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Abstract. Currently, methods for recognizing objects in images work poorly and use methods that are intellectually
unsatisfactory. The existing identification systems and methods do not completely solve the problem of identification,
namely, identification in difficult conditions: interference, lighting, various changes on the face, etc. To solve
these problems, a local detector for the reprint model of the object in the image is developed and described. A
transforming autocoder (TA), a model of a neural network, has been developed for a local detector. This neural
network model is a subspecies of the general class of neural networks of reduced dimension. The local detector is
able, in addition to determining the modified object, to determine the original shape of the object as well. A special
feature of TA is the representation of image sections in a compact form and the evaluation of the parameters of the
affine transformation. The transforming autocoder is a heterogeneous network (HS) consisting of a set of networks
of smaller dimension, called a capsule. Artificial neural networks should use local capsules that perform some rather
complex internal calculations on their inputs, and then encapsulate the results of these calculations in a small vector
of highly informative outputs. Each capsule learns to recognize an implicitly defined visual object in a limited area of
viewing conditions and deformations, and it outputs both the probability that the object is present in its limited area,
and a set of «instance parameters» that can include the exact pose, lighting, and deformation of the visual object
relative to an implicitly defined canonical version of this object. The main advantage of capsules that output instance
parameters is a simple way to recognize entire objects by recognizing their parts. The capsule can learn to display
the pose of its visual object in a vector that is linearly related to the «natural» representations of the pose that are used
in computer graphics. There is a simple and highly selective test for whether visual objects represented by two active
capsules A and B have the correct spatial relationships for activating a higher-level capsule C. The transforming auto-
encoder solves the problem of identifying facial images in conditions of interference (noise), changes in illumination
and angle.
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HAYYHAA CTATbA

CTpyKTypa JIOKAJIBHOI0 eTEKTOPA
MO/IeJIM PENPUHTA 00bEKTA HA U300PaKEeHUM

A.A. Kynukos @

MUP3A — Poccurickuii TexHo1orm4eckmii yamepcutet, Mocksa, 119454 Poccusi

@ AsTOp AN nepenvicku, e-mail: tibult4 1@gmail.com

Pesiome. 3agaya pacrno3HaBaHUs 0OBbEKTOB Ha M300paXeHUsaX ABMSieTCs akTyaslbHOM B HacTosLee Bpems, Mno-
CKOJIbKY CYLLIECTBYIOLLME CUCTEMbI M METO[bl HE peLlatoT MOJIHOCTbIO NPobaeMy MOEHTUDUKALUN B CIIOXHbBIX YC-
JIOBUSIX: MOMEXM, OCBELLEHNe, passinyHble N3MeHeHus Ha nuue 1 T.4. C uenbio peleHns 3Tol 3agadn paspado-
TaH 1 OMMcaH JIoKasibHbI AETEKTOP AJ1 MOAeNn pernpuHTa o6bekTa Ha n3obpaxeHuun. [ns nokanbHOro getekropa
paspaboTaH TpaHchopmmpyowmii astTokoaep (TA) — Moaenb HEMPOHHOM ceTu. laHHas Mofesb ABnsieTcs NoaBu-
[0M 00LEero knacca HEMPOHHbIX CeTelM CHUXEHUsI pa3aMepHOCTU. JlokanbHbI eTeKTop CcrnocobeH, NoMMMOo ornpe-
OeneHns NaMeHeHHOro o6bekTa, Takxke OnpeaennTb U n3HadanbHylo dopmMy o6bekta. OcobeHHoCTbio TA aBnseT-
cs NpeacTaB/ieHMe y4acTKOB N306paxeHns B KOMMakTHOM BMAE U NpoBeAeHne OLeHKM napameTpoB addrHHOMN
TpaHchopmaunu. TpaHchHOpPMUPYIOLLNKI aBTOKOAEP NpeacTaBnseT coboi reteporeHHyto cetb (IC), cocTosiLyo 13
MHOXECTBa CETEN MEHbLUEN PAa3MEPHOCTU, Ha3blBAEMbIX Kancynamm. VICKyCCTBEHHbIE HEMPOHHbLIE CETU A0JIKHbI
1CMOJSIb30BaTh JIOKASIbHbIE KanCy/bl, KOTOPbIE BbIMOHAIOT HEKOTOPbLIE AOBOJIbHO C/IOXKHbIE BHYTPEHHME BbIYNCNEHUS
Ha CBOMX BXOAaxX, a 3aTeM UHKaNCYMPYIOT pe3ysibTaTbl 9TUX BbIYMCIEHWI B HEOObLUOM BEKTOP BbICOKOMHMOPMA-
TUBHbIX BbIXOA0B. Kaxxaas karncyna y4mtcs pacrno3HaBaTb HESIBHO ONpeaesfieHHbIN BU3yasibHblli 00 bEKT B OrpaHnNYeH-
HOW 06nacTu ycnoBuiA npocMoTpa 1 aedopmaumii. OHa BbIBOOUT Kak BEPOSTHOCTb TOrO, YTO 0OBEKT NPUCYTCTBYET
B CBOEW OorpaHMyeHHon o6nacTtu, Tak n Habop «napaMeTpoB aK3eMMsipa», KOTOPble MOryT BKJllOYaTb TOYHYIO MO3Y,
ocBelleHne n gedopmaumio BU3yanbHOro o6bekta OTHOCUTESNIbHO HEeSIBHO OMpenesieHHON KaHOHMYECKOW Bepcumn
3Toro obbvekTa. MnaBHOE NMPEeMMYyLLIECTBO Karcysl, BbIBOASALLMX NapaMeTpbl 9K3eMnispa, 3akjoyaeTcs B NPOCTOM
crnocobe pacrno3HaBaHus Lesibix 00bekTOB NyTeM pacrno3HaBaHus nx YacTten. Kancyna MoxeT HayunTbCs BbiIBOAUTb
Nno3y CBOEro BM3yaslbHOro 06bekTa B BEKTOP, JIMHENHO CBA3aHHbIN C «€@CTECTBEHHbIMUW» NPeacTaBieHNnsaMN Nosbl,
KOTOpPblE NCMNONb3YTCA B KOMMNbIOTEPHOW rpaduke. CyLecTBYeT NPOCTON 1 BbICOKOCENEKTUBHBIN TECT HA TO, UMEe-
IOT NIV BU3yaJsibHble 00bEeKTbl, MPeacTaBeHHbIe OBYMS akTVUBHbBIMU Karncynamm, npaBuiibHble NPOCTPAHCTBEHHbIE OT-
HOLLEHWNS 1S aKTUBaUuMKM KancyJsbl 6051ee BbICOKOro YPOBHS. TpaHchopMupyoLLmMiA aBTOKOAEP peLLaeT npobiemy
naeHTudUKaLMmM NMLEBbLIX M300paXkeHuin B YCI0BUSAX MOMEX (LUYMHOCTU), U3BMEHEHUSI OCBELLLEHHOCTU 1 pakypca.

KnioueBble cnoBa: HeMpPOHHas CeTb, Pacrno3HaBaHne n3o06paxeHuin, pacrno3HaBaHne 06pa3oB, MOAENb UAEHTU-

dukaummn

e Moctynuna: 25.03.2021 » Aopa6oTaHa: 31.03.2021 ¢ MpuHaTa kK ony6nukoBaHuio: 26.05.2021

Ang uutupoBanus: Kynukos A.A. CTpyKTypa NloKanbHOro AeTektopa MoAenv penpuHTa o6bekta Ha n3obpaxeHun.
Russ. Technol. J. 2021;9(5):7-13. https://doi.org/10.32362/2500-316X-2021-9-5-7-13

MpospayHocTb pMHAHCOBOMN AeATEeNbHOCTU: ABTOP HE NMeeT GUHAHCOBOW 3aMHTEPECOBAHHOCTY B NMPeaCTaB/IeH-

HbIX MaTepuanax nin MmetTogax.

ABTOp 3aaBnsaeT 0o OTCYTCTBUN KOH(DJ'II/IKTa NHTEepeCOoB.

INTRODUCTION

Existing systems and methods for object
recognition in images do not completely solve
the problem of identification, specifically the
identification under complex conditions: interference,
illumination, changes in faces, changes in wide-angle
shooting, etc. Presently, employing sets of nonlinear

functions for activation of used neurons represents
a laborious and inaccurate process. This statement—
supported by a large number of publications [1-13]
devoted to this problem—says that the problem
is topical and is not solved yet. Corresponding
methods, algorithms, and systems either require high
computational power, or employing a programmed,
continuously operating memory device in “clever”

Russian Technological Journal. 2021;9(5):7-13
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cameras that leads to growth in expenses of the entire
system.

LOCAL DETECTOR

To solve the above problem of identification of
facial images (and not only those), a local detector (LD)
is developed for the model of the object reprint in the
image [14]. LD is an elementary unit of the model of the
object reprint (MOR) in the image. For the local detector,
a transforming autocoder (TA)—the model of a neural
network—has been developed. This model represents a
subtype of a general class of neural networks of reduced
dimension. Besides identification of a changed object,
LD is capable of determining initial shape of the object.
One of the features of TA is its ability represent parts of
the image in a compact form and evaluate the parameters
of affine transformation.

The transforming autocoder represents a
heterogeneous network (HN) that consists of a set of
lower dimensions—capsules.

Definition/Features of a capsule:

o All capsules of the transforming autocoder have the
same structure.

e Each capsule encapsulates the visualization of the
object’s image.

TA is a neural network with the ability to learn, for
which a “method of reverse propagation of the error”
is directly employed. Input values of the autocoder are
used for normalization. For the neural network under
consideration, the function has a simple form ¢ = f{x) = x.
When using a transforming autocoder, it is additionally
necessary to apply the restriction of “bottle neck” in one
of layers with lower number of neurons than that in the
input layer.

Thus, the neurons within such a type of the layer
represent a reprint of data. As distinguished from the
main components’ method, using a set of layers of a
transforming auto-coder and nonlinear functions of
activation of neurons is compact and accurate.

Here is an example. When a set of data (an image in
our case) is delivered to an input and is represented as a

set of small images having the size x € R*"28=784 " then
their reprint can be represented as a hidden layer having
the size of the order of 30, that is ¢ = f{x) = R*’. In each
capsule, there is one crucial neuron with values (0, 1),
that corresponds to the fact that the object is in the image.

Some systems of computer imaging make use of
histograms of oriented gradients as “visual words” and
simulate spatial distributions of those elements with
the help of a rough spatial pyramid. Such methods can
correctly recognize objects without correct knowledge
of their location—the ability that is used to diagnose
the human’s brain damage. Artificial neural networks
make use of schemes of weight distribution with manual

encoding to reduce the number of free parameters and
reach a local translational invariant by subsampling
the activation of local pools of translated replicas of
the same core. After several stages of subsampling in
a converging network, high-level objects have greater
uncertainty in their poses.

Artificial neural networks should employ local
capsules, which perform some rather complex internal
calculations at their inputs, and then encapsulate the
results of those calculations in a small vector of highly
informative outputs. Each capsule learns to recognize
implicitly the determined visual object within a limited
region of views and deformations. The capsule’s outputs
are the probabilities for the object to occupy its limited
region and a set of “parameters of a copy” that can
include accurate pose, illumination and deformation of a
visual object relatively implicitly determined canonical
version of this object. When a capsule operates as
needed, the probability of presence of a visual entity
represents a local invariant; it does not change when
the entity moves over the set of possible realizations
in encapsulated limited region. The parameters of the
copy are “equivariantly”: as viewing conditions and
motions of the object change over the external set, the
parameters of the copy change by the same value since
they represent internal coordinates of the object in the
external set [1].

One of major advantages of capsules delivering
explicit parameters of a copy consists in a simple way
of recognizing entire objects by recognizing their parts.
If a capsule can learn to deliver a pose of its virtual
object to a vector, that is linearly coupled with an used
in computer graphics “natural” representation of a pose,
there is a simple and highly selective test for checking
of whether visual objects (represented by two active
capsules A and B) have accurate spatial relationship for
activating a capsule of higher level C. Let us suppose
that output data of capsule A represented by matrix T,
that yields the transformation of coordinates between
a canonical visual entity and the actual copy of that
entity determined by capsule A. If T, is multiplied by
a functional of coordinates transformation “a part—to
a whole” T, ., which couples canonical visual entities
A and C, then a predicted matrix T can be obtained.
In a similar way, we can use Ty and Ty for obtaining
another prognosis. If these predictions agree well, then
the copies determined by capsules A and B are in correct
spatial relationship enabling to activate capsule C; the
average value of the prediction informs us of how the
greater visual entity—represented by C—transforms
relatively canonical visual entity C. For example, if A is
a mouth and B is a nose, then each of them can predict
the position of the face. If these predictions coincide,
then both the mouth and the nose must be in a correct
spatial relation to form a face. An interesting feature of
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this approach for recognizing a form is that the relation
“a whole—to a part” is invariant and is represented by
weighting matrices, whereas the ensemble of parameters
of a copy of objects and their parts being observed at
the given moment is equivariant and is represented by
neural activities.

To obtain “a whole—to a part” hierarchy, the
capsules, which realize parts of the lowest level in this
hierarchy, must extract from intensities of pixels explicit
parameters of the pose.

After intensities of pixels have been transformed to
output data of the given set of active capsules of the first
level, each of them yields explicit representation of the
pose of its visual object, visual objects can be recognized
with the help of active capsules of lower level.

Let us consider a neural network of direct
communication shown in Fig. 1.

actual target
output 3. output
gate \ ™
[e]e]e]e) Q000
+Ax | +Ay +Ay +Ax |+Ay
pl (x y p x) Yy
[o]e]e] o]
2
input
image

Fig. 1. Three capsules of a transforming autocoder that
simulates translations

Each capsule in Fig. 1 has three recognizing
blocks and four generating blocks. The weights at
connections are learned through reverse propagation of
a discrepancy between actual and targeted outputs. The

network is determined, and as soon as it is learned it
can receive the image as input data and desired shifts
Ax and Ay and generate the shifted output. Each capsule
has its own logical “recognizing blocks,” which act
as a hidden layer for the calculation of outputs, which
are three numbers, x, y, and p. The capsule will send
these outputs to higher levels of the visual system (p is
the probability that the visual entity of the capsule is
presented in the input image). In its turn, the capsule has
its own generators; values x + Ax and y + Ay being input
data for these blocks (where x and y are input and output
data for one capsule). The capsules research generative
units with projected fields of strong localization (Fig. 2).
We describe the state for each of them by the following
activation functions:

H, =c(W,x+b,)e(0,1)"

c=W,.H, +b, €R?,

¢’=c+seR?,
p=0(W,,H,+b,)e(0,1), ()

H, =G(Wc’ ¢’ +b )e(O,l)Ng,

y= pWhyH e R84,

Note that if every capsule receives nine real inputs,
which are processed as a matrix with 3 x 3 dimension,
then TA can be learned to predict complete 2D affine
transformation (translation, rotation, scaling, and shift).
Transformation matrix T is applied to the output of
capsule A to obtain matrix T ,. Then the elements of T,
are used as input data for generation blocks when T, for
the prognosis of targeted output image.

A criterion of rarefaction is supposed to be used
as an auxiliary condition. Employing this criterion is
effective for TA. Note, that the condition of rarefaction

30 outputs of the module before and after the shift by +3 or -3 pixels

X

6 -4 -2 0 2 4 6y

IIIIIIIHII

51 7 I IZ T [ 72 VZ S
AV V. B 72 A Y

EEdARAEAE =
SENENSSSEES

Fig. 2. Shifts in values of xand y
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must impose restriction on neurons of a generating
and recognizing layer. Therefore, for employing
TA as a constituent of the model we should extend a
formulation for the transformation beyond the limits
of two-dimensional translation. For the rarefaction
condition, the information divergence of the facial
image identification model already developed by the
author is applied. The Kullback-Leibler divergence
formula is as follows:

S=Zj§1KL(s||§j)=

= ZL” slog;+(l—s)log
J=1 sj

= o

1-5;

J
is the average value of activation, and s is the rarefaction
parameter.

By setting the value of parameter s to be
proportionally small, we can limit the average activation
of a neuron. Having obtained independent signs, we can
also change the impact of this parameter on the operation
of the heterogeneous network.

For further optimization of the parameters, it is
necessary to employ a price function TA with weights D
and v, which can be written as follows:

~ 1
where L, is the number of neurons, §; = -~ z l”; 1 ( a§L") X )

=IOV +BY 7 S KL(slls) @)

where B is a meta-parameter, D and v are general
matrices of weights.

An additional parameter should be introduced into
the algorithm of the error backpropagation. The error
determined by the backpropagation method represents
an expression for some layer of neuron network /.

80 =

all §:1W§5>8§’+1))+B(-%+ 1) 7). @

sj 1-sj

where Zf is the argument of a function for activation of
the ith neurons in layer /.

This parameter represents the rarefaction criterion.
Values 8; depends on D and v as the average activation
of neuron ;.

As compared to the methods and algorithms
investigated in [1-3, 5, 6, 9—13, 15], TA (neural network)
has demonstrated the best result in identification of facial
images under different shooting conditions. Table 1
shows the results of identification at different angles of
shooting.

Table 1. The results of identification for different angles

Angle POSIT, % SVM, % Author’s (TA), %
(0°,15°) 82+4 85+2 99+4
(15°,30°) 80 +3 81+3 98+3
(30°, 45°) 79+4 80+4 97+3
(45°, 60°) 81+5 82+4 98+4

Table 2 shows the results of identification for
different levels of illumination.

Table 2. The results of identification for different levels of
illumination

Illumination, % | POSIT, % SVM, % | Author’s (TA), %
25 35+£2 15+2 88 £2
50 61=£5 47+2 98 +£2
75 70£2 684 98 + 1
100 99 +1 99 +1 99+ 1

Table 3 shows the results of identification under
different levels of interferences and noise in the image.
We define noise as loosing of the image sharpness with
magnification. As for interferences, these are different
interferences when producing the image as well as the
appearance of additional features in the facial image:
glasses, moustache, makeup, etc.

Table 3. The results of identification under different
interferences and noise in the image

Parameters POSIT, % SVM, % Author’s (TA), %
Noise 84 +2 92+2 97 +2
Interference 89+ 5 83+2 99 +1

The presented results demonstrate that TA employing
a local detector is less responsive to a change in the
position of a facial image, illumination, and interference
(noise).

CONCLUSIONS

The proposed method can be extended for
identification of three-dimensional objects and is
promising for analyzing a combination of local spatial
structures and hypothetical 3D model of the object. The
described LD (the element of the MOR model) solves
the problem of the stability of identification of facial
images under conditions of interference (noise), change
in illumination, and different angles.
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Abstract. The quality of service (QoS) in networking is the process of managing network resources to reduce
packet loss and to lower network jitter and latency. QoS has been widely used in traditional network and can also
be implemented in the 5G standard based on a software-defined network (SDN). A traditional network carries
several challenges, such as vendor dependency, the complexity of managing a large network, dynamically changing
forwarding policies, and more. Software-defined networking is a new networking strategy designed to address the
challenges of a traditional IP network, such as high levels of complexity and inability to adapt to the new quality
of service requirements in a timely manner. The fundamental idea behind SDNs compared to the conventional
networking paradigm is the creation of horizontally integrated systems through the separation of the control and
the data plane while providing an increasingly sophisticated set of abstractions. Recently, various SDN-enabled
QoS frameworks have emerged that offer many possibilities for network reconfiguration and high-level definition of
policies. QoS requirements for 5G networks have been defined on the basis of three main categories of use cases:
extreme mobile broadband (xMBB), massive machine type communications (mMTC) loT/M2M devices, and highly
reliable M2M-communication (ultra-reliable machine-type communications — uMTC). This paper analyzes and
surveys the QoS based on the openflow protocol method and QoS based on open-source SDN controllers method
in 5G network. In addition, we discuss various architectural issues of open-source SDN controllers network and
examine theirimpact on the QoS. Furthermore, we outline the characteristics of the QoS parameters such as latency,
availability, reliability, jitter, and bandwidth in the 5G network. Finally, the article discusses and compares parameters
of the QoS in 5G determined by world’s leaders in 5G technology.
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AHaJu3 1 oleHKa 3P(PEKTUBHOCTH METOI0B
o0ecreyeHUus1 Ka4ecTBa 00CTyKUBAHUSA
NPOrpaMMHO-KOH(PUTYypHUPYEeMbIX ceTel
cranaapra SG/IMT-2020
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Pesiome. KauecTBo o6cnyxumBaHus B cetu (QoS) — 3TO NpOLLECC yNpaB/ieHMS1 CETEBLIMU PECYPCAMU [/ YMEHbLLUEHUS
noTepu NMakeToB, @ TAKKE YMEHbLUEHUS IKUTTEPA 1 3a8epXKn. QOS LUMPOKO MCMONL3YETCS B TPAAULMOHHBIX CETSX, a
Takke MOXeT ObITb peann3oBaH B cTaHaapTe 5G Ha OCHOBE NPorpaMMHO-KoHdUurypupyemotri cetv (SDN). TpagmumoH-
Hasi CETb HECET B ce6e HECKOJIbKO NMPOBIeM, TaKMX Kak 3aBMCUMOCTb OT MOCTaBLLMKA, CIOXHOCTb YyNpaBneHus 60/1bLLON
CeTbt0, ANHAMNYECKM MEHSIIOLLIMECH NONINTUKM NEPECHITKM U MHOroe apyroe. NporpamMMHO-KOHGUrypupyemas cetb —
3TO HOBas cTpaTterusi, pa3paboTaHHast AN peLleHns Taknux NnpobaemM TpaauLMoHHOW IP-ceTn, Kak BbICOKUIA YPOBEHb
CJNIOXXHOCTU 1 HECNOCOOHOCTb CBOEBPEMEHHO a[anTUPOBATLCHA K HOBbIM TPEOOBAHUAM K Ka4eCTBY OOCYXMBAHUSI.
dyHpnameHTanbHasa naes, nexatas B ocHose SDN, no cpaBHEHWUIO C TPAAULMOHHOM CETEBOW NapaanurMoin, 3aksoda-
€TCS B CO34aHUN FMOPU3OHTASIbHO MHTEMPUPOBAHHBLIX CUCTEM MYTEM PAa3LeNeHNs: YPOBHS YNPaBAeHUs 1 AaHHbIX MNPy
obecneyeHnn Bce Oonee CnoxHOro Habopa abcTpakumii. B nocnegHee BpeMsi MOSIBUNIMCh PasfinyHblie MHPACTPYK-
Typbl Q0S ¢ nopaepxkon SDN, koTopble NpeaiaraioT MHOXECTBO BO3MOXHOCTEN A1t peKOHPUrypaumm CeTu 1 onpe-
[eNeHns NoITUK Ha BbICOKOM ypoBHe. TpeboraHusa QoS ans cetein 5G 6binuv onpeaeneHsbl Ha OCHOBE TPEX OCHOBHbIX
KaTeropuin cueHapmeB Ucnonb3oBaHus: Extreme Mobile BroadBand (xMBB), Massive Machine Type Communications
(MmMTC) loT/M2M-ycTponcTBa 1 BbiICOKOHaAexHas M2M-cBs3b (CBepXxHaaexHas CBA3b MalLMHHOro tuna — uMTC). B
cTatbe aHanm3upyetcs n uccnenyetcs QoS Ha ocHoBe MeToaa npotokona OpenFlow n QoS Ha ocHOBe MeToaa KOH-
TPONNEPOB C OTKPbITbIM MCcXxoaHbIM kKoaoM SDN B ceTn 5G. O6CyxaatoTcs pasnnyHbie apXUTEKTYPHbIE NPOBEMbl CETH
SDN KOHTPOSINEPOB C OTKPbITbIM UCXOAHLIM KOLOM U UCCNeayeTcs nx BnsaHue Ha QoS. OnucbIiBalOTCS XapakTepucTmKn
QoS, Takme kak 3aaepxka, AOCTYNHOCTb, HAAEXHOCTb, IXKNTTEP W MPOMNYCKHas CNOCOOHOCTbL. OOCYXaatoTCsa U CpaBHU-
BaloTCs napameTpbl QoS B ceTn 5G, KOTOpbIE ONpeaeneHb MMPOBLIMU NAEPAMU B AAHHOW TEXHOMOMMN.

KnioueBble cnoBa: nporpaMmMHo-KoHdUrypupyemas cetb, SDN, kadyecTBo 06cnyxmnsaHus, 5G/IMT-2020

e Moctynuna: 26.05.2021 » lopa6oTaHa: 26.07.2021 ¢ MpuHaTa k ony6nukosaHuio: 28.07.2021

Ansa untupoBanua: JaHewmaHg bexpys Mexan. AHanus n oueHka apPeKTMBHOCTM METOAOB 0OecneyYeHns KayecTaa
ob6cnyXunBaHns NporpaMmMHoO-KOHGUrypmpyemoix cetern ctaHgapta 5G/IMT-2020. Russ. Technol. J. 2021;9(5):14-25.

https://doi.org/10.32362/2500-316X-2021-9-5-14-25

Mpo3payHocTb pUHAHCOBOIN AeATeNIbHOCTU: ABTOP HE MMEET PMHAHCOBOW 3aMHTEPECOBAHHOCTM B NPEACTaBNEH-

HbIX MaTepmnanax nin MmetTogax.

ABTOp 3aaBnseT 06 OTCYTCTBUM KOHMINKTA UHTEPECOB.

INTRODUCTION

The global impact of 4G technology has led
to increased use of mobile communications and
improved network performance. The implementation
of 5G technology will enable to make this momentum
greater, offering significant improvements in network
performance, including faster connectivity, mobility
and bandwidth, and communication with low-delay

connectivity. Thus, it opens up new use cases and
provides promising applications that can positively
influence the development of various industries. The
5G networks can create an ecosystem for technical and
business innovation, including vertical markets such as
automotive, healthcare, manufacturing, energy, food
and agriculture, city management, government, public
transportation, media, and more. They offer unlimited
mobile broadband access, provide extensive connectivity
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for everything from human-controlled intelligent devices
to sensors and machines, and most importantly, have the
ability to support critical machine communications with
instant action and ultra-high reliability [1].

The 5G technology for mobile communication first
appeared in South Korea in 2020 followed by China,
the USA, and the European Union. It is expected that
by 2025 there will millions 5G connections. The 5th
generation internet will be 5 times faster (with 25 times
lesser delay) than the current 4th generation system,
and will support up to one million devices per square
kilometre. Generally speaking, the basis of 5G Internet
relies on the following five technologies: millimetres
radio-waves, small cellular networks, MIMO (several
inputs and outputs), beam formation, and double-sided
bytes. A traditional network bears several problems, such
as a dependence on providers, complexity in managing
a large network, dynamically changing forwarding
policies, and much more. What is more important is
that a traditional IP-network is not able timely respond
to changes and newly emerged QoS requirements. Such
failures are caused mainly by the features of traditional
IP-networks, in which a control plane and data plane are
vertically connected with each other and implemented
in the network devices. To overcome the problems of the
existing network, a concept of a programmable network
has emerged [2, 3].

Its behaviour is controlled by software called
Software Defined Networking (SDN). This network,
as distinguished from traditional networks, represents a
dynamically developing infrastructure, which controls
data plane and control plane in a separate way. Based on
Open Networking Foundation (ONF) [4] SDN has three

levels, namely: the infrastructure level, control level,
and application level [5]. SDN architecture is shown in
Fig. 1 and is explained below [4].

e Infrastructure layer consists mainly of the
transfer elements (for example, physical and virtual
switches, routers, and points of wireless access),
which represent a data plane.

e Control layer, also known as control plane (it is the
core of SDN architecture), supports communication
between the application level and infrastructure
level through open interfaces.

e Application layer is mainly developed to meet
users’. It consists of business-applications of end-
users which use network services.

OpenFlow protocol, supported by ONF, is a
fundamental element for developing SDN decisions.
OpenFlow is the first of the leading communication
interfaces, linking forwarding level and control levels in
SDN architecture, enables to control both physically and
virtually the forwarding level of network devices (for
example, switches and routers). It helps SDN architecture
to adapt to a high bandwidth capability, dynamic
characters of users’ applications, and adjust a network
in accordance with different business requirements, and,
what is interesting, reduce complexity of management
and service.

Many factors affect QoS-based SDN in 5G
networks, therefore we will further discuss the QoS
parameters, which are defined by the 5G technology
world leaders in terms of applicability to such networks.
We will present the levels of the high-quality service
in the context of the following characteristics: speed

Application layer

Business applications

Programmability

Enable innovation/differentiation
Accelerate new features and
services

— I I I Northern Interface

Control layer

Network services

Centralized intelligence
Simplify provisioning
Optimize performance
Granular policy management

_— I I I Southern Interface

Infrastructure layer

Abstraction

Hardware & Software

Control plane & forwarding
Physical and logical configuration

Fig. 1. SDN levels and functions
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increase, mobile networks capacity, and growth of
wireless devices.

In Section 1, a brief overview of OpenFlow
architecture is given followed by two QoS methods
based on the OpenFlow protocol and a controller with
an open SDN source code. In Section 2, architectural
problems in SDN and their influence on QoS are
discussed. In Section 3, Key Performance Indicators
(KPI), QoS parameters and their influence in the 5G
network are given. In Section 4, the QoS parameters for
the next generation 5G are analysed and presented in a
table.

1. QOS IN OPENFLOW PROTOCOL AND SDN
CONTROLLERS WITH OPEN SOURCE CODE

A. OpenFlow architecture
and QoS-based OpenFlow protocol

OpenFlow architecture [6] is the proposal of Clean
State initiative for the definition of the open protocol,
which sets routing tables in switches; it is the base
of SDN architecture in which a user can change the
network.

Actually, the OpenFlow (infrastructure level)
protocol is a communication interface between
controllers and OpenFlow routing planes [7]. It is the
first standard communication protocol for SDN media.
OpenFlow represents a routing path for the flow of

transferring packets along programmable networks.
A key advantage of this protocol is that it enables to
adjust switches of different manufacturers with the
help of controllers. Different versions of OpenFlow are
available in SDM media.

OpenFlow architecture offers several advantages:

1) OpenFlow centralized controllers can manage all
flow decisions thereby reducing complexity of the
switches;

2) central controller can “see” all networks and flows
providing global and optimal management of
network initialization;

3) OpenFlow switches are relatively simple and reliable
since direct decisions are determined by a controller
but not a micro-program of the controller.

However, OpenFlow unites two characteristics—a
unique controller and simple devices—that leads to
scalability problems.

In SDN network with switches and the OpenFlow
support, a switch consists of three main parts. The
components of the OpenFlow architecture are shown in
Fig. 2:

e Data tables with an action, related to each record of
the flow in order to report the switch how to process
the flow.

e Protected channel, which links switches with the
process of remote control (called the controller),
enabling to forward commands and packets between
the controller and switches.

SDN controller

G OO OO I OO XX

I OO OO OO OO =
I [ — . —— I —— A — I —

Network operation system
OpenFlow
OpenFlow protocol
Protected
channel
Flow table Flow table Flow table Flow table

OpenFlow switch

Fig. 2. OpenFlow architecture [8]

Russian Technological Journal. 2021;9(5):14-25

17



Analysis and evaluation of the effectiveness of methods for ensuring the quality

Behrooz Daneshmand

of service for software-defined networks of the standard 5G/IMT-2020

e OpenFlow protocol, which provides an open and
standard method of communication between the
controller and switches.

Using OpenFlow protocol, the OpenFlow switch
becomes a simple element of the data pathway, which
switches packets between ports in a way as defined by
the process of remote control.

As the number of OpenFlow switches increases, the
use of a single controller for the whole network may
become impossible due to several reasons:

1) the number of controlling messages sent to a
centralized controller increases with the number of
switches;

2) as the network diameter increases some switches
will have longer latency for actuation regardless of
the controller location [6];

3) the tuning time can increase significantly as the
number of switches and the size of the network
increase;

4) asthe systemis limited by the power of the controller’s
processor, the tuning time may significantly increase
with the increase of the number of switches and the
network size.

In SDN network for setting a new flow rule, a
controller can operate in three modes: Reactive mode,
Proactive mode and Hybrid mode [9].

Reactive mode. In the reactive regime, when a
new packet arrives to a network device (for example, a
switch), the switch executes in its flow tables a search for
the flow rule. If no coincidence with a flow is found, the
switch (using C-DPI) forwards it to the controller so that
the controller decides how to process the packet. After
the controller has processed the packet according to

Table 1. Classification of SDN controllers

the network policies, it creates and forwards the flow
record for setting on the network device. Future flows
corresponding to this record based on the attribute of the
title of the packet will be processed in accordance with
the matching rule.

Proactive mode. In the proactive mode, the flows
recordings are tuned in switches flows tables before new
flows arrive to switches. When a packet arrives to the
switch, the latter already “knows” how to process this
packet. In this case the switch does not participate in any
process of the flow rules tuning.

Hybrid mode. In the hybrid mode, the controller
makes use of advantages of both reactive and proactive
modes. It is quite possible that network administrators
set in advance certain flow records in the devices of data
planes, while the switch(s) reactively change (remove/
renew) them or even add new flow records based on
incoming traffic.

While the proactive mode calls for some worries
about invective usage of the switch memory, the reactive
mode provides more flexible and dynamic medium for
controllers and switches.

B. QoS on the basis of SDN controller
with open initial code

The controller throughput is the main issue of
OpenFlow architecture. A controller can support a limited
number of flow adjustments per second. Software-
defined networks employ two types of controllers:
centralized and distributed. Classification of different
controllers divided into two categories is described in
Table 1 [10, 11].

Types of controllers

Centralized

Distributed

Centralized controllers implement all of the control plane logic
in one place. In such a controller, a single server takes over
all actions at the control level. The main advantage of such
controllers is the simplicity and manageability since they provide
the only one control point. However, their drawback is the
scalability problem as each server has limited capacity for the
operation with data plane devices. The QoS support in the SDN
network became possible due to the component of the centralized
logic SDN controller.

The distributed controller has no scalability issues and has the
advantage of high performance under heavy traffic loads.

Controllers Programming Language Controllers Programming Language
NOX Python ONOS Java
POX Python Runos C++
RYU Python Hyperflow C++
Beacon Java Onix C, Python
Maestro Java SMaRtLight Java
FloodLight Java OpenMUL C
OpenDaylight Java
Meridian Java
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In controllers with the open source code the
parameters of the service quality include the
following ones: reliability, scalability, sequence, and
load balance.

2. ARCHITECTURE PROBLEMS IN SDN
AND THEIR INFLUENCE ON THE QOS

2.1. Centralized administration

In the SDN medium a switch is separated by
controllers and a dump switch. Moreover, all controllers
and switches are active for the large network. The design
of controllers and their locations remain the subject of
research with the aim to improve the network throughput.
Other factors—such as flexibility, scalability, delay,
safety, and compatibility—are also important for
increasing the network throughput [7, 12, 13].

In large-scale SDN networks several controllers are
deployed to balance the traffic load and achieve high
quality of service [14]. As the number of controllers
grows, the concept of centralized management changes.
Different controllers can have different functions;
therefore, their central administration becomes more
difficult [13].

2.2. Network scalability

Due to the presence of several program controllers
it can be easily scaled up. However QoS can doubt
the scalability because of the load balancing between
controllers [13, 14].

2.3. Inconsistency among the controllers

Because there are several controllers in the network,
the main problem is the synchronization of information
about the state of the network in SDN. This problem is
known as the consensus problem [13]. Due to a complex
realization and growing delay the consensus approaches
do not job. When designing several controllers, it is
important to provide matching between them.

2.4. Controller placement

Implementation of only one controller in a
software-defined network has many advantages, such
as centralized management, checking and monitoring
the whole network with the help of only one node. But
at the same time such an approach brings the problems
of reliability and scalability [13]. As the network grows,
these problems worsen throughput. The problem of
placing controllers has been known since 2012. In order
to reduce the delay of service data and increase total
throughput, it is necessary to place in the network an
optimal number of controllers at a proper distance [15].

In large-scale networks when deploying the controllers
two important issues are being considered: how many
controllers are required in the networks, and where
should these controllers be placed. Although these are
undetermined polynomial-complex problems, they
have to be solved for deployment of several controllers
[13].

2.5. Controller communication protocol

In a distributed network it is necessary to have
several controllers; they directly affect QoS of the
SDN network. Therefore, an efficient data interchange
between controllers is required. For communication
between controllers an interface “eastbound-
westbound” is needed, therefore in an SDN network
a standard protocol must be developed for such
communication. Currently, the global network supports
Border Gateway Protocol (BGP) for “eastbound-
westbound” interfaces [12].

2.6. Planning deployment of several controllers

QoS can be better at the expense of employing
several controllers, but it is necessary to plan ahead
the load of various controllers in order to avoid their
overload. In this case, the main problem is how to
balance the load fast.

3. THE ANALYSIS OF QOS IN DIFFERENT SDN
CONTROLLERS

There exist lots of free as well as commercially
available SDN controllers. A range of functions of
the controllers are suitable for different applications.
Descriptions of three SDN controllers are given in Table
2 as examples.

In addition to QoS in controllers, the QoS index is
influenced by programming parameters, including QoS
in the OpenFlow protocol. Each new version of the
OpenFlow specification contains some features with
minor and significant changes compared to the previous
ones, so QoS varies from version to version.

4. FROM KPI TO QOS
IN THE 5G/IMT-2020 NETWORK

The fifth generation network (5G/IMT-2020) is
the latest iteration of cellular technology designed to
dramatically increase the speed and responsivity of
wireless networks. According to [19], the technological
goals of 5G are the following indicators: 1000 times
more mobile traffic, 10 to 100 times higher transmission
speed for users, 10 to 100 times more users, 10 times
longer battery life in M2M mass communications, 5x
reduction of E2E (end-to-end) delay.
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Table 2. Examples of SDN controllers

Analyzation and Description of Controllers

OpenDaylight (ODL) is a modular open platform for customizing and automating networks of any size
and scale. The OpenDaylight Project arose out of the SDN movement, with a clear focus on network
programmability. The ODL project includes support for all SDN platforms, including OpenFlow, Open
VSwitch (OVS) Database (OVSDB), NETCONF, SNMP, BGP and applications (e.g., DDoS Protection
and Virtualization Coordinator), which complement each other to compose a complete reference controller
platform for heterogeneous networks. The OpenDaylight Controller exposes open northbound APIs, which
are used by applications. These applications use the controller to collect information about the network, run
algorithms to conduct analytics, and then use the OpenDaylight Controller to create new rules throughout the
network. Packet Cable MultiMedia (PCMM), presented in ODL-Lithium, provides an interface to control and
management service flow for CMTS network elements. A service flows constitute a DOCSIS data path between
a CMTS and a subscriber’s cable modem (CM) guaranteed application specific quality of service (QoS),
known as Dynamic Quality of Service (DQoS). PCMM offers (MSOs) the ability to deliver new services using
existing cable infrastructure. OVSDB is another southbound protocol for managing and configuring queues in
switches and virtual switches. Here is another add-on to the ODL reservation module that aims to provide low-
level resource reservations that provide users with network connectivity, bandwidth, and ports for a specific

The open network operating system (ONOS) controller is an operating system (OS) that is designed to
help network service providers build carrier-grade SDNs architected for high scalability, availability,
and performance. Among the service providers contributing to the ONOS initiative are AT&T, NTT
Communications, and SK Telecom. Vendors contributing to ONOS include Cisco, Ericsson, Intel, NEC,
Ciena, and Huawei. Likewise, ON.Lab and ONOS partners have found multiple use cases for the OS.

ONOS supports the OpenFlow mechanism, and accordingly, the existing switches rarely implement ONOS.
Thus, the ONOS platform provides limited QoSs because this implementation supports the functionality of the
OpenFlow set_queue. To improve QoS, ONOS libraries have implemented the Set Queue Instruction function,

Floodlight Controller (Java-based) is an SDN controller developed by an open community of developers,
many of which from Big Switch Networks are used with the OpenFlow protocol to orchestrate traffic flows
in an SDN environment. The Floodlight controller implements a QoS module that provides functionality such
as stream deletion, stream insertion, and some policies for handling QoS. These modules are implemented in
OpenFlow, version 1.0. The QoS is at its infancy when it comes to OpenFlow. The OpenFlow 1.0 provides
a user with a way to simply push the QoS state to switches that support these features. These modules seek
to tackle “enqueue” and “SET-NW-ToS” actions. The static flow pusher API calls this “set-ToS-bits.” spec
includes ways in which one can set the network type of service on a flow, as well as enqueue the packets
matching the flow to a specific queue on a specific port. In the Floodlight Northbound interface, module
QueuePusher generates the messages for queue configurations for creating, reading, updating, and deleting

Controllers
OpenDaylight
allotted time [2, 9, 16].
ONOS
namely, top-level instruction 2, 9, 17].
Floodlight
functions to manage the Open vSwitches [18].

The 5G concept consists of three general

services:

1.eMBB (Enhanced Mobile Broadband). This

3. mMTC (machine type mass communication). This
class of service is characterized by high throughput,
high speed and dynamic bandwidth allocation and

requires large capacity, high speed, and dynamic
bandwidth allocation. While high speed
helps to upload and download video content
faster in gigabyte sizes, the bandwidth can be
provisioned on demand for ultra high definition
(UHD) video, virtual reality, augmented reality,
and more.

2. uRLLC (Ultra Reliable Low Latency
Communication). These services require high
reliability, high availability, and low latency. High
reliability supports critically important services
such as connected robotic factories and remote
surgery, while low latency makes services such
as autonomous vehicles and remotely controlled
drones a reality.

is best suited for Internet of Things (IoT) services

such as smart cities serving billions of “things” and

“devices” with densities of up to one million per

square kilometre [27].

These three generic services should be seen as
baseline characteristics covering 5G user scenarios.
Key performance indicators (KPIs/KPIs), which, from
the point of view of the end user, are used as a basis
for assessing the effectiveness of specific scenarios are
shown in Table 3.

Most of today’s popular applications and applications
scenarios will continue within frames of 5G, with
KPIs/KPIs and QoS further applying.

Key performance indicators for 5G technology are
shown in Fig. 3 [20]:
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Table 3. 5G performance characteristics required for each ITU! use scenario

¢eMBB uRLLC mMTC
Peak data transfer rate: from 10 to Provides hypersensitive connections Supports high device density
20 Gbit/s; minimum data transfer rate: (10° per km?)
100 Mbit/s
Increases traffic capacity/throughput by Provides less than 1 ms air interface Supports long rang and low data rate
100 times latency (1-100 Kbit/s)
Supports macro and small cells Ultra-reliable and affordable with five Takes advantage of ultra-low cost M2M

nines (99.999% of the time)

Supports high mobility of about 500 km/h | Provides data transfer rates from low to Provides battery life up to 10 years for
medium (50 Kbit/s—10 Mbit/s) IoT

Improves network energy savings by Provides high speed mobility Provides asynchronous access
100 times

! International Telecommunication Union.

New technologies, referred to in this article as 5G
Key Technology Enablers (KTEs), play a major role in
providing QoS in 5G, and SDN alone is not enough for
Traffic density ST that. To achieve ambitious QoS values, it is necessary to
influence all KTEs listed below:
1. Spectrum and massive MIMO (multi-channel input—
pelay | < multi-channel output).
. Network function virtualization (NFV).
. Centralized radio access network (C-RAN).
. Local offloading.
. Small cells.
. Software defined networking (SDN).
Figure 4 illustrates the factors that each concept
relies on and which QoS requirements contribute to.
Each of the KTE tools creates a new concept in 5G
that directly impacts KPEs/KPIs and therefore impacts
5G QoS. New concepts include:
Experienced end-user ./ é Iii;;ﬁ;f:;gﬁi
. 3. New air interfaces.
4. Slicing network.
5. Function allocation and placement.
6. Flexible control.

Reliability

Availability Key

performance

1 =
I—’ indicators
Persistence (KPI)

AN DN kW

Security

Energy efficiency

Fig. 3. KIE/KPI for 5G/IMT-2020 technology

. QoS requirement
Archivers New concepts Reduced latency URLLC

_ Service chaining mMTC

Improved cost efficiency

SDN ™ _ .~ Reduced service creation time -
NECT ) SR High data rate eMBB

C-RAN A\ — Network slicing 5 ! High connectivity mMTC
% |

_ Function allocation and placement sd Enhanced mobility URLLC

B Elexiblelcontrol - © Reduced energy consumption eMBB
Ultra reliability URLLC

Fig. 4. New concepts, means of implementation and requirements for QoS of the fifth generation (5G)
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5. QOS FOR THE NEXT GENERATION
OF 5G NETWORKS

The 5G technology should significantly improve
service quality in terms of network data volume and
service types. There is a huge worldwide effort to
define a new 5G architecture with initiatives such as 5G
infrastructure public-private partnership (5G-PPP) and
the METIS project in Europe [21]; IMT-2020 (5G) in
Russia [22]; 5G America in America [23]; IMT-2020
(5G) PG3 in China [24]; The 5G Forum in Korea
[25, 26], and the Fifth Generation Mobile Promotion
Forum (5GMF) in Japan [26]. The promised values for
5G QoS parameters are shown in Table 4 [28].

Table 4. Promised values for 5G QoS parameters

Speed/throughput 10 Gbit/s, target to 20 GB/s

End-to-end latency 1-10 ms

Network availability | Stretched to 100%

Reliability Block Error Rate is 0.00001 in an
1-ms period

Jitter 10—100 ps

Bandwidth 100 Kbit/s to several hundred Mbit/s

Table 5 shows the QoS parameters for the basic
driving principles of 5G technology.

Within the framework of the METIS project, 12
scenarios for the use of 5G networks have been identified
[19]. In the Virtual Reality Office use scenario test, end
users should be able to achieve at least 5 GB/s data rates
in 20% of office spaces, such as real desks during 99%
of busy hours. In all of the above initiatives, the latency
between devices (D2D) is less than Sms. Highest 5G
availability and reliability requirements are 100% and
99.999%, respectively, for all initiatives.

Energy consumption, as it can be seen from the
table, is an important parameter in 5G technology.

This parameter is 10 to 100 times better than that in the
previous generation of networks. Another parameter that
affects the quality of service is the ratio of packets lost due
to errors when receiving data packets [IP—Packet Error
Loss Rate (PELR). The packet loss rate requirement for
video broadcasting in 5G networks is 107°. For M2M
services, the quality will also be determined by the
fraction of packets lost during reception. The PELR
requirement for M2M service with guaranteed quality
of service in 5G networks is 1077. Another important
parameter that determines the QoS requirements in
a fifth generation network is the overall packet delay
budget (PDB), which is generated at the radio-interface
RAN and is considered as the maximum packet delay
with a control level of 98%.

CONCLUSIONS

The emergence and implementation of 5G
technology is based on remarkably improved key
indicators in mobile networks, including end-to-end
QoS. A software-configured SDN is an attractive
research area for network communications and is also
an integral part of the 5G network. SDN promises
to provide a powerful way to implement end-to-end
quality of service QoS in today’s communications
networks.

In the 5G technology, customer satisfaction poses
many new challenges for the operator. Reliability
and scalability are key QoS issues in a programmable
network. The article analyzes the QoS method based
on the OpenFlow protocol and the QoS method based
on open source SDN controllers in the network.
The problems of SDN-based architecture and their
influence on the parameters of QoS are studied, and key
indicators of performance in 5G/IMT-2020 networks are
overviewed. In addition, other parameters are analysed
for improving QoS in the next generation network:
bandwidth, latency, jitter, and losses.

Table 5. QoS parameters for the basic driving principles of 5G technology

QoS 5G-PPP/ METIS 5G Americas IMT-2020 (5G) PG 5G Forum
Experienced user Depend on use case Depend on use case Depend on use case Depend on use case test
throughput! test? test test
Latency 5 ms (E2E) 5—100x better 1 ms (E2E) 1 ms (E2E)
Availability ~100% ~100% ~100% ~100%
Energy consumption 10x better - 100x better 1000x better
Reliability five nines high five nines hyperhigh
99.999% 99.999%

1
2

Achievable data rate is available ubiquitously across the coverage area to a device/user
Virtual reality office, dense urban areas, shopping malls, and stadiums should provide 5 Gbit/s in downlink and uplink channels.

22
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Abstract. Local content modification provided to subscribers of the terrestrial digital television signal is
necessary to provide the technical possibility of organizing inserts of local content signals, such as TV programs
of regional broadcasters, as well as information on emergency situations. Broadcast multiplexes of federal TV
programs are designed for use within the corresponding time zone (A, B, C, D, M). In each time zone, there are a
number of regions, in each of which there are local TV and radio companies that produce local content that must
be delivered to the subscribers of the whole subject. The task of embedding/modifying content at each remote
transmitting station is performed by an inserter or local content insertion device (ETSI TS 102773). The reliability
parameters of the restorable system for organizing terrestrial television broadcasting at a remote station with
the content modification were calculated in this article. Tables and a graph of the broadcasting system states
are presented, on the basis of which, systems of Kolmogorov differential equations are compiled. It was found
that additional redundancy organized by connecting the output stream from the RX1 receiver directly to the
transmitting device allows for a 2.5-fold increase in the average operating time between failures, as well as
an increase in the availability factor by 5.26 percent. All calculations were performed using the SimInTech
software package. The influence of automatic redundancy of the local content inserter and the transmitter on
the occurrence of errors in the stream that affect the quality of the output signal is considered. The relationship
between the availability factor and the components of the Quality of Service parameter — SAE, SDE, and SIE is
determined.
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HAYHYHAA CTATbA

OueHka napamMeTpoB HAIEKHOCTH KOMILIECKCA
000opynoBaHusA cTaHIUU 3PUPHOIrO TesieBemanuss DVB-T2
C pervoHaJu3anmeinl KOHTEHTAa

C.B. Cai1 '@, H.10. Copokun ', O.B. Tuccen 2

! TuxookeaHCKu rocynapCTBEeHHbIN yHuBepcuteT, Xabaposck, 680000 Poccusi
2 Poccuiickasi TeneBu3noHHas v paamoBeLaTesnbHas cetb, Xabaposck, 680000 Poccusi
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Pesiome. Mogndukaums KOHTEHTa, NpefocTaBnseMoro aboHeHTam adUpHOro UM@POBOro TeNEBU3MOHHOIO CUT-
Hana, Heobxoamma ans obecrnevyeHnss TEXHUYECKO BO3MOXHOCTU OpraHM3aumm Bpe3ok CUrHanoB MECTHOMO Ha-
MOJIHEHUSA, TaKNX KaK TeNIenporpamMmMbl PErMoHasIbHbIX BewaTtenern nnn nHdopmMauma TepPUTOpUasbHbIX OpraHoB
'O YC. BewaTtenbHble MynbTUMAEKCHl peaepasibHbIX TeNenporpaMmm pacCymTaHbl HA UCMNONb30BaHME B pamMKax co-
OTBETCTBYIOLLEN BPEMEHHOW 30HbI (A, B, B, I, M). B KaXa0n BpeMeHHOW 30He HaxoaMTCs Lenbli pPsa, PErmoHOB,
B K&XAO0M N3 KOTOPbIX CYLLECTBYIOT MECTHbIE TeNepaanoKOMMNaHun, BbiNMyCKalLWMe KOHTEHT JIOKaNIbHOIO Xapakre-
pa, KOTOpbI HE0H6XO0AUMO [OCTaBUTL 10 aDOHEHTOB LLENOro cybbekTa. 3agadvy Bpesku/Moandukaumm KOHTEHTa Ha
Kaxaon yoaneHHoW nepegaroLeit CTaHUMM BbINOJSIHAET MHCEPTEP MW YCTPOWCTBO BCTABKW JIOKA/IbHOIO KOHTEHTA
(ETSITS 102773). B ctatbe NpOBEOEH pacyHeT NapamMeTpPOB HAAEXHOCTN BOCCTaHABIMBAEMOMN CUCTEMbI OpraHn3a-
UMM 9OUPHOro TENEBELLAHNS HA YAANEHHOW CTaHLMK C Y4ETOM MOAMdUKaLMK KOHTeHTa. MNpeacTaBneHsbl Tabnumubl
1 rpad COCTOSAHUIM CUCTEMbI BELLLAHNA, HA OCHOBaHMM KOTOPbIX COCTaBfIeHbl CUCTeMbl auddepeHLumnanbHbiX ypas-
HeHun A.H. Konmoroposa. YCTaHOBNEHO, YTO AOMOJIHUTENIbHOE PE3EPBMPOBAHME, OPraHN30BaHHOE NYTEM MOAKIIO-
YeHUs BbIXOOQHOIo NoToka ¢ npmemMHunka RX1 HenocpeacTBEHHO Ha NepejatoLLee yCTPOMCTBO, MO3BONSET B 2.5 pasa
NoBbLICUTb CpeaHee BpeMsS HapaboTKM Mexay 0TKazaMu, a Takxke MOBbICUTb 3Ha4YeHNE KO3hDULMEHTA FOTOBHOCTHU
Ha 5.26%. Bce pacyeTbl BbINOAHEHbBI C UCNOIb30BAHMEM NMPOrpaMMHOro komnnekca SiminTech. PaccmMoTpeHo Baun-
SIHME aBTOMaTMYECKOr0 PE3EPBMPOBaHMS 060PYA0BaHMS BPE3KM KOHTEHTA U NepeaaTymka Ha BO3HMKHOBEHME OLLIN-
0K B NOTOKE, BIMSIIOLLMX HA KA4EeCTBO BbIXOAHOIO curHana. OnpeaeneHa B3anMoCcBs3b KO3hULMEHTA TOTOBHOCTU
1 cocTasnaowmx napametpa Quality of Service — SAE, SDE u SIE.
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MpospayHocTb PUHAHCOBOWN AEATENbHOCTU: HUKTO M3 aBTOPOB HE MMeeT PUHAHCOBOM 3auHTEPECOBAHHOCTU B
npencTaB/ieHHbIX MaTepuanax unM MeToaax.

ABTOpr 3asBng10T 00 OTCYTCTBUA KOH¢J'II/1KT3. NHTEepPEeCOB.

GLOSSARY: INTRODUCTION
DVB-T2—Digital Video Broadcasting— Regional adaptation at the DVB-T2 broadcasting
Terrestrial 2 stations may be performed by the use of local content
T2-MI—T?2 Modulator Interface inserters conforming to European Telecommunications
PLP—Physical Layer Pipes Standards Institute specification—ETSI TS 102773.
QoS—~Quality of Service The most popular models are produced by ENENSYS
QoE—~Quality of Experience Technologies, France (TxEdge T2), NPP Triada-TV,
SAE—Service Availability Error Russia (TTV-PLPSW-0401) and Nevion, Norway
SDE—Service Degradation Error (CP330 T2-Bridge). Part of the main T2-MI stream
SIE—Service Impairment Error containing multiplex package services may be updated

Russian Technological Journal. 2021;9(5):26-35
27


mailto:000493@pnu.edu.ru
https://doi.org/10.32362/2500-316X-2021-9-5-26-35

Assessment reliability parameters of the DVB-T2 broadcasting station’s

equipment with local content insertion

Sergey V. Sai,
Nikolay Yu. Sorokin, Olga V. Tissen

T2-MI
Main (nPLP) L
package
receiver
Local g
»(] content — GPS/
Point inserter GLONASS
1F-2 [2] RX2 receiver Point
IF-3 [2]
Local . T T2-MI y (nPLP) RF (UHF)
package (mPLP X
receiver ) Transmitter g A
(=™
?VB-TZ — GPS/
= = - GLONASS
-§ E’* receiver
= <

Fig. 1. A scheme for organizing broadcasting at a typical transmitting station

with the local content using PLP substitution. Setting
the local content insertion device into operation implies
installing an additional equipment to receive local
TV channel packages, thus affecting the reliability
parameters of the broadcasting system at the station as
well as the Quality of Service (QoS) performance index.

According to GOST R 58912-2020 National
Standard [1], “the parameters of the end-to-end
transmission of DTV signal at the broadcasting facility
are used to assess the distortion of TV signal transmitted

from the receiving point at digital transmitting stations
before it reaches the land-based (terrestrial) digital TV
stations. These parameters characterize the quality of
the end-to-end TV signal transmission at two levels:

e video and audio quality of experience (QoE);

e JoS.”

The reliability parameters are assessed at point IF-3
(Figure 7.1, Chapter 7 of the Handbook on Organizing
Digital Terrestrial Television Broadcasting Networks and
Systems Implementation [2]). Throughout the study, the
section of broadcasting system within the limits of points
IF-2 and IF-3 [2], which hardware is implemented at the
remote typical transmitting station, is under consideration.
As the paper deals with the transmitting section of a
typical transmitting station, it would be reasonable to rest
on the objective QoS assessment, since the direct-to-home
receiving path has not been assessed here.

Since both parameters (subjective, QoE along with
objective, QoS) are of equal significance, the paper
aims at calculating the availability factor and reliability
parameters of the broadcasting system as well as at
determining the relationship between the availability
factor and objective QoS assessment, which could be
calculated using hardware for digital data stream control
and analysis.

ASSESSMENT OF RELIABILITY PARAMETERS
FOR THE TERRESTRIAL BROADCASTING SYSTEM

A scheme for organizing broadcasting including
local insertions is generally shown in Fig. 1.

To calculatereliability, this scheme can be represented
as two elements connected in parallel (equipment for
receiving main RX1 and local RX2 streams) along with
two elements connected in series: local content inserter
(LCI) and DVB-T2 TX Transmitter.

A scheme for calculating reliability is presented in
Fig. 2. In practical use of the broadcasting system with
content modification, the source of local (modifying)
T2-MI stream is usually not fully interchangeable with
the source of the main one.

—  RXI1 ]
LCI u X
—  RX2 I

Fig. 2. A scheme for calculating reliability

Therefore, the following calculation is performed
specifically for the case, when the system is operable
with functioning of either both sources (i.e., insertion is
performed), or only the main one (the signal of the main
T2-MI package is transmitted without local insertion
[3]). In this case, the local source would not replace the
main one when the latter fails [4].

It would be ineffective to use the coefficient method
for calculating reliability parameters in determining the
availability of the broadcasting system, since a unit of
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equipment is considered as the system element. That
means the implementation of hardware and software
complex as a single facility, while there is no initial
data on the coefficients of conditions and loads as well
as on the basic failure and recovery rates for the modern
equipment under consideration. Also, according to the
analysis of the equipment documentation [5-7], there is
no data on an average operating time between failures or
other reliability parameters which would allow calculating
the system availability factor. In this regard, the dynamic
modeling method applying the system of differential
equations of A.N. Kolmogorov [8] is used in this paper.
Conditions for calculating reliability parameters for the
scheme shown in Fig. 2 may be characterized as follows:

1) the broadcasting system is recoverable, i.e., the
failed component can be recovered and further used;

2) two or more components cannot fail simultaneously [8];

3) only one component can be recovered at a time [8];

4) RX1 and RX2 units are not interchangeable, and the
system is operable with functioning of either RX1,
or both RX1 and RX2. Here, it should be considered
that different content may be broadcasted. The
system is inoperable when either RX1, or both
RX1 and RX2 fails; however, when these units are
simultaneously operable, the insertion is performed;

5) the unit that is not actually operating cannot pass
into the failure state;

6) the inoperable state of the system means the
absence of broadcasting signal, but since the paper
considers a remote unattended broadcasting station,
the equipment preceding the failed unit remains
operable and therefore can also fail, despite the
overall inoperable state of the system.

Equipment failure may be characterized by the
following conditions [9]:

e for the RX1 and RX2 units: interference effect on
the quality of reception and transmission over the
delivery channel; hop failure; failure on the side of
the data stream formation; hardware and software
failures of the receiver; signal errors resulting
in broadcasting the output signal by the receiver
incorrectly;

e for the LCI unit: hardware and software failure;
insertion error; input signal errors preventing
substitution; equipment synchronization problems;

e for the TX unit: hardware and software failure;
signal errors preventing broadcasting; equipment
synchronization  problems; T2-MI  delay
mismatch.

The listed factors are considered when determining
actual values of failure and restoration rates for specific
equipment separately, calculated on the basis of the
equipment operations manual similarly to the method
proposed in [9]. Numerical values of failure and recovery
rates are the following:

X, =y = 0.00054; &, = 0.00226; &, = 0.00101;
m, =m,=0.082; m; = 0.038; m, = 0.038.

The failure rate A, and recovery rate m, refer to
the RX1 unit, while A, and m,—to the RX2 unit, A,
and my;—to LCI, and A, and m,—to TX, respectively.
Factors affecting the reliability and operability of
telecommunication equipment are also given in
[10-12].

Table 1. System states when the sources are non-interchangeable

No. System RX1 RX2 LCI TX
1 Operable Operable Operable Operable Operable
2 Operable Operable Failure Operable Operable
3 Recovery Failure Operable Inoperable Inoperable
4 Recovery Operable Operable Failure Inoperable
5 Recovery Operable Operable Operable Failure
6 Recovery Failure Operable Failure Inoperable
7 Recovery Failure Failure Inoperable Inoperable
8 Recovery Failure Operable Inoperable Failure
9 Recovery Operable Failure Failure Inoperable
10 Recovery Operable Failure Operable Failure
11 Recovery Operable Operable Failure Failure
12 Recovery Failure Failure Failure Inoperable
13 Recovery Operable Failure Failure Failure
14 Recovery Failure Failure Inoperable Failure
15 Recovery Failure Operable Failure Failure
16 Recovery Failure Failure Failure Failure
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Fig. 3. A transition graph of the broadcasting system states
(the underlined numeration of a state corresponds to the system operability)

Table 1 shows possible states of the broadcasting
system shown in Fig. 2. Table 1 demonstrates that when
signal sources RX1 and RX2 are non-interchangeable,
the system may have only two operable states. Figure 3
shows the transition graph of system states based on the
tabled data.

The edges connecting the system states
characterize the failure and recovery rates of the
system components when transiting from one state to
another.

For the resulting graph, the system of Kolmogorov
differential equations may be written in the following
general form:

< pin)=
= zpj(t)mk+zpj(t)7uk _Pi(z)(zmk +27“k]>(1)
Jik Jik k k

where p (t) are values of the system state probabilities
and i €[1,2,...16] are the numbers of states according to
Table 1 and points of graph (Fig. 3). In Eq. (1), the first
summand describes edges comprising the vertex
number i, while the second summand describes
outcoming edges. For example, the equation for the state
with number 3 may be written as follows:

d
£P3(t) = (M py () + mypg (1) +
+ my p7 (1) + my pg (1)) — P3(t)(7“2 +my),

and other 16 equations have been derived in the same
way.

The availability factor K, ., is defined as follows:

Kapi (D=2, pi(0)=py(6)+ py (1),

icE*

The downtime rate Kjyp; may be written as follows:

Kpri(0) = z p; ()= p3(O) + py(1) + ps(?) +
ieE~
+p6(l‘)+p7(l‘)+p8(l‘)+p9(Z)+plo(I)+p11(Z)+
+015 (D) + pi3 (O + pra(©)+ pys(E) + pyg (D).

The failure stream is calculated as the sum of the
products of failure rates and state probabilities during
system transition from operable to non-operable state
[8], as follows:

Wy =k T oy Ayt Ay iy 0Dy

The recovery stream is defined as the sum of the
products of recovery rates and state probabilities during
system transition from non-operable to operable state
[8], as follows:

qy = mypst mpytmp gt mp,tmpst mypg.

Based on calculations performed using SiminTech
software [1], the steady-state availability factor amounts
to 0.9144 while the downtime rate is 0.086. Steady-state
values of the failure and recovery fluxes are equal to
0.0035, i.e., w, = g, = 0.0035.

The average time between failures in terms of
nominal units may be written as follows [8]:
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7= KAF% = 09144/ =261.26 units,
1 .

while the average time to recovery may be written in the
following way [8]:

K .
Trec — “DT1/ — 0.086, =

According to GOST R 58020-2017 National
Standard, the integral availability factor of the digital
terrestrial television broadcasting network (from
broadcasting of the Russian federal company to
the bounders of the coverage area with normalized
parameters) should amount at least to 0.9985 for
broadcasting zones A and B. This value involves
only calculations based on the reliability parameters
of specific products/equipment provided by the
manufacturer either with the availability factor value,
or with the value of time between failures. These
parameters are laid down by the manufacturer and are
justified only by the software stability of a particular
device, hardware quality, the ability to operate at
different ambient temperatures, etc., that is, how long
the device can operate performing its functions under
other ideal external conditions.

It should be noted here that the paper deals with
the reliability of the equipment at a typical unattended
remote broadcasting station, rather than of the entire
network, so the values of availability factors differ from
those given in GOST National Standards. According to
[14], “the requirements to K ;. of the most mass network
elements (for example, unattended radio transmitting
television stations with low power transmitters) can be
lower due to the fact that they provide service to isolated
small towns.”

RELIABILITY OF THE BROADCASTING SCHEME
USING NON-INTERCHANGABLE SOURCES WITH
ADDITIONAL REDANDUNCY

If the scheme shown in Fig. 2 is supplemented
by connecting the output of the main stream source
to the input of the transmitting device bypassing the
modification system, then the number of operable states
of the system may certainly increase.

Figure 4 shows a scheme of redundant connection.

| Rx1 ]
LcTr | 1TX
— RX2 R

Fig. 4. A scheme with additional redundancy for
calculating reliability

In case the insertion unit fails, the signal from RX1
is transmitted directly to TX, as well as the unmodified
signal is broadcasted, but when the transmitting station
operates in a single-frequency mode, a difference in
time delays between the signal which has not passed
LCI unit at the considered station and the signal which
has passed LCI unit at the neighboring single-frequency
zone station may occur. This, as well as the fact that
broadcasting an unmodified signal may also represent an
abnormal operating mode, should be considered when
actually using the broadcasting network.

System states are shown in Table 2, whence it follows
that under the given conditions there become more
operable system states than in Table 1. The transition
graph of the system states is plotted in the same way as

Table 2. States of broadcasting system with additional redundancy

No. System RX1 RX2 LCI TX

1 Operable Operable Operable Operable Operable
2 Operable Operable Failure Operable Operable
3 Recovery Failure Operable Inoperable Inoperable
4 Operable Operable Operable Failure Operable
5 Recovery Operable Operable Operable Failure

6 Recovery Failure Operable Failure Inoperable
7 Recovery Failure Failure Inoperable Inoperable
8 Recovery Failure Operable Inoperable Failure

9 Operable Operable Failure Failure Operable
10 Recovery Operable Failure Operable Failure
11 Recovery Operable Operable Failure Failure
12 Recovery Failure Failure Failure Inoperable
13 Recovery Operable Failure Failure Failure
14 Recovery Failure Failure Inoperable Failure
15 Recovery Failure Operable Failure Failure
16 Recovery Failure Failure Failure Failure
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the graph for the system without redundancy, therefore,

it is not presented in the paper for the sake of brevity.
The system of differential equations based on data

given in Table 2 may be also created using Eq. (1).
Thus, the availability factor is defined as follows:

Kppy (1) = 2 i ()= p()+ py () + py(D) + poy(2),

ieE*

while the downtime rate may be written in the following
way:

Kpra()= Y, pi(t)= p3()+ ps(0) + pg(6) +
ieE™
+p7 () + pg (D) + py (1) + po () + py (O +
+P12(f)+ p13(t)+P14(t)+P15(f)+P16(1)-

The failure stream may be defined as follows:
Wy = hypy T Dyt M+ hypy T hpy
+Mpo + Apg +Apy,

while the recovery stream may be written in the
following way:

Gy = Myps+ myp o+ mpy +mps+mpg+

Tmp Tt p g, T mps.

In steady-state mode, the availability factor
calculated for this broadcast scheme using SimiInTech
environment amounts to 0.967, the steady-state value
of the failure stream as well as the recovery stream is
0.0015, 1.e.,at t — oo, w; = g, = 0.0015. The steady-state
downtime design rate is 0.032.

The average time between failures may be written in
nominal units in the following way:

K
—Kar2/ _0967 _ '
h= AZ - 4.0015 =644.67 units,

while the average time to recovery may be written as
follows:

rec — Kpr2/ _0.032 _ -
T2 = A = 0.0015= 21.33 units.

Thus, the following conclusions have been drawn
from the research.

When using direct non-standard redundancy, the
availability factor of the broadcasting system at a
typical transmitting station with content modification
s 5.26% higher than that of a similar scheme without
redundancy.

Conversion to the physical time shows that the
redundancy allows reducing the equipment downtime
by 19 days, 4 hours and 47 minutes per year.

With the equipment recovery time being almost
equal, the average time between failures for the system
with redundancy is 2.5 times higher than for that without
redundancy, which corresponds to a longer operability
interval for the complete set of equipment at a typical
transmitting station.

It should be noted that the calculated availability
factors for the set of equipment at the remote transmitting
station are practical, not regulatory values been
determined for the worst-case scenario with allowance
for the influence of possible external factors. In the paper,
the probability of all the assumed faults happening to
the equipment during the considered period is taken as
one unit (worst-case scenario); however, this probability
may be much lower in actual use.

RELATION OF THE AVAILABILITY FACTOR AND
QOS COMPONENTS

According to the Guidelines on Measurements for
Digital Terrestrial Television Broadcasting Systems
[15], developed by the International Telecommunication
Union (ITU), QoS is characterized by the following
three main parameters:

e Service Availability Error (SAE);

e Service Degradation Error (SDE);

e Service Impairments Error (SIE).

The numerical values for these parameters are
determined on the basis of the data stream analysis for
certain errors of the first, second or third priority,
according to ETSI TS 101290. Based on formulas for
calculating the parameters given in [15], it may be
assumed that in steady-state mode SAE — 0, SDE — 0,
SIE — 0. For the considered case with additional
redundancy, the steady-state mode is defined at
t €[225;00).

Thus, the quality of service could be also assessed
in a steady-state mode only. The considered scheme for
organizing broadcasting with additional redundancy has
two automatic recovery points for digital stream:

e redundancy in LCI unit during the system transition
from state 1 to state 2 and from state 5 to state 10
and back;

e redundancy in TX unit during the system transition
from state 1 to state 4 and from state 2 to state 9 and
back.

Automatic redundancy for TX implies switching
from the main source of digital data stream (LCI
device) to the redundant one (receiver of the federal
signal RX1) in the event of a certain number of errors
in the stream or complete absence of packages within a
specified time. Automatic redundancy for LCI implies
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transition from the insertion mode when both streams
from RX1 and RX2 are used to broadcasting only the
basic T2-MI version from RX1 when errors occur in
local digital stream. Reverse switching is possible
when the main source is recovered and a specified
number of correct packages are available. The absence
of the main stream packages or errors during the
waiting time when transiting to redundancy results in
QoS decrease, in particular by SAE and SDE parameters
(TS _sync _loss, PAT error, PMT error, PCR_error).
Depending on the conditions of redundant switching,
the decrease in QoS by these parameters causes short-
term absence of the image on the subscriber receiver
screen, image pixelation and typical image splitting
into blocks. Also, redundancy may result in content
replacement in the service subjected to modification by
the main scheme. Reverse switching to the main source
is less problematic, since it occurs in the absence of
errors, but can also cause a decrease in QoS, in
particular by SIE parameter (Continuity count_error,
Transport_error), which at a single occurrence can be
unnoticed by the subscriber’s subjective perception,
except for changing the content of the modified channel.
Moments of automatic redundancy for the system
under consideration refer to the transient mode and are
limited to time interval ¢ €(0;225), so the percentage
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Towards a model of chain-by-chain magnetization
of a granular medium: a variant of magnetic
diagnostics of chains of spheres
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Abstract. In addition to information on the magnetic parameters of inhomogeneous magnetics, in particular,
granular magnetics usually studied within the framework of the quasi-continuous medium model, itis of no less
interest to obtain information from the standpoint of the model, when the object of study is the characteristic
elements of an inhomogeneous magnetic. According to the well-proven model of selective magnetization of a
granular medium, the elements that make up this medium are chains of granules—straight and sinuous, always
manifesting themselves in the direction of its magnetization. They perform the function of conductor channels
of the generated magnetic flux through the granular medium. As a result, it is a kind of branched «bundle» of
conductor channels. For any of the chains of granules, for example, granules-balls of radius R, conceptually
significant are the magnetic parameters of its conditional cores with radius r < R, and these parameters, first
of all, the magnetic permeability of quasi-continuous cores and magnetic induction in them, for different (in r)
cores are variable, which requires appropriate magnetic diagnostics. To clarify the magnetic parameters of the
conditional cores of a chain of granules-balls, as a physically self-sufficient element of a granular medium (i.e.,
in accordance with the model of chain-link magnetization of such a medium), it is practical to make measuring
magnetic flux sensors in the core as circular sensors surrounding the contact point of granules-balls, however,
not as traditional wire loops, but as circuits on thin printed circuit boards (with mounting holes) placed between
adjacent balls. Based on the obtained data of the magnetic flux in cores of different radii r (r/R = 0.2-0.9) of a
chain of spheres with a radius of R = 20 mm, the values of the magnetic flux density B in them, as well as their
magnetic permeability 4, were determined when the chain is magnetized in the solenoid by a field of strength
from 4.8 to 54.5 kA/m. It is shown that with formal thickening of the cores, the values of B and u decrease due
to a decrease in the volume of the ferromagnet in the core, and for the limiting core (r/R — 1), i.e., for the chain
as a whole, they correspond to the values of B and u for a poly-ball backfill medium.

Keywords: magnetization of a chain of spheres, conditional cores, contours-sensors of magnetic flux, magnetic

induction and permeability
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Pesiome. Kpome mnHpopmaumm O MarHUTHbIX MapameTrpax HEeOOHOPOAHbIX, B YACTHOCTWU FPaHyAMPOBAHHbIX,
MarHeTuKoB, 0ObIYHO M3y4aeMblIX B paMKax MOAESN KBA3UCMJIOLLHOM CPefbl, HE MEHbLUNI MHTEPEC NPeaCcTaBNseT
nosny4yeHve MHGopMaLnmn ¢ NO3NLUIA MOLENN, KOrAa 0ObEKT N3YYEHUS — XapaKTEPHbIE 3NIEMEHTbI HEOAHOPOAHOIO
MarHeTunka. CornacHo xopoLlo 3apekoMeH0BaBLLEN cebs MOAENN N36MpPaTENbHOr0 HaMarHMYNBaHUS rpaHynm-
POBaHHOW cpeabl TakKMMU 3IEMEHTaMM1, N3 KOTOPbIX COCTOUT 9Ta Cpeaa, SBASIOTCS LEnOoYkM rpaHyn — npsiMbie 1
V3BUIUCTbIE, BCErAa NposiBasiolie cebs B HanpaBneHnn ee HamarHnineaHus. OHM BbINOSHAIOT GYHKLUMIO NPO-
BOZHWKOB-KAHANOB reHepnpyemMoro MarHMTHOro NOTOKa CKBO3b rPaHy/IMPOBAHHYIO Cpeay, BCNeACTBUE YEro oHa
npezacTasnseT coboli cBoe0bpasHbIii PAa3BETBIEHHbIN «XI'yT» MPOBOAHUKOB-KaHaNoB. [Ana noboii xe 13 Lenoyek
rpaHysn, HanpuMep, rpaHyn-wapoB Paanycom R KOHUENTyanbHO 3HAYUMMbIMU ABASIOTCS MarHUTHbIE MapameTpbl
€€ YC/IOBHbIX CepALEBMH pagmMycom r < R. 3Tn napameTpbl, Npexae BCEero, MarHMTHas NPOHULAEMOCTb KBa3UC-
MAOLWHBLIX CEPALEBVH U MAarHUTHas MHAYKUMS B HUX, OJ1s pasdHbix (Mo r) cepauesnH BapnabesbHbl, 4TO TpebyeT
COOTBETCTBYIOLLEN MArHUTHOM AMAarHOCTUKN. N5 BbISCHEHWS MAarHUTHBLIX MAPaMeTPOB YCIIOBHbIX CEPALLEBUVH Lie-
MOYKM FPaHys-wWapoB Kak GU3n4yeckn camoaocTaTtoqyHOro aneMeHTa rpaHynIMpoBaHHON cpedbl (T.e. B COOTBET-
CTBUM C MOAESbIO MOLLENOYHOr0 HaMarHN4YMBaHNS TakoW Cpeapl), U3MepUTENbHbIE AATYMKN MArHUTHOrO NOTOKA B
CepALEBMHE NPAKTUYHO BbIMOJIHATL B BUAE KPYroOBbIX ATYMKOB, OKPYXAIOLLMX TOYKY KOHTaKTa rpaHys-1uapos, HO
He TPaguLUMOHHbBIX NeTeNb U3 NPOBOAA, @ KOHTYPOB Ha TOHKMX MeYaTHbIX niaTtax ¢ nocago4yHbiMU OTBEPCTUSAMMU,
NOMELLAEMbIX MEXAY CMEXHbIMU LapaMmn. Ha OCHOBaHMN NOSTyYEHHbIX JAHHbIX MArHUTHOIMO NOTOKA B Pa3HbIX NO
paanycy r ceppueBuHax (r/R =0.2-0.9) ueno4kn wapos paanycom R =20 MM onpegeneHbl 3Ha4eHUss MarHUTHOMN
VHAOYKUMM B B HUX, @ TaKXe X MarHUTHOM MPOHULLAEMOCTU | NPY HAMarHM4MBaHUN LEenOYKU B CONEHONAE NOSIEM
HanpPsHXKeHHOCTbIO OT 4.8 0o 54.5 KA/m. MNokazaHo, 4To Npu GopManbHOM YTOJLWEHUM CEPALEBUH 3HA4YeHnsa B
M L CHUXAIOTCS BBUAY YMEHbLLEHNS obbema deppomarHeTvka B cepauesrHe, a aasa npeaenbHo cepaLeBuHbl
(r/R— 1), T.e. ANS UENOYKM B LLESIOM OHU OXUAAEMO COOTBETCTBYIOT 3HA4YEHUAM B 1 | Ans NonvwapoBon cpe-
[Obl-3aCbIMKN.

KniouyeBble cnoBa: HamarHu4mBaHMe LLEeNoYkm LapoB., YyCJZI0BHblE CepauUEBUHbI, KOHTYPbI-AAaTY4NKNA MarHNTHOIO Nno-
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ABTOpPbI 329BASAOT 06 OTCYTCTBMM KOHMIMKTA MHTEPECOB.

INTRODUCTION:
TO THE ROLE OF CHAINS OF GRANULES
IN THE MAGNETIZATION
OF A GRANULAR MEDIUM

The problem of investigation of the magnetic
properties of various heterogeneous magnets, in
particular, composites, suspensions, powders,
granular packings, etc. [1-13], is typically considered
to be more complex than the conventional problem
of study of the magnetic properties of homogeneous
(continuous) magnets. However, in most instances,
the former problem is reduced to the determination
of the same magnetic characteristics as those of
continuous magnets. In this case, the magnetic
parameters of an essentially quasi-continuous
magnet being explored are often referred to as
effective parameters.

Along with such information, i.e., that
obtained from the standpoint of this macromodel as
characterizing one or another heterogeneous magnet
as a whole, it is important to obtain information on its
“local” magnetic parameters from the point of view
of a sort of a micromodel. And the preferred objects
of investigation should be characteristic elements,
including composite ones, of a heterogeneous medium
of one or another type the micromodel magnetic
parameters of which enable one to directly arrive at
the macromodel magnetic parameters of the entire
heterogeneous magnet.

In particular, such a solution was implemented for
quite a widely used type of heterogeneous magnets—
granular medium [13—16]. An original model of
selective magnetization of a granular medium was used
to show that a crucial role in the magnetization is played
by such elements of the granular medium as chains of
granules, straight and sinuous, which always respond in
the direction of the magnetization of this medium. They
act as channels that conduct the generated magnetic
flux, and the crucial role of these constituent elements
of the granular medium, which functions as a bundle of
conducting channels, is suggested by the similarity of
the field dependences of the magnetic flux density of
an individual chain of granules and the entire granular
medium [13—16].

DEVELOPMENT OF THE APPROACH
TO MAGNETIC DIAGNOSTICS OF A CHAIN
OF SPHERICAL GRANULES (BALLS)

According to the discussed model [13—16], for
any chain of granules, e.g., spherical granules (balls)
of radius R, conceptually significant are the magnetic
parameters of their conditional cores of radius » < R, of
course, as quasi-continuous magnets. Such parameters,
first of all, their magnetic permeability and magnetic
flux density at different core radii » are variable because
of the difference in magnetic reluctance, which is due to
the difference in volume of the gap between the surfaces
of the neighboring granules and, consequently, the
difference in metal volume in the cores. For the limiting
core (r — R), these parameters are virtually equal to
those of the entire granular medium, which suggests
the existence of expected relationships between the
micromodel and macromodel parameters.

The variability of the magnetic parameters of
different cores in a chain of balls was demonstrated by
both calculations, and direct magnetic diagnostics of
the field within the wedgelike space between balls of a
chosen chain of balls [13—16]. Such diagnostics is known
to be quite difficult to perform in small spaces; therefore,
an efficient variant of it is to measure the magnetic
fluxes (microfluxes) @ through microwebermeter-
connected concentric circular loops of different radii
r < R, surrounding the point of contact of balls. Such
loop sensors are located between the neighboring balls
in the middle part of the chain of balls being magnetized.
Inserting the loop sensors in so small a space between the
balls, which converges as the point of contact of the balls
is approached, one can measure the magnetic fluxes ®
through the cores of even relatively small relative radius
/R, especially if the balls in the chosen chain have large
radius R, and the loops are made of sufficiently thin wire.

This approach was improved [17, 18] to avoid
difficulties in meeting requirements for such sensors,
especially the ones that should be inserted between
balls and, therefore, have to be made of very thin wire.
For example, it is necessary to ensure a strictly circular
shape of the sensor, concentricity in the case of using
a system of sensors of different radii, and localization
of the sensor or a system of sensors in the plane of
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symmetry of the interball space to prevent the possible
displacement of their centers relative to the point of
contact of the balls. As applied to the problem under
consideration, in which chain of balls 1 (Fig. 1) is
magnetized in, e.g., solenoid 2, these requirements are
sufficiently completely satisfied by sensor 3, which is a
thin flat printed circuit board with a conducting circular
loop or a system of concentric loop sensors on it. Each of
the loops has a small break to connect the free terminals
to the microwebermeter.

The printed circuit board ensures the strict shape of
the loop sensor or each of the loop sensors in a system,
namely, a geometrically perfect circle on a flat surface.
It also (easily) ensures the localization of the loop
sensor or a system of the concentric loop sensors in the
plane of symmetry of the space between the balls being
magnetized, in which such a printed circuit board is
placed without fear for the possible displacement of the
center of the loop or the system of the loops relative to
the point of contact of the balls. For this purpose, there
is a hole at the center of the printed circuit board, which
is concentric to the loop sensor or the system of the loop
sensors. As follows from the corresponding geometric
constraints [17, 18], depending on the radius R of the
chosen balls and the thickness & of the thin printed
circuit board, the seat diameter d;, of the hole should be
dy=[3(4R - )10,

Fig. 1. Chain of balls 7 being magnetized in the field
of solenoid 2 with microwebermeter-connected circular
loop sensors 3 located on a thin printed circuit board
placed between the balls

DATA ON THE MAGNETIC FLUX THROUGH
THE CORES OF BALLS: MAGNETIC FLUX
DENSITY AND PERMEABILITY

Figure 2a illustrates the results of measuring the
magnetic microflux @ through the loop sensors [17] and,
hence, through the cores of the corresponding radius » of

balls of a radius of R =20 mm in a chain as a family of
field dependences at various relative radii 7/R. The data
were obtained for quite a long chain of balls—14 ones—
to minimize the demagnetization factor, the magnetizing
field strength range was H = 4.8-54.5 kA/m, and the
relative core radius range was /R = 0.2—0.9.

Figure 2a shows that, with increasing H, @
monotonically increases, and the higher H, the slower
this increase, which is particularly noticeable at
relatively small 7/R. The larger the radius r of a core, the
higher the magnetic flux ® through it (Fig. 2a), which
is more clearly demonstrated by a relative family of
dependences of ® on 7/R at various H (Fig. 2b).

Using the experimental ® values (Fig. 2), it is easy
to find the magnetic flux density B through each of the
quasi-continuous cores of radius » and sectional area
nr? as B = ®/mr?, and also the magnetic permeability p
of the corresponding cores as p = B/puH = d)/nrzpoH,
where p, = 41 - 1077 H/m is the vacuum permeability.
Figures 3 and 4 present the data on B and p for the cores
of different 7/R as families of dependences of B and
on H, respectively; from these dependences, families of
no less informative dependences of B and p on 7/R (at
different H) were obtained and are also shown in Figs. 3
and 4, respectively.

Figure 3a shows that, with increasing magnetic field
strength A, the magnetic flux density B through each of
the cores monotonically increases, but the higher H, the
less intense this increase (as for @ in Fig. 2a), which is
best seen at small 7/R. The larger the core radius 7, the
lower the magnetic flux density B through it (Fig. 3a):
this is better observed in the dependences of B on #/R at
various H (Fig. 3b).

The magnetic permeability p of the corresponding
(in 7/R) cores decreases with increasing H (Fig. 4a).
As for B (Fig. 3), the larger the radius » of a core, the
lower its permeability p (Fig. 4). This can be seen
already from the relative positions of the curves of
the dependences of p on H (Fig. 4a), and also from
the decreasing trends of the dependences of p on 7/R
at various H (Fig. 4b), which were obtained from the
dependences in Fig. 4a.

The observed (Figs. 3, 4) decrease in B and p with
increasing radius » of conditional cores (the relative
radius 7/R of which ranges from 7/R — 0 to #/R = 1) is
caused by the decrease in the volume fraction y of the
ferromagnetic metal in the growing core. For example,
using the relationship between y and #/R [17]:

\/ (r/R)? V/ i (1)

the key parameters, namely the magnetic flux density B
and the magnetic permeability p, which are presented in
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Fig. 2. Dependences of the magnetic microflux ® through the loop sensors surrounding the cores of radius r of balls of
aradius of R =20 mm in a chain on (a) the magnetic field strength Hatr/R=(1) 0.2, (2) 0.3, (3) 0.4, (4) 0.5, (5) 0.6,
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Fig. 3. Dependences of the magnetic flux density B in the cores of balls of a chain on (a) the magnetic field
strength H and (b) the relative core radius r/R. The notation is as in Fig. 2
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Fig. 4. Dependences of the magnetic permeability u of the cores of balls of a chain on (a) the magnetic field
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Figs. 3b and 4b, respectively, as functions of 7/R, can be
represented as functions of y (Fig. 5) to demonstrate the
role of such a hidden parameter as volume fraction y of
metal in the cores of balls in a chain.

An analysis of these, quite informative, trends of the
dependences of B and p on vy in Fig. 5 toward increasing
vy shows that the role of y is particularly significant
at y = 0.9-0.95, i.e., as y — 1 (and, correspondingly,
r/R — 0). Here, the increase in B and 1 is definitely steep,
and these quantities tend to approach the B and p values
that are characteristic of the material of the balls. No less
informative are the trends of the dependences of B and
p on v in Fig. 5 toward decreasing y, down to the values
vy — 0.67 (i.e., ¥/R — 1), which are characteristic of the
chain of balls. This allows one to test the validity of the
conceptual assumption of the magnetization model that
the magnetic properties of a chain of balls and a ball-
packed medium should be similar. In particular, this
can be tested by comparing the field dependences of B
and/or p in the chain and the packing.

B,
o
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0.5

60

50

40
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Fig. 5. Dependences demonstrating the effect of

the volume fraction y of metal in the conditionally

separated, different in radius r, cores of ballsin a
chain on (a) the magnetic flux density B in them and

(b) their magnetic permeability p according to the
data in Figs. 3 and 4 using relationship (1) between

yandr/R

The field dependences of the magnetic flux density B
and permeability p for a chain of balls can be obtained using
the data in Fig. 5. In the experiments [17], the maximum
relative radius of loop sensor (and their surrounding
conditional cores of balls in a chain) was /R = 0.9 (i.e.,
v = 0.755 in Fig. 5); nonetheless, a reliable estimate of the
B and p values up to the required value #/R =1, i.e., to
v =0.67, is easy to make. The trends of the dependences of
B and p on y toward decreasing vy, being near-self-similar
aty <0.755 (or, what is the same, at 7/R > 0.9) (Fig. 5), can
readily be extrapolated to the left toy=0.67,1.e.,to/R=1.
It is easy to see that the differences of then extrapolated
values of B and p from the B and p values aty =0.755 (i.e.,
at /R = 0.9) are quite insignificant (Fig. 5).

This makes it possible to represent the field
dependences of the magnetic flux density B and
permeability p for a chain of balls (Fig. 6, curves 1)
using the extended data: at y = 0.755-0.67 (i.e.,
at 7/R = 0.9-1.0). For the above-proposed comparison,
Fig. 6 also presents the published [13] field dependences
of B and p for a ball-packed medium (curves 2). One
can see that, to within virtually a constant, the compared
field dependences of both the magnetic flux density B
(Fig. 6a, curves I, 2), and the permeability p (Fig. 6b,
curves /, 2) agree with each other. This confirms that a
chain of granules is a physically self-sufficient element
(in the composition of a bundle of similar elements) of
a granular medium, which is actually responsible for the
magnetization of this medium.
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Fig. 6. Field dependences of the
(a) magnetic flux density B and (b)
permeability u of (7) a chain of balls (its
virtually limiting core at r/R=0.9-1.0) and
(2) a ball-packed medium
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CONCLUSIONS

One of the concepts of the well-proven model of
chain-by-chain magnetization of a granular medium
is the crucial role of such constituting elements of
the granular medium as chains of granules, straight
and sinuous, which always respond in the direction
of the magnetization of this medium. They function
as channels that conduct the generated magnetic flux;
i.e., the granular medium is a sort of a bundle of these
elements. Conceptually significant are the magnetic
parameters of the conditional cores of different radii
r of granules in a chain, first of all, their magnetic
permeability and magnetic flux density. These
parameters can be determined from the results of
measurements made by magnetic flux sensors designed
as concentric circular conducting loops of different
radii 7 < R, surrounding the point of contact of the balls,
that are produced on thin printed circuit boards placed
in the plane of symmetry of the space between the
contacting balls. The analysis was made of the results
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Abstract. Inthe article, computer design of routes of linear structuresis considered as a spline approximation problem.
A fundamental feature of the corresponding design tasks is that the plan and longitudinal profile of the route consist
of elements of a given type. Depending on the type of linear structure, line segments, arcs of circles, parabolas of the
second degree, clothoids, etc. are used. In any case, the design result is a curve consisting of the required sequence
of elements of a given type. At the points of conjugation, the elements have a common tangent, and in the most difficult
case, a common curvature. Such curves are usually called splines. In contrast to other applications of splines in the
design of routes of linear structures, it is necessary to take into account numerous restrictions on the parameters of
spline elements arising from the need to comply with technical standards in order to ensure the normal operation of
the future structure. Technical constraints are formalized as a system of inequalities. The main distinguishing feature
of the considered design problems is that the number of elements of the required spline is usually unknown and must
be determined in the process of solving the problem. This circumstance fundamentally complicates the problem and
does not allow using mathematical models and nonlinear programming algorithms to solve it, since the dimension
of the problem is unknown. The article proposes a two-stage scheme for spline approximation of a plane curve.
The curve is given by a sequence of points, and the number of spline elements is unknown. At the first stage, the
number of spline elements and an approximate solution to the approximation problem are determined. The method of
dynamic programming with minimization of the sum of squares of deviations at the initial points is used. At the second
stage, the parameters of the spline element are optimized. The algorithms of nonlinear programming are used. They
were developed taking into account the peculiarities of the system of constraints. Moreover, at each iteration of the
optimization process for the corresponding set of active constraints, a basis is constructed in the null space of the
constraint matrix and in the subspace - its complement. This makes it possible to find the direction of descent and
solve the problem of excluding constraints from the active set without solving systems of linear equations. As an
objective function, along with the traditionally used sum of squares of the deviations of the initial points from the spline,
the article proposes other functions taking into account the specificity of a particular project task.
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HAYYHAA CTATbA

JAByxXdTanHas CruianH-annpoKCUMAaus
B KOMIILIOTEPHOM MPOCKTUPOBAHUU
TPACC JUHEHHBIX COOPYKEHUN

A.A. Kapnos,
B.WU. CtpyuyeHkoB @

MUWP3A — Poccumickuii TexHosorn4eckni yamsepceutet, Mocksa, 119454 Poccus
@ ABTOp A5 nepernvicku, e-mail: str1942@mail.ru

Pe3iome. B ctatbe KOMMbOTEPHOE NPOEKTUPOBAHNE TPACC JIMHENHbLIX COOPYXEHUI paccMaTpuBaeTCcs Kak 3a-
[aya cnnanH-annpokcumMauum. NprHuMnuanbHOM 0CO6EHHOCTLIO COOTBETCTBYIOLLMX MPOEKTHbLIX 3a4a4y ABNAET-
CS TO, 4TO NJaH M NPOLOJIbHBIN NPOPUIIb TPACChl COCTOAT U3 3NIEMEHTOB 3a24aHHOro Buga. B 3aBucumocTn ot
TUNa NMHENHOr0 COOPYXEHUS UCMOJb3YIOTCA OTPE3KU NPSAMbIX, Oy OKPYXXHOCTEeN, napabon BTOPOWN CTENEeHMU,
knotoua v ap. B niobom cnydae pe3ynbTatoM NPOEKTUPOBAHUSA SBASIETCS KPUBaAs, COCTOALLANA U3 HYXHOW Mo-
CNnefoBaTeNIbHOCTU 3IEMEHTOB 334aHHOro Buaa. B Touykax CONpPsSKeHUsa SNeMeHTbl, Kak MpaBuio, MMeT 06-
LLYIO KacaTenbHYl0, @ B HAanbosiee CNOXHOM ciydae — 1 00LLyto KpnBU3HY. [Moa06HbIE KPUBbIE MPUHATO HA3blBaTh
cnnamHamun. B otanymve ot 4pyrux npUMEHEeHNM CnaanHoB B NPOEKTUPOBAHUN TPACC JIMHENHBIX COOPYXEHUN Npun-
XOAUTCH YYUTbIBATb MHOMOYUCIIEHHBIE OFPAHNYEHNS HA NapaMeTPbl 9/1IEMEHTOB CrnlariHa, BO3HMKAOLWME N3 HeoO-
XOANMOCTU CODONMOAEHNS TEXHNYECKNX HOPMATUBOB C LIeNblo 06ecneyeHns HOpMasnbHOM aKcnayaTauum 6yayuiero
COOPYXeHUs. TexHMYeckne orpaHnyeHns GopmanmnadyioTcs B BUAE CUCTEMbI HEPABEHCTB. [1aBHas OTNYUTENb-
Has 0COOEHHOCTb pacCMaTPMBAEMbIX MPOEKTHbIX 3a4a4 COCTOUT B TOM, YTO YACIIO 9/1IEMEHTOB MICKOMOIO CrlanHa
HEN3BECTHO M A0MKHO ObiTb ONpeaeNneHo B NPOLECCe pelleHns 3aaaqm. 1o 06CTOATENBCTBO NPUHLUMUATIBHO
YCNOXHAET 3aa4y 1 He NMO3BOSISET NPUMEHUTb /19 €€ peLleHnd MaTeMaTn4eckue MO4ENU U anropuTMbl HENN-
HEMHOro NPOrpaMMmMpoOBaHNS, Tak Kak HEM3BECTHA Pa3MeEPHOCTb 3aa4a4un. B cTtaTbe npennaraetcs AByxaTanHas
cxema crnaarH-annpokCcuMaumn naoCKom KPUBOW, 3a4aHHOW NOCNenoBaTeNbHOCTbIO TOYEK, MPU HEU3BECTHOM
4yucsie 3N1IEMEHTOB CrnJlaiHa U HanMyYMm OrpaHUYeHn Ha napamMeTpbl ero 3N1eMeHToB. Ha nepBomM aTane onpene-
JINETCS YMCNO SNEMEHTOB CraiHa 1 NpUOAMXKEHHOE peLleHne 3a4a4un annpokcumaumm. Micnonb3yeTcsa MeToq,
OMHAMUYECKOro nNporpamMmMmpoBaHns. Ha BTOPOM 3Tane BbIMOJIHAETCA ONTUMU3aLnsa napamMeTpoB 3/1EMEHTOB
cnnanHa. lcnonb3yloTcs anropuTMbl HEJIMHEMHOIO NPOrpaMMmnpPoBaHuns, paspaboTaHHbIe C YHEeTOM 0COOEHHO-
CTeln cucTemMbl orpaHnyeHuin. MNpm 3ToOM Ha Kaxnowm utepaunm npouecca onTuMnu3aumn ong CoOoTBETCTBYIOLWENO
Habopa akTUBHbIX OFPAHNYEHUIA CTPOUTCA 6Aa3MC B HY/b-NMPOCTPAHCTBE MATPULLbl OFPaHNYEHMIA. DTO NO3BONSET
HaWTX HanNpaBfeHne Crycka 1 pPeLnTb BONPOC 06 MCKIIIOYEHUM OrPaHUYEHUIn N3 akTUBHOro Habopa 6e3 pelue-
HUS CUCTEM NIMHEVHBIX YPAaBHEHU BOOOLLE, a B HAMOOIee CNOXHbIX CNy4asx — peLlas MMHENHbIE CUCTEMbI MO
pasmepHoCTU. B kavyecTBe LeneBor GyHKUMM Hapsaay ¢ TPaAULMOHHO UCMNOJIb3YyEMOWM CYMMOW KBaApaTOB OTKJI0-
HEHWUI annNPOKCUMUPYEMbBIX TOYEK OT CrJjiaHa B cTaTbe npennaralnTcsa apyrve QyHKUMmM ¢ y4eToM creundukm
KOHKPETHOW NPOEKTHOM 3a4au4u.

KnioueBble cnoBa: Tpacca, niaH 1 NpoaosibHblii Npodusb, cniaiH, AMHaMUYeckoe NporpaMMmnMpoBaHue, Lienesas

dYHKUMS, OrpaHNYeHns

e Moctynuna: 25.01.2021 » Aopa6oTaHa: 14.03.2021 ¢ MpuHaTa k ony6nukoeaHuio: 12.07.2021

Ansa untnpoBaHusa: Kapnos [.A., CtpyyeHkoB B.U. [IByxaTanHasa cnnaiH-annpokcumauus B KOMMbIOTEPHOM MpPoO-
€KTMPOBaHMN TPACC JIMHEMHBIX COOPYXeHun. Russ. Technol. J. 2021;9(5):45-56. https://doi.org/10.32362/2500-
316X-2021-9-5-45-56

Mpo3pavyHocTb PUHAHCOBOWM AEATENIbHOCTU: HUKTO 13 aBTOPOB He MmeeT GUHAHCOBOW 3aMHTEPECOBAHHOCTU B
NpPeacTaBAEHHbIX MaTepuanax uiM MetTogax.

ABTOpPbI 3aBASOT 06 OTCYTCTBMM KOHDIMKTA MHTEPECOB.
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INTRODUCTION

A linear structure is a structure the ground position
of which is determined by the axis of the structure, which
is called the route. Among linear structures are roads and
railways, pipelines of various purposes, channels, water
conduits, etc. A route is a three-dimensional curve, which
is conventionally represented by two plane curves: the
plan and the longitudinal profile.

The plan of a route is its projection on the XOY
plane, and the longitudinal profile is the graph of the
function Z(s), where s is the length of the curve in plan
as calculated from a given initial point. The longitudinal
profile is a developed view of the vertical surface passing
through the route.

Design of the longitudinal profile of a structure
of any type can be considered as the construction of
a spline consisting of elements of a given shape. This
spline should have the minimum (in a given meaning)
deviation from the initial broken line, which is the
ground profile in the case of design of new structures
and is the profile of the existing structure in the case of
design a reconstruction.

The simplest spline of the first order is the grade
line of the longitudinal profile of a railway. In this case,
the problem is to convert the initial broken line (ground
profile) to another broken line that satisfies a variety of
constraints: on the slopes of elements and the differences
of the slopes of neighboring elements, on the minimum
length of elements, and on the height at some points
and in some zones [1, 2]. Because the design slopes
are small, the length of an element and the difference
of the abscissas of its ends virtually coincide; therefore,
the difference of the slopes of neighboring elements
is equated with the angle of rotation, and the slope is
identified with the angle between the element and the
abscissa axis.

Meanwhile, the number of elements of the sought
spline is unknown. This fact and also numerous constraints
distinguish significantly the considered design problem
of spline approximation from problems solved in spline
theory and its applications [3—5], where the number of
spline knots and their abscissas are considered to be
given, and constraints are typically absent.

In a simplified formulation, the problem of seeking
the optimal spline as a broken line at an unknown
number of elements under constraints was solved in the
last century as applied to the design of the longitudinal
profile of new railways [6, 7].

The problem was solved in two stages. At the first
stage, the initial ground profile was converted to a broken
line comprising short elements under all the constraints,
except the constraint on the length of an element. The
developers of the first designing algorithms called such
a profile the chain [6].

At the second stage, the chain was converted to the
grade line under all the constraints, including those on
the length of elements.

In a realistic formulation as applied to design
under rugged terrain and complex geology conditions,
the problem was solved on a BESM-4 computer by
nonlinear programming. The corresponding program
gained a wide practical use despite a long computational
time because of the extremely low computational speed
of this and subsequent computer models (Minsk 32,
ES 1020, and others) of the last century [1].

In CAD systems, highly popular in Russia, which
were developed by international companies [8—10],
and their Russian [11] and Belarusian [12] analogs, the
computer is used to solve auxiliary problems, rather
than to elaborate the optimal design solutions. In these
systems, a spline approximation problem is solved
“through the eyes”; i.e., the designer should specify some
information that completely determines a sought line.
At best, he or she considers several of the theoretically
infinitely many possible solutions.

At the present time, the mathematical model,
algorithm, and previously developed designing programs
should be improved because of changes in the technical
specifications for design of high-speed railways. The first
order spline should be replaced by a spline comprising
line segments and circular arcs, the number of which
remains unknown.

A similar spline is also used in designing big-inch
pipelines.

In designing the longitudinal profile of roads, a
problem arises to seek a parabolic spline of the second
order [13] with the above specific features. This problem
was solved by nonlinear programming [13].

A spline with circular arcs is used as an alternative
to a spline with parabolas in designing the longitudinal
profile of roads and also the plane of the routes of various
linear structures [14].

The study aimed to analyze the above design
problems from a single theoretical standpoint as
problems of spline approximation and to present
the key stages and specific features of their solution
algorithms.

1. FORMULATION OF A PROBLEM OF CIRCULAR
ARC SPLINE APPROXIMATION AND ITS
FORMALIZATION

Let us consider a problem of designing a longitudinal
profile using straight-line elements conjugated to circular
arcs.

In the case of redesigning, the initial profile is the
profile of the existing structure. If a new structure is
designed, the initial profile is the ground profile. The
chain longitudinal profile (Fig. 1, dashed line), which
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can be constructed using the existing designing programs
[14], is used to find the number of spline elements. The
lengths of elements of the chain need not be equal, but
the abscissas of its knots and the abscissas of the knots
of the initial broken line coincide.

Ground profile
«Chain» z(s)

Spline Z(s)

Fig. 1. Spline with circular arcs

Thus, we have the broken line z(s), which should be
converted with minimum deviations to the spline Z(s)
consisting of line segments conjugated to circular arcs
(Fig. 1).

There are the following constraints:

(1) on the slopes I, of the straight-line spline elements:

yin <1 < Imax,] 1,2, ..., N—1, where N is
the number of spline knots (Vertices of the sought
broken line, hereinafter referred to as control
vertices (CVs)). Actually, this is a constraint on the

first derivative of the function Z(s);

(2) on the radii (curvature) of the convex and concave
inscribed curves: 1/R_ . < 1/R SR, eaver S = 1s
2,.., N, Rconvex <0, and Rconcave 0;

(3) on the lengths of'the circular arcs (BC, DE in Fig. 1):

arc arc mm;

(4)on ﬁjﬁe lengths of the straight-line inserts between the
curves (CD in Fig. 1): Lms, > Lms’mm.

Additional constraints can be imposed on the
ordinates of some points (height constraints at points of
intersection of water conduits, other communications,
and so on).

Objective function

Equal deviations in different directions from the
initial line can often be nonequivalent. Therefore, the
conventional minimization of the sum of the squared
deviations at given points (also with different weights)
is inappropriate.

In designing new roads, the total cut-and-fill
quantity can be taken to be the objective function
at this stage. The construction costs can be taken to
be the objective function if the cut and fill does not
give rise to a relationship between elements, which
arises if the earth removed from cuts is used to
construct fills and requires one to consider the grade
line as a whole [14] as in nonlinear programming.

At the stage of the conversion of the initial broken
line (the chain or the existing profile) to a spline of
a necessary type, the ordinate deviations (working
marks) are small (about 0.5 m [14]), which allows
one to use simplified efficiency criteria because the
purpose of this stage is to determine the number
of elements and their approximate positions, i.e.,
construct the initial approximation for nonlinear
programming.

In redesigning of the longitudinal profile of a
road, at this stage, it is expedient to use modeling
functions, which take into account specific features
of a problem.

For example, in designing the longitudinal profile
during redesigning railways by straight-line elements
without taking into account circular curves, which were
inscribed into the found line, smooth modeling function
F(h) (a spline of the second order with the defect 1) was
successfully used (Fig. 2). Here, 4 is the working mark,
i.e., the difference of the ordinates of the sought and
initial splines: h(s) = Z(s) — z(s). The &, and A values
and the parameters of the elements of F(4) were found
from the existing and designed depths of ballast (H, and
H,,, respectively), and the rail and tie heights.

A=max(0, H_ — Hj,), and the portions of the graph
of F(h) represent (/ ) filling up of ballast, (2) cutting of
ballast, and (3) cutting of roadbed.

At A= 0, portion 2 of the graph of F(%) is absent. If
the existing and designed heights of rails and toes are
equal, we have i, = 0.

Fa

2

.

1
I
ho-A  hy

o

Fig. 2. Modeling function

The F(h;) values were calculated at the knots of the
initial spline, and the objective function had the form

k
min®(h) = ZViF(hi), (1)

1

where the coefficients v; are equal to the half-sums of
the lengths of its adjacent elements. Similar modeling
functions were used in redesigning the longitudinal
profile of roads using parabolic splines [13].

If the objective function is the cut-and-fill
quantity, then F(h,)—the cross-sectional area at the ith
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point—remains piecewise quadratic and corresponds to
the calculation of the volume as an integral using the
trapezoidal rule.

2. SPLINE APPROXIMATION BY DYNAMIC
PROGRAMMING

Dynamic programming under a number of conditions
[15-20] makes it possible to create algorithms of
several-step construction of the optimal route of motion
of a certain system from a given initial state to a final
state by solving same-type problems at each of the steps,
which are simpler than the initial problem [21]. Variants
of reaching one and the same state by various ways are
considered to be comparable, and in each state, only the
best (according to a chosen criterion) variant remains.

Z&
CVs variants \
by 5 1 2
B, 0N
o
. "‘\?::--: \“‘h"‘-

s HIIH"‘:*‘H:HXH A =

"‘-.."-u o

- Lmin s "
0 4

Fig. 3. First step of algorithm

The key concept of dynamic programming is the
state of a system, which, for our problem, we define as a
pair of two items: one is a point in a straight-line element
of a spline, such that beginning with this point a circular
arc can be constructed or a straight line can be continued,
and the other is the angle between this element and the
OS (abscissa) axis. The initial state (point 4 and slope /,
in Fig. 3) is considered to be given.

With respect to the knots of the initial spline (the
broken line z(s)), a variation grid at a given step is
constructed (points in verticals / and 2 in Fig. 3). At
each of these points, proceeding from the slope of the
initial spline, angles with the OS axis (search sector)
are assigned. The step of assignment of points and
angles in the verticals, and the numbers of steps in the
vertical and angular directions at each of the points are
the initial parameters of an algorithm of seeking the
design spline and are specified before calculation. If
necessary, the calculation can initially be performed at
large increments and then, using the obtained solution,
at smaller increments. This is a common trick to reduce
the computational time in dynamic programming,
which was successfully used in parabolic spline
approximation [13, 14].

The first vertical was chosen to be the one spaced
apart from the initial point 4 (in abscissas) at distance

L., which is given under constraints 3 and 4 on the
lengths of curves and straight-line inserts. In addition,
distance L .. is given as the sum of the maximum
length of the curve and the length of the straight-line
insert. Dynamic programming is performed using the
angles of rotation (Fig. 1) and the coordinates of their
vertices.

In seeking the first curve of the design spline, the
left-hand side of the angle is given (the point 4 and the
angle 7). The points in each vertical within the range
from L, to L . together with the directions assigned
at each of the points constitute the possible variants of
the right-hand side of the first angle of rotation (Fig. 3)
and determine the corresponding variants of the first
CV. For each variant, using the minimum radius of a
convex or concave curve (depending on the sign of the
angle of rotation), the possibility of satisfying all the
constraints is analyzed, and only the variants for which
all the constraints are met are retained. Further, it is
considered whether or not the radius of the inscribed arc
can be increased without violation of constraints using
the difference of the slopes of the adjacent elements
of the initial spline that are within the angle under
consideration. The radius is chosen such that the value
of the objective function for the corresponding CV is
minimum.

At the first step of comparing paths and rejecting
variants, one and the same state is not reached. Each
of the allowed states of the first step together with the
corresponding values of the objective function (the cost
to reach the initial state), the CV coordinates, the radius,
and the angle of rotation are stored in memory.

General step of algorithm

The knots of the initial spline are considered such
that the abscissas (and the corresponding verticals) of
which are within the range from S, +2L_. toS—L_. .
where S is the abscissa of the end of the profile. For
each vertical, a sequential analysis is made of all the
preceding knots that are no less than L, and no more
than L apart from the vertical and of the straight lines
passing through them. For each intersection, the same
operations as at the first step are sequentially performed.
The difference is that, in the considered state (the right-
hand side of the angle, line BC in Fig. 4), there may be
many intersections with the sides of the preceding angles
that originate from one or different CVs (the points 4,
and 4, ,, in Fig. 4). As at the first step, only the joints
that satisfy the constraints are considered and compared.
As a result, each state in each vertical (the point C and
the angle) is reached by either one variant, or none. For
each of such variants, additionally stored in memory are
the point and the direction (the point 4; and the angle
A;B with the abscissa axis in Fig. 4) corresponding to
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the left-hand side of the angle; i.e., for each new state,
the relationship with the best of the preceding states is
memorized.

Fig. 4. Comparison and rejection of variants

Last step of algorithm

At the last step, the right-hand side of the angle of
rotation is known. These are the final point and the angle
determining the final direction. The same operations as
at the general step are carried out, and a comparison
of the allowable joints determines the minimum value
of the objective function. The optimal spline and its
parameters are restored by a turn over memorized ties,
which is typical for dynamic programming [21, 22].

Of course, one can also consider several final
directions and points and perform the same operations
for each of them with subsequent selection of the best
variant.

The use of the algorithm encountered difficulties
in handling long line segments. This gave rise to small
angles of rotation. Depending on a specific problem,
either such angles are not allowed at all, or curves
are not inscribed in them (e.g., in designing low-type
roads). In the former case, instead of two intersecting
straight lines, one straight line can be formed (using
the terminal points) in the course of the exhaustion of
variants. But because the algorithm is intended only
for the construction of the initial assumption, such
transformations were made only for the obtained spline
to avoid excessive complications. This is also justified
by the fact that not nearly all such intersections at small
angles are contained in the final solution.

3. OPTIMIZATION OF SPLINE PARAMETERS

The design line is completely determined by the
coordinates of the vertices of the angles of rotation and
the radii of the inscribed circles, which are found by
dynamic programming (Fig. 5).

To start with, we consider the CV abscissas
constant, i.e., analyze the possibility of optimization of
the position of the spline by moving CVs along fixed
verticals. Because the slopes are small (no more than
several tens of permille), the lengths of the sides of each

angle are considered to be equal to the difference of the
CV abscissas, which are invariable. Since the initial
and final points and the directions at them are given,
the ordinates of the first and last CVs cannot change.
Therefore, the variables are only Z, j = 1, 2, ..., n,
the ordinates of the CVs being varied (their number is
n=N — 2), and the radii R ; of the inscribed curves. The
given boundary conditions are taken into account by the
calculation of the limiting values of the slopes, /; and 7,
and then the ordinates, Z, and Z, [14].

To obtain a nonlinear programming problem with
objective function ®(h) (1), one should express in terms
of these variables the working marks at the knots of the
initial broken line, i.e., the difference of the ordinates
of the design spline and the initial broken line (B'B" in
Fig. 5), and all the constraints.

In designing the longitudinal profile of new roads,
the objective function corresponds to the minimum cost
of construction of subgrade and artificial structures. The
corresponding models are the same as in the case of
using parabolic splines in codesigning the longitudinal
and transverse profiles with taking into account the earth
mass distribution [14].

If there are such expressions, the calculation of the
gradient of objective function (1) reduces to the simple
recalculation of derivatives [14] because the ordinates of
the points (D and B in Fig. 5) in straight-line elements
depend linearly on the CV ordinates. Because the slopes
are small, the angle of rotation is considered to be equal
to the difference of the adjacent slopes (Alj in Fig. 5).

This enables one to express, with sufficient
accuracy, the deviations of the points of the curve from
the corresponding points of the straight lines (CC" and
BB"in Fig. 5), i.e., the corrections to the working marks
calculated from the sides of the angle or rotation (“of a
boom”).

Z4

0 s
Fig. 5. To the recalculation of derivatives in the presence
of circular arcs

In Fig. 5, CC" = §, = RAI*/8; BB" = §; =
=0 — 1pAl/2 + th/(ZRj), where 1, = [s. — s, is the
difference of the abscissas of the CV and the point in
the curve; AI] = 'I].H - Ij, where I] = '(Zj - Zj_l)/Sj, ZJ
are unknown design marks of the vertices of the angles
of rotation, and S] are the differences of the abscissas,
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which differ insignificantly from the lengths of the sides
of the angles; and s — 5, = SJ ~AC.

Instead of the constraints on the difference of the
slopes, there are constraints on the minimum lengths of
the curves, R jAIj L. min> and on the minimum length of

the straight-line insert, i.e., the sum CE + FG (Fig. 5),
should meet the condition

RAI/2+R AL, 2+L.

AL . (2)

ins, min — %H’J 1

Here, L i, 1s @ given minimum length of the
straight-line inset, and 7 is the number of CVs.

At small AL to change the length of the straight-line
insert by 10 m, it is required to change the radius by 1000 m
and more, which can hardly be done by optimizing a spline
constructed by dynamic programming. Therefore, condition
(2) can be simplified by eliminating the relationship
between the variables for the adjacent CVs using the spline
obtained at the first stage as the initial approximation.

This can be done by making the following operations:

1. Calculate all the 7} = RJ.AI]./Z (in design practice, they
are called tangents).

2. Calculate all the straight line inserts
d S—(T +T)] 2,. nandc—d Ly min
( store”) ’

3.If d ms mins then T _, and T are fixed as the

maxrmum values of R AI /2 and RAI /2. The
fixed values are not further changed

4. Sequentially consider the straight-line inserts in
ascending order, beginning with the smallest d,. The
values T, + T, can be increased by ¢, = d,, Llns min
without rlsklng a violation of the constralnt on the
straight-line insert at the neighboring elements. If
the maximum values of R, |Al, /2 and R,Al/2
are not yet fixed, then 7, , + ¢,/2 and T} + ¢,/2,
respectively, are taken as their maximum values.
The values ¢;_, and ¢, | are decreased by c,/2. If the
value T} _, is fixed, then max(R,Al,/2) = T} + ¢, and
¢,y are decreased by c,. If the value T} is fixed, then
max(R, | Al,_,/2)=T, | +c¢,.

5. Let us proceed to step 3 and continue the process
until there are unfixed maximum values of R.AZ/2.
If necessary, the positions of the initial and final
points of the profile are taken into account, and
the maximum values of R Al;/2 and R Al /2 are
corrected (decreased).

Bearing in mind that RjA[j is the length of the jth
curve and L is its minimum value, and denoting the

cur, mm
calculated maximum values of R AI as Lj max> WE obtain
the system of two-sided 1nequaht1es
Loemin SRALSL 0 0j=1,2, .

Let us convert this system of nonlinear inequalities to a
linear system by change of variables from radii to curvatures
o= l/R The constrainton L, is AI L. G at R >0

‘j,max 7, max®, 7

and Lj max(;] < A[J at R] < 0. The constraint on Lcur min is
Loyemin® <AL at R, >0and AL<L, .0,at R, <0.

The signs of R.  are known; hence, we have the linear
system of the form

AIJ < GJB j=12,..,n 3)
At R > 0, B jmax and o = Ly min- At Rj <0,
conversely, B]. Lcur min and 0 =L e

The algorithm of solving the nonlinear programming
problem of finding min®(x), where x is the vector of
unknowns and ®(x) is the objective function, under
linear constraints Ax < b consists of the following steps:

1. Construction of an allowable initial approximation.

2. Calculation of antigradient f.

3. Construction of active constraint matrix A, and
descent direction p.

4. Check of conditions of termination of calculation.
If the length of the descent vector exceeds given e,

then go to step 5, else check the possibility of eliminating
constraints from the active set. If there are no such
constraints, then the process is over, else exclude one of
the constraints and go to step 3.

5. Search for a step in the direction of the descent as
the minimum of the steps to the boundary and to
the minimum point. In this case, a one-dimensional
minimum search problem is solved.

6. Transition to a new point. Further, if the antigradient
at the new point has already been calculated in the
search for a step, then go to step 3, else go to step 2.
In the general case, the algorithm ensures a hit of

the vicinity of the local minimum point. Therefore, it
is important to obtain a good initial approximation by
dynamic programming.

There are two key steps: the construction of the
descent direction and the elimination of constraints from
the active set [22—24]. The problem can be solved using
standard algorithms, which require solving systems of
linear equations (matrix inversion) at each iteration. For
example, the projection of the gradient at the kth iteration
can be calculated from the Rosen formula:

p=E-A (A ADTADS.

To solve the question of the elimination of constraints
from the active set, the vector u=(A AD)TAT,
should be calculated, for which the matrix A A[.
should be inverted.

Instead of this, let us consider the possibility of
constructing the descent direction using the simple
structure of the system of constraints [25]. For this purpose,
it is necessary to be capable of constructing a basis in the
null space of the matrix A, for any active set, which was
implemented in the program of spline optimization as a
broken line without inscribed curves [14].
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For example, if the basis matrix C has already
been constructed, then the descent vector has the form
p = CCTf, where f is the antigradient.

Constraints (3) contain additional variables ¢, but
the previously constructed basis vectors [25] can also be
converted for this system.

If, in our problem, a certain variable z. is contained in
none of the active constraints, then p. = ]; The presence
of such free points enables one to divide the profile into
legs of independent construction of basis vectors and
the corresponding components of the descent vector.
For example, for system (3) of active constraints on the
straight-line insert in the range of CVs from the (2 + 1)th
to the (m + r — 1)th (Fig. 6), the variables are z

s Zypareps Zyepand o, © , O
variables are z, , and z

m—1> Zm>

; and the free

m+1> 0 Ymtr=10

m+trtl”

Zk

Fig. 6. Example of construction of basis vectors
The active constraints are the following:

-Al, +o,6, <0,

_Nm+l - Bm+16m+1 <0,

“)
—Al

m+r=1""

<0.

Ocm+r—l(5m+r—l =

This system in the variable ordinates has the form:

-Ys z +Q1/S +1S .z, —

=1/ 41 Zp1 + ©,,0,, SO,

1S, 12, +A/S, 1S, )2 —

=182 Zmi2 —B1Cm1 SO, (5)

_I/Sm+r—1 Zpar—2 T (I/Sm+r—1 + I/Sm+r) X

The sought basis vectors should convert the
inequalities of this system to equalities and be
linearly independent. For example, the vector
¢,=(11...11000)T (»+ 2 units and r zeros) shifts all
the CVs along the ordinate axis without changing slopes
and radii. Obviously, the difference of the adjacent
slopes and the curvature also remain unchanged.

If all slopes are increased equally, e.g., by 1 (i.e., if
a rotation with the center at the (m — 1)th CV is made)
without changing radii, then the constraints of system
(4) and its corresponding system (5) remain active.
Therefore, the vectore, =(0 S, S, +S, ., S, +S,.,+
+8, 0. S, +S +S ,+S, 0 ... 0)Tcanalsobe
included in the sought basis. Another » basis vectors are
obtained by making rotations about the mth, (m + 1)th, ...,
and (m + r — 1)th CVs chosen sequentially as the centers
of rotation, changing the right-hand slopes by 1, and
compensating the change in the difference of the slopes
at the center of rotation by changing the corresponding
curvature: (6).

The linear independence of the obtained vectors
follows from their construction method.

If, in such a leg, a certain curve o, takes the limiting
value, then the corresponding component of the descent
vector is zero, 5, is excluded from the variables taken
into account in constructing the basis, and the vector
corresponding to the change in this variable is not
included in the basis.

If the limiting value is taken by the slope of a certain
element /,, then the vector ¢, remains in the basis, but the
vectors corresponding to the rotations about the centers
at CVj (G=m—1,m, ..., k— 1) change this slope and are
not included in the basis.

New basis vectors are constructed by searching
through the CVs, beginning with the (k — 1)th to the mth,
if k> m. The center of rotation is taken to be the (k — 1)th
CV, but the left-hand part is rotated, so that all the left-
hand slopes gain equal increments. The difference of the
slopes changes only at the (k — 1)th CV by 1, which is
compensated by changing the (k — 1)th curvature. The
basis vector is obtained:

C=(s TS, T ts

m Sk-1 +Sk72 + ...+

+s S 1 TS 5.4 0...00...1/8...0...0)7

mtl
XZpr—1 _1/Sm+r Zitr ~ Q=19 -1 <0.
where 6 =a,_, or6=f, |, depending on the sign of 5,_,.
— T
c3=(00S,.1S,:1%S, Sy TS+t S0, /o, 0O L0,
— T
¢, =000 S, ., S S8,y e S0t S, 3t +S, 0 1/B,,4 - 0", ©)
— T
€, =(000 0 .. O Spsr 0. 0Va, . '
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If the limiting slope is not the last one, then vertices
k,k+1,...,m+r—1 are sequentially taken to be the
centers of rotation (Fig. 6), the right-hand part is rotated,
and the corresponding basis vector is constructed with
the compensation of the change in the difference of the
slopes at the center of rotation.

If the limiting slope is the slope of the initial
element, then only the rotation of the right-hand part and
the motion only to the right are considered. Similarly, if
the limiting slope is the slope of the last element, then
only left-hand part of the profile is rotated, and the CVs
are tested only to the left.

If the limiting value is also taken by the gth slope
(g > k+ 1), then the basis vectors are constructed to the
left of the (k — 1)th CV and to the right of the gth CV, as
for the only limiting slope. [f g =k + 1, then it is sufficient,
else the basis vectors should also be constructed for
k <j < gq. For this purpose, sequentially, beginning with
j=k+1landtoj=g—1,all the components of the basis
vector are ¢; = 0 ati <jand ¢; = 1 ati >. In this case,
only the slope I] changes, and the constraints are violated
at the (j — 1)th and jth CVs. They are compensated
by changing O and o; in view of the fact that the
increments A/, = 1/S; and Al = —1/S,. The next basis
vector is constructed.

¢=(0..01..1 0...0-1/3._;S)1/(8,5.)0...0)T.

If, at some j of k <j < g, the curvature o, is limiting,
then the number of basis vectors is decreased by 1, and
in constructing each of them, A/, is retained, and the
violation of the difference of the slopes at other CVs is
compensated using the curvature at the CVs with the
nonlimiting curvature values.

If the leg under active constraints of type (3) contains
more than two limiting slopes in, the basis vectors are
constructed similarly.

If two legs of the considered form share one common
CV to which an inactive constraint of type (3) corresponds,
then, for these legs, the basis vectors are constructed as for
an integral whole. But for the basis vector obtained by the
rotation with the center at this CV, the curvature is not
required to be changed. If two legs have no common CVs,
then they are considered separately.

To satisfy the conditions for the fixed initial and final
points and directions, these conditions are converted
to constraints of the form 21 min = 21 S 21 max and
Zp, min < Zn SZn, max [25].

If some of them becomes active, then the shift vector
is not included in the basis. If an active constrain of type
(3) is imposed at CV, or CV,, then the vector of rotation
with the center at these points is constructed with the
compensation of the difference of the slopes by changing
the corresponding curvature.

The height constraints at points in the inscribed
curves are nonlinear and have to be taken into account
by penalty functions [25].

To solve the question of the possibility of eliminating
aconstraint from the active set, it is necessary to construct
vector g that violates this and only this constraint. If (f,
g) <0, the constraint is excluded. For active constraints of
type (3), this is a basis vector, but without compensation
at the center of rotation. And if the corresponding
curvature is limiting, then it is necessary to construct
vector g as a basis vector with compensation. If it
does not violate the curvature constraint and (f, g) > 0,
then the curvature constraint can be excluded. For the
active constraint on the slope 7, (Fig. 6), such a vector
is obtained by allowing the rotation of the right-hand
part of the leg with the center at the (X — 1)th CV, which
was not used in the construction of the basis, with the
compensation of the change in AZ,_,.

If the active set does not contain constraints of type
(3), then the question of the possibility of eliminating
such constraints from the active set is solved quite
simply [25].

CONCLUSIONS

The proposed method to construct the basis enables
one to solve the problem of optimization of parameters
of a spline with circular arcs and at variable CV
abscissas obtained at the first stage. This question, as
well as the optimization of parameters of a spline that
is not a one-to-one function, which often takes place in
designing the plan of road routes, requires a separate
consideration.

As was determined as far back as the 1970s—1980s
[1, 26], using adequate mathematical models and
correct optimization algorithms yielded a significant
economic effect. The Profil, Profil-r, Profil-2a, and
Profil-2r systems, which were used at that time on slow
(by modern standards) computers for designing the
longitudinal profile of roads and railways [1, 26], are
currently not used, first of all, because of the absence
of entities interested in reducing the cost estimate of
construction and reconstruction by improving project
quality. These systems were replaced by foreign-
made CAD systems, which accelerated the processes
of preparation and release of numerous drawings and
other project documents. However, these systems do
not include designing programs. In an expert designer’s
apt words, they are “convenient drawing tools with no
signs of optimization.” On the other hand, both updated
old systems of longitudinal profile design, and new
programs of route plan design solve complex problems
of optimization and visualization of computer design
solutions, but they cannot completely replace the
used foreign-made interactive-design CAD systems.
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The point is that designing systems are developed
“by inertia,” as a personal initiative, without funding
sources; therefore, they do not contain subsystems of
preparation and release of drawings and various output
documents.

The emerging trend toward artificial intelligence
in other sciences and technologies gives promise that
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Abstract. The experiments on measuring the evaporation rate of liquid sessile droplets into air show that the rate
of evaporation increases in the presence of forced convection flows. However, data on the effect of convection on
the evaporation process is often contradictory and should be clarified. The paper presents a numerical analysis
of evaporation from the surface of a water droplet subjected to forced convection in the gas phase. The drop is
located on a smooth horizontal isothermal substrate; the mode with constant contact angle is considered. The
form of the drop has axial symmetry, the same for the velocities and pressure. Forced convection compatible with
the symmetry conditions are represented by flows directed downward along the axis of the system and diverging
along the sides near the drop and the substrate. The mathematical model is constructed for evaporation controlled
by diffusion in the gas phase and takes into account surface tension, gravity, and viscosity in both media, buoyancy
and Marangoni convection. The results indicate the existence of the mutual influence of liquid and gaseous media.
Thus, a drop vibrates under the influence of movements in the atmosphere, which generates a density wave in the
gas: the drop “sounds”. The magnitude of the velocity in a liquid is 50 times less than the characteristic velocity
in air. It is found that the evaporation rate does not change in the presence of forced convection flows, which
contradicts most of the experimental works. The reason for the discrepancies is supposed to be the appearance
of nonequilibrium conditions at the boundary of the condensed phase, under which the evaporation regime ceases
to be diffusional.
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Pe3iome. Pe3dynbTaThl 3KCNEPMMEHTOB N0 U3MEPEHMIO CKOPOCTU UCMAPEHUS C NMOBEPXHOCTU XUAKOM exallen kan-
JI1 B BO3yX YKa3bIBAIOT, HTO KOHBEKTUBHbIE MOTOKM HaJ, MOBEPXHOCThIO YBEIMYMBAIOT CKOPOCTb McnapeHus. OgHako
[aHHble OTHOCUTENIBHO TOrO, B KAKOW Mepe KOHBEKLMS BINSET Ha NPOLLECC UCMNapeHUs, CUIbHO Pas3HATCH, 4acTo
NPOTMBOPEYMBBI N TPEOYIOT YTOUHEHNA. B paboTe NpoBeAeH YMCNEHHbI aHaNN3 UCNapeHns C MOBEPXHOCTU Karnn
BO/Zbl B HENTPaAsbHbIN ra3 — BO34yX B NPUCYTCTBMN KOHBEKTUBHbLIX TEHEHMIN B ra30BOoN dase. Kanng pacnonaraercs
Ha rOpM30HTaNIbHOW, FAaaKon, N30TEePMMYECKON MOA0XKE, PACCMOTPEHA MOa C MOCTOSIHHLIM YI/IOM CMa4ynBaHUS.
3apava pelleHa B 0CECUMMETPUYHOM MPUBIMXKEHUN, TEYEHNUS BbIHYXOEHHOM KOHBEKLUU, COBMECTUMBIE C YCII0-
BUAMW CUMMETPUN, NPEeACcTaBieHbl NOTOKAMW, HanpaBieHHbIMU BHU3 BAOJSIb OCU CUCTEMbI U PACXOOALLMMUCS MO
CTOpOHaM B6M3KM Kanam 1 NoAnoXK1. MaTtemaTtnyeckas MOAeNb YYNTbIBAET BIUSIHUE CUJT MOBEPXHOCTHOMO HaTsA-
XEHUS, TATOTEHNS U BA3SKOCTU B 06enx cpeaax, BO3MOXHYIO CBOOOAHYIO MPaBUTALMOHHYIO KOHBEKLMIO B Fra30BOWA
M XMOKOW cpenax, KOHBEKUMO MapaHroHu B Kanfe 1 NoCTpoeHa A9 UCnapeHus, KOHTponmpyemoro andoysnen
B ra3zoBon ¢ase. [NonyyeHbl pesdynbTaThbl, CBUAETENLCTBYIOWME O B3AVMHOM BIMAHUN XWUAKOW U Fra30BOW Cpea;: ka-
nnsa konebneTcs Nog, BAMSHUEM ABMXEHUNM B aTMOCdepe, 4TO NOPOXAAeT BOJIHY MIOTHOCTU B rade: konebniowasacs
Kanng «3By4nT». BennumHa ckopocTu B xmnakomn cpeae B 50 pa3 MeHbLLE XxapakTepPHOW CKOpoCcTy B BO3ayxe. O6Ha-
PY>XEHO, YTO CKOPOCTb UCNAPEHNSA HE NBMEHSAETCS B MPUCYTCTBUM TEHEHNIN BbIHYXXAEHHON KOHBEKLMW, YTO NPOTU-
BOPEYUT BONbLUMHCTBY 3KCMEPUMEHTaNbHbLIX PAbO0T. MNpeanonoXxmTensHas NPUYMHA PaCXoXOeHUM 3akoyaeTcs B
BO3HWUKHOBEHWNM HEPABHOBECHbLIX YCIOBUIM HA rPaHULLE KOHAEHCUPOBaHHOM ¢asbl, NPy KOTOPbLIX PEXMM UCNapeHunst
nepecTaeT 6bITb ANDPY3NOHHBIM.

KnioueBble cnoBa: vcnapeHune, anddysuns, nexawias kanns, BblIHYXAEHHAs KOHBEKLMS, YNCIIEHHOE MOAENNPO-
BaHue

e Moctynuna: 21.01.2021 » Aopa6oTaHa: 01.03.2021 ¢ MpuHaATa kK ony6nukoBauuio: 12.07.2021

Ansa untnposBaHusa: KopeHyeHko A.E., XykoBa A.A. VicnapeHue XnaKon nexarien kanam B yC/I0BUSAX BbIHYXOEHHOMN
KOHBeKUMn. Russ. Technol. J. 2021;9(5):57-66. https://doi.org/10.32362/2500-316X-2021-9-5-57-66

Mpo3payHocTb PUHAHCOBOIN AeATeNbHOCTU: HUKTO 13 aBTOPOB He MMeeT GUMHAHCOBON 3aMHTEPECOBaHHOCTY B
npeacTaBfeHHbIX MaTepuanax unnm Metoaax.

ABTOpPbI 3a9BASAOT 06 OTCYTCTBMM KOHMIMKTA MHTEPECOB.

INTRODUCTION extent to which these phenomena affect the evaporation

rate differ widely and are sometimes contradictory. For

Evaporation of liquid from the surface of droplets is a
part of the water cycle, is often encountered in everyday
life, and is therefore actively studied theoretically and
experimentally [1—6]. For surface evaporation of water, it
was experimentally determined that convective air flows
over the surface sometimes accelerate the evaporation, and
that the evaporation is the more intense, the lower is the
ambient humidity ¢. However, the published data on the

example, experimental studies of evaporation from the flat
surface of water in the presence of convective flows showed
an increase in the evaporation rate, which was characterized
differently: as either linear in flow velocity V [7], or
described by a polynomial of the third degree [8], or
proportional to ~J32 [9], whereas numerical calculations
indicated that the effect of convection on the evaporation
rate is weak [2, 10]. The dependence of the evaporation rate
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on the difference between the saturated vapor pressure over
the surface (p,) and the partial vapor pressure in the
surrounding air (p,) was experimentally described by a

formula of the form (p, — p,o)", where the Dalton
approximation predicted 7 =1 [10], Tang and Etzion [7],
and Al-Shammiri [9] obtained the n values smaller than 1,
Boetler et al. [12] and Pauken et al. [13] calculated the n
values larger than 1, and Jodat and Moghiman [8] proposed
an expression relating » to the air flow velocity. Also
different are opinions on the role of free convection in
evaporation. Guéna et al. [14] experimentally investigated
the evaporation rate from the surface of sessile and hanging
water droplets and obtained equal values of the evaporation
rate, which suggested the absence of the effect of
gravitational convection in the gas phase. However, Kelly-
Zion et al.’s in their experiments determined [15] that the
evaporation rate from the surface of a sessile droplet is four
times higher than that calculated for diffusion-controlled
evaporation. Obviously, these contradictions are due to the
fact that the conditions of the experiments [7—15] differed,
but the reasons why the action of the same factors on
evaporation brings about different responses are unclear.
Investigation of evaporation fromthe surface ofadroplet
requires one to take into account a lot of possible physical
phenomena. For example, evaporation causes cooling of
the droplet, which is generally nonuniform. This leads to
a nonuniformity of the saturated vapor concentration over
the surface, and also can lead to thermocapillary convection
in the bulk of the droplet. Description of evaporation under
gravity can be complicated by free convection in both
the gas and the liquid media. Any external perturbations,
mechanical or thermodynamic, can cause free vibrations
of the droplet [16] and probably influence the evaporation.
The main purpose of our studies is to numerically analyze
the evaporation from the surface of a sessile droplet into
a neutral gas. The calculations took into account the
effect of the surface tension, gravity, and viscosity in both
media, the possible free gravitational convection in the gas
and liquid phases, and the Marangoni convection in the
droplet. The effect of gravity on the shape of the droplet
was also taken into account, and consideration was made

V4
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y \ :
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[ T | 0
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Fig. 1. Experimental design

of the movements of the surface of the droplet that are
unrelated to the displacement of the droplet because of the
decrease in the volume. We perform our analysis step by
step; in this work, the effect of forced convection on the
evaporation rate, the shape of the droplet, and the motion
of its boundaries.

1. DESCRIPTION OF MATHEMATICAL MODEL
1.1. Design of computer experiment and notation

Let us consider a liquid droplet lying on a horizontal
surface, and let R be the radius of a spherical droplet of the
same volume. The sessile droplet is in the atmosphere of a
neutral noncondensable gas. The problem is solved in an
axisymmetric assumption by the finite-difference method.
The sizes of the computational space by far exceed the
droplet radius: R ,H > R (Fig. 1 is sketchy, not to
scale). A difference scheme is constructed as follows [16]:
(1) the computational space at z<H is divided into
horizontal layers so that the droplet is sliced into layers of
equal thickness /. with radius 7;; (2) the computational
space in the gas above the droplet (at z > H ) is also divided
into horizontal layers of thickness, which may exceed 4,
(not shown in Fig. 1); and (3) the computational space is
divided into vertical layers (not shown in Fig. 1). Because
of the complex shape of the subject of computation, the
computational grid near the boundary of the droplet
thickens to more accurately represent the shape of the
boundary. The boundary of the droplet is given by a set of
points (ih,, ;) connected by line segments.

The following notation is introduced: p, is the
density of the liquid; p,, 7, and p, are the density,
temperature, and pressure of the gas at the boundaries of
the computational space, respectively, 7, is the
temperature of the substrate; v, and v, are the kinematic
viscosities of the liquid and the gas, respectively; n; and

g are their

thermal conductivities; ¢ and ¢, are their specific heat

n, are their dynamic viscosities; K; and X

capacities; M| and M, are their molar masses; B, is
the thermal expansion coefficient of the liquid; D is the
diffusion coefficient of the vapor in air; A is the heat of
evaporation; Gy, Oy, and Oy are the surface tensions
at the liquid—gas, gas—solid, and liquid-solid interfaces,
respectively. The subscripts /, g, and v refer to the liquid,
the gas, and the vapor, respectively.

1.2. The main approximations of the model

It is assumed that the liquid is incompressible
and Newtonian, the neutral gas and its mixture with
the vapor are ideal gases, and the substrate is smooth
and isothermal. The evaporation is assumed to be
slow; therefore, over the surface of the liquid, there
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is an equilibrium saturated vapor. A two-dimensional
problem is considered under the assumption of the
axial symmetry of the droplet, the flows, and the vapor
pressure, temperature, and concentration distributions
in the absence of flows of the media in the azimuthal
direction.

1.3. Equations and boundary conditions

The conservation equations for the liquid in the
droplet are written as follows:

—

aa—f+(w)0=—ﬁ’”vﬁz%éﬁl(f—n), Q)
V.V=0, ()
- +V(VT)_[3101V T. 3)

Here, P is the excess of the pressure over the
hydrostatic pressure in the liquid; V= {Vr, VZ} and T
are the velocity and temperature distributions,
respectively; and g is the acceleration of gravity. The
buoyance in Eq. (1) is taken in to account in the
Boussinesq approximation.

The behavior of the gas is described by the following
equations:

A @)v:_gepﬂfvzwé, )
% +(pV)=0, 5)

I v(vr)= ;ngw O
aa_fm(w:): DV2C. (7)

System (4)—(7) is supplemented with the equation of
state of the vapor—gas mixture:

-1
PR, T c 1-C
p=—2= ,M=(—+— . (8)

M M, M,

Here, p, p, and M are the pressure, density, and molar
mass of the mixture, respectively; C is the mass fraction
of the vapor; and Rg is the universal gas constant.

The wupper and lateral boundaries of the
computational space are the unperturbed gas medium
with given vapor mass fraction C, density p,, pressure
P> and temperature 7.

At the gas—substrate interface, the impermeability,
constant temperature, and no-slip conditions are
specified.

At the liquid—gas interface S
conditions are set [17]:

1) The partial vapor pressure p,, is equal to the
saturated vapor pressure of the liquid at the temperature
of the surface and with taking into account the curvature
K(z) and the presence of the neutral gas:

- the following

Pyeo
P~ Pyeo

Pus = Pyeo T (—Gng + p),

where p,., and p,,, are the pressure and density of the
vapor over the flat surface of the liquid (K =o0),

respectively; Pryoo is calculated as

P, = 6,112 L2299 1egang p(z) s
the air pressure over the surface of the droplet. The
curvature is calculated from the expression
K(zi)z lel +R2_il; here, R,; and R, are the radii of
normal cross sections of the droplet, which are calculated
from geometric considerations [16]. The mass fraction
of the vapor over the surface of the droplet is found as

Cs - p VSMI , (9)
pngTs
where p, is the density of the gas—vapor mixture over
the surface of the droplet.
2) The normal component of the velocity of the gas
medium over the surface of the droplet is determined by
the Stefan condition:

pd=C_,

(I—CS)-(V-ﬁ—VSIg )— o

(10)

Condition (10) is written in a frame of reference in
which the interface is immovable and describes the
diffusion-controlled evaporation: the diffusion air flow
to the surface should be compensated for a convective
flow from the surface; VSlg is the velocity of the liquid—

gas interface in a laboratory frame of reference.

3) The discontinuous change in the normal
component of the tension at Slg is described by the
Laplace equation

ool -5, |-

_(ﬁTﬁ|g —p(ﬁg 'ﬁ_VSlg)ZJZGIgK’ (11)
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where the components of the tension tensor T are
writtenas T;; = —p5,-j +n(8ui/8xj +auj/8xi), and Sl.j
is the Kronecker delta.

4) The discontinuous change in the tangential
component of the tension is equal to the tangential
component of the surface tension gradient:

do

—(ﬁT%’|g —pV, ~%(Vg - VSlg )) =-I=F (VT),. (12)

Equation (12) assumes a linear dependence of the
surface tension on temperature:

do

Gzoo—d—T(T—Tg).

5) The tangential components of the velocity and the
temperature at the interface is continuous:

: (13)

T

Vl|’[ :Vg

=T, (14)

6) The heat flux experiences a discontinuous
change because of the absorption of the latent heat of
evaporation:

oT
_kla_n

oT
| 2L
[ & on

In Eq. (15), the local mass flux on the surface is
expressed as

1 +aal) '(Vl =V )‘

+pe,T, (Vg i=Vs, )J: - (15)
g

o aC o
=pC-(Vg~n—VS1g)—pD$= -(Vg-n—VSIg). (16)

The velocity of the interface is found from Egs. (10)
and (16) is written as

Vs, = (A7 i=e7 i) fla-p) - a7

lg
7) The condition at the three-phase boundary has the
form

0, = const,

(18)

where 0, is the equilibrium contact

cose0 = (Ggs — Oy )/Glg .

angle:

Fig. 2. Computational space
(arrows show the air inlet and outlet zones)

To create forced convection flows compatible with
the axial symmetry conditions, air is blown through
an opening at the top of the computational space and
leaves this space through a slot in the lateral walls at
the bottom near the substrate (Fig. 2). The gas velocities
were chosen so that the amounts of air and the vapor in
the bulk remain unchanged during convection.

Equations (1)—(18) are nondimensionalized as
follows. Of the parameters of the liquid, the distance is
scaled relative to R; the velocity, v, / R ; the pressure,
pr12 / R? ; and time, R? / V. Of the parameters of the gas
medium, the distance is scaled relative to R ; the
velocity, Uy; the density, p,; and time, R /U,. The
dimensionless variables are hereinafter denoted by tildes.

2. NUMERICAL SOLUTION METHOD

System (1)—(18) was solved by the finite-difference
method. Equations (1)—(3) of liquid dynamics were
solved by the Gauss elimination method; the equations
for the behavior of the gas medium were solved by the
Thomas algorithm; and the solutions were joined at the
interface using the boundary conditions. The solution
procedure was inspired by split-step methods [19]: each
time step was divided into a liquid characterization
substep and a gas characterization substep, each of the
substeps comprising several subsubsteps.

Substep 1: Liquid characterization. The equations
for the liquid in the droplet are solved. Substep 1 consists
of the following subsubsteps:

o the velocity and pressure distributions in the liquid
are calculated by solving Egs. (1), (2), (11), and (12)
by the Gauss elimination method. The values of the
velocities in the gas for substituting into Egs. (11)
and (12) are taken from the previous time step;
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o the temperature distribution in the droplet is
calculated by solving Egs. (8) and (15). The
temperature distribution in the gas and the
evaporation intensity 7 are taken from the previous
time step.

Substep 2: Gas characterization. Substep 2
consists of the following subsubsteps:

e the velocity distribution in the gas is calculated
by solving Egs. (4), (10), and (13); the normal
components of the velocity in the gas near the
surface of the liquid are given by the Stefan
condition, and the tangential components thereof
are continuous. The value of the gas density is
taken from the previous time step, and the values
of the tangential components of the velocities on
the surface of the droplet are taken from substep 1
(liquid characterization);

e the density distribution in the gas is calculated by
solving Eq. (5). Near the surface of the droplet, the
density of the gas mixture is approximated by a
polynomial because there are no physical conditions
restricting the value of the density or its derivatives;

e the temperature distribution in the gas is calculated
by solving Egs. (6) and (14);

e the vapor mass fraction distribution in the gas is
calculated by solving Eq. (7), in which the vapor
mass fraction in the mixture over the surface of the
droplet is calculated from formula (9);

e the new shape of the free liquid is calculated from
formulas (18) and

The computational grid is reconstructed at each
time step according to the changes in the shape of
the droplet. The variables for the liquid and the gas
were nondimensionalized differently; therefore, there
were several gas characterization substeps per liquid
characterization substep.

The described code was tested on test problems
[16, 20] and showed good agreement with analytical
solutions and experimental results.

All the calculations in this work were performed for
the evaporation of a droplet of water into air. The
physical characteristics of the liquid are the following:
the density is p, =1000kg/m?, the molar mass is
M, =0.018 kg/mol, the thermal conductivity is
K; =0.55 W/(m-K), the viscosity is V| = 1076 m?/s,
the specific heat capacity is ¢ =4200 J/(kg-K), the
volumetric ~ thermal  expansion  coefficient s

B;=1.27-103 K~!, and the heat of evaporation is
A=2.26-10° J/kg. The physical characteristics of the
gas are the following: the molar mass is
Mg =0.029 kg/mol, the specific heat capacity is
g =720 J/(kg-K), the
conductivity of the gas medium in Egs. (4) and (6) were
calculated from formulas of the kinetic theory of gases
[21], and the diffusion coefficient of water vapor in air
was calculated in an approximation of the hard-sphere
model [22]. The temperature of the substrate was
T, =293 K. The characteristics of the interfaces are the
following: G}, =7.3-1072 N/m, ), =G, =0 N/m,

viscosity and  thermal

S

and

do
d_T‘ =1.7-107* N/(m-K). The sizes of the droplet

and the computational space are R=0.5mm and
R, =H_,=5cm. The evaporation occurs in dry air:
C,=0.

The following values of the dimensionless numbers
determining the motion in the liquid and the gas. The
Marangoni number is Ma =130, which is sufficient to
induce thermocapillary instability in the droplet because
this value exceeds the critical value Ma_ =80 (for a
liquid film). The Reynolds numbers in the gas
(Re o= 115) and in the liquid (Re; =0.5) are relatively
low; therefore, in both cases, only laminar flows can
occur. The critical Grashof number is Gr. =1000 (for a
liquid in a cylindrical vessel heated from below). This
means that free gravitational convection in a droplet
with Gr=3.2 is impossible.

The initial state of the system is the following: the
media are at rest at temperature 7' =T, =T, =293 K;
the pressure in the gas is p = p,= 10 Pa; evaporation
is absent, as if the droplet is covered with a film, and at
time =0, the film is removed. The initial equilibrium
shape of the droplet is calculated by minimizing the
mechanical energy [16].

The convergence of the written code was checked
by comparing the results obtained on various grids at
various time steps, and the parameters of the scheme were
chosen to obtain a solution that would be independent of
computational step sizes.

3. RESULTS AND DISCUSSION
3.1. Flow patterns in the gas and the liquid

Forced convection flows were given as follows. At
the upper boundary of the computational space at

z=H g, there is round opening of radius R,;, =5 mm,
through which dry air is blown (Fig. 2). The flow
velocity profile is square: V,=U, (1 —rz/Rzir),

U, =0.37 m/s. At the lateral boundary at » = R, there

cs?
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is a slot, through which air leaves the computational

space; the width of the slot is chosen so the amount of

air entering the space is equal to the amount of air
leaving the space.

Three cases were calculated:

(1) the evaporation occurs into stagnant air;

(2) in the gas medium, there are forced convention
flows, which exist from the initial time throughout
the computational time range;

(3) inthe gas medium, there are forced convection flows
that are similar to those in case 2, with the difference
that the former are pulsating; i.e., the state of forced
convection as in case 2 is periodically replaced by
the state in which the velocities at the inlet and
outlet openings become zero. The movements in
the gas, unsupported by external forces, rapidly die
out.

Figure 3 shows the velocity distribution of the gas—
vapor mixture over the droplet in case 2. The convective
flow moves down along the axis of the system and
diverges over the droplet. The velocities over the surface
of the droplet are almost perpendicular to the surface.
The component of these velocities that is normal to the
surface is a Stefan flow. As Fig. 3 shows, the velocities
of the convective flow over the droplet are twice and
more as high as the velocity of the Stefan flow. Over the
top of the droplet, a stagnant zone is formed where two
vertical flows meet: the downward convective flow and
the upward Stefan flow.
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Fig. 3. Velocity distribution in the bulk
of the gas near the surface of the droplet under forced
convection conditions

¥
LT T R4

AABFFTITAAAAAARNDTCCNRCCL Ll L) br
LIS FTTAAAANNTTTSCLLELLLL L

r
Fig. 4. Velocity distribution in the droplet under forced
convection conditions in the gas phase

The convective flows in the gas cause motion inside
the liquid. In the droplet, there is a vortex, the flow
in which falls down along the surface of the droplet
and rises up along the axis (Fig. 4). The velocities in
the droplet are much lower than those in the gas. For
example, the velocity of the flow in the gas at the point
A (Fig. 3) is 5 cm/s, whereas the velocity of the flow
in the droplet near the surface is about 1 mm/s, i.e., 50
times lower.

Figure 5 presents the time dependence of the
deviation of the droplet height from the initial
(equilibrium) value in two cases of evaporation:
evaporation in the presence of pulsating forced
convection flows and evaporation into stagnant air.
Figure 5 also illustrates the time dependence of the
forced convection velocity U; the period of pulsation
of the convective flows was 0.5 s. It was determined that
the droplet responses to the convection pulses by
vibrations at a frequency of ~250 Hz, which is the
eigenfrequency of the axisymmetric normal mode of the
droplet [16]. Figure 5 shows that the mechanical
equilibrium of the droplet is disturbed in both cases, in
both the presence and the absence of convective flows.
The droplet height in the presence of convective flows is
smaller than that in the absence of convection; the
difference is ~0.2 um. This means that the convective
flow flattens the droplet. As is seen from Fig. 5, in the
stagnation intervals, when there are no convective flows,
the droplet height is restored and becomes equal to the
height of the droplet evaporating into stagnant air. The
free vibrations under convection conditions have lower
amplitude than in the absence of it; probably, they are
suppressed by the convective flow.

Ah, um Uy, m/s

0.3
-1.0 4
-0.2
-1.51 0.1
T T g T T g T T u 0.0
1.0 1.1 1.2 1.3 1.4 1.5
ts

Fig. 5. Time dependence of the deviation of the droplet
height at the top from the initial (equilibrium) value in
cases 1 (dashed line) and 3 (semibold solid line), and
the time dependence of the maximum air velocity in the
convective flow (bold solid line)

There is also a feedback effect of the movement
on the liquids on the gas. The vibrations of the
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droplet give rise to a density wave in the gas; i.e.,
the vibrating droplet emits a sound. The density
oscillations are low: their amplitude is about 0.01%
of the air density.

3.2. Time dependence of the evaporation rate

Figure 6 shows the time dependence of the
evaporation rate J, which is the mass of the liquid that
leaves the surface of the droplet per unit time. Figure
6 presents three curves, each corresponding to one of
the three considered evaporation cases. In the studied
evaporation time range, one can see a short (<1 ms)
transient process, during which the evaporation
rate varies over a wide range. This is related to the
nonequlibrium initial state of the system. Then, there
is an interval of steady-state evaporation, in which the
evaporation rate varies insignificantly—because of
the decrease in the surface area of the droplet and in
the surface temperature of it under the action of the
evaporation. As is seen from Fig. 6, the curves at the
stage of steady-state evaporation for different cases
coincide with each other so that the difference does
not exceed 1%. This confirms the conclusions made
by authors of other computational works that the
evaporation rate under the considered conditions is
independent of the presence of convective flows in the
gas phase [2, 10]; however, this contradicts the results
of experimental studies of evaporation under forced
convection conditions [8, 9, 15].

_rh,ug/s
16 |
: o -
1 o-2
14 A -3

10 1

0.0 0.5 1.0 ts
Fig. 6. Time dependence of the evaporation rate from
the surface of the droplet in various evaporation cases

It was assumed that this disagreement is due to the fact
that, in forced convection experiments, Stefan condition
(10) is violated, whereas in numerical calculations,
this condition is postulated. It is impossible to directly
check whether or not the Stefan condition is valid in the
experiment; however, there is indirect evidence that it is
invalid. For example, the dependence of the evaporation
rate from the surface of a droplet under diffusion control
on the contact radius is a linear function [14, 15], and
the fact that this condition is invalid suggests that the
evaporation is not diffusion-controlled. Thus, the
nonequilibrium conditions produced by the action of
the convection on the surface of the droplet increase the
evaporation rate.

CONCLUSIONS

The evaporation from the surface of a sessile droplet
in the presence of forced convection flows in air was
numerically studied, and the following results were
obtained.

The forced convection in the gas phase affects the
shape of the droplet and the flows in it. In the case of
pulsating convective flows, the droplet responds to the
beginning and end of the convection by vibrations at the
eigenfrequency of its normal mode. After the vibrations
die out, there is a flow in the droplet, which is caused by
the flows in the surrounding air that are tangential to the
surface of the droplet.

The curves ofthe time dependences of the evaporation
rates in the cases of the evaporation into stagnant air and
in the presence of forced convection flows coincide with
each other, which agrees with the results of computational
works [2, 10], but contradicts the data of experimental
studies [7-9, 15]. It was assumed that this disagreement
is due to the appearance of nonequilibrium conditions at
the boundary of the condensed phase, under which the
evaporation ceases to be diffusion-controlled. Thus, to
numerically describe the effect of convection in the gas
phase on the evaporation from the surface of a liquid, it
is necessary to have a model of the interaction of flows
with the matter in the Knudsen layer, at the boundary of
which the obtained conditions should be joined with the
systems of equations written for bulk regions.
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HEKOTOPBIX COMAJIbHBIX MIPOIECCOB
C MOMOIIBI0 TEOPETUKO-UTPOBBIX MOAX010B
U IPUHATHE HA UX OCHOBE YIIPABJIECHYECKHUX PellleHNH
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MUP3A — Poccuiicknii TexHos1orn4ecknii yamsepceutet, Mocksa, 119454 Poccus
@ AsTOp AN nepenvcku, e-mail: krasnikovkirill@yandex.ru

Pe3iome. B cTaTbe C MOMOLLLIO TEOPETUKO-UTPOBbLIX MOAX0A0B MOAENMPYETCH YeNI0BEYECKOEe COOOLLECTBO KakK Au-
HamMun4deckasa cuctemMa n nccnenyetcd, Kakoe BJINAHME OKa3blBAOT Ha COCTOAHUE 3TOM CUCTEMbI Takme aTn4yeckmne
HOPMbI MOBEAEHMS, KaK 3ron3M 1 anbTPyusM, Mopanb (Ha npumepe nmMmnepatmea KaHta mnm 3010TOro npasuna
HPABCTBEHHOCTU), a TAKXe U3y4aeTcs BONPOC onpeaeneHns 3ddekTMBHOCTN COOOLLECTBA B 3aBUCUMOCTM OT npe-
Ba/IMPYIOLLEr0 CPpean ero npeacraBuTenein MMpoBo33peHuns. Ha npumMepe nrpoBo MOAeNy coumanbHOro Bbibopa
Mexay ABYMS HOpMaMu NOBEAEHNS: OAHOW OOLLENPUHATON, HO YCTapeBLLEN, 1 APYroli HOBOW, eLle He pacnpocTpa-
HEeHHOW, HO 6osiee NepeaoBO N NPOrPEeCCUBHON, NOKa3bIBAETCS, YTO COOOLLECTBa, cpeav NpeacTaBUTeNIen KOTOo-
PbIX npeo6nap,aeT npenmyLLecTBeHHO 3roncTtnieckoe MMpoBo3peHne, MeHee CKJIOHHbI K MHHOBaUUAM U OTKa3y OT
yCTapeBLUMX HOPM noBeaeHus. M HaobopoT: Te CoobLLEeCTBa, NPeacTaBUTENN KOTOPbLIX pasaensaioT 6a3oBble aTu4e-
cKkme NpuHUMNbI, yBEPEHHee 1 ObICTpee nepexoasT Kk 6osee nepenoBbiM U 61aronpusaTHLIM 19 COO0LLECTBA B Lie-
JIOM noBegeH4YeCkKMM HOpMaMm. B 3akntoyeHun pa6OTbI C NOMOLLBbIO MOAeNnn noporoBbIX 3Haquvu7|, onpenensarmnx
KOMNEKTUBHBI BbIOOP, UCCNeayeTCsa BOMPOC, Kakne npenmMyLLecTsa npuobpeTaeT COOOLLECTBO, B KOTOPOM BEAETCS
LeneHanpaBsieHHad BoCcnuTaTesbHasd, NpocBeTUTeSIbCkKad AeATeJSIbHOCTb, MPM3BaHHAA NMOBbICUTb YPOBEHb MOpaJin N
HPABCTBEHHOCTU CPean ero npeacrtasuteneil. NonyyeHHble pe3dynbTaTbl MOryT ObiTb MCMOMbL30BaHbI, BO-MEPBLIX, B
Ka4yecTBe COCTaBHOW 4YacTu KypCa no matemMmatnieCkmm OCHOBaAM 3TUKWU, KOTOprVI MoOr Obl UICMOJTHATb (DyHKLI,VIVI BOC-
nuTaTenbHOM PaboThl B BbICLUMX M CPeAHNX YYeOHbIX 3aBeAEHMSX, @, BO-BTOPLIX, A9 Lienel OLeHKN 9DPEeKTUBHOCTH
NPOBOAMMOM BOCAUTATENbHOW PabO0Thbl M FOCYAAPCTBEHHOMO NNaHMPOBAHWS B Chepax BOCMUTAHMSA 1 06pa3oBaHus.

KntoueBbie cnoBa: Teopusi Urp, KOHPINKTHbIE PABHOBECUSI, MOAENNPOBAHNE COLMANBbHO-3TUYECKMX HOPM MOBEe-

neHus

e Moctynuna: 28.12.2020 » Aopa6oTaHa: 26.05.2021 ¢ MpuHaTa k ony6nukoeanuio: 12.07.2021

Ana umtupoBanua: KpacHukoB K.E. Matematnyeckoe MOAenmpoBaHME HEKOTOPbLIX COLMabHbIX NPOLLECCOB C MNO-
MOLLbIO TEOPETUKO-UIPOBbLIX MOAXOO0B U MPUHATUE HA UX OCHOBE YrpaBfieHYeCKUX pewleHunn. Russ. Technol. J.
2021;9(5):67-83. https://doi.org/10.32362/2500-316X-2021-9-5-67-83

Mpo3payHocTb GUHAHCOBOW AEATENIbHOCTU: ABTOP HE MMeeT GMHAHCOBOWM 3anHTEPECOBAHHOCTM B NPEACTaB/IEH-

HbIX MaTepuanax nin Mmetogax.

ABTOp 3asaBnseT 00 OTCYTCTBUA KOH(DJ'II/IKTa NHTEepPEeCOB.

INTRODUCTION

What is the world’s driver? “The world is set in
motion by ideas, and the ideas are realized in the world
through people.” Since the human community is an
example of a dynamic system, its state is determined
in each moment in time by some internal and external
parameters. For example, while the state of vapour

inside a steam engine is determined by pressure
and temperature, the state of a human community is
determined by dominating in the given community
cultural and worldview principles.

These worldview principles are embedded in every
member of a community mainly by education and
upbringing. Therefore, to establish the state policy in the
area of education and culture it is important to investigate
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and analyze the influence of moral and ethical values on
the development of the community.

On September 1, 2020, the State Duma of the
Russian Federation adopted amendments of law “On
Education in Russian Federation” recommended by the
President of the Russian Federation. As a result, the law
has determined the concept of youth development as the
activity targeted “to the development of an individual,
creation of conditions for self-determination and
socialization on the basis of sociocultural, moralethical
values, and also “the formation of patriotic feelings and
education for citizenship, respectfulness to the memory
of Motherland’s defenders... to the law and order,
to working and older people, mutual respectfulness,
careful relation to cultural heritage and traditions of
multinational people of Russian Federation, and to the
nature...” [1].

The law also requires middle, middle professional
institutions and higher schools to make corresponding
changes in their programs on youth development and
related educational work during the period of one year
(before September 2021).

The following questions arise, however:

e What specifically are these values that should be
cultivated in the young generation?

e In what way will these values affect the
development of the community as a whole at the
time when students—having reached the age of
maturity—become fully responsible members of the
community?

¢ And most importantly, how we should evaluate the
efficacy youth development that is conducted?
Philosophy and psychology are not the only two

domains that can help to get answers to these and other
arising questions. It may be surprising, but mathematics,
particularly one of its applied branches—the game
theory—can do the same.

In this paper, using approaches of the game theory
we model the influence of such behavioural norms as
egoism and altruism, morality (we understand the latter
in terms of Kant Imperative and closely related to it
the Golden Rule of Morality) on the process of making
decisions by individuals in some human community. We
develop a game model of choice between two norms
of behaviour: the first of which is generally accepted
but less effective, and the second one—new, poorly
known but more favourable for the community as a whole
once it spreads throughout the community. This model
rather indicatively illustrates how dominating among
members of a community moral and ethical norms can
lead the community either to progress and wellbeing, or,
in contrast, to disintegration and degradation.

In Conclusions, an attempt is made to model how
youth development and educational work affects
the process of making decisions by members of the

community that results in a growth (according to a
certain law) of the moral level of the community.

Let us briefly overview the results obtained in this
area of research by Russian and foreign thinkers.

OVERVIEW OF MODELS OF SOCIOETHICAL
BEHAVIOUR BASED ON THEORETICAL
APPROACHES OF THE GAME THEORY

Since the time of Adam Smith [2], the founder
of economics theory, it has been generally accepted
that first and foremost it is an individualistic motif of
personal well-being maximisation that is a driving force.
Even the term homo economicus had appeared—the
rational human.

However, even Adam Smith himself had doubted
this. For example, in his work “The theory of moral
senses” [3] he introduces the notion “sympathy”—the
sense which is the attribute of people forcing them to
behave sometimes exclusively against their interests.

In the 20th century there appeared a new area of
research (behavioral economics) that studies the impact
of psychological, moral and ethical, cognitive and
cultural factors on making a decision. This analysis is
highly demanded because it more realistically—than the
generally accepted classical yet rather inaccurate homo
economicus model—takes into account all aspects which
affect making a decision by a human.

Because one of the branches of mathematics used for
analysis of processes in economics is the game theory, a
lot was devoted to model the processes and phenomena,
which until recently have been the subject of sociology,
philosophy, and psychology.

One of the first attempts to model moral-ethical
behavioral norms employing a game theory approach
was undertaken by prof. Braithwaite in his lecture in
Cambridge in 1955 [4]; ever since similar studies have
been conducted on regular basis by different authors.

For example, in his work “Models of Game Theory
and Making Decisions in Ethics” [5] Nobel Prize winner
J. Harsanyi argues that ethical (moral) behavior is based
on the notion of collective rationale that goes beyond the
frameworks of a traditional for the game theory concept
of maximization of individual or cooperative income:
“The theory of rational behavior in social medium can
be divided into game theory and ethics. Game theory
applies to two or more individuals, who often have
different interests, and who attempt to maximize their
(selfish or selfless) interests in a rational way against
all other individuals, who also attempt to maximize their
(selfish or selfless) interests” [5].

Harsanyi, in his work “Utilitarianism of rules and
the theory of making decisions” [6], applies a
fundamental concept of utilitarianism for the creation of
a more realistic model of making decisions by
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individuals in a community. Utilitarianism is the branch
of ethics, according to which moral and ethical values
of any act are determined by combined utility brought
by this act to all individuals for who this act has the
influence [7]. In this respect, Harsanyi introduces a
function of a social utility, which value for each
participant in every point (of each behavioral strategy)
is determined by the average value of all participants:

N
W.(s)= %ZUI- (s) [5]. The theory of utility is discussed
in more detlaill in [8].

This approach was significantly developed by
many experts on behavioral economics and game
theory [9-11].

We have to draw attention to the so-called
evolutionary game theory, which is the game theory
application for the investigation of the development
of populations in biology as well as sociology.
The feature of this theory is that it analyses, as a
rule, repeatable games; therefore, each strategy is
evaluated on the basis of whether it is evolutionary
stable that is capable of being verified by the time.
For example, ifapplied to biology, different strategies
represent genetic traits—inherited by descendants—
which determine the behavior of species. Based
on evolutionary game theory it was possible to
justify—often observable in nature, particularly for
social species,—“gentlemen’s” and even altruistic
behavior that is a behavior for the benefit of species.
This in no way agrees with Darwinian assumption
that natural selection happens at individual level [12,
13].

With regard to researches conducted by Russian
scientists, we refer to work Yu.B. Germeier and
LLA. Vatel’ “Games with hierarchical vector of interests”
[14]. In this work the authors to analyze a problem of
distribution of resources between individual and societal
needs introduce a notion of “egoism” in relation to
the needs of the given community for the case when a
participant prefers to spend all means at his possession
exclusively for personal objectives ignoring societal
interests.

Some ideas proposed by Germeier and Vatel’ laid
the foundation for a model of compliance of communal
and private interests (CCPI-model) [15, 16]. In this
model a two-level community is discussed, and similar
to [14] the problem of resource distribution between
private and community needs is investigated. In [16]
participants are divided into two classes depending on
whether they prefer to spend resources for personal
or communal objectives; these are individualists and
collectivists.

In 2017 in game theory-oriented journal “Games”
(Basel, Switzerland) a special edition was issued under
the title “Ethics, morality and game theory” [10].

In this edition, a collection of articles of different
authors were presented; these articles covered the
problem of modeling moral-ethical norms of behavior
and their impact on decision making by participants of
the game problem.

In “Behavioral strategy of moralists and altruists”
[11] in addition to already mentioned types of behavior,
based on individualism and collectivism, a third class
of participants is introduced. These participants when
choosing their own strategy follow Kant Imperative,
according to which “a human has to strive so that his
or her goal is to become a part of general law” [7] or a
Golden rule of morale: “treat people the way you would
like they treat you” [17]. The essence of such behavior
if applied to a game theory model means that before
choosing a strategy, every participant assumes that with
a certain probability all of the participants would choose
the same strategy. Therefore, it is the assumption that
must be taken into account when making a decision and
acting.

Analogously to homo economicus—rational
human (to name the first class of participants—
individualists, who are guided exclusively by
achieving the maximum of their personal income), the
participants of the third class are named in [11] homo-
moralis—moral human.

This type of behavior can relatively successfully be
used to model a dynamic model of social choice between
two norms of behavior: the first one which is traditional
but less favorable and effective and the second one
which is not applied yet by most participants. However,
employing the new norm by the vast majority of
members of the community under consideration would
enable the community as a whole to attain much better
results. It is shown that specifically the participants of
homo-moralis class are able to a certain degree to serve
as an example of how to employ the new behavioral
norm even though being initially a minority and losers,
and thereby leading the community to a fundamentally
new qualitative level.

According to [11], since the transit to the new
norm may not occur under natural conditions, an
educational model is also considered. This model
supposes that the level of morale and “consciousness”
in the community as a result of some educational
activities is enhanced in accordance with a certain
law. As a result, a greater number of individuals
accept new behavioral norms; the latter is becoming
generally accepted by the community and is leading
to undoubted progress.

THE MODEL

In this paper, a gaming model with N participants
is considered. It is supposed that all participants choose
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their own strategies from the same set of permissible
strategies.

Assumption 1. Let O be a metric space, G—a
compact set:

A
G=0N=0x...x0.

[ ——

N

Let continuous functions (a  functional)

J,-(CI),I':1,_]\’,61:((11,--~,QN)€G are determined in set
G, where ¢; is the strategy of the ith player,

A
q; € 0.4' =(qy,--.9;_1-9;41>----qy) are the strategies
of the rest N—1 players with a fixed strategy, g, of the ith
player, ¢'eQNL Ji(q) is the payoff function
(functional) of player i, which determines the size of
some benefit or resource gained by the ith participant
when choosing strategy ¢g; while the rest participants
choose strategy ¢'. Under these conditions

J;i(¢),i=1,N are supposed to be transferable, which
means that they can be split and distributed in any way
between the players.
AN
Let J(g)= ZJ (@) s the total payoff function of all
k=1

A
players, J'(g)= ZJ (@) is the total payoff function of

k#i
all players but the ith player.

Definition 1. We will call a game problem for which
Assumption 1 is valid a classic game (or Game) G"® if
each of the players when choosing strategy q; € Q, aims
to get maximal payoff function J; (qi,qi).

This a classic problem statement in game theory
that models the behavior based on getting exclusively
personal benefits. In order to stress that every player
maximizes only own payoff function and distinguish
it from the model as determined below, we will also
call it the model of participants—individualists or the
homo economicus model as it is called in [11].

Alternatively, a class of game problem is considered
in which every player supposedly takes into account
(with some weighting coefficient) interests of other
participants. This statement is modeled by a transition
from initially stated problem with a set of payoff

functions {Jl-,i = I,_N} = {J,-}, to an auxiliary problem
determined by a parametric family of wtility functions
Ui ={u}.

Definition 2. We will call a game problem, satisfying
Assumption 1, game G% if every player aims to realize
maximum of his utility function U;, which is expressed
through a payoff function of the given player J;(q) and

a total payoff function of the rest players J'(q), as
follows:

1 _o
Ui(@) = (1= ) (@)+ = J'(@),

N-1 —
qeG,oceR,oce[O, ],i=l,N. (1)
N
AN
Let us use substitution B=Ocm. As

N-1
oE [O,T], B €[0,1], and utility function U;(¢) can

be written in the following form:

B

Ui(q)=(1—I3)J,-(61)+NJ(61),I36[0,1]- 2

The model, written in this form, determined by
utility functions (2), can be considered as a public goods
game, in which functions PJ;(¢) determine a
contribution of the ith participant to some community
needs. Term (1-[)J ;(q) determines a part of resources,
which a participant holds for his own needs, while sum

%J (q) determines what he gets from the community.

Unlike the first model (of participants—
individualists) the model given by Definition 2, supposes
that there is no direct antagonism between participants,
and even the interest of other participants is taken to
some degree into account that follows from the form of
function (1). Therefore, this model can be called a model
of participants—collectivists. Note that in a number of
publications (for example, in [2, 4, 6]) similar models
yet with somewhat different forms of utility functions U,
called the models of participants—altruists.

A number of works accomplished by the author are
devoted to this model. For example, in [18] it is shown
that in the class of participants—collectivists G* under
a certain degree of cooperation between participants
that is modeled by parameter a, total payoft function J
becomes the strongest game equilibrium.

When considering the third model, which is
predominantly discussed in this paper, note that there is
something common in behavioral and decision making
patterns, given by Definitions 1 and 2. Both individualists
and collectivists (or altruists as they are called in a
number of papers) do not care to some degree of means:
if the former pursue exclusively a personal interest,
the latter with some weighting coefficient care about
community’s good. Because according to Assumption 1
all participants can use the same set of possible strategies
(actions) Q, the players from both classes when choosing
a strategy do not take into account what may happen if
the rest participants choose the same strategy. However,
the participants of the third class—homo moralis—as
called in [11, 19], do analyze what may happen.

In the basis of the behavioral pattern that corresponds
to this class lies a well-known ethical principle—Kant’s
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categorical imperative: “Act so that maxima of your
will could be a universal law [20].” A close in its sense
principle is known in ethics under the name “Golden
rule of morality:” “Treat others as you want to be treated
by others” [21].

In [11, 19] this principle is suggested to be modeled
in the following way. Let the ith participant supposes
that every other player with probability &; €[0,1] will
choose the same strategy as he does, and with
probability (1 — k), it is a different strategy. Thus,
every player, when choosing strategy ¢q; €0, gets
known from the probability theory Bernoulli scheme of
N — 1 trials (corresponding to the rest players). The

scheme has two outcomes for the jth trial, j =1, N —1:
jth participant has chosen strategy q; = q; or strategy
(q i ;). Under these assumptions, instead of initial
payoff functions, the game is conducted on utility
functions, which for every participant represents a
mathematical expectation described by binomial
distribution.

Definition 3. We will to call a game problem, which
meets Assumption 1, game G™ (the game in homo
moralis class), every player instead of his initial payoff
Sunction J; pursues maximum of utility function W,
defined as mathematical expectation of random value

Ji(ql"qi):

W'i(qi,qi) = Eki [Ji(ql.,cii)],
q; € 0k, e Rk, €[0,1],i =1, N, ©)

where @’ is a random (N — 1)-dimensional vector with
values taken from ON71, having the following
distribution: exactly me€{0,...,N—1} number of its
component with probability &/ (1— kl.)N =1 gets value
equal to g,, the rest components keeping their initial

values.

N-1)A
Note that for each m there are =C}_, ways
m

to choose m out of (N — 1) components of ¢'.

We also note that for k; = 0 only one random vector
gets a value with a non-zero (equal to unity—that is
total) probability. It means that a random vector gets the
only value, namely the one which corresponds to the
argument  of  function W, In this case
Wi(ql.,qi) =J (qi,qi), that is the players from class
homo moralis with coefficients k; = 0 are actually the
participants—individualists of the first class G". It will
be demonstrated more clearly in the model of social
choice to be considered below.

For example, for a game with three participants the
utility function (3) has the form:

I/Vi(ql'aqjaqk): (1_ki)z']l'(qjaqjaqk)-‘rkj(l_kj)x

X J,»(q,-,q,-,qk)+k,-(1—k,-)J,-(qi,qj,q,-)+k,-2J,»(q,-,ql-,q,-).

SOCIAL MODEL OF CHOICE BETWEEN
TWO BEHAVIORAL NORMS

Let us illustrate the difference introduced in
the previous section between three behavioral
patterns using an example of a coordination game. A
coordination game implies a class of game problems
with pure strategies, in which participants obtain
substantially higher gain if they choose equal or
corresponding to each other strategy than if they choose
different strategies. This class of game problems
models life situations for which some new, progressive
behavioral norms if employed by few do not have
significant influence on community life. Let us assume
that separate garbage collection by a small group of
enthusiasts does not have a noticeable ecological effect
on the environment in the region. However, when such
a behavioral strategy becomes a norm and employed
by a majority of community members, this kind of
garbage utilization can substantially reduce pollution
of the environment. If we consider this situation as a
game model, then the two strategies emerge before
every community member: to act in the old way or to
use new behavioral models.

As an example of a coordination game with two
participants, let us consider the following problem
taken from the paper of Edna Ullmann-Margalit “The
Emergence of Norms” [22]. Let two gunners in the
course of a battle have to choose whether to run away
from the enemy or stay and continue to fight. Their
gun is in a strategically important mountain pass. If
they both stay, the enemy may take the pass, overtake
them and take them. If one of the gunners stays but
the second one runs away, the brave gunner will be
killed and his partner, the aimer, will have enough time
to escape for his good. Supposing that the both will
attempt to survive, both soldiers have reasons to run
away. So each of them has a choice: to run or stay and
fight.

Table 1. Payoff matrix of the problem

Fight Run
Fight (2,2) 0, 3)
Run (3.0) (1,1

Note that coordination games have a lot of
applications in economics, described in [5].

Let us now consider a coordination game,
representing a model of social choice in the
problem of many participants, described in [2].
Let N participants of some community make
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independently from each other a choice between two
behavioral norms (strategies) 4 and B; norm A being
more effective than norm B in the sense that if all
individuals make a transit to norm A, the well-
being (in a broad sense) of each participant will be
higher than in the case when all participants choose
norm B. However, norm B is commonly adopted,
which is why at the beginning of the social model all
participants choose norm B, while 4 is a new norm
for them.

For example, we often see that young people—
when in the process of socialization find them in new
social groups (classmates, friends, etc.)—takes over
from some members of these groups habits which are
not always useful. But sometimes we have opposite
examples. Suppose a group of acquainted individuals
dependent on a harmful habit. If somebody from
this group has managed to get rid of this habit, he
or she initially experiences discomfort since he
or she becomes kind of “a white crow.” However,
gradually other members of the group begin to
follow the example of that individual, and starting
from some critical fraction of those who got rid off,
others who are still subjected to the harmful habit
feel “disapproval.” Gradually, the community as a
whole begins to change relation to this harmful habit:
banning advertisements in mass media is introduced;
selling to youngsters is also being banned, etc. This
change of attitude in a community and increase in
restrictions makes the lives of followers of harmful
habits more and more difficult as long as a healthy
way of life becomes a norm. This, in its turn, results
in the decrease in occurrence of various illnesses,
births of healthier children, and strengthening the
gene pool. In other words, the transition to a new
norm of behavior has a rather positive effect on the
development of the community as a whole. A lot of
other similar examples can be given to support the
above said

Let us clarify under what conditions a community
is able to have a transit from less effective old norm
B to more effective new norm 4. In order to make
this transition we will formulate the described model
in terms of a game problem. First, let us consider a
steady-state case, and then study dynamic behavior of
the model.

Let q; € O = 10,1} isthe choice of the ith participant,
where g, means that norm 4 is chosen, and if ¢; = 0, then
norm B is chosen. If the ith participant chooses norm A
and other 7, participants also choose this norm, then the
payoff function of the ith participant takes the value of
a-n 4. On the other hand, if a participant chooses B and
n other participants acts the same way, then the value of
his utility function equals b-nz. We will suppose that
0<b<a.

In the model of participants-individualists G, the
payoff functions have the following form:

N
J,'(qiaql): aq; ;‘Ij +
N .
+b(1—ql.)2(l—qj),qi€Q,q’eQN—ll @)
=1

For the model of participants—collectivists G* , the
payoff function takes the form:

U,'(ql'aqi): (I—Oc)Jl.(ql.,qi)+

N
o .

N S (@05).q; € 0.7 €OV, (5)
N-1i5

k#i

+

where J; and J, are determined by formula (4),

N -1
ae [O,T] is the parameter that determines to what

degree each individual prefers community interests. For
o = 0 functions (4) and (5) are equivalent to each other:
J; =U,. 1t is not difficult to realize that both for the
players of the first and the second classes independently
of the value of coefficient a the problem has (according
to Nash) two situations with equal weights—either all
participants choose norm 4: ¢ = (1,...,1), or B:
q =(0,...,0).

Thus, if norm B is considered as generally accepted
and each player supposes that the rest will do choose
this norm, while the number of players is high enough
and a direct cooperation between them is impossible,
then in the case of participants pursuing exclusively
personal interests, norm B remains to be an equilibrium
since by acting alone in choosing 4 the player would
get nothing.

Similar situation is in players’ class G“ that takes
into account interests of other participants. Even at low

N
that means that the utility function—which is maximized
by every player—is directly proportional to a total
payoff function, neither of players wish to step away
from less effective norm B since the community as a
whole will get less if a participant makes transition to
norm A.

However, the situation changes radically for the
players of the third class (homo moralis). Utility
functions, the maximums of which the players of this
class wish to attain, according to Definition 3 have the
form of mathematical expectation:

N
1 1
values of coefficienta, when U;(¢) = —J(q) = — ZJk ,
N k=1

Wi(q)=Ekl_ [J,'((],-,qi)]a where ¢’ is a random vector
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with such distribution that with probability g’
kMm(1=k)N=m1 exactly its  me{0,...,N—1}
components takes the value equal to g,, other components
retaining their initial values. This distribution looks like
the well known from the probability theory binomial

distribution, BN ! however the condition applied to

the latter is dlfferent namely, (N-m—1) of its
component must have their initial values (that is values
in point ¢ € G, in which the values of function W,(q)
are determined) unchanged.

Thus, the values of W;(g;, q") are determined by the

expression:
N-1
, N -1
m@40=2[ yﬂ%hWW4x
m=0\
I
N-1-m &
[ag; - (mq; + —— ng,,q B
j;ti
4 b(1—g)m(1—g,)+ = o 2(1 g (6)
j;tz

11

where term / corresponds to the case when ¢, = 1,
and term //—when g; = 0. The term with coefficient
N-1-m

N-1
except for those m players, whose strategies are
considered equal to ¢, keep their strategies
unchanged.

Once again formula (6) clearly shows a feature that
we already mentioned: for k£, =0, Vlfi(qi,qi) =J,; (ql.,qi),
i.e., participants belonging to homo moralis with
nonzero level of coefficient k; become players—
individualists.

If all players choose the strategy A4, then the ith
participant also gets (N — 1)a by choosing A4, but if he
decides to choose B, his utility function equals to:

reflects the situation that the rest players

W.(0,q" =(1,...,1))= bz[ Jk’"(l k)N=m"tm. (7)

Let us simplify expression (7). Because for m = 0
the corresponding term of the series also equals 0, the
summation can be performed starting with m = 1. As

(N—l) (N-1)!
m=———"—m=
m m!(N —1—m)!

__ (N-DHV-2) :(N_l)(N—2}
(m=1DIN =2-(m—-1))! m—1

expression (7) can be rewritten in the following form:

W.(0,q' =(1,...,1)) =

ENN-2
=b(N-1)) (m_l)kikim‘l(l —k)N=2=(m=1) =
m=1

A
= {Substitution: m — 1=/} =

N-2
N —

=b(N-Dk; Y. (

=0 !
= {Newton's Binomial Formula} =

= b(N =)k, (k; +(1—kl.))N_2 =b(N —1)k;. ®)

)k{(l—k,.)N—2—l =

If all players choose B, then acting as everyone the

ith participant gets W;(0,...,0)= (N —1)b, but when
choosing 4 alone, he gets
W,(1,4" = (0,...,0)) =
az ( jk’”(l—k YN
=a(N -k, ©)
b .
Thus, for k; >— it happens that
a

Wl.(l,qi =(0,...,0)) > W,(0,...,0), that is a player with
high enough level of coefficient £, is ready to make a
transition to the more effective norm A even if he is
alone. It is worth to note that in a homogeneous
community, in which all participants have the same level

b
of the coefficient k; > —, situation ¢ =(1,...,1), meaning
a

that all participants choose A,
equilibrium as defined by Nash.

A more realistic scenario, however, is the so-
called heterogeneous case, when coefficients k; of
all members of the community in question can be
different.

appears the only

THRESHOLD VALUES IN THE MODEL
OF HETEROGENEOUS COMMUNITIES

Let us introduce a concept of a threshold value to
study such heterogeneous communities. Under the
threshold value 6, of the ith participant we will imply
the least fraction (of the total number of other
participants of the community that have made a
transition to norm A) required that the ith participant
would have also made a choice in favor of norm 4. For
example, the ith participant makes a transition to the
norm 4 if he believes that it will be chosen by half of the
community, and the jth participant makes so if one third
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. _ 1
of the community chooses norm 4. In this case 6; = 5

and 0, = %,

We can determine a threshold value i€ {l,N} for
each number on the basis of the following reasoning. Let
the ith participant supposes that 7 €{0,...,N =1} other
participants will choose norm 4. Then, the participant’s
utility function for the case of choosing B will take the
form:

N-1
W.(0,g)=bY (N l)kl.’” X
m=0 m
N-1-m
N-1
1

X (1= k,)N=1=m| (N-a-1)+m]=

N-1 1\ —1—
5y (N=DY N=L=m g yN—tom (v — = 1)+
m(N-1-m)! N-1 '

m=0
N-1
N-1
+bYy ( ]kim(l—ki)N‘l‘mm.
m=0 m

17

For m = N — 1, the corresponding term of series /
equals 0, therefore the upper limit of the summation can
be substituted with m = N — 2. According to formula (8)
term /] equals b(N —1)k;, therefore

I
N-2
. N-2
W.(0,4")=b 2( Jkl?”(l—kl.)N‘2‘mx
m=0 m

X (I=k )N —-n-1)+b(N —1)k; =
= {Newton’s Binomial Formula applied to /} =
=b-[(1-k)N—-n-1)+(N-1k]=
=b-[(N—-n—1)+nk]

If under the same conditions the ith participant
chooses norm 4, he gets

N-1
) N -1
o3 (M s
m=0

N-1-m
N -1
=a-[(1-k)n+(N-Dk;]=a-[n+(N-n-1)k]

X (1= k)N=1=m] A+m]=

Thus, the ith participant will make a choice in favour

of norm A if W.(1,4")>W.(0,q"):
a-[n+(N-n-1)k;12b-[(N-n—1)+nk;] This
condition is equivalent to the following one:
7 b—ka A
2 (10)

> =0,
N-1 (a+b)(1-Fk) '

where 0; is the threshold value, i.e., the minimal fraction
of participants who have chosen norm 4, at which the ith
participant is also ready to make a choice in favor of

b
norm 4. Note that when k; > —, the threshold value 9,

a
isnegative; this can be interpreted so that for a sufficiently
large value of coefficient £, (determining the level of
morality as interpreted in [2]), the ith participant is ready
to make a transition to a new norm even if he is alone in
this decision.

Also note that players with the lowest acceptable

level of coefficient k. =0, the threshold value 6, = s
a

It means that if the fraction of community members
who have made a transition to norm A exceeds this
level, even players—individualists make a transition to
norm 4.

To model inhomogeneity of a community
relatively a coefficient k; and correspondingly the
threshold value 6, of each individual, let us consider
a distribution function F(x):R —]0,1], its values
equal to the fraction of the total number of the
community members whose threshold value 0; does
not exceed x.

If the threshold value ©of some member of the
community consider as a random value, that takes some

o b )
value within interval (—00, j:|, then we can consider
a

the function F(x) as a function of the distribution of the
given random value: F(x)=P(0<x), where P is a
corresponding probability equal to a fraction of the total
number of those community members whose threshold
value does not exceed x.

To find numerical parameters of the distribution of
a threshold value at which members of the community
are ready to make a transition to a new behavioral norm,
we can rely on a special area of statistical research called
moral statistics.

Moral statistics covers a broad area of problems
related to negative phenomena in a society, such as
different kinds of criminality as well as violation of
social order and violation of moral-ethical norms.
Positive phenomena that characterize morality of
the population are also studied by moral statistics;
participation of citizens in public organizations on
preserving the environment, free donation, participation
in rescue services, etc. [23].

For example, if we assume that there is free blood
donation at some enterprise or university, then each
employee, the enterprise or student has two strategies:
to participate in donation (norm A4), or not (norm B).
Since it is difficult to formalize the sense of moral
satisfaction experienced by a person participating
in these activities, finding numerical values of
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Fig. 1. Distribution function F(x) for threshold value 9;

coefficients a and b is impossible. However, threshold
values, corresponding to the transition from 4 to B can
be found numerically.

To make this, a sociological study among those who
came up to donate can be conducted in order to clarify
and evaluate the number of their acquaintances who
had participated in the donation of blood before they
decided to do the same. This will enable us to determine
a threshold value for each participant.

Of course, the particular form of a distribution
function will be different for each problem. However,
because the considered social model is supposedly
rely on high enough number of participants, we
can take Gaussian function of normal distribution
with mathematical expectation p and dispersion o2,
where p and o are the parameters characterizing a
community:

1 2/(252
F(x)=—— | e /2% gy,
oV2n _'[o

In the above example of blood donation, the average
threshold values for all interviewed participants enable
to determine mathematical expectation, while mean
square deviation determines the dispersion.

The graphs of distribution functions for different
parameters p and ¢ are shown in Fig. 2. Note that F(x) =1

b
fi >—.
or x "y

a
Here, the normal distribution serves as an approach,
since in the real world when analyzing social processes,

we should take into account a human factor; this is
because humans are capable of self-organizing and
because they have memory.

A number of contemporary authors (D.O. Zhukov,
T.Yu. Khvatova, and others [26, 27]), have researched
stochastic dynamics in the social systems based on a
cellular automaton; a memory system of participants
is taken into account. The memory system is the
dependence of a state, in which each participant is
present, on the same state in previous moments of time.
This model enables via giving initial parameters of a
system (for example, the number of contacts between
community members) to find a distribution function
of threshold values required for the community
as a whole to make a transition from one state to
another.

Let us analyze the dynamics of a transition between
norms 4 and B.

THE DYNAMICS OF A SOCIAL MODEL

We will analyze the dynamics of a transition of the
community members in a certain time interval [z, T].
We begin our analysis from a model with a discrete time
increment Az, and then will make Ar approaching to
zero. Let N 4(7) is the number of community members
who choose norm A at time £. We have the following

gives the fraction

» N4
condition: N ,(Z,) =0. Then N

of participants making a transition to 4 at time ¢.

: . NO)
According to the definition of F(x), F N1 is the
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fraction of the total number of individuals, whose the

N 4(1)
threshold value does not exceed T Therefore, the

number of individuals making a transition to A at the
next moment in time is determined by the following

: N,@®
relation: N, (t+A)=F N1 “N. If we suppose

that the community is large enough, then N —1= N. By
denoting the fraction of all individuals who have made

" . ANL@®
a transition to norm A4 at time ¢ asx(?)= N we

obtain

x(t+ Af) = F(x(t)) (11)

or

x(t+ At) —x(¢) = F(x(1)) — x(2). (12)

It follows from the last expression that if
F(x)>x, then x(f) and correspondingly N ,(?)
increases with time, and if F(x)<x, then N (?)
decreases. If in equality (11) Az — 0, then we obtain a
condition for equilibrium: x(¢) = F'(x(¢)), at which the
number of individuals who have made a transition to
norm A stabilizes. The states of the equilibrium
correspond to a fixed point in the graph of the function F.

These states, however, can be both stable and unstable.
To illustrate this feature, let us consider an example.

THE STABILITY
OF EQUILIBRIUM STATES

Let us consider a community with the distribution
function F(x) of a threshold value ©, shown in Fig. 2.
First, we analyze a model with discrete time. According
to the initial condition N 4(7,) = 0. Individuals with the
negative value of a threshold will be the first to make a
transition to norm 4, therefore N , (A7) = F'(0)- N. In the
next moment in time a transition will be made by
individuals whose threshold value does not exceed the
fraction of participants who chose to make a transition in
the previous moment in time. That is
N ,(Ar)

N
At — 0, we get a continuous process.

Function F, displayed in Fig. 2 has three fixed points
and corresponding equilibrium states: point L near zero,
points M and P near unity.

The feature of points L and P is that they are stable:
if the fraction of the individuals who made a transition to

NA(2-At)=F( )=F(F(O)),and so on. Once

norm 4 is close to 0; or 0, then it will oscillate closely
about these values. Indeed, as shown above, for x <6,
F(x)>x, therefore, N ,(¢) is increasing. And vice
versa,if x>0,;. N ,(?) is decreasing.

0.8 +

0.7 r

0.6

F(x)
o
o

04 r

03 r

0 1 1 1 1 1
0 0.1 0.2 0.3 0.4

0.5 0.6 0.7 0.8 0.9 1

X

Fig. 2. Distribution function of threshold values
with marked points at stable states
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The equilibrium point M is unstable: if a fraction of
individuals who made a transition to the norm 4 exceeds
0,, by any negligibly small amount, then £'(x) > x, and
N ,(#) will be growing until the fraction stabilizes at a
level corresponding to the nearest equilibrium point
0p =1, that will indicate that the community has in
general made the transition to the norm 4. And vice

versa, if fraction x(?) = is arbitrary smaller than

0,,, it will continue decreasing until it reaches a stable
position near 6;, that means that the community has
“rolled” back to the ineffective norm B. Application of
the theory of stability of fixed points to a number of
economical, social and biological processes is considered
in [28].

Note that for a continuous function of the
distribution, the fixed points, in which the equilibrium is
reached, will be the points corresponding to changes in
the concavity and the convexity of the function. If in a
fixed point the function is concave from the left, then the
point is stable, if it is convex, it is unstable.

b . .
As F(x)=1 at x> Y then the function F(x) is
a

convex for x—1-0. Therefore the point x = —1,
corresponding to a scenario when the entire community
has made a transition to a new norm A4, will always be
stable. But if the distribution function F is such that
there exists a fixed point with a value less than unity that
represents a stable equilibrium, then the community as a
whole will never make a transition to a more effective
norm, and will be stuck in the vicinity of the nearest to
zero equilibrium point.

EDUCATIONAL MODEL

Let us suppose in addition that in a community there
is an education program in place. As a result, the moral
level in the community increases.

For example, the author knows the fund “For
Morality”—The Fund for revival and the development of
culture and morality of citizens. The Fund’s volunteers
along with experienced teachers and scientists with the
expertise in education, developed a course of lectures
“Morality is the Nation’s Strength;” corresponding text
book for middle school students was released [29].

The course was approved and supported by
experts with reviews from the members of educational
enterprises and government of 40 regions across Russia
[30], and was also used in facultative classes in middle
schools of many regions in Russia [31]. It illustrates a
constructive cooperation of the state and society.

One section of the text book titled “Moral traditions
of the past is the foundation of modern society” has a
subtitle “You will harvest what you seeded”. In this
section moral-ethical traditions of many peoples are

generalized. The essence of these traditions is the
necessity for an individual to comprehend a causal
relationship between individuals’ own actions and their
consequences. In other words, before making an action
an individual has to think: what happens if others will
act towards him or her the same way as the individual is
going to act. Will be it good?

Thus, wewill considerthatbehavioral and educational
activities contribute in a way that coefficient k; for each
community member increases with time. Of course, the
value of coefficient £; is difficult to formalize, and it is
difficult to predict in advance which low it will follow
(linearly or nonlinearly). It depends both on the kind of
educational activity and on every particular member of
a community.

However, we can indirectly estimate the efficacy
of educational activity and, correspondingly, the rate
of growth of coefficient &, based on the rate of change
of threshold values 6, which can be determined by
statistical methods that is shown above in the example
about blood donation.

Indeed, by differentiating 8, with respect to &; in
expression (10), we obtain:

90, _ (a+b)(b-a) <0
ok, (1—k;)*(a+b)?

1

>

as we assume that a > b > c.

Thus, as the coefficient &, increases, corresponding
threshold value 0, of the ith participant decreases. In
other words, the higher the moral level of an
individual, the sooner he is ready to a more effective
norm 4.

This process can be represented in the following

form: 0;(2)=90,(7)) —0(), &()>0, 3—? >0,1€(t,,T]
We assume that the function ¢(¢) is the same for
community members.

We recall that for a fixed state function F is defined
as a function of the distribution of a random value ©,
which is a threshold value of a randomly chosen

A
community member: F=P(0=0(t)) < x).

As for the case of the dynamics with education, the
function F depends on time; moreover, it is related to its
statistical analog in the following way:

F(x,1) = P(8(7)) = (1) < x) =
= P(O(7)) < x+0(1)) = F(x + ¢(7)).

As 0(t) >0, the graph of F(x,7) is obtained in every
moment in time ?€[f{),T] from the graph of F(x)
through the shifting to the left by a none-negative value
0(?). This process is illustrated in Fig. 3.
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Fig. 3. Change of the distribution function of a threshold value
with time in the model with education

Hence, if the distribution F(x) has stable fixed

points X~ <1, we can choose such moment in time ¢,
that function F(x,¢") will have only one fixed point
x = 1. Thus, the community, in general, will successfully
make a transition to a new norm 4.

DISCUSSION

The model of a behavior of individuals, following
the principle of morality in the sense of Kant Imperative,
developed and presented in a number of papers (for
example, [11, 32]), shows an essential difference
between the behavior of individuals who we call homo
moralis and homo economicus traditionally studied in
papers on the game theory.

Another approach described in the literature is the
modeling of collectivism or altruism which supposedly
takes into account (with some weighting coefficient)
interests of other participants. In a number of
publications. For example, in [9, 11], collectivism is
modeled so that in a problem with two participants each
of them seeks for making maximum of not his initial
payoff function J;(¢) but a special utility function
Ui(q)=(1-a)J;(q)+0J (9),0€[0,1], or (as it was
generalized for an arbitrary number of participants in

N
o
[18]) Uy(@) = (1-00J;(@) + 1 3 Jy(@).0c€[0.1]. For
k=1
a particular case of such a function at o0 =1 Harsanyi [5]

|
suggested a function in the form U;(q) = N Z Ji (@)
k=1

There is an essential difference
between homo moralis, the so-called individualists
(homo economicus), and even altruists: while the former
(homo moralis), when evaluating advantages of the
transition of all community members to a new norm of
behavior are able to become kind of a catalysis of the
process, pioneers, neither participants—individualists,
no altruists, are able play such a role.

This feature allows us to realize that there is some
evolutionary stability in this model of behavior that,
apparently, can be indirectly confirmed employing
methods of evolutionary game theory. As was already
mentioned, in this theory repeatable games are accepted
for the analysis; and each behavioral strategy can be
tested against a success not in one game but in the long
run of a number of game situations.

It is exactly the approach that was “taken into
service” by American game designer Nicky Case, who
created an interactive game that illustrates how different
behavioral strategies act in the processes of a repeatable
dilemma of a prisoner [33]. The essence of the dilemma
is that two players have a choice: to cooperate with or
betray a friend. If both players choose to cooperate, they
both are on the plus side. But each of them experiences
a temptation, because if deception is successful, the
one who deceived would get even more than if they
cooperated, but the one who was deceived would lose.
If both players are tempted and choose to deceive each
other, they are punished and get the least favorable game
situation.

Nicky Case considered as strategies such behavioral
pattern as “naive”—a type of players who try to continue
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to cooperate even when they are deceived, “rogues”—
who deceive even though others try to cooperate with
them, and “imitators”—who begin from cooperation
and then just repeat the behavior of the opponent. Then
Nicky Case models a society with the help of the so
called cellular automaton, in which each cell employs
only one of'the listed strategies. Interestingly enough that
it was cleared out that exactly the last type of behavior—
characterized by word “mutuality” which, as Confucius
believed, determines the essence of ethical teaching—
appears to be the most evolutionary stable.

Nevertheless, based on the above reasoning about the
stability of the equilibrium in heterogeneous communities
we conclude that under natural conditions a new, more
advanced behavioral model may never become a
commonly accepted norm. In this case a society is “stuck”
in a less effective model of behavior if additional measures
are not accepted which favor the growth of a moral level
(increase of the coefficient k; in our model). Such measures,
in particular, are educational and social-educational work.

Note, that there is a drawback in the analyzed model:
it is difficult to formalize the parameters that were used
in the model (for example, the coefficients ;) that makes
it difficult to determine their numerical value necessary
for applications.

However, employing different statistical methods
[23] will enable us to solve this problem. This makes
it possible to use the presented theoretical material,
for example, for the evaluation of the efficacy of state-
guided work in education of young people and youth
development. These are the topics the author is planning
to cover in his future works.
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Abstract. The work is devoted to the study of the evolution of the rotational motion of the planet in the central
Newtonian field of forces. The planet is modeled by a body, consisting of a solid core and a viscoelastic shell rigidly
attached to it. A limited formulation of the problem is considered, when the center of mass of the planet moves along
a given Keplerian elliptical orbit. The equations of motion are derived in the form of a system of Routh equations using
the canonical Andoyer variables, which in the unperturbed problem are “action-angle” variables, and have the form of
integro-differential equations with partial derivatives. The technique developed by V.G. Vil’ke is used for mechanical
systems with an infinite number of degrees of freedom. A system of ordinary differential equations is obtained by
the method of separation of motions, which describes the rotational motion of the planet, taking into account the
perturbations caused by elasticity and dissipation. An evolutionary system of equations for the “action” variables
and slow angular variables is obtained by the averaging method. A phase portrait is constructed that describes the
mutual change in the modulus of the angular momentum vector G of the rotational motion and the cosine of the
angle between this vector and the normal to the orbital plane of the planet’s center of mass. A stationary solution of
the evolutionary system of equations is found, which is asymptotically stable. It is shown that in stationary motion the
angular momentum vector G is orthogonal to the orbital plane, and the limiting value of the modulus of this vector
depends on the eccentricity of the elliptical orbit. The constructed mathematical model can be used to study the tidal
evolution of the rotational motion of planets and satellites. The results obtained in this work are consistent with the
results of previous studies in this area.
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HAYHYHAA CTATbA

IBOJIOLNUSA BPAIIATEIBLHOI0 IBUKEHHUSA
BSI3KOYIIPYIOil IJIAHETHI € SIAPOM
HA JIIMNITHYECKO opouTe

A.B. lLaTuHa @,
A.B. CtapocTuHa

MWP3A — Poccuiickuii TexHosiorm4eckuii yamepcutet, Mocksa, 119454 Poccus
@ AsTOp A5 nepenvickn, e-mail: shatina_av@mail.ru

Pesiome. PaboTa nocesileHa nccnenoBaHmio 9BOSIOLUN BpawaTesibHOro ABM>XeHna njiaHeTbl B LEHTPa/IbHOM HblO-
TOHOBCKOM nosie cun. NnaHeta mogennpyeTcs TeNOM, COCTOSALLMM N3 TBEPAOro s4pa M XXECTKO MPUKPENAEHHON K
HEMY BASKOYMpPYrown 0060J104KMN. PaccmaTpurBaeTcs orpaHmMyeHHast NoCTaHOBKa 3a4a4um, KOraa LEeHTP Macce niaaHeThbl
OBUXETCH Mo 3a4aHHON KENNEPOBCKON 3AANNTUYECKON op6|/1Te. YpaBHeHUS OBUXEHNS BbIBOASATCS B GOpMeE cucTe-
Mbl ypaBHEHUI Payca ¢ NCnosb30BaHMEM KAHOHNYECKMX NEPEMEHHbIX AHAyale, KOTOPble B HEBO3MYLLIEHHOW 3aaa-
ye aBNSII0TCSH NEPEMEHHBIMU «OENCTBUE-YIrOf1» N UMEIOT BUA MHTErPO-anddepeHumanbHblX YPaBHEHNN C YHAaCTHBIMU
npon3BoaHbIMU. Ncnonb3yeTca MeToanka, pa3pa60TaHHa$| Bunbke B.I". ans mexaHnyeckmnx cuctem ¢ 6eCKoOHeYHbIM
4yncnom cteneHer ceoboapl. Metogom pasgeneHus ABMXKeHUN NonyyYyeHa cmctema 00blIKHOBEHHbIX anddepeHumanb-
HbIX YPaBHEHWI, ONUCbIBAIOLLLAS BPALLLATENbHOE ABMXKEHME NNaHEeTbl C YH4ETOM BO3MYLLEHMI, BbI3BAHHbIX YNPYrOCThiO
1 gnccemnaumen. Metogom ycpeoHeHns noslydeHa 9BOALMOHHASA CUCTEMA YPaBHEHNI OTHOCUTENIbHO NEPEMEHHbIX
«AENCTBME» N MEAJIEHHbIX YINOBbIX MePEMEHHbIX. [ToCTpoeH pa30BbIi MOPTPET, ONUCHIBAIOLLMIA B3aMHOE N3MEHE-
HME MOLYNS BEKTOPA KMHETUYECKOrO MOMeHTa G BpalLLaTeNbHOro ABMXKXEHUS N KOCUHYCA Yria Mexny 3TUM BEKTO-
POM N HOpMasnbiO K MNJIOCKOCTU Op6I/1TbI LLeHTpa Macc nnaHeTbl. HangeHo ctauMoHapHoOEe peLleHne 9BOSIIOLMOHHOM
CUCTEMBbI YPaBHEHNI, KOTOPOE ABMSIETCA aCUMNTOTUYECKN YCTOMYMBBIM. [ToKa3aHo, YTO B CTaLMOHAPHOM OBUXEHUMN
BEKTOP KMHETUYECKOro MomeHTa G OpTOroHasieH naockocTun Op6I/ITbI, a npepesibHoe 3Ha4YeHne Moayna 3Toro Bek-
TOpa 3aBUCUT OT 3KCLIEHTPUCUTETA SNIUNTUYECKON Op6MTbI. [MocTpoeHHas maTemaTnyeckas MoAeb MOXET OblTb
MCNoAb30BaHa A1 U3y4eHns NPUANBHOWM 3BOMIOLMM BPALLATENBHOIO ABMXKEHUS NNAHET U CAYTHUKOB. Mofy4eHHbIE B
pa60Te pes3ynbTaThl COrnacyloTcs ¢ pedyfibTataMm paHee NPOBEOEHHbIX MCCNEA0BAHNN B 3TON obnactu.

KnioueBble cnoBa: BA3KOyrnpyroe Teno, KennepoBckas anauntuyeckas opbuta, nepemeHHble AHayalie, MeTon,
yCcpeaHeHus, auccunaTmBHasa 3BONIOUMS ABUXEHUS, MEeTO, YCPeaHEHUS

e Moctynuna: 01.03.2021 » fopa6oTaHa: 29.03.2021 ¢ MpuHaTa k onyo6nukosaHuio: 12.07.2021

Ana umtnpoBaHua: LlatmHa A.B., CtapoctuHa A.B. 3Bonouus BpallatenbHOro OBUMXEHUs BASKOYNpPyrom nna-
HETbl C AOPOM Ha anauMnTu4eckom opbute. Russ. Technol. J. 2021;9(5):84-94. https://doi.org/10.32362/2500-
316X-2021-9-5-84-94

Mpo3payHocTb PUHAHCOBON AEATENbHOCTU: HNKTO M3 aBTOPOB HE MMeEeT PUHAHCOBOM 3aUHTEPECOBAHHOCTU B
npencTaBJIEHHbIX MaTepunasiax nin metogax.

ABTOPbI 3a5BNSIOT 06 OTCYTCTBUM KOHGMIMKTA MHTEPECOB.

INTRODUCTION

The motion of a spherically symmetric rigid
body relative to the center of mass, which moves in a
Keplerian orbit, is a uniform rotation about an axis
oriented constantly in an inertial coordinate system.
Because none of the bodies of the Solar System is a
rigid body, the interaction with the central body, around
which a planet revolves, forms bulges on the viscoelastic

body of the planet. These bulges tend to align with the
planet—central body line. Because of the internal viscous
friction, the tidal bulges lag behind and are shifted
at a certain angle to the above line. This gives rise to
gravitational torque. In addition, the planet is contracted
along the axis of rotation. All of this affects the rate of
rotation of the planet.

To describe the dynamics of a system, classical tidal
theory typically uses the models of rigid body and point
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particle. The theory is based on various assumptions of
the values of tidal bulges and lag angle [1].

To study the tidal evolution of the rotational
motion of celestial bodies, V.V. Beletskii proposed a
phenomenological model formula for tidal torque [2, 3]
based on the model of rigid body for a planet. Later,
this formula was confirmed in V.G. Vil’ke’s theory of a
viscoelastic sphere in a gravitational field [4].

An evolutionary system of equations of the rotational
motion of a viscoelastic sphere in a central Newtonian
force field in a circular orbit was obtained [5] by the
method of separation of motions and averaging [4].

Previously [6], an evolutionary system of equations
was derived for the translational-rotational motion of a
viscoelastic sphere in the spatial case in the Andoyer—
Delaunay variables. For the planets of the Solar System,
the rate of evolution of the angular velocity of the
proper rotation of a planet is 107—10° times higher than
the rate of evolution of the mean motion in the orbit
because their ratio is equal to the ratio of the squares of
the radii of the orbit and the planet [4]. In this work, a
restricted formulation of the problem was considered,
which enabled one to make a more detailed study of
the dissipative evolution of the rotational motion of a
planet.

In the 1980s—1990s, the rotational motion of a
solid body with elastic and dissipative elements was
investigated in many works [7-9]. More recently, the
tidal evolution of the rotational motion of celestial bodies
have been studied using various models of viscoelastic
bodies [10, 11].

1. FORMULATION OF THE PROBLEM.
EQUATIONS OF MOTION

Let us consider a problem of the motion of a planet
relative to the center of mass in a central Newtonian
gravitational field. The planet is modeled by a body
comprising a rigid core and a viscoelastic shell attached
rigidly to the core. In the absence of deformations, i.e.,
in the natural, undeformed state, the planet occupies
region V in the three-dimensional Euclidean space:

V=r,un, VO={reE3:|r|Sr0},
Vlz{reE3:r0<|r|Sr1},

where 7, and 7| are the inner and outer radii of the shell,
respectively. Let pjand p, be the densities of the core and
the viscoelastic shell, respectively, which are assumed to
be constant; and m and m are their respective masses.
Let the center of mass of the planet move in a given
elliptical orbit. We introduce inertial coordinate system
OXYZ with the origin at the attracting center coinciding
with one of the foci of the ellipse. Let the OX axis be
directed along the radius vector of the perigee; the OZ

axis, perpendicular to the plane of the orbit, and the
OY axis, so that the unit vectors of the fixed coordinate
systems form a right-hand system. To describe the
rotational motion of the planet, we introduce moving
coordinate system Cx x,x; and Konig system of axes
C¢,&,E; with the origin at the center of mass C of the
planet.

The position of point M on the planet in the inertial
coordinate system OXYZ is determined by the vector field

R, (r,t)=R(0)+T()(r +u(r,1)), (1.1)

R(?) = lJRM(r,t)pdx, J udx =0, _[ rotudx =0, (1.2)
"y 4 4

where R(?) is the radius vector of the center of mass of
the planet; I' = I'(¢) is the operator of transition from the
moving coordinate system Cx,x,x, to the Konig system
of axes C¢&,&;; u(r,fr) is the elastic displacement
vector, which is identically zero for points of the rigid
core Vi, m=my+m;and p=p,forr €V, (i=0,1).
Conditions (1.2) uniquely determine the radius vector of
the center of mass C of the deformed planet, and also the
moving coordinate system Cx,x,x;, relative to which the
viscoelastic planet does not rotate in the integral
sense [4]. In the coordinate system Cx x,x;,

u(r,t)= (ul(r,t), uz(r,t),u3(r,t)), r= (xl,xz,x3).

The problem is solved within a linear model of
elasticity theory. The functional of the potential energy
of elastic deformations has the form

6 = [s[u)dr, & [ul=oy(IF-0yl;). (1.3)
"

E(1-v)
Y= o o %2
20+ v)(1-2v)
o, >0, 0<a, <3,

_2(1-2v)
1-v

>

3
_ — 2
Ip=Ye;, llg= Z(ekkell _ekl)’
j=1 k<l
1[du, duy
ey == —+—|, dx=dxdx,dx,
2(dx; dx;
where E is Young’s modulus, and v is Poisson’s ratio of
the viscoelastic shell of the planet.
To describe the dissipative properties of the shall of
the planet, we use the Kelvin—Voigt model, i.e., assume

that the dissipative functional 9D is related to functional
(1.3) by the expressions
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D= [D[u]dr, Dla]=x6[u],

where y > 0 is the coefficient of internal viscous friction.

According to the considered restricted formulation of
the problem, the center of mass of the problem moves in a
Keplerian elliptical orbit, i.c., the radius vector R(#) of the
point C is a given function of time according to the relations

R = R(cos ¥;sin ¥;0), (1.4)
_a(l-¢€?) _a_ﬁl-_(1+ecos1‘})2
1+ecos®’ al (1-e2)¥2 7
n= L 1= n(t~1y). (1.5)
a

Here, U is the true anomaly; a is the semi-major
axis of the orbit; e is the eccentricity; n is the mean
motion of the center of mass C of the planet in the orbit;
[ is the mean anomaly; v is the standard gravitational
parameter (y = fM,), where f’is the universal gravitational
constant, and M is the mass of the attracting center);
and ¢, and 7 are the initial and current times, respectively.

The kinetic energy of the sphere is represented by
the functional

T:%J‘R%\lpdx: %I[F‘1R+mx(r+u)+fl]2 pdx, (1.6)
14 V

where 0 x (-) = TIT°(), @ is the angular velocity of the
rotation of the sphere (the coordinate system Cx,x,x;).
Under conditions (1.2), the functional of the kinetic
energy of the viscoelastic sphere takes the form

T= lmR2 +lj[m X (r +u)]2 pdx +
2 H
. (1.7)
+[ (@ x (r+w),u)pde+ EI u2p,dx.
" "

The potential energy of the gravitational field has
the form

pdx

m=—y| (1.8)
v J(R+T(r +u))

Because [R| > |r + u], the integrand in expression
(1.8) can be expanded into a series in powers of [r + u|/R.
Truncating the series after the terms of the second order
in |[r + ul/R and of the first order in |u|/R, we obtain

M= _%n + %g [(r,u) =3(&,r)(&, u)]p,dx,
1

E=T"'R/R. (1.9)

The configurational space of the mechanical system
is the direct product SO(3) X B, where
3
@ =Ju:ue (WZI(VI)) , J.udx =0, J. rotudx =0, u|‘r‘=r =0y,
4 4 ’

(Wzl (Vl))3 is the Sobolev space [4], and SO(3) is the
group of rotations of the three-dimensional Euclidean
space. The generalized coordinates ¢,q,q5, which
determine the group of rotations SO(3), can be, e.g., the
Euler angles.

The components of the angular velocity vector @ are
linear homogeneous functions of the generalized
velocities ¢; (i=1,2,3). Grouping the second-, first-,
and zero-degree term of the right-hand side of expression
(1.7) that contain the generalized velocities ¢; (i =1,2,3),
one can represent the kinetic energy functional in the
form

T=T,+T, +1T,, (1.10)

1= [lox(rrwl pdv, 7= [ (@x(r+w.i)pds,
14 "

(1.11)

Let us obtain the equations of motion of the
planet in the form of the Routh equations using the
canonical Andoyer variables (I, @) = (1}, 15, 15, ¢,
0,5, ¢3) [4, 12] to describe the rotational motion of the
coordinate system Cx,x,x, relative to the Konig axes
and the Lagrangian coordinates u(r, ), i = (1, 2, 3) to
characterize the deformations of the viscoelastic shell
of the planet.

The vector of the angular momentum of the planet
about the center of mass is

G=V, T=Julo+G,, (1.12)
Julo= J.(r+u)><[w ><(r+u)]pdx,
v
G, = [[(r+u)xi]pdx. (1.13)

n

Using expression (1.13), the term T, of the right-
hand side of formula (1.10) is expressed in terms of the
inertia tensor J[u] of the deformed planet as

T, = %(J[u]m,m). (1.14)
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Let us construct the kinetic momentum vector G at
the point C and also construct the plane CMN, which is
perpendicular to the vector G and intersects the plane
C¢E &, at the straight line CM and the plane Cxx, at
the straight line CN. The variable /, is the magnitude
of the vector G; and /, and I are its projections on the
Cxy and C&; axes, respectively. The transition from the
Kénig system of axes CE,&,&; to the moving coordinate
system Cx;x,x; in the Andoyer variables is performed
by five successive rotations by angles ¢, 6,, ¢,, 9,, and
¢, about the CE; axis, the CM axis, the vector G, the CN
axis, and the Cx; axis, respectively (Fig. 1).

The transition operator I" in the Andoyer variables is
represented as the product of five orthogonal matrices [12]:

=T33 (81)F3 ()l (62 5(0)),
cosd, =13/1,, cosd, =1,/1,,

cosp, —sing, 0
1"3((pk)= sing, cos@, 0|,
0 0 1

Fig. 1. Andoyer variables

In the coordinate system Cx x,x,,
G= (13~ 17 sinoy, BB - 17 cosop. 1} (115)

E= 1—‘_IR/R =I5(-o)T, (_82)r3 (=p,) X

X Ty (=8, )T5(—@5)(cos B,sin9,0)T.  (1.16)
It follows from expression (1.12) that
o=J""u](G-G,)). (1.17)

Then, from expressions (1.14) and (1.17), the
functional T’, can be represented as

1
T, =§(G—Gu,J‘1[u](G—Gu)). (1.18)
The Routh functional R, which depends on the
canonical variables I, ¢ and the Lagrangian variables
u,u, is defined by the expression

R=T, - Ty + 1+ &[u], (1.19)
where T, is given by formula (1.18); and in expression
(1.9) for the functional IT of the potential energy of the
gravitational field, the vector & is given by formula (1.16).

Using expressions (1.11) and (1.18), Routh
functional (1.19) can be written as

31 , 1
R=—=—— G,erupldx -—X
24 4| 75 242
1

X (Jl[u]G,G)—%mRZ +T+6[u]+R*, (1.20)

where A is the moment of inertia of the undeformed

planet about the diameter, and R* contains terms of the
second and higher orders in the coordinates of the
vectors u and u:

Ji[u]o = J.(rx[wxu]+u><[co><r])p1dx,
"

4= %[porg T (”15 15 )]

The equations of the rotational motion of the planet in
the elliptical orbit are written in the form of the canonical
equations in the Andoyer variables and in the form of the
d’Alembert—Lagrange variational principle [4]:

oR . IR

I-:——’ =—,
£ o, T,

k=123,  (1.21)

(—ivﬁ& +VuR+V D+ xl,e‘)u) +
dt
n
+ [ (r;.r0t8u)dr =0, Voue (W} (). (1.22)
"
Here, A, and A, are Lagrange’s undetermined
multipliers generated by conditions (1.2).

2. DEFORMATION OF THE VISCOELASTIC SHELL
OF THE PLANET

Let the stiffness of the deformable shell of the planet
be high; ie., the dimensionless parameter

£=0? (0)917”12E =1 be small (where ®(0) is the magnitude
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of the initial angular velocity of the planet). Choosing the
scales of the dimensional quantities in a certain manner,
one can introduce small parameter € = E!. As an
unperturbed problem, we consider a problem of the motion
of a spherically symmetric rigid-body planet in an elliptical
orbit. In this case, u(r, t) = 0, and the parameter ¢ is
assumed to be zero. The equations of the unperturbed
motion have the form.

I, =0, k=123, ¢;=0,¢0,=1,/4,¢9;=0. (2.1)

Equations (2.1) describe the uniform rotation of the
planet about one of the diameters at the angular velocity
¢®,=1,/A. At ¢ # 0, according to the method of
separation of motions [4], after the damping of the
natural vibrations of the viscoelastic sphere, the solution
u(r, t) is sought as a series of powers of the small
parameter &:

u(r,t) =eu(r,1) + e2uy (r,0) +--- (2.2)

Lagrange’s undetermined multipliers A, and A,
should also be sought as series of powers of ¢:

(@)= Ao () + A () +- -,

Ay (£) = Ry () + €Ny () +--- (2.3)

Using expressions (1.20) and (1.9), Eq. (1.22) for
the first-approximation function u,(r, 7) is transformed
to the form

1 Yp,r
7(vqu[ ulG,G) - 1

3vp
+R—31(§,r)§ + 1y }Sudx +

+ | (g xm)Budc - (v, [u; + iy 18wy, = 0. 2.4)
¥

The derivation of this formula included the use of
the divergence theorem in the form:

J. A5 rot Sudx = f (Bu X hyq)ndo,
" Ja

where 0V is the boundary of the region V|, and n is a
normal to V.

The variables (I, @) in Eq. (2.4) according to the
method of separation of motions are solutions of
unperturbed problem (2.1). Therefore, in Eq. (2.4),

%(G xr)=0. Further,

(V1 [ulG,G) =2p,I3r —2p,(r,G)G.  (2.5)

Successively substituting 6u =da x r and du = a, (da,
a € B3, into Eq. (2.4) and taking into account that
the work done by the elastic and dissipative forces at
infinitesimal rotations is zero, we obtain A, = 0 and
Ay, =0.

For the last term of the left-hand side of Eq. (2.4),
the following equality is valid [4]:

(Vu&[u],Su)V1 =
3
= JVé[u]Sudx+ I ZG,,I,- Suidx,
4 aVl i=1
E

Vé&[u]= (1 —12\/ grad divu + Au)

2(1 +V)

Evy;

+L du —+gradu,,
2(1+v){ ox, g

i:1,2,3,n:(yl,yz,y3).

divu +

Thus, the boundary-value problem to determine the
first-approximation function u,(r, 7) takes the form

eVe[u, +yu,]=

2 P

I3 pv pv
—pl—r—A— G)G-—Lr+—

Ers (2.6)

ulhr\:ro =0, 0 [ul]hr\:r] =0,i=(123). (2.7

Boundary conditions (2.7) mean that the movements
on the inner boundary of the viscoelastic shell of the
planet are zero, and so are the stresses on its outer
boundary. The solution of boundary-value problem
(2.6)—(2.7) has the form [13, 14]

U =up Fuyy U, (2.8)

21 2 ) as
Uy = Y 2p1 ayr +a2+r—3 r,

12 G
U =Py {p(rofl"’)[ﬁr PE —(G.r)

12 1 2
+q(r0,r1,v)|iér2 _E(G,r) :lr}
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3vp 3xR
1112 = _R_;[I-FT)X
X{p(FO”/i’ [ gar):|+

+q(r0,r1,v)[_r L) 2] }

_3XYpl {p(ro,rl, [

r)+g(Er)]+

R3
+4(r,7,v) (1) (&) 2.9)
L 1+v o alrlz(4x5+5k+6)
T 5(kv2) 2 43 +3k+2

o _allf15x3 ((3k+2)x2 —5k—6)
3 4x3 +3k +2

by b
(1. v)=byr? +b2+—3+ ‘5‘,
by b

q(ro,rl,\/)zb5 +r—5+r—;,

{8(9k +14)x10 +80x7 +24(k +1) X

X(5k+11)x3 = 5(k+2)(15k +16)x* +2(3k+8)(5k+4)},

1+v)r12{

b, _ 8(9k +14)x'2 +8(15k2 + 46k + 51)x7 —

0
— (63K + 114k +56)x> + 4(3k +8)(4k +3)},

2(1 553
(V)
A0
x {4027 —16(k +6)x7 +(21k +16)x> ~10(4k +3)},

b3 =

2014+ V) (k+ 1)K
4~ AO
= 2(3k +26) x5 +(15k +16)x2 — 6(4k +3)},
4(1+v)(k+1)><
A0
x{60x7 —12(2k +17)x° +5(3k +26) x> - 2(3k +8)},

X

x {24x7

b =—

bg = 3(k +1)by, b, = —5by,

Ao =8(2k +7)(9%k +14)x10 +200(3k2 + 8k + 7)x7 -
1008 (k +1)° x5 +25(27k2 + 56k +28) x> +
+2(3k +8)(19k +14).

In expression (2.9), the time differentiation is
performed on the strength of unperturbed system of
equations of motion (2.1), and the G and & values are
found from formulas (1.15) and (1.16).

3. PERTURBED SYSTEM OF EQUATIONS OF
MOTION

The found solution u = gu; = g(u;, + u;; + uy,)
describes the forced vibrations of the viscoelastic sphere.
According to the asymptotic method of separation of
motions, this solution should further be substituted into
the right-hand sides of Egs. (1.21) for the “slow”
variables after preliminary linearization of them in u
and u. This substitution with subsequent calculation of
the triple integrals over the spherical layer V| gives the
perturbed system of equations of the rotational motion

of the planet:
oG
3n— G,
+ XR][G% &}( &)+

6eyp? D
RN
6ex10D | 9G ) G ¢y4[ 26 ¢ _
MRS {[a(Pl,ﬁJ(Gsi)Jr[a(p ,ﬁJ(G,ﬁ)}

oo R
o RO e
jz_%[%,(;}(iﬁ)—
_18ex;Zp%D[aa§j g] =23, 3.1)
=R ) B

6exyp7 D
A2R3

(e )es]

6eyp1D 0§ 18eyy? plD 8&
G)+———
A2R3 (al1 &6+ RO ol g
6eyp1D 0§ 18eyy2 plD 8&
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Here, D= %kl (5by + bs) + byksy + %k4(5b3 + bg),

ky :%(ﬁ7 =19 ks :%(715 —13

The variable ¢, is the fast angular variable, and

¢, =1,/A. The time differentiation on the right-hand

sides of the system of Egs. (3.2) is performed on the strength
of unperturbed system (2.1) and expressions (1.5); i.e.,

), and k, :2?71:(;”1 —rO)

R_a_Rﬁ_anesim‘}
Chy V1-e? ’
98 5, 98

9& . 9§ (1+ ecosV)?

_ 98 9§ Iy
39" 30,2790 (_y '

29, 4

&=

Here, the vector § is defined by formula (1.16) and
can be represented as

E=(€.8,.8,),

£, =d, cos, +d, sing,
éy =—d, sin@, +d,cosq,, E,=d._,

d, =cosQ, cos((p3 - 19) —sin@, cosd, sin ((p3 - 13),

dy =—sing@, cos((p3 —19)00562 -

—C0s (P, cos 9, sin((p3 - ﬁ)cosS2 +

+sind, sin((p3 - 9)5in62,

d_=sing, cos((p3 —f})sinﬁz +

+cos(, cosd,; sin((p3 - f})sinéi2 +

+sing, sin((p3 - ﬁ)cos d,.

4. EVOLUTIONARY SYSTEM OF EQUATIONS
OF MOTION

Next, let us average the right-hand sides of perturbed
system (3.1) over the fast angular variables—the
Andoyer variable ¢, and the mean anomaly /—
provided that there are no resonances. The averaging
procedure is the calculation of the integral

2w 2n
() 9 (27c)2 IJ‘ Ml =
2n2n
(1_ 2)3/2
(21:)2 J. '[ (1+ecosﬂ)2 L+ ocos o2 202D

This gives the evolutionary system of equations of
the dynamics of the rotational motion of the viscoelastic
planet with then rigid core in the form

fl = jz cos 9, ,

_ 18ypfeDn* [I,[1  3e?
[2——m 7 E —(1+2COS (p3)+

+é(l+4cos2 )+cos? d l+£(1+23in2 )+
16 s N2 4 s
et -, ncosd,
+E(1+4SIH (p3) W FZ(e) (41)

18yp?eDn*

. 1, n
IL=- —(1_ 297 { -cosd, - Fi(e) - —( _62)3/2.F2(e)},

¢’1 =0, ¢2 :Iz/A»

3pfeDl,n% cosd,  9xpieDn* (32 o*) |
P3=""3 2 T o292 — 7 [sin20;,
A“(1-e%) A(l—e”) 4

where Fl(e)=1+3e2+§e4, Fz(e)=1+?e +

45
B
8 16
It follows from the first equation of system (4.1) that
the angle between the kinetic momentum vector G and
the Cx; axis is conserved:

cosd, = ;—1 = ]Il(ﬁ
, 5 (0)

The method of separation of motions is based on the
physical assumption that the time of damping of the free
natural vibrations of the elastic medium at the lowest
frequency is longer than the period of these vibrations,
but much shorter than the characteristic time of the
rigid-body motion [7, 8]. Therefore, the product yn is
small (yn <« 1). Consequently, in the system of Egs.
(4.1), the angular variable @, can be considered fast, and
the averaging in @, can be performed. The averaging
transforms system (4.1) to the form

jl =i2 cos 9, ,
. 18ypieDn* [ 1, ncosd,
12 ——m Fi(e)(1+COS 61) W Fz(e)

18y preDn™ | 1,

. n
Iy=- (2)9/2{ -cosd, - Fi(e) - (62)3/2‘1:2(@)},

3pfeDl,n? cos§,

A2(1—62)3/2 (42)

¢, =0, ‘i’zzlz/A’ §3=-
Let us pass from the variables Iz, I; to the
dimensionless variables y = cos &, = I1/1,, ®, = I,/An.

Then, from the second and third equations of system
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(4.2), the closed autonomous system of differential
equations:

_(1_62)9/2' o,
o fow 0 0

where A= 9xp12A_1Dn4.
System (4.3) has an asymptotically stable stationary
solution:

Fz(e)

Re-a-eypr @9

y=19w3:

In the stationary motion, the kinetic momentum
vector G is orthogonal to the plane of the orbit, and
the limiting value of the angular velocity of the proper
rotation depends on the eccentricity of the elliptical
orbit. Stationary solution (4.4) was previously obtained
by Beletskii [2, 3], who modeled a planet by a rigid body
and represented the tidal torque by a phenomenological
formula.
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Fig. 2. Phase portrait of the evolutionary system of
equations of motion

Figure 2 presents the phase portrait of system (4.3),
which was constructed in the Octave environment at
e =10.05. The dashed lines are the loci of points at which
the integral curves have horizontal and vertical tangent
lines. All the integral curves collapse to the same point

(1, 0)3). One can distinguish three types of motion: (1)

monotonic decrease in the dimensionless angular
velocity to a stationary value and monotonic decrease in
the angle 6, to zero (when the integral curves do not
intersect the dashed lines); at points of the straight line
cos 6, = 0, there is a transition from the reverse to the
direct rotation; (2) monotonic decrease in the angle 3, to
zero and monotonic decrease in the dimensionless
angular velocity to a certain minimum value with
subsequent increase to a stationary value (when the
integral curves intersect the lower dashed line); and (3)
monotonic decrease in the dimensionless angular
velocity to a stationary value and monotonic increase in
the angle 3, to a certain minimum value with subsequent
decrease to zero (when the integral curves intersect the
upper dashed line).

Previously [15], the methods of separation of
motions and averaging were used to study the rotational
motion of a satellite with flexible viscoelastic rods in an
elliptical orbit.

CONCLUSIONS

In this work, a study was made of the rotational
motion of a planet modeled by a body comprising a rigid
core and a viscoelastic shell attached rigidly to the core.
A system of equations of motion was obtained within the
linear theory of elasticity as a system of integro-partial
differential equations in the form of Routh equations
using the canonical Andoyer variables. The asymptotical
method of separation of motions was used to derive a
system of sixth-order ordinary differential equations
describing the dynamics of the rotational motion of the
planet. The averaging method was used to obtain an
evolutionary system of equations of motion of the planet
in the nonresonance case. It was shown that the motion
of the planet tends to a stationary motion, in which the
kinetic momentum vector G is orthogonal to the plane
of the orbit, and its magnitude has a constant value
depending on the eccentricity of the elliptical orbit. At
zero eccentricity in the stationary motion, the angular
velocity of the proper rotation of the planet coincides
with the orbital angular velocity, and the axis of rotation
of the planet is orthogonal to the plane of the orbit.

The results of this work can be used to investigate
the tidal effects of the rotational motion of planets and
their satellites.
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Abstract. The article is devoted to the consideration of the theoretical aspects of the influence of the organization
of the humanitarian environment in a technical educational institution on improving the quality of training specialists,
increasing their competitiveness in the labor market. The analysis of special literature and generalization of different
points of view on the subject of research act as research methods. The humanitarian environment represents a
certain content orientation of the educational system of curricula and work programs of disciplines that include the
unity of material and spiritual values that are responsible for the formation of students’ personality. Each teacher
considers this problem in his own way, so the points of view have their own specifics. The humanitarian environment
of the university includes a specially organized training system in which a set of specially selected methods and
technologies is used to «nurture» a competitive specialist with a set of not only professional, but also personal
competencies. The training of specialists in a technical university has its own characteristics related to the further
professional implementation of graduates. Students at the stage of training must master special competencies,
develop personal qualities, be motivated to study disciplines and master new types of activities. The organization
of the humanitarian environment in the organization should be implemented at all levels: university, faculty, at each
specific lesson in the study of disciplines, both provided for in the curriculum and extracurricular according to the
plan of educational work. For this purpose, it is necessary to maintain and control the interaction of students with all
components of the educational environment of a higher educational institution using methods such as: humanitarian
technologies, mentoring, organizing a positive psychological climate in the institution, introducing additional
educational programs, using active and innovative teaching methods.

Keywords: humanitarian environment, university, humanism, pedagogy, training, personality, self-realization,
creative approach

e Submitted: 15.07.2021 ¢ Revised: 25.08.2021 ¢ Accepted: 29.08.2021

For citation: Savka O.G. Influence of the humanitarian environment on improving the quality of training of specialists
in a technical university. Russ. Technol. J. 2021;9(5):95-101. https://doi.org/10.32362/2500-316X-2021-9-5-95-101

Financial disclosure: The author has no a financial or property interest in any material or method mentioned.

The author declares no conflicts of interest.

© 0.G. Savka, 2021
95


https://doi.org/10.32362/2500-316X-2021-9-5-95-101
mailto:savka@mirea.ru
https://doi.org/10.32362/2500-316X-2021-9-5-95-101

Influence of the humanitarian environment on improving the quality

of training of specialists in a technical university

Olga G. Savka

HAYYHAA CTATbA

BinsiHue ryMAHUTAPHOU CpeAbl
HA MOBbIIICHUE KA4YeCTBA MOATOTOBKHU CIICUAIMCTOB
B TEXHUYECKOM BYy3e

O.l. CaBka®

MUP3A — Poccuiickunii TexHosiorndeckuii yamsepceutet, Mocksa, 119454 Poccus

@ AsTOp An9 nepenvcku, e-mail: savka@mirea.ru

Peatome. CtaTbsl NOCBSLLEHA PACCMOTPEHMIO TEOPETUYECKMX aCMEKTOB BANSHNSA OpraHM3aLmy ryMaHuTapHom cpe-
Obl B 0Opa3oBaTeibHOM y4pexaeHm TEXHNYECKOM HanpaBieHHOCTM Ha NOoBbILLEHNe Ka4ecTBa NoAroToBKM crewma-
JINCTOB U NX KOHKYPEHTOCNOCOOHOCTM Ha pbIHKe Tpyaa. [poBeaeH aHanu3 cneunanbHoi nuTepaTtypbl 1 0600LLeHne
pasHbIX TOYEK 3peHus Ha NpeaMeT uccnegoBaHus. N'ymaHuTapHasa cpeda npeacTtaBnseT coOoi onpeneneHHyio co-
[epxaTtesibHyl0 HanpaB/IieHHOCTb 06pa30BaTENIbHOM CUCTEMbI YHEOHbIX MIAaHOB 1 Paboynx NPOrpaMm OUCLMMIINH,
BKJIOHAIOLMX B ce6S € AMHCTBO MaTepuasibHbIX 1 AyXOBHbIX LLEHHOCTEM, OTBevatoLmMX 3a GOpMUPOBaAHNE NIMYHOCTH
CTyaeHTOoB. Kaxablii neaaror paccmatpuBaeT gaHHyo npobiemMy B CBOEM KJllove, MO3TOMY ero To4ka 3peHnst uMeeT
cBoto crneundurky. N'ymaHuTapHas cpena By3a BkJloHaeT B cebs cneuyanbHO OpraHM30BaHHYIO CUCTEMY 00yYeHus,
B KOTOPOW NPUMEHSETCSH KOMMIEKC Nog00paHHbIX METOO0B W TEXHOOIMNiA, MO3BONSAIOLLNX «B3PACTUTb» KOHKYPEH-
TOCMOCOOHOIro creumanmcTa, 061aaaLLero KOMMIEKCOM He TOJbKO NPodeCccnoHanbHbIX, HO U JIMYHOCTHbLIX KOM-
neTeHuuii. NoaroToBka CneumanmcToB B TEXHMYECKOM By3€ MMEET CBOM 0COOEHHOCTU, CBSA3aHHbIe C AaNibHelLein
npodeccroHanbLHoM peanusaumen BbinyCKHUKOB. CTyoeHTbl Ha aTane 06y4eHns OO/MKHbI OBNaaeTh creLumasbHbIMN
KOMMETEHUNAMUN, PA3BUTb JIMYHOCTHbIE KAY4E€CTBA, MMETb MOTUBALVIO K N3YHEHUIO OUCUMUMIIVH M OCBOEHUIO HOBbIX
BNOOB AedatenbHocTU. OpraHnsaums rymaHMTapHo cpenbl B 00pa3oBaTesibHOM y4pexaeHum OoJikHa ObiTb peanm-
30BaHa Ha BCEeX YPOBHAX: By30OBCKOM, (MPaKy/ibTETCKOM, HA KaXXA0M KOHKPETHOM 3aHATUM MO U3YHEHUIO OUCUMUMIIVIH,
Kak NpeayCMOTPEHHbIX y4eOHbIM MiaHOM, Tak M BHEeYy4eOHbIX, COrlacHO rniaHy BocnuTaTesibHon padoTbl. [ns aToro
Heo6XxoAMMO NoaAepPXNBaTb M KOHTPOJIMPOBATL B3aMMOAENCTBNE CTYAEHTOB CO BCEMM KOMIMOHEHTamMn obpa3oBa-
TEeNbHON cpeabl By3a C MOMOLLIO TakMX METOL0B, Kak r'yMaHUTapPHbIE TEXHOIOMM, HACTaBHNYECTBO, OpraHn3auuns
MONOXUTESIbHOIO MCUXOSIOrMYEeCKOro KnmmMaTa B y4pexaeHum, BBeAeHne OOMOSIHUTENbHbIX 06pa3oBaTesbHbIX MPo-
rpamMm, NCMNOJIb30BaHNE aKTUBHbIX 1 UHHOBALMOHHbLIX METO40B 00y4eHus.

KnioueBble cnoea: rymaHuTapHas cpeaa, By3, negarorvika, obydeHume, M4HOCTb, NpodeccroHannam, camopea-

nmsauus

e Moctynuna: 15.07.2021 » flopa6oTaHa: 25.08.2021 ¢ MpuHaTa k ony6nukosaHuio: 29.08.2021

Ona untnposanunsa: Caeka O.. BnnsHne rymaHMTapHOM cpebl Ha NMOBbILLEHWE KayecTBa NoAroTOBKY CreLmanmcToB B
TexHnyeckom By3e. Russ. Technol. J. 2021;9(5):95-101. https://doi.org/10.32362/2500-316X-2021-9-5-95-101

MpospayHocTb PUHAHCOBOI AEeATesIbHOCTU: ABTOP HE NMeeT (BMHAHCOBOW 3aMHTEPECOBaHHOCTY B NpeacTaB/eH-

HbIX MaTepunanax nan MmetTogax.

ABTOp 3agaBnseT 06 OTCYTCTBUM KOHMIVKTA MUHTEPECOB.

INTRODUCTION

At the current stage of education development,
it is extremely important to improve the quality of
training of specialists, their personal characteristics, and
competitiveness. A promising direction for achieving
this goal, in our opinion, is the creation of a special
humanitarian environment at the university, which
has a huge practical potential. The article analyzed the

main aspects of the influence of this environment on
improving the quality of training of technical specialists.

It is important to understand that higher professional
education is currently undergoing serious changes
due to the complete or partial resolution of emerging
contradictions. A significant contradiction is the lack
of a holistic theoretical concept of higher professional
education and the need for society to humanize the
education system, which assumes a mutually respectful
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attitude to each other based on the transfer of social
experience into personal experience. However, in many
universities, especially of a technical profile, very little
attention is paid to the upbringing of a harmonious
personality of a future specialist, the primary role
belongs to mastering special professional competencies.

The purpose of this study is to analyze the theoretical
and methodological aspects of the influence of the
humanitarian environment on improving the quality of
training specialists in a technical university.

The research methods were as follows: analyzing
the various methodological approaches and views on the
problem in the current modern literature, and synthesis
and generalization of the data obtained.

ANALYSIS OF METHODOLOGICAL APPROACHES
TO THE PROBLEM

By analyzing the views of Russian scientists on the
concept of the humanitarian educational environment,
we can make a preliminary conclusion that without doubt
it has an influence on the harmonious formation of the
personality of a student, who subsequently will become
a specialist and a member of modern society. Next, we
will consider different approaches to understanding this
definition [1-4].

According to Professor V.L. Kurguzov, humanitarian
environment is a certain meaningful humanitarian
orientation of the educational system of curricula and
work programs of disciplines that include the unity
of material and spiritual values responsible for the
formation of the personality of students [5].

Doctor of Philological Sciences L.E. Saraskina also
reveals the concept of the humanitarian environment
in her works. It implies the inclusion of a special
educational space in this concept using active teaching
methods, with the help of which the basic concepts of the
formation, development and realization of personality in
the profession are assimilated [6].

The view of Professor R.M. Petruneva is also
interesting. It characterizes the humanitarian environment
as a complex of pedagogical techniques, technologies
and administrative provisions aimed at creating special
conditions for the implementation of humanitarian
education. It is worth noting that from her point of view, this
problem is considered only in the educational sphere, and
this is not accidental. This is explained by the fact that it is
at the stage of occupational training the personality passes
the most important stages of its formation and acquires life
norms and values, which will adhere to further [7].

Considering the problem of the organization of the
humanitarian environment in a technical university,
it is worth noting that it provides for the creation and
maintenance of special conditions that contribute to the
value-based humanitarian orientation of the student’s

personality. In this aspect, it is necessary to reflect the
most important modern cultural realities, historical
traditions in the content of education, in the structure
of academic disciplines, as well as in the teaching
methods used. Researchers L.G. Viktorova and L.V.
Petrov emphasize that, in addition to all the above, it
is important to include current achievements of science
and technology in the content of education, as well as to
rely on the study of accumulated historical experience
and cultural traditions [8].

By summarizing the points of view discussed
above, it can be noted that the following components
can be included in the structure of the humanitarian
educational environment: pedagogical activity of a
teacher (including planning the content of the studied
disciplines, as well as the methods of teaching used);
research and extracurricular activities of students
(including writing scientific articles, research papers
and projects on a required topic and topics interesting to
students themselves, as well as taking part in independent
works in the studied disciplines and various educational
activities, which are necessary for the harmonious
development of students’ personality); economic and
administrative activities of the university’s management
(regulating the rules of behavior in university and
performing the planning of the university’s activities,
thereby creating optimal conditions for mastering
professional competencies).

RESULTS AND DISCUSSION

It is worth noting the special need to create a
humanitarian environment of a technical university. This
is because the disciplines taught in technical educational
institutions are largely removed from the social and
cultural components commonly present in humanitarian
universities. In such universities, the humanitarian
environment is able to be created without compromising
the quality of the educational content.

The humanitarian environment at a technical university
is designed to ensure that students master the specific
competencies necessary to become first-class specialists.
In many ways, it is related to an individual’s personal
qualities, norms, and values. The creation of such an
environment can be considered a complex, multicomponent
process, which makes implementation problematic without
specialized knowledge. During the development of a
humanitarian environment, several structural elements can
be distinguished: humanitarian elements, general technical
and specialized training, modern pedagogical ideas and
technologies, and traditions of the university.

In her work, O.L. Kolonitskaya notes that the use of
the humanitarian environment in the educational process
can significantly improve the quality of professional
training of future specialists. However, to achieve this
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outcome, it is necessary to work comprehensively to
create such an environment in a technical university;
this includes working at the university, faculty, and
subject levels, with implementation of the humanitarian
environment in each specific lesson. In addition, the
author notes the special role of the administration in this
process, with which we cannot disagree [9, 10].

It can be concluded that the humanitarian
environment of the university includes an organized
training system, which uses a set of individually selected
methods and technologies that allow “nurturing” a
competitive specialist with a complex of not only
professional, but also personal competencies. Also, when
organizing this process, it is important to pay attention
to the psychological climate in the institution. It should
be trusting and favorable for the greatest effectiveness of
the formation of the specialist’s personality [11].

Under analyzing the possibilities of applying the
humanitarian educational environment in a particular
lesson, it is impossible not to consider the specifics of the
discipline being studied. According to the curriculum,
a different number of hours are allocated for each
subject, and different competencies are also reinforced.
It is important for a teacher to update the presented
knowledge, to show their need in the future, whether it
is physical culture or a foreign language. All disciplines
are interconnected, each of them can have a creative
component that will contribute to the student’s personal
self-development under the supervision of a teacher.

In addition to developing a creative approach to the
discipline and the surrounding reality, when choosing the
means and methods of teaching, it is important to carry
out an individual approach to students, based on their
needs and interests. Due to the use of innovative technical
means—computer equipment, special programs and
websites—it is possible to achieve excellent results of
the quality of training. In addition, we should not forget
about traditional methods and means of teaching and use
them in the educational process.

When implementing the humanitarian educational
environment, it is important to organize not only
educational, but also extracurricular activities.
University events, competitions, meetings, gatherings,
group informal communication significantly affects the
development of the worldview and the formation of
personal qualities of a future specialist. Extracurricular
activities should also be regulated and conducted in
accordance with the plan of educational work of the
university, the direction of training and a specific group.
It is not for nothing that much attention has been paid
to education recently at all levels of education: school
and university. To improve the quality of training of
specialists, it is important to accept and maintain the
traditions of the university, to instill a certain “image of
a student” with a special set of characteristics.

Analyzing all the above, we can generalize
and conclude that in order to create and maintain a
humanitarian environment in a technical university,
it is necessary to support and monitor the interaction
of students with all components of the educational
environment of a higher educational institution. This can
be implemented by applying the following technologies
and approaches:

e Special humanitarian teaching technologies (for
example, psychotechnologies, anthropopractics)—
technologies of creative cooperation between
teachers and students. 1.V. Bobrysheva describes
their application and concludes that it should be
based on a number of principles in her writings.
Among them, we can distinguish the principle of
addressing the real life situation of a student, i.e. the
connection of the studied material with the actual and
prospective needs and aspirations of the individual;
the principle of value-semantic equality, according
to which the interaction of the teacher and the
student is based on subject-subject relations, mutual
respect and equality of positions; the principle of
subjectivity, that is, recognition of the value of each
person, his identity; the principle of contextuality,
implying links between past and present experience
and knowledge; the principle of sovereignty, which
means non-interference in the personal space of
the student, compliance with moral and ethical
norms of communication in the “teacher-student”
system; the principle of incompleteness, by which
we understand the incompleteness of the process of
obtaining life experience (socialization) [12, 13].

e Special approaches in the construction of the
educational process, such as competence-based,
problem-search and cultural approaches. The use of
these approaches contributes to the comprehensive
development of students’ personality, their
inculturation, as well as the actualization of existing
knowledge about the world.

e Special psychological, social, moral and legal
components of the educational process, which
guarantees the personal stable development
and psychological safety of each student. These
components should ensure harmonious relationships
between the subjects of the educational process,
form students’ confidence in the future and their
environment [14].

e Systems for the exchange of knowledge and
experience among students and teachers
within the same university, as well as the
development of interuniversity relations. This
can be achieved through the organization of a
system of mentoring senior courses over junior
courses, active supervision of teachers in student
groups, coordination of teachers’ actions among
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themselves; exchange of students studying in
similar areas between universities; holding student
Olympiads and competitions in the interuniversity
space. It is worth noting that this area of work has
not yet been sufficiently implemented in many
higher educational institutions, but it carries a huge
developing potential that will improve the quality
of training of future specialists.

e Specially developed additional educational
programs that meet the needs of students and
modern social realities. Students may be interested
in similar areas of training that expand their future
professional prospects, which will also increase
their competitiveness in the labor market.

e Various methods of intensification and activation of
educational, cognitive and creative activities. There
are quite a lot of these methods, but they must be
chosen based on the characteristics and interests of a
particular group and the possibilities of application
in the study of the subject. Active teaching methods,
problem-based search technologies, a system of
mixed and distance learning—all this is at the
disposal of the teacher, who must actively use and
select working methods.

CONCLUSIONS

Thus, the analysis of scientific literature and our own
pedagogical experience allow us to conclude that the
creation of a humanitarian educational environment in
a technical university is extremely necessary to improve
the quality of training specialists. Thanks to specially
created conditions, a comprehensive development of
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