 ms after the last pulse of the bundle, the remote
control generates the endings (trailing edges) of the current pulses of both
warm solenoids and the glow pulse of the thermocathode.

The developed remote provides control of the signals of the security system,
as well as the generation of appropriate enabling, warning, or prohibiting
signals and commands.

The NI cRIO-9053 chassis (see the figure 3(a)) with a real-time controller
and an integrated field-programmable gate array (FPGA) chip was chosen as
the hardware platform of the synchronization system. The FPGA architecture
is a set of programatically configurable logic blocks, the connections between
them, and the I/O blocks. This structure is best suited to the tasks of parallel
multi-channel data processing to multi-channel signal generation.

(a)

Figure 3. NI cRIO-9053 chassis (a); I/O modules NI 9401 and NI 9402 (b)

The reconfigurable I/O modules NI 9401 and NI 9402 were used for matching
with the generator loads — input channels of synchronized devices (see
the figure 3(b)). They have a similar circuit architecture but differ in the
maximum switching speed and the form factor of the output connectors. This
solution is chosen to conditionally divide the input and output signals into
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two groups: “fast” signals with strict jitter requirements (starting the plasma
generation and starting the REB source) and “slow” signals with a relatively
less rigid reference to real time (starting the heating of the thermal cathode,
starting the solenoid current generator and emergency lock signals).

Main characteristics of the controller and modules:

— 4-slot CompactRIO controller, 1.30 GHz Dual-core CPU, 4 GB DRAM,
4 GB Storage, —20°C to 55°C, Artix-7 50T FPGA. The cRIO-9053 con-
troller is a secure, high-performance, customizable embedded controller
that contains a dual-core Intel Atom processor, an Artix-7 FPGA, and
four slots for C-series modules. It runs on the NI Linux Real-Time op-
erating system with 1/O access via the NI-DAQmx drivers or via the
LabVIEW FPGA module.

— The NI 9401 module provides a reconfigurable 1/0O interface for digital
lines in 4-bit increments and operates in three configurations: 8 digital
inputs, 8 digital outputs, or 4 digital inputs and outputs each. The pulse
font is not worse than 100 ns. The signal level is 5 V TTL. Output
connector 25 PIN D-SUB.

— The NI 9402 module provides a reconfigurable I/O interface for 4 digital
lines, operating in two configurations: 4 digital inputs, or 4 digital
outputs. The pulse font is not worse than 50 ns. The signal strength is
3.3 VLVTTL. 4X BNC (50 Ohm) output connector.

A digital 4-channel RIGOL MSO1074 oscilloscope with a bandwidth of
70 MHz and a minimum detectable pulse duration of 10 ns was used to
monitor the system and perform test measurements.

3. Results and conclusion

A program of control of the prototype generator was created in the Lab-
VIEW graphical programming environment [18]-[20]. LabVIEW is one of
the most popular development environments for modeling, simulation and
equipment control applications.

The developed program consists of two parts: the top-level host program
in the figure 4 is responsible for the user interface and transmits the synchro-
nization system settings and setpoints to the FPGA program once per second.
The current values of the settings are transmitted over the communication
channel between the HOST and the FPGA applications.

In the FPGA program in the figure 5 after checking the health of all
connected devices and assigning program identifiers to the physical synchro-
nization channels, an infinite loop begins, working out the commands of the
HOST application. After receiving the “START” command, the synchroniza-
tion signals are switched on and off sequentially with the specified durations
and delays for each of the active channels. After the plasma maser cycle is
completed, the FPGA application signals this to the HOST application and
goes back to standby mode.

The waveforms with the results of testing the program of the remote
control are shown in the figure 6. Beam 1 — the starting pulse, beam 2 —
the output pulse of one of the synchronization channels (starting the plasma
generation). Tests have shown that the programmable delay of the generated
signal corresponds to the setpoint with high accuracy.
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The jitter observed at the signal edges is less than 100 ns (it is not noticeable
on the waveforms). The step of changing the programmable delay in the
synchronization system channel is 1 microsecond. The delay can vary from
1 microsecond to 232 microseconds (more than 1 hour).
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Figure 6. Waveforms of the operation of the plasma generation start channel
in single-channel mode with a delay time setting of 450 microseconds
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The next stage of our tests was to check the software control of the delays
in the generation of the REB relative to the front of the plasma pulse under
the conditions of the generation of a pulse train. To configure program delays,
the control program interface provides a function block, shown in the figure 7.

Total REB
pulses delay, mks
CYCLES
25 | 7400
Advance Heat
Pulse Ne time puration time, s
1 50 100 i 1
2 50 100 |
3 50 100 B front, ms
4 50 100 200
5 50 100
6 50 100
7 50 100
8 50 100
9 50 100
10 50 100 v

Apply to all pulses [> START

Figure 7. The control program interface block, with channel delay settings

After specifying the number of pulses in the packet, the values of the plasma
pulse durations and lead times (by how many microseconds the front of the
plasma pulse is ahead of the RAP pulse) should be entered in the program
delay table for each pulse of the packet. The settings made in the first row
can be applied to the entire table. It is possible to read the corresponding
table from a text file in a similar format to the table. The separator is a Tab
character, the line separators are the End Of Line character.

A series of waveforms showing the possibilities of software tuning of the
advance is shown in figures 8, 9, 10. The beam 2 is a synchropulse for plasma
generation, the beam 1 is a program repeater of the REB pulse with a duration
of 10 microseconds (for easy display on oscillograms).

It can be seen that the leading edge of the plasma pulse of the REB pulse
strictly follows the setpoints of the control program interface (see the figure 7).

The created software and hardware complex allows you to scale the num-
ber of synchronization channels and, with the available equipment, get a total
of 8 delay channels with edges no worse than 50 ns and 16 channels with
edges no worse than 100 ns. The control panel based on the implemented syn-
chronization system has shown the ability for long-term stable uninterrupted
operation and is currently successfully used in experiments to select the opti-
mal operating modes of a plasma maser. Additionally, if it is necessary to
switch to a submicrosecond delay control step, the system can be reconfig-
ured to work with synchronization directly from the FPGA clock generator.
The existing FPGA platform with a clock frequency of 40 MHz allows you to
reduce the minimum step of regulating pulse durations and delays to 25 ns.
It should, however, be taken into account that the control range in this case
will decrease by a multiple to a value of about 15 minutes.
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(a) the first five pulses of the pulse train with a controlled advance of the REB pulse (beam 1) by the pulse
front of the plasma generator (beam 2)
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(b) the 1-st pulse of the pulse train with advances of 50 microseconds

Figure 8. The possibilities of tuning the advance between channels in the pulse train
generation mode
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(a) the 2-nd pulse of the pulse train with advances of 150 microseconds
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Figure 9. The possibilities of tuning the advance between channels in the pulse train
generation mode
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(a) the 4-th pulse of the pulse train with advances of 350 microseconds
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(b) the 5-th pulse of the pulse train with advances of 450 microseconds

Figure 10. The possibilities of tuning the advance between channels in the pulse train
generation mode
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The developed multi-channel synchronization system with fiber-optic gal-
vanic isolation of the controller and secondary circuits of the equipment can
be easily adapted to any tasks of controlling a physical experiment. This, in
particular, is in demand when conducting experiments with cold plasma in
the IFIT RUDN. These experiments require synchronization of the operation
of a high-power microwave generator and a pulse current generator, as well
as synchronized measurements of radiation parameters from the region of the
plasma clot localization in the microwave, optical and X-ray ranges, probe
measurements in the low-frequency and microwave ranges, etc. With the help
of the created system, it is possible to provide such synchronization with
a time resolution of at least 1 microsecond.
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MyJIbTAa yIIPABJIEHUS AJisI TIJIa3MEHHbIX 3KCII€PUMEHTOB
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B. B. Auapees, /1. B. Yynpos

Poccutickut ynusepcumem dpyocoHv, Hapodos
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esnb nanHoi cTaTbl — IPEICTABUTL OU3aiH U PEAU3AUI0 PEKOH(MUIYPUPYEMOIO
IIyJjibTa JUCTAHIIMOHHOI'O YIIPpaBJICHUA IJId TPOBEACHUA NJIASMEHHbBIX 9KCIIEPUMEH-
TOB C CHHXPOHHU3aIMeill B pexkmMe YKECTKOTO PeajbHOIO BPEMEHU IPU JIXKUTTEPE
MeHee 1 MUKpOceKyHIbI. JIOMOTHUTE/IbHBIM TPEOOBAHNEM K CHCTEME MHOIOKAHAIbHON
CUHXPOHUBAINN SIBJISIETCS UCIIOJIb30BAHNE BBICOKOCKOPOCTHBIX ONTUYIECKUX MTpeodbpa-
3oBaTeseil i 00eCcIeYeHns raIbBAHNIECKON PA3BA3KU MEXK LY MOIITHBIMHU MOIY/ISIMU
YCTAHOBKU U JIMCTAHIIMOHHOIO YIIPABJIEHMS, YTOOBI UCKJIIOYUTD JIIOOYI0 BO3SMOXKHOCTH
HapyIlIeHns PabOThl CUCTEMbI yIPABICHUS (PU3NIECKUM 3KCIEPUMEHTOM.

MonenmupoBanue u paszpaborka MPOrPAMMHON YACTH MYJILTA IUCTAHIIMOHHOTO
yIIpaBJIeHUusT Ma3epOM IIPOBOMUIINCEH B cpesie paspaborku npuiaoxkenuit LabVIEW
¢ momynsamu Real Time u FPGA.

AnmapaTHasi YaCTh MAHE U YIIPABJIEHUsI PEAJIM30BaHa Ha KOHTPOJLIEPE peabHO-
ro BpeMeHH, paboTatorieM coBMecTHO ¢ moayaeM Xilink FPGA. [Insa obecrieuerust
ONTUYECKON PAa3BA3KU CUTHAJIOB CUHXPOHU3AUUN PA3pabOTAHbI U U3TOTOBJIEHBI ILIa-
TBI 3JIEKTPOHHO-OIITUIECKUX TTpeoOpa3oBaTesieil Ha OCHOBE CBETOIUOIHBIX JIA3EPOB
C OIITOBOJIOKOHHBIMM BbLIBOJAaMU.

IIporpaMma ynpasiieHHs peaji30BaHa B ABYXMOILY/JIbHOM apXUTEKTYPe C IPUJIO-
xeraneM HOST u mpusoxennem FPGA, koTopble 0OMEHMBAIOTCS TAHHBIMU TI0 CETH
1000BASE-T Ethernet.

KimroueBble cjioBa: IyJIbT YIIPABJICHUsI, CAHXPOHU3AIINA, CUCTEMA YKECTKOI'O PeaJib-
HOT'O BPEMEHU, HACTPAUBAEMBbI BBO/I-BBIBO/],
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Firewalls is one of the major components to provide network security. By using
firewalls, you can solve such problems as preventing unauthorized access, and delet-
ing, modifying and/or distributing information under protection. The process of
information flows filtration by a firewall introduces additional time delays, thus pos-
sibly leading to disruption of stable operation of the protected automated system or
to inaccessibility of the services provided by the system. Multimedia services are par-
ticularly sensitive to service time delays. The main purpose of the work presented
in this paper is to evaluate the influence of the firewall on the time delays in data
transmission process in the automated system with multimedia data transmission
protocols. The evaluation is provided by the queuing theory methods while a session
is initiated between two users by the Session Initiation Protocol (SIP) with firewall
message filtration. A firewall is a local or functional distributing tool that provides
control over the incoming and/or outgoing information in the automated system
(AS), and ensures the protection of the AS by filtering the information, i.e., pro-
viding analysis of the information by the criteria set and making a decision on its
distribution.

Key words and phrases: SIP, firewall, session initiation, queuing system, filtering
time, automated system

1. Introduction

Currently, one of the necessary conditions to provide information security of
automated systems is to use software and hardware systems that filter incom-
ing and outgoing traffic. Firewalls increase the time delays for information
flows while they are checked in the AS. For multimedia protocols, significant
time delays can adversely affect QoE and QoS quality indicators [1] and lead
to inability of using the multimedia services provided. Therefore, the eval-
uation of the firewall influence on the time delays in the data transmission
process in the AS with multimedia data transmission protocols is an urgent
and demanded task.

(© Botvinko A.Y., Samouylov K.E., 2021
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To evaluate the firewall influence on the data transmission delay in the AS,
the most delay-sensitive service has been selected, i.e., the session initiation by
the Session Initiation Protocol (SIP). The script is the initiation of a session
between two users with proxy servers and firewall packet filtration.

This paper has the following structure. The process of the session initiation
by the SIP protocol is described in Section 2. A method for evaluation of
temporal characteristics of the session initiation by the SIP protocol is given
in Section 3. The results of the evaluation of the firewall influence on the
session initiation time and the session request delay are presented in Section 4.
The Conclusion contains the main aspects of the study.

2. Session initiation by the SIP protocol in the presence
of firewall

The SIP protocol, developed by the MMUSIC group of the IETF committee,
provides for three main types of scripts for initiating a connection: by proxy
servers, by a redirecting server, and directly between user [2|-[4]. The main
difference in these scenarios is the way of searching and inviting the user.
These operations are assigned either to the proxy server, or to the redirecting
server, or directly to the user if he knows the address of the called subscriber.

To evaluate the firewall influence on the connection initiation by the SIP
protocol, without limiting the generality of the approach, the script for
initiating a connection between two users with two proxy servers and one
firewall located in the middle of the chain has been considered. The network
segment with the client’s equipment of the 1% user (User 1) is considered to
be the AS under protection — this segment is protected by the firewall. The
firewall introduces an additional time delay while checking the compliance of
the network packet parameters with the filtration rules specified in the AS
under protection.

Figure 1. Arrangement of the elements when the SIP session is initiated

The figure 1 shows the elements participating in the connection establish-
ment: user’s equipment — User 1, User 2; proxy servers — Proxy-1, Proxy-2;
firewall and IP/MPLS main transmission network.

Let’s describe the session initiation algorithm, i.e., the sequence of requests
and responses of the session initiation process for the script under consideration
in accordance with the figure 1.

Session initiation on the equipment of User 1 is Invite message containing
the information about the address of the called user — User 2. The message
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passes through the elements of the firewall and the proxy server, and the
element simulating the IP/MPLS network, and the User 2 element. After
successful message processing (message retransmission isn’t considered), the
equipment of User 2 responds with the message 100 Trying. This means
that the request is being processed. Then, the equipment of User 2 sends
a 180 Ringing message to the User 1. That means that the incoming call
signal has been received and the location of the called user has been detected.
After processing the Invite request, User 2 generates a 200 Ok response. This
response to the Invite request contains the information indicating that the
user has agreed to participate in the communication session. The session
initiation algorithm is completed by sending the Ack message indicating that
the response to the Invite request has been accepted.

Consideration of this session initiation algorithm allows to evaluate the
following temporal characteristics of the SIP session initiation service: average
session initiation time Tq and average session request delay (SRD) Tqrp [5]-
T is considered from sending the Invite message to the start of the data
transmission process. Tqpp is considered from the moment the session has
been initiated until the first subscriber receives a 180 Ringing response.

The sequence of transmitted signaling messages in the described algorithm
of session initiation by SIP protocol is presented in the figure 2 [6].

3. Evaluation of the temporal characteristics
of the service of session initiation by SIP protocol
in the presence of firewall

To evaluate the firewall influence on the T's and T'qp times, a mathemat-
ical model in the form of an open exponential queuing network (EQN) is
proposed [7]. The residence time in the EQN will be equal to the session
initiation time [§].

EQN consists of six nodes, each of them modeling a corresponding functional
element in the session initiation process. The blocks — User 1, User 2,
IP/MPLS — are modeled by the queuing system (QS) M|M|oco, and the
rest of the blocks — by the QS M|M|1|co. Let’s introduce the following
designation: )\, is the intensity of the SIP message flow in the EQN, and p;
is the service intensity in the ¢-th node.

So, the condition for the existence of a stationary mode is [9], [10]:

. (H2 K3 s
)\0<m1n<5,5,4>. (1)

Taking into account that the Tg and Tqpp times consist of the time
of message processing by the functional elements and the waiting time in
the queue, and considering the approach given in [5], [8], [9], [11]-[14], we
determine the T'qpp and T'q times as follows:

2 n 2
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Figure 2. Message sequence when the SIP session is initiated

The residence time in the 2"¢ block will be equal to the time of the signal
message filtration by the firewall:

1
i ——— 4
S (4)

Using formulas (2)-(4), we determine the indicators of the firewall influence
on the session initiation time and the session request delay:
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4. Evaluation of the firewall influence on the session
initiation time and the session request delay

To evaluate the firewall influence on the session initiation time and the
session request delay, the following Cisco equipment has been selected: the
Cisco ASA 5500-X firewall with the SSP-10 module, and the Cisco Sun Fire
V120 proxy server. The initial data and their designations are given in Table 1.

Table 1
Initial data

Functional | User 1 | Firewall | Proxy-1 | IP/MPLS | Proxy-2 | User 2
element
Designation |y po! p3' py' ps' e
Service time, 0.1 0.5 0.4 50 0.4 0.1
msec.

The results of the evaluation are presented in the form of graphs showing
the dependence of the T'q and T's p times on the intensity of incoming requests
(see the figure 3).

The figure 3 shows that the condition for the existence of the stationary
mode (1) makes it possible to provide evaluation at the )\, intensity values
up to 400 requests per second. The Tq and Tqpp values obtained in the
presence of the firewall meet the requirements of the international standards
for the perception quality indicators. The value of the session initiation
time Ty is less than 2 seconds [5], [15]-[18]. At the intensity level A\, = 380
requests per second, the average session initiation time is Tg = 0.2 [s], and
TSRD — 0.]_5.

The evaluation of the indicators of the firewall influence on the session
initiation time and the session request delay is presented in the figure 4.

The firewall residence time for signal messages is less than 10% at the in-
tensity level \; = 370 [requests/sec|.

5. Conclusion

A mathematical model for the SIP session initiation with message filtration
by the firewall is presented in this paper. The evaluation of the average
session initiation time and the average session request delay indicates the
advisability of reducing the residence time that requests spent in the firewall,
which can lead to the reduction of the values of QoE and QoS indicators.



226 DCM&ACS. 2021, 29 (3) 221-229
400 -
TS
350 -~ Tsro
300
O
)
£
=250 -
Q
£
—
200
150 -
100 ===== o= Te==== S commoo . ‘ : !
005 01 015 02 025 03 035 04

Intens

ity of incoming messages Ao [msec’1]

Figure 3. Temporal characteristics when initiating the session with one firewall

indicators of the firewall influence
on the average session initiation time

0.15 0.2 0.25 0.3 0.35 0.4
Intensity of incoming messages Ay [msec'1]

Figure 4. Evaluation of the percentage of the firewall filtering time when initiating

the session



A.Y.Botvinko, K. E. Samouylov, Evaluation of the firewall influence on ... 227

[

7l

8]

9]

[10]

[11]

References

“Recommendation ITU T G.107. The E model: a computational model
for use in transmission planning. Series G: Transmission Systems And
Media, Digital Systems And Networks International Telephone Con-
nections And Circuits — Transmission Planning And the E-model,”
approved in 2015-06-29.

J. Rosenberg, H. Schulzrinne, G. Camarillo, et al., “RFC 3261 SIP:
Session Initiation Protocol,” 2002.

A. Johnston, S. Donovan, R. Sparks, et al., “RFC 3665 SIP. Session
Initiation Protocol (SIP) Basic Call Flow Examples,” 2003.

A. B. Goldstein and B. S. Goldstein, Softswitch. Saint Petersburg: BHV
Publishing House Petersburg, 2006, p. 368.

D. Malas and A. Morton, “RFC 6076. Basic Telephony SIP End to End
Performance Metrics,” 2011.

K. V. Ivanov and P. I. Tutubalin, Markov models of protection of
automated control systems for special purposes [Markovskie modeli zash-
hity” avtomatizirovanny’x sistem upravleniya special’nogo naznacheniyaj.
Kazan: Publishing house of GBU Republican center for monitoring the
quality of education Publ., 2012, p. 216, in Russian.

F. Baskett, K. M. Chandy, R. R. Muntz, and F. G. Palacios, “Open,
closed and mixed networks of queues with different classes of customers,”
Journal of the ACM, pp. 248-260, 1975. DOI: 10.1145/321879.321887.

K. E. Samouylov, M. V. Luzgachev, and O. N. Plaksina, “Modelling
STP Connections with Open Multiclass Queueing Networks [Razrabotka
veroyatnostnoj modeli dlya analiza pokazatelej kachestva protokola
iniciirovaniya seansov svyazi|,” Bulletin of Peoples’ Friendship University

of Russia. Series Mathematics. Information Sciences. Physics, no. 3,
pp. 53-63, 2007, in Russian.

Y. V. Gaidamaka and E. R. Zaripova, “Session Setup Delay Estimation
Methods for IMS Based IPTV Services,” Lecture Notes in Computer
Science, vol. 8638, pp. 408418, 2014. por: 10.1007/978-3-319-10353-
2_36.

V. M. Vishnevsky, Polling systems: theory and application in broadband
wireless networks [Sistemy pollinga: teoriya i primenenie v shirokopolosnyh
besprovodnyh setyah]. Moscow: Technosphere Publishing House, 2007,
p. 312, in Russian.

Ali Raad Abdo Mohammed, “Development of a method for evaluating
the probabilistic and temporal characteristics of IPTV services when
they are controlled by the IMS multimedia subsystem [Razrabotka
metoda otsenki veroyatnostno-vremennykh kharakteristik uslug IPTV
pri ikh upravlenii mul’timediynoy podsistemoy IMS|,” in Russian, Ph.D.
dissertation, Moscow technical university of communications and infor-
matics, 2013.



228 DCM&ACS. 2021, 29 (3) 221-229

[12] K. E. Samouylov, Methods of analysis and calculation of ACS networks
[Metody analiza i rascheta setey OKSJ. Moscow: Publishing RUDN, 2002,
p- 292, in Russian.

[13] I. Buzyukova, Y. Gaidamaka, and G. Yanovsky, “Estimation of QoS
parameters in intelligent network,” Lecture Notes in Computer Science,
vol. 5764, pp. 143-153, 2009. DOI: 10.1007/978-3-642-04190-7_14.

[14] K. E. Samouylov, E. S. Sopin, A. V. Chukarin, and A. Y. Botvinko,
“Evaluation of the characteristics of signal traffic in the communica-
tion network based on the subsystem [Ocenka harakteristik signal'nogo
trafika v seti svyazi na baze podsistemy|,” T-Comm — Telecommunica-
tions and Transport, no. 7, pp. 8-13, 2010, in Russian.

[15] “Recommendation ITU T Y.1530. Call processing performance for voice
service in hybrid IP networks. Series y: global information infrastructure,
internet protocol aspects and next generation networks internet protocol
aspects and next-generation networks,” approved in 2007-11-13.

[16] “Recommendation ITU T Y.1531. SIP based call processing performance.
Series Y: Global Information Infrastructure, Internet Protocol Aspects
And Next Generation Networks Internet Protocol Aspects — Quality
Of Service And Network Performance,” approved in 2007-11-13.

[17] “Recommendation ITU T Y.1541. Network performance objectives for
IP based services. Series y: global information infrastructure, inter-
net protocol aspects and next generation networks internet protocol

aspects — quality of service and network performance,” approved in
2011-12-14.

[18] “DSL Forum, Technical Report-126, Triple-play Services Quality of
Experience (QoE) Requirements,” 2006.

For citation:

A.Y.Botvinko, K. E. Samouylov, Evaluation of the firewall influence on the
session initiation by the SIP multimedia protocol, Discrete and Continuous
Models and Applied Computational Science 29 (3) (2021) 221-229. DOI:
10.22363/2658-4670-2021-29-3-221-229.

Information about the authors:

Botvinko, Anatoly Y. — postgraduate of Department of
Applied Probability and Informatics (e-mail: botviay@sci.
pfu.edu.ru, ORCID: https://orcid.org/0000-0003-1412-981X,

Scopus Author ID: 57222085424)

Samouylov, Konstantin E. — Doctor of Technical Sciences, Professor, Head
of Department of Applied Probability and Informatics (e-mail: samuylov-ke@
rudn.ru, ORCID: https://orcid.org/000-0002-6368-9680,
ResearcherID: E-9966-2014, Scopus Author ID: 14009785000)



A.Y.Botvinko, K. E. Samouylov, Evaluation of the firewall influence on ... 229

VIIK 519.872
DOI: 10.22363/2658-4670-2021-29-3-221-229

Onenka BJIMSTHUS MEXKCETEBOTO dKpaHa
HA WHUIMUPOBAHUE CeaHca 110 MYJbTUMEIUNHOMY
nportokosy SIP

A. 0. BorBunko', K. E. Camyiinos!:?

L Poceutickuti yrueepcumem dpyorc6vs napodos
ya. Muxayzo-Maxaas, 0. 6, Mockea, 117198, Poccus
2 @edepanvroiii uccaedosamenverut uenmp «HMugopmamura v ynpasaenues PAH
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MezkceTeBble 9KpaHbl — OIUH U3 OCHOBHBIX KOMIIOHEHTOB ODECIIEUEHUsT CeTEBOM
6ezonacHocTr. VICIIOb3ysa MeXKCceTeBble S9KPaHbl, MOYKHO PEIIUTh TAKHE IIPOOJIEMBI,
Kax IIpeI0TBPalleHe HeCAHKIIMOHNPOBAHHOTO JOCTYIIa, a TaKXKe ylIajeHue, U3MeHe-
HUE U/UIi pactpocTpaHenne nHMOPMAIUK, Haxoasmeiica moy 3ammToit. [Iporecc
duibTpanuy HHOOPMAIMOHHBIX ITOTOKOB MEXKCETEBBIM SKPAHOM BHOCHUT JIOIOJIHU-
TeJIbHbIE 3aJIEPXKKHU 110 BPEMEHHU, YTO MOXKET IIPUBECTH K HAPYIIEHWIO CTaOUIbHOM
paboThI 3AIUIIIAEMOIl aBTOMATU3UPOBAHHON CUCTEMBI UJTH HEJIOCTYITHOCTH CEPBUCOB,
[IPEIOCTABJIAEMbBIX CUCTEMOM. MyIbTUMeINHBIE YCIYTH OCOOEHHO 1yBCTBUTEIBHBI
K 3ajep:KKaM obcykuBanug. OCHOBHA I1€/1b UCCJIEIOBAHNS, IIPEACTABIEHHOIO B CTa~
The, — OIEHUTH BJIMAHIE MEXKCETEBOI'O KpaHa Ha BPEMEHHBIE 3aJePXKKHU B IIPOIECCEe
rmepesiadn JAHHBIX B aBTOMATH3UPOBAHHON CHCTEME C IMIPOTOKOJIAMHU MEPEIadn MyJIb-
TUMEeIUIHBIX JaHHbIX. OleHKa 0becnevnBaeTCa METOIaMU TEeOPUU OvYepeeil, B TO
BpeMsI KaK CeaHC MEXKJIy JBYMs IOJIb30BATEISIMI MHUIIUUPYETCHA TPOTOKOJIOM MHUIIN-
aru ceanca (SIP) ¢ dunabrpanueii coobiennii MexkcereBoro skpana. MexkcereBoii
9KPaH — 9TO JOKAJbHBIN Wi PYyHKIIMOHAJIBHBI HMHCTPYMEHT paclpeieseHus], KO-
TOPBI obecrieunBaeT KOHTPOJIb HAJI BXOJSINEH u/umu ucxomsiieil nadopmanueii
B ABTOMATHU3UPOBAHHON cucreme (AS) ¥ 3amuUTy CHCTEMBI TyTeM (DUIBTPAIUN HH-
dopmarmu, T.e. TapaHTHUPYeT BO3MOXKHOCTH aHAIN3a WHMOPMAIUN 0 3aJaHHBIM
KPUTEPHUSIM U IIPUHATUE PELICHUs O €€ PACIPOCTPAHEHHUH.

Karouessie cioBa: SIP, MexxcereBoii 9KpaH, HHUIIMAPOBAHIE CEaHCA, CUCTEMa OUe-
pejieit, BpeMsi (pUIHTPAINHN, ABTOMATU3NPOBAHHAS CUCTEMA
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This article is a continuation of a number of works devoted to evaluation of
probabilistic-temporal characteristics of firewalls when ranging a filtration rule set.
This work considers a problem of the decrease in the information flow filtering
efficiency. The problem emerged due to the use of a sequential scheme for checking
the compliance of packets with the rules, as well as due to heterogeneity and variability
of network traffic. The order of rules is non-optimal, and this, in the high-dimensional
list, significantly influences the firewall performance and also may cause a considerable
time delay and variation in values of packet service time, which is essentially important
for the stable functioning of multimedia protocols. One of the ways to prevent
decrease in the performance is to range a rule set according to the characteristics of the
incoming information flows. In this work, the problems to be solved are: determination
and analysis of an average filtering time for the traffic of main transmitting networks;
and assessing the effectiveness of ranging the rules. A method for ranging a filtration
rule set is proposed, and a queuing system with a complex request service discipline
is built. A certain order is used to describe how requests are processed in the
system. This order includes the execution of operations with incoming packets and
the logical structure of filtration rule set. These are the elements of information flow
processing in the firewall. Such level of detailing is not complete, but it is sufficient
for creating a model. The QS characteristics are obtained with the help of simulation
modelling methods in the Simulink environment of the matrix computing system
MATLAB. Based on the analysis of the results obtained, we made conclusions about
the possibility of increasing the firewall performance by ranging the filtration rules
for those traffic scripts that are close to real ones.

Key words and phrases: firewall, ranging the filtration rules, network traffic, phase
service, simulation model, queuing system

1. Introduction

In order to ensure information security of automated systems (AS) that
have connections to external untrusted resources, we have to pay attention
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to the possibility of threats such as violation of confidentiality, integrity and
availability of information. A required condition to prevent the threats aimed
on violating AS’s normal operation is using the firewall technologies [1]-[3].

The main firewall technology is network traffic filtration according to
a certain rule set. It is executed at the points of the connection of the AS
under protection to external uncontrolled systems and is implemented by using
special hardware or software complexes, i.e., firewalls. The firewall filtration
rule set is a list of conditions according to which the further transmission
of network traffic packets is allowed or denied. The parameters, attributes
and characteristics of network traffic flows are usually used to set filtering
conditions [4].

The important fact is that the network traffic filtration brings additional
time delays during data transmission. High values of the delays during packet
filtration can cause packet losses, denials for session initiation and failures in
AS’s normal work [5], [6].

In works [7]-[13], a great influence of the rule set size and the order of
filtration rules in the set on the firewall performance is noted. The influence
can be explained by the sequential scheme used to check the packet compliance
with the set rules. The maximum decrease in the performance happens while
checking the compliance of attributes of packets under filtration with the
conditions at the end of the high-dimensional rule set. Defining a rule set that
correctly realizes the security policy, but is ineffective in terms of performance,
can be considered an error in firewall configuring.

We should also consider that real network traffic has heterogeneity caused
by various non-parameterizable factors. This can lead to a decrease in the
effectiveness of the static filtration rule set configured initially. One of the
ways to prevent the decrease in the performance caused by traffic heterogeneity
is to range the rule set according to the incoming traffic characteristics.

Therefore, the task of ranging a rule set in accordance with the charac-
teristics of information flows is not only actual and in demand. This is
especially important for the firewalls that ensure information security for the
AS with a complex network architecture and large volumes of network traffic.
The main goal of this work is to develop a model for evaluating the firewall
performance when ranging the filtration rule set.

This paper has the following structure. A method for ranging the filtration
rule set is proposed in section 2. In section 3, a model for ranging the rules
in the form of a queuing system (QS) with a phase-type service discipline is
developed [14]. The results of simulation modelling and firewall performance
evaluation for the network traffic script that is close to real are presented in
section 4. The Conclusion contains the main aspects of our study.

2. Ranging a filtration rule set for a firewall

By ranging the filtration rule set we mean putting the rules in descending
order by their weights in accordance with the evaluation of the characteristics
of information flows. We consider that traffic filtration is executed at the
network and transmission levels of the standard model for the open system
interaction (OSI). According to the generally accepted classification [1]—[3],
such firewalls relate to the type of packet filters.
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Ranging is executed at discrete moments of time ¢, =t;, — 0 (see the fig-
ure 1).

k+1

(pl’rl) % (pzarz) (pkark) % (pk+1’rk+1) 7

0 L4 5, 1 iy ‘fJ; I
|
1

v

Figure 1. Ranging the filtration rule set

The packets received during the time A, =t, —t,_,, kK > 1 are combined
into a package, and a group of ¢ packages generates a redundancy errors in
the rule set under data segment. It is assumed that there are no inconsistency
and consideration [7]-[10]. We also consider that there is a certain minimum
number of rules M under which ranging can provide a significant effect. The
logical structure of the filtration rules is a linear list of conditions.

Let us introduce the following designations: M is the number of filtration
rules in the set 7% — the rule in i-th position in the k-th set of filtration rules
on the interval [t,_;,t), v, = (7%, ... 7% ) k-th set of filtration rules on the
interval [t,_;,t.), p¥ — the weight of 7* rule, p, = (p¥,...,p%,) — the rule
weight vector on the interval [t,_, ;).

In this work, a value of the average number of packets, the attributes

of which match the conditions of the r¥ rule on the interval A, is used as
a weight pFtt.

The nonparametric method of local approximation (MLA) is used to evalu-
ate the average number of requests [15]-[18]. The same method is used for
the analysis of other characteristics investigated in this work.

A method for ranging the rules is proposed in the next section of this paper.

3. The model for ranging the filtration rule set

The complexity and variety of the firewall functioning do not allow to create
a model reflecting all the regularities and features that are characteristic
for various manufacturers, such as Cisco Systems, Juniper Networks, etc.
Therefore, the model describes only the main regularities and factors of the
firewall functioning that are of interest for our tasks.

For all firewall types in the process of network traffic filtration, the following
stages can be distinguished [10]:

— initial packet processing, i.e., operations with a packet when it enters the
receiving path;
— checking the filtration rule set;
— completion of packet processing, i.e., operations with a packet when it is
transmitted to the output path and then to the physical medium.
During the initial processing of the packet received the firewall network
interface controller (NIC) decodes the sequence of electrical or optical signals,
checks the correctness of information delivered and writes the packet into
the NIC input buffer memory. Then the packet is transmitted to a program
buffer located in RAM for operations executed by the central process.
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As a next step, if computing resources are available, the filtration of
the incoming packet is executed in accordance with the filtration rule set.
The compliance of the received packet parameters with the filtration rules is
checked in sequence. Only one packet can be checked at a time. The other
packets received are kept in the buffer. Their service is executed according to
the order of their entrance to the buffer (FCFS, First-Come, First-Served).

If the packet parameters match the filtration rules, the firewall transmits
the packet to the NIC output buffer. If the packet parameters do not match
the permissive rules, the firewall rejects the packet. The packet processing
is considered complete when it is encoded and transmitted to the physical
medium.

Let us present the firewall model as a queuing system (QS) with a By (t)
distribution function (DF) for the request service duration, which depends
on the order of the filtration rules on time interval [t, ,,t.). A request flow
A(t), corresponding to the packet flow incoming the firewall, enters the QS.
We consider the incoming packets as the service requests for the QS.

B.(1)
N<w

AD)

FCES

Figure 2. The scheme of the firewall QS with a complex request service discipline

The By (t) = B(ry, g, i1, t) distribution function (DF) is a function of phase
type, its parameters are shown in the figure 3, from which it is clear that the
By, (t) DF corresponds to the Cox distribution [19].

The request service time at zero phase corresponds to the total time of
packet initial processing and the time of transmission along the output path.
The request service time at the m-th phase m > 1 corresponds to the time of
packet filtration the by the m rule. It is assumed that the filtration time for
each rule is the same and equal to 7.

The scheme of the request service process in the firewall model is presented
in the figure 3.

(1 —¥-1)

Figure 3. The request service process

The 1 — ’yf value corresponds to the probability of completing the request
service at the i-th phase. That is the case when the packet attributes do not
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correspond to the rf rule. Therefore, the DF of the request service time in
the QS on the interval [t,_q,t;) is as follows:

M
By(t) = WE(L po) + Y _WE(i, p), (1)

=1

where E(1, ug) is the Erlang distribution of the i-th order.

The task of analyzing the QS (shown in Fig. 2) characteristics can be
solved with the help of the simulation modelling method, the results of
which are presented in the next section. It should be noted that in case
of a Poisson incoming flow and exponential filtering time, the QS has an
analytical solution [14].

4. Evaluation of the firewall performance when ranging
the rules

Firewall is a network node processing large volume of incoming and outgoing
traffic. Therefore, the average packet filtering time is usually used as the
major performance indicator [3], [7]. In this work, to evaluate the firewall
performance, we use AUg, i.e., a value equal to the difference between U; —
the average filtering time in the first data segment (without rule ranging)
and Ug — the average filtering time in the S-th data segment (after the rules
ranged).

The initial data used for the implementing the simulation model of the
process of network traffic filtration are shown in the table 1.

Table 1
Initial data

[rules] | pgt[ms] | p~ [ms] | Ay k=1,...,25[ms| | q[packages] | s[segments]|
100 | 2.7-1073 | 5-10°° 1000 5 5

The number of packet types is M. The values of request service intensities —
to and g — have been taken from the work [10], which is about the analysis
of the firewall performance under the Poisson incoming flow of requests.

To provide the numerical analysis of the QS (see the figure 1), a simulation
model (SM) is built in the Simulink simulation environment of the MATLAB
matrix computing system with the use of SimEvents discrete state library.
The scheme of the model is presented in the figure 4.

The request flow in the SM is determined in the Traffic Generation sub-
system. A request collector is realized by the FIFO Queue block, and the
request service process is executed by the Single Server blocks (the QS ser-
vice device) and the function_f subsystem (the calculation of the request
service time in accordance with the rule set and request type).
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The statistical data accumulation for evaluating the performance indi-
cators is executed with the help of the statistics collection options of the
SimEvents blocks and data recording structures such as PacketServiceTime,
QueueAvgWaitTime, PackeStayTime, QueueAvglen. The following times are
fixed at this stage: the packet service time, the waiting time for the packet in
the queue, the average time of the packet residence in the system, and the
average length of the packet queue.

To define the incoming flow of requests, data from the WIDE academic
core network in Japan have been used. Traffic records are contained in the
MAWTI Group Traffic Archive traffic repository by 01/10/2019. For each
packet type, using the Wireshark tool for network traffic capture and analysis,
the values of the time intervals between packets for the TCP, UDP and ICMP
protocols have been extracted. The data massive obtained has been exported
to MATLAB to set the intervals between the moments of request generation in
the Traffic Generation subsystem using Time-Based Entity Generator blocks.
The request types corresponding to the traffic packet types are determined in
the Traffic Generation subsystem by the SetPacket Att blocks. An example
of the request flow obtained for packets of ri, and rl, types is presented in

; 4
time ms] x10

[}
[

20

w

time intervals between packets [ms]
time intervals between packets [ms]

0 D: 1.5 2 25
tlme [ms] «10%

Figure 5. The packet flow of 81% type Figure 6. The packet flow of 29" type

The following actions are implemented in M-files of the MATLAB system:
determination of the initial data for simulation modelling (see the table 1)
and the initial rule set, calculation of the performance indicators, execution
of functions for calculating weight, rule set ranging and other algorithms and
SM variables.

The process of ranging the ri; and rl, filtration rules in accordance with the
evaluation of the information flow characteristics is illustrated by figures 7-8.
The figures show that:

— the r}, rule, when ranging, takes the 7th place in the set (average). This
can be explained by the short time interval between the packet income
(4 ms) and the small value of the time dispersion between the income of
the packets;
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— the rly rule is characterized by moving to the middle of the set. It
happens due to the increase in the time interval between the income of
the packets.

100

o
o

o
=]
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o

Rule Ne81 Rule Ne29
60
40

o b

0 0.5 1 1.5 2 25 0 05 1 1.5 2 25
time [ms] x10% time [ms] «10%
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Figure 7. Ranging the 7}, rule Figure 8. Ranging the 714 rule

Simulation modelling has demonstrated that the average packet filtration
time for all time intervals [t;_;,t;) € T, k > 5 on which ranging has been
executed, has a decrease compared to the average time on the intervals
[tp_1,t,) €T, k=1,...,5.

For the first interval [¢,,t;), where there is no set ranging, and for the last
interval [ty,,%55), where the set is ranged, we can present the graph of the
average packet filtration time (see the figure 9).
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Figure 9. Average packet filtration time for first and the last intervals
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As can be seen from the figure, the value of the average packet filtration
time on the interval [t,,t,) is larger than the average time on the interval
[to4,tas) by about 2.5 [s]. The results of the firewall performance evaluation

for all segments obtained during the simulation modelling are presented in
the table 2.

Table 2
The firewall performance

s | Ug [s] | AUg [s] | AUg [%]
6.233 - -

4.937 1.296 20.785
4.660 | 1.573 25.229
4.989 1.244 19.960
4.406 1.827 29.304

Ol | [ W [N |

5. Conclusion

The created QS with a complex request service discipline and the simulation
methods allowed us to obtain the firewall performance estimates when ranging
a rule set. These estimates demonstrate that, for the traffic of the main
transmission networks, ranging has increased the firewall performance by
20-29% compared to traffic filtering without ranging. So, the results obtained
indicate the possibility of increasing the firewall performance for traffic scripts
that are close to real ones. These results also confirm the assumptions made
in work [20] about the advisability of ranging.

The authors plan to study the influence of the ranging interval and MLA
parameters on the firewall performance in further works. They also plan to
develop criteria for the need of re-ranging the set depending on changes in
the firewall performance indicators, as well as recommendations for ranging
the filtration rule sets.
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OrieHKa ITPOU3BOIUTEILHOCTH MEXKCETEBOI'0 3KpPaHa
NIpU PAaHXKUPOBAHNU Habopa nmpaBuJ PUIbTpAIN

A. 0. Borsunko', K. E. Camyiinos' >

I Poccutickuti yrusepcumem opysic6vs napodos
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Hanuas crarThbsi SBJISETCS MPOJIOJIKEHUEM psaa paboT, MOCBAIEHHBIX OIEHKE
BEPOATHOCTHO-BPEMEHHBIX XapPaKTEPUCTHUK ME2KCETEBbIX IKPAHOB IIPU PaHXKNPOBaHUN
Habopa npaBui uabTpanuu. B myOmuKamun pacCMaTPUBAETC IIPOOIeMa CHUZKE-
uust 3 dekTuBHOCTH DUABTPAIE THPOPMAIMOHHBIX TOTOKOB. [Ipobsiema Bo3HUKIA
M3-32a UCIOJIb30BAHUSI TTOC/IEI0BATEBHON CXEeMbI TIPOBEPKU COOTBETCTBUS TTAKETOB
paBUJIAM, a TaKKe U3-32 HEOIHOPOIHOCTH U M3MEHUYMBOCTH CeTeBOro Tpaduka. Ilo-
PsJIOK TIPABUJI HEONTHMAJIEH, U 9TO B MHOIOMEDHOM CITUCKE CYIIECTBEHHO BJIUSAET
Ha [IPOU3BOIUTEIBHOCTD MEXKCETEBOTO IKPaHA, a TaK>Ke MOYKET BbI3bIBATH 3HAUU-
TEJbHYIO BPDEMEHHYIO 3a/JICP2KKY U Bapualll B S3HAYCHUAX BPEMEHU O6C.Hy}KI/IBa.HI/I5I
[TAKETOB, YTO CYIIECTBEHHO BAXKHO JJIf CTAOMIHLHOM PabOThl MYyJILTUMEIUNHBIX TPO-
ToK0JIOB. OJINH U3 CIIOCOOOB MPEIOTBPATUTEH CHUKEHUE TTPOU3BOIUTEIBHOCTA — JTO
PaHXKUPOBATH HAOOP MPABUII B COOTBETCTBUU C XapPaKTEPUCTUKAMU BXOAAMNX UHDOP-
MAI[MOHHBIX ITOTOKOB. B muccIIe/IoBaHNN PeNraoTcs CIeyonne 3aJa49u: OlpeIeseHne
¥ aHAJA3 CPEJHEr0 BpeMeHU (DUIIbTPAIUU TpadprKa OCHOBHBIX MEPEIAONINX CETEl;
oreHKa 3(pHEKTUBHOCTU paHKUPOBaHUS TpaBumil. [Ipeioxken MeTO ] paHKUPOBa-
HUe HAOOpa MpaBul (PUIBTPAIIME U IIOCTPOEHA CUCTEMA MAaCCOBOI'O OOC/IYKUBAHUA CO
CJIOXKHOH JTUCTUILIMHON ODC/TyKuBanus 3a1rpocoB. OupeeéHHbIi TOPAI0K UCIIOJIb-
3yeTcs JJisi OIMMCAHUS TOTO, KaK 3aIPOChl 00PabaThIBAIOTCS B CUCTEME, M BKJIIOUAET
B Ce6$[ BBIIIOJIHEHUE OHepa.L[I/Iﬁ C BXOAAIMUMU IMaKeTaMU U JIOTUIECKYIO CTPYKTYDY
Habopa mpaBwa PUIbTPAIU. TaKOBBI 3JIeMEeHThI 00paboTKI MHPOPMAIIMOHHOTO II0-
TOKa B MeEXKCeTeBOM 3Kpane. [lomobHbII ypoBeHb JleTajin3anuu He TOJHBINA, HO €ro
JIOCTATOYHO JijTsi co3manus Mojenn. Xapakrepuctuku CMO mojiyaeHbl ¢ TOMOIIBIO
METOJIOB MMUTAIIMOHHOI'O MOJIEJUPOBaHus B cpele Simulink MaTpuaHON BBIYUCIIH-
renprol cucremMbl MATLAB. Ha ocHoBannm aHam3a MoJiyYeHHBIX PE3YJILTATOB ObLIN
CJIeJIAHBI BBIBOJBI O BOBMOXKHOCTH TIOBBIIIEHUS TTPOU3BOIUTE/IHHOCTH MEXKCETEBOTO
9KpaHa 33 CYET PAHKUPOBAHUS MPABUI (PUIBTPAIMH I T€X CKPUIITOB Tpaduka,
KOTOpbIe OJIN3KN K PeaIbHbIM.

KiroueBblie cjioBa: MEXKCETEBOI 9KpaH, PAHXKUPOBAHUE IPABUII (PUILTPAIIUU, CeTe-
BO# Tpaduk, dpa3oBoe 0OCTYKUBAHNE, MMATAITMOHHAST MO/IE/Ib, CUCTEMa, MAaCCOBOTO
00CITy )KUBaHUS
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Due to a multistage nature of transmission processes in heterogeneous 4G, 5G
mobile networks, multiphase queuing systems become one of the most suitable ways
for the resource allocation algorithms analysis and network investigation. In this
paper, a few scientific papers that approached heterogeneous networks modelling by
means of multiphase queuing systems are reviewed, mentioning the difficulties that
arise with this type of analytical analysis. Moreover, several previously investigated
models are introduced briefly as an example of two-phase systems of finite capacity
and a special structure in discrete time that can be used for analysing resource
allocation schemes based on the main performance measures obtained for wireless
heterogeneous networks. One of the model presents a two-phase tandem queue with
a group arrival flow of requests and a second phase of the complex structure that
consists of parallel finite queues. The second model is a two-phase tandem queue
with Markov modulated geometric arrival and service processes at the first phase and
exhaustive service process at the second phase, which solves a cross-layer adaption
problem in a heterogeneous network.

Key words and phrases: two-phase model, queuing system, Markov chain, resource
allocation, heterogeneous networks

1. Introduction

The Fifth Generation (5G) mobile networks are characterized by advanced
algorithms for time-frequency resource allocation schemes in a heterogeneous
cell between Base Station (BS) and User Equipment (UE) [1], [2]. Due to
a multistage nature of transmission processes in the heterogeneous environ-
ment, multiphase queuing systems become one of the most suitable ways for
the resource allocation algorithms analysis and network investigation. In [3],
researchers have proposed to use single-phase queuing systems for modelling
local networks, by giving the necessary physical meaning to the stages of ser-
vice process using a phase-type service distribution. However, in the case
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of the Next Generation Mobile Networks (NGMN) the given assumptions
are not able to take into account the complex structure of a network with
intermediate storage of transmitted information. A large number of publica-
tions [4]-[6] are devoted to the analysis of multiphase queuing systems that
consider various variants of structural parameters: capacitance of the buffers
at the phases, the number of servers at phases, an ordinary or non-ordinary
arrival flow, blocking of service at a phase or loss of a request given that the
buffer of the next phase is fully occupied, the possibility of the retransmis-
sion at the phase or in the system in general, and various arrival and service
distributions of requests. In the given publications, the number of phases is
usually limited to two, and they are considered mainly in continuous time.

Only a few works approached to investigate heterogeneous networks by
means of multiphase (two-phase) queuing systems in discrete time, see, for
example, [7], [8]. However, the models in [7], [8] cannot be used because
they do not take into account the complex phase structure when modelling
transmission processes in a cell and, therefore, do not fully correspond to
solving a resource allocation problem in a context of a NGMN cell. It should
be noted that most of the foreign publications when using “discrete” and
“tandem queue” terms in their papers cover, in fact, mean cyclical service
systems in discrete time, but not multiphase systems.

In most of the cases, the number of phases in a multiphase queuing sys-
tem that is taken as a mathematical model for analysis of the performance
measures in a NGMN cell should be taken equal to two. This is due to the
fact that each phase itself is a structurally complex queuing system with
complex rules of functioning, and a further increase of phases severely compli-
cates formalization of the entire system, leads to multidimensional processes
that describe its behaviour and a difficult practical use. The analysis in this
case becomes extremely bulky with high risks of obtaining inaccurate results.
The decomposition of such a system with the analysis of individual phases or
groups of phases is most often not applicable due to the significant mutual in-
fluence of phases, in contrast to almost completely decomposable systems [9],
[10], and can lead in most cases to significant modelling errors. Cases of
independence of the functioning of a phase from the previous phase and, ac-
cordingly, an admissible decomposition are rare and arise when conditions [11],
are met, for example, when using exponential distributions and buffers of
unlimited capacity [12], or under assumptions about specific conditions for
the functioning of phases [13]. Summarizing all of that mentioned above, in
this paper we briefly overview several two-phase systems of finite capacity in
discrete time of a special structure that can be used for analysing resource
allocation schemes based on the main performance measures obtained for
wireless heterogeneous networks.

2. Two-phase model in discrete time for resource
allocation analysis in heterogeneous networks

Heterogeneous networks with the utilization of lower power levels Relay
Nodes (RN) improve the capacity of the system, coverage due to the avail-
ability of the alternative paths to users, located in shadow areas, and lower
deployments costs. Moreover, relay nodes are characterized by wireless back-
bone access. However, to achieve its potential, the heterogeneous networks
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are to utilize an efficient cooperative resource allocation procedure on various
paths, e.g. from the base station (gNB, gNodeB) to the RN, and from the RN
to the User Equipment (UE), in order to avoid data shortage or overflow of the
data at relay nodes. An analytical model of heterogeneous network in terms
of a two-phase model in discrete time is further introduced, that presents an
efficient tool to study resource allocation procedures by means of the found
stationary probability distribution and derived performance measures.

2.1. Model’s description

Let us consider downlink transmission in a heterogeneous network with K
RNs and a single gNB with a subframe that is divided into S channels, which
are distributed between the heterogeneous nodes in a centralized manner.
The figure 1 demonstrates the structure of the given model, and the main
parameters are shown in the table 1. As can be seen from the table, the
arrival rate follows a (K + 1)-dimensional group geometrical distribution. In
its turn, the service time in both phases is selected to follow deterministic law
equal to one time slot, which corresponds to the transmission of one packet.
After the request is being serviced it occupies one space in the buffer.

SN Sy—

-
.

Figure 1. Structural representation of the two-phase model with S channels

The functioning of the given model is described by the homogeneous Markov
chain ¢,, at time moments nh + 0,n > 0, with the following state space:

X = {f: (xo,xl,...,acK)T: x =0,...,7, k;zO,...,K},
K

k=0
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Table 1
Definition of the main parameters used in the model.
Parameter | Description
0-request | O-type request to be send to the UE in the coverage area
of gNB
k-request | k-type request to be send to the UE in the coverage area
of -RN, k=1,2,... . K
To buffer capacity of the gNB, r, < oo
T buffer capacity of the k-RN, r, < oo, k=1,2,..., K
h=1 constant length of a time slot, in which the system func-
tioning is measured and is equal to LTE downlink data
subframe
a arrival rate that follows a group geometric distribution
Geom®
Che probability of a request from the arrival group belonging
to type k, k-request, k =0,1..., K
c. full sum of the variable ¢, kK =0,1..., K

In the table 1, x;, is a number of k-requests stored in the buffer of corre-
sponding heterogeneous node: gNB or k-RN. Please refer to [14] for more
details on derivation of stationary probability distribution and the main per-
formance measures. One of the advantages of the given analytical model is
the ability to study various resource allocation procedures by utilizing the
following vector in the balance equations:

s = (sg, 87, o, 8%) T = (f(@), fR(E), .o, [R(E)),

where f"(Z) is a function that introduces the resource allocation strategy.
The definition of the different resource allocation procedures and experi-
mental analysis can be found in [14]. All in all, the given model allows
analysing various resource assignment schemes, including dynamic schemes,
e.g. proportional fair [15] and with fixed allocation.

3. Two-phase model in discrete time for cross-layer
optimization in heterogeneous networks

Video transmission comes along with huge demands on resources and low
delay, which can be provided by means of Cross-Layer Adaptation (CLA)
principle. The given principle is responsible for optimizing the selected metric
by adapting the parameters of different layers of open systems interconnection
model. The common assumption is to locate CLA mechanism at the gNB,
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which brings certain shortcomings in terms of the achieved performance. In
this paper, we introduce a two-phase analytical model in discrete time that
evaluates the behaviour of a downlink video transmission system using CLA
principle. We assume Dynamic Adaptive Streaming over HTTP (DASH) in
our modelling, the details of which can be found in [16]. The model introduced
below covers both the video delivery from gNB to UE at the first phase and
video processing at UE at the second phase. Moreover, the CLA is achieved
by varying the arrival rate based on the received DASH message, and service
probability based on the Channel Quality Indicator (CQI) sent from the UE.

3.1. Model’s description

We assume a DASH-based video transmission from the gNB to a single
UE in a heterogeneous network. The figure 2 demonstrates the structure of
the given model, and the main parameters are shown in the table 2. The
functioning of the given model is described by the homogeneous Markov chain
&, at time moments nh + 0,n > 0, with the following state space:

X={%=(¢1,95,9) : ¢, =0,1,...,r1, ¢ =0,1,...,ry — 1, s =1,2,..., S},

where ¢; and ¢, are the numbers of requests at the first and second phase,
respectively, and s is a value of the CQI in the current state.

«Q
=z
@
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Figure 2. Structural representation of the two-phase model

It should be noted that the stationary probability distribution can be
found in a matrix recursive form [13]. However, due to the fact that the
functioning of the first phase along with variation of the CQI are independent
from the second phase, conditions [11] fulfilled, it is possible to decompose
the system to analyse the systems separately, which allows reducing the
computational complexity. The conducted experimental analysis of the main
performance measures derived from the stationary distribution can be found
in [13]. The given two-phase model presents an efficient tool that covers
video transmission process from gNB to UE at the first phase and the video
decoding process at the UE at the second phase. It takes into account CLA
principle, along with the losses due to fading and retransmission.
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Table 2
Definition of the main parameters used in the model
Parameter | Description
T buffer capacity of the gNB, r; < oo
Ty buffer capacity of the UE, r, < oo
h constant length of a time slot, in which the system func-

tioning is measured and is equal to LTE downlink data
subframe, 1 ms

S CQI report, which is available both at gNB and UE every
time slot s = 1,2..., 5, where S is an overall number of
its values

Sij transition probability of s from state i to state j

ag arrival rate that follows geometric distribution

i service time at the first phase that follows geometric dis-
tribution

t.d retransmission probability due to wireless channel errors

t.d probability that the packet lifetime is expired and cannot
be used for the video playback

b2 service time at the second phase that follows geometric

distribution in exhaustive manner

4. Conclusions

This paper reviews a few scientific papers that approached heterogeneous
networks modelling by means of multiphase queuing systems and stressed the
difficulties that arise with this type of analytical modelling. Two efficient two-
phase models were briefly introduced that can be used for analysing resource
allocation schemes based on the main performance measures obtained for
wireless heterogeneous networks. Omne of the model presents a two-phase
tandem queue with a group arrival flow of requests and a second phase of
the complex structure that consists of parallel finite queues. The second
model is a two-phase tandem queue with Markov modulated geometric arrival
and service processes at the first phase and exhaustive service process at the
second phase, which solves a cross-layer adaption problem in a heterogeneous
network.
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K ananu3y moka3zareJsieit 3(pPpeKTUBHOCTU reTepoOreHHbIX
ceTeil ¢ MOMOIIBIO ABYX(}a3HBIX CUCTEM MAaCCOBOTO
00C/Iy>KUBaHUS

T. B. PrikoBa

Poccutickut ynusepcumem dpyocoHv, Hapodos
ya. Muxayzo-Maxaas, d. 6, Mocksa, 117198, Poccus

Biaronapst MHOrOCTYIIEHUIATOMY XapakKTepy IIPOIECCOB IEepeadu B IeTepOreH-
HBIX MOOMJIBHBIX ceTsax 4G, bG, MHOrO(d a3HbIE CUCTEMBI MACCOBOTO OOC/IY 2KHUBaHUS
CTAHOBATCA OIHUM U3 HambOoJIee TOIXOISAIINX CIIOCOO0B aHAIN3a AJTOPUTMOB Pac-
peiesieHus PeCcypcoB U WCCJeIoBaHus cereil. B aToit crarhe mpuBomuTcss 0630p
HECKOJIbKUX HAyYHBIX pabOT, MOCBAIIEHHBIX MO/IEJIMPOBAHUIO T€TEPOTEHHBIX ceTeil
C TIOMOIIHI0 MHOTO(A3HBIX CUCTEM MACCOBOTO O0C/TY)KUBAHWS, U YIOMUHAIOTCSH TPY/IHO-
CTU, BOZHUKAIOIINE IIPU STOM THUIIE aHAJUTUIECKOrO aHajn3a. boJiee TOro, HECKOJIBKO
paHee MCCJIEIOBAHHBIX MOJIejIell KPATKO IIPEJICTABJIEHBI B KAYECTBE IIPUMEPA JIByXdas3-
HBIX CUCTE€M KOHEYHOH €MKOCTHU U CIEIUaJIbHON CTPYKTYPBI B JUCKPETHOM BPEMEHHU,
KOTOpbIE MOYKHO UCIIOJIb30BATh JJId aHAJIN3a CXEM PaCIIPeieIeHUs PeCypCcoB Ha Oa-
3€ OCHOBHBIX OKa3aTesel MPOU3BOINTE/THLHOCTH, MOy IEHHbBIX [Jid O€CIIPOBOIHBIX
rereporennbix cereit. OaHa U3 Mojeseil mpeacTaBieHa 1ByX(a3HOil TAHIEMHON ode-
PEIIbI0 ¢ TPYIIOBBIM MOTOKOM TOCTYIAIOIIUX 3allPOCOB, a BTOpas — (a30ii CJI0KHOI
CTPYKTYPbI, COCTOLAINEH M3 MapaJiIeSibHbIX KOHEYHBIX oduepereit. Bropas monenb
[IpeICTaBIsgeT COOOi ABYX(A3HYIO TAHIEMHYIO OY€PE/Ib C MAPKOBCKUMU MOJLYJIUPO-
BAHHBIMU T€OMETPUIECKUMU TTPOIIECCAMU TTOCTYIIEHUST U OOCTyKUBAHNUS HA [IEPBOM
9Tale U MOJIHBIM MIPOIECCOM OOC/TY2KUBAHUSA HA BTOPOM JTAlle, YTO PEIIAeT mpodiieMy
ME2KyPOBHEBO! aJiallTalliy B I'eTEePOreHHON CeTH.

KmoueBbie cioBa: nByxdasHas MOJE/b, CHCTEMA MACCOBOTO OOC/IY KUBAHUS, IIEITh
MapkoBa, pacupejieJieHie PeCypcoB, FreTepOreHHast CETh
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In many applied problems, efficient calculation of quadratures with high accuracy
is required. The examples are: calculation of special functions of mathematical
physics, calculation of Fourier coefficients of a given function, Fourier and Laplace
transformations, numerical solution of integral equations, solution of boundary value
problems for partial differential equations in integral form, etc. For grid calculation
of quadratures, the trapezoidal, the mean and the Simpson methods are usually used.
Commonly, the error of these methods depends quadratically on the grid step, and
a large number of steps are required to obtain good accuracy. However, there are
some cases when the error of the trapezoidal method depends on the step value not
quadratically, but exponentially. Such cases are integral of a periodic function over
the full period and the integral over the entire real axis of a function that decreases
rapidly enough at infinity. If the integrand has poles of the first order on the complex
plane, then the Trefethen—-Weidemann majorant accuracy estimates are valid for
such quadratures.

In the present paper, new error estimates of exponentially converging quadratures
from periodic functions over the full period are constructed. The integrand function
can have an arbitrary number of poles of an integer order on the complex plane. If the
grid is sufficiently detailed, i.e., it resolves the profile of the integrand function, then
the proposed estimates are not majorant, but asymptotically sharp. Extrapolating,
i.e., excluding this error from the numerical quadrature, it is possible to calculate the
integrals of these classes with the accuracy of rounding errors already on extremely
coarse grids containing only ~ 10 steps.

Key words and phrases: trapezoidal rule, exponential convergence, error estimate,
asymptotically sharp estimates

1. Introduction

Applied tasks. In many physical problems it is needed to calculate integrals,
that cannot be obtained in terms of elementary functions. Here are some
examples:

(©) Belov A.A., Khokhlachev V.S., 2021
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1) Calculation of special functions of mathematical physics: the Fermi-Dirac
functions, which are equal to the moments of the Fermi distribution, the
Gamma function, cylindrical functions and a number of others.

2) Calculation of the Fourier coefficients of a given function, Fourier and
Laplace transform.

3) Numerical solution of integral equations, both well-posed and ill-posed.

4) Solving boundary value problems for partial differential equations (in-
cluding eigenvalue problems) written in integral form, etc.

Calculation of quadratures. Trapezoidal rule, rectangle rule and Simp-
son’s rule are commonly used for grid computation of quadratures. Usually
the error of these methods quadratically depends on the grid step, and a large
number of steps is needed to obtain good accuracy.

However, there are a number of cases when the error of the trapezoidal rule
depends on the grid step exponentially, i.e. when the step is reduced by half,
the number of correct signs of the numerical result is approximately doubled.
This rate of convergence is similar to that of Newton’s method. Two such
cases are known. These are: the integral of the periodic function over the full
period and the improper integral of a function that decreases rapidly enough
at infinity.

If the integrand has first order poles on the complex plane, then for such
quadratures there are majorant error estimates of Trefethen and Weide-
mann [1], see also [2]-[10]. In [11], [12] the generalization of Trefethen and
Weidemann estimates is built for the case when the nearest pole of an inte-
grand function is multiple.

In this paper, new error estimates of exponentially convergent quadratures
of periodic functions over the full period are described. Integrand function can
have an arbitrary number of poles of an integer order on the complex plane.
If the mesh is detailed enough and the profile of the integrand resolved well,
then the proposed estimates are not majorant, but asymptotically accurate.

It is possible to calculate the integrals of the indicated classes with the
accuracy of round-off errors even on extremely coarse grids containing only
~ 10 steps by extrapolation (i.e., subtraction) of this error from the numerical
value of the quadrature.

2. Exponentially convergent quadratures

One of the classes of exponentially convergent quadratures are integrals of
periodic functions over the full period. By replacing z = exp (2miz/X) we
move from the integral over the period [0, X] to the integral over the unit
circle |z| = 1 on the complex plane. We choose the bypass direction of this
circle counter clockwise. In [1], the following statement is formulated and
proved:

Theorem 1. Let u(z) be analytic in the ring R™! < |z| < R, where
R > 1, and |u(2)] < My. We introduce a uniform grid on the unit circle

z, = exp (2min/N), n =0, N. Consider the integral and the trapezoidal rule
quadrature
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I= ?gu(z)%, ]1\,:2—7r u(z,) -
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Then the estimate for the quadrature error holds

47 M,

6:|I_IN|<m' (1)

It is obvious that, by replacing z = exp (iz), theorem 1 holds for integral
over full period of the function u (exp (iz)) on the real axis.

In the works [11], [12], it was shown that the dependence of the estimate (1)
from N can be not majorant, but asymptotically accurate. This holds, if u (2)
has only first order pole type singularities, and R is taken such that the closest
singularity to the unit circle lies on the boundary of the ring R™! < |2| < R.
In this case, the integrand function increases significantly if one approaches
the singularity from inside the ring. Thereby, the constant M|, loses its usual
meaning from theorem 1. We carefully studied proof of the theorem 1 given
in [1] and we found the possibility of significant strengthening the results of
this theorem, under some additional conditions on the integrand function.

3. Calculating the error

Let us consider in detail the contour integral over the unit circle of a function
that has one simple pole inside it and another simple one pole outside it. This
case corresponds to the integral considered in [1]. Suppose the point a; is
inside, and the point a, is outside |z| = 1 and, the function u (z) is analytic
in the ring R™! < |2| < R, where R = min {1/ |a,|, |ay|}. Then the integral
has the form

G = fg(Z)dZZ f ( LGN S 1CIV

z—ay) (2 —ay) (a) —ay)

|z|=1 |z|=1

We make one assumption for the sake of simplifying the calculations. Its
effect on the result is weak. Let u(z) = 1, then we rewrite the integrand
function in this form

1 1 1

z—ay)(z—ay) (a; —ay)(z—ay) * (ay —ay) (z—ay)

Now we decompose each fraction in the Laurent series as the sum of the
geometric progression

1 0o kq 1 00 ks

B a; z
9(2) = (ag — ay) > Sl > Fpt1

k=0 (&2 - al) ky=0 Qo
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We use the grid z,,, n = 0, N, which is introduced in theorem 1. Our goal
is to obtain an explicit expression for the grid step Az, = 2,1 — 2,

2mi(n+1 2min 2mi 1
Az, = exp (#) — exp ( N ) N Pn (W +0 (ﬁ)) . (2)

Discarding the @ (N~?) term in the expression for the grid step, we write
the trapezoidal rule quadrature in the following form

N—-1 20 N—-1
GN: Zg(’zn)Azn = Wzg(zn)zn
n=0

We substitute the representation of ¢(z,) by the sum of the series in
the quadrature and then swap the series and the finite sum. Last step is
allowed due to absolute convergence of the resulting double number series (each
member of the double series of modules can be estimated by the corresponding
member of an infinitely decreasing geometric progression, which has finite
sum). The following expression for the quadrature formula is obtained

oo N—-1 ast oo N—-1 52+1
— E E 1
G’N - s2+1 ’ (3)
s1=0 n= s5=0 n=

To perform these transformations, we need the following well known result

= nk N, kis a multiple of N,
Z exp j:27mW =
0 0, otherwise.

We convert the second sum in square brackets in the formula (3)

oo N-1 szt (s + 1) is a multiple of N,
Z Z 52+1 = ¢ (sg+1) = Npy, =
55=0 n= Py = —17 s

1/ay
NZ sz_ 1—1/a§V'

po=1 G2

We convert the first sum in (3)

> N-1 ast {51 is a multiple of N, }

sh

1
N =N .
Za 1—aN

' s = Npy, pp=0,00 =0 1
We get
271 1 1
Gy = +
N (a; — ay) {1_%\] aé\’—l}



A. A.Belov, V.S. Khokhlachev, Asymptotically accurate error estimates ... 255

Finally, we calculate the quadrature error

1 1 1 1
Ayv=G— = 271 1— .
N=G=GOy i ((aq —ay) { 1_61{\[} * (ag —ay) [a?—l})

The obtained result can be easily generalized to the case when the function
u (z) does not equal identically to one. The derivation is similar but far too
cumbersome. Let us formulate the final result.

Theorem 2. Let the point z = a, be inside the unit circle, and let the point
z = aq be outside of it. Let the function u (z) be analytic on the entire complex
plane, with the possible exception of an infinitely distant point, and u # 0 at the
points z = ay 5. Then the trapezoidal rule for the integral G has the following
error estimation

Ay=G—Gy=
~on (G - e L)) @

Estimate (4) is not majorant, but asymptotically accurate. The only one
approximation that was made is contained in the approximate expression for
the grid step (2).

4. Validation

Calculations were carried out with the test integral having a known value

B sin (2) Y — 9 sin (a,)
J= 7§ : dz = gm0 (5)

z—ay)(z—ay) (aq — ay)

|z=1

where a; = 0.6+ 0.6i and a, = 2—4. In this case, 1/ |a;| ~ 1.2 and |ay| ~ 2.2,
so the value R from theorem 1 equals 1/ |a;|. During the calculations, the
following information was obtained: actual error, the Trefethen—Weidemann
estimate (1), our estimate (4) and the error after extrapolation.

The figure 1 shows quadrature error versus number of grid steps in the
semi-logarithmic scale. Here, the black dots represent the actual error, the
white circles represent our estimate, and the black squares represent the
Trefethen—Weidemann estimate with the constant M, = 1. Recall that this
constant loses its meaning from theorem 1, if the singularity lies on the
boundary of the ring.

The plot shows that our estimate coincides with the actual error already
at N > 4. The Trefethen—Weidemann estimate does not represent the initial
part of the curve. It describes the curve starting from N = 15. This estimate
is asymptotically accurate in N, but the true value of the constant M, is
unknown. Therefore, the Trefethen—Weidemann estimate cannot be used for
extrapolation. Thereby, the error estimate constructed in this paper is much
stronger than the Trefethen—Weidemann estimate.
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These conclusions are also confirmed by the figure 2. Here, we plot the
ratio of error estimates to actual accuracy versus number of grid steps. The
number 1 corresponds to the Trefethen—Weidemann estimate and the number
2 is for our estimate. It can be seen that when N > 4 our estimate is almost
indistinguishable from the actual error. Therefore, it can be excluded from
the quadrature (i.e. extrapolated). This dramatically increases the accuracy
of the calculation. One can also see that the Trefethen-Weidemann estimate
significantly less accurate in assessing the dependence of the error on the
number of nodes: the corresponding relation goes out to a constant on the
much more detailed grids than the estimate (4).

0 10 20 30 40 50 60 70
N

Figure 1. Graph of convergence of the Figure 2. Ratio of theoretical estimates (1)
trapezoidal formula. Symbols are described and (4) for the integral (5) to actual
in the text accuracy versus number of grid steps.
Symbols see in the text

5. Extrapolation of the error

Let us exclude the error (4) from the calculated quadrature by the formula

This is equivalent to introducing some new quadrature formula. The error
is shown in the figure 1 by white triangles. One can see that the speed of
convergence of the quadrature (6) radically exceeds even the exponential one.
The accuracy of round-off errors is achieved already at N ~ 15, which is ~ 10
times less than for the trapezoidal rule. Labor intensity of such computation is
comparable to the complexity of explicit formulas. This approach is essentially
new and exceeds the world level.

6. Conclusion

The described method is a powerful tool for solving physical problems. If
one can find transformation of variables that reduce integral to one of the
considered types, then the calculations are accelerated thousands of times.
In this paper 1) a fundamentally new estimate of the error of quadrature
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is constructed, it is asymptotically accurate. 2) Extrapolation procedure is
proposed, which provides calculation of the quadrature with the accuracy of
unit errors rounding, and it is already performed on very rough grids with
the number of steps from 5-15.
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AcuMOTOTUYECKN TOYHBIE OIEHKM 3KCIIOHEHIINAJJIbHOM!
CXOAMMOCTH JIJid POPMYJIbl TPallenuii

A. A. Besos!'?, B. C. Xoxjaues'

I Mockoscruti zocydapemeennuil yrusepcumem um. M. B. Jlomonocosa
Jenunckue 2opwt, d. 1, cmp. 2, Mockea, 119991, Poccus
2 Poccutickuti yrueepcumem 0pysctv napodos
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Bo MHOTEMX NpUK/IAIHBIX 3a/a9ax TPeOyeTCs SIKOHOMUIHOE BBIYUCJIEHUE KBaIPATYD
C BBICOKO# TOYHOCTBIO. [IprMepamu SBASIOTCA: BHIYUCIEHUE CIIEITUAJILHBIX (PYHK-
nmuit MaTeMaTudIeckoil pusuku, pacaét KoddpdumnuentoB Pypbe 3amauH0# QyHKINH,
npeobpazoBanus Oypoe u Jlamraca, ducieHHOe pellleHne WHTETPAIbHBIX YDABHEHUI,
pellenre KpaeBbIX 3324 JJIsl YPABHEHUN B YACTHBIX IMPOU3BOJIHBIX B WHTErPAJIbLHOM
dopme u T.1. i ceTOYHOrO BBITUCICHUS KBAIPATYP OOBIYHO MCIIOJIB3YIOT METO/IbI
Tparenuii, cpepanx nu Cumiicona. OObIYHO MOTPEITHOCTD ITUX METO0B 3aBUCUT OT
Iara CTeIeHHbIM 00Pa30M, U JJIsI OJIyIEHHs XOPOIIeil TOUHOCTH TpedyeTcs OOJIbIoe
qucyio maroB. OJHAKO CYIIECTBYET PsiJi CIydaeB, KOrJa ITOrPEITHOCTh METOIA TPa-
Ienuil 3aBUCUT OT BEJIMYUHBI I1ara He KBaJIPDATUYIHO, & SKCIOHEHIMAILHO. TakuMu
CIIyYIasIMU SBJIAIOTCS WHTErPaJl OT MEPUOIMIECKON (DYHKIIMY 110 TIOJTHOMY [TEPUOILY
¥ MHTETPAJI 10 BCEHl YUCTOBON MPAMOi OT (DYHKIUHU, JTIOCTATOYHO OBICTPO YOBIBAIOIIEH
Ha OeckoHeuHOCTH. Ecu mogpiHTerpaibuas QyHKIMA UMEeT MOJII0CA TEPBOr0 MOPsI-
Ka B KOMIUIEKCHOU IJIOCKOCTH, TO JIJIsi TAKUX KBAJIPATYDP CIPABEJINBbI MAYKOPAHTHBIE
orerku TouHOCTH Tpederena u Baiinemana.

B pabote mocTpoenbl HOBBIE OIEHKU MOTPEITHOCTH SKCIOHEHITUAIBHO CXOISAIITIUXCS
KBJIPATYP OT MEPUOAMYECKUX (DYHKIMI 0 IToJIHOMY 1epuojty. llogpraTerpaabuas
dYHKIIMSA MOYXKET UMETh ITPOU3BOJIBHOE UUCJIO TOJIOCOB IEJOTO MOPSIKA HA KOM-
1J1eKCHOM mtockocTu. Econ ceTka mocrarodno 1oapobHast (paspemaer npoduiib
HOJIBIHTErPAIBHON (DYHKIMK), TO IIpejjlaraeMble OIEHKU SBJISAIOTCA He MAYKOPaHT-
HBIMH, & ACUMITOTHIECKH TOYHBIMU. IJKCTPATOJUPYs, TO €CTh WCKIIOYAS ITY
[IOTPEITHOCTD M3 YUCJIEHHOU KBAJIPATYPbhI, MOYXKHO BBIYHUC/ISTH HHTEIPAJIBI yKA3aHHBIX
KJIACCOB C TOYHOCTBIO OIMUOOK OKPYIJIEHUS YK€ Ha UPE3BBIYANHO IPyObIX CeTKaX,
cojziepkanmx Bcero ~ 10 mraros.

KimroueBsbie ciaoBa: (opMysia Tpamlernuil, SKCIOHEHIINAIbHAS CXOIUMOCTD, OIIEHKHU
TOYHOCTH, ACUMIITOTUIECKN TOYHBIE OTIEHKU
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Multidimensional integrals arise in many problems of physics. For example, mo-
ments of the distribution function in the problems of transport of various particles
(photons, neutrons, etc.) are 6-dimensional integrals. When calculating the coeffi-
cients of electrical conductivity and thermal conductivity, scattering integrals arise,
the dimension of which is equal to 12. There are also problems with a significantly
large number of variables. The Monte Carlo method is the most effective method
for calculating integrals of such a high multiplicity. However, the efficiency of this
method strongly depends on the choice of a sequence that simulates a set of ran-
dom numbers. A large number of pseudo-random number generators are described
in the literature. Their quality is checked using a battery of formal tests. How-
ever, the simplest visual analysis shows that passing such tests does not guarantee
good uniformity of these sequences. The magic Sobol points are the most effective
for calculating multidimensional integrals. In this paper, an improvement of these
sequences is proposed: the shifted magic Sobol points that provide better unifor-
mity of points distribution in a multidimensional cube. This significantly increases
the cubature accuracy. A significant difficulty of the Monte Carlo method is a pos-
teriori confirmation of the actual accuracy. In this paper, we propose a multigrid
algorithm that allows one to find the grid value of the integral simultaneously with
a statistically reliable accuracy estimate. Previously, such estimates were unknown.
Calculations of representative test integrals with a high actual dimension up to 16
are carried out. The multidimensional Weierstrass function, which has no derivative
at any point, is chosen as the integrand function. These calculations convincingly
show the advantages of the proposed methods.

Key words and phrases: multidimensional integral, Monte Carlo method, Sobol
points, multigrid calculation, a posteriori error estimates

1. Introduction

Integrals of multivariate functions occur in many areas of physics. Here
are some examples. The transfer of neutrons, photons and other particles in

© Belov A.A., Tintul M. A., 2021
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the medium is described by the equation for the distribution function; this
function depends on three coordinates of the medium and three components
of the particle velocity vector, that is, the number of variables is six. To
determine the coefficients of thermal conductivity or electrical conductivity
of a medium, it is necessary to calculate the collision integrals; they include
components of the velocity vectors before the moment of collision and after
the moment of collision. The total number of variables in such an integral is
twelve. Problems also arise with a significantly larger number of variables.
In the simplest formulation, the calculation of the integral in the unit p-
dimensional cube V'is considered. z = (2, ¥, ..., z,) is p-dimensional vector.

Our aim is to calculate the following integral:

11
IE/f(x)da::/.../f(:cl,:cZ,...,a:p)dxld:CZ...da:p.
1% 0 0

The accuracy of numerical grid methods drops rapidly with the increase of
dimension p. In order to obtain acceptable accuracy, more and more points
have to be taken, which makes the calculations exorbitantly laborious and
very time consuming. Due to this fact, the local Monte Carlo method is used
for high dimensions (p > 3). It involves the use of random numbers, which are
mathematical abstraction. In practice, however, one has to use sequences that
only imitate random numbers. Performance of the method strongly depends
on the choice of such a sequence.

Calculations of the representative test integrals show that to obtain good
accuracy the most important is the uniformity of the points’ distribution and
not its randomness. The most effective are Sobol sequences with the so-called
“magic” numbers of points N =2" ., n=0,1,....

In this work, the following results are obtained. Firstly, shifted Sobol
points are proposed. It is a modification that improves uniformity of the
point distribution and increases the accuracy of cubatures. Secondly, a multi-
grid strategy that gives a posteriori estimate of the accuracy is constructed.
The advantages of the proposed algorithms are illustrated with representative
test examples.

2. Pseudorandom points

For the local Monte Carlo method, N random points z; are selected in the

cube V; in this case, the number N can be arbitrary, in contrast to cubature
formulae on regular grids. The cubature formula

1 N
v =5 2 1) 1)

is similar to the formula for mean Riemann sum. However, the estimate of
its error AN turns out to be radically different

Ay=I1—1Iy~\/DfN-12, Df:/fz(a;)da:— {/f(x)dac] . (2)
\%4 \%4
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Here Df is variance. The estimate of the error is not majorant, but
probabilistic: magnitude of the error is distributed according to the Gaussian
law with the standard specified in the formula. The error does not exceed
the standard deviation with a probability of 0.68.

The error estimate (2) does not depend on the dimension p. Random points
are inferior in accuracy to regular grids at p = 1 or p = 2. Already at p = 4,
the dependence of the error on N for random points and regular grids is the
same. With further increase in dimension, random points turns out to be
more advantageous; advantage increases rapidly as dimension p grows.

Formulae (2) assume that random points x; have uniform distribution

density in the cube V and are not correlated. However, no rigorous mathe-
matical methods for constructing such points have been found. A number of
mathematical algorithms have been proposed; the resulting points are called
pseudorandom. An extensive literature is devoted to the construction of pseu-
dorandom points, for example, [1]-[13|. The following generators are most
common in the literature:

— Mersenne twister and SIMD-oriented fast Mersenne twister;
— Multiplicative congruential generator;
— 64-bit multiplicative lagged Fibonacci generator;
— combined multiple recursive generator;
— generator Philo4x32;
— generator Threefry4x64
— Marsaglia’s SHR3 shift-register generator;
— modified Subtract-with-Borrow generator;
— modified Lehmer sequence.

These generators are implemented in many commercial packages (for ex-
ample, Matlab).

The quality of each sequence of pseudorandom numbers is checked using
some sets of tests based on the theory of probability [14]-[17]. But no set of
tests can be complete and comprehensive. Therefore, such checks are limited.
Even the simplest visual tests show that widespread sequences do not provide
a sufficiently good uniformity of filling the unit square [18], [19]. The question
of the influence of such unevenness on the actual error of cubatures remains
insufficiently clear.

3. Sobol points

To construct the Sobol sequence, a set of the so-called direction numbers
should be selected. There is some ambiguity in the selection of initial direction
numbers. In early works [1], direction number tables were constructed for
dimensions p < 13 and numbers n < 20 (total number of points N < 229).
Later, direction numbers for higher p and N were constructed [20]. However,
the direction numbers were also changed. The program is currently available
at 21. The open access option contains p < 50 and n < 31 (N ~2- 109).
The commercial version of the program has p < 216 — 1.

It is important to note that the Sobol sequences are constructed separately
for each p. It is impossible to obtain a sequence of fewer dimensions from
p-dimensional Sobol sequence. This also applies to magic segments of the
Sobol sequences.
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The Sobol cubature formula has the same form as (2). But the estimate
of its error is not entirely clear. The distribution of points only for magic
N approaches uniform in properties. For intermediate N, it is obtained by
discarding some of the points and loses the property of uniformity. Therefore,
only magic N should be used for cubatures.

Various attempts have been made to generalize the Sobol sequences. How-
ever, the search for optimal variants of such generalizations invariably led
again to the Sobol sequences. Therefore, such generalizations need to be
treated with caution.

4. Shifted Sobol points

The arrangement of the Sobol points is somewhat asymmetrical. For
example, if number of points N = 2" is taken, then the arithmetic mean of all
points projections on any axis will not be 0.5, but 0.5 (1 — 1/N). Obviously,
this asymmetry is not favourable for obtaining good cubature accuracy.

In the figure 1, black circles show two-dimensional Sobol points for the
first magic numbers. For n = 0, the only point lies in the corner of the unit
square. Calculation of the cubature over this point gives a formula of the first
order accuracy. However, if this point is shifted by 0.5 along each coordinate,
then the cubature over the shifted point (light circle) has the second order of
accuracy. For the case n = 1, two points are located one in the corner of the
square and one in the center, which will also give the first order of accuracy.
But if these two points are shifted by 0.25 along each coordinate, then the
cubature error obviously decreases. Therefore, a general shift principle for
any number of dimensions can be proposed:

If N = 2", then add to all coordinates of all points (QN)_I.
It is advisable to apply this shift only for magic Sobol numbers. In this
case, the shifts are different for different IV.

5. Multigrid calculation

Test calculations show that the actual error decreases as O (N~'). This
suggests that it is possible to approximate the integral (and hence its error)
as a function of N. However, this approximation cannot be smooth, such as
Richardson’s interpolation approximation for grid methods. In this case, the
points are obtained by statistical methods, therefore, their processing must
be carried out using the root-mean-square approximation. To do this, the
type of approximation must be chosen and some weights to the points need
to be assigned.

As a working hypothesis, the law of decreasing error Ay ~ N~! was as-
sumed. But since the nature of the error becomes clearly statistical with
increasing p, the standard deviation of these errors was assumed to be pro-
portional to N~1/2. This is the weight used for approximation.

The following multigrid procedure is proposed. The calculation with magic
N =2",n=10,11,... is performed. As a result, a sequence of values of the
integral {I5} is obtained. Now this sequence can be approximated by the
method of least squares

Iy~a+bN1t (3)



264 DCM&ACS. 2021, 29 (3) 260270

n=0 (N=1) n=1 (N=2)

n=2 (N=4) n=3 (N=8)

Figure 1. Sobol magic points for p = 2: points — unbiased, circles — shifted;
the n values are indicated near the squares

Here a is the refined value of the integral. At the same time, the stan-
dard deviation o, for the value a is calculated. This standard deviation is
a statistical estimate of the accuracy for the found value of the integral.

Note that the beginning of the sequence {1} corresponding ton =0, 1,...,9
is not taken into account in approximation (3), since these grids are not
detailed enough, and the rate of decrease of the error does not yet correspond
to O (N1,

6. Test integral

It is expedient to carry out numerical experiments on multidimensional
integrals over the unit cube, the exact values of which are known. Then
the error of the numerical calculation can be directly determined and its
behaviour can be studied. Further, requirements that are appropriate for the
integrand are discussed.

In multidimensional problems, the concept of the effective dimension of
a function is used. For example, consider two functions:

f@) =11

flz) = f1 ( Oégwj) )
=1

7 () (4)

p
1

<.

and
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where all f;(z;) are essentially different from constants. In the first function,
all variables are equally important, and the effective dimension of the function
is p. The second function depends on only one combination of variables, so
its effective dimension is 1. The higher the effective dimension of the function,
the more difficult the problem. Therefore, the most difficult functions are of
the first type.

Suppose that for a product function each f; differs substantially from

zero only on a segment of length S of its unit edge. Then the product of
one-dimensional functions will differ significantly from zero in the volume
BP. If [ is small, then as p increases, the volume P decreases rapidly; for
example, for 3 = 0.1 and p = 10 the value ? = 107'°. In this case, to obtain
acceptable accuracy, any Monte Carlo method will require the number of
nodes N > 7P, It can be seen that in order for the number of points to be
reasonable, 3 should be taken close to one.

Taking these considerations into account, a test of the form (4) have been
chosen. It is not easy, despite its seeming simplicity. All f; are assumed to

be the same and equal to the Weierstrass functions

f; (xj) = Z b™ cos (a”m:j) , (5)
n=0

where a is an arbitrary odd number that is not equal to one, and b is a positive
number less than one. It is known that under the conditions ab > 1, a > 1,
the Weierstrass function is continuous, but has no derivative at any point.
This test is extremely difficult. The Weierstrass function is shown in the
figure 2.

0,0 0,1 02 03 0,4 0,5
X

Figure 2. Weierstrass function with a =3,b=0.5
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Taking into account the symmetry of the Weierstrass function, the integra-
tion is carried out over a cube with sides z; € [0,0.5]. For convenience, the

Weierstrass function is normalized, the normalization condition is

/ F()dz = 1. (6)
|4

7. Calculation results

The integral of the multidimensional Weierstrass function (4), (5) was
calculated using three qualitatively different approaches: regular cubature on
trapezoidal formulae, the classical Monte Carlo method using the Mersenne
twister and shifted Sobol magic points.

These three approaches are compared in terms of the error magnitude with
a fairly modest number of points N = 220, The logarithms of the errors
depending on the dimension are shown in the figure 3. Let us analyze the
curves.

—

_E 4 °
<
o

= 0
—= .

= v
= 24
o
_“2 -4 4
= 1
D 54
o ]
o 84

104 =
T T T
0 5 10 15

Figure 3. Logarithm of the relative error in calculating the integral of the Weierstrass
function for N = 229: light triangle is A y;, circle is o, for the shifted Sobol points, black
inverted triangle corresponds to Mersenne twister, black square is for trapezoidal method

Mersenne twister. Beginning with dimension p = 11, the curve corre-
sponding to the Mersenne twister lies below all. Despite the good accuracy,
there are no means to confirm it. An attempt to apply the root-mean-square
approximation (3) to the Mersenne twister was unsuccessful: the values of o,
turn out to be either larger or smaller than the actual error depending on the
dimension p, and the difference can be significant.
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The standard deviation (Df/ N)l/ % can serve as an error estimate of the
Mersenne twister, but the calculation of the variance for some integrals can
be problematic. In addition, the performance of the Monte Carlo method is
highly dependent on the choice of a sequence that simulates random numbers,
so the standard and actual error can vary greatly.

In general, the value of 1g |A ;x| lies in the range from —3.5 to 0 and slowly
increases with increasing dimension p.

Trapezoidal formula. Its error is determined by the formula

1 d*f;
<— J

where k = N'/? is the number of nodes along each coordinate. Thus, its
error is O (N —2/p ); accuracy should decrease rapidly with increasing . The
corresponding curve (black square marker in Fig. 3) illustrates good accuracy
lg|Ayrl & —5.2 at p = 2; this is much more accurate than the classical
Monte Carlo method. However, with increasing p, the error rapidly increases,
and already at p > 4 it exceeds the error of the Monte Carlo method. At even
higher dimensions, the trapezoidal method quickly becomes uncompetitive.

Sobol sequence. Despite the fact that for high dimensions p the Mersenne
twister shows the best result, the shifted Sobol points have a reasonable
estimate of the accuracy. It is the standard deviation o,. Thus, even in
complex problems, the actual accuracy can be estimated a posteriori using o,
the number of points can be increased and the calculation can be repeated.
This is especially important for multidimensional integrals with an unknown
exact answer.

8. Conclusion

The magic Sobol points are the most effective for calculating multidimen-
sional integrals. In this paper, an improvement of these sequences is proposed.
They are called the shifted Sobol magic points, which provide a more uniform
distribution of points in a multidimensional cube. This significantly increases
the accuracy of cubatures.

A significant difficulty with Monte Carlo methods is the a posteriori con-
firmation of the actual accuracy. In this paper, a multigrid algorithm is
proposed that allows to find the grid value of the integral simultaneously with
a statistically reliable estimate of its accuracy. Previously, such estimates
were unknown.

Calculations of representative test integrals with high actual dimension p
(up to p = 16) are carried out. Smooth integrands were considered, as well
as the multidimensional Weierstrass function having no derivative at any
point. These calculations convincingly show the advantages of the proposed
methods.
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CaBunyTbie TOuku Co000JII I MHOTOCETOYHBIN PAaCUET
metoaomMm Momurte-KapJiio
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MHuoromepHble HHTETpaJIbl BO3HUKAIOT BO MHOTUX 3ajadax ¢pusuku. Hanpumep, Mo-
MEHTBI (DYHKIIMK PACIPEJIEJIEHNs] B 33/[a4aX [ePEHOCa PA3JIMIHbIX JacTull (pOTOHOB,
HEHWTPOHOB ¥ JP.) ABJAIOTCH 6-MepHbIME HHTerpasamu. [Ipu pacuére koaddurmen-
TOB JIEKTPOIIPOBOIHOCTH U TEIJIONPOBOIHOCTHA BO3HUKAIOT MWHTETPAJIBI PACCESHHUS,
pa3MepHOCTb KOTOPLIX paBHa 12. BozHMKaOT 33129 U C CYIIECTBEHHO OOJILITIM
YUCJIOM NI€PEMEHHBIX. J[J1si BBIYUCIIEHNsT NHTEIPAJIOB CTOJIb BHICOKOH KPATHOCTH HAM-
6ostee apdextusen meros Moure-Kapso. OgHako paboToOCIIOCOOHOCTD 9TOTO METOA
CUJIbHO 3aBUCHUT OT BBIOOpA MOCJIEI0BATEILHOCTH, MMUTUPYIOIIEH HAOOP CIIydYaillHbIX
qncesi. B nmreparype ommcaro 60JIbIIOe KOJUIECTBO NEHEPATOPOB TICEBIOCTY YailHbIX
qncest. VX Ka4ecTBO IPOBEPsIETCs ¢ MMOMOIIBIO barapeit hopMasibHbIX TecToB. O 1HAKO
[IPOCTENINIT BU3YAJIbHBINA aHAJIN3 MOKA3BIBAET, ITO IIPOXOXKIEHUE TAKUX TECTOB HE
rapaHTUpyeT XOpOoIell paBHOMEPHOCTHU ITHUX MMOcaeaoBaTebHocTel. [l Bhrauce-
HUST MHOT'OMEDHBIX MHTErpaJsioB Hambosee 3pPeKTUBHBI Marudeckue Touku Cobois.
B mammoit pabore mpejioKeHO yCOBEPIIEHCTBOBAHUE STUX OCJIEI0BATETBHOCTENH —
cMerénable Marndeckue Touku CoboJisi, obecrieanBaroiue OOJIbITYI0 PABHOMEPHOCTH
pacrpeiesieHusl TOYeK B MHOIOMEPHOM Ky0e. DTO OIIyTHMO HOBBIIIAET TOYHOCTD KY-
6aryp. CyimecTBennoit TpyHoCcThIO MeTo10B MonTe-Kapiio siBisercs amocrepuopHoe
oATBEPK IeHne (PaKTUIECKON TouHOCTU. B nanHOo# paboTe mpeiyioskeH MHOIOCETOY-
HBIA aJIrOPUTM, IIO3BOJIAIOMUNA HAWTU CETOYHOE 3HAYCHUE MHTErPaJjia OJHOBPEMEHHO
CO CTATUCTUYECKU JIOCTOBEPHON OIEHKO# ero Touynoctu. PaHee Takue OleHKN OBLIH
Heu3BeCTHBI. [IpoBeIeHbI PACUETHI TIPE/ICTABUTEIbHBIX TECTOBBIX WHTEIPAJIOB C BBICO-
KOi (paKTU4IeCKO! pasMepHOCTbIO J10 16. B KavecTBe mombpraTerpaabuoit hyHKIun
BeIOpana MHOrOMepHas MyHKIusa Beiiepmrpacca, He nMeOIas MIPOU3BOIHON HU B OJI-
HO#l TOUKe. DTH PACUEThI yOEINTEJHHO TOKA3BIBAIOT MIPEUMYIIECTBA IPEJIOKEHHBIX
METOJIOB.

KarwoueBsbie ciaoBa: MHOroMepHbiii naTerpasi, meron Morre-Kapiio, Touku Coboutsi,
MHOTOCETOYHBIN pacyeT, alloCTEPUOPHBIE OIEHKN TOYHOCTHU
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An abstract description of the Richardson—Kalitkin method is given for obtaining
a posteriori estimates for the proximity of the exact and found approximate solution
of initial problems for ordinary differential equations (ODE). The problem 2 is
considered, the solution of which results in a real number u. To solve this problem,
a numerical method is used, that is, the set I C R and the mapping u;, : H — R are
given, the values of which can be calculated constructively. It is assumed that 0 is
a limit point of the set H and wu; can be expanded in a convergent series in powers
of h: u;, = u+ c;h* 4 .... In this very general situation, the RichardsonKalitkin
method is formulated for obtaining estimates for v and ¢ from two values of u;. The
question of using a larger number of u,;, values to obtain such estimates is considered.
Examples are given to illustrate the theory. It is shown that the Richardson—Kalitkin
approach can be successfully applied to problems that are solved not only by the
finite difference method.

Key words and phrases: finite difference method, ordinary differential equations,
a posteriori errors

1. Introduction

A priori estimates for finding solutions to dynamical systems using the finite
difference method predict an exponential growth of the error with increasing
time [1]. Therefore, long-term computation requires such a small sampling
step that cannot be accepted in practice. Nevertheless, calculations for long
times are carried out and it is generally accepted that they reproduce not the
coordinates themselves, but some average characteristics of the trajectories.
In this case, a posteriori error estimates are used instead of huge a priori ones.
As early as in the works of Richardson [2], for estimating the errors arising in
the calculation of definite integrals by the method of finite differences, it was
proposed to refine the grid, and in the works of Runge a similar technique
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was applied to the study of ordinary differential equations. This approach
was systematically developed in the works of N.N. Kalitkin and his disciples
[3]-[7] as the Richardson method, although, given the role of Kalitkin in its
development, it would be more correct to call it the Richardson—Kalitkin
method.

The method itself is very general and universal, so we set out to present it
in general form, divorcing it from the concrete implementation of the finite
difference method. However, it soon became clear that this method could be
extended to methods that are not finite difference methods, for example, the
method of successive approximations, and even problems that are not related
to differential equations.

In our opinion, this method is especially simply described for a class of
problems in mechanics and mathematical physics, when it is necessary to
calculate a significant number of auxiliary quantities, although only one value
of some combination of them is interesting.

Example 1. On the segment [0, 7], we consider the initial problem

dx
%:J%xvt)a :C(O):JjO?

it is required to find the value of x at the end of this segment, i.e., z(T"). To
find this value numerically, we will have to calculate x approximately over
the entire segment.

Example 2. On the segment [0, 7], we consider the dynamical system

dx dy

= = t), —=2= t

dt f<x7y7 )7 dt g(x7y7 )7

with initial conditions x(0) = x,, y(0) = y,. It is required to find the value
of the expression x + y at the point t = T. To find this value numerically, we

also have to calculate approximately  and y over the entire segment, then
add the final values.

Example 3. The problem of many bodies is considered, say, the solar
system, and it is required to find out whether the bodies scatter in 10
thousand years, or not. To solve it, it is enough to calculate the sum of the
squares of the distances between the bodies and the center of mass of the
system in 10 thousand years. At the same time, the coordinates and velocities
of the bodies themselves are of no interest to anyone exactly 10 thousand
years later.

Example 4. Let K be a unit circle on the plane. Find the first eigenvalue
of the problem

Av+ v =0, v’ 0.

oK
Here, the eigenvalue \; is to be found. We cannot find it numerically without
finding the eigenfunction or roots of the determinant, i.e., other eigenvalues.

All these problems have one property in common: the result of the solution
is a real number u. Various numerical methods are used to solve such
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problems. To substantiate these methods, the errors that occur in intermediate
calculations when calculating auxiliary parameters are estimated, and then
they are summed up. The a priori error estimates obtained in this way turn
out to be enormous. However, in many cases the real situation is much better
than the forecasts obtained in this way. Using example 2, this can be explained
as follows: errors usually made in the calculation of x and y have different
signs and therefore their contributions to the expression x + y are canceled.
Having estimated the error in calculating x 4+ y as the sum of the modules of
errors in determining x and y, we inevitably and significantly overestimate
the error. It will not be superfluous to note that problems whose solution is
just a real number are considered in the topology R. This means that the
numerical solution must be a number that is close to the exact solution in that
topology. However, the topology of the space in which the auxiliary variables
take values is not specified. Usually, numerical methods are constructed so
that these auxiliary variables are found with greater accuracy with respect to
some Euclidean norm. For example, to find x 4+ y at time T, you need to find
an approximation to the pair of functions z(t), y(¢) with respect to the norm

S VIz®)]2 + [y#)2.

In the situation under consideration, such requirements are unnecessarily
stringent.

In this paper, we describe a method for obtaining estimates of errors made
in solving problems of this class in general form based on the Richardson—
Kalitkin method [3], [4], abstracting from the particular choice of numerical
method. In our opinion, this approach makes it possible to clearly see the main
ideas of the Kalitkin method, which usually turn out to be hidden behind the
details of the numerical methods used. Half a century of using the Richardson—
Kalitkin method in practice has shown that its correct application requires
the calculation of not two, but a significantly larger number of approximate
solutions to test the hypothesis of the dominance of the principal term in
the error (see section 4 below). We will discuss one possible modification of
the method for the simultaneous use of all of these solutions for evaluating
solutions and errors.

2. Basic definitions

Let the problem 2 be given, the solution of which is a real number u. We
will not concretize this problem, let it only be known that this problem has
a solution and, moreover, a unique one.

We are not going to concretize the numerical method for solving this
problem. The use of any numerical method for solving it means replacing
the problem P with another problem 7, , the result of which is the mapping
u;, + H — R. The interpretation of the set H essentially depends on the
numerical method used. In some cases this set is a segment (0, 00), and in
other cases it consists of positive rational numbers. For example, for the finite
difference method, this set is formed by the admissible step lengths. Below
this does not matter, but it is important that the set H is a subset of the real
axis and that 0 is a limit point for the set H.

By analogy with the usual conventions, let us accept the following
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Definition 1. Let u;, : H — R be a solution to the problem 7,. If

illiné u;, = u, then we say that the problem P, approximates the problem 2.
H

If u), = u+ O(h¥), then we say that the order of approximation of problem P
by problem 7, is k.

In the overwhelming majority of cases, the value h has the meaning of the
discretization step of the original problem, and the order of k is known. Here
are some examples.

Example 5. Let the problem P consist in finding the value of the integral

Its solution is the number v = m/4, which we do not know exactly. To
calculate it, we cut the segment [0, 1] into N € N parts. Let us assume that
H is formed by all possible inverse natural numbers. Let u; map this set to

R, putting in correspondence to h = % the number

N h
Z 14 (nh)?

n=0

Then u;, = 7/4 4+ O(h), i.e., the order of approximation obtained by the
rectangle rule is 1.

Remark 1. It should be noted that the methods of the numerical calcula-
tion of some classes integrals are known when the error depends on the step
value not linearly or quadratically, but exponentially [8], [9].

Example 6. Let us consider the problem from example 1. An explicit
Euler scheme can be used to solve it. We cut the segment [0,7] into N € N

parts and take h = % Let us put this number in correspondence with the
number u; = x,;, which is calculated by the recurrent formulas

Ty =T, + f(z,,mh)h, n=0,. N-—1
Moreover, it is possible to prove an a priori estimate for the error [1]:
lu+u—uy| = |2(T) — 25| < CetTh,

where C, a are some constants depending only on f and the initial data z,
but not on h and 7. This immediately implies that u;, = x(T') + O(h), i.e.,
the order of approximation by the problem obtained using the Euler scheme
is 1.

Basically, the finite difference method will be applied further, but this is
not at all necessary.
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Example 7. To calculate u = x(T') from example 1, one can use the
sequential iteration method (Picard’s method). Let N € N be the number
of iterations, let us take h = 1/N and assign this number to the number u,,,
which is calculated as follows. First, IV functions are calculated by recurrent
formulas

t
xn—i-l(t) = / f(wn(T)7T>d7-7 n=0,..,N—1,
=0

and then w, = z (7). In this case u;, — u at h — 0, i.e. the problem 7,
approximates the initial problem.

The problem #;, should be simpler than the original one in the sense that
it is possible to calculate the values of the mapping v, : H — R at all
points of H. In practice, this possibility is limited both by an increase in the
computational complexity when approaching A = 0, and by an increase in the
role of the round-off error.

Definition 2. The value of the function u;, at any point of the set H will
be called the approximate solution to the problem P, and the modulus of the
difference between this value and the solution to the problem 2 is the error
made when solving problems # by method 7,,.

3. A posteriori error estimates

The Richardson—Kalitkin method can be separated from the finite difference
method by adopting the following definition.

Definition 3. Let u;, : H — R be a solution to the problem 7, . If there
exists a constant ¢ # 0 such that uj, = u + ch® + O (k1) | then we will say

that ch” is the leading term of the approximation error for problem P by
problem 7.

Remark 2. In practice, it is usually assumed that the estimate wu;, =
u+O(h*) implies the existence of a constant ¢ such that u, = u-+ch*+0O(hF+1).
Usually, this can be justified. But the definition 3 specifically states that
¢ # 0. If ¢ = 0, then one speaks of superconvergence of the method, because
the order of approximation turns out to be greater than that predicted in
theory. For difficulties in applying the Richardson—Kalitkin method in the
case of superconvergence, see [10].

The essence of the Richardson—Kalitkin method is as follows. If we discard
O(RF1), then u;, = u + ch*. We do not know the values of u and ¢, but we
can calculate u;, for any value of h. Taking two such values, say h; and h,,
we have a system of two linear equations

uy,(hy) = u+chf, w,(hy) =u+chk,

resolving which for v and ¢, we will find some estimates for these quantities. We
are talking about estimates, not values, since they are obtained by discarding

(9(hk+1).
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Definition 4. Let u; : H — R be a solution to the problem 7, and there

exists a constant ¢ # 0 such that u, = u + ch* + O(h¥1). For any two
hy,hy € H the solution to the system

uy,(hy) =u+chy,  u,(hy) =u+ch

with respect to u and ¢ will be called the Richardson—Kalitkin estimate for
the solution u to the problem # and the coefficient ¢ at the leading term of
the approximation error. We will denote these estimates as u(hq, hy) and
¢(hy, hy), below we will often omit the indication of their dependence on h,
hg, if this will not introduce ambiguity into presentation.

Example 8. Consider the initial problem
t=—-y, y=xz, z(0)=1, y(0)=0,

and let it be required to find u = x(1). We approximate it according to the
explicit Euler scheme and calculate the approximate solution for h; = 0.1
and h, = 0.01 in Sage [11]:

up (hy) = 0.5707904499, uj,(hy) = 0.543038634332351.

The solution of the system
up(hy) =u+chy, up(hy) =u+chy

yields an estimate o = 0.539955099269280 for u = cos 1 = 0.540302305868140,
and for the coefficient of the leading term of the error ¢ = 0.308353506307201.

The result looks very reasonable. With A = 0.1, we have an estimate for
the error ch = 0.0308, while the error itself is 0.0304. With A = 0.01, we have
an estimate for the error ¢h = 0.00308, while the error itself is 0.0027. The
estimate for the solution differs from the solution by only 3.5 - 10~%, which is
an order of magnitude better than the result with the smallest step.

Richardson—Kalitkin estimates can also be performed in problems for the
solution of which other numerical methods are used, while for specific methods
such estimates themselves are well known, but under different names. For
example, in this way the error is estimated when determining the eigenvalues
by means of the finite element method (FEM) [12].

Example 9. Let it be required to find the smallest eigenvalue of the prob-
lem
Av+ =0, v|gr=0

in the unit circle K. Then the answer is the number u = ;. Let us apply the
FEM implementation in the system FreeFem++ [13]. The parameter h will
be the value of 1/N, where N is the number of points into which the circle is
divided during triangulation. Then, when using linear elements, the smallest
eigenvalue of the approximate problem is u;, = u + ch? + O(h3).

Two-sided estimates for the error were obtained in the PhD thesis by
Panin [14]. Let us take h; = 1/20 at random, and h, = 1/100, then

up,(hy) = 6.0173, uy,(hy) = 5.79292.
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The solution of the system
up(hy) =u+chi, up(hy) =u+chj

yields %4 = 5.78357083333333 against the exact value u = j3 =
5.783185962946785, and for the coefficient of the leading term of the er-
ror we get ¢ = 93.4916666666667.

The result looks very reasonable. For h = 0.01, we have an estimate for
the error ¢h? = 9.34 - 1073, while the error itself is 9.73 - 1073. The estimate
for the solution differs from the solution by only 3.84 - 104, which is an order
of magnitude better than the result for the least h.

4. Justification of the Richardson—Kalitkin method

Justification of the Richardson—Kalitkin method consists of two parts:
first, it is necessary to prove that the used numerical method satisfies the
asymptotic formula

uy, = u + chk + O(h*+1).

Second, it is necessary to justify the possibility of omitting @(h**1). The
first step essentially depends on the numerical method used and its discussion
is beyond the scope of this article. The second step, on the contrary, has
nothing to do with the choice of a numerical method. Let us consider it in
more detail. To discard the remainder @(R**1), it must be substantially less
than the principal term ch”*. For this purpose, first of all, ¢ must be nonzero,
which is indicated in definition 4. Further, the considered values of h should
be sufficiently small. We have no a priori data to know in advance how small
the chosen h should be. Finally, in practice, we cannot take h too small as
well, when the round-off error becomes essential in the calculation of wy,.

In order to find a practically suitable interval of h values, N.N. Kalitkin
and his disciples [5]-[7] have recommended to carry out calculations at least
at 10 points rather than only two ones. Richardson’s method can be applied
only for those h, for which the error versus the step plotted in the log-log
scale using these points, lies on a straight line with the slope k known from
the theory. If the steps are too large, this plot differs from the straight line
due to the fact that the discarded @(h**1) is still large, and if the steps are
too small, the rounding error becomes essential. If the slope of the straight
line differs from k, then the phenomenon of superconvergence takes place (see
remark 2).

Example 10. Let us return to example 8 and find an approximate solution
by the fourth-order Runge-Kutta method with 15 steps, starting from the step
dt = 0.1, each time decreasing the step by two times. Taking the approximate
value for z(1) = cos 1, obtained at the smallest step, as exact, we can plot
the dependence of the error Ax = z,, — x5 on the step dt, see the figure 1.
The plot clearly shows an inclined section with a slope of approximately 4,
followed by a horizontal section, interpreted as a region where a round-off
error prevents further refinement of the solution.

With this approach, several natural questions arise. First, the points never
exactly fall on a straight line. Therefore, we need quantitative characteristics
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for the site, which we will consider straight. How can we find them? Second,
since approximate solutions were found not for two, but for many values of
h, how can they be used to refine the solution? Third, the terms in power
series do not have to form a monotonic sequence, therefore, for large h, the
leading term can be significantly less than the next term. Can this possibility
be taken into account explicitly?

3 4 5 6 7 8 9 10
144 . —InAt

-16 1

-18 1

-20 1

22 4

24 4

-26 1

-28 1

-30 1

InAx

Figure 1. Dependence of error on step for example 10

5. Usage of several terms in the expansion of u,
in powers of h

The simplest answers to these questions can be found if we take into account
the following terms in the expansion of u,; in powers of h. Suppose that wu,
expands into a power series

uy, = u+ ey hF + cyhF L 4 (1)

If we have performed calculations for N different values for h, say, for
h = hq, ..., hy, then we can estimate the value of v and N — 1 coefficients,

discarding all terms, starting with cyh?.

Definition 5. Let the solution u;, : H — R to the problem 7, be expanded
in a power series (1), and let there be nonzero coefficients among ¢, ... cyx_1.
For any NN values hq,... hy € H the solution to the system

up(hy,) =u+cyhf + . +ey BN n=12.. N (2)

with respect to u and ¢y, ..., cy_; Will be called an estimate for the solution
u to the problem P and the first coefﬁments ¢ over N approximate solutions.
We will denote these estimates as @ and ¢, ..., Cn_q.
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As a result of solving system (2) we have: i) the estimate @ for the value of
the exact solution, ii) the estimate ¢, h* for the error, suitable for sufficiently
small h, and additional information about how small are those terms that are
not taken into account in the Richardson—Kalitkin method.

Of course, as in the previous section, discarding terms, the order of which
is equal to or greater than N 4 k requires certain conditions to be met. How-
ever, these conditions are noticeably less restrictive. First, the simultaneous
vanishing of several expansion coefficients seems incredible. Second, we can
consider sufficiently large values of h for which the subsequent terms of the
expansion are still noticeable.

6. Computer experiments

In our tests, we took N =4 and h; € QN H at random, and the remaining
hy, hs, h, were obtained by dividing h; by 2, 3 and 4. To avoid introducing
additional rounding errors, system (2) is solved exactly over the field Q.

Let us start with the simplest linear example.

Example 11. We will solve the problem from example 8 by the fourth-
order Runge-Kutta method with a uniform step h. With step h; = 0.1,
we get

uy, (0.1) = 0.540302967116884

against
cos 1 = 0.540302305868140 ...,

i.e., 6 correct decimal places. Calculating three more approximate solutions,
we get the estimate for u = cos1 coinciding with the exact value up to 13
digits (the penultimate one). The estimate for the expansion coefficients (1)
allows us to evaluate the error at h = 0.1 as

u, —u=0.007-107*—0.011-10°+ ... =6 - 107,

as it should be. It is interesting to compare the interpolation polynomials
obtained at the initial step dt = 0.1 and dt = 0.01: the estimate for u = cos1
coincides with the one obtained earlier up to the last digit, ¢; differs in the
fifth digit, c, differs by an order of magnitude, and c; — by two orders of
magnitude. We increased the number of bits allocated to a real number, and
made sure that the noted effects are not related to round-off errors.

In the course of our experiments, we came across situations where the
coefficients are monstrously overestimated.

Example 12. Consider the same system
jj:_ya y:xa ZL‘(O) =1, y(O):O,

but let it be required to find u = x(0.3). At the first step, hy = 1074, we
got a huge estimate ¢ = 5 - 103, while the scatter of estimates is very high.
However, the estimate for cos 0.3 itself coincides with the exact value with
a very high accuracy, and one can easily find such values for the initial step,
at which the estimates for the coefficients look quite reasonable.
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Application of the standard Richardson—Kalitkin method (N = 2) leads to
even less pleasant results in this example. Take h; = 0.1 and hy, = 0.05 and
estimate v and ¢; using the Richardson—Kalitkin method. Then the estimate
for the error u;, —u will be ¢,0.1% = 1071° which is much less than the actual

error u,(0.1) — cos(0.1), equal to 2 - 1072,
The simplest explanation for these effects is that in the series

uy, = c0s0.3 + c;h* + coh® + ...

the coeflicient ¢, is very small, but the coefficient for some large power of
h, on the contrary, is very large. Because of this, firstly, for small steps of
the order of h = 0.01, we already have a value that coincides with the exact
one, and, secondly, our estimates, which are based on the assumption of the
possibility of discarding senior terms, do not work.

Now we proceed to a simplest nonlinear example.

Example 13. Let it be required to find u = x(1) for solving the initial
Volterra—Lotka problem

on the segment 0 < t < 1. We will solve this problem according to the explicit
Runge-Kutta scheme of the 4th order and estimate the solution with four
steps, starting with A; = 0.1. For u, we obtain the estimate

u = 0.302408337777406,
and for the error

uy,(h) —u = —0.002 - dt* + 0.00001 - dt® + ....

At the smallest step, we have an error of 107?, that is, we can rely on more
than 9 decimal places. Starting with h; = 0.01 we get another estimate, in
which @ differs from the previously found value in the last two digits, and ¢,
differs in the fourth digit.

7. Discussion of experimental results

The experiments performed, first of all, indicate that the proposed general-
ization of the Richardson—Kalitkin method allows, with a very modest number
of steps, to obtain an estimate for the exact solution that coincides with it
up to a round-off error. In this case, instead of 1 calculation, we perform 4
independent ones, which does not waste time at all, since the calculations are
performed in parallel.

The larger the power, the greater the discrepancy in determining the
coefficients for powers of h. It is not hard to explain this fact. All formulas
are derived under an assumption typical of various kinds of mean-value
theorems: for any s > n there is a constant M, such that

s
T—cy— E Cihn+zfl < Msthrerl‘
=1
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When solving the interpolation problem, we solve the problem

S
n+i1—1 __ n+s+1
o+ D chit Tt = b Gy,
=1

where b; are the values of x for h = h;, and §; are unknown quantities, about
which we know that |£;| < M.
Consider, for simplicity, s = 2

According to Cramer’s formulas

_ boht = bihy

nh’lgl - h2£2
Co = h — hn
1 2

—(h

and

. = bl — 62 h?+1€1 — h’g+1£2
bohp—hy i —hy

For hy = h, hy = h/2, the error in ¢, will be of the order of O(h"*1), and

in ¢; — only of the order of O(h). As s grows, the divergence of orders will
become more and more noticeable.

Of course, the main problem is that we do not know neither s nor M,.
The example, in which superconvergence manifested itself, makes one think
that there are cases when s cannot be taken as wanted. But in this case, the
problem of applicability of the described method is reduced to the classical
problem of the theory of power series: how many terms should be taken in the
series in order to have a given accuracy? It is not difficult to answer it if the
recurrent formulas for the coefficients are known, rather than the estimates
for the coefficients of the power series, which become the worse the greater
the power.

In theory, this circumstance is obviously a serious problem. However, in
fact, all problematic cases immediately manifested themselves in the form of
inadequately large coefficients. Thus, as a practical recipe, the generalization
described seems to be quite useful.

8. Conclusion

We described the Richardson—Kalitkin method as a means for evaluating
numerical methods for solving any problem P, the result of which is a real
number u. To specify a numerical method for solving the problem # means
to specify the set H C R, for which 0 is a limit point, and the mapping
u, + H — R, the values of which can be calculated constructively. This
method gives a solution to the problem 7, if }Liné Up, = U.

%

If there exist £ € N and numbers ¢y, ..., ¢y, among which there are nonzero
numbers such that

uy, = u+ ch® + .. ey hFHN 4 O(RFHNHL)
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then from N values of the mapping wu,, it is possible to estimate the exact
solution of the original problem and the coefficients c,, ..., ¢y, characterizing
the error of the numerical method. The examples show that the higher the
coefficient number, the worse these estimates are, but on the whole they
characterize the numerical method quite accurately. The values of wu;, are
calculated independently, so the calculation of such problems can be naturally
parallelized.
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Meton Puuapiacona—KanuTtkunaa B abcTpakTHOM
N3JI0>KEeHNU

Amm Baanyp!, M. JI. Maneix!:?

L Poccutickuti yrusepcumem opysic6o, napodos
ya. Mukayzo-Maxaas, 0. 6, Mockea, 117198, Poccus
2 Jla6opamopus urgopmayuonios mexnoroeul um. M. . Mewepakosa
O6seduHEHHDIT UHCMUMYM AJEPHBIT UCCAEI08aHUI]
ya. Koauo-Kropu, 0. 6, yona, Mockosckasn obaacmo, 141980, Poccus

Hamno abcrpakTHoe onucanune merona Puuapicona-Kamurkuna s mosydeHust
AIlOCTEPUOPHBIX OIEHOK OJM30CTH TOYHOTO W HANIEHHOTO MPUOINKEHHOTO PEIECHUST
HAYAJIBHBIX 3aJ1a9 JJIsi OOBIKHOBEHHBIX auddepenimaababix ypasaenuit (OLY).
Paccmarpupaercs 3amgada P, pe3yabTaToOM peIleHrs] KOTOPOU SIBJISIETCS BEIECTBEHHOE
qucyo u. s perteHusa 9TON 3aaadu MCIIOJIB3YeTCsl YUCIEHHBIA METOM, TO €CTh
3aganbl MHOKecTBO H C R u orobpazkenne vy, : H — R, 3HaueHns Koroporo umeeTcs
BO3MOKHOCTD BBIYHMCJIATH KOHCTPYKTUBHO. [Ipu aTroM mipemotaraercs, 9to 0 sBJIsseTcst
IIpeJiesIbHON TOYKO# MHOXKecTBa H, %) MOXKHO Pa3JIOKUTb B CXOLSAIIUNCH P, 110
creneHsM h: u, = u + ¢ h* + .... B aro0ii BechbMa, obmieii cuTyamun copMyIMpOBaH
Meron Puuapacona—KanmmTkuna nosryuenns OneHOK JJIsl U4 U ¢ 1O ABYM 3HAYEHUSM U, .
PaccMoTper Bonpoc 06 BCIOIB30BaHUY OOJIBIIErO YUC/IA 3HAUEHUN Uy, J1JIs IOy YeHNs
TaKOTO pojia orneHok. [IpuBenensl npumepsl, WLTIOCTpUpyomue Teopuio. I[lokazano,
qTo noaxon Pudapacona—KamuTkuna ¢ yCcruexoM MOXKeT ObIThb MPUMEHEH K 3a1a9aM,
KOTOPBIE PEMIAIOTCsS HE TOJIBKO METOAOM KOHEYHBIX Pa3HOCTEM.

KuaroueBbie cjoBa: MeTOJ KOHEUYHBIX PA3HOCTEH, OOBIKHOBEHHBIE TuddepeHITnATb-
HbIe YPABHEHUS, AlIOCTEPUOPHBIE OIMMUOKN



