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Abstract. The article presents the results of the evaluation of quartiles of scientific conferences presented by
leading rating agencies. The estimates are based on the use of three methods of multivariate statistical analysis:
linear regression, discriminant analysis and neural networks. A training sample was used for evaluation,
including the following factors: age and frequency of the conference, number of participants and number of
reports, publication activity of the conference organizers, citation of reports. As a result of the study, the linear
regression model confirmed the correctness of the quartiles exposed for 77% of conferences, while the methods
of neural networks and discriminant analysis gave similar results, confirming the correctness of the quartiles
exposed for 81 and 85% of conferences, respectively.

Key words and phrases: evaluation of quartiles of scientific conferences, discriminant analysis, neural networks,
linear regression

1. Introduction

As it is known [1], quartile (quarter) is a category of scientific publications, which is determined
by bibliometric indicators reflecting, first of all, the level of citation, that is, the relevance of the
publication by the scientific community. And if the procedure for assigning quartiles to scientific
journals has long been developed and successfully applied in practice [2-5]. In addition, many
metrics have been introduced to assess the impact of journals, such as impact factor, 5-year impact
factor, immediacy index, and impact factor without self cites, median impact factor, aggregate impact
factor and others [6]. At the same time, this issue remains the subject of research for scientific
conferences [7-11]. Some rating agencies have already begun to rank scientific conferences without
disclosing the details of this procedure. For example, there is a CORE conference ranking [12],
a CCF conference ranking [13], and a Microsoft Academic conference ranking (has been deleted) [14].
The disadvantages of the first two ratings are that they are expert, regional and do not fully disclose
the procedure for ranking conferences. They also rank only computer science conferences.

Researchers use various methods to compile new conference rankings, such as correlation analy-
sis [7, 15], statistical analysis [15, 16], calculation of indicators similar to journal ones [9], graph and
tree analysis [8, 17], regression analysis [11, 16]. Many of these studies involved the use of several
of the listed methods. There were also works devoted to the search for methods for predicting the
rating of a conference or predicting the impact of works presented at a particular conference [18].
Machine learning was used for these purposes [19, 20]. Therefore, this study is devoted to compar-
ing two popular methods for predicting conference rankings, and I also included in the study such
a statistical method as discriminant analysis, which is essentially a mathematical prerequisite for
machine learning.

We managed to find data on some conferences via the Internet, including their quartiles and
a number of other indicators, which will be discussed below. As a result, we received a training
sample from 23 conferences, on the basis of which we will try to assess the adequacy of the quartiles
exposed using three methods of multidimensional statistical analysis: linear regression, discriminant
analysis and neural networks.

© Ermolayeva A. M., 2024
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2. Training sample

Let’s introduce the notation:

- Yisarandom variable (r.v.), taking the values 1, 2, 3 or 4 is the quartile of a scientific conference;

- X, is a non-negative r.v., which takes values from a set of real numbers is the average citation of
conference materials (the number of citations per report over the 10 years from 2011 to 2020);

- X, is an integer positive r.v. is the number of conference participants;

- X; is an integer positive r.v. is the number of reports at the conference;

- X, is an integer positive rv. is the number of participants who submitted more than one report;

- X is an integer value that takes two values: 0 or 1 is an indicator of the publication activity of
the conference organizers (1 — if the organizers submitted a report to the conference and 0 —
otherwise);

- X is a non-negative r.v., which takes values from a set of real numbers is an indicator of the
publication activity of the conference organizers, equal to the average citation of scientific
publications per conference organizer.

The table 1 shows a training sample of the values of r.v. Y, X;-X¢, compiled from the materials of
the websites [21-23].

3. Linearregression model

Based on the data presented in the table 1, we will build a linear regression model reflecting the
dependence of Y on the factors listed above. We will carry out the construction using the SPSS
statistical package.

At the beginning, we will estimate the degree of linear dependence of Y on factors from X; to X,
by constructing a Pearson pair correlation matrix. The study showed that a significant relationship
is observed between Y and factors X;, X,, X; (table 2). The X,-X, factors have little effect on the Y
values, so we will not take them into account in the future. At the same time, a strong relationship is
observed between factors X, and X;. To avoid the negative impact of multicollinearity, we excluded
factor X; from consideration and construct a two-factor regression model Y(X;, X,).

As aresult, the equation is obtained (see the table 3):

Y = —0.049 - X; + 0.012 - X, + 2.237. )

Note that table 3 shows not only the absolute values of the coefficients of the model, but also
the results of checking their significance using the T-criterion. According to the data from the last
column of the table, all coefficients are significant with a significance level not exceeding 1073. In
the second column of the table, estimates of the standard deviation g of the coefficients of the model
are calculated, as well as their values after standardization. According to these data, a change in the
Jj-th coefficient of the model by one ¢; entails a change in Y by approximately 0.620; downward for the
coefficient at X; and by 0.5170; upward for the coefficient at X;.

According to the data presented in the table 4, the constructed model reflects by 85.1% the real
dependence of the quartile on the citation of materials and the number of conference participants.
At the same time, 72.4% of the Y variation in our model is due to the variability of factors X; and X,.
The model itself is significant at a significance level not exceeding 1073 (see the table 5).

There i s no autocorrelation of residues in the constructed model, because the Durbin-Watson
statistics, equal to 1.722 (see the table 4), falls into the interval (d,; 4 — d,,), where d,, = 1.33 (according
to the table of critical values for the significance level a = 0.05).

The absence of auto-correlation of the residuals in combination with the condition of independence
of the observational results actually means that the conditions of the Gauss-Markov theorem are
fulfilled, on the basis of which it is true.

Statement 1. Model (1) is a model with minimal variance among all linear models of a fixed level
of significance a.

Let’s determine the estimate of the variance of the errors of the model (1). To do this, first solve the
question of the normality of the residuals. We will check the normality using the Frosini criterion [24].
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Training sample

Number | Y | X; X, | X5 | X4 | X5 | Xe
1 1 | 5520 | 55 146 | 2 1 36.17
2 1 | 3785 | 58 126 | 8 0 32.50
3 1| 2562 | 79 153 | 3 1 9.33
4 2 | 1893 | 74 139 | 9 0 16.21
5 2 | 16.38 | 48 132 | 0 1 7.17
6 2 | 1439 | 95 143 | 6 1 12.21
7 2 | 7.06 31 48 5 0 8.83
8 2 | 7.03 30 87 0 1 15.83
9 2 | 6.87 59 105 | 8 0 17.32
10 2 | 646 33 94 9 1 16.58
11 2 | 6.04 30 78 0 0 4.83
12 2 | 595 31 66 1 0 23.21
13 3 | 534 26 33 0 1 8.50
14 2 | 3.69 25 48 0 1 10.51
15 3 | 342 17 34 0 1 10.67
16 3 ] 3.39 13 26 2 0 18.67
17 4 | 3.20 95 255 | 9 1 22.37
18 2 | 3.07 52 100 | 5 1 25.87
19 4 | 248 110 | 301 | 5 0 14.83
20 4 | 242 157 | 345 | O 1 20.17
21 4 | 2.04 99 282 | 8 0 16.71
22 4 | 1.89 135 | 380 | 7 1 25.60
23 4 | 1.76 169 | 382 | 2 1 10.50
Pearson Pair Correlation Matrix
Y X, X, X,

Y 1 —0.678 0.588 0.666

X; | 0678 1 —-0.114 -0.141

X, | 0.588 -0.114 1 0.959

X3 | 0.666 —0.141 0.959 1

Table 1

Table 2
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Coefficients

Model Non-standard | Standard error | Standard | ¢ Signific.

Constant | 2.237 0.246 9.082 0.000

X —0.049 0.009 —0.62 —5.244 | 0.000

X, 0.012 0.003 0.517 4.377 0.000

Summary for the model
Model | R R? Adjust. R? | Standard estim. error | Durbin-Watson
1 0.851 | 0.724 | 0.697 0.572 1.722
Analysis of variance
Model Sum of squar | Degr. of freed. | Stand. deviat. | F Signific.
Regression | 17.196 2 8.598 26.283 | 0.000
Residual 6.543 20 0.327
Total 23.739 22
To do this, you need to calculate the statistics:
1 < i—05
By =— z D(z;) — ,
Vnia n
Xi -X _ 1 n 2 1 n —2 . . . . .
where z; = X = > X 87 = - > (x; — X)*; P(z;) is the distribution function N(0, 1).
i=1 i=1

The results of the calculations are presented in the table 6.

Fixing the significance level a = 0.01 and considering that C..(0.01) = 0.341 [24], we obtain:

B, = 0.306 < C,,(0.01) = 0.341.

Therefore, the residuals are distributed normally.
And finally, considering that the variance estimate ¢ is determined by the formula:

2

“ =n—(p+1)

1

Y -Y)'(Y -Y*)

Table 3

Table 4

Table 5

)

®3)

)

and is equal in our case to 0.327 (see the last column of the table 6), we come to the following result.

Statement 2. The model of linear regression of quartiles of scientific conferences, based on the
data presented in the table 1, has the form:

Y = —0.049 - X; +0.012 - X, + 2.237 + ¢,

where € is the rv. having a normal distribution with parameters m = 0 and o = 0.57.

©)
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Calculation of B, statistics

Num. | Y | X; X, Y* Y-Y* | F(Z) Bi) | (Y —Y*)*2
1 1 | 25.620 | 79.000 | 1.930 | —0.930 | 0.040 0.018 | 0.864
2 2 | 3.070 | 52.000 | 2.711 | —=0.711 | 0.090 0.025 | 0.505
3 2 | 14.390 | 95.000 | 2.672 | —0.672 | 0.102 0.007 | 0.451
4 2 | 6.870 | 59.000 | 2.608 | —0.608 | 0.125 0.027 | 0.370
5 2 1369 |25 2.356 | —0.356 | 0.250 0.054 | 0.127
6 2 | 595 |31 2317 | —0.317 | 0.274 0.035 | 0.101
7 2 | 646 | 33 2.316 | —0.316 | 0.274 0.009 | 0.100
8 2 | 604 |30 2.301 | —0.301 | 0.284 0.042 | 0.091
9 2 | 706 | 31 2.263 | —0.263 | 0.309 0.061 | 0.069
10 2 1703 |30 2.253 | —0.253 | 0.316 0.097 | 0.064
11 2 | 18.93 | 74 2.197 | —0.197 | 0.359 0.097 | 0.039
12 41176 | 169 4179 | —=0.179 | 0.370 0.130 | 0.032
13 1| 3785 |58 1.078 | —0.078 | 0.440 0.103 | 0.006
14 2 | 1638 | 48 2.010 | —0.010 | 0.494 0.093 | 0.000
15 4 | 242 | 157 4.002 | —0.002 | 0.500 0.130 | 0.000
16 41189 | 135 3.764 | 0.236 | 0.670 0.004 | 0.056
17 4 | 248 110 3.435 | 0.565 | 0.857 0.140 | 0.319
18 4 204 |99 3.325 | 0.675 | 0.898 0.137 | 0.456
19 3153 |26 2.287 | 0.713 | 0.910 0.106 | 0.508
20 3342 |17 2273 | 0.727 | 0915 0.067 | 0.528
21 31339 |13 2227 | 0.773 | 0.928 0.037 | 0.598
22 41320 |95 3.220 | 0.780 | 0.929 0.006 | 0.608
23 15520 |55 0.192 | 0.808 | 0.936 0.043 | 0.653
Sum = 1,467 | 6,543
B(n) = 0,306 | 0,327
C..(0,01)= | 0,341

Table 6

Further, based on the data for the three “new” conferences, we obtained the predicted values of
their quartiles using the model 1 (see the table 7).

As we can see from the results presented in the table 7, conferences numbered 24 and 25 should
be assigned the 1st and 2nd quartiles, respectively. With conference number 26, the picture is not so
clear, because the predicted value of Y lies approximately in the middle between numbers 3 and 4,
which suggests that this conference should be assigned the 4th quartile with a probability of 0.55 or
the 3rd quartile with a probability of 0.45.
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Table 7
The results of the calculation of the predicted quartile values

Num. | Quartile (forecast. signif- | Citation X; Quantity participants X,
icant.) Y

24 1.0323 38.30 56

25 2.23101 5.51 22

26 3.55425 2.75 121

4. Discriminant analysis

Discriminant analysis is a classification method, the purpose of which is to divide the objects of
observation into classes according to the values of the effective feature, depending on a number of
controlled factors [24]. In our case, the effective feature is the quartile, and the controlled factors are
the citation of the conference materials and the number of its participants. Our further goal is to
classify new conferences using discriminant analysis, the data for which are presented in the table 7,
based on the training sample presented in the table 1. To solve this problem, we still use the SPSS
statistical package.

First of all, we pay attention to the data shown in the table 8. This table shows the results of
checking the significance of differences in the average values of discriminant functions in data groups
corresponding to factors X; and X, using the Wilkes’ Lambda criterion. In our case, the significance
levels for each factor do not exceed 0.05, which proves the existence of discriminating features of
these factors and confirms the possibility of their use for discriminant analysis.

Table 8
The criterion of equality of group averages

Function | Wilkes’ F Degr. of free- | Degr. of free- | Sgn.
Lambda dom 1 dom 2

X 0.190 26.972 3 19 0.000

X, 0.232 20.913 3 19 0.000

According to the data presented in the table 9, the first discriminant function takes into account
67.5% of the variance of the effective feature, and the correlation between the training sample data and
the data obtained by the model is 0.918, which is a fairly high indicator. For the second discriminant
function, these indicators are 32.5% and 0.849, respectively. The significance of discriminant functions
was assessed using the Wilkes’ Lambda criterion. According to the results presented in the table 10,
the significance of both discriminant functions does not exceed 0.05.

Table 9
Eigenvalues
Function | Proper. % of var. ex- | Cumulative % | Canonical cor-
value plained rel.
X 5.378¢ 67.5 67.5 0.918
X, 2.586% 32,5 100.0 0.849
According to the table 10, we obtain the following expressions for discriminant functions:
DI(XI’XZ) =0.141 - Xl —0.028 - X2 + 0.352, (6)

Dy(X1,X,) = 0.083 - X, + 0.034 - X, — 3.100. @)
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Table 10
Non-normalized coefficients of canonical discriminant functions

Function 1 2

X 0.141 0.083
X, —0.028 | 0.034
(Constant) | 0.352 —3.100

Statement 3. Discriminant functions (6) and (7) are significant at the significance level a = 0.01.

Proof. We will evaluate the significance of discriminant functions using the Wilkes’ Lambda
criterion [25], according to which it is necessary to calculate statistics:

xim) =—-(m—((p+g)/2—DlnA, k=12,.., (8)

1 1 1 . N .
i 4 14 A, = T+ 1y p = 2 is the number of discriminant features; g = 4 is

number of groups m; = p + g; m, = p is number of degrees of freedom.
The calculation results are presented in the table 11.

where A; =

Table 11
Lambda - Wilkes Statistics

Function | Ag xi my
1 0.044 | 59470 | 6
2 0.279 | 24.265 | 2

It is known [25] that statistics )(,%(mk) have a x? distribution with m; degrees of freedom. Fixing
o = 0.01 and considering that (1 — &) are quantiles y? are distributions with degrees of freedom
m, = 6 and m, = 2 are 16.8 and 9.21, respectively, we arrive at the following result:

1) since 59.470 > 16.8, the hypothesis of the significance of the discriminant function (6) is accepted;

2) since 24.265 > 9.21, the hypothesis of the significance of the discriminant function (7) is accepted.

Thus, the statement is proved. O

The results of the analysis are presented in the table 12. As a result, quartiles 1, 2 and 4 were
assigned to the “new” conferences, respectively. At the same time, quartiles were predicted for
conferences numbered 24 and 26 with probabilities of 1 and 0.996. For conference number 25, the
picture was not so unambiguous. It was predicted the second quartile with a probability of 0.673, or
the 3rd quartile with a probability of 0.327.

In addition, the quartiles of conferences from the training sample were recalculated. As a re-
sult, conferences with numbers 3, 13, 15 and 16 received new quartile values. The quartiles of the
remaining conferences, amounting to 82.6%, were found to be correct.

5. Neural network

To solve the classification problem, a neural network called a multilayer perceptron is best suited [26].
Typically, a network consists of one input layer, one or more hidden layers, and one output layer.
Each layer consists of several neurons. The neuron processes its inputs and generates one output
value, which is transmitted to the neurons in the subsequent layer. Each neuron in the input layer
represents the values of one predictor from the vector x = (x;, x,). In our case, x; and x, are the
citation and the number of participants in the scientific conference.
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Classification results

Table 12

Num. Actual group 1st most likely | Group proba- | 2nd most likely | Group proba-
predicted group | bility predicted group | bility
1 1 1 1.000 0.000
2 1 1 1.000 2 0.000
3 1 2%* 0.524 1 0.473
4 2 2 0.983 3 0.011
S 2 2 0.951 3 0.048
6 2 2 0.828 4 0.166
7 2 2 0.785 3 0.215
8 2 2 0.777 3 0.223
9 2 2 0.927 3 0.069
10 2 2 0.791 3 0.209
11 2 2 0.760 3 0.240
12 2 2 0.767 3 0.233
13 3 2%% 0.710 3 0.290
14 2 2 0.667 3 0.333
15 3 2%* 0.572 3 0.428
16 3 %% 0.524 3 0.476
17 4 4 0.786 2 0.210
18 2 2 0.868 3 0.128
19 4 4 0.981 2 0.019
20 4 4 1.000 2 0.000
21 4 4 0.905 2 0.094
22 4 4 1.000 2 0.000
23 4 4 1.000 2 0.000
24 not grouped 1 1.000 2 0.000
25 not grouped 2 0.673 3 0.327
26 not grouped 4 0.996 2 0.004

To build the network, we use the “neural networks” section of the SPSS package, in which we specify
the quartile of the conference as the dependent variable, and the citation and number of participants
as the covariant, and set the data division into three subsets: training, control and verification in
aratio of 20 : 3 : 3. We set the network architecture manually, fixing the presence of one hidden
layer with four neurons. We select the sigmoid as the activation function for the hidden and output
layers. Then we select the interactive type of training using the gradient descent method and set
the time and the rule for stopping the learning process. The network parameters are shown in the
figure 1, and its configuration is shown in the figure 3.

In the report presented in the figure 2, we pay attention to the lines “sum of squares error” and
“relative error” in the section “test sample”. The error values turned out to be 0.016 and 0.045. These
values are quite small, which indicates that the neural network is well trained.
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Input layer 1 X1
Covariates
2 X2
Number of neurons? 2
Scaling method for covariates Standardized
[Hidden layers Number of hidden layers 1
The number of neurons in hidden 4
layerl2
Activation function Sigmoid
Output layer Dependent 1 Y
variables
Number of neurons 1
Method of changing the scale for )
quantitative dependent variables Nommalized
Activation function Sigmoid
Error function Sum of the
squares

Figure 1. Network Parameters

Training sample Sum of squares error 0,115
Relative error 0.100
Stop rule used Number of consecutive steps without

reducing the error: 1

Training time 0:00:00.002
Verification|sample Sum of squares error 0,016
Relative error 0,045

Figure 2. Summary for the model

The predicted quartile values for both “new” conferences and conferences from the training sample
are contained in the fourth column of the table 13. Note that for “new” conferences, the quartiles
obtained using a neural network coincide with the quartiles obtained using discriminant analysis.
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Quartile values

Table 13

Num. The actual | The value of the | The quartile value | The quartile value
quartile quartile according | obtained by discrim- | predicted by the
value to the regression | inant analysis neural network

method

1 1 1 1 1

2 1 1 1 2%

3 1 2% 2%* 2%

4 2 2 2 2

5} 2 2 2 2

6 2 3* 2 2

7 2 2 2 2

8 2 2 2 2

9 2 2 2 2

10 2 2 2 2%

11 2 2 2 2%

12 2 2 2 2%

13 3 2% 2%* 3

14 2 2 2 2

15 3 3 2%* 3

16 3 3 2%* 3

17 4 4 4 4

18 2 3* 2 2

19 4 3* 4 4

20 4 4 4 4

21 4 3* 4 4

22 4 4 4 4

23 4 4 4 4

24 1 1 1 1

25 2 2 2 2

26 4 4 4

Num. discrep. 6 4 5

of % matches 76.92 84.61 80.77
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Figure 3. Neural Network configuration

Conclusion

As a result of the conducted research, we calculated quartiles of scientific conferences using three
different methods. The results of the calculations are shown in the table 13. The quartiles marked
with asterisks do not match those that were put up by rating agencies and which we called actual.

The last row of the table 13 shows the percentage of matches of the actual quantiles and quartiles
calculated using the appropriate method. As we can see, the best indicator is for the discriminant
analysis (4 discrepancies). In second place, with a difference of one conference, is the neural network.
In third place is the linear regression method, which revealed 6 discrepancies.

Funding: The publication has been prepared with the support of the RUDN University Strategic Academic Leadership Program.
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CraTucTtuyeckue MetTofbl OLLEHKHU KBapTuneﬁ Hay4HbIX KOHdJepeHU,VIﬁ
A. M. EpMmoJiaeBa

Poccutickuil ynueepcumem opyxc6ul Hapodos, ya. Muxayxo-Maxkaas, 0. 6, Mockea, 117198, Poccuiickas ®edepayus

AHHOTauus. B cTaTbe IIpe/CcTaBIeHEl Pe3yJIbTaThl OLleHKY KBapTHIeH HayYHBIX KOH(QEePeHIIUH, BEICTABIEeH-
HBIX BeJyIIMMU PeUTHHIOBBIMU areHTCTBaMU. OIleHKY IIOJIy4eHbl Ha OCHOBe IIPIMEeHEeHNs TPEX METOL0B
MHOTOMEPHOT'0 CTaTHCTHUIeCKOro aHajI13a: JUHeHoW perpeccuy, AUCKPUMUHAHTHOTO aHAIN3a 1 HeHpoH-
HBIX ceTell. JIJIs OLIeHKH KCII0Ib30BaIach 00y4darolast BIOOpKa, BKIOYAIoIast cleayole GaKTopbl: BO3PACT
Y [IEPUOANYIHOCTD KOH(EPEHIMH, KOTUIECTBO YIACTHUKOB U KOJTMIECTBO JOKJIAJ0B, IyOINKAMOHHAST aKTHB-
HOCTb OPraHM3aTOPOB KOH(QepeHIUY, IUTHPYeMOCTb I0KJIaZloB. B pe3ynbTaTe IpoBei€ HHOTO CCIe0BAHU
JINHeHHas perpecCHOHHAas MOJie/Ib IIOATBEPA A BEPHOCTD BBICTABIEHHBIX KBAPTHIIEH A 77% KoHbepeH-
LU, B TO BpeMs KaK MeTO/bl HeHPOHHBIX CeTell ¥ AUCKPUMHUHAHTHOIO aHAIN3a A1 OJIM3KIe Pe3y/IbTaThl,
IIOATBEPAUB BEPHOCTD BHICTABIEHHBIX KBapTUIeH A 81 u 85% KoHbepeHIINI COOTBETCTBEHHO.

KnioveBble C/I0Ba: OIleHKA KBapTHIEl HayYHBIX KOHEePeHINi, JUCKPUMUHAHTHBIH aHAINU3, HEHPOHHEIE CETH,
JINHeNHas perpeccus
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Abstract. This work is the second part of a large bibliographic review of active queue management algorithms of
the Random Early Detection (RED) family, presented in the scientific press from 1993 to 2023. This part provides
data on algorithms published from 2006 to 2015.
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1. Introduction

This work is the second part of the brief bibliographic review of algorithms of the Random Early
Detection (RED) family, compiled according to the dates of publication of scientific works (articles
and conference proceedings) in which the algorithms in question were presented to the public. The
first part was presented in [1].

The authors do not claim that the prepared review includes all existing algorithms, but is the most
complete of those published previously, since it includes bibliographic data on 240 algorithms.

The characteristics of the RED algorithm are the following:

- The algorithm is extremely simple.

- The algorithm is designed to use as few computing resources as possible.

- The main computational complexity comes from calculating the reset (drop) function.

- Due to the use of a moving average in the algorithm, RED handles burst traffic well.

- In TCP/IP networks, the RED algorithm helps eliminate the global synchronization problem. It
occurs when multiple sources operating over the same congested network segment experience
packet loss. As a consequence, these sources simultaneously reduce the speed and then (also
simultaneously) gradually increase it, which leads to new congestion, packet loss and repetition
of the entire procedure. The network state periodically changes from idle to overloaded.

- RED allows to avoid global synchronization by selectively destroying packets from specific
sources.

The mathematical model of RED-type algorithms is quite complex, so it is extremely problematic
to substantiate the influence of different elements of the algorithm on the quality of its work.

The key disadvantage of RED, which many experts report, is the lack of a strict algorithm for setting
RED parameters [2]. The RED parameters set:

- thresholds;

- reset (drop) function form;

- buffer size.
Changing some parameters immediately affects others.

Modifications of the RED algorithm consisted, as a rule, either in changing the number and/or
value of thresholds (multiple thresholds to define different functions on different segments may be
used for this purpose), or in changing the type of drop function (a single linear function was replaced
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by several linear or nonlinear ones, or combinations of linear and nonlinear functions, in order to
obtain the behavior as desired under the default configuration), or in replacing the average queue size
Q by the current (instant) queue size q, either in the simultaneous use of the average Q and current q
queue lengths, or in the dynamic change of one or several parameters (threshold values Q,,;, and
Qpmax, maximum drop probability p.,.,) depending on control parameters (queue size, incoming rate,
rate of queue size change), or in the use of methods of fuzzy logic, Q-learning, neural networks to
determine the optimal algorithm parameter values.

The changes also affected whether the new algorithm was being developed to manage a single
incoming traffic flow or multiple incoming flows with different priorities.

Since quite a lot of similar functions can be specified (with minimal effort), and there is no adequate
mathematical model yet, research to improve RED will continue indefinitely.

The review is structured as follows. Section 2 provides a brief description of the RED algorithm.
Each subsequent section is dedicated to one year, and it presents algorithms of the RED family,
scientific publications (articles in scientific journals, conference proceedings, technical reports, etc.)
on which were presented this year. In Section 13 the authors discussed the results and the future
research directions are highlighted.

2. The classic RED algorithm

In 1993 the classical Random Early detection (RED) algorithm was introduced in [3].
The classic RED algorithm is a queueing discipline with two thresholds (Q.,;, and Q,,,) and a low-
pass filter to calculate the average queue size Q [3]:

Qusr = A = W@+ wgQ  k=0,1,2,..., 1)

where wg, 0 < w, < 1 is a weight coefficient of the exponentially weighted moving-average and
determines the time constant of the low-pass filter. As said in [3] RED monitors the average queue size
and drops (or marks when used in conjunction with ECN) packets based on statistical probabilities
p(Q): A

0, 0< Q < Qmin:

p(Q) = { L= CQmin_, Qmin < Q < Qnay @

Qmax - Qmin e

1’ Q > Qmax,

where pp,., is the fixed maximum value of drop (marking) probability if the threshold Q. is
overcome.
The principles of RED work:

- RED tracks the average queue size and dropped packets based on statistical probability;

- RED can also use ECN mark tracking;

- if the buffer is almost empty, then all packets are passed through as normal;

- as the queue begins to grow, the probability of packets being dropped also begins to increase;

- when the buffer is completely full, the probability becomes one and all incoming packets are
discarded;

- we can say that when a router’s buffer fullness exceeds some threshold value, the probability of
dropping an incoming packet depends on the extent to which this threshold value is exceeded.

Analysis and criticism of proposed AQM algorithm are presented in the works [2, 4-9].

Suggestions for tuning and optimizing the key parameters of the algorithm are proposed in the

following works [10-21]. The implementation of RED in the Next Generation Passive Optical Network
(NG-PON) was presented in [22].

3. 2006

The State Dependent Random Early Detection (SDRED) algorithm [23] to improve delay and jitter
performances by adjusting such RED parameters the maximum threshold Qp,,, and queue weight w,
to four different levels according to queue status.
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In [24] the new Active Queue Management algorithm for 3G Radio Network Controllers, called
Time-to-live based RED (TTLRED), was introduced and compared with three other AQM mechanisms:
RED [3], ARED [25] and Packet Discard Prevention Counter (PDPC) [26]. Two version of TTLRED were
given. The first one is TTLRED for incoming packets, where the averaged queue size in the Gentle
RED algorithm [27] was replaced with a packet lifetime and the drop counter was also modified (only
every N-th packet can be dropped even if the Q,,., is exceeded. The second version is TTLRED for
buffered packets, where packets were given a random dropping (or marking) time while entering the
PDCP buffer.

In Nonlinear RED (NLRED) algorithm [28] in order to make the packet dropping function more
flexible (packet dropping becomes gentler than RED at light traffic load but more aggressive at heavy
load) it was proposed to replace the linear packet dropping function in RED [3] by a judicially designed
nonlinear quadratic function and the rest of the original RED remained unchanged. The other works
on NLRED are [29], where the optimal 3-rd order polynomial packet dropping function for NLRED in
the presence of self-similar traffic was presented, and [30], where the comparative analysis of NLRED
with other queueing mechanisms was made.

In order to improve the bandwidth fairness of classic RED [3] in [31] the new AQM algorithm called
Bandwidth-Fair RED (BF-RED) was proposed. This algorithm, according to the authors, guarantees
the bandwidth fairness by controlling the throughput of high bandwidth flows to protect the rest of
the traffics when the router tends to be congested. The main idea of BF-RED algorithm is to evaluate
the bandwidth usage by monitoring the queue length and to increase the drop probability for the
high bandwidth flows when the bandwidth of the router is not enough.

In [32] the new AQM algorithm, Hybrid Random Early Detection (HRED), combining the more
effective elements of such algorithms as BLUE [33, 34] and the proportional controller [35] with RED
core by extending RED with a second probability parameter to provide stability under steady load,
was proposed. HRED maps instantaneous queue length to a drop probability, automatically adjusting
the slope and intercept of the mapping function to account for changes in traffic load and to keep
queue length within the desired operating range.

The modified version of Adaptive RED [25], named Refined Adaptive RED (Re-ARED), was introduced
in [36]. This algorithm rearranges queue size near the specified target queue size.

The another version of Adaptive RED [25] was Stabilized ARED (SARED) algorithm, proposed in [37].
In this algorithm the Exponential Weighted Moving Average (EWMA) of the instantaneous queue size
from ARED was modified by using two different queue weights in order to hold queue stable and
closer to target area.

Pre-estimation RED (PERED) algorithm was proposed in [38] as a new adaptive RED algorithm,
which adjusts the RED parameters based on the previous estimation to gain better performance.
DiffServ PERED (version of RERED for Differentiated Service (DiffServ) network) adjust the parameters
not only according to the estimation made by PERED, but also based on the priorities of service
subscribers.

In [39] the Queue Variation Adaptive RED (QVARED) algorithm, based on the variation of a queue
per hour in order to be responded to bursty traffic more actively, was presented. This algorithm
enhanced link efficiency and dynamically dropped packets due to have high throughput in case of
bursty traffic.

The novel server-based congestion control algorithm, called SF-RED [40], was designed to provide
inter-server fairness service in a simple and scalable manner by using multiple virtual RED queues,
which are differently parameterized and are maintained in a single physical FIFO (First In First Out)
queue.

The robust two-timescale simultaneous perturbation stochastic approximation algorithm with
deterministic perturbation sequences for optimization of RED parameters was proposed in [41] and
named Optimized RED (O-RED).

4. 2007

Another modification of the ARED algorithm [25], depending on changing the maximum dropping
probability p.,,, by calculating the dropping probability at every arrival on the basis of a linear
equation that reflects the slope of the drop probability — mean queue length and traffic load
characteristics, was presented in [42]. The variation of the maximum probability in the proposed
algorithm depends on the incoming arrival rate and the current average mean queue length. The
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slope of the curve of the drop probability function is varied according to the variation of incoming
arrival rate.

Adaptive Virtual Queue RED (AVQRED), described in [43, 44], was designed as modification of
VQ-RED (VQRED) [45] for satellite networks. The AVQRED algorithm constructs a virtual queue and
feeds the virtual queue sizes to the RED algorithm instead of feeding the weighted average queue
sizes to it. AVQRED reshapes the incoming traffic according to the desired link utilization, so the RED
parameters wy and p,, are no longer in the algorithm because their functionalities are replaced by
the desired link utilization.

In order to provide QoS in a multi-rate WLAN, where the throughput of every wireless node should
be independent of other nodes’transmission cost (defined as the channel usage time), the Temporal
Fair RED (TFRED) algorithm was introduced in [46] to address the congestion, efficiency, and fairness
problems in WLAN (wireless local area network) by setting different drop probabilities for each flow
going through the access point.

Fuzzy control RED (FCRED or FconRED) algorithm [47] was developed to overcome the drawbacks
of the original RED by using a fuzzy controller to adjust the maximum drop probability p,.x to
stabilize the average queue length around the target queue length.

The new policy which favors packets with higher distance from source was introduced in [48] and
named as Distance-Dependent RED (DDRED). The idea of DDRED is to eliminate packets having
consumed fewer physical resources and thus coming from sources nearer to the congested router.
By eliminating such packets, retransmission will be faster.

The new algorithm, Stochastic RED (StoRED), based on stochastic fair queuing and classic RED,
was proposed in [49]. StoRED tries to enforce inter-flow fairness by distinguishing the active flows
into a limited number of groups stochastically based on the bandwidth share obtained by flows. The
algorithm tunes the packet dropping probability in such a way that the packets of the flow with higher
transmission rate will more likely be dropped than flows with lower rate. For unresponsive flows
(UDP flows) the modification of StoRED, named StoRED+, was given.

The modification of Adaptive RED (ARED) [25, 50], based on the multiplicative-increase
multiplicative-decrease (MIMD) approach instead of additive-increase multiplicative-decrease (AIMD)
policy and therefore named MIMD ARED, was described in [51].

In [52] the new RED algorithm named Preferential Dynamic Threshold RED (PDT-RED) and its
optimized version OPDT-RED were proposed. These algorithms dynamically adjusted values of Q.
and Q. thresholds by taking into account packets priority (all incoming packets are divided into
several types with assigned priorities, packets with higher priority are dropped (marked) with a lower
probability) and unused buffer space.

The idea of using neural networks for early congestion prediction (a prediction tool to determine
the future values of the queue size (based on current and previous values of the queue length) and
the necessity of packets to be dropped (marked) if the predicted queue size goes beyond the targeted
value) is at the heart of the Neural Networks RED (NN-RED) algorithm [53].

The Dual RED algorithm for active congestion control specific for the handover traffic was proposed
in [54]. The proposed mechanism is called Dual RED, because when the handover is finished the
original RED (oRED) is used unchanged and an addon RED (aRED) is only used temporarily during
a handover to handle the handed-over traffic. The structure of Dual RED in some way is similar to
RIO [55].

In [56] the novel method using stochastic learning automata and thus named Learning automata
RED (LARED) was introduced. In LARED the RED thresholds Q,;, and Q,,, in order to guarantee the
target value of the delay are dynamically adjusted.

In [57] the authors put forward a fuzzy self-tuning PD-RED algorithm that uses a fuzzy controller to
regulate the Proportional Derivative (PD) controller’s parameters in real-time, which allows to gain
rapid response and keep the queue length within the target values.

5. 2008

The linear model of Gentle RED (GRED) [27], named GRED Linear, was presented in [58]. The discrete-
time queuing model of GRED algorithm was constructed and analyzed the performance of a single
queue node. It was proposed to decreases linearly the packet arrival probability value in order to
control congestion. The comparison of GRED Linear with other versions of RED algorithm was
conducted in [59].
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The improved RED algorithm named Enhanced RED (ERED,EnRED) based on congestion detection
and congestion avoidance was introduced in [60]. In order to adapt RED parameters to the dynamic
changes of network in the practical application it was proposed to combine the current queue length
Q and the average queue length Q to a single parameter Q by using the weight w,.

In [61] it was proposed to use a fuzzy logic (FL) controller technique based on the traditional RED
algorithm to discover the congested router buffer as soon as the congestion occurs in the network.
The new algorithm was named as Fuzzy-logic Controller-based RED (FConRED). This algorithm uses
the average queue length and the packet loss rate as input linguistic variables and produces the packet
dropping probability as a single output linguistic variable.

The new version of Modified RED (MRED) [62], named Progressive RED (PRED), was introduced
in [63]. PRED not only adopts the instantaneous queue size to adjust the threshold Q,,,, dynamically
to make adaptive response toward the instantaneous network condition, but also regulates the
packet dropping probability non-linearly and progressively to adapt to various network conditions by
comparing the instantaneous queue size with the progressive maximum queue threshold parameters.

The Kohonen-RED (KRED) algorithm, based on Kohonen neural network model, was described
in [64]. It was proposed to compute the value of p,,,, parameter by using a Kohonen neural network.

In [65] two multiple RED routers algorithms of congestion control for two layers’ network were
suggested. The first algorithm — fair AQM algorithm, which extends the classic RED algorithm to
edge routers and core routers, implements fair link capacities of edge routers. The second algorithm
(more precisely, two versions of the algorithm) — unequal AQM algorithm tries to control the link
capacities for the accessed edge routers and implements unequal link capacities of edge routers, but
requires the core routers to have multi-queues buffers. Two versions of unequal AQM algorithm for
the core router are considered: if the number of queues equals that of accessing edge routers and if
the number of queues is far smaller than that of accessing edge routers.

In [66] the Autonomous RED (AURED) algorithm allowing a complete autonomous p,,., adjustment
process by tuning the packet drop probability according to the performance variation between two
consecutive sampling periods was proposed.

6. 2009

Two new version of classic RED — Barrier optimized RED (B-RED) and Penalty optimized RED (P-RED)
were introduced in [67] as obtained by barrier (Barrier optimized RED) and the penalty (Penalty
optimized RED) function approaches solutions to probabilistic constrained optimization problem
by assuming a nonlinear relationship between the RED average queue length and its parameters as
the variables of the optimization problem. The proof of convergence of proposed B-RED and P-RED
algorithms to RED was given in [68].

In [69] the new active queue management algorithm, Effective RED (ERED), was presented. The
aim of ERED was to reduce packet loss rates in a simple and scalable manner by changing Q;, and
Qmax thresholds and by controlling instantaneous queue size Q together with average queue size Q.
Also it was proposed to control average queue size Q when connections immediately reduce their
sending rate in the case of no congestion. The performance evaluation and comparison of ERED
with some other Active Queue Management algorithms was presented in [70].

The idea of using hazard rate function for estimation of RED packet drop probabilities was proposed
in [71] and the new algorithm was named Hazard rate estimated RED (HERED). The usage of hazard
rate function for a packet dropping function allows to make packet dropping gentler at light traffic
load but more aggressive at heavy load.

The Priority Self-adaptive RED (PSRED) algorithm designed for Ad hoc networks with flows with
different priorities was introduced in [72, 73]. The aim of the algorithm is to establish a balance
between the queue length and the packet loss probability by self-adapting the values of p,,.-

The mechanism for RED parameters (thresholds Q,,;, and Qp,,x, maximum drop probability py,.x
and queue weight w,) simple, scalable and systematic tuning in response to changing network
conditions (traffic load, link capacity and round-trip time), named as Auto-Parameterization RED
(APRED), was proposed in [74]. This algorithm based on nonlinear dynamic model of TCP behavior
which was developed by using fluid-flow and stochastic differential equation analysis.

The packet dropping algorithm, based on a self-tuning proportional and Integral feedback
controller, which considers not only the average queue length at the current time point, but also
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the past queue lengths during a round-trip time to smooth the impact caused by short-lived traffic
dynamics, was introduced in [75] and named Self-tuning Proportional and Integral RED (SPI-RED).

The modified version of RED algorithm [3], called Multi RED (MRED), which was proposed in [76] as
an effective way to reduce packet loss rates in the internet by computing the packet drop probability
based on described heuristic method and enabling bandwidth allocation over a single link to different
types of traffics.

The enhanced version of classic RED, named Light-weight Flow information RED (LwFRED), was
designed in [77] for improving the fairness of RED aided by light-weight flow information. The basic
idea of LWFRED was to classify flows into groups (like in [49] but in a different way) and adjust the
dropping probability of each group according to its behavior.

The robust AQM algorithm for wireless Ad hoc networks was proposed in [78] and named Adhoc
Hazard RED (AHRED). In order to prevent congestion which behaves rapidly according to the density
of traffic load the described algorithm uses a packet drop probability function based on Weibull
model of a hazard rate function (the conditional probability that a system will fail instantaneously
some time alter time ¢ given that it has survived up to time ¢).

7. 2010

In [79] the new version of RED algorithm mechanism for congestion avoidance in wired networks
based on a learning-automata-like (LAL) philosophy and therefore named learning-automata-like
RED (LALRED) was introduced. The main aim of LALRED was to optimize the value of the average
queue size used as a control parameter for congestion avoidance and to consequently reduce the total
loss of packets at the queue. It was achieved by stationing a LAL algorithm at the gateways and by
discretizing the drop probabilities. The application of LALRED for optical networks was presented
in [80].

The Fuzzy Q-learning RED (FQL-RED) algorithm based on Adaptive RED (ARED) [25] and Fuzzy
RED [81, 82] was proposed in [83]. This algorithm uses a Q-learning method enhanced with a fuzzy
inference system in order to ensure RED with self-adaptation and improved performance.

In [84] the novel autonomous Proportional and Differential RED algorithm (NPD-RED) was proposed
as an extension of RED for the TCP/RED dynamic time-delayed model in wired network and
wired-wireless network routers. NPD-RED is based on a self-tuning feedback proportional and
differential controller, which not only considers the instantaneous queue length at the current time
point, but also takes into consideration the ratio of the current differential error signal to the buffer
size. Also the new probability packet dropping function, based on changes in the instantaneous
queue and the differential in queue length, is introduced.

The novel version of RIO-C (RED with In/Out and Couple queue) [85], named RIO Based On Priority
and Fair (PFRIO), was presented in [86]. The main change was made in the calculation of average
queue length in RIO-C algorithm to decrease the influence of the number of low drop-precedence
packet on high drop precedence packet by introducing the new parameter, which makes the influence
change dynamically in accordance to the number of packets.

In [87] the a discrete-time dynamical model of TCP and UDP congestion control at the hosts coupled
with RED active queue management at the routers, named TCP-UDP-RED, for controlling bifurcations
and chaos in the internet congestion control system for Transmission Control Protocol (TCP) and
User Datagram Protocol (UDP) network was proposed.

The Robust RED (RRED) algorithm to improve the TCP throughput against Low-rate Denial-of-
Service (LDoS) attacks was presented in [88]. The basic idea behind the RRED was to detect and filter
out attack packets (by using the proposed new detection algorithm) before a normal RED algorithm
was applied to incoming flows.

The new active queue management algorithm for Assured Forwarding (AF) services guaranteeing
minimum bandwidth provided based on RIO algorithm [55] and Weighted Fair Queuing (WFQ) was
introduced in [89]. In the proposed scheme, the control functions for RIO and WFQ are enhanced
under the assumption that they are used for input (RIO) and output (WFQ) queue management.

In [90] the novel algorithm called RIO based on Fractional Exponent Coupling (RIO-FEC), based on
RIO-C ((RED with In/Out and Coupled queue)) and RIO-D (RED with In/Out and Decoupled queues)
algorithms [85] was proposed. The novelty of RIO-FEC lies with the fact that a controllable scheme
for determining the coupling level among virtual queues was introduced by expressing the coupling
level as a polynomial function with a fractional exponent as the power of the polynomial.
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8. 2011

The new modification of the ARED algorithm [25] was introduced in the [91] and named Self-tuning
RED (St-RED). In the proposed algorithm the appropriate value of the parameter p,,., was dynamically
obtained based on history information of both p,,,, and the average queue size in a some period
of time. Also the parameter w, was properly chosen according to a linear stability condition of the
average queue length.

The modified version of RIO-C [85] algorithm with only change in calculation of average queue
length was proposed in [92] and named Weighted-queue-length RIO-C (WRIO). WRIO realizes relative
discrimination of different drop precedence, and improves link utilization, especially for the networks
with TCP traffics.

The improved RED algorithm with sinusoidal packet-marking probability and dynamic weight
(SW-RED) was introduced in [93]. The proposed algorithm dynamically adjusts the average queue
weight and packet drop probability, making it smaller when approaching to Q.,;,, and greater when
close t0 Q. -

Another version of the ARED algorithm [25], New Adaptive RED (NARED), was presented in [94].
In NARED the packet drop probability function is nonlinear smoothed by using the membership
function of the ascend demi-cauchy of fuzzy distribution in order to make the speed of growth of
packet loss rate relatively slow near Q,,;, threshold and relatively faster near the Q,,, threshold. Also
for adapting to the changes of network environment the parameter p,,., is dynamically adjusted by
the length of average queue.

In [95] the new approach to modify ARED algorithm [25] in order to maintain the instantaneous
queue length in the buffer and estimate the packet dropping probability was developed. The proposed
algorithm named as Hazard rate based Heuristic ARED (HHA) because the original ARED packet
drop function was extended by using the random probability Weibull distribution with a non-linear
hazard rate (instantaneous failure rate) function.

In [96] the hop-to-hop controlled hierarchical multicast congestion control mechanism combining
RED [3] (the ability to keep low delay while pursuit larger throughput, but also the strong sensitivity
to parameters) and hop-to-hop (HTH) algorithm (the ability to rapidly respond to congestion and
effectively improve throughput as well as utilization of link, but the need to use too much router
resources in case of many streams) was introduced and analyzed.

The Weighted RED (WTRED) algorithm for congestion handling in TCP networks and increasing
network performance by dynamically adjusting RED’s maximum threshold, minimum threshold and
weight parameters (based on the actual buffer size) was proposed in [97].

The novel adaptive version of Gentle RED (GRED) [27] was proposed in [98] and named Adaptive
GRED (AGRED). Adaptive GRED detects congestion at router buffers in an preliminary stage, and
enhances the parameters setting of the Q,,., threshold and the probability p,,,x- The performance
analysis of AGRED and comparison with RED [3] and (GRED) [27] was conducted in [99], the
comparison with GRED-Linear [58] was made in [59].

In order to deal with RED such problems as sensitivity to traffic load and parameters configuration
and the variety of the equilibrium queue length because of congestion degree and parameter settings
the improved RED (named IRED) algorithm was presented in [100]. The proposed algorithm uses
auto-tuning proportional integral (PI) probability as an adaptation mechanism designed to adjust the
maximum packet drop probability p,,,, for stable average queue length.

The modification of GRED [27] and NLRED [28] was proposed in [101] and named Modified RED
(MRED). It is quite similar to GRED except that the linear packet dropping function was replaced by
a nonlinear (quadratic) function as in NLRED algorithm.

9. 2012

The new per user AQM policy designed for blind network optimization, named the User Random
Early Drop (URED) algorithm, which is a modification of the Flow RED (FRED) [102] and enforces fair
resource allocation among users (tunnels), was introduced and evaluated in [103].

The Modified Random Early Detection (ModRED) algorithm was presented in [104]. It was proposed
to restrict the TCP transmission window with the flow control window instead of the congestion
control window, thus controlling the transmission window with a finer granularity.

For the purpose of countering slow start that causes rapid increase in load of the bottleneck router,
the Harsh RED (HRED) algorithm was proposed in [105]. By taking advantage of well-defined TCP
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slowstart behavior, the HRED queue average was made to cross HRED minimum threshold Q,;, on
a timely manner in order to start “a count-down” for actual HRED dropping by setting the HRED
parameters wg and pp,,, to a very large value compared with the recommended values for RED [3].
The evaluation and comparison of HRED with other AQM algorithms was conducted in [106].

The novel algorithm to achieve bandwidth fairness of RED with packet size consideration, named
Bandwidth fair considering packet size RED (BF-PS-RED) as modification of BF-RED algorithm [31],
was proposed in [107]. BF-PS-RED gathers packet size information (in order to the compensate
unfairness resulted from the packet size difference ) and uses it for adjusting the maximum drop
probability p,,., of a high throughput flow together with drop-weight.

The modification of Refined Adaptive RED (Re-ARED) [36] algorithm, named Fast Adapting RED
(FARED), was presented in [108]. This algorithm efficiently varies the maximum drop probability
Pmax to improve the overall performance of the network/ FARED algorithm retains the target range as
specified in Re-ARED algorithm [36] but modifies the upper bound and lower bound for parameters «
and g respectively.

The modification of ARED [25] and Re-ARED [36] algorithms, named Cautious Adaptive Random
Early Detection (CARED) algorithm that dynamically varies maximum drop probability p.,. either
conservatively or aggressively based on the level of traffic load to improve the overall performance of
the network, was proposed in [109]. The detailed study of the proposed CARED algorithm was carried
out in [110].

10. 2013

The new version of RED algorithm, named Velocity RED (VRED) and based on using the queue length
growth velocity in order to measure the congestion level in router, was introduced in [111]. VRED
triggers the drop probability according to proposed metric. The usage of the queue length growth
velocity, according to the authors, leads to fast reaction and hence improves the network performance
because the packet dropping becomes gentler at light traffic load but more aggressive at heavy traffic.

In [112] the novel RED-based active queue management algorithm, called Full Information Feedback
RED (FIF-RED). This algorithm for packet drop probability function not only considers the average
queue length Q but also takes into account the growth rate of the instantaneous queue length.

The new version of RED algorithm, based on ideas of Robust RED [88] and designed to defend
against DoS attacks by using the flows trust values for identification and dropping of malicious packets,
was introduced in [113] and named as RED with Flow Trust (RED-FT).

The new AQM algorithm, with minimal changes to the classic RED algorithm, for providing the
effective solution to avoid congestion collapse of network services by introducing new threshold
U, (Upper Threshold) and for better use of buffer space, was presented in [114] and named Upper
threshold RED (URED).

The new modification of Gentle RED (GRED) [27] algorithm, designed or early stage congestion
detection at the router buffer and named Dynamic Gentle Random Early Detection (DGRED), was
introduced in [115]. The proposed DGRED algorithm depends on the stability of the average queue
length at a specific level between Q,;, and dynamically changing Q,,., thresholds values. Also the
dynamical threshold 2Q,,., is introduced. The simulation based performance evaluation of DGRED
and comparison with several Active Queue Management algorithms for computer network was
conducted in [116].

In [117] the packet correlated RED (PCRED) algorithm was proposed in order to forward the video
packets in an efficient way by properly utilizing the unused bits of the differential service (DS) field of
the IP header and providing some heuristic information for packet early discarding.

The version of RED algorithm with two nonlinear quadratic drop probability functions instead of
a single linear function was introduced in [118].

The new robust RED algorithm, based on ideas of ARED [25], NLRED [28] and Re-ARED [36]
algorithms and named Adaptive Nonlinear RED (ANLRED), was presented in [119]. This algorithm
minimizes the parameter sensitivity of RED by making minimal algorithmic modifications without
introducing some new parameters for better performance. ANLRED varies p,,., adaptively based on
the change in average queue length Q.

The new version of RED, named Modified RED (MDRED), was introduced in [120]. In the proposed
algorithm the queue between minimum threshold Q,,;, and maximum threshold Q,,., was virtually
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divided into smaller subparts and calculation of packet drop probability was based on the average
queue size Q.

11. 2014

The extension of Gentle RED (GRED) algorithm [27], depending on a fuzzy logic system which reduces
the large dependency on parameter settings, was proposed in [121] and named Fuzzy Logic Controller
of Gentle Random Early Detection (GREDFL). The proposed algorithm uses the average queue length
and the delay rate as input linguistic variables for a fuzzy logic system. The utilized fuzzy logic system
produces a single output that represents a packet dropping probability, which in turn control and
prevent congestion in early stage.

The new technique for network congestion avoidance and control, based on Balanced RED
algorithm (BRED) [122, 123], was presented in [124] and named Neural Network Dynamic Balanced
RED (NN-DBRED) because of using time delay line neural network as system’s core to detect and
separate adaptive and non-adaptive flows and also limit receive rate from them, to provide fairness
between flows and avoid occurring congestion and buffer overflow.

The new enhanced algorithm, based on URED [114], was proposed in [125] to reduce parameter
sensitivity and to improve the network performance in a congested networks by introducing a new
threshold (the upper threshold) for better use of buffer space and to queue more packets which
reduces packet drops. This algorithm was named Upper Threshold RED (UT-RED).

In [126] the Modified Gaussian Function based RED (MGF-RED) algorithm was introduced. The
Modified Gaussian function was used for calculating the likelihood of packet drop as the average
queue length increases the minimum threshold.

The new version of classic RED algorithm [3] with a modified weighted moving average ased on
a difference equation (a recursive equation) was proposed in [127]. It was shown that Depending on
a particular optimality criterion, the proper values of the modified weighted moving average function
can be chosen.

The modification of RED with new congestion metric (to forecast when the queue will be overloaded
and to use for dynamically setting of RED parameters) based on the rate of which the queue is occupied,
was considered in [128] and named QRTRED.

Two versions (Modified1 and Modified2) of Modified RED for stabilized queue (MRED-QS) were
presented in [129]. In both versions the probability drop function was changed from linear to non-
linear: logarithmic function for Modified1 version and exponential function for Modified2 version.

The new RED algorithm, named Random Early Dynamic Detection (REDD), was proposed in [130] in
order to identify and control congestion and to enhance RED’s performance in regards to mean queue
length and packets waiting time. In the REDD the maximum threshold Q,,,, position is adaptively
changed depending of values of average queue length Q. The comparison of REDD with Adaptive
GRED (AGRED) [98] and GRED-Linear [58] was conducted in [59].

In order to provide better congestion control over the network while maintaining the advantage of
RED the new algorithm called Enhanced Random Early Detection (ENRED) was proposed in [131].
The algorithm depends on enhancement of the average queue size on a way that limits queue size to
minimize the delay and packet loss rate as compared to RED queue by introducing the new parameter
— target queue (the difference between the current queue size and the average of the maximum
threshold Q,,,, and minimum threshold Q,;,).

In [132] the new RED-based AQM algorithm with modified probability drop function was presented,
it was named Curvilinear Random Early Detection (CLRED). Instead of RED single linear function the
two-segment (a quadratic and a linear) dropping function was proposed.

As the modification of the RIO-C algorithm [85] the Improved nonlinear RIO-C (INRIO-C) algorithm
was proposed in [133]. This algorithm takes nonlinear characteristics between the average length of
the queue and packets loss probability into consideration, and proposes piecewise smooth discarding
functions. The algorithm adopts coupled approach to calculate the virtual queue, and sets priorities
for different discarding threshold.
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12. 2015

The new version of RED with better fairness in dropping packets, promoting the real-time data
transfers by considering the initial occupancy of queue and frame admission control based on this
information, was considered in [134] and called fairRED.

The modified version of LALRED algorithm [79], based on the concept of a Learning Automata-Like
(LAL) mechanism, was introduced in [135] and named Efficient LALRED (ELALRED). ELALRED
algorithm was designed for congestion avoidance in wired networks by optimizing the value of the
average queue size Q.

The version of RED algorithm less biased against the User Datagram Protocol (UDP) packets was
proposed in [136]. It was found out by authors that modification of the maximum threshold Q,,,, and
the final drop probability gives a considerable reduction in the UDP packet drop for a relatively lesser
reduce in the TCP throughput.

The modified version of the Fair RED (FRED) algorithm [137], named Enhancement Fair RED
(EFRED), was proposed in [138]. In EFRED the FRED probability drop function was modified and
replaced by the hazard rate function.

The new version of RED with nonlinear cubic probability drop function was presented in [139] and
named as Adaptive Sigmoid RED (ASRED).

The modified version of Cautious Adaptive RED (CARED) algorithm [109], designed for
Heterogeneous network and based on fuzzy logic ideas, was developed in [140] and called as Fuzzy
Cautious Adaptive RED (Fuzzy-CARED). In this algorithm the value of maximum drop probability
Pmax 1S cautiously increased and decreased based on current traffic load after detecting congestion in
the network.

13. Conclusions

The presented bibliographical chronological review of active control algorithms of the RED family is
the most complete both in terms of the number of algorithms reviewed (more than two hundred)
and in terms of the number of scientific publications analyzed and presented. This review will be
useful to researchers in the field of the congestion control.

Active queue management algorithms of the RED family are not something new for the authors of
this work, as evidenced by the publications presented below [141-149].

In the future, the authors plan not only to classify the considered algorithms based on the
classification criteria presented in [141, 150, 151], but also to review and classify other active queue
management algorithms.
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Abstract. In this paper, we study the effect of using the Metropolis-Hastings algorithm for sampling the integrand
on the accuracy of calculating the value of the integral with the use of shallow neural network. In addition,
a hybrid method for sampling the integrand is proposed, in which part of the training sample is generated by
applying the Metropolis-Hastings algorithm, and the other part includes points of a uniform grid. Numerical
experiments show that when integrating in high-dimensional domains, sampling of integrands both by the
Metropolis-Hastings algorithm and by a hybrid method is more efficient with respect to the use of a uniform
grid.

Key words and phrases: Shallow Neural Network, Numerical Integration, Metropolis-Hastings Algorithm

1. Introduction

In the recent study [1], an algorithm for numerical integration was proposed based on the use of
a neural network with one hidden layer. In this approach, the neural network approximates the
integrand function within a bounded region that includes the integration domain. A training the
neural network may certainly require a significant amount of time and computational resources.
However, when the training is completed, the neural network architecture allows for the analytical
integration of the approximated integrand. Furthermore, the integral of the neural network’s function
can be computed in any other subregion without the need for retraining. Thus, the neural network
integration approach is efficient for tasks where it is necessary to repeatedly calculate the integral of
the same function in different regions.

The neural network training is the main challenge of an integrand approximation. During
supervised learning training data plays a significant role, and consequently an approach to their
sampling. In the paper [1], a uniform grid-based discretization of the domain was used as the function
sampling method. However, this approach is inefficient for integrands with significant variations in
certain subregions.

In this article, the impact of using the Metropolis-Hastings algorithm for shape-based sampling of
an integrand on the integration accuracy is considered. A hybrid approach for forming the training
dataset is proposed, in which a portion of the training dataset (with a relative volume fraction denoted
as p) is generated using the Metropolis-Hastings algorithm, while the other part includes nodes of
a uniform grid.
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2. The neural network method of approximate integration

In many areas of science and engineering there is a need for approximate calculation of an integral
for a given continuous real function f : R" — R over a region S

- / f@)dx. W
S

According to the universal approximation theorem [2] and Theorem 2 in [1], any function f(x)
as defined above can be approximated arbitrarily accurately using a shallow (single hidden layer)

neural network f(x) with a logistic sigmoid activation function (3). This network can be analytically
integrated within a bounded convex region S.

The mathematical expression for such a neural network can be represented by the formula:

Fx) = b@ + WIo(b® + Wyx) = b® + Z w?o (b(l) +> w(l)xl> , ©)
Jj=1 i=1

where:

- W, and W, are weight matrices for the first and second layers of the neural network, respectively;
- b® and b® are the bias vectors for the first and second layers of the neural network, respectively;
x is an n-dimensional vector of input values for the function f;

o is the logistic sigmoid function:

a(z) = ®3)

T+ez

The logistic sigmoid function and its antiderivatives are expressed in terms of polylogarithmic
functions Li,, of different orders m: Lij:

1

Lig(2) = —y—=- (4)
In particular, the sigmoid function itself is expressed in terms of the zeroth-order polylogarithm
o(z) = Trez = = —Lig(—€?). (5)

Note that the representation of each subsequent antiderivative o(z) increases the order of the

polylogarithm by one. This representation of the sigmoid function allows us to integrate fx)in
accordance with Theorem 2 from [1].

The integration region S can be extended to S such that S C Sand f(x) =0forx € S\ S. Sisan
n-dimensional hyperrectangle in R", specifically S = [ay, 81] X [az, 8] X +++ X [, Br]-

Thus, expression for the neural network integral f(f, «, 8) is defined as:

<15
i(f, e, p) =1I[f] = bZH(,rs,—a)+ Z w(z) [H(ﬁl—aln e (1)] (6)

ij
where @; is defined as:
2n n
@ = &L, (— exp [—bj@ -3 wi(})&,r]) . )
r=1 i=1

Here, ¢, is the sign in front of the r-th term of the sigmoid integration, and ¢; , represents the
corresponding integration limit for the i-th dimension. These limits are defined by:

& = [JD>", ®)
d=1
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a;, if [r/2"!]is even,

0= { ©)

Bi otherwise.

It is worth noting that an alternative to polylogarithmic functions can be the Fermi-Dirac integral:

1 <o
Fax = r'(n+1) /0 el=x 4 76 (10)
which is related to the polylogarithm as:
Ex = —Lipy(—€¥). (11)
Then the function (7) takes on a new form:
2 )
1 1
&= —&F,, (—bj( -3 uf j)gi,r>. 12)
r=1 i=1

This alternative representation can be useful when the weight coefficients wi(}) and biases bj(l)

acquire large values due to training, causing potential data type overflow issues. However, the
effectiveness of this depends on the specific implementation of the Fermi-Dirac integral calculation.

3. Sampling of integrand

The main difficulty of the considered integration approach lies in the neural network training that
approximates the integrand. In other words, the main problem is to calculate the weight matrices
W,, W,, and biases b, b® to achieve the minimum value of the objective function. A successful
solution to a supervised learning problem depends on several factors, the most important one is the
generation of a training dataset.

The training set, denoted as D = {(x, f(x)) | x € Sy C S} (where Sy is an N-element finite subset of
S), includes the argument vector x and the corresponding function values f(x). In other words, the
training set results from sampling the integrand.

In [1], a uniform grid of nodes is used as the training dataset, which leads to insufficiently accurate
approximation for families of integrands with sharp value changes in certain subregions, hence
resulting in unsatisfactory integration results. In particular, there would be insufficient learning
points in regions where the shape of the function is drastically sharp for instance for functions with
explicitly pronounced peaks. This case is illustrated in the figure 1b.

In this research, a hybrid approach is proposed for forming the training dataset, where a part of
the training data Dy is generated using the Metropolis-Hastings algorithm [3] and [4], which allows
sampling any probability distribution function. Another part of the dataset Dy consists of nodes
from a uniform grid. As a result both data sets united to the final training set D = Dy U Dyg.

The Metropolis-Hastings algorithm is based on constructing a converging Markov chain, where
each iteration involves generating a new random point x from an auxiliary distribution, followed by
deciding whether to accept or reject this point, using information about the value of the integrand f(x).
Applying such an approach to functions with a narrow and high peak will increase the point density
in areas where the function value increases, thereby improving both the integrand approximation
and integration accuracy. Examples of point generation using the hybrid method and the Metropolis-
Hastings algorithm are shown in figures 1d and 1c, respectively.

The main challenge in applying the Metropolis-Hastings algorithm lies in the absence of
a universally efficient approach to determine the algorithm’s parameters. Additionally, it is necessary
to establish the number of points to generate using the Metropolis-Hastings algorithm relative to the
total number of points for effective integrand approximation. This paper empirically investigates
the impact of parameter determination and the proportion of points generated by the Metropolis-
Hastings algorithm on the integration results.



Ayriyan A. et al., Sampling of integrand for integration using shallow neural network

0.0
0.2

0.4

0.6
0.8 *y

1.0 1.0

1.0 1.0

(a) An example of a corner peak function

(b) Example of uniform grid sampling

0.0

0.0
0.2

0.2

0.4

0.6 +.
0.8 ¥ <

0.4
0.6

0.8 **
07 10 1.0 1.0

(c) Example of sampling using the Metropolis-Hastings

(d) Example of hybrid sampling at o = 0.5
algorithm

(“50 to 50”)

Figure 1. Different ways to sample a function with a clearly defined peak with fixed parameters ¢; = 0.0146162197 and
cy = 299.985384

4. Implementation and testing

4.1. Implementation

The implementation of the approach was carried out in the Python programming language within the

ML/DL ecosystem in the computational component called jhub2 [5] using the Keras [6] and mpmath
[7] Python libraries.

The number of neurons in the hidden layer of the network was determined according to the
expression:

_ _Kl KzN
k= [(logw(N)) mJ ; (13)
where K; = 4.33 and K, = 16 [1], N is the number of elements in the sample.

The mean squared error (MSE) was used as the objective function:

N

MSE:I%Z(fi—f;)Z. (14)

i=1
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The neural network was trained using the Levenberg-Marquardt backpropagation algorithm [8],
[9] for 5000 epochs. The Levenberg-Marquardt method is one of the fastest and has high convergence
for small-sized neural networks [10]. For the neural network training 90% of the total number of
points D were used, with the remaining 10% used for validation.

The inputs and outputs of the neural network were transformed into the range [d;n, dmay | through
Min-Max normalization [11]. After the training process, based on the obtained weight coefficients Wy,
W,, and biases b"), b related to the normalized function f’, the integral is calculated according to
formula (6). The integration limits & and  must be scaled to &’ and 8’ according to the transformation
of the neural network arguments. Then, according to formula (6), a scaled value of the integral
I(f', &, B’) is obtained. To obtain the integral I(f, «, §), it is necessary to rescale I(f',&’, 8') according
to the expression:

V(g)(fmax — fmin)
V(S’)(dmax - dmin)
Here f. and f;, are the maximum and minimum values of the function in the training set

D, and V(S) and V(S’) are hypervolumes of the integration domain S before and S’ after the scale
transformation, respectively, and since the latter are hyperrectangles, the volumes are:

fmax — fmin

dmax - dmin

I(f,o.p) =

1S B + (i = in) VCS).

n
v =T]®6-a, (15)
i=1
n
vsH =TT —a). (16)
i=1
In further calculations, d,, = 1, and d;, = —1.

The accuracy of integration is assessed by determining the number of correct digits (CD) in the
approximate value of the integral obtained using the neural network:

CD(1,1) = —log,, (17)

I-1
— -

4.2. Functions for testing

The testing of the hybrid sampling was performed on three classes of integrands, f;, f,, f;, defined

within the unit cube [0,1]". All three classes of parameterized functions were taken from a set of

functions for testing multidimensional integration algorithms compiled by Alan Genz [12]:
Oscillatory function:

n
fi(x) = cos (27ru1 +> cixl-) . (18)
i=1
Corner Peak function:
n —(n+1)
L) = (1 + Z cixi) . (19)
i=1
Continuous function: n
f(x) =exp (— Deilxi - ui|) . (20)
i=1

Here, u; are shift parameters, with values uniformly randomly distributed in the interval [0, 1]. The
vector of parameters ¢ can be used to control the complexity of integration. It is determined for each

family of functions f separately:
hy :
c=| < — /¢ (21)
ni Yy ¢

where ¢’ is a vector of size n, with its components uniformly randomly distributed in the range [0, 1].
The values of h; and ¢; are fixed for each class of functions and are presented in the table 1.
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Table 1
Values of integration complexity parameters

n Parameters | f} ) 5
n=2 hj 100 600 100
¢ 1 1 1
n==6 hj 300 | 1000 | 200
€ 1.75 | 1.75 | 1.75

4.3. Testing of the hybrid approach

Each class of integrands (18)-(20) was investigated in two spatial dimensions, n = 2 and 6, with
a corresponding number of points N = 103, 10%, and 10°. The results of the computations are
illustrated in the figure 2.

Each point on the graph corresponds to the average value of 20 approximate integrals with varying
parameters u and c. For N = 10°, the number of computed integrals was reduced from 20 to 5 due to
the lengthy neural network training.

For functions with a clear peak, the proposed method of defining the training set increases the
accuracy of integration compared to training on the nodes of a uniform grid, for any number of
points generated by the Metropolis-Hastings algorithm. On the other hand, a value of p near 1 can
deteriorate the function approximation due to a lack of points near the small function values, thereby
reducing integration accuracy. In the case of oscillatory and continuous functions, applying hybrid
sampling does not significantly increase accuracy when n = 2. Furthermore, for large p values of 0.9
and 1.0, integration accuracy significantly decreases compared to training on the nodes of a uniform
grid. However, for the case when n = 6, integration accuracy increases when p is set to 0.2 and 0.7
for the oscillatory function, and 0.1 and 0.2 for the continuous function, relative to p = 0.

It is worth noting that for functions with a clear peak, with a small number of points (N = 103)
and n = 2, increasing p the accuracy is rising by 2 digits. However, for the oscillatory function, the
situation is reversed with increasing p, accuracy decreases from 4 to 2 digits. In the case of the
continuous function, for most p values, accuracy remains nearly unchanged, but for large p values,
the average CD value decreases significantly due to the low number or complete absence of points
in the training set, which are nodes of the uniform grid. A similar trend of decreasing integration
accuracy for large p values is also observed for the oscillatory function when n = 6. However, for the
function with a clear peak, the behavior of the average CD as a function of p remains the same for
small N values.

With an increase in the value of N, accuracy increases for almost all p values, mirroring the change
in CD, but less abruptly. It is important to note that the use of the Metropolis-Hastings algorithm for
generating the training set reduces computational costs. In particular, for a function with a clear
peak, the accuracy at p = 0.8 and N = 10 is comparable to the result at o = 0 and N = 10°. A similar
effect exists for other function classes, but only for n = 6. The choice of the optimal value of p remains
an open question.

In general, the dependence of accuracy on the proportion of points may not be monotonic since
it is determined by the nature of the function itself and the training set derived from this nature.
Furthermore, neural network training also depends on weight initialization. Therefore, the non-
monotonicity has a statistical nature and is dependent on the type of integrands. An assessment
of statistical divergence requires a much larger volume of computations and could be discussed in
a separate study.

5. Conclusion

In the context of this study, it was found that the application of the Metropolis-Hastings algorithm
improves the accuracy of the neural network integration compared to using a uniform grid of nodes.
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Figure 2. Results of the validation of hybrid sampling for functions (18)-(20). Each curve represents N. Each point on the
graphs is the average value of 20 approximate integrals at a given p. For large values of N = 10°, the number of trials was
reduced to 5 due to the lengthy training time
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Thus, a hybrid method for creating a training dataset has been proposed and tested. Part of the dataset
is generated based on the function’s values using the aforementioned algorithm, while another part
includes nodes of a uniform grid within the function’s domain and their corresponding values. To
characterize the hybrid method, the concept of the relative proportion of the sample volume, denoted
as p, obtained through pseudo-random generation, was introduced. The relationship between the
accuracy of approximate integration and this parameter was investigated.

The testing was performed on three families of functions with two and six variables, proposed for
testing integral computation methods. It was shown that the best results, on average, were obtained
when p ranged from 0.1 to 0.3. It’s also worth noting the improvement in results using the hybrid
approach for higher dimensions, denoted as n, and a larger number of points, denoted as N.

Neural network integration appears promising in certain classes of problems, as the analytical
formula for its integration as a function of integration domain parameters allows storing the integral
form of the function and analytically computing an approximate value in any subdomain without the
need for retraining the network. This work demonstrated that sampling using methods to generate
points based on the values of integrands in combination with uniform grid nodes can improve the
results of approximate integration by a neural network. Nevertheless, the choice of the optimal ratio
of the first set of points to the second in the training dataset remains an open question.
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Abstract. There are two main approaches to the numerical solution of the eikonal equation: reducing it to
a system of ODES (method of characteristics) and constructing specialized methods for the numerical solution of
this equation in the form of a partial differential equation. The latter approach includes the FSM (Fast sweeping
method) method. It is reasonable to assume that a specialized method should have greater versatility. The
purpose of this work is to evaluate the applicability of the FSM method for constructing beams and fronts. The
implementation of the FSM method in the Eikonal library of the Julia programming language was used. The
method was used for numerical simulation of spherical lenses by Maxwell, Luneburg and Eaton. These lenses
were chosen because their optical properties have been well studied. A special case of flat lenses was chosen
as the easiest to visualize and interpret the results. The results of the calculations are presented in the form
of images of fronts and rays for each of the lenses. From the analysis of the obtained images, it is concluded
that the FSM method is well suited for constructing electromagnetic wave fronts. An attempt to visualize ray
trajectories based on the results of his work encounters a number of difficulties and in some cases gives an
incorrect visual picture.

Key words and phrases: eikonal equation, geometric optics, wave optics, Julia language, Fast Sweeping Method

1. Introduction

In this article, we use the FSM (Fast Sweeping Method) method to solve the Eikonal equation using
the example of three classical lenses: Luneburg, Maxwell and Eaton. These examples illustrate the
limitations of the FSM method—it does a good job of calculating wave fronts, but is poorly applicable
for calculating the trajectory of rays.

To model lenses, we use the Julia language and the Eikonal library, which implements the FSM
method. The simulation results are visualized using the Mackie.jl library. Schematic illustrations are
created using a separate vector graphics language, Asymptote.

1.1. Structure of the article

The paper consists of an introduction, a theoretical part, a description of the FSM (Fast sweeping
method) [1-5], a description of implementation this method, a visualisation and discussion of the
results.

In the theoretical part, the eikonal equation in Cartesian coordinate system is given, and the
spherical lenses used for numerical experiments are schematically described.

In the next part, the numerical scheme of the FSM method with detailed formulas for the two-
dimensional case is described, and its advantages and disadvantages compared to the feature method
are briefly analyzed. Below is a brief description of the Eikonal library [6] for the Julia language [7]
and a description of the program we have written that implements a numerical experiment.

In the final part, images of fronts and rays are presented, the results are analysed and conclusions
are made about the advantages and disadvantages of the FSM method concerning the visualisation of
the calculations.
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1.2. Designations and agreements

For the purposes of this paper, we have followed standard notation, centred on the classic
monograph [8]. All vector quantities are in bold, e.g., the position of a point X is denoted as
x = (x1,x%,x*)T = (x,y, z)T. All vectors are considered columns and their components are numbered
with upper indices. The eikonal function is denoted as u(x), the refractive index is denoted as n(x).

2. Eikonal equation

Previously, the authors in the paper [9] gave a detailed derivation of the eikonal equation for curvilinear
coordinates, and in the paper [5] the characteristics method was considered. In this paper, however,
we use the FSM method, which uses a rectangular grid, so the eikonal equation must be written in
Cartesian coordinates.

We will consider the two-dimensional case of the eikonal equation in Cartesian coordinates with

a boundary condition:
ou\* [ou\* _
(ﬁ) " (@) =ni(x.y), o
u(x,y)=0, (x,y)el CR%.

By specifying the points of the set I', the position of the radiation source and the boundary of the
medium are specified. Written in this form, the eikonal equation is a nonlinear boundary value
problem for the hyperbolic partial derivative equation.

Two approaches to the numerical solution of the eikonal equation can be distinguished:

- transformation to a system of ordinary differential equations (a system of Hamilton equations)
by the method of characteristics [10, 11], and then applying one of numerous methods for the
numerical solution of such equations;

- approach to the problem as a stationary boundary value problem: development of an efficient
numerical algorithm for solving the system of nonlinear equations obtained by discretization
(this type of methods includes, for example, the fast marching method).

In this paper, we focus on a method called FSM (Fast Sweeping Method). The authors do not know
the standard translation of the name of this method, so the abbreviation FSM is used throughout the
text.

The method was proposed in 2000 [1]. The basic idea of the method is to use Godunov’s counter-flow
difference scheme and Gauss-Zeidel iterative scheme with variable order of passing the mesh nodes.
A detailed description of the numerical scheme is given in the Section 4.

FSM is simple to implement and requires a finite number of iterations. The complexity of the
algorithm is O(N) for N grid points. The number of iterations is independent of the number of grid
nodes (of the grid size). The FSM method can be extended to the general case of the Hamilton-Jacobi
equation.

3. Luneburg, Maxwell and Eaton lenses
3.1. General description of the lenses

Consider a lens, which is a sphere with centre at point X, and radius vector X,. The source of
electromagnetic waves is placed at a point with radius vector x,.

It should be emphasised immediately that the method used for the numerical solution of the
eikonal equation entails a different mathematical description of the electromagnetic wave.

- When using the method of characteristics, it is natural to interpret the radiation in the form
of rays. Each ray in this case is a solution of the ODE system for given initial values of the
generalised coordinates x and impulses p. The initial values of the coordinates x,, specify the
position of the source, i.e., the beginning of the ray, and the initial values of the impulses p,
specify the direction of the ray.

- The FSM method uses the wave interpretation of optics and assumes that the eikonal function
u(x) is initially defined at each point in space, or more precisely at each grid point (see section 4).
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The location of the source is given by the boundary condition u(x,) = 0 of the system (1), where
X, is the radius vector of the points belonging to the source.

Figures 1 and 2 show lenses that receive electromagnetic radiation from a point source (figure 1)
and a flat extended source (figure 2). The radiation in the figures is represented as rays, but in the
FSM method there is no way to explicitly specify the direction and source of the rays, as it is assumed
that the radiation is already present at every point in the region under consideration. This causes
certain difficulties when it is necessary to visualise exactly the ray optical pattern.

ny = const, =0

ng = const

g‘b-ﬂ

X() 777777

Figure 1. Lens with a point source Figure 2. Lens with a flat light source

The refractive index outside the lens is constant and equal to n,, while inside the lens it is a function
of the distance from the centre of the lens to the current point n(r), where r = |x — X;||. To simplify
the calculations, the centre of the lens should be placed at the origin. This especially simplifies the
solution of the problem in cylindrical and spherical coordinates.

It may be convenient to define the location of a point source relative to the lens. Then its coordinates
are determined by the lens radius R, the distance from the lens to the source d, and the angle 8, which
is set off in a counterclockwise direction in the right-hand coordinate system, as shown in the figure 3.
Then the radius of the source vector is given by the parametric equation of a circle with radius R + d

Xy = X, + (d + R)(cos 8,sin 8)T.

In particular, if the source lies on the lens as shown in the figure 4, its coordinates are given by the
radius vector
Xy = X, + R(cos 8, sin 6)7.

0

------ o

7

0
______ /_/(*__;0_

|
|
|
Y |
|
|
|

Figure 3. The location of the point source is given Figure 4. The point source is placed on the lens
relative to the lens

The numerical scheme of the FSM method does not require to know the derivatives of the refractive
index function n(x), which can be considered as an advantage of this method over the characteristic
method.
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3.2. Luneburglens

A Luneburg lens [8, 12] is a spherical lens of radius R centred at the point (X, Yy, Z,) with a refractive
index of the following form

2
=12~ (5)> r<k @
ng, r>R,

where in Cartesian coordinates r(x, y, z) = y/(x — Xp)? + (y — Yp)? + (z — Z,)? is the distance from the
centre of the lens to an arbitrary point (x,y, z). It follows from the formula that the coefficient n

varies continuously from ny\/2 to ny starting from the centre of the lens and ending at its boundary.
For calculations it is more convenient to rewrite the expression for r in index form:

3
et 32,6 = G = X0 + (32— XRP + (3 = X3P = | (= X2
i=1

3.3. Maxwell lens

Maxwell’s lens [8, 13] is also a spherical lens of radius R centred at the point X, with a refractive index
of the following kind:

%, r < R’
n)=11+(%) 3)

ng, r>R.

Figure 5 plots the change in refractive index for Maxwell and Luneburg lenses as a function of the
radius of the point vector.

n(r
(r) Luneburg
/ =3

Maxwell

R

Figure 5. Refractive index of the Luneburg lens and the Maxwell lens

3.4. Eatonlens

In the flat case, Eaton’s lens [14] is a disc formed by two circles with radii R and 2R, which is shown
in the diagram of the lens in the figure 6

n(r) = Roy [ ? —1, re[R,2R], @

ng, r¢& [R,2R].

3.5. Source location

The optical properties of lenses are clearly shown by placing the radiation source at a specific point.

- For a Luneburg lens, the point source is usually placed on the surface of the lens so that the
outgoing rays passing through the lens are parallel to each other, as shown in the figure 7.
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Figure 6. The scheme of the Eaton lens

- For Maxwell lenses, a point source is also placed on the surface of the lens. In this case, the
outgoing rays are focused and converge at a point diametrical to the source, as shown in the
figure 8.

- For the Eaton lens, the source is placed inside a sphere (circle) of small diameter R. In this case,
all radiation does not extend beyond the lens and the rays are focused at a point symmetrical
about the centre of the lens, as shown in the figure 9.

Figure 7. Luneburg lens Figure 8. Maxwell lens Figure 9. Eaton lens

The ray paths in figures 7, 8, and 9 are calculated using the characteristic [5] method.

If we consider the above source configuration, some regions of space will be completely free of rays.
For an Eaton lens, all rays will be enclosed inside the large circle of the lens. For the Luneburg and
Maxwell lenses, the areas where rays can pass through are shown by the hatching in the figures 10
and 11. No ray can penetrate the white colour regions.

The figures 10 and 11 are only schemes that conventionally show the areas where rays are present
and absent. However, the ray paths are not shown inside the lens.

Figure 10. Luneburg lens Figure 11. Maxwell lens
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4. Fast sweeping method
4.1. FSM for two-dimensional eikonal equation

Let us proceed to the description of the numerical scheme. Let us divide the whole integration region
into discrete nodes using the rectangular grid shown in the figure 12, where

- along the axis Ox we have I partition points x; < X, < x3 < ... < X7_; < X,

- along the Oy-axis, we have J partition points y; <y, < y3 < ... < yy_1 < 7.

The grid will consist of I X Jnodes with coordinates (x;, ), wherei=1,...,L,and j = 1,...,J.

Assume that the partitioning is chosen such that the grid spacing & is the same for both axes. The
grid function u;; approximates the function u(x, y) at the grid nodes, i.e., u;; = u(x;, y;) and only at
the point (x,,y,) does exact equality hold (figure 13).

A

Yy

L] L] L] L]

y L] L] L] L]

J L] L] L] L]

L] L] L] L]
U

O I —
Ty Ty Xy
Figure 12. Different grid points of partitioning Figure 13. Numerical scheme template. u;; are the grid
of the integration domain functions

All grid points can be divided into three groups, which are highlighted in the figure 12 with different
colours:

1. The internal grid points with indicesi = 2,...,I —1and j = 2,...,J — 1 are shown in black in the
diagram 12.
2. Points of the four grid boundaries with the indices
- leftboundary:i=1, j=2,...,0-1,
- rightboundary:i=1, j=2,...,J -1,
- lower boundaryi=2,...,I-1, j=1,
- upper boundaryi=2,...,I-1, j=J,
are shown in blue in the diagram 12.
3. Corner points with the following fixed indices:
- lower left corner pointi=1, j=1,
- upper left corner pointi =1, j=J,
- lower right corner pointi =1, j
- upper right corner pointi =1, j=1J,
are marked in red in the diagram 12.
Let’s move on to presenting the algorithm. The Godunov’ scheme (counter-current difference
scheme) is used as the sampling scheme for the interior points of the domain. Let us introduce the
following notations:

Uxmin = min(ui—l,j’ui+1,j): Uymin = min(ui,j—lvui,j+1), njj = n(xi’yj)»

and also an indicator function:
x, x>0,

0, x<0.

(o = {

To initialise the calculations, first of all, it is necessary to set the values of the grid function u;; = 0
on the boundary I. These values will remain unchanged in the subsequent calculations. For all
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other points of the grid function u;}, it is necessary to assign sufficiently large positive values, which
it obviously cannot reach. During the operation of the numerical scheme these values will be
recalculated.

The computational process consists of four sweeps of the entire rectangular region. Each such
sweep is two nested loops, where the indices are run in the following order:

-i=1,..,]and j =1,...,J — direct order,
-i=1I..,1andj=1,...,J — mixed order,
-i=1I,..,1and j=1J,...,1— reverse order,
-i=1,..,Jandj=1J,...,1 — mixed order.

At each step, we should solve a nonlinear equation whose coefficients for each group of points will
change slightly.

GrouplI Pointsi=2,...,]—land j=2,...,J—1
[(uij - uxmin)+]2 + [(uij - uymin)+]2 = nizjh2

Group ITI The following points belong to this group:
- leftboundary:i=1, j=2,...,.J-1:

[(uyj — uzj)+]2 + [(uyj = uypin) T = ”’%jhzs
- rightboundary:i=1I, j=2,....0 —1:
[(urj— uI—l,j)+]2 + [(ugj — uymin)+]2 = ”%jhz,
- lower boundaryi=2,...,I1-1, j=1:
(Wit = thomin) VP + [y — up) 1 = ny w2,
- upper boundaryi=2,...,I—-1, j=1J:
[(iy = Uemin) 1 + [(uiy — w3511 = njyh®.

Group III The following points belong to this group:
- leftlower corner pointi=1, j=1:

[y — up)* P + [(ugy — upn)* 1 = njy 12,
- upper left corner pointi =1, j=J:
[(ry = wa)* PP + [(wrg — uy y—)* 1P = ni; k2,
- lower right corner pointi =1, j=1:
[(un = w1, 0P + [(un — up)*P? = nj, 12,
- upper right corner pointi =1, j=J:
[Qury = upa )P + [y — ug )P = nj;h%.
Each of these equations differs only in the numerical coefficients and has the following form:
[(x— a)+]2 +[(x— b)+]2 = nfjhz.
It can be reduced to a quadratic equation and the solution can be written as

min(a, b) + n;jh, la — b| > nyjh,

X=Ya+b+ /2n}h? —(a—b)?

2 s

|Cl— bl < nijh.
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4.2. FSM calculation in Julia language

For numerical modelling of lenses using the FSM method, we used the Eikonal [6] package for the
Julia [15, 16] programming language. The Eikonal package is a small library that implements the
Fast Sweeping and Fast Marching methods. The package is registered in the official Julia package
repository and can be installed using standard methods.

Both methods are implemented for arbitrary dimensionality and their source code can fit in
a single source file. For such a small package, the documentation is quite detailed and allows you to
understand the functionality of the package relatively quickly. There is also a set of tests, which can
also serve as illustrative examples.

Let’s consider the use of the Eikonal library to compute fronts in the case of Maxwell and Luneburg
planar lenses. In addition to this library, we will use our Lenses module described above, and also
SVector package.

First of all, let’s import all the necessary modules. We read the source code of the Lenses module
using include and then add it to the common namespace using using. Import modules from the
official repository using using.
include("../src/lense.jl")

# We use the FSM method implemented in the Eikonal library
using Eikonal

using StaticArrays: SVector

using .lLenses

We need a parametric equation of the circle that returns the coordinates as integers, because the
Eikonal module uses an integer grid. We define it as a one-line function. Using the syntax of a dot
with an operator or function (e.g. . +) allows you to apply the function and operator to all elements of
an array or tuple at once.

circle_xy(center, R, ¢) = round.(Int, center .+ (Rxcos(¢), Rxsin(¢)))

We define the required parameters in the form of constants. Each constant is provided with
a documentation line, so no additional comments are needed. The lens type is selected using the
select_lense function from the Lenses module, which allows you to choose which lens to calculate
for right at the beginning of the program.

const centre = (500, 500)

"Lens radius"

const R = 300

"Refractive index"

const n, = 1.0

"Position of the source relative to the lens"

const source = circle_xy(center, R, m)

"Lens type"

const LENSE = select_lense(length(ARGS)>=1 ? ARGS[1] : "")(R, ny,
-~ SVector(center..., 0.0))

"To draw rays or not"

const RAYS = true

Next, we set the grid size (I,J) for the approximating function u;, initialise the method using the
function FastSweeping and initialise the array v, which in this library denotes the values of the
refractive index n;; in the grid nodes. To calculate the values of n;; we use the function n from Lenses.

const tsize = (1000, 1000)
fsm = FastSweeping(Float64, tsize)
for x=1:tsize[l], y=1l:tsize[2]

fsm.v[x, y] = Lenses.n(SVector(x, y, 0.0), LENSE)
end
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At the next step we start the calculations. The function init! allows you to set the boundary values,
which in our case consist of a single point - the ray source. The result of calculations will be written
in the attribute fsm. t, in our notations it is the approximating grid function u;;.

println("Sweeping")
sweep! (fsm, verbose=false)

After obtaining the computational results, it remains to visualise the fronts and rays. We use the
Makie library, while the Eikonal examples use the Plots library. We create images, axes on it, lens
contour as a circle and display it on the coordinate plane. The source is visualised as a point. The
fronts are visualised trivially, using the function contour!, which displays level lines for a function
from two variables u;;. The coordinate arrays x and y may not be passed to it, as they are the same as
the indices i and j since we have defined an integer grid.

figdl = Figure(size=(500, 500))
ax01l = Axis(figol[1l, 1])

# Contour of the lens as a circle
const lense_contour = Circle(Point2(center .|> Float64), R)

# Draw the contour of the lens
lines! (ax01, lense_contour, color=:blue)

# Source as a point
scatter! (ax01, source..., color=:red)

# Wavefront as contours of a function from two variables u(x, y)
contour! (ax01, fsm.t, levels=100)

Visualising rays is not such a trivial task anymore. The author of the Eikonal library has provided
the ray function, which calculates ray points using the fastest gradient descent method. To use it,
you need to specify the end point of the ray. The ray source will be selected as the ray origin.

for 6 = pi/6:0.025:pi/3
pos = circle_xy(source, min(tsize...) - min(source...), 6)
rl = ray(fsm.t, pos)
lines! (ax01, rl, color=:green)
end
end

It should be noted that the ray function is unstable, because often its execution is accompanied by
an exit beyond the fsm. t array boundaries, even if the ray end point is specified inside the rectangular
area.

The result of the visualisation is shown in the figures 14 and 15. It should be noted here that in the
case of the Maxwell lens, the application of the ray function gives rise to the following problem.

Rays emanating from a source on the surface of the lens must focus to a point (focus) located on
the diametrically opposite side of the lens from the source and can only exit the lens after passing
that point, as shown in the figure 16. So, when modelling electromagnetic radiation in the form of
rays, only rays that have passed the lens and left the point of focus can exist outside the lens. It should
be specified that we consider a beam of rays coming out of a point source at an angle in the interval
(—7m/2,7/2).

Since the FSM method approximates the eikonal function u(x) at each grid point, electromagnetic
radiation will be present everywhere outside the lens in this modelling, as can be seen from the
image of the fronts. Therefore, if you set the ray parameter pos to a point outside the lens surface
when calling the ray function, the rays will be drawn incorrectly, as shown in the figure 18.

It is possible to obtain a conventionally correct image by specifying as the final position only those
grid points that lie exclusively on the surface of the lens.
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5. Discussion

When solving the eikonal equation by the method of characteristics, it is reduced to a system of ODEs.
Each solution of the system gives the trajectory of one ray. To obtain a beam of rays, it is necessary
to repeatedly solve the obtained ODE system, changing each time the initial values. It can be said
that this approach corresponds more to geometrical optics than to wave optics. It is not possible to
calculate the points of wave fronts directly by the method of characteristics and requires additional
manipulation with the coordinates of the points of the ray trajectory.

In contrast, the FSM method works directly with the Eikonal equation and does not require its
transformation into any other form. It also does not require calculations of the derivatives of the
refractive index function n(x). The result of the method are approximated values of the function u(x)
for all grid points. Having these values, it is rather easy to visualize fronts by depicting level lines,
but the visualization of rays has the problems described above.

Another feature of the FSM method is the fact that the electromagnetic field is initially assumed to
be present at every point in the modeled region. As shown in figures 10 and 11 when interpreting
electromagnetic radiation as rays, there are regions where the radiation does not penetrate.

6. Conclusion

The application of the FSM method for the numerical solution of the eikonal equation has been
considered on the example of three well-studied lenses. The following points can be emphasized as
advantages of the FSM method.

- Itis not necessary to convert the eikonal equation to any other form.
- Itis not necessary to find the derivatives of the refractive index function n(x).
- Electromagnetic wave fronts can be constructed directly from the numerical solution.

Difficulties in ray construction and inconsistency with geometrical optics may be pointed out as
a disadvantage, which was mentioned in the Discussion section 5.
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PelneHue ypaBHeHUs 31iKOHana metoaom FSM Ha a3bike Julia

K. A. llItenal, A. B. ®énopos!, M. H. Tesopksan’, A. B. Koponbkosal, [I. C. Kyna6os'2

! Poccuiickuil ynusepcumem dpyacoul Hapodos, ya. Mukayxo-Makaas, 0. 6, Mockea, 117198, Poccuiickas ®edepauus
2 O6vedunénnblil uncmumym adepHolx uccaedosanuil, ya. Xoauo-Kiopu, 0. 6, Iy6ua, 141980, Poccuiickas Gedepayus

AHHoTayus. CyllecTByeT AiBa OCHOBHBIX IIOAIX0/la K YMCIeHHOMY pellleHHIO ypaBHeHUs oiKOoHaJIa: CBeZleHle
ero k cucreme O/Y (MeTO/ XapaKTepPUCTHUK) U KOHCTPYUPOBaHIUeE CIIeI[MaTN3MPOBAaHHEIX METO/OB /IS YHC-
JIEHHOTO pellleHUs JaHHOT0 ypaBHeHU B Bufe AuddepeHIINaJIbHOTO YPaBHeHNUS B YaCTHBIX IIPOM3BO/JHBIX.
K nocnepnemy noaxony orHocutcs Meton FSM (Fast sweeping method). Pe30oHHO IIpeAIIONOXUTE, 9TO CIIe-
[[MaTU3UPOBAaHHBIN METOZ JODKeH 06IaiaTh 60Iblell yHUBEepCaIbHOCTHIO. Llesb JaHHOH paboThl — OLleHKa
npuMeHHUMocTU MeToza FSM s mocTpoenus ydeit u pponToB. Hcronp3oBanack peanusanusa Mmeroga FSM
B 6ubnnoreke Eikonal si3pika nporpammupoanust Julia. MeTon IpHUMEeHSIICS IS YUCI€HHOTO MO/IeINPOBAHIS
chepuueckux iuH3 Makcsesua, Jlone6epra u toHa. JlaHHbIe JINH3bI GBI BEIOPAHBI TAK KAK UX ONITUYECKUE
CBOMCTBA XOPOIIO M3y4eHbI. BblI BEIOPAaH YaCTHBIH Cilydail IIJIOCKUX JIMH3, KaK HanboJlee IPOCTHIX AJIS BU3Y-
aJu3aluy U UHTEPIIPETAIIUN Pe3yIbTaToOB. Pe3y/IbTaThl BRIYMCIEHU IPe/ICTABIEHbl B BUZle U300 pakeHUM
hpOoHTOB 1 syuel Ay KaKoH U3 1uH3. VI3 aHaIM3a [T0IydYeHHBIX N300 pakeHUI c/ie/IaH BBIBOJ, YTO METO,
FSM xopo1110 MOAXOAUT /AJISI IOCTPOeHUs (GPOHTOB 3JIEKTPOMATrHUTHBIX BOJH. IIOIIBITKA 3Ke 10 pe3y/bTaTaM ero
PpaboThl BU3yaIM3UPOBATh TPAEKTOPUU JIydell HaTaTKUBAEeTCs Ha PSf TPYAHOCTEH U B HEKOTOPBIX CIydasx
JlaeT HellpaBUJIbHYIO BU3yaJIbHYIO KapTHHY.

Kniwouesble cnoBa: ypaBHeHNe 3HKOHAsA, FeOMeTpHYeCcKas OITHKA, BOJTHOBas ONTHKA, Julia language, FSM
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Abstract. The analysis of trajectory dynamics and the solution of optimization problems using computer meth-
ods are relevant areas of research in dynamic population-migration models. In this paper, four-dimensional
dynamic models describing the processes of competition and migration in ecosystems are studied. Firstly, we
consider a modification of the “two competitors—two migration areas” model, which takes into account uniform
intraspecific and interspecific competition in two populations as well as non-uniform bidirectional migration in
both populations. Secondly, we consider a modification of the “two competitors—two migration areas” model,
in which intraspecific competition is uniform and interspecific competition and bidirectional migration are
non-uniform. For these two types of models, the study is carried out taking into account the variability of pa-
rameters. The problems of searching for model parameters based on the implementation of two optimality
criteria are solved. The first criterion of optimality is associated with the fulfillment of such a condition for the
coexistence of populations, which in mathematical form is the integral maximization of the functions product
characterizing the populations densities. The second criterion of optimality involves checking the assumption
of the such a four-dimensional positive vector existence, which will be a state of equilibrium. The algorithms de-
veloped on the basis of the first and second optimality criteria using the differential evolution method result
in optimal sets of parameters for the studied population-migration models. The obtained sets of parameters
are used to find positive equilibrium states and analyze trajectory dynamics. Using the method of constructing
self-consistent one-step models and an automated stochastization procedure, the transition to the stochastic
case is performed. The structural description and the possibility of analyzing two types of population-migration
stochastic models are provided by obtaining Fokker-Planck equations and Langevin equations with correspond-
ing coefficients. Algorithms for generating trajectories of the Wiener process, multipoint distributions and
modifications of the Runge-Kutta method are used. A series of computational experiments is carried out using
a specialized software package whose capabilities allow for the construction and analysis of dynamic models
of high dimension, taking into account the evaluation of the stochastics influence. The trajectory dynamics of
two types of population-migration models are investigated, and a comparative analysis of the results is carried
out both in the deterministic and stochastic cases. The results can be used in the modeling and optimization of
dynamic models in natural science.

Key words and phrases: one-step processes, population dynamics models, stochastic differential equations,
optimality criteria, differential evolution, stochastization, trajectory dynamics, computer modeling, software
package

1. Introduction

The study of mathematical models of population systems began to develop actively in the twenties
of the last century, thanks to the works of A. Lotka [1] and V. Volterra [2]. Currently, this direction
includes the wide class study of models taking into account various interactions between populations
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(See, for example, [3-6]). Significant progress in the study is achieved due to the analysis of the
dynamic stability models of ecological systems using the theory of differential equations, numerical
methods and optimization methods [3, 4, 7-9].

A four-dimensional model of two competing species with migration between two ranges, taking
into account the asymmetry coefficient, is considered in [10]. It is shown that the choice of the
migration area is carried out depending on the value of this coefficient. The coefficient of asymmetry
affects which of the habitats species migrate to first. Two-species Lotka-Volterra competition patch
model is studied in [11]. It's shown that in the long time, either the competition exclusion holds that
one species becomes extinct, or the two species reach a coexistence equilibrium, and the outcome
of the competition is determined by the strength of the inter-specific competition and the dispersal
rates.

The transition to the non-deterministic case based on the design stochastic self-consistent models
(DSSM) method allows us to identify new qualitative properties of models and carry out a comparative
analysis [12-16] and in the other works. For various types of population models, the DSSM method is
usedin [12,17,18]. In [18], a formalized description of the four-dimensional model “two competitors—
two migration areas” and its modifications are proposed, taking into account the case when population
growth coefficients are different (non-uniform reproduction of species). Using the implementation of
the evolutionary algorithm, a set of parameters is obtained that ensure the coexistence of populations
in the conditions of competition between two species in the general area, taking into account the
migration of these species. Stochastization of the model “two competitors—two migration areas”
(under conditions of non-uniform species reproduction) is carried out on the basis of the method of
constructing self-consistent stochastic models. The dynamics of trajectories for deterministic and
stochastic cases is studied, a comparative analysis is performed.

This paper is a continuation of [18] and contains the construction and analysis of such modifications
of the model “two competitors—two migration areas”, which allows us to study the influence of non-
uniform migration flows and the influence of non-uniform interspecific competition on the trajectory
dynamics both in the deterministic case and in the stochastic case.

In section 2 of this paper, we consider the construction of two modifications of the model “two
competitors—two migration areas” with bidirectional non-uniform migration (to two refuges), taking
into account the uniformity and non-uniformness of the interspecific competition coefficients. In
section 3, the search for model parameters is carried out using an evolutionary algorithm taking
into account different optimality criteria. In section 4, a study of the obtained deterministic four-
dimensional models is carried out, two-dimensional and three-dimensional projections of phase
portraits are constructed. In section 5, the transition to stochastic models “two competitors—two
migration areas” is made on the basis of the constructing self-consistent stochastic models method,
the dynamics of trajectories in the stochastic case is studied. The results of computer experiments
are presented and the interpretation of these results is given taking into account the comparison of
stochastic and deterministic models. The developed in Python [19] software package [20] is used to
study the models. Section 7 discusses the results.

2. Description of the model modifications “two competitors—two migration areas”
taking into account non-uniform migration

Ref. [18] describes a general four-dimensional deterministic model, which takes into account
the influence of interspecific and intraspecific competition in two populations with bidirectional
migration of both populations, and the non-uniform growth of population reproduction.

We describe further such a model “two competitors—two migration areas”, for which the growth
of population reproduction, interspecific and intraspecific competition are uniform, and migration
is non-uniform. The specified model is given by a system of equations of the form

Xy = axy — pxj — rx;x; + X, — yxy,
. 2
Xy = ax, — px5 +yx; — Bxy, 1)

X3 = ax; — pX3 — rx; Xz + €x4 — 63,

X4 = ax, — px3 + 6x3 — exy,

where the incoming values are explained in the table 1.
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Table 1
Variables and parameters of model (1)

Variable, | Explanation of the variable, parameter

parameter

X, the competing population density of the first species in the general area

X, population density of the first species in the first refuge

X3 the competing population density of the second species in the general area

X4 population density of the second species in the second refuge

a coefficient of natural growth

¥ coefficient of interspecific competition

p coefficient of intraspecific competition

B coefficient of migration of the first species from the general area to the first refuge

Y coefficient of migration of the first species from the first refuge to the general area

é coefficient of migration of the second species from the general area to the second
refuge

€ coefficient of migration of the second species from the second refuge to the general
area

Let’s move from model (1) to a model that takes into account the non-uniformness of the coefficient
of interspecific competition r. We denote the estimated parameter of the competitive impact of the
second type on the first by p;5. Accordingly, we denote the coefficient of the impact of the first type
on the second by ps;. Thus we obtain a system of differential equations of the following form:

. 2
Xy = ax; — pxi — p13X1X3 + X5 — yX1,

Xp = ax, — px3 + yx; — Bx,, @

. 2
X3 = ax; — pX3 — P31X1X3 + €x4 — 6X3,

X4 = ax, — px3 + 8x; — €xy4,

where a is the coefficient of natural growth, f§ is the coefficient of the first species migration from
the general area to the first refuge, y is the coefficient of the first species migration from the first
refuge to the general area, ¢ is the coefficient of the second species migration from the general area
to the second refuge, ¢ is the coefficient of the second species migration from the second refuge to
the general area, p;; (i # j) are coefficients of interspecific competition.

In the future, we will search for optimal sets of parameters that ensure the coexistence of
species in the general area and the existence of species in refuges. In addition, we will carry out
a comparative analysis of the trajectory dynamics of models (1) and (2), taking into account the
considered initial conditions and optimal sets of parameters, as well as construct and study stochastic
models corresponding to (1) and (2).

3. Search for model parameters using differential evolution

We consider optimization problems associated with finding parameter sets that guarantee the
coexistence of all species in the general area and the existence of migratory species in refuges.
The sets of parameters to be searched correspond to stationary modes of the system. We use such
a numerical optimization method, which reduces to the implementation of the differential evolution
algorithm [21-23].
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In this paper we use two optimality criteria. The first optimality criterion is associated with
maximizing the integral of the product of functions characterizing population densities. The specified
maximization ensures the fulfillment of the selected condition for the coexistence of populations. It
should be noted that an algorithm of differential evolution is used to solve problem of maximizing the
integral, a program in Python is developed [18]. The second criterion of optimality involves checking
the assumption of the existence of a positive equilibrium state of the four-dimensional model [24].

Based on the use of the first and second criteria, algorithms are developed using the differential
evolution method. The algorithms are aimed at obtaining optimal sets of parameters of a four-
dimensional system, which makes it possible to find approximate values of the components of
the vector corresponding to a positive equilibrium state and to study the trajectory dynamics near
equilibrium states. It is important to note that these two types of algorithms are based on intelligent
search methods [25-27]. The implementation of these methods in the case under consideration
makes it possible to find the numerical values of the components of the positive equilibrium state
and identify such system parameters that provide the required properties of the equilibrium states.

In [18, 24], the implementation of algorithms for modifications of the system “two competitors—
two migration areas” is considered without taking into account the non-uniform competition and
migration. Here we consider more complex modifications with non-uniform bidirectional migration
of two populations. Table 2 shows the characteristics of models (1) and (2) taking into account the
first and second optimality criteria. The set of parameters obtained using the first optimality criterion
is denoted by i-I, i = 1,2. The set of parameters obtained using the second optimality criterion is
denoted by i-II, i = 1, 2.

Table 2
Summary table of characteristics of models (1) and (2) under initial conditions (x(0), x,(0), x3(0), x4(0)) = (0.5,0.5,1, 7).

Equilibrium States Parameters

Model (1) with set 1-1

X, = 58.04, x, = 90.75, x3 = | a = 10.00, p = 0.10, r = 0.10, 8 = 5.67, 8 = 9.01, y = 7.42,
56.42, x4 = 91.04 €=6.48

Model (1) with set 1-IT
x; = 58.27, x, = 90.79, X3 = | a = 10.00, p = 0.10, r = 0.10, 8 = 7.32, § = 9.99, y = 9.97,
56.09, x4 = 91.17 € =17.03

Model (2) with set 2-I-a

x, = 57.78, x, = 90.46, x3 = | a = 10.00, p = 0.10, p;3 = 0.50, p3; = 0.70, B = 5.67, § = 9.01,
56.89, x4, = 90.70 y =742, =6.48

Model (2) with set 2-I-b
x; = 5831, x, = 90.39, X3 = | a=10.00, p = 0.10, p;3 = 0.70, p3; = 0.50, 8 = 5.67, 8 = 9.01,
56.58, x4 = 90.71 y=742,¢=648

Model (2) with set 2-1I-a

X, = 7134, x, = 98.80, x5 = | a=10.00, p = 0.10, py3 = 0.50, ps; = 0.70, B = 7.32, & = 9.99,
6.06, x, = 43.60 Yy =9.97,¢ =703

Model (2) with set 2-1I-b
X, = 6.16, Xy, = 41.57, X3 = a= 1000, D= 0.10, P13 = 0.70, D31 = 0.50, ﬁ = 7.32, 6= 9.99,
69.73, X, = 99.63 ¥ =997, ¢ =703

Table 2 presents the sets of parameters we use in the process of computer experiments related to
the analysis of the trajectory dynamics of models (1) and (2).
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4. Results of computational experiments and comparative analysis of trajectory
dynamics for deterministic models

This section presents the results of computational experiments for models (1) and (2), taking into
account the selected initial conditions and the found parameters. Figure 1 shows the trajectories of
the system (2) for the set of parameters 2-I-a in comparison with the corresponding trajectories of
the system (1) with the resulting set of parameters 1-I.

Figure 2 shows the trajectories of system (2) for the set of parameters 2-I-b in comparison with
the corresponding trajectories of system (1) with the resulting set of parameters 1-I. According to
figures 1, 2, the densities of the corresponding populations for models (1) and (2) are kept at the
same level for the selected time interval. Figure 3 shows the trajectories of system (1) with sets of
parameters 1-I and 1-II.

Figure 4 shows the trajectories of system (2) for a set of parameters 2-I-a in comparison with the
corresponding trajectories of system (2) with the resulting set of parameters 2-II-a.

Next, we will consider some projections of the phase portraits of model (2) on the plane and in
space. The projection of the phase portrait on the plane (x;, x,) for the system (2) taking into account
X3 = 56.89, x4 = 90.70 is shown in figure 5. The projection of the phase portrait in space (x;, x,, X3)
taking into account x, = 90.70 for the model (2) is shown in figure 6.

The presented analysis of models (1) and (2) is carried out with two sets of each model parameters
and is aimed at studying two modes of species coexistence for a state of equilibrium determined
by the method of differential evolution. In the future, we will study and analysis of the qualitative
properties of the models, taking into account the introduction of stochastics.
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Figure 1. Trajectories of (1) and (2) at (x1(0), x5(0), x3(0), x4(0)) = (0.5, 0.5, 1, 7) taking into account
the parameters sets 1-I and 2-I-a
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5. Modifications of the stochastic model “two competitors—two migration areas”

To construct stochastic models corresponding to models (1) and (2), it is proposed to use the DSSM
method [12-16]. Using the software implementation of this method allows:
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(i) to construct a stochastic model of a dynamic system taking into account the description of
interactions;
(it) to construct an appropriate deterministic model;
(iii) to obtain numerical solutions of ODEs and SDUs and graphical representations of solutions.

To describe a stochastic system, according to the DSSM method, it is enough to write the Fokker-
Planck equation. The coefficients of the Fokker-Planck equation for models (1) and (2) are obtained
using a software package and are presented respectively in figures 7, 8.

Beog [19]: f = de.drift_vector(XX, k_plus_1, model_1.matr_N(), model_1.matr_M())
sp.Matrix(f)

+

ax) — px; — rx;x3 — x ¥ + x2f
ax; — px3 + x1y — xapf
axy — px3 — rx;x3 — x30 + x4

2
axy — px; + x3d — xge

Beog [2@]: g=de.diffusion_matrix(XX, k_plus_1, model_1.matr_N(), model 1.matr_M(}}

g
out[20]: [ax) + px? + rxixs + xiy + x2P —x1y — x2f 0 0
—x17 — x2P ax; + pxi + x7 + 0 0
0 0 axy + pr; + rapxy + %30 + x48 —x30 — x48
0 0 —x386 — x4 axs + px_“: + x36 + xq8

Figure 7. Coefficients of the Fokker-Planck equation for the model (1)

Beog [65]: f = de.drift_vector (XX, k_plus_2, model 2.matr_N(), model_2.matr_M())
sp.Matrix(f)

[ax) — px} — praxixs — xiy + x2p
axy — px3 +x7 — x2f
axy — px3 — puxixz — x3b + xse

axy — pr}, + x30 — x4e

Beog [66]: g=de.diffusion_matrix(XX, k_plus_2, model 2.matr_N(), model_2.matr_M())
g

t[661: [ ax) + pxt + pjax x3 + x7 + x2p —xp Y — %8 0 0
—x1y — xafp axy + px3 + xi1y + x2f 0 0
0 0 ax3 + pxi + pyyx X3 + x38 + x4e —x38 — x4
0 0 —x30 = x48 axy +px§ + x76 + x4e

Figure 8. Coefficients of the Fokker-Planck equation for the model (2)

Graphs of the numerical solution for the deterministic and stochastic case taking into account the
sets of parameters 1-I and 2-I-a from the table 1 are shown in the (figures 9, 10). For the numerical
solution of ODE systems, we use a software implementation of standard four-order Runge-Kutta
methods. To solve the corresponding SDE, we use a specially developed library a detailed description
of which is contained in [13].

For sets of parameters 1-11, 2-I-a, 2-I-b, 2-II-a, numerical experiment shows that in the stochastic
case the trajectories fluctuate near deterministic trajectories, similar to the one shown in figures 9, 10
taking into account sets of parameters 1-I and 2-1I-b respectively. In the next section, we present
a comparative analysis of the results obtained for models (1) and (2) with different sets of parameters.
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6. Discussion of the results

Let us first consider the results of a computational experiment for the case of parameters 1-I and
parameters 2-I-a at p;3 < ps;. A comparative analysis of the trajectories’ behavior for models (1)
and (2) according to figure 1 shows that:

1) there is a co-existence of all species corresponding to the stationary regime in the general area,
as well as the existence of migratory species in refuges;

2) the non-uniformness of the interspecific competition coefficients affects the population density
X3 in the general area, while the population density x; of the model 2 decreases compared to
the population density x5 of the model 1.

Let us further consider the results for the case of parameters 1-I and 2-I-b at p;3; > ps;.
A comparative analysis of the solution trajectories of models (1) and (2) presented in figure 2 shows
that:

1) there is a coexistence of all species in the general area and the existence of migratory species in
refuges;

2) the population density x; of the model (2) decreases compared to the population density x; of
the model (1).

Figure 3 shows the trajectories of the model (1) solutions taking into account parameters 1-I and 1-II
and two optimization methods. Figure 4 shows the trajectories of solutions for model (2) taking into
account the parameters 2-I-a and 2-II-a and two optimization methods. Comparison of trajectories
allows us to conclude that the choice of the first or second optimality criterion does not significantly
affect the population density both in the general area and in refuges. Computational experiments
show the consistency of the two selected optimality criteria (the trajectories have a similar character).

Taking into account the transition to the stochastic case using the Fokker-Planck equations
(figures 7, 8), computer experiments are carried out to identify trajectory dynamics. The results
are presented in figures 9, 10. Computer experiments show that the introduction of stochastics has
no effect on the behavior of systems described by the systems of equations (1) and (2). As in the
deterministic case, solutions of stochastic differential equations reach the stationary mode. In Fig. 9,
where the range from 0 to 10 corresponds to the change in population density x; in the general area,
the fluctuating nature of the trajectory dynamics in the stochastic case is visually observed. In order
to observe such a character for the other variables, it is possible to choose an enlarged scale of the
drawing. For example, a fragment of the deterministic and stochastic trajectories of model (2) for
the population density x, in the migration area, taking into account the enlarged scale, is shown in
figure 11.

Xastoch —#— Xaget

Populations x;(t)

.0 0.5 1.0 1.5 2.0 2.5 3.0
Time t

Figure 11. Fragment of deterministic and stochastic trajectories for model (2) with parameters set 2-II-b

Stochastic modeling revealed the similar nature of the trajectories of models (1) and (2) with the
considered sets of parameters, and the initial set of parameters is obtained taking into account the
conditions guaranteeing the coexistence of two populations in the general area and the positive
abundance of each species in refuges. Thus, with the considered sets of parameters of models (1)
and (2), it is sufficient to carry out a computational experiment only in the deterministic case to study
the trajectory dynamics.
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7. Conclusion

The paper presents a computer study of deterministic and stochastic models “two competitors—two
migration areas”. Computational experiments are based on the use of evolutionary algorithms and
optimization methods for finding parameters taking into account their variability. The optimization
problem is solved using the differential evolution method, which made it possible to find optimal
parameters for population-migration models. Approximate stable equilibrium states corresponding
to the obtained parameters are found for these models. The assessment of the changes influence in
the coefficients of interspecific competition on the trajectory dynamics of four-dimensional models
with non-uniform migration flows in the deterministic case is considered.

In this paper, the transition to stochastic models of population dynamics, taking into account
competition and migration, based on the DSSM method, is carried out. The stochastization algorithm
used made it possible to analyze the trajectory dynamics of stochastic models in comparison with
deterministic analogues. The analysis demonstrates a negligible effect of introducing stochastics
into deterministic models (1) and (2) taking into account the parameters and allows us to conclude
that the computational experiment is sufficient only in the deterministic case.

As directions for further research, we can indicate the construction of population-migration models
of the form “n competitors—n migration areas”, where n > 2, as well as the study of multidimensional
stochastic models taking into account the effects of additive random perturbations of the equations
right-hand sides.
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KoMnbloTepHoOe uccsiegoBaHue AeTepMUHUPOBAHHbIX U CTOXAaCTUYECKUX
mMopenen «aBa KOHKYpeHTa—pABa apeasia MUrpaLum» C y4eTom
BapuaTUBHOCTY NapaMeTpoB

U. Y. Bacuibesal, A. B. Jlemuzosa?, O. B. [ipyxununa®, 0. H. Macuna’

! Eneykuii zocydapcmeennutil ynugepcumem um. U.A. Bynuna, ya. Kommynapos, 0. 28, Eaey, 399770, Poccuiickas
Dedepayus
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ya. Bagunosa, 0. 44, kopn. 2, Mockea, 119333, Poccuiickas edepayus

AHHOTauus. AHaIN3 TPAeKTOPHOM JUHAMUKU U PellleHNe 3a/ja4 ONITUMU3alNY C IpIMeHeHleM KOMITbIOTePHBIX
MeTOJJOB OTHOCUTCS K aKTYyaJIbHbIM HAaIlpaBJE€HHUSM HWCCIE[NOBAHUS AWHAMHYECKUX IOIYISIMOHHO-
MUTPALMOHHBIX Mofeseil. B HacTosIell paboTe M3y4aloTCsi YeThIpexMepHble AMHAMHYECKUEe MOAEeNH,
OIIHCHIBAIOIINE IIPOIleCCHl KOHKYPEeHIIUY U MUTPAIlNH B 9KOCUCTeMax. Bo-IlepBbIX, MBI paccMaTpUBaeM Mo-
auduKanuio Moflest «Ba KOHKypeHTa — /IBa apeajla MUTpaI[il», B KOTOPOH yYMUTHIBaeTCs paBHOMepHas
BHYTPMBU/0BAs U MeXBII0Bas KOHKYPEHIIUA B IBYX MOIY/IAIMAX, a TaK)Ke HepaBHOMepHas JByHaIpaBJieH-
Hasi MUTpanys 06enx oMy, Bo-BTOPEIX, MBI paccMaTpUBaeM MOAUDUKAIIMIO MOJEIH «/Ba KOHKYPEHTa
— [lBa apeajia MUTPALIUK», B KOTOPOY BHYTPUBHU/IOBAas KOHKYPEHIIN ABJIAETCI PABHOMEPHOI, a MeXBUZA0OBAs
KOHKYPeHIIH U IByHallpaBleHHAs MUTPAIU IBJIAI0TCI HepaBHOMEPHBIMU. JIJ1 yKa3aHHBIX IByX THUIIOB MO-
Jeel ucciefoBaHMe IPOBOAUTCS C y4eTOM BapHaTHBHOCTH IIapaMeTpOB. PellleHbI 3aja4M IIOMCKA MOJe/IbHBIX
IapaMeTpPOB Ha OCHOBe peaJl3alluy JBYX KPUTepHeB ONTHMaIbHOCTHU. [lepBhIii KpUTEPUil ONTHMaJIbHOCTH
CBSI3aH C BBIIIOJIHEHNEeM TaKOTO YCI0BUsA COCYIleCTBOBaHNS IOMY/IAIM, KOTOpoe B MaTeMaTu4deckoli popme
IIPe/ICTaBIsAeT CO60I MaKCUMU3AIUIO MHTETPpaa OT IPOU3Be/ileHus QYHKINI, XapaKTepU3YOI[UX IOTHOCTH
HOMYJIALME. BTOpO# KpUTEPHIl OITUMAIBHOCTH BKJIIOUAET B Ce6sI IPOBEPKY MIPEIIONIOKEHNUS O CYI[eCTBOBA-
HUH TaKOTO YeThIPeXMepPHOTO ITOJIOXUTETbHOTO BEKTOPa, KOTOPHIH GYAeT SIBIISAThCS COCTOSTHIEM PaBHOBECHS.
PesysnbraToM paboTHL aJITOPUTMOB, Pa3paboOTaHHBIX Ha OCHOBE IIePBOrO ¥ BTOPOr0 KPUTEPHEB ONTUMAIbHO-
CTU C IpUMeHeHueM MeToza fuddepeHINaTbHON 3BOJIOLNHY, IBISIOTCI ONTHMabHbIE HAOOPHI IIapaMeTPOB
M3y4JaeMbIX TONMYISIMOHHO-MUTPAIMOHHBIX Mogeel. [TosyueHHbIe HAOOPHI TapaMeTPOB UCIIOIb3YIOTCS JJIs
HaxOXeHUs I0J0XKUTENbHBIX COCTOSIHUI PAaBHOBECHS U /LIS aHAJIN3a TPAeKTOPHOU AuHAMUKU. C IIOMO-
IIBIO METO/a IOCTPOEHHUS CAaMOCOIVIACOBAaHHEBIX O/HOILITATOBBIX MOZieIell ¥ aBTOMAaTU3UPOBAaHHON IIPOLIEZy PhI
CTOXaCTH3ALMY BHIIIOJHEH [IePeXo/l K CTOXaCTUYeCKOMY ciy4aro. CTPYKTypHOe ONMCaHMe 1 BO3MOKHOCTDb aHa-
JIM3a ABYX THUIIOB MOMYJISAIIMOHHO-MUTPAIIIOHHBIX CTOXaCTUYeCKUX MoZelell 06ecIieunBaloTCs IoIydeHueM
ypaBHeHul ®okkepa-IlnaHka 1 ypaBHeHUH B popMe JIaH)KeBeHa C COOTBETCTBYIOIIUMU KO3(hUIIEeHTaMU.
VicTo1p30BaHBbI QJITOPUTMBI FTeHEPHUPOBAHUS TPAeKTOPUI BUHEPOBCKOT'O IIPOIlecca U MHOTOTOYEYHBIX pac-
npezeneHu U Moaudukanuu Merosa Pyare-KyTrsl. [IpoBefieHa cepusl BBIYUCIUTENbHBIX 9KCIIEPUMEHTOB
C IpUMeHeHUeM CIelMalrn31POBAHHOTO IIPOrPaMMHOT0 KOMILIEKCA, BO3MOXKHOCTH KOTOPOTO II03BOJIIOT BbI-
IIOJIHATD IIOCTPOEHME U aHAIN3 JUHAMIYECKUX MOZieJIel BRICOKOI Pa3MePHOCTH C yYETOM OIeHKU BIMSIHUS
croxacTuku. VcciesoBaHa TpaeKTOPHAs AUHAMUKA IBYX TUIIOB IOMYIAIIMOHHO-MUT'PAIIOHHBIX MOZelel
U BBIIIOJIHEH CPaBHUTEIbHBIN aHAIN3 Pe3yIbTaTOB KaK B IeTePMUHUPOBAHHOM, TaK U B CTOXaCTUIECKOM
ciydae. Pe3ynbraTsl MOTYT HaliTH IpUMeHeHHe B 3a/la4axX MO/Ie/TMPOBaHUA 1 OITUMU3AINY JUHAMUYECKUX
MoJiesieli eCTeCTBO3SHAHUA.

KnioyeBble cNI0Ba: O/[HOIIATOBbIE IIPOITECCHI, MOZE/IH ANHAMUKHY IOMYIAIII, CTOXacTHIecKue AubdepeHIInaNDb-
Hble ypaBHeHNs, KPUTEePUH ONTHUMAIbHOCTH, AuddepeHI[aabHasd 3BONIOISA, CTOXaCTHU3AlN, TPAeKTOPHAs
IVHAaMUKa, KOMIIBIOTEpHOE MOJIeIPOBAHIE, IIPOTPAMMHBIN KOMILIEKC
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Abstract. For one-dimensional inhomogeneous (with respect to the spatial variable) linear parabolic equations,
a combined approach is used, dividing the original problem into two subproblems. The first of them is an
inhomogeneous one-dimensional Poisson problem with Dirichlet-Robin boundary conditions, the search for
a solution of which is based on the Chebyshev collocation method. The method was developed based on
previously published algorithms for solving ordinary differential equations, in which the solution is sought in
the form of an expansion in Chebyshev polynomials of the 1st kind on Gauss-Lobatto grids, which allows the use
of discrete orthogonality of polynomials. This approach turns out to be very economical and stable compared to
traditional methods, which often lead to the solution of poorly defined systems of linear algebraic equations. In
the described approach, the successful use of integration matrices allows complete elimination of the need to
deal with ill-conditioned matrices.

The second, homogeneous problem of thermal conductivity is solved by the method of separation of variables.
In this case, finding the expansion coefficients of the desired solution in the complete set of solutions to the
corresponding Sturm-Liouville problem is reduced to calculating integrals of known functions. A simple
technique for constructing Chebyshev interpolants of integrands allows to calculate the integrals by summing
interpolation coefficients.

Key words and phrases: initial boundary problems, pseudo spectral collocation method, Chebyshev polynomials,
Gauss-Lobatto sets, numerical stability, separation of variables

1. Introduction

Many important physics problems that involve two or more independent variables are solved using
mathematical models that include partial differential equations, not limited to models based on
ordinary differential equations. Models of this kind also include the description of heat propagation in
solids using the heat equation with various boundary and initial conditions. An important method for
solving partial differential equations known as the separation of variables method will be discussed
below. Its essential feature is the reduction of the original partial differential equation to a system of
simpler ordinary differential equations, which can be successfully solved based on given initial or
boundary conditions.

The desired solution to a partial differential equation is expressed as an infinite series, which is
the sum of solutions of individual ordinary differential equations. In many cases, it is convenient to
represent the required solutions in the form of a series of sines, cosines, or polynomial functions, for
example Chebyshev polynomials. This approach allows an effective use of the collocation method -
a projection method for solving both integral and differential equations. Therefore, the first part of
the present paper is devoted to a discussion of the Chebyshev interpolation method for solving the
one-dimensional heat equation.

The Chebyshev collocation method has proven itself in solving a wide class of problems [1-5].
Particularly, in [6-9] its effectiveness was demonstrated in solving ODEs and problems of restoring
functions from known first- and second-order derivatives. In Ref. [10] stable spectral methods for
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solving the Poisson equation with Dirichlet-Dirichlet, Dirichlet-Neumann and Neumann-Neumann
boundary conditions were analyzed in detail. The present paper describes an algorithm for solving
the 1-D Poisson equation with Dirichlet-Robin boundary conditions. The algorithm is based on
the developed new method of spectral collocation and illustrates the effectiveness of the variable
separation method in solving inhomogeneous heat conduction problems.

Spectral methods have proven themselves to be excellent in solving homogeneous boundary value
problems for a wide class of partial differential equations using the method of separation of variables.
In cases of inhomogeneous problems, methods for separating variables are not directly applicable.
However, in this paper we show how the Chebyshev collocation method can be effectively applied in
a two-stage solution scheme for a certain class of inhomogeneous boundary value problems for a 1-D
linear parabolic equation.

2. Mathematical model of heat conduction

Thermal conductivity is the property of a material to conduct heat, which is assessed primarily from
the point of view of Fourier’s law of thermal conductivity. Heat conduction, also called diffusion, is the
direct microscopic exchange of kinetic energy of particles (such as molecules) or quasiparticles (such
as lattice waves) across a boundary between two systems. On a microscopic scale, thermal conduction
occurs when hot, fast-moving, or vibrating atoms and molecules interact with neighboring atoms
and molecules, transferring some of their energy (heat) to those neighboring particles. In other
words, heat is transferred by conduction when neighboring atoms vibrate relative to each other or
when electrons move from one atom to another.

When an object has a different temperature than another body or its surroundings, heat flows
so that the body and surroundings reach the same temperature, at which point they are in thermal
equilibrium. This spontaneous transfer of heat always occurs from a region of high temperature
to another region of lower temperature, as postulated by the second law of thermodynamics.
Thermodynamic and mechanical heat transfer are calculated using the heat transfer coefficient
- the proportionality between heat flow and the thermodynamic driving force of heat flux. Heat
flux is a quantitative vector representation of the movement of heat through a surface [11]. In an
engineering context, the term “heat” is perceived as synonymous with thermal energy.

The heat conduction equation models diffusion processes [12], including thermal energy in solids,
solutes in liquids, and biological populations. We will consider the heat conduction equation
describing the temperature change in a one-dimensional rod of a finite length. Let us also consider
several possible types of boundary conditions that can be used when modeling temperature changes.

A commonly used method for solving the heat conduction equation is the complete separation
of variables method, which results in the solution of two ordinary differential equations generated
by the separation of variables method. To solve one of the emerging subproblems, a uniform
approach to solving the heat conduction equation for almost any of the frequently used (Dirichlet-
Neumann-Robin) sets of boundary conditions is considered. A technique is proposed for constructing
a general solution to the inhomogeneous Poisson equation - the heat conduction equation - regardless
of the type of boundary conditions. Concretization of the solution - the determination of a pair of
missing coefficients of expansion of the solution according to the selected polynomial basis occurs at
the second stage, considering the specified (distinct types and combinations) boundary conditions.

3. Inhomogeneous boundary value problems

Let us consider the solution of an inhomogeneous initial-boundary value problem for a one-
dimensional parabolic equation, including a time-independent inhomogeneous part of the equation
and time-independent boundary conditions.

Two-sided Dirichlet-Dirichlet conditions

o
dx2

k (x,t)—%—?(x,t):—F(x), O0<x<L, t>0,
u(0,t) =uy, u(L,t)=u;, t>0, @

u(x,0) = f(x), 0<x<L.
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The boundary conditions of problem (1) mean that the left and right edges of the rod have different
constant temperatures due to ideal contact with heat baths having respectively temperatures u,
and u;.

Recall that a boundary value problem (BVP) is called inhomogeneous if either the partial differential
equation or the boundary conditions are inhomogeneous. The well-known method of separating
variables is not applicable to such inhomogeneous boundary value problems. However, in some
cases it is possible to change the variables in such a way that the inhomogeneous boundary value
problem transforms into two problems. One of which is a relatively simple inhomogeneous BVP for
an ordinary differential equation (ODE), and the other is a homogeneous BVP for a partial differential
equation (PDE).

Assume a function F(x) to describe the intensity of heat generation inside the rod, uy and u, being
constant. Replacing the unknown u(x, t) with a new variable by means of substitution u(x,t) =
v(x, t) + P(x), we reduce the solution of problem (1) to a subsequent solution of two subproblems:

Problem A, an inhomogeneous problem with two-sided Dirichlet-Dirichlet conditions.

k" (x) + F(x) =0, $(0) =ug, P(L) = u;. )

Problem B, a homogeneous boundary value problem for a partial differential equation.

o’
9x2
v(0,6) =0, u(L,t)=0, ®)

v(x,0) = f(x) — P(x).

It is important to note that problem A is a simple one-dimensional Poisson problem — an ordinary
differential equation of the second order with given inhomogeneous boundary value Dirichlet
conditions. Atthe same time, this problem is a problem of restoring a function from its known second-order
derivative F(x) with two additional conditions, in this case, the Dirichlet boundary conditions.

The second auxiliary subproblem B is a homogeneous BVP that can be solved based on the
traditional separation of variables method. The solution to the original problem (1) will be the
“sum” of the solutions to problems A and B.

Let us illustrate the considered approach to the analytical solution of the inhomogeneous boundary
value problem (1) using a pair of examples.

Example 1. Assume that F(x) = r = const > 0. It is required to solve the problem (1) under the
following boundary and initial conditions for L = 1:

(=00,

u(0,t) =0, u(l,t)=uy, ¢t>0,
u(x,0) = f(x), 0<x<1.

In our example, both the partial differential equation and the boundary condition at point x = 1
are inhomogeneous. Let us perform the change of variables u(x, t) = v(x, t) + ¥(x), then

*u d%v " du dv
@(x, )= m(x, t)+9"(x) and E(x, 0= a(x, 0.
We substitute these expressions into Eq. (1), so that the equation takes the form
62v " ov
k@(x, H+kp (x)+r= E(x, t).
Let the function 1 satisfy the equation
') +r=0 or Y'(x)=—1, )

with the boundary conditions
$(0)=0 and P(1) = uo. (5)
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Then for v(x, t) we obtain a problem of solving the homogeneous parabolic equation

92
kS0~ L =o, (6)
with the boundary conditions
v(0,t)=0 and v(1,t)=0 (7)
and the initial condition
v(x,0) = f(x) = p(x). (8)

Equation (4) is integrated two times, as a result of which we arrive at its solution in the general
form

P(x) = x +c1x + cy. 9)

Then to determine the constants ¢; and c¢,, we use the boundary conditions
$(0)=0 and (1) = uo,

distributed over the summands of the sought solution. Substituting these values into the general
solution (9), we calculate the values of constants ¢; and c;:

C = 0, G = + Ug.

2k

Therefore, the final partial solution of the Dirichlet-Dirichlet problem (4)-(5) for the simplest
Poisson equation (4) has the form:

P00 = =52 + (5 + o) . (10)

From the initial condition u(x, 0) = v(x, 0) + ¥(x) it follows that v(x, 0) = u(x, 0)—(x) = f(x)—p(x).
Therefore, to determine v(x, t), we solve a new boundary value problem

a”( ) = lt)(x,t), 0<x<1, t>0,

v(0,£)=0, v(,t)=0, t>0, (11)

u(x,0) = f(x)+—x —(2k+u0>x 0<x<1,

using the method of separation of variables. This method yields a solution to this problem in the

form
(o]

v(x, ) =), Ape Tt gin nrx, (12)

n=1

where the coefficients A,, are calculated by the formula
= 2/ [f(x) + ( + uo) ]sin nrxdx. (13)

As a result, the solution to the original problem (1) is obtained by summing the solutions (x) and
v(x, t) of the homogeneous boundary value problem (4)-(5) and the boundary value problem (11)

— _L 2 —kn2m2t
u(x,t) = T +(2k +u0)x+ ZIA ne sin nx. (14)

Note that u(x, t) — $(x) as t - oo in expression (14). That is why the function ¥(x) as a part of the
solution of the heat conduction equation that does not change with time is called a steady solution.
Whereas the function v(x,t) = 0 as t — oo is therefore called a transition solution.
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The determination of the coefficients A,, according to formula (13) can be implemented using the
integration technique based on the interpolation of the integrand with Chebyshev polynomials of the
first kind on Gauss-Lobatto grids [13].

Example 2. In the next example, we consider an approach to solving an inhomogeneous boundary
value problem when the Dirichlet condition is specified at the left end, i.e. the left end is in perfect
contact with the heat bath (welded or screwed to a massive holder having a constant temperature u,),
and at the right end of the interval the Robin condition is imposed, i.e. this end exchanges heat with
the environment at temperature u,, (hangs freely in the environment). Robin boundary conditions
arise, e.g., when the ends are immersed in some liquid or gaseous medium. The initial temperature
distribution f(x) along the rod length 0 < x < L is also assumed to be given.

In accordance with the decomposition method, it is proposed to represent the solution to this
inhomogeneous boundary value problem under given boundary and initial conditions

d%u ou
km(x, t) — E(x, t)=—-F(x), 0<x<L, t>0,
u(0,t) = uy, uqy = const,
u (15)
— = —h(u(L,t) — u,,), h>0andu, = const,
ax x=L
u(x,0) = f(x), 0<x<L,
as a combination of two terms
u(x, t) = v(x, t) + P(x), (16)

each of them being a solution to a separate boundary value problem, respectively:

Problem A2. The function of the spatial variable (x) is a solution to an inhomogeneous ordinary
differential equation with the Dirichlet boundary condition at the left end of the interval and the
Robin boundary condition at the right end, namely:

()

k d0x2

(x)+F(x)=0, 0<x<L, t>0,
»(0) = ugy, uy = const, 17)

% + hyp(L) = hu;, h > 0and u,; = const.
9x x=L

Problem B2. The second term, the function of two variables v(x, t), is a solution to a homogeneous
boundary value problem with zero Dirichlet-Robin boundary conditions and given initial condition:

d%v ov
km(x,t)— E(x,t) =0, 0<x<L, t>0,
v(0,t) =0,
dv (18)
3 . + hv(L,t) =0, h>0,

u(x,0) = f(x) —9P(x), 0<x<L.

Let us consider sequentially the methods for solving each of these problems.

4. Solving Problem A2 by the Chebyshev collocation method

By analogy with the method of approximate solution of the Poisson problem with various boundary
conditions, such as the Dirichlet conditions on both ends of the interval u(a) = a, u(b) = 8, Neumann-
Dirichlet condition u'(a) = «, u(b) = B, or Dirichlet-Neumann condition u(a) = a, u'(b) = 8
thoroughly studied in Ref. [13], let us consider the solution of problem (17) based on the Chebyshev
collocation method and, therefore, polynomial interpolation of the solution.

The polynomial interpolation based on using the basis of Chebyshev polynomials, leads to
a necessity to formulate the problem in the interval [-1,1] instead of the initial interval [a, b]. In



Lovetskiy K. P. et al., Application of the Chebyshev collocation method to solve boundary value ... 79

the new interval, the polynomial interpolant of the function y(x) is specified in the form of a series
expansion y(x) ~ ZZ:O ¢ Ti(x) in Chebyshev polynomials of the first kind Tj(x) with the domain of
definition on the segment x € [—1,1].

The transition x = ¢ to new arguments, from x € [a, b] to ¢t € [—1,1], is implemented using a linear

transformation

. 2x—(b+a)
~ b-a

and, if necessary, the inverse transformation

‘= t(b—a);—(b+a).

In this case, the values of the function, the integrals and derivatives are recalculated using the

formulas b b
f(x)@f( =L ;“) xelabl, te[-1,1],

b ' (b—a  b+a)dx
f( )d = f —t+ — _dt’ € [ »b]a te [_171]7
L x)ax /;1 ( 3 ) at pe a

2

dx _b—a
==

de
fi(x) & %(O/%, x € [a,b], te[-1,1],

and [14] the upper estimate of the interpolation error has the form

n+1

1 b— n+1
‘ X ly" (&) .

y(x) — kZ::OCka(x) < m 5

Thus, Chebyshev interpolation provides an almost optimal approximation in the sense of the L,
norm and almost optimal to the L, norm. In addition, the use of Gauss-Lobatto nodes as interpolation
nodes leads to optimal integration formulas.

As in Ref. [6], the method for approximate solution of problem (17) for a second-order ODE consists
of sequential solution of several subproblems.

1. calculation of spectral coefficients of polynomial Chebyshev interpolation of the second
derivative of the solution - the function of the right-hand side (17) on the Gaussian-Lobatto grid
- interpolation of F(x) in the basis of Chebyshev polynomials of the first kind;

2. calculation of those coefficients of the desired solution (except for the first two) that are
determined from the differential conditions of the problem (allowing the solution to satisfy the
differential conditions) - multiplication of the inverse (with respect to the matrix of spectral
Chebyshev differentiation) matrix by the vector of interpolation coefficients;

3. additional determination of the first few coefficients of the solution based on boundary (or other
independent additional) conditions.

Let us represent the approximate solution in the form of a finite series of orthogonal Chebyshev
polynomials

n
p(x) = aTi(x), x€[-1,1]. (19)
k=0
Let us differentiate function (19) twice. The expression for the second derivative has the form
n n
p'(x)= D aTy(x) = ), beTu(x), x€[-11]. (20)
k=0 k=0

Using recurrence relations satisfied by Chebyshev polynomials of the first kind and their
derivatives [5], [15] and equating the coefficients for identical polynomials in (20), we arrive [5]



80 DCM&ACS. 2024, 32 (1) 74-85

at the following dependence of the coefficients ¢;, i = 2,3, ...,n, by, k =0,...,n:
D*D*b=c (21)

where D7 is a generalized inverse matrix with respect to the Chebyshev differentiation matrix in the
spectral space [15], [16].

0 0 0 0 0 0 0
: o
1 0 -5 0 0 0 0 0 bo €o
0 % 0 —}1 0 0 0 0 0 b “
1 1 b, €
o o 1 o _1 0 0 0 0
6 6 bs c3
0 0 0 = 0 0 0 0 0 b c
DtD*h = 8 X 4 = 4 (22)
00 0 0 O 0 (;1_/32) 0 0 bn3 Cn-3
00 0 0 0 2y 22 bna| |Cn-2
(n-2) (n-2) b c
0O 0 0 0 o0 o L o =& . "
(n-1) ) (n-1) | b, | L ¢, |
0 0 0 0 0 0 0 = 0

L . n

Hence, the vector of coefficients {c,, cs, ..., ¢,} is the result of double multiplication of a simple
tridiagonal matrix D* (inverse of the differentiation matrix) by vector {by, by, ..., by}

At the third stage of solving the problem, the first two coefficients of the expansion of the desired
solution in Chebyshev polynomials are determined.

5. Dirichlet-Robin boundary conditions

For a one-dimensional problem considered on the interval [—1, 1], the Dirichlet-Robin conditions
look as follows
ap(-1) = g(-1),

Bp(1) +yp'(1) = g(1).

Here a, 8, y are given constants. The sign in front of the term with the derivative at the right
boundary point is positive, since the outer normal to the domain of definition at the right boundary
point is directed to = o, i.e., in the positive direction.

Let us take into account that the derivatives of Chebyshev polynomials of the first kind are simply
expressed in terms of polynomials of the second kind:

(23)

dT,
dx

= nUn—l’
and, in addition, the relations
T,(-1)=(-D" T,(1) =1, Uy(-1) = (-D"(n+ 1), U,(1) = (n+1),

are valid. In this case, the system of equations for calculating the unknown expansion coefficients of
the solution has the form

a (Co —o+ ), Ck(—l)k) =g(-1),
k=2

B (co +o+ ) ck> + y(q + ckkz) = g(1).

k=2 k=2

(24)
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Let us introduce the notation

alco— 1) = g(-1) —a 3. ee(~1)F = G(-1),

k=2
" n (25)
Blco +c) +yer = g(1) = B D) ek — ¥ D, ckk® = G(D),
k=2 k=2
> (o — 1) = G(-1)
a(co — ¢;) = G(-1),
0—C (26)
Beo + (B +y)er = G(D).
Remove the brackets
acy — ac; = G(-1),
(27)
Beo + Bey + ey = G(1)
and multiply the first equation by 8 and the second equation by a:
Bacy — Bac, = BG(-1), (28)
Bacy + Bac, + yac; = aG(1).
To calculate the coefficient ¢;, subtract the first equation from the second one:
2Bacy + yac, = aG(1) — BG(—1), (29)
from which it follows that
_ aG() — BG(-1) 30)

Cc =
! (2B +7)
To calculate the coefficient c,, we substitute the calculated value of ¢, into the first equation (27):

_ 6D, _G(D) , aG) = BG(-1)

“ a ! a a@B+y)
_ (B+y)G(-1) +aGQ)
= a(28 +7) G

6. Solving the problem B2. Method of separation of variables

Recall the formulation of problem (18). It is required to find a solution of the homogeneous boundary
value problem with zero Dirichlet-Robin conditions and a given initial condition:

8%v dv
km(x,t)— E(’“) =0, 0<x<L, t>0,
v(0,t) =0,
ov
Ix o + hu(L,t) =0, h>0,

u(x,0) = f(x) —9(x), 0<x<L.
where k is the heat conductivity coefficient depending on the material properties.
The method of separation of variables yields a solution to this problem (see, e.g., [17]) in the form

v(x,t) = Z AyeFnt sin\/,Lx, (32)
n=1
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where the coefficients A, are calculated as
L
A, =2 / [f(x) + (x)] sin /A, Lxdx, (33)
0

where 4,, > 0 is the set of positive solutions of the equation Vi=—-h tan(ﬁL), neN.

Finally, the solution of the initial problem 2 (15) is obtained by adding the solution (x) of
the boundary value problem (17) and the solution v(x,t) of the homogeneous boundary value
problem (18):

o
u(x, t) = P(x) + Y, Ape~*nl sin/1,Lx. (34)
n=1
The determination of coefficients A,, by formula (33) can be implemented using the technique of
integration based on the interpolation of the integrand by the Chebyshev polynomials of the first kind
on Gauss-Lobatto grids. In this case, the calculation of the coefficients A,, reduces to elementary
summation of the weighted even coefficients of the interpolant.

7. Conclusion

Among the numerical algorithms for solving initial and boundary value problems for linear ODEs
of the first and second order, there are many methods that use the initial approximation (boundary
conditions) as the initially active condition that determines all further solution of the problem. These
are methods such as Euler, Adams-Bashforth, Runge-Kutta, etc. [18]. Other methods, based on
approximation of the solution using global functions [1-5], are based on the construction of systems
of equations that simultaneously include both initial (boundary) conditions and conditions that
specify the behavior of the derivatives of the desired solution.

The solution to the main inhomogeneous initial-boundary value problem for a one-dimensional
parabolic equation is presented in the form of a sequential solution of several subproblems. As
a method for solving one of the subproblems - an inhomogeneous ordinary differential equation
with Dirichlet-Robin boundary conditions - it is proposed to use the stable and efficient spectral
method of Chebyshev collocation.

Polynomial interpolation of the desired solution by Chebyshev polynomials is carried out in several
stages. At the first stage, a general solution is identified, i.e., a set of solutions that satisfies the
differential equation, but does not necessarily satisfy the initial (boundary) conditions. Considering
the initial (boundary) conditions is carried out at the last stage of solving the problem and reduces to
solving a linear equation with two unknown coefficients.

The search for a general solution to an inhomogeneous ODE reduces to multiplying the transposed
matrix of values of Chebyshev functions on the Gauss-Lobatto grid by the vector of the function values
that specifies the right-hand side of the original differential equation to determine the interpolation
coefficients for the expansion of the solution derivative. Next, multiplying the bi-diagonal integration
matrix [5], [15] by the vector of these coefficients leads to obtaining all the coefficients of the desired
solution, except for first ones. At the final stage, the use of the initial (boundary) condition makes it
possible to determine the first two coefficients of the polynomial expansion of the solution.

The solution of the second homogeneous subproblem is carried out by the traditional method
of separation of variables. In this case, to calculate the coefficients of expansion of the solution
according to the basis of the Sturm-Liouville problem, an effective and stable spectral method of
Chebyshev collocation is used. Thus, the authors expand the scope of applicability of the developed
2-stage Chebyshev collocation method.
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MpumeHeHne MeToAa KOJITIOKaL MK YebbiweBa A5 pelueHus rPaHUYHbIX
3apgaud Ten/JIoNnpoBOJHOCTH

K. I1. loseuxwuii!, C. B. Ceprees!, JI. C. Kynsa6os®2, JI. A. CeBacTbsiHOBY 2

! Poccuitickuii ynusepcumem Opyscobl Hapodos,
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2 06Bedunénnbiil uncmumym a0epHolx uccaedosanuil,

ya. XKonuo-Kropu, 0. 6, Iybna, Mockosckas obaacmu, 141980, Poccuiickas ®edepayus

AHHoTaums. 51 O4HOMEPHBIX HEOZHOPOAHBIX (II0 IPOCTPAHCTBEHHOMH IIepeMeHHOM) INHEeHbIX 1apabonm-
4eCKUX ypaBHEHUI HCIIOIb3yeTCss KOMOMHUPOBAHHBIM II0/X0/], pasbUBaOINiT HCXOAHYIO 3a/iady Ha JBe
nozzafadu. IlepBas U3 HUX — HEOZHODPOAHASI OfHOMepHas 3ajada IlyaccoHa ¢ TpaHUYHBIMU YCIOBUAMU
Jupuxie-PobeHa, IIOUCK pelleHNs KOTOPOH OCHOBAaH Ha MeToJe 4eObIlIeBCKOM KooK, MeTog, pas-
paboTaH Ha OCHOBE paHee OIlyGIMKOBAaHHBIX AITOPUTMOB PEIIeHHs OOBIKHOBEHHBIX ArddepeHInaTbHbIX
yPaBHEHUH, B KOTOPBIX PellleHIe UILETCs B BU/e PasIoKeHUs 110 oinHoMaM YebblneBa 1-ro poja Ha ceTKax
T'aycca-JIo6aTTo, 9TO [03BOIAET UCIIONB30BATh AUCKPETHYIO OPTOTOHAIBHOCTD IIOJTUHOMOB. TaKoM OAXOZ OKa-
3BIBAETCS BECbMA S9KOHOMMYHBIM U CTAGHIIBHBIM 10 CPABHEHUIO C TPAAULUOHHBIMY METOAAMH, IIPUBOAALIIMU
K PEIIeHHUIO 9aCTO IIJIOXO OllpeJie/IeHHBIX CHCTeM JIMHEeHHbIX anrebpandecKUx ypaBHeHUH. B onucsBaeMoM
[IO/IXO/I€ YAa4HOE [IPUMEeHEeHVe MaTPULl MHTETPUPOBAHYSI II03BOJISIET BOOOIIE N30aBUTHCS OT HEOOXOAUMOCTH
PaboTHI C I17I0X0 06YCAOBIEHHBIMU MATPULIAMU.

Bropas, ofHOpoHAs 3a/iada TEILIOIPOBOSHOCTH PeIlaeTcsi METOAOM pasieleH s IIepeMeHHEbIX. IIpu aToM
oThICKaHUE K09 ODUIMIEHTOB Pa3IOKeHUs ICKOMOT'O PeIleH st II0 II0JHOMY Habopy pelleHHi COOTBETCTRY-
fouteit 3agauu LTypma-JInyBUILIsE CBOAUTCS K BBIYHUCIEHUIO HHTErPAIOB OT U3BeCTHBIX QyHKIMiL. IIpocTas
METOAMKA IIOCTPOEHNUs YeBBIIEeBCKIX NHTEPIIOISIHTOB ITOBIHTErPAIbHBIX (QDYHKI[HI II03BOJISIET BBIYUCISATH
HHTerpabl CyMMUPOBAaHHEM NHTEPIIOISAIVOHHBIX K09 UIMEHTOB.

KnioueBble cloBa: HayaIbHO-KPaeBble 3a/[a4l, [ICEBIOCIIEKTPAIbHEIN METO/, KOJUIOKAINY, [TOINHOMBI Yebbliie-
Ba, MHOXecTBa 'aycca-J106aTTo, YuCIeHHas yCTONIMBOCTD, passieeHre IepeMeHHbBIX
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Abstract. The blockage of the propagation path is one of the major challenges preventing the deployment of
fifth-generation New Radio systems in the millimeter-wave band. To address this issue, the Integrated Access and
Backhaul technology has been proposed as a cost-effective solution for increasing the density of access networks.
These systems are designed with the goal of avoiding blockages, leaving the question of providing quality-of-
service guarantees aside. However, the use of multi-hop transmission negatively impacts the end-to-end packet
latency. In this work, motivated by the need for latency reduction, we design a new link activation policy for
self-backhauled Integrated Access and Backhaul systems operating in half-duplex mode. The proposed approach
utilizes dynamic queue prioritization based on the number of packets that can be transmitted within a single
time slot, enabling more efficient use of resources. Our numerical results show that the proposed priority-based
algorithm performs better than existing link scheduling methods for typical system parameter values.

Key words and phrases: 5G, IAB, millimeter wave, half-duplex, link scheduling, network control

1. Introduction

The digitalization of many areas of human activity relies upon a communication system capable of
providing a wide range of services. The 5th generation (5G) mobile networks enable the provision
of different services including Enhanced Mobile Broadband (eMBB), Ultra-Reliable Low-Latency
Communications (URLLC), and Massive Machine-Type Communications (mnMTC).

The services provided by 5G networks require improvements in various performance indicators.
For example, eMBB needs to offer high throughput (up to 10 Gbps) and support high mobility devices
(up to 500 km/h). URLLC requires delay reduction down to one millisecond. Finally, for mMTC
services, the number of connected devices must be increased to up to 10 million per square kilometer,
while also improving their energy efficiency [1].

In order to provision the required performance indicators in 5G, significant changes have been
made to the architecture and operations of the 5G core (5GC) and radio access networks (RAN). For
example, flexibility and adaptability in synchronization procedures, as well as the allocation and
splitting of bands into subcarriers, have been increased. Additionally, modulation, coding, and error
correction have been improved [2].

In addition to enhancing the RAN functionality, an important technical innovation of 5G is its
substantially expanded frequency range. This allows for higher throughput by allocating vast
bandwidth at high frequencies (greater than 24 GHz), while maintaining wide coverage through
the utilization of lower frequencies. It is worth noting though that communications in the new high-
frequency spectrum suffer from high propagation losses and require significant capital expenditures
for upgrading and expanding network hardware infrastructure. In particular, as the coverage area
of a base station is reduced due to propagation issues, network densification is necessary, which
involves increasing the number of access points (APs) per unit area.

One way to densify 5G networks is to utilize the Integrated Access and Backhaul (IAB) technology.
It employs relay nodes that are not wired connected to the core network as additional APs. The
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interference issues in the resulting multi-hop wireless network call for the half-duplex transmission,
meaning that no network node can receive and transmit data at the same time. In turn, a half-duplex
system requires an efficient link activation policy, which determines over which links data can be
transmitted at any given time.

In this paper, we aim to design a new link activation policy for 5G IAB networks that allows for
packet delay reduction and throughput maximization and can be employed in both centralized and
distributed manners. The rest of the paper is structured as follows. First, in Section 2, we discuss
the IAB technology and briefly overview the related work. Then, we formalize the model of an IAB
network in Section 3 and propose a new link activation policy in Section 4. Next, in Section 5, we
obtain realistic simulation parameters and numerically evaluate performance of the proposed policy
in comparison with well-known link activation algorithms. Conclusions are drawn in the last section.

2. Background and related work

To minimize capital expenditures in deploying dense 5G networks, the 3GPP (3rd Generation
Partnership Project) standardization body has proposed the IAB [3]. IAB allows to use relay nodes
that are not directly connected to the core network as relaying APs. As depicted in figure 1, there are
two types of APs in an IAB network: an IAB donor directly connected to the core network by a wired
link, and one or more IAB nodes which transmit traffic from or to the core network through the IAB
donor. The wireless links in the IAB network are divided into two types: access links between an
AP and a User Equipment (UE), and backhaul links between APs. Both types of links use a shared
time-frequency resource, as the name of the technology implies.

IAB donor IAB node D User Equipment (UE)

()

access link

backhaul Tnk

SDAP Central Unit, CU
PDCP

BAP Mobile-Termination, MT
RLC

MAC Distributed Unit, DU
PHY

Figure 1. The main components of the IAB network

The IAB technology is based on the distributed architecture of 5G networks. This architecture
separates the layers of the data transfer protocol stack between central and distributed units, as
shown in figure 1. A Distributed Unit (DU) implements Radio Link Control (RLC), Medium Access
Control (MAC), and Physical Layer (PHY). The DU is present at each AP and ensures the establishment,
maintenance, and termination of radio connections. The Central Unit (CU) implements Service Data
Adaptation Protocol (SDP) and Packet Data Convergence Protocol (PDCP). The CU is only present
in the donor and provides connection with the core network. Each IAB node contains a Mobile
Termination (MT). This component supports the Backhaul Adaptation Protocol (BAP), which forwards
data streams that travel through multiple IAB nodes to and from the IAB donor.

In the first IAB standardization document [3] released in 2018, the IAB network was defined as
a multi-hop wireless network with static APs and the ability of path selection. Also, the standard
provides a list of possible options for implementation. For example, either in-band or out-of-band
backhauling can be used. The use of time, frequency, or spatial multiplexing is permitted, as is end-
to-end or hop-by-hop automatic repeat request (ARQ). The resource allocation is not fully determined
by the standard, and has been explored in various research projects. For an extensive review, see [4].

As previously mentioned, the IAB standard allows the simultaneous operation of access and
backhaul links within the same frequency band. This reduces the downtime for the radio resources,
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but also increases interference [5]. Each transmitter interferes with all other active receivers in
the network, except the one it is communicating with. The high-frequency 5G spectrum allows for
directional transmission, reducing interference in many channels. Nevertheless, interference that
occurs during simultaneous reception and transmission remains significant [6].

To eliminate interference caused by simultaneous reception and transmission in the IAB network,
the standard [3] recommends using the half-duplex mode. This mode helps to reduce interference by
limiting the number of channels on which transmission occurs at any given time. More precisely, half-
duplex mode prevents any AP in the IAB network from receiving and transmitting data simultaneously.
Although the half-duplex mode limits the network throughput and increases delays, it is an effective
and simple way to reduce interference.

To efficiently implement half-duplex, it is essential to schedule transmission over links. This can be
done by dividing time into slots and marking each link with 1 (ON) if it is allowed to transmit in the slot
and 0 (OFF) otherwise [7-10]. Such link scheduling permits to ensure that the half-duplex constraints
are met and to optimize selected performance metrics. For example, in [9] the link scheduling
algorithm maximizes minimal user throughput, in [10] it optimizes the sum of user throughputs, and
in [7, 8, 11] it targets some convex function of user throughput (such as the sum of logarithms).

In [7-11] the link scheduling is performed by solving an optimization problem with the objective
function of throughput. On the other hand, constructing a queuing model of the studied network
allows to evaluate and optimize the delay [12, 13], as well as to prove the stability of the network under
some scheduling algorithms with any acceptable rates of incoming traffic [11, 14]. This approach was
used to derive a number of link scheduling algorithms for general multi-hop wireless networks with
interference, and in particular several throughput optimal greedy dynamic algorithms for efficient
centralized control of multi-hop networks, which choose a transmission mode based on the current
system state via argmin or argmax. Backpressure [15] is the most recognized throughput-oriented
algorithm for network control and can be utilized for link scheduling, routing or flow control problems
[11, 16-18]. While backpressure handles queue lengths, such algorithms as the largest weighted delay
first [19, 20], oldest cell first [21] and delay-based backpressure [22] use packet delays to specify the system
state. The latter is the delay-based version of backpressure and allows to reduce the maximum packet
delay in the original backpressure algorithm. The a-algorithm [23] is a modification of backpressure
aimed at reducing the total delay while remaining optimal in throughput. It uses a constant a > 1 as
a per-component power in the backpressure algorithm to point up the longest queues. The af-algorithm
[24] algorithm aims to reduce the probability of buffer overflow and thus to provide shorter queue
lengths and smaller delays. The activation of a link in this algorithm depends on the lengths of all
queues that packets have passed before this link and will pass after.

The introduction of the IAB technology has revived interest in existing link scheduling methods for
multi-hop wireless networks, however they should be analysed and modified by taking into account
the specifics of IAB and the needs of 5G services. The present paper provides a step in this direction.

3. Model formalization

We consider a half-duplex IAB network where transmission takes place over either access or backhaul
links at any given time. Furthermore, alink may be activated in either the uplink or downlink direction.
We assume that the throughput of each link is constant. Additionally, we assume that all data packets
traversing the network have the same size, and thus, in what follows, a packet is used as a unit of data.

We represent the considered IAB network as a directed graph consisting of four vertices as shown
in figure 2. The vertices represent the IAB donor (the circle), the IAB node (the square), the UEs
connected to the IAB donor (modeled as a single vertex and depicted by the left triangle), and the UEs
connected to the IAB node (also modeled by a single vertex, the right triangle). The edges correspond
to the communication links for direct wireless transmission. In what follows we use the terms vertices
and nodes, as well as edges and links interchangeably.

The links are divided into uplink, which carry packets from UEs to the IAB donor, and downlink,
carrying data from the IAB donor to UEs. Furthermore, a link can be either backhaul, responsible for
data transmission between the IAB donor and node, or access, connecting UE nodes to their access
points, see figure 2.

Each link of the IAB network graph can be viewed as a server accompanied by a queue of unlimited
size where packets awaiting transmission are stored. The system can thus be represented by a queuing
network depicted in figure 3. It consists of I = 6 service nodes (or queues) with queues 1, 3 and 5
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corresponding to the downlink links, and 2, 4 and 6 - to the uplink. Queues 1 and 2 are coupled
with backhaul links, and the rest — with the access links. Packets departing queue 1 enter queue 3,
and packets departing queue 4 enter queue 2, which describes the two-hop transmission. Packets
departing queues 2, 3, 5, 6 leave the system. The set of all queues is denoted by J.

Backhaul

3§ B2

‘T Access

UEs

Figure 2. The considered IAB network as a directed graph

ay (k) 1 —f11(k) 3 —f33(k)
TN -0 e—
4 —faq (k) 2 —f22(k)
= — (&) —
as (k) > —@k) Transmission modes
aAUYN - o1
2
(k) 6 —fee (k) 2’:
Zel0), —_— c4s

Figure 3. The queuing network corresponding to the modeled IAB network

The system is considered in discrete time indexed by k = 0,1, 2, ... . We denote by a;(k) the number
of packets exogenously arriving to the i-th queue in time slot k > 0. We have a,(k) = as(k) = 0 for
all k > 0, because packets entering queues 2 and 3 are first serviced in stations 4 and 1, respectively.
For each of the remaining queues i € 7, = {1,4, 5, 6} it is assumed that a;(k), k > 0, are independent
and identically distributed (i.i.d.) random variables with finite first and second moments. We denote
the row vector of arrivals in time slot k by a(k) = (a;(k));cs. The arrival rate to queue i is equal to the
expectation of a;(k) and denoted by 1; = Ea;(k).

We say that a packet is served when it is transmitted over a link, and that a queue is served (or
active) when the packets it holds are serviced. The service duration is assumed exactly one time slot.
Packets are served in batches. The maximum size of a batch that can be served in queue i in one time
slot is fixed and denoted by ¢; € N. The column vector ¢ = (¢;);eg is called the link capacity vector. If
the number of packets in an active queue i is fewer than ¢;, then all packets in the queue are served
in the time slot, otherwise packets are taken for service according to the discipline First Come First
Served (FCFS), i.e., in the order of arrival.
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The IAB specifics impose constraints on simultaneous activation of queues. By a transmission
mode we understand a feasible combination of simultaneously active queues. Queues i and j such
thati € {1,2} and j € {3,4,5, 6} and the queues 1 and 2, 3 and 4, and 5 and 6, pairwise cannot be
active in the same time slot due to the half-duplex constraints. Moreover, to maximize resource
utilization, we do not consider transmission modes that activate fewer queues than allowed by the
constraints. This results in the following transmission modes for the system: {1}, {2}, {3, 5}, {4, 6},
{4, 5}, {3, 6}. We denote the set of these transmission modes by © and assume they are indexed by
I=1,...,,L, L = |@| = 6, in the above order.

To specify the connectivity corresponding to the transmission modes listed above, we define, for
each 6 € O, an I X I matrix F with elements

1, ifieo, (i,)j)€{13), 42)}
fi=1-1, ifiee, j=i, i€, )

0, otherwise.

We denote the set of such matrices by ¥ and let them be ordered and indexed as in ©. Since
there is a one-to-one correspondence between the sets # and ©, in what follows, we will specify
a transmission mode by either 6 € © or F € ¥ interchangeably.

We assume that in each time slot only one transmission mode can be applied by a controller. Thus,
in each time slot k, the system operates according to F(k) € F.

Figure 4 shows the timing of events in a time slot k > 0, by which we understand the time [f;, t;1),
where A = .., —t; is a constant time slot duration. At the beginning of time slot k the system assumes
a transmission mode F(k) for the time slot. Then, the queues activated by F(k) are served. Served
packets from queues 2, 3, 5 and 6 depart the system, and served packets from queues 1 and 4 move,
respectively, to queues 3 and 2. Then, before the end of time slot k, new packets arrive into the system
and join queues 1, 4, 5, 6. Thus, no packet can join and depart a queue in one time slot.

time slot k

A
tk( \: br+1

T
A

t
exogenous arrivaIsT

service of activated queues

transmission mode selection

state q(k)

Figure 4. Timing of events in the considered model

Denote by q(k) = (q;(k));eg a row vector whose entry q;(k) is the number of packets in queue i at the
beginning of time slot k. Let q(0) = 0 be a zero row vector of length I. Let a row vector s(k) = (s;(k));eg
with entries

si(k) = min(c;, qi(k)), i€, )

represent the number of packets that will be served in queue i in time slot k if the queue is active
in this slot. Now, vector q(k + 1) defining the system state in time slot k + 1 relates to q(k) and the
transmission mode F(k) as

q(k + 1) = q(k) + s(k)F(k) + a(k), k>o0. (3)
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In what follows, we also assume that the transmission mode F(k) € & chosen in time slot k depends
only on the system state at time k given by q(k). A function 7(q(k)) = F(k) will be referred to as the
link scheduling (or control) policy.

The capacity region of the system is defined as the set of all combinations of arrival rates (1;, 4, 4s,
Ag) such that there exists a control policy that provides a finite time-average number of packets in the
system operating with these rates as k - o0. Having a finite average number of packets in all queues
is considered as a network stability criterion. A control policy providing network stability for all sets
of arrival rates in the capacity region is called throughput optimal [25].

For the considered model, the network capacity region can be obtained as follows. Let p; be the
fraction of time when transmission mode 6}, | = 1, ..., L, is applied given some control policy 7. Note

that Zszl p; = 1 as only one transmission mode can be applied in each time slot. Now, the condition
for the system to have a finite average number the packets can be written as

Ae S ¢6(Ps+ Do) Ag < ca(Ps+ Ps)s

)
As < cs(ps + ps), 41 < c3(ps + Do)
By dividing each inequality by the capacity of the corresponding link and then summing up, we
obtain the capacity region of the system in the form

A A s A 24 22
R I ) Wl Wi P ) (5)
Ce Cy Cs C3 Cy C

As a key performance indicators we consider the average end-to-end delay D and the 99th percentile
of the end-to-end delay probability distribution, denoted by Ry. The end-to-end delay is defined
for each packet that has departed the system as its sojourn time in the system. We also consider
such important aspects of every control policy as its throughput optimality and the control-induced
overhead.

4. Centralized and distributed priority-based link scheduling

The idea behind the proposed priority-based link scheduling algorithm is as follows. To chose the
transmission mode, we first prioritize the transmission modes according to whether the activated
thereby queues hold more packets than can be served in one time slot. Then, among the transmission
modes with the highest priority, we choose the one providing transmission of the greatest number of
packets. This approach is similar to the P-TREE algorithm [26], which is a low-complexity scheduling
algorithm designed for the multi-hop tree-shaped networks with only uplink traffic.

Recall, that for F € # a diagonal entry f;; is —1 or 0 depending on whether queue i is activated or
not in the transmission mode specified by F. In the proposed priority-based algorithm, in each time
slot k we obtain a set of priority transmission modes F*(k) by the following procedure consisting of
three steps:

1. Let the priority set #*(k) include all transmission modes for which the maximum possible
number of packets is served in all active queues, i.e., let

f*(k) = {F eF . Si(k)ﬁ,i = ciﬁ,i Vie j} (6)

2. If after Step 1 the set F*(k) is empty, then let it include all transmission modes for which the
maximum possible number of packets is served in at least one queue, i.e., let

Fi(k) :={F € F : f;=—1, si(k) = c; for some i}. )
3. If the set #*(k) is still empty, then let #*(k) := F.

Now, among the transmission modes of set ¥*(k) we choose the one that results in serving the
most packets in time slot k. Let diag(F) = (f; ;)icy denote the column vector of diagonal elements of
matrix F. Since the number of packets served in time slot k under transmission mode F is —s(k)diag(F),
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the sought transmission mode is given by

7pp(q(k)) = argmin s(k)diag(F). (8)
FeF*(k)

The choice of a transmission mode based on the current network state requires significant signaling.
Next, in this section we propose an approach to designing a policy for distributed link scheduling
whose performance is close to that of the centralized algorithm. The method is based on the use of
shadow queues introduced in [27] and then implemented for delay reduction in multi-hop networks in
[18]. We assign to each queue i € J a shadow queue, which is a variable g;(k) such that the row vector
q(k) = (qi(k))ieg evolves as

Gk + 1) = (k) + min(g(k), 0)F(k) + 1, k>0, )
where min represents a per-component minimum. Here
A= (1 +eDly,....(L+eDAy), (10)

is arow vector in which¢;, i € 7, are positive constants such that ((1+¢;)4;);eg, belongs to the system’s
capacity region.

The dynamics of the shadow queues (9) differ from that of the actual queues q(k) given by (3) in
the use of the fixed 1 instead of the random disturbance a(k) representing the actual numbers of
arrivals. Arrival rates 4; and constants €; may not be integers, hence the components of (k) may not
be integers either, unlike the components of q(k).

As previously for the actual queues, we let §(0) = 0. Then, to obtain q(k + 1) by (9), its value in
time slot k, §(k), is used in some given centralized control policy 7, to select a transmission mode,
i.e., F(k) = m.(§(k)). The chosen transmission mode is then substituted in (9). Thus, transmission
mode selection does not depend on the actual network state and can be implemented in a distributed
manner, where all nodes locally use the same policy 7, with the same fixed disturbance 1 and obtain
the same controls, which they apply to the network. It was shown in [18] that such a control ensures
a finite average number of packets in all actual queues as long as the non-zero elements of (10) are
interior to the capacity region and the policy 7, is throughput optimal.

5. Numerical results

We now proceed illustrating the performance of the proposed approach. We assume that the capacities
of the backhaul links, downlink access links, and uplink access links are all pairwise equal. That is,
we let ¢; = ¢,, ¢3 = ¢5, and ¢4 = ¢g. We also assume that IAB network is using the FR2 band with 200
MHz of bandwidth and a subcarrier spacing of 120 kHz, which corresponds to the NR numerology 3.
Thus, the number of primary resource blocks, Nflg'“ , is equal to 132, and the symbol duration T¢*
is equal to 8.92 x 107°. Additionally, the uplink and downlink overheads, as defined by [28], are
OHyp = 0.1 for the uplink and OHp;, = 0.1 for the downlink.

We consider three different scenarios, each with a different set of parameter values. In the maximum
UL/DL scenario, there are no hardware limitations for UEs in both the uplink or downlink directions.
In the limited UL scenario, the capabilities of UEs are limited in the uplink direction only. Finally, in
the limited UL/DL, UEs have limitations in both the uplink and downlink directions. Table 1 provides
the scenario-specific values for the parameters used in our analysis.

According to 3GPP [28] the data rates of the access links can be estimated as

12N ™
Cxmbps = 1070 xQp xf RXT (1-0OHx), X €{UL,DL} (11)

N

Let the time slot duration be 1 ms and let the packet size be 1500 bytes. Thus, to calculate, e.g., the
capacity of the downlink access link, ¢; = c5, we first compute Cp;, in Mbps by (11) and then convert
the value to packets per time slot as

¢DL [pkts/ms] = 107> (Cpr Mpps) X 10°)/(8 X 1500), (12)

after which cp; is rounded down to an integer and assigned to ¢; = cs.
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Table 1
Scenario-specific UE parameters

Parameter Notation Maximum Limited UL Limited
UL/DL UL/DL

UL number of multiplexed | v yr 4 2 1

layers

DL number of multiplexed | v, py, 6 6 1

layers

UL modulation order QUL 6 4 4

DL modulation order Qum.pL 6 6 6

Scaling factor f 1 1 0.75

UL error coding rate Ryr 948/1024 490/1024 490/1024

DL error coding rate Rpr 948/1024 948/1024 438/1024

UL rate, Mbps Cuyr 3547 611 229

DL rate, Mbps Cpr 4848 4848 280

Since backhaul links are characterized by a higher transmission power and hence a high-order
modulation scheme can be used, we take the backhaul link capacities one and a half times as large
as the access downlink capacities, i.e., cg = 1.5¢p;. Then cp is also rounded down to an integer and
assigned to ¢; = c,. Thus, we obtain three vectors of link capacities ¢: (606, 606,404,295, 404, 295) for
maximum UL/DL, (606, 606,404, 50,404, 50) for limited UL, and (34, 34, 23,19, 23, 19) for limited UL/DL.

Finally, by following the recommendations for traffic modeling in the standard [3], we assume
that the number of packets a;(k) arriving to queue i € J, in each time slot k > 0 are i.i.d. random
variables distributed according to Poisson law with mean 4;.

We start by comparing the centralized algorithms discussed in Section 2, namely backpressure, delay-
based backpressure, a-algorithm and af3-algorithm, with the centralized priority-based implementation
in terms of the average delay D and the 99th delay percentile Ry. For a convenient presentation of
results, we denote the uplink arrival rates from the donor- and node-associated UEs, respectively,
as g = A5% and 1, = AJL, and the downlink arrival rates to the donor- and node-associated UEs as
As = ABL and A; = ARL. In all presented figures, at each point, 50 simulation runs, each having 1000
time slots, were generated and then averaged to obtain D and R.

The comparison of the centralized schemes is shown in figure 5, where the arrival rates at each
AP are equal and the ratios of the downlink to uplink arrival rates are fixed to four, i.e., AR" = ABL =
423+ = 4A8L. With such parameters, figure 5 shows D and Ry as functions of the uplink arrival rates
for the three studied scenarios.

By analyzing the results in figure 5 we observe that the lowest average delay value is provided by
the proposed priority-based algorithm. The closest result is demonstrated by the backpressure and
a-algorithm in the maximum UL/DL and limited UL/DL scenarios. In terms of the 99th percentile Ry,
delay-based backpressure and af3-algorithm show the best performance in maximum UL/DL and limited
UL/DL, whereas in limited UL the af3-algorithm performs the best. Moreover, from figure 5 we can see
that the priority-based policy provides network stability wherever the throughput optimal policies do,
i.e., wherever it is possible.

We note that the qualitative behavior of all the algorithms in maximum UL/DL and limited UL/DL is
similar. The rationale is that the elements of the link capacity vectors in these scenarios are closely
proportional. Moreover, the ratios of the largest and smallest capacities therein are 2 and 1.8, while
this ratio in limited UL is 12.1. The range of link capacities’ values in limited UL is thus considerably
wider, and the performance ranking of control policies it yields is different.
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Figure 5. Performance evaluation of the centralized link activation policies in terms of the mean delay D (top) and
the 99th delay percentile Pgg (bottom) vs. the uplink arrival rates A" = A9 with ARX/ARL = ABL/ASL = 4.

Having identified the af and priority-based algorithms as performing best in terms of the
99th percentile and average end-to-end delay, respectively, we now evaluate their distributed
implementations constructed using shadow queues. Recall, that a policy choosing the transmission
mode based on the shadow queue lengths ensures network stability as long as A defined in (10) lies
within the capacity region. This means that a larger € can cause instability at high arrival rates but
prevents it if the actual arrival rates increase slightly (no more than by 100e%) while 1 is fixed.

Similarly to figure 5, figure 6 shows the delay metrics D (top) and Bg (bottom) as functions of the
arrival rates. Assuming that the system initially operates with some arrival rates 1, shown in figure 6
by the solid vertical lines, we fix two sets of shadow arrival rates: 1; defined by (10) using ¢; = 0.1 for
alliand indicated by the dashed vertical lines, and A, defined using ¢; = 0.01 for all i and shown by the
dotted vertical lines. Then, we let the actual arrival rates vary along the horizontal and evaluate the
system’s performance under the centralized control (the results shown by solid lines) and using the
shadow queues with the arrival rates 1; and 1, fixed previously (dashed and dotted lines, respectively).
Thus, to the right from the dashed and dotted vertical lines, the actual arrival rates are greater than
the corresponding shadow arrival rates A; and 1,, and to the left they are smaller.

As it could be expected, the shadow-queues-controlled network is stable when the actual arrival
rates are less than the shadow arrival rates. Additionally, we note that the delay performance is very
close to that in a network with centralized control. Interestingly, in the maximum UL/DL and limited
UL/DL scenarios the network is stable even if the actual arrival rates are slightly higher, than the
shadow arrival rates. We note that the priority-based algorithm maintains the system stable over
a wider range of real arrival rates than the af-algorithm.
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Figure 6. Performance evaluation of the distributed link activation policies in terms of the mean delay D (top) and
the 99th delay percentile Pgg (bottom) vs. the uplink arrival rates A" = A9 with ARY/ARL = ABL/ASL = 4.

6. Conclusions

In this paper, we considered the IAB technology enabling cost-effective deployment of dense 5G
networks operating in high frequency bands. Specifically, we concentrated on the half-duplex regime
and focused on link activation as a critical task for this type of networks. By identifying throughput
and delay as relevant performance criteria, we designed a priority-based link activation policy for 5G
IAB networks, which allows for packet delay reduction and throughput maximization. The proposed
policy can be implemented either by the network controller in a centralized way or in a distributed
manner by each network node using the proposed shadow queue mechanism.

By using a model of an IAB network with a basic topology consisting of one IAB donor, one IAB
node, and two groups of UEs we evaluated link activation policies for three scenarios, each with
different hardware capabilities. Performance of the proposed policy was compared numerically
to the well-known backpressure policy and its delay-oriented modifications. We have shown that
the centralized priority-based policy provides the lowest average end-to-end delay in the considered
simulation setup. It also outperforms some of the other studied policies in terms of the 99th delay
percentile and achieves stability in the entire capacity region.

Finally, our results also demonstrate that a distributed implementation using shadow queues leads
to approximately the same delays as the centralized implementation.

Funding: This paper has been supported by the Russian Science Foundation, project no. 23-79-10084, https://rscf.ru/

project/23-79-10084.
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CTpaTerusi aKTMBaL UM KaHA/OB /151 CHXEHUS 3aePXXKU NaKeToB
B CETAX MHTErpUPOBAHHOIO JOCTYNA M TPaH3UTa 5G

A. A. Xusnosa, B. A. BecuacTHBII

Poccuitickuil ynueepcumem opyxc6ul Hapodos, ya. Muxayxo-Maxkaas, 0. 6, Mockea, 117198, Poccuiickas ®edepayus

AHHoTaums. BIIOKHMPOBKa IIyTel paclpoCTpaHeH!s PafIIOBOJIH SIBJSIETCS OAHUM M3 OCHOBHBIX IIPEIIATCTBUIM
Ha IIyTU Pa3sBepTHIBAHUS CETeH COTOBOM cBsizu msaroro nmokonenus (Fifth Generation) Hosoe Paguo (New
Radio) B framasoHe MUUIMMETPOBBIX BOJIH (30-100 I'T1x). Bo3MOXKHBIM pellleHreM JaHHOM MPo6IeMBblI SBJISET-
sl yIUIOTHEHUE CeTel pafuofoCTyIIa, OHAKO OHO CBI3aHO BHICOKMMU KaIllUTAIbHBIMU 3aTPaTaMU OIIepaTOPOB
CBsI3U. DKOHOMUYECKH 9(b(deKTUBHOE YIIOTHEHNE MOXeT OBITh IOCTUTHYTO C IOMOIIBIO TEXHOJIOTUY UHTe-
rpupoBaHHOro goctymna u Tpansuta (Integrated Access and Backhaul), ncross3syrorieii peTpaHCaAIIOHHbIE
V3JIBI MEKIY a00HEHTOM U 6a30BOM cTaHIueil. Takye CUCTEMBI GbUIN Pa3paboTaHbl IIABHBIM 00Pa3oM s
6opbOBHI ¢ 610KMPOBKaMU Oe3 yueTa IokasaTesell kadecTBa obcayxuBanus (Quality of Service). IIpu aTom uc-
II0JIb30BaHUE PETPAHCASLIMOHHBIX Y3/I0B OTPUIIATEIbHO BIMSIET Ha CKBO3HYIO 3a/Iep)KKy ITakeTa. B JaHHON
paborTe mpezaraeTcs HOBas CTPATerHs aKTUBALIMY KaHAIOB HallpaBJeHHas Ha COKpallleHHe 3a/iep)KeK B CU-
CTeMax MHTeTPUPOBAHHOTO AOCTYIIA ¥ TPAH3UTA, YIUTHIBAIOIIAS OPraHUYeHH MOTyAYIIEKCHOH ITepeadH.
IIpensaraeMslii IOAX0/ OCHOBAH Ha [UHAMHYECKOH IIPUOPUTE3AIU odepe/iell Ha 6a3e KOJINYeCTBA IAaKETOB,
KOTOpBIE MOTYT OBITH ITepeZlaHbl B OAHOM BPeMeHHOM CJI0Te. Pe3ybTaThl MMUTAIIIOHHOIO MOAEINPOBAHMUS
C UCIIOJIb30BAaHKUEM PeaTUCTUIHBIX NCXOAHBIX aHHBIX IIOKA3bIBAIOT, YTO IIpeJjiaraeMblil aITOPUTM 00ecIiedn-
BaeT HaNMEHBIIYIO CPEAHIO 33IePXKKY II10 CPABHEHUIO C U3BECTHBIMU ITOAXOJAMU JJIs PA3INYHbIX 3HAU€HUH
Harpy3KU BOCXOASIIEN U HUCXOAAIEH ITepejadu.

Kniouesble cnoBa: 5G, I/IHTeI‘pI/IpOBaHHHﬁ AOCTYII 1 TPAH3UT, MUJIJINMETPOBbIE BOJIHDI, ITOJIYAYILJIEKC, YIIpaBJIE-
HUE aKTHBaHHeﬁ KaHaJIOB
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Abstract. The problem of finding equilibrium configurations of one-component charged particles, induced by
external electrostatic fields in planar systems, is a subject of active studies in fundamental as well in experimental
investigations. In this paper the results of numerical analysis of the equilibrium configurations of charged
particles (electrons), confined in a circular region by an infinite external potential at its boundary are presented.
Equilibrium configurations with minimal energy are searched by means of special calculation scheme. This
computational scheme consists of the following steps. First, the configuration of the system with the energy as
close as possible to the expected energy value in the ground equilibrium state is found using a model of stable
configurations. Next, classical Newtonian molecular dynamics is used using viscous friction to bring the system
into equilibrium with a minimum energy. With a sufficient number of runs, we obtain a stable configuration
with an energy value as close as possible to the global minimum energy value for the ground stable state for
a given number of particles. Our results demonstrate a significant efficiency of using the method of classical
molecular dynamics (MD) when using the interpolation formulas in comparison with algorithms based on Monte
Carlo methods and global optimization. This approach makes it possible to significantly increase the speed at
which an equilibrium configuration is reached for an arbitrarily chosen number of particles compared to the
Metropolis annealing simulation algorithm and other algorithms based on global optimization methods.

Key words and phrases: Thomson atom, Wigner crystal, molecular dynamics

1. Introduction

The question of how charged particles arrange themselves in a restricted planar geometry attracted
continuous attention for many decades (for a review see [1]). Modern technology allows us to study
such phenomena on the same scale, from Bose condensates with some thousand atoms to quantum
dots with a few electrons, providing rich information about specific features of correlation effects
in mesoscopic systems (see, for example, [2, 3]). However, finding the exact analytical equilibrium
charge distribution (the one that makes the body an equipotential) is not a simple problem. The
existence of the symmetry for considered system may simplify the task. Thomson was the first
to suggest an instructive solution for interacting electrons, reducing the 3D harmonic oscillator
confinement to a circular (2D) harmonic oscillator [4]. He developed an analytical approach, which
enables us to trace a self-organization for a small number of electrons (n < 10) in a family of rings
(shells) with a certain number of electrons in each shell.

Nowadays, many ideas and concepts introduced in condensed matter physics can be realized and
analyzed with high accuracy as a function of particle number and boundary properties. In fact,
nanotechnology gave rise to emergence of lateral quantum dots creation which properties where not
so obvious in ninetieth. Assuming a circular symmetry of such quantum dots, the first attempt to
understand the distribution of electrons in such confined systems were based on the Monte Carlo
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(MC) calculations for charged particles (ions and electrons) confined by 2D parabolic and hard-wall
potentials (see, e.g., [5-7]). The results of these calculations confirmed the predictions based on
the Thomson model for N < 52. The next step in the attempt to find the analytical description of
the distribution of charged particles in the disc geometry have been done in [8]. In this paper the
basic principles of self-organization of one-component charged particles, confined in disk have been
proposed. A system of equations was derived, which allows to determine equilibrium configurations
for an arbitrary, but finite, number of charged particles that are distributed over several rings. This
approach reduces significantly the computational effort in minimizing the energy of equilibrium
configurations and demonstrates a remarkable agreement with the values provided by molecular
dynamics calculations. This paper gave a new impetus to activity in finding the bridge between the
distribution of finite number of confined charged particles to their continuous limit (e.g., [9-15]).

From the analysis, based on MC and MD calculations for a relatively small number of charged
particles, it follows that the number of stable configurations grows very rapidly with the number of
particles. There are many local minima that have energies very close to the global minimum. These
metastable states with lower (or higher) symmetry are found with much higher probabilities than the
true ground state [9, 10]. This picture is akin to a liquid-solid transition, when a rapid cooling gives
rise to a glass-like disordered solid rather than a crystal with lower energy. Therefore, the description
of this phenomenon requires the development of various not only analytical approaches but as well
the effective numerical recipes with growing number of confined particles.

In this paper, we present a new approach for numerical-analytical analysis of the equilibrium
configurations of charged particles (say, electrons) confined in a disk geometry. Using a model of
stable configurations, which takes into account the interaction between shells of charged particles [8,
11], we obtain functional dependencies of the total number of particles of the system on the number
of rings and those of the energy of the equilibrium configuration on the total number of particles.
These dependencies make it possible to significantly simplify the search for the absolute minimum
of the system for a given total number of one component charged particles.

2. System description

The physical formulation of the problem can be as follows. A system of similarly charged particles
is given; they are located in a region with a cylindrical confining potential at the boundary. The
configurations of the particles are determined by the Hamiltonian, in which the potential energy
of the interparticle interaction dominates over the kinetic energy. It is necessary to find a stable
configuration of N particles with the minimal energy inside the given region.

Thus, we consider two-dimensional system on a plane consisting of identically charged particles
with mutual Coulomb interaction in the confining disk potential with the radius R. The Hamiltonian
of such a system can be written as follows:

H= Z Vet(®) + @ Z

i,j=1 ,—r]|
i<j

N
Z T, @)

where r; = |r}| is the distance to the center of the region bounded by the potential V., (r), a = €?/4nz e,
is a quantity characterizing the interaction of charges in the medium, and T; is the particle kinetic
energy. The confining potential V,,,(r) is defined as follows:

Vext(r) = { 0. r<k (2

o, r=R.

To avoid a large number of metastable states (local minima), the system is considered at
temperatures that are close to zero; at these temperatures, the potential energy dominates over
the kinetic one. As a result, it is possible to rewrite the function of the total energy of the system (1)

as follows:

H= Z Vext(n) +a Z
ij=1 |rl - rj|
i<j

®3)
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The problem is to find a stable configuration of the particle inside the given region with the
minimally possible energy.

Using his model, Thomsom obtained equation (4) for analytical calculation of the coordinates of
particles in the equilibrium state for one ring

En(r) = Z Z = X5 @)
" & 4 sin s (|z—1|) ar
n—1 1
S, = —.
i1 sin ;k

Here, E,(r) is the Coulomb energy of n particles with the charge e uniformly distributed along
a circle with the radius r, a = €?/4reye, is the quantity characterizing the interaction of charged
particles in the medium. Without loss of generality, electrons with the charge e are considered as
charged particles below. An original approach to the calculation of equilibrium configurations and
the corresponding energy was formulated in [8, 11]; in this approach, the interaction between shells
consisting of charged particles is also taken into account in addition to the energy of one ring (one
shell). As a result of solving the (5)

F=0, i=2,...,p.

P n B/ . i-1 KE ”i/’jz K "i/ljz
ner 3 [( >] s, ( [’ [()]).

(5)

Here, K = X_;(E = X;) are the complete elliptic integrals of the first (second) kind: X,(x) =

”/ 2dt(1 — xsin® £)P/2; 1, is the value of the ith optimal radius for the given stable configuration of
charged particles; and n; is the number of particles in the ith shell.

As preliminary analysis showed, the solution of these equations makes it possible to significantly
reduce the amount of computational work by finding the state that is closest to the equilibrium
configuration. It is worth noting that this approach allows us to almost exactly determine both the
equilibrium configuration and the total energy of the equilibrium state for N < 52.

In this paper, we develop a new approach and methods for calculating the coordinates of particles
and the energy of the equilibrium configuration for an arbitrary finite number of particles using the
obtained analytic dependencies of the distribution of particles and the energy of the equilibrium
configuration on the total number of particles in the system for N < 1000.

3. Computational scheme

To further increase the efficiency and reduce the calculation time, the following modification of the
traditional approach based on the molecular dynamics method [16] is proposed in this paper.
The computational scheme consists of the following steps.

1. We use interpolation formulas (6) for calculation initial particle distribution

N(N) = aiNg —b; (6)

i 1 2 3 4 5 6
a; | 2.7948 | 1.3439 | 1.1323 | 1.0127 | 0.9482 | 0.8517
b; | 3.9444 | 7.2999 | 10.845 | 14.850 | 19.128 | 21.732

Formulas (6) were obtained by interpolating solutions [17, 18] to equations (3) of the equilibrium
configuration model [8, 11].

2. Using the initial distribution of particles inside the circular region obtained in the previous
step, we run ab initio calculations using Newtonian molecular dynamics. The dissipation of
energy for cooling the system upon reaching the ground state with a minimum of potential and
zero kinetic energy is modeled by adding to the equations of motion a viscous friction force
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proportional to the speed (7), which realizes the corresponding outflow of energy from the
system.

=

mt/ = —V,V(¥;)—bsr/, Vie{l,23,..,N}. 7)
Here V(f;) = Veu(n) +a e r—lw includes the external confining potential plus the Coulomb
i<j |ri—rj

terms, and the friction coefficient by is the parameter controlling the quenching of velocities.

For calculations we used quenched velocity Verlet algorithm. Let at some moment of time ¢

the coordinates ¥;(¢t) and velocities ¥(t) of the particles be given, then at the moment of time

t + At, where At is some fixed time step, we can obtain the coordinates ¥;(t + At) and velocities
v,(t + At) using the following formulas (8), (9), (10).

£(6) = —V,V(#(0). ®)
Rt + At) = £(6) + V()AL + %(fi(t) — bV(O)AL. ©

(2 = bpAt) V(1) + Gi(t) +E(+ At))At
2+ bpAt ’

Vit + A1) = (10)
This is the so-called quenched molecular dynamics method.

3. The final stage of calculations includes a fairly large sequence of runs of molecular dynamics
calculations described at the previous step, which is due to the existence of a number of
metastable states that exponentially increases with the number of particles near the point
of global minimum of energy.

In order to estimate the minimum number of runs N, to obtain the ground state energy
value E,;, as close as possible to the global minimum, the following procedure is used. First,
a certain number of runs are performed depending on the number of particles in the system.
Then the probability of finding the minimum P(E,;, < Ey,) is calculated. Then the estimate for
the minimum number of runs has the following form N,,,s = 1/P(Emin < Eqal)-

For a sufficiently large number of runs N, in accordance with the Central Limit Theorem, the
energy values of metastable states calculated in each run are distributed in accordance with the
Gaussian distribution. Typically, the value E,,, — 30 is used as E,;. In this case, for a system consisting,
for example, of 1000 particles, E,,, — 30 = 736980.1734 in reduced units (E,,, is an average value for
the general sample for all runs. And o is the corresponding standard deviation.). At a given value of
E a1, the minimum number of runs N, to obtain the global minimum energy must be greater than
741.

However, we use a different version of probability estimation and, accordingly, a minimum number
of runs to practically guarantee obtaining the minimum energy value. This value was obtained using
the asymptotic formula (11) for the minimum energy of the ground state, obtained by the authors [17,
18] based on an analysis of solutions to the equations of the equilibrium configuration model [8, 11].

T T, 2 T

In this case, the estimate for E,, for 1000 particles will be equal to 736978.54, which is approximately
equal to E,,, — 40. The corresponding minimum number of runs N, to obtain the global minimum
energy must be greater than 25237. This value for the number of runs N,,,; looks more realistic for
the case of the initial configuration of particles distributed randomly within the disk.

As an initial approximation, the particle distribution obtained by solving equations of the model
of equilibrium configurations (5) for a certain number of rings is taken. After that, calculations are
started using the quenched molecular dynamics method under the condition of a gradual decrease in
the system temperature. When the zero temperature is reached, the calculations of the time evolution
of the system are considered to be completed, after which the energy of the resulting equilibrium
configuration of particles in the system is calculated.
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For example, for the above-mentioned system of 1000 particles, we fixed the distribution of particles
on the outer ring in the initial configuration N; = 276 in accordance with the formula (6). As a result,
we needed only 500 runs to obtain the minimum ground state energy equal to 736979.7283. The best
published value known to us is 736977.7079. This value can be obtained, according to our estimates,
for a number of runs no less than 25237 [14].

4. Conclusions

The effectiveness of the approach proposed in this article for calculating the global minimum energy
for the ground state of the above-mentioned systems of charged particles is based on the following
modifications of the traditional molecular dynamics method.

First, the initial configuration for molecular dynamics calculations was calculated using analytic
solutions of the equations of the equilibrium configuration model [8, 11]. Secondly, to cool the system,
energy dissipation was carried out due to viscous friction forces. For this purpose, the Verlet velocity
scheme with quenching was used. Finally, to estimate the number of molecular dynamics runs
with different initial conditions, we used an asymptotic formula [17, 18] for the ground state energy,
obtained from an analysis of solutions to the equations of the equilibrium configuration model [8,
11]. As a result, the computational efficiency in terms of computation time has increased by more
than two orders of magnitude.

The algorithms and programs developed by us can be used to numerically study the stability
of systems of charged particles in various fields of physics, chemistry, molecular biology, and
nanotechnology, including, for example, the study of nano-objects, such as quantum dots.
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KomnbloTepHble UCC/ief0BaHMSA 3aBUCMMOCTMU OT YMC/1A YaCTUL, CTPYKTYPbI
OCHOBHOI'O COCTOSIHUSA JBYMEPHOI CUCTEMbI 3apsXKeHHbIX YacTul,
OrpaHU4YEeHHbIX KPYroBbiM NOTEHLUAJIOM

9. I. Hukonos® >3, P. . Hasmutaunos" 2, I1. 1. Tnyxosies?

! O6sedunennolii ucmumym a0epHolx uccaedosanudl, ya. Xoauo-Kiopu, 0. 6, JIy6na, 141980, Poccuiickas ®edepayus
2 Tocydapcmeennulil yHusepcumem «Jly6Ha», ya. YHueepcumemckas, 0. 19, Iyona, 141980, Poccuiickas ®edepayus
3 Hayuonanvhulil uccaedosamenvckuil ynugepcumem «Bolcuuas wkoaa IKOHOMUKLLY,

ya. Tannunckas, 0. 34, Mockea, 123458, Poccuiickas ®edepayus

AnnoTtayms. [Ipo6eMa HAXOXKAEHUSI PABHOBECHBIX KOH(QUIYPALMil OZlHOKOMIIOHEHTHBIX 3aPSKEHHBIX JaCTHII,
MHJYIAPOBAHHBIX BHEITHUMMU 3JIEKTPOCTATUYECKUMHU IOJISMHU B INIAHAPHBIX CUCTEMaX, IBJSAETCS IpeIMeTOM
aKTHUBHBIX UCCJIeJOBAHUH KaK B PyHIaMeHTaJIbHBIX, TaK U B 9KCIIepIMEeHTAIbHbIX UCCIeJOBAHUAK. B JaHHON
paboTe IpeACTaBIEeHB! PE3yAbTAThl YUCIEHHOTO aHAIN3a PABHOBECHBIX KOHDUTYPALUH 3apsPKeHHBIX YaCTHI]
(3J1eKTPOHOB), yIePXKUBaeMBIX B KPYTOBOIi 06/1acTy 6eCKOHeYHBIM BHEIIIHIM ITOTEHIIAJIOM Ha ee TpaHHIle.
PaBHOBecHble KOHQUTYpallMy ¢ MUHUMAaJIbHOH 5Heprueii UIIyTcs ¢ IIOMOIIbIO CIIellalbHOM cXeMbl pacdeTa.
JlaHHas BEIYMCIUTENbHAS CXeMa COCTOUT U3 CJAeAYIOMUX maros. CHayasa ¢ IOMOIIBIO CTAIOHAPHOMN MoJenn
HaXOJUTCSI KOHQUTYPALUsI CUCTEMBI C 9HEepruei, MaKCHMaIbHO OJIM3KOH K 0OXKHIJaeMOMy 3HaUeHHUIO SHEePIUU
B OCHOBHOM COCTOSIHMU PaBHOBecus. Jlajiee NCIIOIb3yeTCs KJacCUYecKas HbIOTOHOBCKasl MOJIEKY/IApHas JUHa-
MUKA C UCIIOJIb30BaHHEM BSI3KOTO TPEHUS, YTOObI IPUBECTH CUCTEMY B PABHOBECHE C MUHUMAJIbHOM SHEPrHUei.
TIpu KOCTaTOYHOM KOJUYECTBE IIPOTOHOB MBI IIOJIy9aeM YCTOUIMBYI0 KOHOUTYPALMIO CO 3HaYeHHeM 3HEPTUU,
MaKCHMaJbHO OIU3KUM K I7106a1bHOMY MUHUMAaJIbHOMY 3HaU€HHUIO SHEPTUH AJIs1 OCHOBHOTO YCTOMYIHBOIO CO-
CTOSIHUS JJI 33JaHHOT'0 YMCJIa yacTull. Hamy pe3ynpTraTsl JeMOHCTPUPYIOT 3HAUUTENbHYIO0 3P (EeKTUBHOCTD
KICIIOJIb30BAHUS METOJa KJIACCUYeCKOH MOJIEKYIApHOH AuHaMuKy (MJ) IpU MCIOIb30BaHUN UHTEPIIONS-
IIOHHBIX (OPMYJI TI0 CPAaBHEHUIO C aITOPUTMAaMU, OCHOBAHHBIMU Ha MeToZax MoHTe-Kapsio u rinobanbHoM
ontuMusanuu. Taxkoi Mogxoz I03BOJIAET CYIleCTBEHHO IIOBBICUTD CKOPOCTb IOCTIKEHN PABHOBECHOI KOH-
urypauuu s Ipor3BOJbHO BEIOPAHHOIO YKC/Ia YACTHLL [I0 CPABHEHHUIO C AJITOPUTMOM MOJEIUPOBAHIS
oTKUra MeTporonuca 1 JpyruMy aIfOPUTMaMi, OCHOBAaHHBIMU Ha MeTOaX IJI00aJbHO ONTUMU3AI .

KniouyeBble cnoBa: aToM ToMCOHa, KpHCTaJLI BHrHepa, MOJIEKY/IApHAadA JUHaAMHKa
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Abstract. Study of spherically symmetric time-periodic standing waves of the ¢* model in a ball of finite radius
was carried out based on the numerical solution of a boundary value problem on a cylindrical surface for a wide
range of values of the oscillation period. The standing waves in a ball of finite radius can be considered as
an approximation of weakly radiating spherically symmetric oscillons in the ¢* model. Stability analysis the
waves obtained is based on the calculation of the corresponding Floquet multipliers. In the paper, mathematical
formulation of the problem is given, the numerical approach is described, including the method of parallel
implementation of the calculation of Floquet multipliers on the computing resources of the HybriLIT platform
of the Multifunctional Information and Computing Complex of the Joint Institute for Nuclear Research (Dubna).
The results of the study of the space-time structure and bifurcation of coexisting standing waves of various types
are presented.

Key words and phrases: oscillons, numerical study, parallel computing

1. Introduction

We consider spherically symmetric standing waves in the ¢* equation

1)

Equation (1) can be used as a model for a wide range of nonlinear wave processes within
various physical contexts. The localized long-lived pulsating states (pulsons, oscillons) in the three-
dimensional ¢* theory are known since 1975 [1]. Subsequent computer simulations [2, 3] revealed
the formation of long-lived pulsating structures of large amplitude and nearly unchanging width, see
a fragment of such structure in figure 1. Renewed interest to oscillons is inspired by applications in
cosmology and high energy physics (see, i.e. [4-7]).

Due the permanent loss of energy to the second-harmonic radiation, the oscillons are not exactly
time-periodic. In contrast, the standing waves are periodic and can be determined as solutions
of a boundary-value problem on the cylindrical surface. In a recent paper [8], the standing waves
in a ball of large finite radius are considered as approximation of infinite-space weakly radiating
spherically symmetric oscillons in the ¢* model. In the present contribution, we provide details of
the numerical approach and present results on the spatio-temporal structure and bifurcation of the
standing waves. We outline the numerical scheme that was utilised for that purpose as well as its
parallel computer implementation.

© Zemlyanaya E., Bogolubskaya A., Bashashin M., Alexeeva N., 2024
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Figure 1. A fragment of pulsating radial component of spherically symmetric solution of Eq. (1)

2. Mathematical problem and numerical approach

Let ¢ = ¢ — @, where &(r, t) is a spherically symmetric solution of equation (1) approaching &, = —1
(one of two vacuum solutions) as r — co. Thus, equation (1) takes a form:

2
it — brr — ;¢r+2¢—3¢2+¢3 =0. 2)
We are searching for solutions of the equation (2) satisfying the boundary conditions

$:(0,8) = ¢(R, 1) =0, ¢(r,T) = ¢(r,0). )
Letting 7 = ¢/T and defining (r, 7) = ¢(, t) yields

Ye(r ) = T@(r 1), Pre(r,7) = T2y (1, 1).

Thus, a boundary-value problem in the two-dimensional domain [0, 1] X [0, R] takes a form:

Bt T [ b = 29+ 20— 392+ 9] =0, @

$r(0,0) =P(R,£) =0, P(r,1) = Y(r,0). (5)

For each value of T'the boundary-value problem (4),(5) was solved by means of the Newtonian iteration
[9] with the 2nd order finite difference approximation for the derivatives. The ¢ and r discrete steps
were taken to be 0.01 and 0.1, respectively.

Any solution of equation (4) can be characterised by its energy

R
E=47r/0 (%%+%%+¢2—¢3+¢74>r2dr 6)

and its corresponding frequency w = X If the solution with frequency w does not change appreciably
as R is increased — in particular, if the energy (6) does not change — this standing wave provides
a fairly accurate approximation for the periodic solution in an infinite space.

Solutions of equation (4) were numerically continued in the parameter T and the energy-frequency
diagram was constructed. Numerical continuation was organized as described in [10].
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To classify the stability of the resulting standing waves against spherically symmetric perturbations
we consider the linearised equation

2
Yee = Yrr = T¥r =y +3(¢ -1’y =0 7)

with the boundary conditions y,(0, t) = y(R, t) = 0[8]. Expanding y(r, t) in Fourier sine series produces
a system of 2N ordinary differential equations for the coefficients:

Uy = Upys U, +F =0. (8)
Here N N
3
F=02+ k%n)um -3 Z(Am—n —Apyn)in + 2 Z(Am—n = Amn)Un,
n=1 n=1

and A,, B, are T-periodic functions of t:

2 (R 2 (R
Ayt = }—2/ ¢(r, t) cos(k,r)dr, B,(t) = I_Q[ ¢%(r, t) cos(k,r)dr.
0 ()

A set of 2N linearly independent solutions, evaluated numerically at t = T, forms a monodromy
matrix of the system (8). The standing-wave solution ¢(r, t) is deemed stable if all of its 2N eigenvalues
u of the monodromy matrix (Floquet multipliers) lie on the unit circle and unstable if there are
multipliers outside the circle, see example of stability and instability case at the figure 2.

1] ‘ ‘ ‘ ] 1]
0 o .
1 ‘ - ‘ 1 ‘ - ‘

-1 0 1 Reu - 0 T Reu

Figure 2. Floquet multipliers at the (Reu,Impu) plane. Stability case (a) T=4.7206; instability case (b): T=5.025. Here R=100

The above numerical approach was implemented using the MATLAB ode45 function with the
tolerance value 10~’. A cubic spline interpolation was employed for the calculation of the A,,,..,(¢)
and B,,+,(t) coefficients at a set of ¢ points. With N=1000 Fourier harmonics, the calculation of the
Floquet multipliers for each individual value of T takes about 48 hours and 24 hours on the HybriLIT
cluster and the Govorun supercomputer, respectively.

To speed up the computations, a parallel algorithm was implemented based on the parfor operator.
This produces an automated splitting of the solution of 2N Cauchy problems into available parallel
threads, or “workers”. The speedup of calculations in parallel mode can reach 20 times compared to
the single- thread calculations.

3. Numerical results and conclusions

It was pointed out in [8] that the energy-frequency dependence, E(w), obtained by a numerical
continuation of solutions of equation (4) looks like a sequence of spikes triggered by the resonance
of frequencies of two coexisting solutions. Positions of the spikes are R-sensitive. It can be seen in
figure 3 where fragments of this diagram for R=100 and R=150 are shown.

The numerical study shows that the boundary value problem (4),(5) has a set of two coexisting
spherically symmetric standing wave solutions. They are shown in figure 4(a,b). The first one is
the Bessel-like wave without an explicitly localised in space core decaying in proportion to r~! as
r — R) that branches off the zero solution, see figure 4a. The second type wave is characterised by an
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exponentially localised in space and pulsating in time core with a small- amplitude slowly decaying
in space second-harmonic tail as shown in figure 4b. The corresponding curves ¢(r, 0) for both waves
are shown in figure 4c. Both solutions are shown at the point marked by the arrow in figure 4d:
w = 0.9802 w,, E=45.585. Figure 4d demonstrates structure of a resonance spike and interconnection
between the E(w/w,) branches of two types of waves. The Bessel-like branch extends to zero energy
(red dashed curve in figure 4d). Both slopes of the resonance spike (blue solid curves in figure 4d)
join the Bessel-like branch at points of period-doubling bifurcations.

200’ ‘ ‘ ‘ 1 200 ‘ ‘ ‘ 1
E R=100 (a) E R=150 (b)
150 1 150 1
100 1 100+ 1
50 p 1 50 b ]
0.96 0.97 0.98 0.99 1wl 0.96 0.97 0.98 0.99 1wl

Figure 3. The energy-frequency diagram produced by numerical continuation of solutions of the boundary value problem (4),
(5) for the cases R=100 (a) and R=150 (b)

&(r,0) ] " " " " 5000

0.75F" (c) 1 E (d)

05r ] 3000 [
025f 1
0 /\/\NWM 1000 - .
—
025 ‘ ‘ ‘ ‘ : : ;
0 10 20 30 40 T 0.979 0.9795 098 whw

Figure 4. Coexisting standing waves in a ball of radius R=150 at the point w = 0.9802 w: the Bessel-like wave (a) and the wave
with exponentially localised pulsating core (b). (c): Curves ¢(0, r) for the waves of the first (blue solid) and the second type
(red dashed). (d): The E(w/w) structure of the resonance spike region. The red dashed curve corresponds the Bessel-like
wave. The arrow marks the point where coexisting waves (a) and (b) are shown

Stability analysis of the Bessel waves against the spherically symmetric perturbations shows that
the Bessel waves are stable for low energy values starting from E=0 up to the bifurcation point at
their intersection with either slope of the resonance spike. As for the second type of exponentially
localised standing waves, the calculations in [8] show they have only short stability intervals between
©=0.9428w, and w=0.9435w, inside the ball of radius R=40. In the case of a ball of larger radius, there
are sections of stable frequencies of greater width. Note that the Bessel-like curve in figure 4d (red
dashed) is stable for the values of E below the intersection with the left slope of the spike at the point
w = 0.97952 w,, E=2879.3. All other solutions in figure 4d are found to be unstable.

It is important to emphasize that the curve E(w) has a single minimum at w,;, = 0.967w, for all
values of the radius R despite the fact that the number and the positions of the spikes are R-sensitive.
Thus, we can consider the energy curve at least in the neighbourhoods away from the spikes to be
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the approximation of the radius-independent envelope of the nearly-periodic oscillons in the infinite
space.
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AHHoTaums. IIpoBeieHO YMCIEHHOE UcclejoBaHye chepruiecKy CHMMeTPUYHbIX IePUOJUIECKUX 110 BpEMEHU
CTOSTYMX BOJIH MOZIENU ¢* B IIape KOHEYHOTO PaZinyca Ha OCHOBE BHIMUCIEHUS PeleHni chopMyTMpOBaHHON
HeJIMHEHHOU KpaeBOH 3aa4y Ha HYUIMHAPUIECKOH TIOBEPXHOCTH B IIUPOKOM AMAIa30He 3HAYeHUN Iepu-
0Jja OCUMJUIALIMHI U IIOC/IeAYIOIIEr0 aHAIN3a YCTOMYUBOCTH ITOJIYYeHHBIX TAKMM 00pa3oM pelleHu IyTeM
pacueTa COOTBETCTBYIOIINX MHOKUTeIel Pioke. IIpu 3TOM CTOSYHe BOJIHEI B IIape KOHEYHOTr'O Paziiyca Mo-
TyT pacCMaTPUBATHCS KaK alllIPOKCUMAIIUASA CIab0u3IydaloIux chepuiecKru-CUMMEeTPHUYHBIX OCIMIIOHOB
B Mogiesu ¢*. B paboTe ONMCHIBAETCS MaTeMaTHIeCKas IOCTAaHOBKA 3a/Ia4i M METO/| €€ YUCJIEHHOTO pele-
HUSI, 00CYKZaeTCsT METO/, [TapajUIeIbHOM peaanu3aluy pacyeTa MHOXUTeNel OI0Ke Ha BBIYHCIUTEIbHBIX
pecypcax mrardopmsl HybriLIT MHOropyHKIIMOHATPHOTO MHPOPMAIIMOHHO-BEIYHCINUTEIbHOTO KOMILIEKCA
O6beMHEHHOTO MHCTUTYTA I/€PHBIX UccaefoBaHuil ([ly6Ha). IIpescTaBIeHbl pe3y/IbTaThl II0 UCCIeA0BAHHIIO
[IPOCTPAHCTBEHHO-BPeMEHHOM CTPYKTYPHI U 6y pKaIiUK COCYILIeCTBYIOUINX CTOSINX BOJIH Pa3IMIHOTO TUIIA.

KnioueBble cnoBa: OCLIUJIJIOHBI, KOMIIBIOTEPHOE MO EeIMPOBaHNe, I1apajljieIbHble BBIYUCICHU A
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Abstract. The article discusses a mathematical model and a finite-difference scheme for the heating process of
an infinite plate. The disadvantages of using the classical parabolic heat equation for this case and the rationale
for using the hyperbolic heat equation are given. The relationship between the hyperbolic thermal conductivity
equation and the theory of equations with the retarded argument (delay equation) is shown. The considered
mixed equation has 2 parts: parabolic and hyperbolic. Difference schemes use an integro-interpolation method to
reduce errors. The problem with a nonlinear thermal conductivity coefficient was chosen as the initial boundary-
value problem. The heat source in the parabolic part of the equation is equal to 0, and in the hyperbolic part
of the equation sharp heating begins. The initial boundary-value problem with boundary conditions of the
third kind in an infinite plate with nonlinear coefficients is formulated and numerically solved. An iterative
method for solving the problem is described. A visual graph of the solution results is presented. A theoretical
justification for the difference scheme is given. Also we consider the case of the nonlinear mixed equation of
the fourth order.

Key words and phrases: hyperbolic-parabolic equation, delay equations, initial boundary-value problem, finite
difference schemes, equations of the high order

1. Introduction

In the V.N. Khankhasaev’s paper [1-3], which is bound up with the problem of mathematical modeling
of the process of switching off the electric arc in the flue gas flow, various mathematical models bound
up with the hyperbolic equation of thermal conductivity (obtained by generalization of the Fourier
hypothesis [4]) were studied both analytically and numerically. In course of investigations bound up
with the transfer processes in the case of high-intensity influence of the gas, the earlier hypotheses
presuming the proportionality of the flow density to the vector of the potential gradient, which are
based on the known physics laws, lead to an infinite rate of distribution of the perturbations, what
contradicts to fundamental laws of nature.

The set known physics laws constructed on basis of the given theory includes the following laws:

q(x,y,z,t) = —Agrad T(x, y, z,t) - the Fourier law; 1 - thermal conductivity coefficient; g — heat
flow density; T - temperature;

q(x,y,z,t) = =D grad C(x, y, z, t) - the Fick law; D- diffusion coefficient; g - flow density of diffusion;
C - concentration;

q(x,y,z,t) = —K grad H(x, y, z,t) - the Darcy law; K - filtering coefficient; g - volume flow (or the
filtering rate); H - pressure.

All these laws are written in the general form as follows:

q(x,y,z,t) = —AgradU(x,y,z,t), i.e. the generalized law of transfer, where A is the transfer
coefficient; q is the flow density; U is the potential.

© Khankhasaev V. N., Bairov S. A., 2024
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The differential equation of transfer obtained from the given generalized law has the following
form in the one-dimensional case:
at T oxz’

It is sufficient to differentiate the fundamental solution of this equation with respect to variable ¢
and tend the time to zero to see that the rate of transfer of the potential at the initial time moment
equals to infinity. The approximation of solid medium used in above laws and presuming the absence
of its internal molecular structure implies that it is possible to undertake a limit transition in the
integral laws of conservation for this medium, when the volume tends to zero. Such a limit transition
allows one to obtain the equation of energy conservation in the differential form. Meanwhile, this
procedure - from the viewpoint of contemporary physics - is incorrect because the environment is
known to be composed of molecules. The environment has a discrete internal structure.

In order to avoid this paradox J.C. Maxwell [5], C. Cattaneo [6], P. Vernotte [7], who worked within
the frames of the theory of thermal conductivity, based his reasoning on the molecular-kinetic
conception, used the hypothesis of finiteness of duration of molecular collisions and proceeded from
a new conception of the molecules’ length of free path, obtained a new law of thermal conductivity.

There appeared an additional addend r% in the law, which took account of the discreteness of the

environment’s molecular structure and was responsible for the inertial character of heat. In this
addend, is the relaxation time, i.e. the time of reaching some thermodynamic equilibrium between
the heat flow and the temperature gradient. This generalized law of transfer may be written in the
following form:
r% +q=—-AgradU. 1)
In the process of solving the differential equation obtained from this law, observed was the first-
kind discontinuity of the potential, which distributes from the source. Therefore, law (1) describes
the appearance of waves in case of some high-intensity influence, which leads to some local system’s
non-equilibrium. These effects are most frequently observed when a body is impacted with short
energy impulses, in shock waves or under high temperature gradients. The local equilibrium, which
is obvious in cases of application of earlier physics laws, is valid for the time moments (intervals),
which are in excess of the relaxation time. Therefore, classical transfer theories are valid, when the
rate of processes is substantially smaller than the rate of distribution of perturbations in the medium
under scrutiny [8, 9].

2. Therelationship between the hyperbolic thermal conductivity equation and the
theory of equations with the retarded argument (delay equations)

To the end of inference of the transfer differential equation in the one-dimensional case we have
used the equation of thermal balance:

dg  oU
> 83 )
Having substituted (1) into (2), we obtain:
2 2
A o°U d%q aUu 3)

dx2 + Taxat =83

Now, change the order of differentiation for the second addend in (3)

2
ox

ou
a2 " 'ar Bt

gat

On account of (2) we obtain
o*U d (3U ou

5w (5) = e
Finally, we obtain the following:
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UL U_agU
o2 = dt g ox?’
Equation (4) belongs to the class of linear hyperbolic partial differential equations because it

contains the second derivative with respect to time. If internal sources of perturbations are taken
into account, then equation (2) assumes the following form:

)

oUu _dq

Hence equation (4) writes as follows:
2 2
o°U ( ‘[dF)GU_Ad U+F(U). 5)

o T\'Tgdu)ar Tgo T g

oF .
Here 37 may have any sign.

While turning back to equation (1), one can see that —A grad U represents an expansion of the flow
into the Tailor series with respect to the powers of 7, where taken are only the first two members of
the expansion. Hence if all the terms of the expansion are taken into account, then the series shall
have the following form:

dq 1282
q+fa_?+56—tg+...=—AgradU. (6)

Having gathered the terms of series, we can rewrite expression (6) in the following form:
q(t +7) = —AgradU. (7)
Having replaced the variables t + 7 = t! in (7), and, next, again transferring to variable t, we obtain:
q(t) = —Agrad U(t — 7). (8)

The physics sense of expression (8) implies that the transfer process in the locally non-homogeneous
media possesses inertial properties: the system reacts to the influence not at the same time moment
but with a delay equal to the relaxation time 7, i.e. the flow density retards from the gradient of
potential. From the technical viewpoint, expression (8), unlike that for (1), allows one to take account
of all the terms of the expansion with respect to 7. While continuing the above inference technique
with the use of (8), one can easily obtain the following equation with the retarded (with respect to
time) argument[10-12]:
U _ Ad*U(x,t—1)

ot g 0x2

Therefore, the linear hyperbolic thermal conductivity equation (5) represents the second, more
correct stage in the theory of mathematical modeling of heat transfer for the fast running processes
with high-intensity perturbations.

The investigation of thermal conductivity processes using the generalized Fourier law is most
relevant for rapidly occurring physical phenomena (for example, with nano- and fempto-second
laser pulses) in the study of high-intensity processes of heating bodies (plasma, laser processing of
materials, high-intensity heating of contact connections in electrical installations and etc.) [13, 14].

3. The nonlinear mixed equation of thermal conductivity

An unbounded plate is given in the form of an infinite strip, the size of which along the x axis is equal
to the segment [0, X], and the size along the y axis is equal to (—o0, o0). We consider the properties of
the plate along the y axis to be homogeneous and we will not mention y in the list of variables. The
initial temperature distribution in the plate is given by some function u(x, T;) = uy(x); at the plate
boundaries the temperature of the medium is constant. Heat exchange with the environment occurs
according to Newton’s law (boundary conditions of the third kind). The thermophysical characteristics
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cp» 4, p, a, ¢ are specified - specific heat capacity, thermal conductivity coefficient, specific density,
heat transfer coefficient and heat output coefficient. It is required to find the temperature distribution
over the thickness of the plate, i.e. by variable x, at any time ¢ € [T}, T,]. The differential equation
and boundary conditions will then be written as:

k(x, ug, + cp(x,t) - p(x, Huy = (AU, x, Huy)y + c(x, u + f(x, t). 9)

In the rectangular domain G = [0,X] X [T, T], T; < 0, T, > 0. Furthermore, V(x,t) € G, k(x,t) =0,
t < 0; k(x,t) > 0,t > 0; i.e. whent < 0 — the equation(1) is parabolic, and when t > 0 — the
equation(1) is hyperbolic. Let us formulate the problem with the following experimental data [15].

The initial boundary-value problem. Find the temperature field in an infinite plate homogeneous
in variable y with X = 7 and calculation time: T; = -5, T, = 20.

Initial condition and boundary conditions:

u(x, )|e=1, = up(x) = 10sin(x);

qO(t)!
X, t = 1

+auCuuen| {qm. (10)

Coefficients: k(x,t) = 0fort < 0, k(x,t) = 1fort > 0; c(x,t) = 0; A(u,x,t) = 0.5 u? + 2;
co(x,8) - p(x,t) = a(x,t) = 672; qo(t) = 5; qi.(t) = 10; ap(x, t) = 3.5; oz (x, t) = 3.5.

Heat sources f(x,t) change over time. In the parabolic part f(x,t) = f1(x,t) = 0 and in the
hyperbolic part f(x,t) = f2(x,t) = 100000 sin(x) sin(t).

In the quasi-linear scheme, the coefficients 1 are calculated from the temperatures Uj ; of the
previous time layer j, while in the essentially non-linear scheme, which is being implemented now:

A x, )au(x , 1)

Ui je1 — 2U 5+ Uy j ba T+ T)ui,j+1_ui,j _
T 4T o

k(lh,T1+jT) p) p

Uist,j+1 — Ui j41

= (l(ui+;,j+1’i'h’Tl+j.T), 1 h

l+2

. . Ujje1 — Ui—p,j+1 | 1
—A(ui_%’jﬂ,l-h,Tl+]~r)i_1T A
2

tiy1  pXiy1/2
+ce(i-h T+ Duyjn +f f f(x, t)dxdt.  (11)

Xi-1/2
The coefficient A is calculated as follows:

[/l(uiﬂ’j,(i + 1) . h, Tl + ] . T) +ﬂ.(ui’j,i . h, Tl +] . T)]

Alu 3

‘h,,T1+j'T)=

1
+2,j+
l_z,j 1

It is clear that the resulting system of equations is nonlinear, so to solve this system we will use
the simple iteration method. This method is as follows—at each time step we will determine the
temperature field until it stops changing with changes:

miax|ui,s+l — U

<e¢, (12)
maxits o1

where s is the iteration number, € is the calculation accuracy. When condition (12) is satisfied, then
U541 = U j41- The following can be considered as an initial approximation: u; s—¢ = u; j.

It can be seen that the system (11) is already linear with respect to u; s,;, which makes it possible to
use the sweep method and determine the unknown temperature field. But in this case the system is
solved until the temperature field ceases to differ [16]. In such a scheme, the volume of calculations
increases compared to a quasi-linear scheme, since at each time step it is necessary to solve the
system of difference equations by the sweep method not once, but s,,, times. However, the nonlinear
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scheme gives a smaller error in the numerical solution of the original problem (9), (10) than the
quasilinear one [17]. This is explained by the fact that the coefficients in the expressions for the
grid analogues of heat flows are calculated at the same time as the temperatures. To reduce the
error of a quasilinear scheme, the step size should be reduced, i.e., the number of time steps in the
considered interval should be increased. Therefore, in many cases it turns out to be more profitable,
even from the point of view of computer time costs, to use a nonlinear scheme and take larger time
steps, performing several iterations at each [18].

The fields of temperatures for the scrutinized process have been obtained at various time moments
(fig.1) in the environment of Mathcad-15 having a comfortable graphic interface. Similar to the
works[19, 20] the following theorems is proved:

Theorem 1. Let function c(x, t) < 0 is sufficiently large with respect to the modulus,

2a—|k,| >8> 0.

Hence for any function f € W;!(G) there exists a unique solution u(x, t) of the initial boundary-value
problem (9), (10) in space W,2(G).

Figure 1. The result of the program solution

Theorem 2. Under the conditions of Theorem 1 the difference scheme (11) is stable, and
interpolations uf(x, t) of solutions of this difference scheme converge weakly in W'(G) (when
h — 0,7 — 0) to the solution u(x, t) of initial boundary-value problem (9), (10) from space W;%(G).

4. The nonlinear mixed equation of the fourth order

In bounded domain D from R", consider the first boundary value problem for the fourth order
nonlinear mixed partial differential equation:

n+1
Lu= ZL”{Ai(x, U, Uy, .., Uy, Ku) = h(X), (13)
i=0
e = 7069 Llrry = 3 (o) = o
r 1 > 3y Ir/ry = i,j axi J rir, 2 ’

here: L* is an operator formally Lagrange conjugate to the operator L; L, — identity operator; L; = ai ;
X

i=1,...,n; L, — operator K of the form:
n n
Ku= Z ai,j(x)uxi,xj + Zbi(x)uxi + c(x)u
i,j=1 i=1
with sufficiently smooth coefficients, satisfying the inequality:
IKulr,,0) Z allulwipy, @ >0, mz2, rz2, (14)

for any functions u(x) from Cg the class of twice continuously differentiable functions vanishing on
the boundary I' of the domain D, I'; is the characteristic part of the boundary of I for the operator K,
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v = (v, ...,V,) is the vector of the internal normal to I':

Foz{xel“: (Zn:ai’jvivj>(x)=0}. (15)

i,j=1

As the operator K, we can take the linear hyperbolic-parabolic heat conduction operator described
above in (9).
Lemma 1. For any function u(x) from Cx we derive inequality (14) with parameters m = 2 and
r = 2 if the condition is met:
2a—|k 26> 0. (16)

Lemma 2. For any function u(x) from Ck, if condition (16) is met, the following inequality with
parameter m = 2 is deduced:

ou
> it
Kuleo) > % | 30 a7)

L)
Let us define the Banach spaces H, and Hy with standards: |lull;. = |Kullr,,p); [ulle = IKulL,,mo) +
[ully3(py, obtained by closing a set of functions from

ou ’ )
— =0].
ONlr/r,

From (14) it follows that these are indeed the norms and spaces H, and Hy are obviously separable.
With the help of the Clarkson’s inequalities is proved the next lemma.

Lemma 3. Spaces H, and Hy reflective.

From the embedding theorems for Sobolev spaces it follows that functions from the spaces H,
and Hy vanish on the entire boundary of I. Equality (15) means that on I the derivative along
the conormal is the tangent derivative to the boundary I" and on functions from Ck vanishes on I',
therefore inequality (17) actually means

CL=<UECK:

ou
=K > — )
= Wty > a5 [ S5]

After introducing a continuous trace operator based on inequality (17) of Lemma 2 on functions
from Cg and extending it by continuity to the spaces H, and Hy, we find that for functions from H,
and Hy the derivative with respect to the conormal vanishes in the space L,(I'/I).

Suppose that the functions f;(x), f,(x) admit continuation f(x) inside the region D from the space
W,2(D) n WA(D), where k = max(r, e). Then a collection of functions of the form u(x) = z(x) + f(x),
where z(x) from H, (Hy), forms the space H, (f)[Hu(f)]-

Definition 1. Function u(x) from H, (f)[Hu(f)] let’s call it a weak generalized solution to problem
(13) if the identity holds:

n+1 n+l

Z /Ai(x,u, Uyys oo s Uy, ), KWLy,  dD = Z(Ai(x,Liu),Liv) = (h,v),
i=0 /D

i=0
Yu(x)€Cr, j=0,n+1.

Definition 2. Function u(x) from H,(f)[Hy(f)] we call a strong generalized solution to problem
(13) if there is a sequence of functions z;(x) € Cy, such that

lim |lz; + f = ull @) = lim |L(z; + ) = hll_(e] = O,

where H_(D)[Hg(D)] are the negative spaces to H. (f)[Hx(f)], constructed with respect to the Hilbert
space L,(D).

Let us present a number of assumptions for various equations of the form (13), which essentially
mean conditions on the behavior of nonlinear functions 4;(x, §),i,j =0,n+1,§ € R,

1. Conditions of limitation and continuity: L : H,(f) - H_(D).
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The functions A;(x, §),i,j = 0,n + 1 satisfy the Caratheodory conditions, i.e. for almost all x
from D are continuous in the set of variables &, for all values & are measurable in x and satisfy the
inequalities:

n+l1
Ai(x,§) < ay (a(x) +y |§|Pij>,
j=0

where p; ; are selected indicators.
2. Condition for coercivity of the operator Lu. For any function u(x) from H, (f)[Hy(f)] the
following inequality holds:

n+1
D (A0, Liw), Liw) < asf|ull 7 — o, j = 0,n + 1,
i=0

n+l1

> (A4, L), L) < cn(ullf + g ) — et |
i=0

3. Condition for the definiteness of the variation of the operator Lu. For any functions u(x), v(x)
from H, (f)[Hy(f)] the following inequality holds:

(Lu — Lv,u —v) = agllu —v||'7,

(L — Ly, =) > ayg(lu = I+ e = vl )]
Similar to the work of Dubinsky Yu.A. the following theorem is proved:
Theorem 3: If assumptions 1) — 3) are met, then the first boundary value problem (13) for any
function h(x) € H_(D)[Hg(D)] is set correctly, the weak solution coincides with the strong one, i.e.
a mapping Lu = h(x) € H_(D)[Hg(D)] is a homeomorphism[21].

5. Conclusion

A program has been written to solve the mixed heat equation using the simple iteration method.
A calculation was carried out with similar boundary conditions. The results coincide with the results
of the first miscalculation.

There are other methods that have become widespread in practice for constructing an iterative
process for solving systems of nonlinear difference equations. For example, Newton’s method is
based on the linearization of equations and is usually used in the case when the dependences of the
coefficients on temperature are specified by analytical dependencies that can be differentiated. In
further work, this method will be used to solve essentially nonlinear equations of mixed type.

Along with numerous methods for solving inverse coefficient problems for linear and nonlinear
second order equations K(u) = h you can also use the one proposed by Yu.A. Dubinsky. approach
when this equation, which is generally unsolvable for an arbitrary right-hand side A, is associated
with some 4th order equation K* K(u) = K*h, which is always solvable. Then the equation K(u) = h
is solvable up to the kernel of the operator K*.

This construction can also be considered as a technique for describing the range of values of
the mixed heat operator corresponding to an ill-posed problem with overdetermination. The
presence of these additional boundary conditions, taking into account the release of some of them
on the characteristic surfaces of the operator K(u), is necessary for the numerical solution of the
well-posed Dirichlet problem for the equation K* K(u) = K*h, if the operator K* K implements
a homeomorphism.

Funding: The work was carried out with the financial support of the Russian Science Foundation grant No. 23-21-00269,
https://rscf.ru/project/23-21-00269.
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YucneHHoe pelieHne HeJIMHenHoro runep6ono-napabonnyeckoro
YPaBHEHUS TeNJI0ONPOBOJHOCTH

B. H. Xanxacaes"?, C. A. Baupos!

! Bocmouno-Cubupckuil 20cy0apcmeeHHbLil yHUSepCUument mexHoA02ull U ynpasaeHus,
ya. Knwouesckas, 0. 40B, cmp. 1, 2.Yaan-Y0s, 670013, Poccuiickas Pedepayus

2 Bypamckuil eocydapcmeennulil ynugepcumem umenu Jopocu Banzapoea,

ya. Cmonuna, 0. 24A, Yaau-yos, 670000, Poccuiickas edepayusn

AHHOTauus. B cTaTbe paccMaTpHUBaeTCs MaTeMaTHdecKas MOZieIb M KOHEYHO-Pa3sHOCTHAs cXeMa IIpoliecca
HarpeBa 0eCKOHEYHOH IIaCTHHBI. IIpUBOAITCS HEOCTATKY UCIIOIb30BAHUS KIACCUIeCKOT0 IapabosndecKo-
ro ypaBHEHUs TeIIONPOBOSHOCTH [JIsI AHHOTO CIydast 1 000CHOBAHUS [JIsl MCIIOIb30BAHUS CMEILIaHHOTO
ypaBHeHus. [TokaszaHa CBA3b TUIIepPOOINIECKOTO yPaBHEHNUS TEILTIONIPOBOAHOCTH C TeOpUell ypaBHEHNH ¢ 3amas-
JBIBAIOIINM apryMeHTOM (ypaBHEHUEM C 3alla3fiblBaHUeM). B cMelIaHHOM ypaBHEHUM IPUCYTCTBYIOT 2 YaCTH:
napabosindeckas ¥ runepbosudeckas. B pasHOCTHBIX cxeMax IPUMeHsIeTCss HHTerPO-UHTePIIOISIIIOHHBIH
MeTO/, /iIs1 YMeHbIIeH!s [OrPellHoCTel. B KadecTBe KpaeBoil 3afa4uu BbIOpaHa 3ajada C HeTHMHEHHBIM
K03(pbUIIMEHTOM TEIIONPOBOAHOCTU. FICTOYHUK TeIlla B ITapabondecKoi YacTU ypaBHeHUs paBeH 0,
a B rUIepbOIMYeCcKOl YacTH ypaBHEHUs HauMHAeTCsl Pe3Kuil HarpeB. IlocTaBleHa M YMCIEHHO pellleHa
HadaJIbHO-KpaeBas 3a/ada C KPaeBbIMU YCIOBUSIMU TPETHEr0O Poja B 6ECKOHEYHOMH IJIaCTHHE C IMHEHHBI-
MU U ¢ HeIMHeMHBIMU K03 dunrenTamu. ONKcaH UTePallOHHBIN MeTo/ A1 pelleHus 3afadu. [IpescTaBieH
HaIJSIAHBIHN rpadyK Pe3y/IbTaToB pelieHus. JlaHo TeopeTHdeckoe 060CHOBaHUE /s Pa3HOCTHO# cxeMbl. Takske
PacCMOTpeH CIydail HeIMHeHOTO CMeIIaHHOTO YpaBHeHNU YeTBEePTOrO IOPILKa.

KnioueBble cnoBa: rumnep6oso-napabonnieckoe ypaBHeHNe, ypaBHEHNU C 3aIla3/bIBAHIEM, HadaIbHO-KpaeBas
3a/]a4a, KOHEYHO-Pa3HOCTHbIE CXeMbl, YPABHEHUS BBICOKOTO IIOPALKA
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Abstract. Average equations of motion of relativistic charged particles in the field of HF (high frequency) wave
packets are obtained in the range of cyclotron resonance in the case of strong LF (low frequency) electric
field. Strong electric field means that the characteristic velocity of the particle comparable with the electric
drift velocity (v ~ vg). It is shown that with taking into account the electric drift velocity, new mechanisms
of damping of longitudinal waves become possible. The effect of a strong electrostatic field on the resonant
interaction of relativistic particles with high-frequency waves, as well as the relativistic effect, on cyclotron
resonance for a longitudinal wave, is analyzed. The analytical solution of the averaged system of equations in
the quasi-relativistic approximation is analyzed, as well as a numerical experiment for the Langmuir wave under
the condition of cyclotron resonance in the case of a strong electric field.

Key words and phrases: Electric drift velocity, damping, relativistic charged particles, strong electric field,
longitudinal waves, high frequency wave packets, cyclotron resonance

1. Introduction

In the drift theory of the motion of charged particles in electromagnetic fields, two cases are
distinguished: a “weak” electric field, when the velocity of electric drift is 1z ~ ¢V, and a “strong”
electric field, when V; ~ V. Here V is the characteristic velocity of the particle, ¢ is a small parameter
equal to the ratio of the gyroradius of the particle to the characteristic scale of inhomogeneity of
a strong magnetic field. The case of a strong electrostatic field is fraught with certain difficulties even
in the non-relativistic approximation [1]. In [1-4], a theory of the motion of charged particles in the
field of wave packets in crossed electric and magnetic fields was constructed taking into account
weakly relativistic effects.

In this paper, the interaction of cyclotron resonance for longitudinal waves propagating along
a strong magnetic field is considered. It is assumed that the rate of electric drift is small compared to
the speed of light in vacuum. Such a proposal is quite sufficient for solving many applied problems.
The equations of motion of an advertising charged particle averaged over fast oscillations are obtained,
taking into account the effects of quasi-stationary electric drift under the condition of cyclotron
resonance.

2. Basic equations

The motion of a particle with charge q and rest mass m under the influence of HF (high frequency)
electromagnetic field EL,B)N and LF fields EO,EO is described by the equations [1]

v 2 1. o = -
T =oF — c—zv(v -F)+a[Q - 0], (1)
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> > =3 E 2 > > = - >
where Fy ; = %EO’S, Q5= %, a=1-— %, F=F+ ) F, Q= Q4+ ), Q, c-the speed of light.
The velocity vector has the form

{)” = UHé’l + l_;E + al(gz Ccos 60 + 83 sin 60), (2)

where 0, is the gyrophase, &,(7, t) = By/By, & (7, 1), &(#, t) are the unit vectors. 0 = c[E, - &,]/B, is the
electric drift velocity. The electromagnetic fields E._,B.., are considered in eikonal approximation as:

E, = > £ t+cc, By= D Beel® +cc, 1<s<m. (3)
Here gs,ﬁs are slowly varying complex amplitudes and 6y is the fast phase (eikonal) of the s'* wave

packets (s = 1,2,3, ..., M).
Phases O, are considered as the independent variables which are described by the equations:

d@ r - o s - N
dtS = w, + % kg =vg + %(e_e‘@0 + c.c)kg + kU (4)
The quantities
- d@S 25
w,(r, t) = 3 ky(r,t) = VO, (5)

are the local frequency and the wave vector of the s" wave packets, respectively.
Equations (1)-(4) together with Eq. (3) constitute a multi-periodic system, which can be simplified
by smoothing over fast and nonresonant phases [1].

3. Average equations

In the range of cyclotron resonance, the corresponding combination of the phases ¥, = 0, + Oy,
shold be corresponded as an “semifast” variable and an equation for resonant phases ¥, should
be added to the equations for slow dynamic variables of particles. Smoothed equations of motion
for a single particle interacting with the arbitrary s'* wave packet at the condition of the cyclotron
resonance v + w 2 0 have the form:

dl_é - - -
E = Ug + QIUH = Ugp, (6)
2
D _ g0+ Laive,+ (- ) gy -
dt c2 Il
i = v 52 oo V=)
- {EUJ_.Q + Z—Clz(FsH + e, [QUE])vg + Z—CZFS}e_e"’bres +cc, (7)
dv Ul g o o s n o vy
d_tL = %(leuo — (er(er Viup)) + 2 Fy +
1 - i = o - 7 2 1 = - - >
+ {§F<Fs + - (v”[kSFS] +i [vE[kSFS]])) ~ 32 (viFS + (uOFS)vE)}e_e““res +cc., (8)
S
dy 1, I N vE s
ﬁ =w0+v—§e1-rotu0—Ee_~é”+—(20ﬁ+ks~vE+

i 1 - i - o - 7 =2 Uy [é’l,lzs] N SRS R
+{E(EF(E‘§+w—s(UH[ks’Es]+l[UE[ksaF:v]]>>>_2—cz<w—s+lw0 F'UE e e +c.c., (9)
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where " " R
vfj + vl +vg

wy=IQy, I'=1- 22 , P;,OH

-, S
=FKo-ep, ks|| = kyey,

- . -

Vs = —wg + kg vy, €x = xie;, () = < +v||e1 V + Ug - )(...)

note, that Egs. (6)-(9) take place only in the case of quasilongitudinal propagation of the wave with
respect to By.

4. Cyclotron resonance for a longitudinal wave

For simplicity let us consider Egs. (6)-(9) in the case of the cyclotron resonance ¥, = @, + O, for

a longitudinal wave §S||ks||§0, Yr = 6y — 6, ﬁo = const, EO = const, ky = const, 81 = &el%, & = (0,0,8).
Then

% B e€ugy)|

@) - dv|  efvgy,
d dt = 2me?

T =l 3 T e sin(y, + o),

dt 2me? sin(yr + a),

dy 02 s et (10)

ro_

T_QO(F_Z )+cu ka+2C2 ECOS(I{)F"'(X).
System (10) shows that the cyclotron resonance is possible, when the relativistic effects and the Uy

drift velocity are taken into account, such a resonance is impossible in the case of a weak electric

field v > vg. To explain physical mechanism of this resonance it is necessary to use a new system,

which is moving with a drift velocity. One can get the energy integral from Egs. (10):

; _1 1
2 = (272 +sin’ &) 72, &= 5 (& +a), (11)
where
. 2U 1 . U= ke€vy, vg v
TH+U 27 77 T 2mc? 0L

is an initial velocity of the transversal velocity v, , H is the Hamilton function of the system (10).

If |x| > 1, the particle is trapped by the wave and if |x| < 1, the particle is untrapped by the wave.
The sign of x is chosen to coincide with the sign of .

The equation (11) has the same form as the equation for resonant particles in the case of electrostatic
wave [2].

Then by standard methods [1-6] one can calculate the coefficient of cyclotron damping of the
longitudinal wave under consideration:

—27n - sin (”—m) 2n + 1)7? sm(M>
Xkt Xkt

t) = — d + s
r(®) VL; P -/(; T5k2(1 — @2)(1+ q2n)  k2(1 + g2n*+1)(1 + g-2n-1)

12)

where 1
q= eXP(%{), K =K()1-x»2, K(x)= F(g’}{)

is the complete of elliptic integral of the first kind, y; is Landau damping coefficient.

5. Conclusion

Numerical solving the equation system with initial conditions and parameters match the ones in
works [7-11], Langmuir wave was selected with frequency in the range from w = 1.38 X 10°s~! to
2.39 x 10's~! and girophase Q, = 4.60 X 10%s7! to 4.60 x 10''s~! with a wavelength of 2 = 2.28 cm to
2.5cm. The electric drift velocity between the values vg = 3.0 X 105— and 5.0 x 10822

The results of the numerical solutions of the averaged equations for cyclotron resonance confirm
the possibility of cyclotron resonance in longitudinal wave in the case of a relativistic particle. The
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development of energy the graph in figure 1, shows the resonant leg with growth of energy (|x| > 1),
which is unstable so the particle goes shortly out of resonance (|x| < 1) with partly retention of the

gained energy.
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Figure 1. The graphs show the behavior of the particle’s energy (bright green line), as well as the longitudinal and transverse
velocities of the particle along the x axes (green and blue lines, respectively). The phase 3, is shown in graph by red line.
The X-axis for velocity, energy, and resonant phase has dimension twg. The Y-axis for velocity has dimension v/c and for

energy has dimension v?/c?
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O UMKNOTPOHHOM 3aTyXaHWUU NPOAO/bHON BOJHbI
C. I1. Kapaunosuu?, K. I1. Jloenkwuii!, JI. A. Ceactbsinos’ 2, C. B. Crpamnosal, . H. IlTaap!

! Poccuiickuil ynugepcumem dpyac6ul Hapodos, ya. Mukayxo-Makaas, 0. 6, Mockea, 117198, Poccuiickas ®edepayus
2 06BedunénnbLil uncmumym sdephulx uccaedosanutl, ya. XKoauo-Kiopu, 0. 6, JIy6na, 141980, Poccuiickas ®edepayus

AHHOTauus. BriBeZleHBI ycpefHEHHBIE YPaBHEHUS JBIDKEHN U1 PeIITUBUCTCKUX 3apsDKeHHBIX YacTul B BU
1oste (BBICOKOYAaCTOTHBIX) BOJTHOBBIX [TAKETOB B JUalla30He [[UKIOTPOHHOrOo pesoHaHca B ciayyae HU (Hu3koda-
CTOTHOTO) CHJIBHOT'O 3JIEKTPHUYECKOTO I10JIs1, Tle CUJIbHOE JIEKTPUYeCKOoe I10JIe 03HAYAET, YTO XapaKTepHas
CKOPOCTbB YaCTHUIIBI CPABHUMA CO CKOPOCTBIO 3JIEKTpUUecKoro Apetida (v ~ vg). IlokasaHo, YTO IIpU y4eTe CKO-
POCTH 3JIEKTPUIECKOTO fpetiha CTaHOBITCS BO3MOXHBIMI HOBBIE MEXaHU3MbI 3aTyXaHHUsI IPO/IOIBHBIX BOJIH.
IIpoBesieH aHAIN3 BIUSHUS CUIBHOTO 9JIEKTPOCTATUYECKOTO [0/ Ha pe30HAaHCHOE B3aNMO/eHCTBIe pels-
TUBUCTCKHUX YaCTHI] C BBICOKOYaCTOTHBIMU BOJHAMHU, a TAKXKe BIMSIHNE PeJITUBHU3Ma Ha ITUKJIOTPOHHBIH
Pe30HaHC JJIs IIPOA0IbHO BOTHBI. II0/Ty4eHO aHATUTHYECKOe PellleHNe YCpeJHeHHOM CUCTeMbl ypaBHEHUI
B KBa3HPeSITUBUCTCKOM IIPUOIIDKEHUH, a TAK)Ke IIPOBe/IeH YUCIeHHBIN 9KCIIePUMEHT /Jis JIeHTMIOPOBCKOM
BOJIHBI B CJIydae IIMKJIOTPOHHOIO Pe30HaHCa C yIeTOM CUJIBHOTO 9JI€KTPUIECKOTO IO,

Kntouesble cnoBa: CKOPOCTB 9/I€KTPHUYECKOro Apelida, 3aTyxaHue, peJsiTUBUCTCKYE 3apsDKeHHbIe YaCTHUIIB,
CUJIBHOE 3JIEKTPHYECKOe I10JIe, IIPOJOIbHEIE BOIHBI, BLICOKOYACTOTHBIE BOJTHOBBIE IIAKETEI, IIKJIOTPOHHBIN
pesoHaHC



