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Abstract. In the proposed work, we consider a heterogeneous queueing system
with a Markov renewal process and an unlimited number of servers. The service
time for requests on the servers is a positive random variable with an exponential
probability distribution. The service parameters depend on the state of the Markov
chain nested over the renewal moments. It should be noted that these parameters do
not change their values until the end of maintenance. Thus, the devices in the system
under consideration are heterogeneous. The object of the study is a multidimensional
random process — the number of servers of each type being served with different
intensities in the stationary regime. The method of asymptotic analysis under the
condition of equivalent growing of service times in the units of servers is applied for
the study. The method of asymptotic analysis is implemented in the construction of
a sequence of asymptotic of increasing order, in which the asymptotic of the first
order determines the asymptotic mean value of the number of occupied servers. The
second-order asymptotic allows one to construct a Gaussian approximation of the
probability distribution of the number of occupied servers in the system. It is shown
that this approximation coincides with the Gaussian distribution.

Key words and phrases: queuing system, random environment, Markov renewal
process, asymptotic analysis method

1. Introduction

Queueing theory is a field of applied mathematics that deals with the study
and analysis of processes in various service, production, management, and
communication systems in which homogeneous events are repeated many
times. Examples of such systems include consumer services; systems for
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receiving, processing, and transmitting information, automatic production
lines, telecommunication systems, and others [1].

The independence of processes in queueing systems is generally assumed
when developing queueing models. However, real systems often involve sev-
eral process dependencies, and failure to consider these can lead to a serious
under errors in the estimation of the performance measures. Semi-Markov
processes are used in modeling stochastic control problems arising in Mar-
kovian dynamic systems where the sojourn time in each state is a general
continuous random variable. They are powerful, natural tools for the opti-
mization of queues, production scheduling, reliability /maintenance [2, 3|. For
example, in a machine replacement problem with deteriorating performance
over time, a decision-maker, after observing the current state of the machine,
decides whether to continue its usage, initiate maintenance (preventive or
corrective) repair or replace the machine.

Semi-Markov Processes include renewal processes and continuous-time
Markov chains as special cases. In a semi-Markov process similar to Markov
chains, state changes occur according to the Markov property, i.e., states
in the future do not depend on the states in the past given the present.
However, the sojourn time in a state is a continuous random variable with
distribution depending on that state and the next state. A renewal process
is a generalization of a Poisson process that allows arbitrary holding times.
Its applications include such as planning for replacing worn-out machinery
in a factory. A Markov renewal process is a generalization of a renewal
process that the sequence of holding times is not independent and identically
distributed. Their distributions depend on the states in a Markov chain. The
Markov renewal processes were studied by Pyke in the 1960s [4, 5].

In the proposed work, we consider a heterogeneous queueing system (QS)
with a Markov renewal process (MRP) for the process of its arrival and an
unlimited number of servers. The service time for requests have an exponential
probability distribution. Parameter of the service depends on the state of
the Markov chain nested over the renewal moments. It should be noted that
these parameters do not change their values until the end of maintenance.
Thus, the devices in the system under consideration are heterogeneous.This
problem for the Queueing System M|M|oo in a Markov Random Enviroment
was addressed in [6-8|.

The objects of the study are the number of servers of each type being
served in the stationary regime. Such a QS can be attributed to the class of
non-homogeneous QS operating in a random environment.

Currently, a significant part of the information, telecommunication, and
other systems operate in a changing environment. The impact of a random
environment can be expressed, for example, in a change in the parameters
of the functioning of the system. In this regard, questions arise about the
stability of such systems to external influences. Therefore, the study of
systems operating in a random environment is an urgent task. In various
works devoted to the study of systems in Markov and semi-Markov random
environments, various variants of the system’s response to a change in the
state of the external environment were considered in [9-11].

In this paper, we consider the case assuming that the service mode of claims

does not change until they leave the system. The method of asymptotic
analysis under the condition of equivalent growing of service times in the
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units of servers is applied for the study. This asymptotic condition means
proportional growth of the average service times in both service units and it
is taken from practice. The method of asymptotic analysis is implemented in
the construction of a sequence of asymptotic of increasing order, in which the
asymptotic of the first order determines the asymptotic mean value of the
number of occupied servers. The second-order asymptotic allows to construct
an approximation of the probability distribution of the number of occupied
servers in the system. It is shown that this approximation coincides with the
Gaussian distribution.

2. Markov renewal process

A renewal process is a generalization of a Poisson process that allows
arbitrary waiting time between events. Its applications include such as
planning for replacing worn-out machinery in a factory. A Markov renewal
process is a generalization of a renewal process that the sequence of holding
times is not independent and identically distributed. Their distributions
depend on the states in a Markov chain. The Markov renewal processes were
studied by Pyke [4, 5] in 1960s.

2.1. Mathematical model of the Markov renewal process

Consider a two-dimensional homogeneous Markov random process
{&(n), 7(n)} with discrete time n = 1,2,3, ..., where {(n) takes values from
some discrete set £(n) =k =1,2,3,... and 7(n) takes on non-negative values.

We denote

Fkg,x;:ky,y) = P{E(n+1) = ky, T(n+1) <zlé(n) =k, 7(n) =y} =
= F(ky, w3 k) = PkleAkQ(x)~

A random stream of homogeneous events t; < ... < t, < t,,; < ..
will be called the Markov renewal flow or MR-flow given by the matrix of
transition probabilities P and functions A, (z) distribution of interval lengths
Tp41 = tny1 — t,, for which the equalities 7, = 7,, hold.

To study the MR-flow, we define the process z(t) as the length of the
interval from the time ¢ to the time ¢,, ; of the next event in the considered
flow and the process

k(t)=&n), t, <t<t,.,

that is, the process k(t) on the interval ¢, <t <, retains the value that it
received at the beginning of this interval and which coincides with the value
&(n) of the embedded Markov chain.

For a Markov renewal flow, the three-dimensional process {k(t), z(t), m(t)}
is Markov, therefore, for its probability distribution

P(k,z,m,t) = P{k(t) = k,2(t) < z,m(t) = m}
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by the formula of total probability we obtain the equality

P(k,z— At,m,t + At) =
= P(k,z,m,t) — P(k,At,m,t) + Y P(v,At,m —1,1)P,, Ay (2) + o(At)

from which it follows that the probability distribution P(k, z, m,t) is a solution
to the Kolmogorov equations

OP(k,z,m,t)
ot
_ OP(k,z,m,t) OP(k,0,m,t) OP(v,0,m —1,t)

By defining the functions

H(k,z,u,t) = Z eI P(k, z,m,t),

m=0

the equations (1) can be rewritten as

OH (k,z,u,t) _ 0H (k, z, u,t)_@H(k, 0, u,t)+z 0H (v,0, u’t)ej“PykAk(z).

ot 0z 0z 0z

The basic equation for a semi-Markov flow has the form
oh(z,u,t)  Oh(z,u,t) n Oh(0,u,t)
ot N 0z 0z

where P is the matrix of transition probabilities, A(z) = diag[A4;(2)], I is
identity diagonal matrix. To find its particular solution, we define the initial
condition in the form

(¢"PA(z) ~ 1), (2)

h(z,u,0) =r(2),

where r(z) — stationary probability distribution of the values of a two-
dimensional random process {k(t), z(t)}.

2.2. Finding the distribution r(z)

Vector r(z) is a solution to the equation obtained from (2)

or(z) | or(0) _
Oz + W (PA(Z) - I) = 0,

therefore it can be written as

r(z) = /OZ 82(3) (I-PA(x))dx. (3)
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Since r(k,z) = P{k(t) = k, z(t) < z} then r = r(c0). Therefore, we obtain

- /OO ag(f) (1—PA(2)) dz. (@)

By virtue of the necessary condition for the convergence of the improper
integral, we can write down the equality to zero of the integrand at x — oo,
we obtain the system of equations

or(0)
0z

I-P)=0 ()
&(5), where P = A(c0).

Since the system (4) coincides with the system of Kolmogorov equations for
the stationary probability distribution r of values of the embedded Markov
chain, then

or(0)

0z

where X is some multiplicative constant, the value of which is found as follows.
Substituting (6) into (4), we obtain

for

= Ar, (6)

r:)\/ooor(P—A(ac))dx.

Since re = 1 then

1 1
A= fOOOI“(P—A(:B))eda: B fooo (1— F(z))dz’ (7)

Equalities (7), (6) and (3) solve the problem of finding the probability
distribution r(z).

3. Mathematical model

Consider a queueing system M RP|M|oo with an unlimited number of
servers of different types, operating in a semi-Markov random environment (see
the figure 1). Arrivals are determined as Markov renewal process, interarrival
periods have cumulative distribution functions A, (z), Ay(x), ... Ax(x) and
the matrix of transition probabilities P = [p;;], 4,7 = 1,2, ..., K — embedded
in the moments of occurrence of events Markov chains with a finite number
of states k(t) = 1,2, ..., K. The service discipline is defined as follows: if the
embedded Markov chain is in the state k(t) = 4, then the incoming customer
will be serviced on the i-th type server during a random time, exponentially
distributed F;(z) =1 — e #i".

The problem is to study a multidimensional random process — numbers
occupied servers of different types in the system at time ¢, which is denoted
by i(t) = [i1(t),i5(t), ... ,ix(t)]. The process i(t) is not Markov. For clarity,
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consider the case when the external environment takes only 2 different states.
We define a four-dimensional Markov random process {k(t), z(t), i1 (t),i5(t)},
where z(t) is the length of the interval from the time ¢ to the time of the next
event in the stream Markov renewal, k(t) is a Markov chain embedded with
respect to renewal times.

i (?)

)

i ()

AGLP }

Figure 1. Queueing system M RP|M|oco in a semi-Markov random environment

For research, we will obtain some characteristics for the number of events
occurring in the MR stream.
For the probability distribution

P(k,z,iq,iq,t) = P{k(t) =k, 2(t) < z, 1;(t) =1iq,i5(t) =iy}

we write down the Kolmogorov system of differential equations:

OP(1, 2,0y, igt)  OP(1,2,01,i5,t)  OP(1,0,iy,ip,t)

ot - 0z 0z B
, , o AP(1,0,i, —1,iq,t)
— (G +igpe)P(1, 2,4y, 19, ) + 52 2 P11 A (2)+
OP(2,0,i, —1,i0,1 . o
L OP@0 G Z Ll b)) P(L 2y + L, £)(iy + D+

0z
+ P(1, 2,4y, 15 + 1,8) (i + 1)po,

OP(2, 2,0y, ig, 1) OP(2,2,01,i5,t)  OP(2,0,iy,ip,t)

ot N 0z 0z
, . o OP(2,0,i1,iy —1,1)
— (I py Figpg) P(2, 2,1, 0, 1) + 52 : PasAg(2)+
0P(1,0,4,,i, —1,¢ . . .
+ ( D2 )p12A2(Z> + P<2az721 + 17227t)<21 + 1):“1—’_

0z
+ P<2a Zui17i2 + 17t)<22 + 1)“2

For a stationary probability distribution, we write this system in the form
OP(1,z,iy,15)  OP(1,0,iy,15)

0z 0z
. ) o OP(1,0,i; — 1,1i,)
— (i piy +igpo)P(1, 2,41,109) + 3,12 22p11 Ay (2)+
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OP(2,0,i; —1,i
L 9P(2,0.4, 2)

9% Po1 Ay (2) + P(1, 2,0 4+ 1,05) (4 + 1)+

+ P(1, 21,45 + 1) (ig + 1)y = 0,

8P<2527i177:2) o 8P(2505i15i2)_
0z 0z
— (i1pq +igpe) P(2, 2,4y, 15) +
O0P(1.0,7,,i, — 1
+ ( y Uy 21,29 )
0z

8P(2, 0> ila Z.2 - 1)
0z

P1oAg(2) + P(2, 2,01 + 1,05) (4 + 1)y +
+ P<2,Z,i1,i2 + 1)(7/2 + ].)/J/Q == 0.

Pag Ay (2)+

We introduce partial characteristic functions of the form

00 00
H<k727u17u2) = Z Z 6ju1i16ju2i2P<kaZy'ily'ig), where j=v-1L

i,=0 i5=0

Let us write the system of differential equations for the partial characteristic
functions

0H(1,z,u1,u2) aH(1707u17u2>
— +
0z 0z
8H(1, 2, Uy, u2>
Ouy

. . OH(1, z,uq, ug)

+ Jug (1 —e 742 +
2( ) 8’&2

OH(2,0,uy,uy)

0z

+ 3 (L—e77™)

4 aH(la 07 u17u2)
0z

elip A (z) + e"ipy Ay (2) = 0,

0z 0z
6H<27 Z, u17 u2)
Ouy

el2p 1y Ay (2) +

3H(2,z,u1,u2) 8H<2707u17u2>+

) - CO0H(2,z,uq,u

+ g (1 — e77"2) <8u 1Y) |
2

8H(2707u13u2>

0z

+jpg (1 —e7™)

0H(1,0
+ ( ) 7ulau2>
0z

with initial conditions

eju2p22A2 (2) =0

H(k,2,0,0) =r(k,2).
In vector-matrix form, this system will take the form

ah(zvulvu2> ah(oaubuZ)
g + 5, (PA(2)B(u) —1I)+

. Ciuy Oh(z,uq,u
1

ah(zv Uy, Uz)

+ gy (1 —e7)
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with initial conditions

h(z,0,0) =r(z),

where
h(z,uy,uy) = [H(1, z,uq,us), H(2, z,uq, us)],

Bw=|¢" 9|, 1=|' 9.
0 el 0 1

The resulting system of equations (8) is the main one for further research.
Since it is not possible to find an explicit form of a solution to the problem
(8), we will seek the solution under the asymptotic condition of equivalent
growing of service times in the units of servers. This asymptotic condition
means proportional growth of the average service times in both service units
and it is taken from practice.

4. Asymptotic analysis of the first order

We denote py = €, uy = qe, ¢ = const (e is an infinitesimal quantity).
Then we can write the asymptotic condition of equivalent growing of service
times in the units of servers in the form pq, s — 0. In (8) we perform the
replacements

h(z,uy,uy) = (2, wy, we, €), Uy = €wy, Uy = €Ws,

we obtain the matrix equation for f(z, w;, w,, €)

af('za Wy, Wy, 6) + af(()? Wy, Wa, 6)
0z 0z
of(z, wq, wy, €)

(PA(2)B(u,e) —I)+

(9)

6f(27w17w27€> =0

+j(1— i) + (1= i)

Jwy Ow,

Theorem 1. The limiting solution for € — 0 to the equation (9)
f(z, wy,wy, €) has the form

Rz, €) = x(2)exp {32 (ry + 22 ) | (10)

where r(z) = [ry(2),r5(2)] is the vector of the probability distribution of the
values of the embedded Markov chain, v = [ry,r5] is vector of stationary
probability distribution of the values of the embedded Markov chain.

Proof. In the equation (9) we carry out the passage to the limit for e — 0,
we obtain that f(z,w;,w,) is a solution to the equation

8f<z’ Wy, w2> 4 6f(05 w17w2)
0z 0z

(PA(z)—1) =0,
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which defines the vector function r(z), therefore we will seek the function
f(z,wy,wy, €) in the form of the expansion

f(z,wq, wy, €) = r(2)P(wy, wsy) + ofe). (11)

In the equation (9) we carry out the passage to the limit as z — oo,
multiply this equation by the unit column vector e, expand the exponents
in a Maclaurin series up to the first order. In the resulting expression, we
substitute the expansion (11), divide by € and carry out the passage to the
limit at € — 0, we obtain the equation for the function ®(wy,w,)

w OP(wy, wy) + qu P (wy, wy) _j@r(O)

PWed (wl ’ w2)7

b ow, 2 Ow, 7 0z
1
Wherear(()):)\r,rP:r,rezl,)\: — W= |1 01
0z j(; (1—rA(x)e)dx 0 w,
The solution will have the following form
P (wy,wy) = exp {j)\ <r1w1 + r2w2>}
q
Substituting the obtained solution into (11), we get (10).
The theorem is proved. 0

By substitution and equality (3), we write down the approximate (asymp-
totic) equality

h<27u17u2> ~ f<Z7w17w2) - I'(Z) exXp {j)‘ (lel + T2w2>} -
q

=r(z)exp {j)\ (Tlul + T2u2> } .
H1 H2
Let us define the characteristic of the process {i;(t),i5(¢)} in the stationary
mode
h(uy,uy) = exp {j)\ (rl% + r2u2> } )
H1 Ha

which we will call the first-order asymptotics of the characteristic functions
of the number of occupied servers in the system.

5. Asymptotic analysis of the second order

In the equation (8) we replace

Hq Ho
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we obtain the equation for h,(z, uq, us)

ah2<Z, Ug, U2) + 8h2(07 Ug, U2>
0z 0z

, iy Ohg(z,up,u , i
+jug (1 — e 1)2(T12)+JM2(1_6 J 2)8—u2_
1

_)‘Tl (1 - eijul) h2<z7 U, U2) - )‘TZ (1 - eijuz) h2<z7 Uy, U2) =0.

(PA(2)B(u) —I)+
Ohy (2, uy, uy) (12)

We denote p; = €2, 5 = ge?, in (12) we replace
h2<z,ul,UQ> - f2<z,w1,w2,6), ul - Ewl, U2 - 6’(1]2,
we obtain the equation for f,(z, wy, wy, €)
8f2(z,w1,w2,e) 8f2<07w17w27€)
+
0z 0z
. j af2(27w17w27€)
1 — e~dewn
el ) owy
—Ary (1 —e77%) £, (2, wy, Wy, €) — ATy (1 — e77%2) £,(2, wy, wo, €) = 0.
(13

(PA(2)B(w,e) —I)+

+j€q<1 . €7j€w2) 8f2<z7w17w276)_

Ow,

)

Theorem 2. The limiting solution for ¢ — 0 to the equation (13)
£5(z, wy,wy) has the form

j2 UJ2
f ) = xG e {5 (A (nuf +n,"2) +
wyw w3
+5  r2w? + dryry——2 2+r2—2)>}, 14
(st + amry 222 4322 ) )1y
where Kk = )\2/ (rA(z) —r(x))edz.
0

Proof. We will obtain the solution of the equation (14) in the following
form

£y (2, wy, wy, €) = P(wy, wy) (r(2) + je(rywy + rywy)fy(2)) + 0%(e),  (15)

where f,(z) satisfies the condition f,(cc)e = 0. Substitute (15) into (13) and
expand the exponents in a series up to the first order. Considering that

Or(z) | or(0) _
we obtain the equation for finding the function f,(z)
eafgiz) — der(z) + egf;—i()) (PA(z) —I) 4+ MA(2) = 0. (16)
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From the equation (16) we find that

8f2<0>_ — )\2 OO —r(x))edx
5, =T where /i—)\/o (rA(z) —r(x))edx.

Substitute (15) into (13) and expand the exponents in a series up to the
second order. Multiply by e and perform the passage to the limit z — oo, we
obtain the equation for finding the function ®(w,,ws)

0P (wy,w,) n w2q8®<w1’ w,) _
Owy

= ®(wy, wy) <_>\ (ryw? + rpw3) — & (rywy + 7’2“’2)2) - (17)

w
L ow,

The solution of the equation (17) has the form

2 2 2
Jj 9 w3 9 o Wy Wy o W
=expl = | A|rw+ro—=| + k| r*ws +4rro—= +rs—= 18
p{2(<11 2q> (11 Pg41 261))}()

Substituting the solution (18) into (15) and performing the passage to the
limit € — 0, we obtain (14).
The theorem is proved. O

Due to the change, as well as the equality (14) for the function hy(z, uy, us)
we can write down the approximate (asymptotic) equality

h2<Z,U1,U2> ~ f2<27w1>w2> -

2 2 2
=r(z)exp {‘% ()\ (7’1% + 7“2%) +
1 2

2 2
+K (r%ﬂ +4r1r2—u1u2 —H"%k))}
2 My T+ o o

Thus, the characteristic function of the number of occupied servers in the
system under consideration has the form

2 2 2
ho(uy, uy) = exp {j)\ (m + m) + % {)\ (7‘1ﬁ +r2%> +

M1 %) 251 25
u? U U u?
dr | r2 Lt +ap p,—L2 —|—r2—2)}}. (19)
( Y R TR % s

6. Numerical example

Let us consider a numerical example where we can illustrate the accuracy
of approximating formula (19). Consider queueing system with MRP arrivals,
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where the Markov renewal process is given by matrices

0.3 0.7
0.6 04

P =

] , Alr) = diag{A, (), Ay(z)},

Here A;(x) and A,(z) are gamma distribution cdf-s with shape and rate
parameters o and [ that have the following values:

Oél - 0.5, /31 - 025, 042 - ]_5, 52 — ]_.5
The service times are exponentially distributed with service rates
ppo=1-e pp=2-¢

for the the first and the second types of arrivals respectively. Here parameter
e will be varied to establish the accuracy of approximation (19) accordingly
to the asymptotic condition € — 0.

To establish the accuracy of the approximation, we use its comparison with
the results of simulation modeling of the corresponding system. For the error
estimation (difference between the results), we use the Kolmogorov distance

A= max ‘F (i1,19) — Esim(il’ @2>| )

ip,iz€0,00) 1 PP

where F, . (i1,15) is a cdf of Gaussian distribution (19) and Fj;, (i1, i)

is a cdf built basing on the results of the simulation. The results of the
comparison is presented in the table 1. We see that the Kolmogorov distance
decreases with decreasing of parameter ¢, so, approximation (19) becomes
more accurate for small values of this parameter.

Table 1
Kolmogorov distance A between the approximation and distribution based
on the simulation results for various values of asymptotic parameter

€ 0.1 0.05 0.01 0.005 | 0.001 | 0.0005 | 0.0001
A | 0.1137 | 0.0501 | 0.0371 | 0.0323 | 0.0253 | 0.0226 | 0.0197

For example, if we suppose that error A < 0.05 means that the approxima-
tion is accurate enough then we can conclude that for the considered example,
Gaussian approximation (19) is applicable for values ¢ < 0.05.

7. Conclusions

In this paper, the method of asymptotic analysis is used to study a mathe-
matical model of the M R|M |oo system functioning under the condition of
a changing environment. The case is considered when a semi-Markov random
environment has 2 different states. It is proved that the asymptotic character-
istic function of the number of occupied servers of each type in the considered
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system is Gaussian with the vector of mathematical expectations

a= {)\T—l, )\T—Q]
B Mo
and the covariance matrix
L
K= 241 7‘17“2u1 r;h l%
4k P

1]

2]

7l

My T+ o Mo Mo
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I'eTreporenHnasi cucremMma MacCOBOTO OOCJIY>KUBaHUS
C BXOASIINM MOTOKOM MapKOBCKOI'O BOCCTAHOBJIEHUS
1 BpeMeHeM OOCJ/Iy>KMBaHUS, 3aBUCIIIINUMU OT COCTOSHUMN
BJIO>KEeHHOU 1ertm MapkoBa

E. II. ITonuu" 2, C. II. Mouceesa', A. H. Moucees'

! Hayuonanvnvidi uceaedosamenveruti Tomerut 2ocydapemeennnvidl yrusepcumen,
np. Jewuna, 0. 36, Tomck, 634050, Poccus
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Awnnoramnusa. B pabore paccmaTpuBaeTcs reTeporeHHasi CUCTEMa, MAcCOBOTO OOCITy-
JKUBAHUSA C BXOJSIIAM ITIOTOKOM MapKOBCKOTO BOCCTAHOBJIEHUST N HEOTPAHUIEHHBIM
9HCJIOM CepBepOB. BpeMs 00C/IyKUBaHUA 3aIIPOCOB HA CEPBEPaX SIBJISIETCS MOJIOMKU-
TeJILHOU CJIYIaiiHON BEJIUYINHON C SKCIOHEHITNAJIbHBIM PACIpE/IeIEHIEM BEePOSITHOCTEA.
ITapamerpnr 0OCTyKUBaHUS 3aBUCAT OT COCTOsiHMA 1enu MapkoBa B MOMEHTBI BOC-
cranopjenus. Ciienyer OTMETHTD, UTO 3TH IapaMeTpPhbl He MEHSIOT CBOUX 3HAYEHUI
J0 OKOHYaHUsI OOC/IyKuBaHus. Takum oOpa30oM, YyCTPOUCTBA B pacCMaTpUBaEMOM
CHCTEME SIBJISIOTCS HEOIHOPOAHBIME (rereporeHHbiMn). OGbEKTOM UCCIIe0BAHNS CTa~
HOBUTCSI MHOTOMEPHBIN CJIyIailHbIN TPOIECC — KOJMIECTBO CEPBEPOB KaXKJIOr0 THUIIA,
00CITY2KUBAEMBIX C PA3HONM MHTEHCUBHOCTBIO B CTaImOHapHOM pexume. s ucciie-
JOBAaHUS TPUMEHEH METOJI ACUMIITOTUIECKOT0 aHAIN3A IIPU YCJIOBUHU YKBUBAJIEHTHO
JIOJITOTO BpeMeHU o0cC/yKuBaHust. MeTor aCUMIITOTHIECKOTO aHAIN3a, PeaTn3yeTcs
IIPU TTOCTPOEHUU TIOCJIEIOBATETHbHOCTH ACUMIITOTUK BO3PACTAIOIIETO MOPSIKA, B KOTO-
POit ACUMIITOTUKA TIEPBOTO MOPSIIKA OMPEIesgeT aCHMITOTHIECKOE CpeiHee 3HATEHIe
YHCTIa 3aHSITHIX CEPBEPOB. ACHMIITOTHKA BTOPOrO MOPSIAKA TO3BOJISIET IIOCTPOUTH TayC-
COBCKYIO allIPOKCUMAITUIO PACIIPEIE/ICHUS BEPOATHOCTEN JUCIa 3aHATHIX CEPBEPOB
B CHCTEME.

KimroueBble cjioBa: CHCTEMa MACCOBOIO OOCIYXKHBAHWS, CIydaiiHas cpejia, IOTOK
MapPKOBCKOI'O BOCCTAHOBJIEHUSI, METOJI ACUMIITOTHIECKOTO aHAIN3a,
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Abstract. The paper describes a grid method for solving an ill-posed problem
for the Fredholm equation of the first kind using the A.N. Tikhonov regularizer.
The convergence theorem for this method was formulated and proved. A procedure
for thickening grids with a simultaneous increase in digit capacity of calculations is
proposed.

Key words and phrases: ill-posed problems, grid method, regularization

1. Introduction

A large number of applied tasks are ill-posed. A number of methods
have been developed to solve them. Firstly, these are parametric methods
in which the solution is represented as a decomposition over some basis,
and the regularized equation is reduced to the problem of optimizing the
coefficients of the decomposition (see, for example [1-3]). The success of
this approach strongly depends on the successful choice of the basis. Such
methods are difficult to study; finding estimates of accuracy and conditionality
in calculations with finite digit numbers is particularly difficult. Most of the
proofs are carried out for exact calculations with infinite digit capacity, i.e.,
without round-off errors.

Secondly, iterative methods with simple or implicit iterations [4, 5| are
often used to obtain an approximate analytical solution. The number of
iterations is also a regularizing parameter [6]. This looks tempting, since
there is no need to introduce additional stabilizing terms and thereby increase
the discrepancy. On the other hand, in the general case, iterations have
to be implemented numerically. The finite-difference approximation of the
corresponding quadratures introduces some systematic error in the operator

(© Belov A.A., 2023
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and the right part. To reduce it, it is necessary to perform calculations on
thickening grids.

The third approach is represented by various grid methods (finite-difference
or finite-element), in which the solution is calculated in a set of discrete grid
nodes, that is, essentially replaced by a piecewise constant function. In this
approach, the initial problem is reduced to a system of algebraic equations
that can be solved by any direct or iterative method [7, 8]. Yu.L. Gaponenko
showed that finite-difference approximation makes the problem correct, i.e.,
self-regulation takes place |9, 10]. The study of finite element approximations
(for specific applied problems) was carried out, for example, in [11, 12].
However, the proofs and convergence estimates are valid for calculations with
infinite digit capacity, since they do not take into account rounding errors.

The central point of all regularizing algorithms is the justification of con-
vergence and the evaluation of the actual accuracy, that is, the difference
between the exact solution and the approximate one found. A review of the
literature on this issue is given in [13]. Known a posteriori estimates are majo-
rant and often greatly overestimate the error (up to 10 times or more). Quite
often, they require specific information and solutions that are not easy to
obtain in complex application tasks [14].

Another important issue is the choice of the regularization parameter. This
problem is not trivial, since in most applied calculations the error level is
fixed and does not tend to zero [15]. The best known solution to this question
is the well-known generalized residual principle [16].

In the present paper, we describe a grid method for solving an ill-posed
problem for the Fredholm equation of the first kind using the Tikhonov
regularizer of the zeroth order. For this method, we formulate and prove con-
vergence theorem which takes into account finite digit capacity of calculations.
For its practical implementation, we propose procedure of simultaneous grid
thickening and increase of digit capacity.

2. Method

We consider the Fredholm equation of the first kind
b
Au=f, Au= [ Kz, yefe.d, 1)
A well-known technique of regularization is to add the simplest Tikhonov
stabilizer to the residual [8]. This leads to the following optimization problem
| Au— fl72 + oful, — min. (2)

Here, a > 0 is a regularization parameter.

Minimizing (2) by w leads to the Euler equation. In the case of a non-self-
adjoint operator A, it has the form
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b

J Q(z, x)u(z)dz + au = F(z), =z € [a,b],

“ d d (3)
Q(z,x) = Q(x,2) = [ K(y, y,z)dy, F(2)= [K(y,z)f(y)dy.

To solve (2), let us use convenient mesh method [17]. We introduce meshes
on z € [a,b] and y € [c,d|. For simplicity, they are supposed to be uniform
and to have the same number of steps N. The grid steps of x and y are
denoted by h = (b—a)/N and 7 = (d — ¢)/N, respectively. Let us replace all
integrals in (1) by quadrature rules (for definiteness, using trapezoid rule).
This leads to the difference problem

N
n=0 M M (4)

(A*A>k,n = Thgn Z ngm ka n Fk: =T Z ngm,kfm
m=0 m=0

Here, g are the weights of the trapezoid formula, Ej ,, is the unit matrix.
The system of equations (4) is solved by some direct method.

3. Convergence

Let us formulate a few preliminary considerations.

1° When replacing integrals with grid approximations, we introduce some
error. It can be considered as systematic. This error can be estimated using
the Richardson method. This method is rigorously substantiated in [18].
Recall the essence of this approach.

In sequential twofold mesh thickening, even nodes of the current mesh
coincide exactly with the nodes of the previous one. In these nodes, one
can directly compute the difference of solutions on the sequential grids ¢ =

Ugpne — Ueoarse- L D€ error estimation takes the form
Y

TSy ©)

where p is the accuracy order of the scheme. We emphasize that this approach
does not require any information on the derivatives of the exact solution and
provides asymptotically precise (i.e. unimprovable) error value instead of
majorant one.

The described procedure can be controlled by graphs of 1g ||r|;, versus lg V.
If N is too small, the plot behavior is irregular. For “moderate” N, the plot is
a straight line with slope —p. On this section of the plot, Richardson method
is applicable. For excessively large N, the plot sharply passes to a horizontal
line. This means that the calculation has reached round-off error background
caused by finite digit capacity. Here, Richardson method is inapplicable, and
one should terminate the calculations.



A. A. Belov, Convergence of the grid method for the Fredholm equation ... 123

2° The matrix of a linear system (4) is ill-conditioned. Calculations with
finite digit capacity lead to a random error associated with round-off errors.
With a sufficiently small step, the calculation error becomes comparable with
round-off errors and ceases to decrease with further thickening of the grids. To
reduce the impact of rounding errors, one needs to increase the digit capacity
of calculations. Apparently, Richtmyer was the first to point this out in the
1950s [19]. He noted that any difference scheme is incorrect in the sense that
when the grid step tends to zero, it is necessary to increase the digit capacity
of calculations.

At the same time, theorems on regularizing properties are usually proved for
exact calculations (i.e., with infinite digit capacity). However, real calculations
are carried out on finite round-off errors. It often turns out that in ill-
conditioned problems, computer round-off errors can become predominant.

3° The use of a regularizer improves the conditionality of the linear system
matrix. Therefore, increasing a reduces the random error (for calculations
with fixed bit depth). However, the regularizer itself introduces a systematic
error in the problem, which increases with increasing a.

Based on these suggestive considerations, we formulate the convergence
theorem of the grid method (4). As far as we know, it is new.

Theorem 1. For any precision € > 0, there exist oy > 0, step hy and digit
capacity K such that for h < hy, K > K, and o = o, the error is less than ¢.

Proof. The proof consists of 3 stages. We write down the regularized
Fredholm equation. For it, according to Tikhonov’s fundamental theorem,
there is a required value of «.

By virtue of the Ryabenky-Fillipov theorems, there is such a h, that
provides a systematic approximation error that does not exceed the required
one for calculations with infinite digit capacity.

Since, for the selected grid step h, the conditionality of the linear system is
known, then there is such a digit capacity that provides the required smallness
of the random error. The theorem is proved. 0

4. Calculation procedure

For the practical implementation of this theorem, the following algorithm
is proposed. Let us set some K and a and perform the calculation with grid
thickening. On each grid, we calculate the error estimate using the Richardson
method. We thicken the grids until this estimate stops decreasing. Denote
the last solution obtained as the limiting one.

Let us perform such calculations for a wide range of a values. The depen-
dence of the true error of the limiting solution (i.e., the difference between
numerical and exact solutions) on « has the following qualitative form. For
a = 0, the error is very large due to poor conditionality of the matrix A*A.
For small «, the random error is predominant, and the systematic error is neg-
ligible. As « increases, the random error decreases, and the systematic error,
on the contrary, increases due to the term ~ a|u|? in the regularizer. With
some «, the random and systematic errors become equal. This a corresponds
to the best achievable accuracy at the selected bit depth.
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The value of the random error is estimated as the product of the unit
rounding error J, by the condition number x of a linear system (4). For
calculations with 64-bit numbers, we have J, = 107152, To estimate &, it is
advisable to use the angular conditionality number [20]. As noted above, the
systematic error consists of the grid approximation error (which is calculated
using the Richardson method) and the regularizer contribution. In the zeroth
approximation, these contributions can be considered independent. Therefore,
according to the rules of statistics, the total value of the systematic error can

be estimated as /||7]|? + o2 |ul?.

As the final one, we choose such a «, in which the estimates of random and
systematic error are equal. If the obtained accuracy is unsatisfactory, one
should increase the digit capacity and repeat the described calculations.

As far as we know, such calculation procedures with simultaneous thickening
of grids and increasing digit capacity have not been proposed before.

5. Conclusion

Let us discuss possible generalizations of the proposed approaches. Firstly,
the convergence theorem admits generalization to the case when the difference
scheme is compiled not for a regularized problem, but for an initial ill-posed
one. The absence of a regularizer reduces the systematic error. However,
obviously, a significantly larger number of digits is required, which increases
the complexity of the calculation.

Secondly, it is also advisable to use the procedure of thickening grids with
a simultaneous increase in digit capacity for the numerical solution of formally
correct, but ill-conditioned problems. Examples are stiff Cauchy problems
with contrast structures. It is easy to construct a problem in which, when
calculating 64-bit numbers, there is not a single correct sign in the answer [17].
Note that ill-conditionality and round-off errors are one of the important
factors limiting the applicability of grid methods. Therefore, the relaxation
of this restriction is of great practical interest.
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Abstract. The calculation of quadratures arises in many physical and technical
applications. The replacement of integration variables is proposed, which dramatically
increases the accuracy of the formula of averages. For infinitely smooth integrand
functions, the convergence law becomes super power. It is significantly faster than the
power law and is close to exponential one. For integrals with bounded smoothness,
power convergence is realized with the maximum achievable order of accuracy.

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

1. Introduction

Applied tasks. In many physical problems, it is required to approximate
integrals that are not taken in elementary functions. Here are some examples:

1. Calculation of special functions of mathematical physics: Fermi—Dirac
functions equal to the moments of the Fermi distribution, gamma function,
cylindrical functions and a number of others.

2. Calculation of Fourier coefficients of a given function, Fourier and Laplace
transforms.

3. Numerical solution of integral equations, both correctly posed and incor-
rect.

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

Such integrals must be calculated with high accuracy up to computer
round-off errors.
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Calculation of quadratures. Commonly, trapezoid, mean and Simpson
methods on a uniform grid are used for grid calculation of quadratures. The
majorant error estimation is well known for these methods. For trapezoid
and mean formulas it is O(h?), for Simpson’s formula it is O(h*), where h
is the grid step. There are ways to improve accuracy: calculation on a set
of thickening grids and extrapolation refinement by the Richardson method,
refinement by the Euler-Maclaurin formula, etc. [1, 2]. All these methods
give a power dependence of the error on the grid step O(h™).

If the integrand is periodic and the integral is calculated over the full
period, then the dependence of the error on the step becomes exponential
instead of power-law ~ exp(—1/h) [3-5]. This means that when the step
is halved, the number of correct characters in the answer approximately
doubles. This convergence rate is much faster than the power one. However,
the corresponding class of integrand functions is rather narrow. Attempts
have been made in the literature to expand this class [6-9], but they were
considered unsuccessful [7].

In the present paper, an approach is proposed that dramatically acceler-
ates the convergence of the mean rule. It is based on a special substitution of
integration variables. The integrand function may be non-periodic. If it is
infinitely smooth, then the proposed replacement provides super power con-
vergence of the quadrature. This convergence rate is significantly faster than
the power-law one and is close to the exponential one.

If the integrand has bounded smoothness, then the proposed method gives
a power convergence with the maximum achievable order of accuracy.

The proposed approach does not require a priori information about the
nature of the integrand function and is uniformly applicable to a wide range of
tasks. The class of integrand functions, for which the super power convergence
of quadratures is realized, is significantly expanded.

2. Change of integration variables

Consider the integral
1
I= / f(z)dz. (1)
0

Let us perform the variable change in two stages. First, using fractional
polynomial transformation ¢(x), we map the segment = € (0, 1) to the straight
line t € (—o0,+00). Then we map this line to the segment & € (0, 1) using
the transformation ¢(§), whose derivatives tend to zero near £ =0 and £ = 1
faster than any degree £™.

Such substitutions can be made in various ways. In this paper, the following
transformation was considered

_A-05) 11
= (i oge =5+ 5B, (2)

2
where A, B, « are constants. The mapping (2) is shown in figure 1 as z(§)
dependence. It is almost linear in the middle of the segment, but at its ends,

t(§)
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the derivatives of x, quickly tend to zero. It is also possible to implement the

replacement (2), in which the error function ®(Bt) is taken instead of the
hyperbolic tangent.

1,0 —

0,0
0,0

Figure 1. Variable transformation (2). Parameters A, B, « are equal to unity

After mapping (2), the integral takes the form

1 ~ ~
I=/ f©)dg,  f(&) = f{x[t(&)] e, [t(E)]te(£). (3)
0

Periodic continuation. Let us show that the new integrand f (&) admits an
infinitely smooth periodic continuation beyond the boundaries of the segment

€€ (0,1).
The expression t.(§) ~ o711 — &)@ has poles at the ends of the

segment & = 0 and £ = 1. However, for € - 0+ 0 and £ — 1 — 0, the
derivative x, ~ exp(—¢( “(1 —¢&)™“) tends to zero significantly faster. As
a result, z;t, — 0 when striving for points { = 0 and { = 1 from inside the

segment. Therefore, fN (£) vanishes at the boundaries of the segment.

Similarly, it can be shown that all derivatives of this function tend to zero
at £ > 040 and £ — 1 — 0. For example, the first derivative has the form

fg = fa:l“%tg + f»’liu?% + fxttgg- (4)

All derivatives of dt" /d€™ ~ £~ (1—£)~* ™ at the boundaries of the seg-
ment have poles that are multiplied by the expression ~ exp(—& (1 —¢&)™ %)

in various degrees. Therefore, for £ — 04 0 and £ —+ 1 — 0 we have ]2 — 0.
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The same is true for higher derivatives d fEm / d&™. Thus, the integrand func-

tion f can be periodically continued infinitely smoothly beyond the boundaries
of the segment ¢ € (0,1).

3. Mean rule convergence

On the segment ¢ € (0, 1), we introduce a uniform grid with a step h = 1/N.
Half-integer nodes are denoted by §,, .o = (n—1/2)h, n = 1,..., N. We write

the mean rule quadrature

N
In=> hf(6 1) (5)
n=1

The following statement holds.

Theorem 1.

A) If f(x) is infinitely smooth on the segment x € (0,1), then the quadra-
ture (5) has super power convergence.

B) If f(z) has j continuous derivatives on x € (0, 1), the (j+1)-th derivative
has a discontinuity at the point © = a € (0,1), and this point is a grid node,
then the quadrature (5) has power convergence. The order of accuracy is j+ 2
if 7 is even, and 7+ 3 if j is odd. This order of accuracy is maximal for a given
smoothness of the integrand function.

Proof. Let us prove the statement A). The power part of the mean rule error
is described by the Euler—-Maclaurin formula [1]. Tt contains the differences of
odd derivatives at the ends of the integration segment

§ = Zb h2k ( (2k=1)(1) — f(zk_l)(O)) , b, = const. (6)

As noted above, due to the variable transform (2), the derivatives f¥)(¢) —
0 for £ - 0+0and & - 1 —0. All summands in the sum of (6) vanish.
Therefore, there are no power terms left in the error of the mean rule, and
the convergence turns out to be super power one.

Let us prove the statement B). Under these assumptions, the power-law
contribution to the error of the mean formula has the form

5 = Zb h2k( Qk 1)( ) ]?(Qk—l)(o))_'_

+Zb h2k( 2k 1)( O)_f(Qk:—l)(a_i_O)). (7)

The first sum in (7) is similar to (6). After the variable transform (2), it
turns to zero.

The second sum is the error resulting from the singularity at the point a.
If 2k — 1 < 7, then by virtue of continuity, the right and left limit values of
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derivatives of the order of 2k — 1 are the same f(2*~1(q —0) = f2=1) (g4 0).

What is the limit of summation of K? Since fU+1) is discontinuous at the
point a, and only odd derivatives are included in (7), two cases are possible.
If jis odd, then 2K —1 = j + 2. Then 6 = O(h'*3). If j is even, then
2K —1=j+1, and § = O(h/*2). Obviously, this order of accuracy is the
maximum, i.e. it cannot be improved. The theorem is proved. O

Note. The literature describes [6-9] variable substitutions similar to (2). In
these works, trapezoid and Simpson formulas were used, in which one needs
to calculate the integrand function at the boundary points. However, after

variable change (2), the integral function f (&) has essentially singular points
within the boundaries of the segment £ = 0 and & = 1. Therefore, calculating

f(0) and f(1) presents a problem; in particular, computer numbers overflow
occurs.

To avoid this, in [6] it was proposed to cut the integration segment, i.e.
instead of £ € (0, 1), consider £ € (e,1 — ¢), where ¢ is some small number.
Such a cutting introduced a significant error, and it was not possible to realize
superstellar convergence. The authors of [7| conducted numerical experiments
and found that this approach is inferior in quantitative accuracy to Simpson’s
formula without replacing variables. Therefore, this approach was considered
unpromising [7].

We use the mean rule that does not require calculating f (0) and 1 (1).
Therefore, the described difficulty does not arise, and super power convergence
is realized.

4. Method validation

Infinitely smooth integrand. As an example, consider a test integral with
a known exact value

I:/O e*/(e—1)dx = 1. (8)

The integrand is infinitely smooth.

The calculation was carried out on a set of grids with different N = 2,4, 8, ...
On each grid, the mean rule quadrature and its error A = |I — Iy, equal
to the difference between the numerical and exact integrals, were calculated.
Figure 2 shows a graph of the error A depending on the number of grid steps
N. The scale of the graph is semi-logarithmic. At this scale, exponential
convergence corresponds to a straight line, and a power-law curve corresponds
to a logarithmic curve.

Dark circles correspond to the calculation with the replacement of vari-
ables (2), light circles correspond to the calculation without it. One can see
that the proposed replacement of variables dramatically increases accuracy:
already at N ~ 100, the error is A ~ 1074, which is comparable to rounding
errors. The gain in accuracy compared to the calculation without replacing
variables reaches 10 orders of magnitude. The convergence rate is somewhat
inferior to the exponential one, but cardinally exceeds the power one.
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Figure 2. The error of the mean rule quadrature in the test (8).
Notation are explained in the text

Due to the presence of essentially singular points of f at the boundaries
of the segment, the dependence of the error on the number of steps is non-
monotonic and alternating [10, 11]. In this graph, this can be seen by the
non-monotonic behavior of the curve. Local minima correspond to the change
of the error sign.

Therefore, the proposed replacement dramatically increases the accuracy of
the mean rule quadrature. We recommend it for wide application in practical
computing.

Integrand function with bounded smoothness. Often in applications, it
is necessary to calculate integrals from piecewise given spline approximations
and interpolants. They have limited smoothness. So, the simplest linear
interpolation is continuous, but has discontinuities of the first derivative. The
cubic spline is continuous along with the second derivative, and the third
derivative experiences a discontinuity.

As an example, consider the integral of the function

) 1, z<0.5,
fla) = { 1+ 2z —1)™, z>0.5 ®)

for integers 1 < m < 5. The function (9) has a m — 1 continuous derivative,
and the m-th derivative experiences a discontinuity. The exact values of the
integral I are known, they are listed in table 1.

The calculation was carried out on several thickening grids. They were
chosen so that the feature x = 0.5 was a node. For example, it is enough
to take only even N for this. The resulting errors depending on the number
of steps are shown in figure 3. The scale of the graph is double logarithmic.
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Table 1
Test (9)

I

m

1| 14+2e%° —e
2 | 1—8e%5 + Be
3

4

5

1+ 48eY-5 — 29¢
1 — 384e%° + 233¢
1 + 3840e%5 — 2329¢

SO =N

Therefore, the power convergence corresponds to a straight line whose slope
is equal to the order of accuracy. The numbers near the lines are the values
of m.

IEN

T -7
0,0 0,5 1,0 1,5 2,0

IgN

Figure 3. The error of the mean rule quadrature in the test 9.
Notation are explained in the text

It can be seen that on sufficiently detailed grids, the curves for each m tend
to straight lines, i.e. power convergence is realized. The corresponding orders
of accuracy of q are given in the table 1. They are completely consistent with
Theorem 1.

On coarse meshes, the behavior of curves is irregular. The error depends on
N nonmonotonically, changes sign and decreases significantly faster than the
power law. Apparently, the law of convergence on coarse meshes corresponds to
the super power one (similar to the figure 2). Justification of this consideration
is beyond the scope of the present work.



A.A. Belov et al., Quadratures with super power convergence 135

For comparison, the figure 3 shows the calculation error according to the
mean rule without variable change. For all the m considered, the errors were
approximately the same, so we showed them with one line. It is indicated by
an asterisk (*). This line corresponds to a power convergence with a second
order of accuracy. It can be seen that for m > 2 (i.e., if there is at least
one continuous derivative), the proposed replacement increases the order of
accuracy and sharply reduces the quantitative error. In Fig. 3, the accuracy
gain was from 3 to 8 orders of magnitude.

We performed a similar calculation using grids in which the singularity
x = 0.5 did not get into the node. To do this, it is enough to take only odd N.
This case does not fall under Theorem 1. Nevertheless, the theorem turned
out to be true for it as well. The resulting errors were similar to the figure 3.
In particular, the convergence rate for the considered m turned out to be the
same. The quantitative accuracy was somewhat worse than figure 3. This
was most noticeable for m = 1. For other m, the accuracy decreasing turned
out to be insignificant.

5. Conclusion

In this paper, a special transformation of the integration variable is proposed,
which dramatically increases the accuracy of the mean rule quadrature. For
infinitely smooth integrand functions, convergence becomes super power one.
For functions of bounded smoothness, the convergence law remains power-law,
but the maximum achievable order of accuracy is realized.

Let us conduct a qualitative comparison of the proposed approach with other
methods for improving the accuracy of quadratures listed in the introduction.

None of them provides super power convergence. Therefore, for infinitely
smooth functions, the proposed approach provides obviously higher accuracy.

The use of Euler—-Maclaurin corrections requires a large amount of a priori
information about the integrand. It is necessary to accurately calculate high
derivatives and a priori set the number of corrections to be taken into account.
Therefore, the maximum order of accuracy is realized if the smoothness class
of the integrand function is known.

On the contrary, the proposed approach is uniformly applicable to integrals
both infinitely smooth and having bounded smoothness. One does not need
to know the smoothness class in advance.

It is possible to increase the order of accuracy using Richardson extrapo-
lation only on sufficiently detailed grids on which theoretical convergence is
already being implemented, but rounding errors have not yet been achieved.
On coarse grids, the use of extrapolation can even degrade accuracy.

In the proposed method, even on coarse grids, convergence is observed, and
quite fast. A quantitative comparison of the Richardson extrapolation and
the proposed method for bounded smoothness functions is beyond the scope
of this paper.
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Awnnoranusa. Berauciienne KBaapaTyp BO3HUKAET BO MHOTHX (DPU3UUECKUX U TEXHU-
YECKUX IMPUJIOKEHUAX. B CTaThbe IIPEeIJIOZKEeHa 3aMEHa IIEPEMEHHBIX MHTEIPUPOBAHNI,
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Abstract. This article discusses a universal way to create animation using Asymptote
the language for vector graphics. The Asymptote language itself has a built-in library
for creating animations, but its practical use is complicated by an extremely brief
description in the official documentation and unstable execution of existing examples.
The purpose of this article is to eliminate this gap. The method we describe is based
on creating a PDF-file with frames using Asymptote, with further converting it into
a set of PNG images and merging them into a video using FFmpeg. All stages are
described in detail, which allows the reader to use the described method without
being familiar with the used utilities.

Key words and phrases: vector graphics, TeX, asymptote, scientific graphics

1. Introduction

In this paper we study the creation of animation animation using the vector
graphics language Asymptote [1-4].

Asymptote is an interpreted language, that is a translator into the PostScript
vector graphics language. Designed to create vector images for mathematical
publications. It is closely integrated with the TEX system and is an integral
part of the TEX Live [5] distribution. It has a C-like syntax, supports the
creation of functions, custom data structures, and comes with an extensive
set of modules for various tasks. Unlike PGF /TikZ [6], Asymptote is more
imperative, so it is easier to implement complex program logic on it.

In the official documentation of this language, only a few paragraphs are
devoted to the animation creation process and the user is referred to the
source code examples located in the animations directory. Asymptote creates
animation in two steps. At the first step, a multi-page PDF-file is created
containing images that will become frames of future animation. Then, using
the external utility ImageMagick [7] (command convert), this PDF-file is
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converted into a GIF image. If the ImageMagick utility is not installed on
the user’s system, all examples will stop at creating a multi-page PDF-file
with a set of images and a GIF image with animation will not be received.

In this article, we are considering a universal way to create animation in
video format using the ffmpeg [8, 9] and Ghostscript [10] utilities. All external
programs will be called explicitly from the command line. With the help of
Asymptote, only a multi-page PDF-file with frames for the future video will
be created.

The reader should be familiar with the basic capabilities of the Asymptote
language. For an introduction to the basics of the language, we recommend
the manual [11|. The information from it will be enough to understand this
work. As an example, we chose the animation of the process of constructing
epitrochoids and hypotrochoids. In the first part of the work, we will recall
the definitions of these curves, some of their properties and reduce their
construction to a composition of two rotations. In the second part of the
article, we will describe in detail the implementation of their construction
using Asymptote. And in the third part we will focus on the technical side of
the issue and describe the process of creating a multi-page PDF-file, converting
it into PNG images using Ghostscript and converting these images into video
using ffmpeg.

2. Task description

Consider the task of animating the process of constructing cycloidal curves,
namely hypotrochoids and epitrochoids. We will not use the parametric
equation of these curves, but will reduce everything to the composition of two
rotations applied to the starting point of the curve. This will better illustrate
the capabilities of the Asymptote language.

2.1. Definition of epitrochoids

Epitrochoid is defined as a trajectory plotted by a fixed point P lying on
a radial line of circle with radius r, which rolls along the outer side of the
circle with radius R (figure 1). The parametric equation of the curve has
the following form:

z(t) = (R+ 1) cos(p) — dcos <R + rgo) ,

r

y(t) = (R +r)sin(p) — dsin <R:rg0> ,

where d is the distance from the center of the rolling circle to the point of the
curve, ¢ is the angle of rotation of the rolling circle relative to the axis Ox.

Let us introduce the coefficient k = r/R, then it will possible to change the
parameterization and the equation will take the form:

z(t) = R(k + 1) cos(kt) — dcos((k + 1)),
{y(t) = R(k+ 1)sin(kt) — dsin((k + 1)t),

where the parameters ¢t and ¢ are related as ¢ = kt.
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Figure 1. R=3,r=1,d=1/2 Figure 2. R=4,r=2,d=2

Some special cases of epitrochoids have proper names. So for r = R,
Pascal’s snail is obtained, for d = R+ r — rosy curve or rose, and for d = r —
epicycloid (figure 2).

2.2. Definition of a hypotrochoid

Hypotrochoid is the trajectory described by a fixed point P on a radial
straight circle of radius r, which rolls along the inner side of the circle of
radius R (figure 3). The parametric equation of the curve has the following
form:

z(t) = (R —r)cos(p) + dcos (R;Tcp> ,

y(0) = (R—r)sin(p) —dsin (L)

where, as in the case of the epitrochoid, d is the distance from the center
of the rolling circle to the point P. In particular, for d = r, hypocycloid is
obtained (figure 4).

2,5 2,5 AN
[N N Q
0 : I I 0 T T U Il" :
— 1 1 1 7
—25 —2,5
—25 0 25 —25 0 25

Figure 3. R=4,r=2,d=1 Figure 4. R=4,r=2,d=2
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It is also possible to parameterize ¢ = kt, where k = r/R, then the equation
will take the form:

{x(t) R(1 — k) cos(kt) + dcos((1 — k)t),
y(t) = R(1 — k) sin(kt) — dsin((1 — k)t).

2.3. Reducing the problem to a composition of turns

The construction of cycloidal curves begins by specifying two circles: a fixed
circle of radius R centered at point Oy and a moving circle of radius 7 centered
at point O,..

A fixed circle will be conventionally called “large”, and a moving one —
“small”, since usually R > r. On the radial line of a small circle, we fix the

point of the curve F.
From the definition of hypotrochoids and epitrochoids, it follows that
a motion T'(¢p) is performed over the point F,, consisting of a composition of

two turns (figures 5-10):
1. Ty (p) — rotation around the point O by the angle ¢, at which the
point O,. turns into O;., and the point P, into the point P, /25
2. T,(0(p)) — rotation around the point O; by the angle 0, at which P
turns into P;.

! @ ' ¢ 1 TNy ( =
i T P i U P 1 1 s D
Vilonl T\ T ' Vo T T ' VloR T T ’
-1 - / -1 - '/ -1 /
0 1 2 3 1 0 1 2 3 | 0 1 2 3 1
Figure 5. Hypocycloid Figure 6. Hypotrochoid Figure 7. Hypotrochoid
d=r d>r d<r

The rotation angle @ is related to the angle ¢. A small circle must travel
a distance equal to the length of the arc PP, 5, which means that the lengths

of the arcs PP, and P, ), P, are equal.

Ry ¢
Thus, to construct a curve, it is enough to set the parameters R, r and d,
the initial positions of the circles and the points F,. It is usually assumed
that the center of Op coincides with the origin, and the center of O, lies on
the Ox axis.
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Figure 8. Epicycloid d = r  Figure 9. Epitrochoid d > r Figure 10. Epitrochoid d < r

Then the coordinates of the center O,. are calculated as:

+1, if epitrochoid,

_ _ T _
00, =00z + (E+s-1,0)7, s {—1, if hypotrochoid. (1)
And the coordinates of the curve point are Py: OP, = 00, + (d,0)7.

Now, to find any point of the curve, it is enough to act on P, by converting
T(p) = To(p/k) o Ty (¢) setting the required value to . If it is necessary

to construct a set of points, then taking a sufficiently small step ¢, one can

consistently act on the point P, by transformations T'(i¢),i = 1,2,...,n:
T () T(2¢) T(3¢) T(4p) T(nyp)
POHP].’PO—>P27P0—>P37P0_>P477"'7P0HP’R"

3. Implementation on Asymptote

Below we present the source code of the program in the Asymptote language
and comment on its key points:

include "config.asy'";

import animation;
import graph;

unitsize(lcm);
size(10cm, 10cm);

string ssign(int d) {
return d > Q0 7 "+" : H_u;
}

transform T1(real phi, pair O_R) { // (2)
return rotate(angle=phi, z=0_R);
}

transform T2(real phi, int sign, real k, pair 0O_r) { // (4)



144 DCM&ACS. 2023, 31 (2) 139-149

return rotate(angle=sign*phi/k, z=0_r);

}

pen BigCircle = blue;
pen littleCircle = deepgreen;
pen curve = red;

int sign = -1; // (6)
real R = 4.0;

real r = 2.0;

real d = 2.0;

real k = r/R;

int N = 100; // (8)
pair O_R = (0, 0);

int turns = 1; // (10)
usersetting(); // (12)

pair O_r = O_R + polar(R + sign * r, 0); // (14)
pair P = O_r + polar(d, 0); // (16)
pair Q = O_r - sign * polar(r, 0); // (18)

guide xcycloid;
transform T;

animation A; // (20)
A.global = true;

draw(circle(c=0_R, r=R), p=BigCircle); // (22)
dot(0O_R, p=BigCircle);

for(real phi: uniform(0, 360turns, N)) {
save(); // (24)
T = Ti(phi, O_R) * T2(phi, sign, k, 0_r); // (26)
xcycloid = xcycloid -- T*P; // (28)
draw(xcycloid, p=1bp+curve); // (30)
dot (T*P, L=Label("P", align=NW)); // (32)
draw(0O_R -- T*0_r, L=Label("R"+ssign(sign)+"r")); // (34)
draw(T*0_r -- T*P, L=Label("d"));
draw(circle(c=T*0_r, r=r), p=littleCircle); // (36)
dot (T*0_r, p=littleCircle);
dot (T1(phi, O_R)*Q, p=littleCircle); // (38)

include "axes.asy"; // (40)

A.addO; // (42)
restore(); // (44)
}

A.movie(); // (46)
currentpicture.erase();
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This program creates a multi-page PDF-file, each page of which is a future
frame of the video. The main work on calculating the points of the curve is
performed by the functions T1 (2) and T2 (4). These functions are defined for
convenience, so that the code reflects the above formulas as much as possible.
All the work is done by the built-in function rotate, which allows you to
determine rotation around an arbitrary point (argument z) by an arbitrary
angle value in degrees (argument angle).

Next, we set a set of variables-parameters (6). The variable sign is s from
the formula (1), and the rest correspond to their mathematical notation. The
variable N (8) sets the number of calculated points and, as a result, frames in
the future video. The variable turns (10) sets the number of complete turns
around the center of Op. Calling the built-in function usersetting (12)
to override the value of any variable specified above via the command line
argument -u.

Then, based on the above-defined parameters, the coordinates of the initial
position of the center of the moving circle O, (14), the points of the curve
P (16) and the point of tangency @ of the moving circle with the stationary
(18) are calculated.

Next, an object A (20) is created, into which animation frames will be
recorded (objects of the type picture or frame). A has several fields, in
particular the global field of the bool type allows you to enable and disable
saving the created images as an array in RAM and writing them as files to
disk only after they are all built.

The curve points are calculated in a loop, but before that, a fixed circle (22)
and its center are drawn. Then, at the beginning of each iteration of the
cycle, all the current stationary elements of the image are saved (object
picture) (24), all movable elements are built, the resulting image is added to
the structure A (42) and the image state is reset (44) to the one that was at
the time of (24). The process continues until all frames are drawn and saved
to A.

As the cycle progresses, the angle ¢ changes from 0 to 27n (in degrees).
At each step, the rotation transformation 7'(¢) is calculated (28), applied to
the starting point of P and added to the path (guide) xcycloid (28). With
each iteration of the loop, new points are added to the path xcycloid and
the curve grows.

The following drawing commands follow:

— of the already calculated part of the curve (30);

— of the new point position P (32);

— of a segment of length R + s - r (34) connecting the center of Op to
the new position of the center of O,, as well as a segment of length d
connecting the new center of O, to the point P of the curve;

— directly the moving circle itself in its new position (36) and its center;

— touch point @ (38);

— coordinate grid, the settings of which are placed in a separate file (40).

Finally, after working out the loop, all created frames are recorded in

a PDF-file. To do this, Asymptote sequentially creates separate PDF-files for
each frame, then adds text processed by WTEX (in our case LualATEX) to them.
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It is this procedure that takes the main time of the program, the calculations
themselves practically do not take up time in comparison with this.

We also note the peculiarity of the Asymptote syntax, which allows omitting
the * operator when multiplying numeric literal constants and variables, for
example 360turn (24).

4. Creating a video clip
4.1. Launching Asymptote

To run the program discussed above, run the following command
asy -noV -nobatchView -f pdf -globalwrite -u
< 'R=3;r=1;d=1;N=100' xcycloid.asy -o video/xcycloid.pdf
The source code file xcycloid.asy is started for execution and as a result
the file xcycloid.pdf will be created. Consider the options used:

— Options -noV and -nobatchView prevent the newly created image from
opening automatically. The -noV option disables this function when
executed from the command line, and -nobatchView when executing the
script (as in our case).

— Option -f pdf indicates that you should immediately create a PDF-file,
bypassing the postscript-file stage.

— Option -globalwrite makes it possible to save the file xcycloid.pdf
to any directory (in our case video), and not only to the one where the
source file xcycloid.asy is located.

— Option -u allows you to interact with the usersetting() function and
pass the values of variables inside the program. So we pass the values R=3,
r=1, d=1 and N=100. This feature allows you to use a single source code
file to build multiple images, flexibly adjusting any parameters. Note
that this parameter takes exactly a text string, which is then processed
by the usersetting() function, so the passed parameters must be taken
in quotation marks.

4.2. Converting to PNG using GhostScript

To convert the resulting multipage file into a video format, it is neces-
sary to convert its pages into bitmaps. To do this, we suggest using the
GhostScript [10] program. It is available for both Windows and Unix systems
(GNU/Linux, macOS). It also comes with the TEXLive [5] distribution, as
does Asymptote.

To convert a PDF-file, run the command

gs -sDEVICE=pngl6m -r600 -o video/xcycloid-%04d.png

- video/xcycloid.pdf

In the case of using GhostScript from the TEXLive distribution, you should
call gs using the rungs script, which is located:

— in the directory tex1ive\2023\bin\win32 in the case of Windows OS,
— in the tex1live/2023/bin/x86_64-1linux in the case of GNU/Linux.

The 2023 directory corresponds to the version of the TEXLive distribution
and may differ.
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4.3. Creating a video using FFmpeg

The process of gluing the resulting bitmap images into one video clip is
carried out using FFmpeg [9]. This program is a command-line utility and
has extensive functionality and, as a result, a huge number of options and
settings. Let’s give an example of creating a video clip from the PNG images
generated in the previous step and give an explanation of the parameters
used:

ffmpeg -r 30 -f image2 -start_number 1 -i
- video/xcycloid-%04d.png -c:v 1ibx264 -vf
- "pad=ceil(iw/2)*2:ceil(ih/2)*2" video/xcycloid.mp4

— Parameter -r sets the frame rate.

— Parameter -f sets the format of the input file.

— Since a lot of files are submitted to the input, you should specify the
format of their names. The same notation is used as in the case of gs.
The -start_number parameter sets the starting number.

— Parameter -c:v allows you to specify the video encoder used. In our
case 1ibx264, but many other formats are supported.

— The important parameter -vf sets the filter that is applied to the pro-
cessed frame. In our case, we round the width and height of the frame
in pixels to an even number. After converting to PNG, the width and
height of the image may be odd, which is unacceptable for the vast ma-
jority of encoders. The specified filter allows you to avoid this error and
rescale the frame by ffmpeg.

At the output we will get a video packed in a container mp4. The x264
format we have chosen is widespread and can be played by any browser.

5. Conclusion

We have analyzed in detail the way to create vector graphics animation
on a plane using the Asymptote language. This aspect of this language is
poorly covered in the official manual and, in our opinion, this article fills this
gap. Although the result is a video clip containing bitmaps, but thanks to
the vector source (PDF), you can increase the resolution of the video almost
limitlessly. It should also be noted that this method of creating animation is
universal, since almost any data visualization tool can be used to create a set
of image frames. FFmpeg does all the work on creating a video file.
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Abstract. The spectral collocation method for solving two-point boundary value
problems for second order differential equations is implemented, based on representing
the solution as an expansion in Chebyshev polynomials. The approach allows a stable
calculation of both the spectral representation of the solution and its pointwise
representation on any required grid in the definition domain of the equation and
additional conditions of the multipoint problem. For the effective construction of
SLAE, the solution of which gives the desired coefficients, the Chebyshev matrices of
spectral integration are actively used. The proposed algorithms have a high accuracy
for moderate-dimension systems of linear algebraic equations. The matrix of the
system remains well-conditioned and, with an increase in the number of collocation
points, allows finding solutions with ever-increasing accuracy.

Key words and phrases: ordinary differential equation, spectral methods, two-point
boundary value problems

1. Introduction

Ordinary differential equations (ODEs) and systems of ODEs of the second
order describe most problems in classical mechanics. Most oscillatory processes
are described by second order ODEs or systems of ODEs. Second order
ODE systems describe a number of optical diffraction problems (see, for
example, [1]). The model of adiabatic guided wave propagation of polarized
light in integrated optical waveguides is also described by a system of two
coupled oscillators [2-4].

There are many different methods for exact and approximate solution of
initial /boundary value problems for different classes of second order ordinary
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differential equations. Among them, the spectral methods of expansion in
Chebyshev polynomials consistently occupy a well-deserved place.

In 1991, L. Greengard [5] formulated a method for solving a two-point
boundary value problem for second order ODEs with constant coefficients,
based on expanding the solution into a series of Chebyshev polynomials
of the first kind. The method became stably referred to as the pseudo-
spectral collocation method. In the same paper, mathematical constructions
were introduced, which later received the names “differentiation matrix” and
“integration matrix” (or “antidifferentiation matrix”). A detailed description
of the properties of matrices that determine the relationship between the
expansion coefficients in a series of approximated functions and the expansion
coefficients of their derivatives and antiderivatives in the same set of basis
functions is given in [6]. Greengard obtained estimates for the norms of
these matrices and their condition numbers — large values for differentiation
matrices and small values for integration (antidifferentiation) matrices.

Despite the poor conditionality of differentiation matrices, many authors
used them to solve initial and boundary problems for ODEs of various orders.
This is explained by the more familiar and therefore ‘convenient’ representation
of physical models using the language of mathematical formulas.

The instability of widely used |7, 8| algorithms has been overcome by
applying methods of preconditioning to the corresponding systems of linear
algebraic equations. As a result of numerous studies, methods based on
integration matrices in the physical space and in the spectral representation
turned out to be the most preferable [9].

It is important to note that none of the applied methods for solving ODEs
based on Chebyshev integration matrices [9, 10| allows obtaining systems
of linear equations with sparse matrices [5]. The dense filling of matrices is
a consequence of attempts to introduce boundary conditions into the system
of linear algebraic equations along with differential relations [11]. The high
sparseness of the matrices can be maintained by improving the algorithm by
switching to the two-stage method. In this case, at the first stage, differential
conditions are considered, which allow fixing the leading coefficients in the
expansion of the solution into a series, thus defining the ‘general solution’.
The next step uses boundary /initial conditions to determine a pair (for second
order equations) of missing coefficients. This makes it possible to obtain
a complete set of expansion coefficients for the desired ‘particular’ solution.

The results of studies [5] demonstrate that the method of Chebyshev
collocation that ensures the best accuracy in solving initial and boundary
value problems is the method using Chebyshev integration matrices in the
spectral space. This approach effectively relies on the use of operations with
sparse matrices and its computational costs are quite comparable with the
Fourier spectral discretization.

2. Setting of the problem

We consider an approximate solution to the two-point boundary value
problem for the second-order differential equation having the form [12]

y' (@) +p(@)y (2) + q(x)y(r) = r(z), =e(=11), (1)
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where p(z), g(x), r(x) are sufficiently regular functions. The uniqueness of the
solution for any «,f is ensured by the boundary conditions

agy(—=1) — oy (=1) = o, Boy(1) + 61y’ (1) = 5, (2)

the constants «g,aq,5,,8; being nonnegative. For example, the condition
of continuous p(x) and ¢(z), positive g(x) > 0, z € [—1,1], and nonzero
ag+a; #0, ag+ By # 0, By + B, # 0 ensures the existence of the prob-
lem (1)—(2) [13].

3. Methods

The basic idea of spectral methods is to present the solution as a truncated
series in known basis functions. The linear transformation (differentiation
operator) that transforms the vector of coefficients a = {a; };~( of the function
expansion f(z) = > _ a;¢(x) into the vector of coeflicients b = {b; } ;0

of its derivative expansion f'(z) =3} _ b.¢,(2) into an analogous series in

the same basis functions is known as the spectral differentiation matrix. The
most widespread is the use of bases of Chebyshev functions of the first kind
or Lagrange functions, which is due to high interpolative properties of these
functions.

Approximation by a finite series (on accuracy when discarding terms of
the series with n > N). The expansion of function f € C"[—1,1] (n times
differentiable function) in Chebyshev polynomials T}, (z) : T (cos ) = cos(kf),
is determined by the relation

1
g(x) = §a0To(.r) +a, T () + ... +a,T,(z)+ ..., ze[-1,1], (3)
where
9 [1
o= 2 [ FTa)0 - o), 8
T
-1
The residue of truncation of the series (3) to N terms
1
gn(@) = §a0T0(x) +a,Ty(x) + ... +ayTn(z), =€[-1,1], (5)
has an order of O (=) at N — oo and at f € C°°[—1,1] it tends to zero

superalgebraically [14, 15].

Remark 1. According to Eq. (4), coefficients a,, are the coefficients of
Fourier cosine transformation, so that all N coefficients a; can be obtained by
the fast Fourier cosine transformation. And using the inverse Fourier cosine
transformation, it is possible to simply calculate g,,(cos6;) on a grid uniform

in 0 € [0, 7].

Most often, the approximation of continuous functions is restricted to
a certain fixed number n of the Chebyshev series, as a result of discarding
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the components with such T}, (z), k > n, the magnitude of which is small [16,
17]. In contrast to the approximations obtained using other power series, the
approximation using the Chebyshev polynomials minimizes the number of
terms necessary to approximate the function by polynomials with a given
accuracy. Related to this is also the property that the approximation based
on the Chebyshev series turns out to be quite close to the best uniform
approximation (among polynomials of the same degree), but it is easier to
calculate. In addition, it allows you to get rid of the Gibbs effect with
a reasonable choice of interpolation points.

The differentiation matrices in the implicit or explicit form are presented in
many publications related to the use of pseudospectral collocation methods [6—
8]. The ODE solution using nondegenerate differentiation matrices in the
(N 4 1)-dimensional physical and /or spectral space quite naturally led to poor
conditioned systems of the linear algebraic equations to be solved. Refs. [5, 6,
18-20] formulate the specific features of the differentiation and integration
matrices, considered on similar or mutually dependent grids. Using explicitly
the differentiation matrices on the Chebyshev—Gauss—Lobatto to solve ODEs
allows proposing stable and economic methods for solving ODEs. WE use
the integration matrices n Chebyshev—Gauss—Lobatto grids in the spectral
representation. For more details on the form and properties of these matrices,
see [6, 18-20].

3.1. The algorithm based on using integration matrices

Note first that the derivative of T, (x) can be explicitly written as an

expansion in Chebyshev polynomials 7}, 77, ..., T)_; of lower order [6, 21] as
a sum

dT, (x) I
CI;LL’ :k( [kOdd TO +2 Z Tk: 1— 2] ) y T E [_171]7 (6)

where the notation |z | means the largest integer less than x, and the expression
[k odd] takes the value equal to 1 when k is odd, and 0 when k is even.

We represent the desired function y(z), the future approximate solution
of equation (1), as an expansion of the form (3),(4),(5) in a finite set of
Chebyshev polynomials 1,17, ..., T,

= Zaka(x)v S [_17 1] (7)

k=0
By differentiating (7), it is possible to present the first derivative as a series:
S aTi@, selL ®)

k=0

At the same time, the derivative y’(x) as a polynomial of degree n can
be expanded is series with respect to the initial basis T{), T}, ..., T, with
coefficients b = {by, b;, ..., b, }:
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V(@) =3 BT, zel-11] ©)
k=0

the last expansion coefficient becoming zero, b, = 0, in accordance with
formula (6) of a transition to the expansion in lower-order polynomials.

Therefore, Eq. (6) describes the relation between the expansion coefficients
a = {ag,aq,...,a,} of a Chebyshev polynomial of the first kind and the
expansion coefficients of its derivative. In matrix form, this relation can
be represented using the differentiation matrix: b = Da, where the infinite
matrix of Chebyshev differentiation has the form:

01030 5 0 7
0408 0 12 0
0 6 010 0 14
08 0 12 0 -
D = Dcypebyshey = 0 10 0 14 |- (10)
0 12 0
0 14
0

A similar transformation for the coefficients of the second derivative

y'(x) =) eTi(z), zel[-11] (11)

k=0

allows using the formula ¢ = DDa to calculate the expansion coefficients
c={c¢y,¢q,...,C,} in the matrix form.

If an algorithm is needed to determine a part of the coefficients a =
{ag,ay,...,a,} of the expansion of function y(x) from the known coefficients
b = {by, by, ..., b, } of its derivative expansion, the appropriate matrix form for
this operation is a = D"b, where the infinite tridiagonal matrix of integration
(antidifferentiation) has the form [6, 18]:

0 0
1
10—
1 1
1 Y g
D" = Dé_hebyshev = 1 0 _1 : (12)
6 6
L 0
8
1
L 10 |
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For example, using the spectral integration matrices D' to determine
coefficients a = {ay,aq,...,a,} of function y(z) for the known coefficients
c = {¢y,¢q,...,¢,} of the expansion of its second derivative y”(z) allows
calculating all coefficients of the function expansion by formula a = D"D"c,
except the first two coefficients. This is because the first row of matrix D™ is
Zero.

Multiplying from the left the integration matrix D™ by vector b =

{bg, b1, .., b, } of the known coefficients of the derivative expansion allows re-
vealing [6] the following dependence of coefficients a = {ag,a4,...,a,} on
b = {by, by, ..., b, }, which can be written in the explicit form:
[0 0 0 o0 0 0 0 0 |
| L -
10 -2 0 0 0 0 0 bo ag
1 1 b
0 =~ 0 —= 0 0 0 0 0 ! “
4 4 by ag
00 (1) 5 0 0 0 0 by ay
Dtb= |0 O 0 3 0 0 0 0 0 « by _ | Q4
71.}2 bn73 n—3
0O 0 O 0 0 0 n=3) 0 0 .
1/2 -1/2 n—2 n-2
00 0 0 O o (/) L 0/ b o
1/2 —1/2
0 0 0 0 0 (n—1) 0 (n—1) L b, L a,
lo o 0 0 0 o 2 o ]

All the above, including relations (6) and (7),(9),(11) expressed through
the representations a = D¥D"c and b = D*¢, allows us to write equation (1)
in spectral representation in the following matrix form:

Tc + diag(p)TD ¢ + diag(q)TD™Dtc=r, 2z € (—1,1). (13)

Here T is the Chebyshev matrix of mapping a point (vector) from the space
of coefficients to the space of function values [5]

Too Tio Top i Thol [ Do

Toqa Thq 1oy 0 Thqa| | D1

Too Tig Too i Tho| |Co| = P2 (14)
—TO,n Tl,n T2,n Tn,n- LCp, LD -

so that p = Tc is the vector of values of the desired function (also in the
physical space). Here, to reduce formulas, we use the notation T} ; = T (z;),
k,7=0,...,n.

The system of linear algebraic equations (13) has a well-conditioned
matrix [5] for any number of collocation points. We will use the Chebyshev—
Gauss—Lobatto grid [7, 8], which has proven itself well in the Chebyshev



156 DCM&ACS. 2023, 31 (2) 150-163

pseudospectral collocation method [9]. Since the matrix is not a symmetric
real matrix, instead of the very convenient Cholesky method, we will use the
widely used LU method to solve system (13).

The solution of the system of linear algebraic equations (13) is the vector of
expansion coefficients {c, ¢y, ..., ¢, } in the (n + 1)-dimensional space of the
second derivative of the desired solution of equation (1). These components
determine the set of "general’ solutions to the ordinary differential equation (1).
To single out some specific 'particular’ solution from this set, it is required to
impose additional restrictions on the components {ag, a; }, which cannot be
determined from the relation a = D*tD"c.

The first two components that have not yet been found will have to be
additionally determined (to obtain a ’'particular’ solution) from the boundary
conditions (2). The remaining components of the vector a remain unchanged
and allow satisfying equation (1) for any first expansion coefficients in terms
of basis polynomials.

The solution of equation (13) gives us the vector of coefficients {¢y, ¢y, ..., ¢, }
of the expansion of the second derivative of the solution of Eq. (1) in Chebyshev
polynomials. Thus, the main problem is reduced to solving the simplest
Poisson equation:

y'(x) = flz), —l<x<l, (15)
where the function f(z) is calculated at any point of the interval x € based
on the known vector of coefficients {cy, ¢y, ..., ¢, }.

k=0

The method under consideration makes it possible to solve, depending
on the type of additional conditions, both the Cauchy problem with initial
conditions and the problem with boundary conditions of a general form,
requiring, for example, the use of the iterative shooting method [22]. The
boundary conditions of the original problem (2) allow extending the definition
of the spectral coefficients of the solution. Let us consider some variants,
such, e.g., as the Dirichlet conditions at both ends of the interval

y(=1) =, y() =45 (17)

Neumann-Dirichlet conditions
y(=)=a, y()=p (18)

or Dirichlet-Neumann condition
Y- =a y(1)=5 (19)

The algorithm for finding a solution to the simplest Poisson equation (15)
with one of the boundary conditions (17),(18),(19) consists of three stages:

— calculation of the coefficients of polynomial interpolation of the vector
f(z) in the right-hand side of Eq. (15) on the Gauss—Lobatto grid; an
efficient method is presented in [23];
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— calculation of those coefficients of the solution (except for the first two),
which are determined by the differential conditions (15) of the problem
(the solution must satisfy the differential conditions), by multiplying the
transposed Chebyshev matrix by the vector of interpolation coefficients
of the function f(z);

— redefinition of solution coefficients based on boundary (or other indepen-
dent additional) conditions (17),(18),(19).

In the case of Dirichlet boundary conditions (boundary conditions of the
first kind): p(—1) = a, p(1) = S, the determination of the still unknown
coefficients ay,a; is reduced to solving a system of two equations, which can
be, e.g., the equations, which determine the behavior of the solution at the
boundary points x = +1:

ag + a1y o(—1) + Z%Tk,o(_l) =q,
k=2

ag+a;Ty (1) + Zaka,n<1) = f.
=2

If we additionally consider the fact that Chebyshev polynomials of the first
kind take the values T} ;(+1) = +1, j,k = 0,1,... at the boundary of the

interval, then the solution can be written explicitly

a0:%<0z+ﬁ— Z ak>, a1:%<ﬁ—a— Z ak>. (21)

k=2,keven k=2,kodd

In the case when the boundary conditions contain expressions of higher
degrees of derivatives of the desired function, one can use the relation [7]

4T e
nl = (e (22)
dzP |,_ ’H) 2k+1

For example, in the case of mixed Neumann—Dirichlet conditions (boundary
conditions of the second and first kind): p’(—1) = «, p(1) = 5, the coeflicients
o, €; are determined by the formulas:

n

ay ZQ—Z(—l)kaQaka ag=p—ay _Zak (23)
k=2

k=2

and in the case of Dirichlet—Neumann conditions

n

a, =f— Z K*a,, ay=a—a;— Z(—l)k+1k2ak. (24)
k=2

k=2
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4. Solution of model examples

To illustrate the capabilities of the proposed algorithm, consider as an ex-
ample the solution of the following second order ODE with Dirichlet boundary

conditions y(—1) =sin 1, y(1) =sin 1:

v +zy =2+2*)cosz, x€(—1,1),
y(—1) =sinl,
y(1) =sin1.

The exact solution is y(z) = zsinz.

(25)

The problem was solved by the collocation method using the integration

matrices (see figures 1, 2).

residual
Solution

0.3
0.6
0.4 i

0.2

0 S e e S e e e m e e e e e 0
-1.0 -0.5 0 0.5 1.0
Argument

Figure 1. Ten collocation points. Solution is plotted in blue, residual — in red

residual
Solution

CE_4
0.84 =T
0.6+

3E-4
0.4+
1 2E-4
2] 10E-5
0 — T T e
-1.0 -05 0 05 1.0

Argument

Figure 2. Five collocation points. Solution is plotted blue, residual — red
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Comparison of the exact solution of the model equation with the numerical
one is given in the table 1.

Comparison of the exact solution of the model equation with the numerical onzab1e :
Number of | Mean deviation | Maximum deviation of the
collocation | abs(Yexact (T) — Yeare())/N calculated solution from the
points exact one
6 1.82356474757341e-06 4.63901002387395e-06
7 1.50424878363523e-06 3.0061171892859e-06
9 5.23575446557936e-09 1.05369208025419¢-08
11 1.19253244714073e-11 2.39715192140721e-11
13 1.91730425714347e-14 3.86046415624311e-14
14 4.4039495190215e-17 1.11022302462516e-16

The error was estimated numerically (see figure 3). The number of accuracy
control points /N was taken equal to one hundred.

residual
Solution

08 -\

[-2.0E-16

-1.5E-16

= 1.0E-16

-l

-1.0 -0.8 -0.6

Argument

Figure 3. High solution accuracy with the average and maximum deviations of the numerical
solution from the exact one < 10717 is achieved with a sufficiently small number
of collocation points (n > 13)

As can be seen from the results, the accuracy of the solution depends
significantly on the number of collocation points: with an increase in the
number of collocation points, the algorithm, in contrast to the method
using differentiation matrices, does not lose stability. Due to the inherent
property of Chebyshev polynomials, when approximating smooth functions,
the accuracy of the solution rapidly increases with a slight increase in the
number of basis functions. In our experiment, the most accurate solution was
obtained with the number of collocation points equal to 14. With a further
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increase in the number of collocation points and, consequently, the number
of approximation terms in the expansion series of the solution in Chebyshev
polynomials, the accuracy does not increase.

5. Conclusion

In traditional algorithms, even in the most favorable cases when using
differentiation matrices on arbitrary grids, the number of arithmetic operations
for solving problems with acceptable accuracy turns out to be large. This
fact is a consequence of the inclusion in the SLAE, obtained by passing from
differential to algebraic relations, of additional equations that specify the
initial and boundary conditions.

The algorithm presented in [23] uses a modified (improved) method of
pseudo-spectral collocation, i.e., the solution of the problem in two stages.
At the first stage, only the ’general’ solution of the ODE is found, which is
determined by the leading coefficients of the spectral expansion of the solution
in the polynomial basis. This approach allows constructing an algorithm
that uses only matrices of a simple structure to obtain the solution of the
corresponding SLAE. The missing expansion coefficients are determined at
the second stage based on the additional (initial or boundary) conditions,
solving a simple system of two linear equations.

In this paper, we use an algorithm based on integration matrices. The
matrix of the SLAE formed in this case turns out to be well conditioned even
for large dimensions of the system. A high accuracy of the solution is achieved
with a sufficiently small number of collocation points. The method based on
integration matrices should be chosen in cases when there is a request for
high and stable accuracy of solving the problem.
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Awunoramusi. Peajn3oBan MeTO CIIEKTPAJIHLHON KOJIJIOKAIIUN JJIsI PEIIEHUs JIBYX-
TOYEYHBIX KPaeBbIX 3aJa4 I Jud@PepeHInaJbHBIX YPABHEHNA BTOPOro MOPSIIKA,
OCHOBAHHBIN Ha IpeacTaBJICHUN PEIICHNYA B BUAC PA3JIOZKCHHA I1I0 ITOJIMHOMAM qe6b1-
mesa. [loaxom mo3BoJisseT yCTOWYMBO BBIYUC/IATh KAK CIIEKTPAIbHOE MPEICTABICHIE
pellleHnsI, TaK ¥ €ro IIOTOYEeYHOe IIPeICTaBIeHne Ha, JI000i HeoOXOMMMOil ceTKe B 00-
JIaCTU OIIpeaesICHU A ypaBHeHI/IH n JOIIOJITHUTEJIbHBIX YCJIOBI/IIU/I MHOT'OTOYEYHONI 3aJ1a9M.
s adpdexrusuoro nocrpoerus CJIAY, perenre KOTOPOil JaeT HCKOMBbIe KOI(DPUIH-
€HTBI, AKTUBHO MCIIOJIb3YIOTCS MATPHUILI 1eObIIeBa ClIeKTPaIbHOTO HHTEIPUPOBAHMUS.
IIpenmoxkentble aJIrOpUTMbI 00aTA0T BBICOKON TOYHOCTHIO JJIsi CUCTEM JIMHEHHBIX
aJiredpamvyecKnx ypaBHEHUI cpeHell pasMepHocTr. MaTpuiia CHCTeMbI OCTAeTCsT XO-
POIIIO OOYCJIOBJIEHHOM U C yBEJIUYEHHEM KOJUYIECTBA TOYEK KOJIJIOKAIIUN ITO3BOJISET
HaXOIUTh PEIIEHNS CO BCE BO3PACTAIOIICH TOYHOCTHIO.
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Abstract. This work is devoted to the implementation and testing of the Adams
method for solving ordinary differential equations in the Sage computer algebra
system. The Sage computer algebra system has, to some extent, trivial means for
numerical integration of ordinary differential equations, but at the same time, it
is worth noting that this environment is convenient and practical for conducting
computer experiments related to symbolic numerical calculations in it. The article
presents the FDM package developed on the basis of the RUDN, which contains
the developments of recent years, performed by M. D. Malykh and his students, for
numerical integration of differential equations. In this package, attention is paid
to the visualization of the calculation results, including the construction of various
kinds of auxiliary diagrams, such as Richardson diagrams, as well as graphs of
dependence, for example, the value of a function or step from a moment in time. The
implementation of the Adams method will be considered from this package. In this
article, this implementation of the Adams method will be tested on various examples
of input data, and the method will also be compared with the Jacobi system. Exact
and approximate values will be found and compared, and an estimate for the error
will be obtained.

Key words and phrases: differential equations, Adams method, Sage, FDM package,
Cauchy theorem, Taylor series, Richardson diagram

1. Introduction

To describe models in a variety of subject areas from mechanics to economics,
ordinary differential equations are used [1]. These equations admit solutions in
elementary functions only in some very special cases, therefore they are usually
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investigated numerically. The finite difference method was proposed by Euler,
the Runge—Kutta method of the 4th order is the most popular numerical
method for solving initial problems for ordinary differential equations [2].

Old authors, including J. Scarborough [3, ch. XIII|, mention numerical
methods alternative to the Runge-Kutta method. The method that J. Scar-
borough has associated with the name of the English theoretical astronomer
J. K. Adams, was forgotten for a long time, because it was very inconvenient
to implement on a computer: before its use, a number of preparatory calcu-
lations had to be carried out on paper. However, with the development of
computer computing, it became possible to perform these actions on a com-
puter, which pushes us to study the possibility of implementing the Adams
method in modern computer algebra systems.

Currently, RUDN University is developing an addition to Sage — the
FDM package, which contains the achievements of recent years, made by
M. D. Malykh and his students. The goal of the project is to create a convenient
environment for numerical experiments with ODES in the Sage computer
algebra system. This project is available to everyone on https://github.
com/malykhmd/fdm. The general principles of the package are described in [4].

The purpose of this work is to test the implementation of the Adams
method in FDM.

2. The Adams method and its implementation in FDM
Consider the initial problem

dz
=@, a0 = (1

Its solution exists by virtue of the Cauchy theorem. Decompose its solution
into a Taylor series at dt = 0:

xu+ﬁyzﬂw+ﬂﬁm+%ﬂ@ﬁ%a“. @)

Scarborough was forced to search numerically for the coefficients of the
Taylor series, but now we can find them analytically, using the formulas
specified by Cauchy himself. If f(x,t) is known, then

@(t) = f(z(t),t), &=Df, i=D,

where 9 5
g g
Dg=f—=+ —.
=Tz " ot
To calculate the coefficients of the Taylor series using these formulas, it
is required to differentiate the symbolic expression f many times, which is
naturally performed in Sage.
The Adams method in our interpretation is as follows. First, according to
the given symbolic expression f, the Taylor polynomial is compiled

2+ fla 1) -dt+~--+%DT1(f) dtr (3)



166 DCM&ACS. 2023, 31 (2) 164-173

up to r-th order members. Its coefficients are calculated explicitly in symbolic
form.

Then the segment 0 < ¢ < T on which the initial problem is considered is
divided into segments of width dt. At time ¢ = 0, the solution is given to us.
To find a solution at time ¢ = dt, we substitute ¢ = 0, z = z, into the Taylor
polynomial (3) and thus obtain an approximate value of x; for x(dt). To find
a solution at time ¢t = 2 - dt, we substitute t = dt, x = x, etc. into the Taylor
polynomial.

FDM implements two versions of the Adams method: with a constant step,
and with a step that becomes smaller the larger the first discarded term

1

il

in the Taylor formula (3).

3. Numerical experiments

We can test the implementation of the Adams method in FDM with a few
examples. We will evaluate the error using the Richardson method [2].

Example 1. Consider the initial problem

dx 9
= =t‘+z, z(0)=0
on the segment 0 < t < 1, its exact solution is known:
var("x,t")
pri=Initial_problem(x,t~2+x,0,1)
P=adams_adaptive(prl, h=0.1, field=RealField(500))
We get the value of x at the point ¢t = 0.8:
P.value(x,0.8)
0.21079360329767660164890230589662678539752960205078125
In figure 1 we see that the exact solution coincides with the approximate
one. In figure 2 we see that the step depends on the moment of time ¢, in
this case it decreases monotonically.

x dt

0.6 . 0.145 4
//// 0.140 1
0.5
0.135
/
0.4 / 0.1301
/'/
0.1254
0.3 //
,/ 0.1204
0.2 / 0.1154
e 0.1104
0.1 /
- 0.105 .
_— t i i i i i t
0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
Figure 1. Dependence of x on t Figure 2. Dependence of the step on

the moment of time ¢
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Figure 3 shows the log—log plot for the dependence of the error E on the
value of the variable z at time ¢ = 0.9 on the parameter h characterizing the
step of the Adams method. Such a figure is known as Richardson diagram [2].
Theoretically, the error E = ch” + O(h™1),

In our experiments we use 3 terms in Taylor series, thus r must be equal 3,
so the error must be proportional to h3. In our example (figure 3) there is
a direct proportionality on the logarithmic scale and the slope is equal to 2.99,
which is close to 3, so the error is proportional to h3. To build a Richardson
diagram [2] we used the standard tools of FDM [4]:
L=[adams_adaptive(prl, h=1/10/2"n, field=RealField(500))

for n in range(10)]
richardson_plot(L,x,0.9)

|E(x)]
1 —v=2992-0460

10-5 4

1076 4

1077 4

10°8 4

10792 4

10710 4

T T T
1073 1072 107

Figure 3. Richardson diagram

Each element of the list is an approximate solution with respect to the step
h=0.1-(1/2"),n=0,1,...,9.

Using standard tools of FDM, we can calculate the values of z and the error
and make sure that it is small. For example, at time ¢ = 0.8 and h = 1/20:
richardson(L[0], L[1], x, 0.8)

[0.21104359494629298943, -0.000035713092659491899]

If we take the exact solution and subtract the approximate one from it, we
get an error value equal to —0.0000382:

X_exact=-t"2 - 2%t + 2*%e"t - 2
L[1] .value(x,0.8) - RR (x_exact.subs(t=0.8))
-0.0000382620386425447

It should be noted that the values are almost the same (—0.0000357 and
—0.0000382), which means that Richardson’s method gives an almost correct
estimate for the error.

Example 2. Now we consider the system of two ODEs

.%’1 — £13'2, :13'2 - —.%'1
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with initial conditions z;(0) = 0, 25(0) = 1 at the interval 0 < ¢ < 10. Let’s
take the step h = 1/4 and solve the initial problem in FDM:

var("x1,x2,t")
pr2=Initial_problem([x1,x2], [x2,-x1],[0,1],10)
P=adams_adaptive (pr2,h=1/4)

In figure 4 we can see that our points lie on the sine wave. To plot graphs
we use the line:

P.plot(t,x1,color="'black') + plot(sin,(0,10),color="'grey')

Ty
1.0

0.51

—0.5 1

—1.0

Figure 4. Dependence of x on t

To plot a Richardson diagram (figure 5) we use the line:

L=[adams_adaptive(pr2,h=1/4/2"n) for n in range(10)]

|E(z1)|

—y=3.092+0.182

1072 4

10744

1075 4

1076 4

10774

1078 4

1079 4

T T T
1073 1072 107

Figure 5. Richardson diagram
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In this Richardson diagram we can see that not all points lie on a straight
line, this is explained by the deviation of the slope value, which is not 3, but

3.09. But the error is also proportional to h3.
Calculate the values of x and the error:

richardson (L[-3],L[-2], x 1,9)
[0.412118484375421, -8.69428719494993e-10]

We can compare the received error value by the Richardson method with
the real error:

L[-2] .value(x1,9)-sin(9).n()
-8.66335503335591e-10

Note again that the values are almost identical.

Example 3. Now consider the Jacobi oscillator

p=gqr, ¢=—pr,i=—k’pq

with initial conditions p(0) = 0, ¢(0) = 1, (0) = 1 at the interval 0 < ¢ < 100.
This example is interesting as a nonlinear oscillator. We described the problem
by lines:

var("p,q,r,t")

k=0.99

pr3=Initial_problem([p,q,r], [g*r,-p*r,-k~2*pxq]l, [0,1,1], 100)
P=adams_adaptive(pr3,h=1/4)

and plot the graphs to compare approximate and exact solutions in Jacobi
elliptic functions (figure 6):

P.plot(t,p,color='grey')+plot(jacobi('sn', t, k~2),(t,0,100),
color="'black')

p

1.0 1 SN

0.5 1

—0.5 A

N

—1.0 A1

Figure 6. Comparison of values obtained by the Adams method and the Jacobi method
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It is noticeable that the values diverge over a long-time interval, so that
this does not happen, it is necessary to take a smaller step. In figure 7 we
use a small-time interval, and the solutions coincide.

p
1.0

0.5 A

—0.5 A

—1.0 1

Figure 7. Comparison of exact and approximate solutions
We use adaptive Adams method what is important for nonlinear problems.
In figure 8, we see the dependence of the step on the moment of time, while
in places where the values change smoothly, the step is larger, and where
the function changes quickly, the step is smaller, which indicates that the

chosen method of adaptation according to the last term in the Taylor series
is correct.

dt

0.8
0.7
0.6
0.5
0.4

0.3 A

Figure 8. Dependence of the step on the moment of time ¢
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At Richardson diagram (figure 9), we can see that the points lie on a straight
line with a slope of 2.99. The error is also proportional to h3. Also we calculate
the value of x, the error by the Richardson method and the real error, and
again we get identical error values:
richardson(L[3],L[4],p,9)

[-0.983742403638134, -2.91251782518526e-6]
richardson(L[3],L[4],p,9) [0]-jacobi('sn',9,k~2)
-2.91556109444091e-6

[E(p)|

1072 4
—y=2.992—0.126

1073 o4

1077 o4

10—8 4

10—9 o

1073 1072 107t

Figure 9. Richardson diagram

4. Conclusion

In this article, the Adams method for solving ordinary differential equations
was tested on three examples. Also, shortcomings were identified in the
fdm.sage package, after their correction, the execution of the examples became
correct.

Thus, the computer experiments carried out confirm that the correct
approximation method is indicated in the implementation of the Adams
method in FDM, and this implementation itself allows to search for solutions
with an accuracy close to the rounding error. Also, the achievement of the
method is the natural adaptation of the step to changes in the function, where
the function changes quickly, the step decreases. In this case, the method is
symbolic-numerical, since the Taylor series is calculated symbolically once,
and then used as a formula in which specific numeric values are substituted.
At the beginning of the 20th century, this was considered the main drawback
of the method proposed by Adams, since there were problems with symbolic
computation — many iterations of differentiation led to large and complex
expressions. And now, on the contrary, we can consider the advantage of
the method that it can combine the powers of both symbolic and numerical
methods, but, of course, the implementation of this method can still be refined
and optimized.
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Peamuzanmusa merona Ajmamca Ay perneHusl OObBIYHBIX
nuddbepeHINAIbHBIX YPABHEHU B CUCTEME
KOMITIBIOTEPHOI1 ajireopnl Sage
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Annoranus. Pabora mocssmena peaam3anuy U TECTUPOBAHMIO MeToma AmamMca Iy
perenns OOBIKHOBEHHBIX Au(DEPEHITNAIBHBIX YPABHEHUN B CUCTEME KOMITHLIOTEPHON
ayrebpnl Sage. Cucrema KOMITBIOTEPHO aJireOphl Sage o0Ja1aeT B KAKOW-TO crere-
HY TPUBHAJJbHBIMHU CPEICTBAMU JIJIS YUCICHHOI'O MHTEIPUPOBAHUsT OOBIKHOBEHHBIX
nudepeHnnabHbIX YPABHEHNM, HO TIPUA 9TOM, CTOUT 3aMETUTD, UYTO JIaHHASA CPela
yI0OHa U TPAKTUIHA JJIs IPOBEICHUS B HEll KOMITBIOTEPHBIX IKCIEPUMEHTOB, CBI3AH-
HBIX C CUMBOJIbHO-YMCJIEHHBIMU BbIYHUC/IeHUsiMUA. B pabore npescrasiien maker FDM,
paspaborannbiit Ha 6a3ze PYJIH, B KoTopoM cobpaHbl HAPAOOTKHU IMOCIEIHUX JeT,
BointoyiHeHHBIX M. /1. Majbix u ero ydeHnKaMu, JJid TUCTIeHHOTO WHTErPUPOBAHUST
muddepeHnraIbHbBIX ypaBHeHU. B qanHoM nakere yie/ieHo BHUMaHNE BA3YATU3AIAN
PEe3yIbTATOB BBIYUCIEHUS, B TOM YHCJIE TTOCTPOEHUIO PA3HOTO POJIA BCIIOMOTATEIBHBIX
JauarpaMM, HampuMmep aumarpamMM Puuaprcona, a Takxke rpaduKOB 3aBUCUMOCTH, Ha~
nmpuMep 3HadYeHus: (PpyHKIINKM WK Iara OT MOMEHTa BpeMeHH. B craTbe paccMoTpeHa
peasmsanys MeToda Ajgamca, MPOBEIEHO €€ TeCTUPOBAHUE Ha Pa3IMIHBIX IPUMEPaX
BXOJIHBIX JAHHBIX, 8 TaK>Ke BBITTOJHEHO CpaBHEHHE MeTomda ¢ cuctemoit Axoou. Haii-
JEHbI U TOYHBbIE, U TPUOJIMKEHHBIE 3HAYEHUSI, IIPOBEJIEHO UX CPABHEHUE, ITOJIyIeHA
OITEHKA, JIJIsI OITNOKM.

Kmmouesbie caoBa: nuddepeHnnaibable ypaBHeHus, Merod AmamMca, Sage, akeT
FDM, teopema Koru, psanm Teitnopa, muarpamma Puuapmacona
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Buckling in inelastic regime of a uniform console

with symmetrical cross section: computer modeling using
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Abstract. The method of numerical integration of Euler problem of buckling of
a homogeneous console with symmetrical cross section in regime of plastic deformation
using Maple 18 is presented. The ordinary differential equation for a transversal
coordinate y was deduced which takes into consideration higher geometrical momenta
of cross section area. As an argument in the equation a dimensionless console slope
p = tgf is used which is linked in mutually unique manner with all other linear
displacements. Real strain-stress diagram of metals (steel, titan) and PTFE polymers
were modelled via the Maple nonlinear regression with cubic polynomial to provide
a conditional yield point (¢,0¢). The console parameters (free length [y, m, cross
section area S and minimal gyration moment J,) were chosen so that a critical
buckling forces F, corresponded to the stresses o close to the yield strength oy.
To find the key dependence of the final slope py vs load F needed for the shape
determination the equality for restored console length was applied. The dependences
py(F) and shapes y(z), 2 being a longitudinal coordinate, were determined within
these three approaches: plastic regime with cubic strain-stress diagram, tangent
modulus Ei,,, approximations and Hook’s law. It was found that critical buckling
load F,, in plastic range nearly two times less of that for an ideal Hook’s law. A quasi-
identity of calculated console shapes was found for the same final slope p, within the

three approaches especially for the metals.

Key words and phrases: Euler problem, plane cross-sections hypothesis, buckling,
console, plastic deformation, strain-stress diagram, conditional yield point, critical
buckling load, Maple programming, nonlinear estimation, Al/PTFE, steel
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1. Introduction

The problem of stability loss in a beam under longitudinal load (buckling) in
the range of inelastic strains is actual and important from many points of view
such as sports (pole vaulting), civil engineering (bridges, truss constructions),
aeronautics, robotics and elsewhere the requirements of a small weight and
large strength are imposed on structural elements been designed [1]. Fatigue
of materials, lowering the proportionality and elasticity limit due to the
Bauschinger effect in periodically tensile and compressed elements, hysteresis
etc. — all that results in falling of initially secure loads time into the zone of
serious risk of buckling. Therefore, beginning from the pioneering work of
F.R. Shanley [2] considered so called tangent and reduced moduli approaches
[ibid], Euler’s problem in inelastic range attracts more and more researchers —
from engineers dealing with material strength to pure mechanicians and
mathematicians dealing with bifurcations, nonlinear phenomena etc.

Of course, modern models of buckling are 2- or even 3-dimensional and they
take into account not only bending shift component but a shear one too. To
take all this into account the finite-element modeling (FEM) is widely used and
it is implemented in the commercial software package ABAQUS (see e.g. [3-5])
and similar software. Many features and peculiarities both in thick so called
Timoshenko beams [6] and in sandwich /fiber-composite/lattice/C-columns
(see |7-9]) etc. are explained well in these multidimensional models.

The problem is studied in university courses of material sciences within
a plane cross-sections hypothesis which leads to simple one-dimensional (1D)
Euler ordinary differential equation (ODE) of the II-nd order. However,
the attention is paid mainly to moment of arising of the phenomenon itself
and its possible shapes for various ways of a beam fixation. Unfortunately,
the linearized Euler ODE coupled with boundary condition (BC) on the
beam ends looks like a classical eigenvalue problem with unstable higher
modes corresponding to higher eigenvalues too. This ODE is similar to the
Schroedinger equation for 1D particle in a potential well with infinitely high
walls. This similarity misleads the students to the wrong conclusion that the
non-zero solution of the ODE exists only for a set of “resonant” axial loads
F,,n=12 .. just like in the aforementioned case of the well. And it is not
clear whether for “non-resonant” forces from inside the intervals the ODE has
purely compressive solution without any buckling or else power-like formula
or something else. Or, may be, it shoots at some finite value at once just
as the axial force F reaches some critical value as we have seen from our
own experience, compressing by the hands a steel ruler? In what way the
non-linear and inelastic properties with yield point on strain-stress diagram of
real materials influence the critical buckling load F, and the shape of column
buckled?

This kind of questions inevitably arises by analytically thinking students
which can’t find the answers in many available textbooks where only simplified
explanation of the phenomenon is presented. One of the reasons why it takes
place is traditionally pure mathematical means to describe the buckling
process not expressing in standard algebraic functions. Nowadays, at the
time of rapid development of mathematical software, more and more new
opportunities to study the buckling phenomenon both with practical, scientific
and educational purposes are opening up.
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As for the Maple itself it is permanently improving software package with
simple programming language with commands close to English ones supplied
with comprehensive parameters and easily read option Help. The undeniable
advantage of the package in addition to the extremely broad coverage of
the sciences from Bayesian statistics to Feynman diagram calculations is an
extremely high computational accuracy due to so-called “long Arithmetics”
(Matlab soft uses Maple calculations) and opportunity to choose an alternative
computational method and compare the results to improve their reliability.
All above makes this package most reliable means of numerical modeling
compared to those packages where the control of the calculation process is
reduced only to the choice of the “mouse” option from the menu.

The work is devoted to numerical modeling of the buckling phenomenon
of uniform beam. The main purpose of this work is to present readers
relatively simple and effective calculation algorithm and its realization with
the Maple 2018 relying on which it is possible to learn in what way inelastic and
plastic properties of the material in question influence the basic parameters of
buckling. The versatile skills gained from this activity may be then applied in
up to date theories and experiments in study of buckling of real constructive
elements say within aforementioned FEM and others.

The application of the Maple not only solves many technical difficulties
of mathematical nature but with the algorithm itself and with consequence
of computational procedures it gives students better comprehension of the
mechanism and nature of the phenomenon of buckling. Moreover, as part of
university lessons and practices this kind of investigations may be joined in
one collective interdisciplinary research project which results may be discussed,
analyzed and then presented at student conference/contest.

2. Equation

We neglect in the paper the shear effects and stay within the classical
Euler’s 1D-model of buckling but with the axial compressive loads resulting
in plastic deformations in the material.

Nevertheless, the fundamental properties of the phenomenon are described
adequately both from qualitative and quantitative points of view in the frames.
And the results of modelling with the use of software package Maple 18 fit
well compressive tests for various real materials with non-linear strain-stress
diagram.

We regard for simplicity the vertical column AB of free length [ and uniform
cross-section (S) symmetrical with respect to the axis x of minimal gyration.
The column is made of isotropic material with a typical for metals and
polymers strain-stress diagram with conditional yield point (see later). The
lower end A of the column is pinned hardly while the upper one B been
exposed to the axial compressive load F, N (figure 1). This vertical force
provides normal stresses o, beyond the elastic range on the diagram, and
even greater than yield strength o above.

The choice of the pinned console solves problems with ambiguity of the
bonds between the slope and the axis displacements. So, the transversal
shift y of the center of the z cross-section and its vertical displacement Az
are uniquely related to the current inclination p = dy/dz of the console axis
(figure 2).
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f=arctgp
b

Figure 1. The uniform beam with pinned lower end A and loaded with F'on the upper B

ANy

Figure 2. Symmetrical cross-section with zero odd momenta

Let’s write down the fundamental relation between bending torque M, (z)
and curvature radius p (z) in the same section (z). First, within plane-
section hypothesis we represent the normal strain in the layer with the local
coordinate 7 as €, = €,, +1/p where €,, is a compressive strain of the axis
crossing the section z in the center C.

Then regarding strain-stress diagram as obeying cubic law with respect to
the access value we have

oleas) 1 L) (1", 1 d0len) (1)

de p 2! de p 3l ded p

Substituting this expression into the formula for the bending moment and
taking into account the symmetry of the cross-section, we get

ﬂ dS_ a:r) J»’U )+ld30'(8ax) éIV)
a1 ) 3! de? p3

with JQ(CH) and J;,,IV) being the 2-nd and 4-th momenta of inertia of the
cross-section area. The 3-rd one drops due to the cross-section symmetry and
we may generalize the concept of a cross-section symmetry in this way, i.e.

JQ(CIII) —0
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Given that 1/p equals 37, /(1 4+ y/?)3/2, we get the left-hand side and writing
down the right-hand side the equation which determines the shape of the
column buckled

do(ey,) Iyl 1dPo(e,,) W WL)”

oy O A gy

with M, = —Fb being a torque on hard seal A (figure 1) and the value of b
as a transversal shift of the upper end B.

This equation is nonlinear on the senior second derivative but due to its
autonomy, it can be lowered in its order and then solved within the framework
of perturbative approach under the assumption that the second term with
J;EIV) is much smaller than the first one. Thus, making the substitute v =y—b
we get the equation with boundary condition

Ji v, (do(eag) 1 (d%(eaa) Tyl
(1 —|—v;2)% de 6 de3 (1 _1_1);2)%
v(0) = —=b, w(zg)=0, v,(0)=0.

z

—(Fy+My), (1)

= —Fwv,

After substitution v" = p and assigning the p as an argument we get
v., =p-(dp)/(dv) and

TP (do(e,,)\ | 1(dPolea) )R PR
(1—{—p)3< de >+6( de3 ) (1—}—}7)% ik
U(O) = —b, v(pf) =0,

where p; is a final slope at the end B.
After simple transformation we receive

S dp? do(eys) | 1do(en,) i vy’

(1 +p2)% de 6 de? (1+p2)? <dv2)2 = —Fdv?, .
v?(0) =% wv(p}) =0,
dw J T do(e,,) 1d30(e,,) T
o S A T TR

w(0) = b*,  w(p}) = 0.

In this equation the derivatives (do(e,,))/(de) and (d3c(e,,))/(de?) de-

pend on p? = s because both the strain ¢, of the axis and the normal stress
0, at certain place caused by it depend the slope p as

() Fcos® F F (3)
ag = = T = -
o S S1+p?)7  S(1+s)2
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Also, the final slope p; is unknown and it should be found from some

condition (see later). To solve (2) we should build and use a model strain-
stress diagram both in direct and inverse type.

3. Modelling strain-stress diagram

We considered the diagrams which contain a) initial proportionality stage
o(e) = FEe, the E being Young’s modulus, b) the yield stage containing
conditional yield point (o, t), i.e. an inflection point with (d*c(t))/(de?) =0,
c) and final densification stage with (d?c(e))/(de?) > 0.

The cubic formula meeting all the requirements above is as follows

3Elu2 EM2 _Et—O'f
— ¢ +—t€ e I

=F
o(e) € 5 5

(4)
and it has the derivatives

do(e) 3Eu d3c(e) 3Ep
——+=F—-3F —g? = .
de R TI R t (5)

(The parameter p turns to zero at ideal linear diagram otherwise it describes
in what extent the diagram is nonlinear. Namely, the greater p the more
non-linear o(e)-dependence and it manifests itself at smaller strains ¢.)

For the equation (3) it corresponds to reverse approximate formula

o 3uo? | p(9ut —1)0®
0 =5t o 2E51 (6)

which gives identity with accuracy of O(e*) when the stress value (3) is
substituted into it.

Application of (4) for regression by Maple 2018 option “Fit” on experimental
data received at students’ practicum for low carbon steel compression test
gives good match on the level of adjusted R? = 0.999733 of the data with the
curve (3) (figure 3). An estimated Young’s modulus F lies in confidence (95%)
interval (165; 175) GPa a little less of the handbook values of 180 ...220 GPa.
This is surely due to fatigue of the material as a result of numerous tests
fulfilled by many generations of students in the workshop on material science
at Yaroslavl branch of Moscow Institute of Transport Engineers.

The reversed formula (6) also fits well the data within yield stage though it
doesn’t contain a densification stage. Up to the beginning of the densification
stage due to (3), the curves actually merge into a single line with discrepancies
being of order of the residuals of estimation. Also, we see good quasi-linearity
of the data in range of s from about 0.007 to ~ 0.017 where the conditional
yield point (t = 0.0134) is localized. This quasi-linearity justifies the use of
the tangent modulus method in solving the Euler equation for buckled beam.

Not only for the steel but for other metals such as titan and wolfram the
simple cubic formulas (4) and (6) fit well the experimental data. For the fluor
polymers they hold too. Thus, for Al/PTFE (aluminum/polytetrafluoroethy-
lene) the experimental data [10] fit well (4) (figure 4). Moreover, we see that
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in the wide enough middle part of the diagram points fit well on a straight
line corresponding to the tangent modulus Et of about 50 MPa. Although

the interpolating line does not emphasize this fact.

2. % 10°7 i
///
s 15x100f=————/——
t
T
€
o Lx107]
Pa
5. % 108
0 . . e .
0 0.005 0010 0015  0.020
Strain, €

Figure 3. Cubic model direct (4) (grey solid) and reverse (6) (black long dash) diagrams
built on experimental data (black diamonds) for low carbon steel. Hook’s law (solid thin
grey), yield strain ¢ = 0.0134 (black dot), yield stress o ; = 1.48 - 10° Pa (grey dash)
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Figure 4. Al/PTFE strain-stress diagram: experiment [10] (solid circle); cubic
model o(g) (4) with the parameters E' = 400 MPa, o, = 44 MPa, t = 0.3,
= 55.8 MPa (solid black), Hook’s law (solid thin grey), reversed diagram e(o) (solid

thick grey), yield strain ¢ = 0.3 (black dot), yield strength (grey long dash)
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All examples above confirm the effectiveness of a simple cubic formula for
adequate describing the diagrams of many plastic materials, both metals and
polymer composites, increasingly used in mechanical engineering, aeronautics
and robotics.

4. Solving the equation

To write down the equation describing the buckling in inelastic regime we
should substitute (6) in the formula (5) for the first derivative and limit the
resulting expression to the first four members

do 3u 9u? 6> 27
—E-3 2 (2 2L )3 7
de Ho ¥ <2Et 2E>U * (E?t 2r2 )° (")

Substituting the expression (3) for axial stress in (7) and then in (2) we

receive the equation defining the dependence w = v? - vs - s = p?.

duw Y S ””<%“ ~ %)
o _ _ 28
ds F(1+s)2 S(1+5)? 1+4s)2
II
I >(g]_2t ) e pE_J5 ®
3 9/ dw .
S3(1+s) 2t P(1+45)2 (%)

Expressing the w = w, + dw as a sum of the w, satisfying the equation (8)

with J&'Y) = 0 and boundary conditions in (2), and a small additive dw fitting
zero boundary conditions at upper end B, we find formulas for the w, and dw:

(IT)( 3 92
o) — 2J§:II) - 3J§;II)M 2J, (z—b’it — %) -
0 F(1+s)% S(1+5)? 352(1+ s)3
(IT) ( 6u2
L <E_%_22]”ZZ>F —52,(9)
253(1+ )3 ’
vy 7
wEJy wy(s")ds’ ,
dw(s) = 5T / 0 EPIRCE (9)
(1452 ()

From (8) a clear relationship between the transversal displacement b of the
upper end B of the console and its final slope p; follows

I

. QJCEII) 3(];;”) . 2J3(CH) (;—& — %
O F(+p3)V2 S(1+p3)? 352(1 + p})p/2
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(IT) (6p> _ 27 P} 1/2
Jz <%_W) ) /LEJ;IV) wq(s")ds’
=+ o dw 2 . (10)
s (]‘ + S )2 ( ds’ )

+

253(1 + p})? 2Ft

Further calculations (see later) show that for real materials and standard
cross sections (I,L-beam, channel, square, circle, etc.) the addition (9) is at
least 4 orders less than basic function (8). Thus, for a PTFE Teflon channel
with a length of [; = 0.75 m and an area 64 times the area of channel No. 10
at a final slope of 0.5, the additive dw was in maximum less than 0.01% of
the basic function wy(s = p?). And since they are added geometrically to
form v(p) = y(p) — b, the contribution will be completely invisible (figure 5).
So, we may easily neglect the integral amendment in (10).

7.%x 10781
6.% 1071
5.%x 1071
Wor O 4 x 10701
3.%x 1071

2.%107°7

1. x 107°

0 T T T T 1
0 005 010 0.15 020 0.25

N

Figure 5. First order function 10~%w (s = p?) (black) (9) and additive dw (grey) (9") due
to 4-th moment of inertia J4 ¥ for I-beam made of Teflon (PTFE), 0.75 m, 0.077 m2,
J¢' = 0.000065124 m*

5. Determining the final slope vs load dependence

Analyzing the expressions (8)—(10) it is easily seen that correct solution of
ODE may be received only for known dependence of the load F' on the final
slope py. To find it we are to compile so called characteristic equation on
restored length of the console.

So, we have a transversal axis shifted coordinate vy(p) = y(p) — b =

—\/ Wy (p?).
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Figure 6. The p ¢(F ) dependences for Al/PTFE I-console with I, = 0.5 m, S = 0.077 m?,

() = 0.000065124 m* within the three approaches: stress due (4) (black), tangent
modulus (thick grey) and Hook’s law (grey thin)

P dv (p") and

The longitudinal coordinate z may be found as z(p) = /
0

elementary length of the axis as

dl(p)z—dv"(p) 1+p2 = dywo dwy ds v1+p?  dwy V142
p

Being restored after the load is removed, this value becomes

di(p) _ dw, A + p?
l—e(p) dp* /Wy
where the strain £(p) taken positive, of the console axis element marked
p is received by substitution of the stress (3) in the reverse strain-stress

diagram (6). By integrating by p and equating the result with the free length
of the console [, we obtain the function p f(F) specified implicitly:

dwo \/ 1 ‘l—p
dp? VW

dlI‘GS <p> =

(1+e(p) +£2(p) +3(p)),

(L+e(p) +e(p) +e3(p) dp = L(F,py) = lo.  (11)

This key equation has non-empty solution if and only if the value of load F

exceeds some critical buckling force F|., The Maple package has successful
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option implicitplot which builds precisely the graphs of implicitly specified
functions.

To compare the results obtained at different approximations, dependencies
pf(F) were also calculated for an ideal material with the same Young’s

modulus, as well as in the approximation of a tangent module when the first

derivative in (7) was limited by the first two terms 22(c) = E — 3uo.

Due to the availability of a quasilinear middle yield stage on the diagrams
(figures 4) for Al/PTFE (aluminum/polytetrafluoroethylene) [ibid], the results
for the cubic formula (4) obtained within the tangent modulus approach were
very close, but hugely differing from the results within Hook’s law (figure 5).

It is worth mentioning that the extremely large loads were chosen exclusively
to reach the stresses close to yield strength o;. For the same reason, the

geometric parameters of the console were chosen, so that its flexibility A
varied from ~ 5 to ~ 20.

So, we see that regime of plastic deformations diminishes cardinally the
classical critical load F,, predicted by Hook’s law approach studied in most
universities. Especially it takes place for the materials with low yield strength
such as Teflon, polymers in general and composites based on them.

Also, we see that relatively simple tangent modulus approach gives the
results extremely close to those received by modeling strain-stress diagram
by cubic formula (4) with conditional yield point.

The cross-section symmetry in generalized meaning, i.e., JQ(CIH) = 0 simpli-
fies significantly the calculation due to the absence of a next-in-rank additive.
And as for this for the 4-th gyration moment it occurs quite negligible so
we may limit ourselves to only the terms containing the second moment of
the cross-section. As for widely used non-symmetrical cross-sections such as
L-beam the 3-rd moment doesn’t equal exactly to zero but very close to it
due to the area quasi-anti-symmetry. Thus, the method developed may be
implemented for wide class of constructive profiles.

6. Buckling shape

The shape of the buckled console is easily calculated parametrically from
the above formulas for the longitudinal z(p) and transversal y(p) coordinates.
The shape was calculated in all three approximations: the plastic deformations
of the axis due to a model cubic diagram with a conditional yield strength, in
the approximation of the tangent modulus, and for Hook’s law. The load F
for each case was taken to provide the same final slope p; = 0.5 (figures 7, 8).

We see that the shapes are extremely close to each other though the
compressed lengths differ significantly especially for ideal Hook’s case with the
load almost 2 times greater of those for the rest two approaches. As for the
case of the low carbon steel with much greater Young’s modulus the identity
of the shapes was really ideal (figures 8) for different beam lengths. Due
to approximate proportionality of the loads providing the same final slope
within different approaches one may suggest not to solve the unwieldy case
of cubic diagram (4) but to use a simple Hookean case with the subsequent
recalculation of forces.
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Figure 7. Quasi-identity of the shape of the Al/PTFE I-console, I, = 0.5 m. 0.077 m?,
J& = 0.000065124 m* buckled under the loads F(p;=0.5) within the three
approaches: plastic strain (4) under F' = 1.932 - 10%N (black solid), tangent modulus with
F =1.97-105N (black dot) and Hook’s law with F' = 3.68 - 10° N (grey)
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Figure 8. Really complete shape identity for the steel I-console No 10, 5 = 0.5 m under
loads resulting in equal p; of 0.5 due to ideal Hook’s (black long dash) and cubic (solid grey)
strain-stress diagram

7. Conclusion

So, we prove that the suggested numerical method of Euler problem solution
within a plane section hypothesis using the Maple software is quite effective
and implementable in the range of plastic strains. The software is versatile
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useful for solving many related sub-problems such as bringing together similar
terms, expansion expression into a series, curve fitting, nonlinear estimation of
parameters from experimental data, plotting an implicitly specified function,
3D-plots, etc. The algebraic type of the functions involved which is provided
by a lucky choice of integration variable facilitates the computational process
and gives a gain in speed compared to analogous use of transcendental and
moreover special functions. Therefore, the method may be further generalized
on more complicate case of piecewise uniform beam.

Solving this kind problems, when any even minor invisible error can mislead
student to qualitatively wrong results and conclusions, disciplines him and
eventually makes him a specialist in mathematical modeling in a wide range
of sciences. The specialist who is critical of “ready-made solutions” in the
form of convenient commercial software products which may solve well one
class of problems and occur useless and distractive for another one.
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IIpomoabHBI N3rubd OTHOPOAHON KOHCOJIU
C CUMMETPUYHBIM CE€YE€HHEM B pexKHMe IJIaCTUIECKUX

nedopMalmii: YNCJIEHHOE MOIeJIMPOBAHUE TTOCPEJICTBOM
Maple 18

B. B. Yncrakos, C. M. CosioBbEB

Jlabopamopus Pusuru pedko3emMesvbHUT NOAYNPOBOOHUKOS,
Quaukro-mexnuveckud uncmumym um. A. @. Hopgpe PAH,
Hoaumexnuveckan ya., 0. 26, Cankm-Ilemepbype, 194021, Poccus

Annoramuga. llpeacraBimeH cmocod YHUCIEHHOTO MOIEJTUPOBAHUS ITOCPEICTBOM
Maple 2018 mpomoIbHOTO U3rubda OJTHOPOSHON KOHCOJIM C CHUMMETPUIHBIM CEIEHUEM
B pexunme ractuueckux nedopmarnuii. [Tomydeno obbikHOBeHHOE jTrichbdepeHmaib-
HO€ ypaBHCEHUE JIJId HOHepe‘—IHOfI KOOpJAUWHATBI, YIUTBIBaOie€ BbBICHINE MOMEHTBI
nHepIun ceveHud. B Ka49eCTB€ apryMeHnTa B HeM CJIY 2KIJT yHHKa.HBHbeI JJId KazKJ10Iro
MecTa 6e3pa3sMepHbBI HAKJIOH KOHCOIU p = tan f, B3aUMHO OJHO3HAYHO CBI3AHHBIN CO
BCEMU TlepeMelneHnsiMu. JInarpaMMbl C2KaTust peajibHbIX MATEpUAsIoB (CTaJjlb, TUTAH,
redion, amoMuHri-TedI0H) MozgeapoBauch B Maple npu nomoru HeJimHeRHOI
perpeccuu Ha SKCIEPUMEHTAJILHBIX U JIUTEPATYPHBIX JAHHBIX C HUCIIOJIb30BAHUEM
NOJIMHOMA. 3-TO MOPSI/TKA, 06eCTieTnBAIOIero yCJIOBHbIH Tpejien Tekydectn (t,0 ). Ha-
pameTpsl KoHco (JyiuHa [y, MIOMa b ce9eHns S 1 MUHUMAJIbHBIT MOMEHT WHEPIUN
J,) moabmpamch Tak, ITo0bI H3rubaronas cuia obecrednBasa HalpsizKeHne BOII3n
npeaesjia TeKy41eCcTu O'f. ZLHH HaXOXKJICHUA KJIIOYEBOI 3aBUCUMOCTU YIJIOBOT'O HAKJIO-
Ha CBOOOIHOT'O KOHIIA P ¢ OT 3aKPUTUYECKOI HArPY3KH F > F_., 9T0 HeoOXOIUMO IS
onpeiesieanst GOPMbI TTPOruda, MCIOJIb30BAJIOCh PABEHCTBO MTPOUHTEIPUPOBAHHOMN
BOCCTAHOBJIEHHOI 3/IeMEHTAPHO JJIHHBI €€ CBOOOIHOMY 3HAYEHUIO /. 3aBUCUMOCTHI
p¢(F) m y(z), 2 — MPOsIOBHAS KOOD/IMHATA, PACCUATHIBAIICH B PAMKAX CJIEJLyIONTIX
TPEX MOIXOMOB: IMJIACTHICCKUN XapakTep JAedopMalinii CorjiaCHO MOJTUHOMHUATIBHON
(n = 3) mmarpamme, TpUOIHKEHEE KACATETLHOTO MOy Ey,,, W TpubimKenne
UJIeaJIbHOM BBITTOJIHUMOCTH 3aKOHA |'yka. OOHApyKeHO, 9TO B PEAJBHOM CJIydae
IJIaCTUYeCcKuX JedopManuil KpuTudeckas: Harpyska F. IIo4Tu BIBOe MeHBIIE, YeM
B ujeaJibHOM ciydae. [lpu sToMm HabII0OaeTCA TOYTH UIEHTUIHOCTh (POPMBI U3TH-
Oa KOHCOJIM B PaMKaX 9THX TPEX HOJIXO/I0B IIPH OJIAHAKOBOM KOHEYHOM HAKJIOHE Py,
0CODEHHO JJI METAJIJIOB.

KiroueBbie cioBa: mnpobjema Jiijepa, TUIOTe3a IJIOCKUX CEeYEHUl, BhIrmbaHue,
KOHCOJIb, TTACTUYEeCKHue fedopMariuu, nuarpaMMa C2KaTus, YCJIOBHBIN TPEJe TeKy-
9eCTH, KPUTHYIECKas BhITMOAIONIas Cujia, IporpaMMmupoBanne Ha Maple, HemHeitHAs
onerka, rediaon Al/PTFE, cranb



