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Summary. In this paper we deal with central rigid ring which is generalization of rigid ring.
We consider how the notion of central rigidity can be transferred from the ring to the
corresponding matrix and polynomial extension. Quasi-rigid rings will be also considered.

1 INTRODUCTION

In this article R denotes an associative ring with identity. Mehrabadi i Shakebi in [1]
introduced a notion of central rigid ring. For endomorphism o, a ring R is o central rigid if a
o(a) = 0 implies a € C(R), where C(R) is center of ring R. We know that a class of central
rigid rings is generalization of class of rigid rings. An ideal I of a ring R is called c-ideal if
o(I) € I. We say that o-ideal | is quasi o-rigid if aRo(a) S I impliesa € I, forall a € R [2].
A ring R with an endomorphism ¢ is quasi o-rigid if ideal =0 is quasi o-rigid which is
equivalent to condition aRa(a) = 0 implies a=0. It is well known from [1] that the class of
central rigid rings is closed for direct products, localizations, direct limits with injective maps,
and isn't closed for homomorphic images. If ¢ is endomorphism of a ring R then the map ¢
can be naturally extended to an endomorphism ¢' of the ring R[x] by o'(Tl,a;x") =
> ,o(a)xt. In [1] is also shown that the notion of central rigidity can be transferred from
ring R to corresponding ring of polynomials in linear variant. Let o be an endomorphism of R.
We use R[x;c] to denote skew polynomial ring with the ordinary addition and the
multiplication subject to the relation xr = o (r)x (see [3]).

2 CENTRAL RIGIDITY VERSUS QUASI RIGIDITY IN POLYNOMIAL RINGS

Recall that [4] the notion of quasi rigidity transferees from the ring R to the ring R[x]. If ¢
is endomorphism of a ring R then the map o can be n extended to an endomorphism ¢’ of
the ring R[x] by equation

U’(Z ?=0aixl) = Yi=oo(a)x".

THEOREM 2.1. [3] If R is quasi o-rigid then R[x] is quasi a'-rigid ring.

PROOF. Let f(x) = ag + a;x+...+a,x™ and f(x)R[x]o'(f(x)) = 0.
Let

f(x) = by + byx+...+bypx™,
be an element from the ring R[x]. At first glance from the
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m
Z a;xt Z bix’ » o (a;)x"

n n
i=0 j=0 i=0

we obtain ayby0 (ay) = 0 so that we have a, = 0.

agbyo (ay) + agby0o (ay) + apgbyo(ay) + a;bgo(ay) + aybgo(ag) + azbyo(ay) =0

so that we obtain a;byo (a,) = 0. Since R is quasi o-rigid, we have a; = 0. Continuing
in this way, since the coefficient of x?"*™~2 has to be zero and a,,_, = 0 is obtained in the
previous step, we have a,_,byo(a,_1) = 0. Using the quasi rigidity argument we have
a,_; = 0. Finally at the end the coefficient of x?"*™ has to be zero, we obtain
a,b,0o (a,) = 0, which means that a,, = 0 and so f(x) = 0.0

From the fact that a class of quasi-rigid rings is generalization of class of rigid rings we

obtain next result. We know from [4] that a class of quasi-rigid rings is closed for direct
product constructions.

COROLLARY 2.1. If R is o-rigid then R[x] is ¢'-rigid ring.
Now we note a result from [5] about generating rigid rings with inner automorphism.

PROPOSITION 2.1. Let o be an inner automorphism of a reduced ring R, then R is o-
rigid.

PROOF. Suppose that ra(r) = 0,7 € R. Since o is an inner automorphism there exists an
invertible element u € R, such that ro(r) = ru~lru = 0, so ru~'r = 0. This implies
that (ru~1)? = 0 and since R is reduced we get ru~! = 0, which means r = u. Then

a(r) = r"r? sora(r) = r? = 0, hence r = 0. Therefore R is o-rigid. ©
In the class of central rigid ring we have an extension of central rigidity notion only in a

case when polynomial is linear. The ring R[x] is called linear central o-rigid if for any
f(x) = ag+ayx € R[x], f(x)a(f(x)) = 0impliesthat f(x) € C(R[x]).

THEOREM 2.2 Let ¢ be an endomorphism of a ring R. Then R is central o-rigid if and
only if R[x] is linear central o-rigid.

PROOF. Assume that R[x] is linear central o-rigid. Then R is central o-rigid as a subring
of R[x]. Conversely, assume that R is central o-rigid and f(x) = ay, + a;x € R[x] such
that f(x)a(f(x)) = 0. Then ago(ay,) = 0and a;0(a;) = 0and so ay; a; € C(R), since R
is central o-rigid. Therefore, f(x) € C(R[x]) and hence R[X] is linear central \sigma-rigid. O

Noting that the class of central rigid rings is closed for localization, and R[x; x~1] =
RS~ for S = {1,x,x2,x3,x%,...}, we recall next corollary from [1].

COROLLARY 2.2. Let R be aring and o an automorphism of R. Then the following are
equivalent:
(1) R is central o-rigid.
(2) Riis linear central o-rigid.
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(3) R[x; x~1]is linear central o-rigid.

3 MATRIX CENTRAL RIGID RINGS

In this section we give an example of matrix central rigid ring. At first glance for aring R
we consider a following set of triangular matrices

([an Aip A13 .. aln'l \
||0 Ay; Qy3 ... Qop |
T‘I’l(R) = 4 0 0 a33 a3n | aij € R ¥,
: : : o [
o 0 0 .. a,mJ )
and
n n
T(R,n) = RI, + Z Z RE;;,
i=1 k=i+1
where E;; is the matrix unit for all i, j and I,, is the identity matrix.
([ao a1 az an_l'l \
10 ay a; .. an,| |
TRm =10 0 a .. a ||aeRY,
. . I

o

1K : o J
o 0o o .. a )
T,.(R) and T(R,n), as we know, are subrings of the triangular matrix rings with matrix

addition and multiplication. Let a« be endomorphism of ring R. It is well known that
endomorphism a can be naturally extended to an endomorphism

a:T,(R) - T,,(R),
and
a:T(R,n) » T(R,n).

In the next part we use the notation from [3].
Let E;; = (esr : 1 < s,t < n) denotes n X n unit matrices over ring R, in which e¢;; =1
andeg; =0whens # iort# j,0< ij< nforall n> 2. 1fV =3, E;;,then

V.(R) = RL, + RV+...+RV"?

is the subring of upper triangular skew matrices.In the next section we will show that under
the assumption that R[x]/(x™) is central rigid we obtain that a ring T(R,n) has the same

property.

PROPOSITION 3.1. [1] Let a be an endomorphism of a ring R. Let S be a ring and
¢ : R — S anisomorphism. Then R is central a-rigid if and only if S is central ¢pa¢p~*-rigid
ring.

THEOREM 3.1.Suppose that « is an endomorphism of ring R. If the factor ring R[x]/
(x™) is weak @-central rigid, then T(R,n) is &@-central rigid.
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PROOF. Suppose that R[x] /(x™) is &- central rigid. In the next step we define the ring
isomorphism 6 : V,(R) = R[x] /(x™) by

O(roly, + TiV+.. 41, V¥ ) =1y + ryx+.. +r_ x™ 1 + (™).
We obtain that V,(R) is 8~ 1@@-central rigid and calculate

071a00 (1oL, + V4. +1,_ V) = 07%a (1 + ryx+. A1 X + (M) =
=07 (a(ry) + a(r)x+.. +a(r_)x™ 1 + (x™)) =
=a(@)l, +a()DV + -+ a(r,_ V" 1 = a@(rol, + r,V + -+ 1r,,_ VD).

which means that V,,(R) is weak @-central rigid [1]. In the next step we use isomorphism f
defined by isomorphism f: R[x]/(x™) —» T(R,n) given by

flag+ aix+...+a,_1x" 1) = (ag, ay,...,an_1).

Now we use well known theorem of isomorphism of rings to obtain desired result.
We end this section with remark that a class of quasi rigid rings isn't closed for matrix
extensions.

For a ring R and endomorphism a: R — R we consider
a apz Q43 Q14
0 a a a
54: 23 24 ,a,aij ER,
0 O a Qs
0 0 0 a

which is subring of T, (R). If R is a o rigid and

a =

)

01 00
0 0 0O
0 0 0 O
0 0 0 O

easy calculation shows that aS,a(a) = 0, inspite the fact that a # 0, which shows that S, is
not quasi o-rigid (see also [6]).

4 CONCLUSION

This article deals with a class of rigid rings and its generalizations. Some of classes are
closed for direct products, localizations as well as for direct limits. Main results are related to
the possibility of extending property of rigidity from ring to some of its extensions. We
proved that the property of central rigidity can be transferred from the ring to a corresponding
matrix ring, under some conditions of factor ring. Further investigation on rigid rings can be
found in recent work [6]. The results on skew rigid rings are extensively used in [7].
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Summary. In this paper, using some special numbers and combinatorial identities, we show
some interesting congruences: for a prime p>5,

(b-D/2 P 2
z k C —oP)2_p 4 g +8- 2 (mod p),
= 8" (k+1) p P P

(p+1)/2 (:k:L 2 +5 d
—xl = — (mo :
= 4% (k+1) %(2) 6 ( P)

S (-16) k(k1)(k#2) 2°7p p 2

(p+1)/2 Ck_l B L3p 2p-2 N 5 [ 5
P

91
_j-ﬁ (mod p),

where C_, L, and P, are the nth Catalan number, the nth Lucas number and the n th Pell

number, respectively. (—j denotes the Legendre symbol.
p

1 INTRODUCTION

The Fibonacci sequence {F,} and the Lucas sequence {L,} are defined by the following

recursions:
I:n+1:|:n_|_|:n-j|_ and Ln+1:Ln+Ln-1' n>0,

where F, =0, F,=1 and L, =2, L, =1, respectively. If « and g are the roots of equation
x*- x -1=0, the Binet formulas of the sequences {F,} and {L,} have the forms

F,=Z P and L =a"+5",
a-p

respectively.
The Pell sequence {P,} and the Pell-Lucas sequence {Q,} are defined recursively by

I:)n+l = 2Pn+Pn -1 and Qn+1:2Qn+Qn-1 ' n> 0 y
inwhich B, =0, P, =1 and Q, =Q, =2, respectively. If y and ¢ are the roots of equation

2010 Mathematics Subject Classification: 11B39, 05A10, 05A19.
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x*-2x-1=0, the Binet formulas of the sequences {P,} and {Q,} have the forms
yl’] _5[1

P = and Q,=y"+4",
y-0

n

respectively.
The harmonic numbers have interesting applications in many fields of mathematics, such

as number theory, combinatorics, analysis and computer science. Harmonic numbers H,_ are
defined as for a positive integer n
LS|
H,=> =,
=1 K

311 25

where H, =0. The first few harmonic numbers are 1, E E E

Some elementary combinatorial properties of the Catalan numbers are given in [2, 6, 8].
The Catalan numbers are given by

1 (2n 2n 2n
C,=— = - , heN.
n+1{ n n n+1
For a prime p and an integer a with pfa, we write the Fermat quotient

qp(a):(a"'l-l)/p. For an odd prime p and an integer a, (Ej denotes the Legendre
p

symbol defined by
0 if p|a,
[EJ =<1 if a isaquadraticresidue mod p,
P -1 if a isa quadratic nonresidue mod p.
In [3], E. Lehmer showed that for prime p >3,
Hi, o =-24, (2) (mod p). (1.1)

In [9], Z.W. Sun obtained that

EERLS N

=0 M

(p-l)/2;(2kam_ m- 4(m(”;' 4)](mod p).

; m‘(k+1)\ k ) 2 2
where p isanodd prime and m is any integer not divisible by p.
Let p be a fixed prime > 3. Define

q(x):xp_ (xp-)l)”-l and Gn(x)=;W,

and

where x is variable.
In [1], A. Granville showed that

11
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q(x)=-G,(x) (mod p),
G, (X) =G, (1- X)+xPG, (1 - 1/x) (mod p),

(a(x))’ =-2%"G, (x)-2(1-x")G, (1 -x) (mod p).
It was proved in [1] (the last expression on page 3) that for any integer n> 1,
e1n-1)(-x)° 1%(1-x)-1 (1-x)"-(-x)"-1
S = + .
Z:;‘(k - 1] k* n kzzll k n?
In [7], Z.H. Sun obtained the following congruences: for an odd prime p and

G,(x)eZ,[x],
GZ(X)=1[1+(X-1) X &L -1J+ppzx_2 : % (mod )

p p k=1 k
and foraprime p>3 and neN,

PG, () =(-1)" x°G, (1/x) - G, (X) (mod pz).
In [10], Z.W. Sun showed that for a prime p > 3,

p-1 p-1 p-1
ZMEO (modp) and ZMEEZE (mod p).
pril il Pic Kk

In [5], H. Pan and Z.W. Sun obtained that for a prime p>5,

Z (mod p),

and for a prime p=2,5,

FJ::_Ol(-l)k (Zkkj _ [%aj[lzlzp[i]] (mod p°),

where a is a positive integer.
In [4], S. Mattarei and R. Tauraso showed that for a prime p >3,

S5 i =2(. ()6, (0) (o)

k=1

where Az%(lh/l - 4x) and ,Ll:%(l— JI - 4x).

2 SOME CONGRUENCES INVOLVING SPECIAL NUMBERS

In this section, we will give the congruences involving some special numbers. Now, we

give the following lemma for further use.

Lemma 1. Let n be any positive integer. Then
n 1} ( )k+l n 1 1 X)k+l _1 (l _ X)n+1 _1

k;{k-l (k+1) nkz k(k+1)  n*(n+1)

n

X
+ZH
n

12
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and

n-1j (%) lni - )“2-1 (1-x)""-1 LXK

k;(k-l k?(k+1)(k+2) nizk(k k+2) n’(n+1)(n+2) n+l 2n "

Proof. From Binomial Theorem, we have

n- 1 k+l _1 (l _ )n+1 _1 XH

2 k+1 n(nen)

& (1-x)T Z Z X)"" -1+ (k+1) x
k=1 k k"'l k= k=1 ( 1)

) EJ<-X>"="2%2%J
S5 ne)

J ]ZJ k=]

()

k+1 n+1
H(1-x) -1+(1-x) L n

T |
L2l e E it

Thus, the first identity is obtained. Similarly, we obtain other identity.

n+1

From the equality )’

k=j

For a prime p and a rational number x:% written in reduced form, x=0 (mod p) if and

only if a is divisible by p.

Theorem 1. Let p be an odd prime. For any rational number x such that x™* #0(mod p),

(p-1)2 " 2p—1
Z 1-(2-u) +T(zp+ﬂp-z) (mod p), (2.1)

k=0

where 1== (1+ 1-4x)and u== ( \/l—4x).

Proof. Replacing n and x by (p+1)/2 and 4x in (1.2), respectively, we have

13
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(k+1)° & Kk p+1 (p-1r2

e o (g e e P

2 = k
From the congruences ((p'kl)/zj(-@k Eizkkj (mod p) for k=1,...(p-1)/2,

1

Sk E% (mod p) for k=1,...p- 1 and (1.1), we write

p-1)2 (o) K+l o (012 (1 - )¢
? Z( ](X )252((1'4X)( | '1)+§( kX) +2q,(2) (modp).  (22)
p-

Bycongruence( js( ) (mod p) for k=1,....p - I, we get

k
(P 2(1-4x)" P2 p-1)(1-4x)

_. 2.3
> s ) @
(p-1)2 2 (14+v1-2x) - (1-V1-4)

_.2 (Zij(l_‘lx)k: ( )p ( ) (mod p).
k=1

Substituting (2.3) into (2.2), we have

(p-1)12 Ck ™ (p—l)lz(zkj Xk+1
—K x=
k') (k+1)

2
k=0 k+1 k=0

(M ; 1)p ; (M+1)p+2

2p

=1- (1-4x)"""-q,(2) -

20!

=1-(A -,Lt)p+l+T(/lp+,up— ]) (mod p).

Thus, this concludes the proof.

From Theorem 1, we immediately deduce the following results.
Corollary 1. Let p be an odd prime. Then

(Pk-zzlo‘z/24k(ci:<:-1) 4(1_qp(2)) (mOdp),

(p- 1)/2 1-L
k+1 2"'1Tp+5(%] -1 (mod p), (2.4)
k=0

: o P 2 2P
k__—o-p2 p _ 4(_j+8 - mod p),
k; 8" (k+1) P P P (mod)

14
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(p-1)/2 2 p+1
Z ka =- QP+2 +8(£] -4 (mod p)1
Z (41 P P \p

(p-1)/2

C, PR L [5]
=- + +20| — | -16 (modp),
k; (-16)"(k+1) P N p p (modp)

and for p>3

(p-1)P2 L L
> ka _2 2 -9 252 |4o (mod p).
= 9 (k"'l) p \3° P
Proof. For the proof (2.4), considering x= -1 in Theorem 1, we have
(p-1)/2 Ck

= (-1 (k+1)

s, 2 (1B, ﬂ}p _1-5( 3427 (L 2 1) (mo
=1-5 ; H - J ( - 1}_1 s[pj IO(Lp 1) (mod p).

Similarly, we obtain other five congruences of Corollary 1.

Theorem 2. Let p >3 be a prime. For any rational number x such that x* #0(mod p),

(p+1)12 C..,

2P 1x 8x+1 a1 6x+1
1 2P 1) - 520 ) 2 o p),
-~ k(k+1)x 0 ( H ) (4-1) T (mod p)

where A and y are defined as before.
Proof. By the first identity of Lemma 1, we have

nzl n-1 (_X)k+2 _1nzl(1_X)k+l_1+(1_x)n+1_1+
k) (ke1) (ke2) N Kk(krD) ()
Replacing n and x by (p+1)/2 and 4x in the aboving sum, respectively, we have
- k+2 - k+1 ( +3)/2
¥ l)’2((|0- 1)/2} (-4>2<) 2 0dP(1-4x) -1+8(1-4x)2p 18y,
k (k+1)"(k+2) p+1 & k(k+1) (p+1)’(p+3) p+l (p+1)

n-

X
—H
k=0 n

k=0

From the congruences (( P -kl) /Zj(_4)k E[zkkj (mod p) for k=1, (p - 1)/2,

LE% (mod p) for k=1,...,p- 1 and (1.1), we write

p+k

15
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(1-4x) -1022(1-4x) 1 (1-4x)"% (1-4x)""

X 1
- 2 -xq,(2) - =(mod p).
5 2. ” +4(p+1) (peD) + 5 +X 5 xq,(2) 6(m0 p)

From the congruences (2.3) and Ll =1 (mod p), We have
p+

(p+l)/2 Ck_l Xk+1

= k(k+1)

X b Py (1-4)"% (1-ax)PI% 5
=-2_p(2- (1+\/1-4x) - (1—\/1—4x) ) 7 s 2 -xq,(2) - >

X . Py (L4 (1-4x)"" x5

_-Z—p(zp- (1+VI1-4x) - (1-V1-%) ) VB — (mod p)

Thus, the desired result is obtained.

From the above equation, we get the assertion of the theorem.

As an immediate consequence of Theorem 2, we obtain the following result.
Corollary 2. Let p >3 be a prime. Then

(p+1)12 C.., , 5 |
—_=- +=
k; 4% (k+1) % (2) 6 (mod p),
(piz,/z(_l)kck 1ol il 3550, 5 (mod p)
k=1 k(k+1) p 12\ p) 12 )
(p+1)/2 C P 2Pl 401 (p+1)12
k- = P
k=1 8kk(k-1l-l)=2(p-1)/2 ) D “3l2 +—  (mod p),

; )
(P2 ¢ 2P (L 5(5) 5
k-1 = 2 1] - = 2 |+ 2 d ,
2 9k (k+1) p (3*’ J 1 S(p] 4 (mod p)

k=1

0
(p+1)/2 _2p
I P )
1 (-4) k(k+1)  2p 3lp) 6

and
(p+212‘/2 C., _ L3p ] 2p-l+§(EJ . E (mod p)
k=1 ('16)kk(k+1) 2"p AN °

Theorem 3. Let p >5 be a prime. For any rational number x such that x™* séO(mod p),

16
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+1)/2 -2
(p+1) p 1

k+2 _ 2 AP4uPo]) - —() - p+5
k:1kk+1 K2 T p K (rend) - 5 (o)

+%(i-ﬂ)p+3‘—(i—ﬂ)p+l+lx2+ix- - (modp),

where A and 4 are defined as before.

As an direct consequence of Theorem 3, we obtain the following result.

Corollary 3. Let p>5 be a prime. Then

(p+1)/2 Ck . 1
- =-— 2)+— d ,
k; 4k (k+1)(k+2) qu( ) 120 (mod p)

(b2 (-1)C,, ekl 15(5] 3

& k(k+1)(k+2) p 1

trC P, 207 31\ 21
k-1 = P _ R + 41 dp),
; 8kk(k+1)(k+2) 22 p 5(2) 40 (mod p)
(p+1)/2 p-2 (p+1)/2
k Ez i;)-l _@ E +£ (modp),
e 9 k(k+l)(k+2) p \3 48\ 9 80
(p+1)/2 L
— Qp +i(£] - E (mod p),
o (-4 k+1)(k+2) 4p 5( p 0
and
(p+1)i2 L p-2
2 K S pf§ 2 "‘E(EJ A (mod p)
1 (-16) k(k+1)(k+2) 2"2p p 2\ p) 40

3. CONCLUSION

Using combinatorial identities, some interesting congruences are investigated on the sums
which include Catalan numbers. It is conceivable to extend our results using the useful
technics or methods. A first question on the extension of these congruences can be viewed as
generalizations on using the g-Binomial coefficients instead of the binomial coefficients. A
second question on such extensions of these congruences can be observed that for an odd
prime p and any rational number x such that x* séo(mod p), the congruences of the sums

(p-1)12
with decreasing factorials including Catalan numbers ﬁxk (mod p).
k=1
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Summary. This work is devoted to the application of a generalized computational
experiment for a comparative assessment of numerical methods accuracy. A generalized
computational experiment allows one to obtain a numerical solution for a class of problems
determined by the ranges of defining parameters variation. The applications of such approach
in the presence of a reference solution and in its absence are discussed. An example of error
surfaces constructing is given when the solvers of the OpenFOAM software package are
compared. The classic inviscid problem of oblique shock wave is used as a basic task.
Variations of the key parameters of the problem — the Mach number and angle of attack —
are considered. In addition to the OpenFOAM solvers, the comparison included the WW
method, which has a second order of accuracy in time and space and an adjustable artificial
viscosity. The problem of flow around a cone at an angle of attack with varying Mach
number, cone angle and angle of attack is also considered. The concept of an error index is
introduced as an integral characteristic of deviations from the exact solution for each solver.

1 INTRODUCTION

Throughout the history of the development of computational mathematics and
mathematical modeling, problems of verification of numerical methods have occupied a
special place. When creating a new numerical method or modifying an existing one, the
authors had to show the efficiency of their developments and evaluate their accuracy before
proceeding with solving practical problems. A huge number of works are devoted to these
studies. As an example, we can point to the works [1-12]. Verification of the obtained results
and assessment of the accuracy of the applied numerical method was an obligatory part of
research in the field of mathematical modeling of physical processes.

As a rule, a comparison of the numerical results was carried out with some reference
solution, in the role of which the exact solution was used if available or the available
experimental data. A separate problem is the estimation of the accuracy of numerical methods
in the absence of a reference solution.

The relevance of the problems of verification of numerical methods and calculations based
on them is also evidenced by the presence of federal standards, both foreign [13,14] and
recently appeared Russian [15]. Such standards determine the direction of research in this
area. However, all these methodological documents are focused on verification in relation to a
specific task with fixed values of key parameters.

2010 Mathematics Subject Classification: 49Q99, 76M27.
Key words and Phrases: generalized computational experiment, numerical methods, verification problems,
flow around a cone, oblique shock wave, error surfaces, error index.
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It should be noted that at present the relevance of verification problems is steadily
increasing due to the widespread use of open and commercial packages for solving various
problems of mathematical modeling. As a rule, such packages provide the user with a certain
set of numerical methods presented in the form of solvers integrated into the software
package. In this case, the user is faced with the problem of choosing a solver. And here a
number of difficulties arise. Not all solvers undergo comprehensive testing before being
implemented into a software package. Commercial packages do not provide complete open
information about the implemented numerical methods and their properties. Various
development teams can add solvers to open source packages, but they often cannot provide
full testing. Therefore, research in the field of verification and comparative evaluation of
numerical methods is becoming more and more necessary.

Historically, verification in problems of computational aerogasdynamics consisted of two
parts. The first is modeling a qualitative flow pattern containing discontinuities, separated
flows, vortices, etc. The second is to ensure the accuracy of the calculation of quantitative
characteristics. Here it was necessary to rely on a reference solution - experimental, accurate,
or obtained by calculations using other methods.

Verification was usually carried out for one separate task. By default, it was assumed that
with a small variation in the governing parameters of the problem (velocity, viscosity, time
scales, thermophysical characteristics of the medium, geometric parameters), the numerical
method under consideration will be applicable and provide a similar accuracy.

At the present stage, researchers need more comprehensive estimates of the accuracy of
numerical methods. For example, the researchers need to have an assessment of accuracy, not
for a single task, but for a class of tasks. By a class of tasks we mean a basic task considered
in the ranges of change in the set of key parameters. In computational aerodynamics
characteristic numbers that determine flow velocity, viscosity, thermophysical properties of
the medium, geometric parameters, etc., can serve as such parameters. An opportunity of
getting solution for a class of problems is provided by the construction of a generalized
computational experiment. Also, a generalized computational experiment can be very useful
in assessing the accuracy in the absence of a reference solution. In this case, it is possible to
estimate the accuracy using an ensemble of solutions obtained by various numerical methods.
The variation of the solver is considered as a parameter and the parametric problem is solved
using a generalized computational experiment.

The concept, basic methods and approaches of a generalized computational experiment, as
well as a number of software tools for its implementation were developed in Keldysh Institute
of Applied Mathematics RAS. The main aspects of constructing a generalized computational
experiment and examples of its implementation are described in detail in [16-23, 28-30].

2 GENERALIZED COMPUTATIONAL EXPERIMENT

The emergence of the concept of a generalized computing experiment is associated with
the development of high-performance computing clusters and parallel technologies. In
problems of computational aerodynamics, parallel technologies usually provide the ability to
quickly calculate on detailed grids. However, parallel technologies provide us with another
important opportunity. This is the ability to simultaneously calculate on different nodes the
same task with different input data. As a rule, such a calculation is performed in multitasking
mode.
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This opens up the possibility of implementing a generalized computational experiment.
The key parameters of the problem under consideration are divided in certain ranges with a
certain step, forming a grid partition of a multidimensional box in a multidimensional space
of key parameters. The basic problem is solved using parallel technologies at each point of the
grid partition. The obtained results represent multidimensional data volumes. Processing,
analysis and visual presentation of this data is carried out using methods of visual analytics
and scientific visualization. This computing technology is the most general description of a
generalized computing experiment.

Obviously, such a concept can be applied to a wide range of tasks. This range includes
parametric studies, optimization problems. A generalized computational experiment is an
effective tool for solving inverse problems.

A large number of different applications of a generalized computational experiment are
described in detail in [16-23, 28-30]. The concept of a generalized computational experiment
was applied to a wide range of both model and practical problems.

These tasks include the analysis of the interaction of a viscous supersonic flow with a jet
barrier, the flows in the wake of the body, the problems of the interaction of jets, the problem
of flowing around a cone at an angle of attack, the problem of oblique shock waves, and many
others. The approach to constructing a generalized computational experiment was applied to
the problem of finding the optimal three-dimensional shape of the blades assembly for a
power plant in terms of power loads.

Also, this approach was applied to the problems of verification of numerical methods. A
comprehensive comparative analysis of a number of solvers of the OpenFOAM open software
package [24] was carried out in [20-23, 29, 30]. As basic tasks, we used problems that have a
reference solution (exact solution or experimental data). These tasks include the problem of a
supersonic inviscid flow around a cone at an angle of attack and the problem of an oblique
shock wave formation. In both cases, a class of problems was considered, formed by key
parameters variations of the problem in question.

3 THE APPROACH OF ACCURACY ESTIMATION ON THE ENSEMBLE OF
SOLUTIONS

The estimation of the accuracy of numerical methods in the absence of a reference solution
Is a separate problem.

Undoubtedly, at present, the understanding of the need to estimate the calculation error is
present in the field of CFD and is even formulated as standards [13-15]. However, the
methods proposed there are based mainly on the convergence of the solution over the grid
(according to [2], this approach goes back to C. Runge) and on Richardson's extrapolation.
Both of these approaches are based on the asymptotic behavior of the lowest (in the expansion
in terms of the grid step) term of the approximation error and, accordingly, do not provide
strict inequalities in the error estimation. For convergence “by adhesion” (Runge), the
difference of two solutions (on coarse and fine meshes) is used as an estimate of the error. In
Richardson's method, this difference between the solutions is refined using a coefficient that
depends on the order of approximation. An additional problem in the field of CFD, which
complicates the application of the Richardson method, is the space-variable order of
convergence of different algorithms. In particular, on the shock wave for schemes of any
approximation order, the convergence order demonstrates values around unity. To take this
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effect into account, the generalized Richardson method is used, which allows one to estimate
the local order of convergence. Unfortunately, this method is significantly unstable and
requires at least four successive mesh refinements, which creates huge computational
problems.

One of the alternatives in this case is the estimation of accuracy on the ensemble of
solutions. The ensemble of solutions obtained by various numerical methods on the same grid
allows us to estimate the location of the exact solution and to divide the obtained numerical
solutions into clusters of different levels of accuracy. This direction is being actively
developed at present and is presented in [25-27]. A natural drawback of this approach is the
need for researcher to have at his disposal a certain number of solvers that implement
numerical methods with different computational properties.

In general, a fairly large volume of numerical experiments [25-27] confirms the possibility
of estimating the approximation error on an ensemble of independent numerical calculations,
which cannot but arouse interest in the analysis of this approach. It seems likely that the
transition from a single numerical solution to an ensemble of independent solutions opens up
opportunities for the implementation of non-standard concepts of a numerical solution. These
topics need deeper analysis and development. However, if successful, one can hope for the
creation of computationally efficient algorithms that ensure the verification of numerical
solutions even in the absence of reference solutions. An important role in this can be played
by the construction of a generalized computational experiment, where the parameter is the
choice of the solver, and the numerical solution is implemented in parallel mode
simultaneously for the solvers participating in the calculation. In this case, in the presence of a
certain number of independent solvers providing an ensemble of solutions, the construction of
a generalized computational experiment can dramatically speed up the estimate.

4 COMPARATIVE ACCURACY ESTIMATION USING REFERENCE SOLUTION

This section provides two examples of constructing a generalized computational
experiment for a comparative assessment of numerical methods accuracy. As examples, we
use the numerical results described in detail in the authors' works [20, 23, 29, 30]. In these
papers, two classes of computational gas dynamics problems were considered.

The first class of problem describes a supersonic inviscid flow around a cone at an angle of
attack.

The second class describes the incidence of an inviscid supersonic gas flow onto a flat
plate at an angle of attack. Both of these problems are fairly well known. The first problem
has a tabular solution [36], used as a reference solution. The second problem has an exact
solution. We consider the first class of problem for 3D statement. The second class is
considered as 2D problem.

Let’s consider the first class of problems. We solve the problem of a supersonic gas flow
around a cone at an angle of attack. Variable parameters are angle of attack a = 0°, 5°, 10°,
Mach number M = 3, 5, 7 and cone half-angle B = 10°, 15°, 20°. The flow scheme is shown in
Figure 1. The conditions of the incoming stream at the input are indicated by the index “c0”,
and at the output, by the index &, since the solution is self-similar and depends on the
dimensionless variable.
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For calculation, the Euler system of equations is used. The system is supplemented by the
ideal gas equation of state.

Three solvers were selected from the OpenFOAM software package: rhoCentralFoam
(rCF), sonicFoam (sF), and pisoCentralFoam (pCF). Solver rhoCentralFoam is based on a
central-upwind scheme which is a combination of central difference and upwind schemes
[31,32]. Solver sonicFoam is based on the PISO algorithm (Pressure Implicit with Splitting of
Operator) [33]. Solver pisoCentralFoam is a combination of a central-upwind scheme with the
PISO algorithm [34]. This solver is not included in the standard set of OpenFOAM solvers. It
was created by independent team of developers at the lvannikov Institute for System
Programming RAS. All the calculations were performed using the OpenFOAM version 2.3.0.

We solved the problem with each solver for the entire set of variable parameters. Thus, we
obtained a set of numerical solutions. The exact solution was obtained by interpolating the
table solution from [3]. Then we found the error of the solution in the norms L1 and L2. Since
different solvers implement different numerical methods, the errors were markedly different
from each other. The initial and boundary conditions, as well as the settings of the solvers,
were set similarly to [26, 28].

Fig. 2 shows the steady-state solution for the pressure field obtained by interpolating the
tabular solution from [36], cone half-angle B = 20°, angle of attack o = 10°, Mach number M
=3.

Figure 3 shows the error surface in L2 norm for this problem with the variation of the
solver and the half-cone angle at fixed Mach number 3 and fixed angle of attack 5°. It can be
seen that the deviation from the exact solution increases with the growth of the half-solution
angle. One can also see that the rhoCentralFoam and pisoCentralFoam solvers are
approximately equally accurate, while the sonicFoam solver accuracy is much lower.

Figure 4 shows the error surface for the same problem with variation of solvers and angle
of attack at a Mach number of 5 and a cone half-angle of 15°.

Figure 5 shows the error surface (deviation from reference solution) for the angle of attack
5° and a cone half-angle 20° with variation of solvers and Mach number.

Thus, analyzing Figures 3, 4, 5 we see that for all solvers, the error increases with
increasing the angle of attack, the angle of the cone half-angle and Mach number.

So, we have here the accuracy assessment for all three solvers participating in this
research. This is the result of constructed generalized numerical experiment for the class of
problems in question.

It is easy to see that in this case the numerical result of the generalized computational
experiment is the error function in the L2 norm of 4 variables (Mach number, angle of attack,
cone half angle, solver number):

Err =F(M,a,B,Ns)

A complex visual representation of such a function is a separate task and is not considered
in this article.

For the considered class of problems, the construction of a generalized computational
experiment provided a full-fledged comparative estimate of the accuracy of the three selected
solvers of the OpenFOAM package in the range of variation of the determining parameters.
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Fig. 2. Pressure field for steady flow.
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Fig. 3. Image of the error surface for the Mach number 3 and the angle of attack 5° with variation
of solvers and half-cone angle.

Fig. 4. Image of the error surface for the Mach number 5 and a cone half-angle 15° with variation
of solvers and angle of attack.
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Fig. 5. Image of the error surface for the angle of attack 5° and a cone half-angle 20° with variation
of solvers and Mach number.

Fig. 6. Error surfaces with variation of the Mach number and angle of attack for the oblique shock
wave [29].
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Let’s consider another class of problems. In this case we use well-known problem of
oblique shock wave formation. We consider this problem in 2D statement.

A supersonic gas flow falls on the plate at an angle. Reflecting from the plate, the flow
forms an oblique shock wave. The problem has exact solution. In the problem, the Mach
number M and the angle of incidence of the supersonic flow 3 varied, similarly to [29,30].
Figure 6 shows the error surfaces for this problem for 4 solvers: rhoCentralFoam (rCF),
sonicFoam (sF), pisoCentralFoam (pCF), QGDFoam (QGDF). Now we include into
consideration a new solver QGDFoam (QGDF). This solver is based on a system of quasi-
hydrodynamic equations. The solver was also created by independent developers [35].

Carrying out similar calculations for several numerical methods implemented in the solvers
of the open software package OpenFOAM, makes it possible to build several such surfaces on
one drawing. This opens up the possibility of a deep and clear comparative analysis of the
accuracy of the studied numerical methods. The construction of such a generalized
computational experiment involves the creation of computational technology from solving a
direct problem up to visual analysis of the results.

This technique allows carrying out a detailed visual comparison of deviations from the
exact solution. It can be seen that in our case, all error surfaces change in the same way. The
error increases with the growth of key parameters. The best accuracy in this class of problems
is provided by the rCF and pCF solvers, for which the error surfaces are almost identical.
Thus, the construction of a generalized computational experiment allows us to conduct a full-
fledged comparative accuracy assessment for four solvers of the OpenFOAM software
package in the class of problems. The class of tasks in this particular case is determined by the
basic task (oblique shock wave) and the ranges of variation of the key parameters of the
problem — the Mach number and angle of attack.

The use of a generalized computational experiment makes it possible to involve new
numerical methods in research on the comparative assessment of accuracy. This problem was
also solved for the numerical WW-method [37], which does not belong to OpenFOAM
solvers, but is implemented as a separate software package. It’s ADI-method [38]
modification using hybrid implicit finite difference scheme. The review describing hybrid
schemes is presented in [39]. The scheme [37] has second order accuracy in space and time.
Also the scheme (we’ll call this scheme as WW-scheme) is unconditionally stable and simple
for programming. Except these properties WW-scheme has one interesting and useful feature.
When non-linear problem with strong shocks is solved, one has to reduce undesirable solution
oscillations. There are two ways for this. The first way is concerned with procedure of
smoothing between time-steps. The second way consists in adding some terms with artificial
viscosity to basic equations. Both ways require more calculations and complicate algorhytm.
The present numerical method doesn’t need these ways. Needed for stabilization of solution
artificial viscosity is an internal property of WW-scheme. One can regulate the artificial
viscosity by the choice of weight parameters. This property is quite suitable for practical
applications. It should be noted that QGDFoam solver [35] also has regulated artificial
viscosity. This opens up prospects in the future for studying the effect of artificial viscosity on
the comparative assessment of accuracy for similar numerical methods.
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Fig. 7. Error surfaces with variation of the Mach number and angle of attack for the oblique shock
wave for OpenFOAM solvers and WW-method.

Figure 7 presents the error surfaces for OpenFOAM solvers with addition such surface for
WW-method. One can see that for WW-method, the error increases with an increase in the
Mach number and the angle. You can also notice that the error surface for the WW-method is
located much higher than the similar surfaces for OpenFOAM solvers. However, this
discrepancy can presumably be reduced using artificial viscosity parameters.

The images of error surfaces presented in Figures 6, 7 give a fairly clear idea of the com-
parative accuracy of numerical methods in the class of problems. However, for a more
complete assessment, we enter an integral characteristic for each surface. We will call this
characteristic the Error Index (EI). The error index is defined as follows.

Let we have K key parameters. Each of them has its own grid partition, and A - the
deviation from the exact solution at each point of the grid partition. We denote the total
number of points in the resulting multidimensional space as N. Then the error index is
defined as:

EI = (Z A)/N 1)
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First, we calculate the Error Index for the problem of flow around a cone at an angle of
attack.

Solver rCF pCF sk
Error Index | 0.13336 0.13366 0.24086

Table 1. Error Index values for the problem of flow around a cone at an angle of attack

Next, we calculate the values of the error index for the problem of oblique shock
formation.

Solver rCF pCF QGDF sF Ww
Error Index 0.037734 0.038751 0.0453406 0.058216 0.14888

Table 2. Error Index values for the problem of oblique shock formation

Tables 1 and 2 show that the values of the error index EI fully correspond to the relative
positions of the numerical results presented in figures above. Therefore, the calculated error
index can serve as a characteristic of the accuracy of numerical methods in the selected class
of problems.

5 CONCLUSIONS

The application of a generalized computational experiment to the problems of comparative
estimation of the accuracy of numerical methods is considered. A generalized computational
experiment allows simultaneous calculations of the same problem with different input data
based on parallel technologies in a multitasking mode. The obtained multidimensional results
are examined using visual analysis tools.

Two examples of constructing a generalized computational experiment for classes of
problems are presented - flow around a cone at an angle of attack and the formation of an
oblique shock wave. For both cases the class of problems is formed on the basis of the basic
problem and variations of the determining parameters of the problem. For both classes of
problems, a comparative assessment of the accuracy of the solvers of the software package
OpenFOAM. For the case of oblique shock wave WW-method is added to comparison. This
method does not belong to OpenFOAM solvers and is implemented as a separate software
package. An example of constructing error surfaces is given. The concept of a numerical
method error index for a class of problems is introduced. Such indexes are computed for all
cases in this research. The calculated error indexes can serve as a characteristic of the
accuracy of numerical methods in the selected class of problems.

The construction of a generalized computational experiment can serve as an effective tool
for verification problems.
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Summary. The article describes a robust technology for numerical simulation of
multicomponent flows in the presence of strong shock waves, for example, in the flight of a
high-speed vehicle with a ramjet/scramjet engine. This takes into account the phenomena of
turbulence, multicomponent diffusion and heat transfer. High-temperature phenomena that
occur when moving at a high supersonic speed and are associated with dissociation and
ionization of the gas environment are not considered, although they fit well into the
framework of the general model of a multicomponent reacting gas. The advantage of the
algorithm proposed in this article is its adaptability to both the simulation of strong shock
waves and to the simulations on small scales, as well as a high potential for parallelization.
Illustrative examples of simulations based on the developed method are given.

1 INTRODUCTION

Currently, there is a rise in a new wave of interest in the implementation of controlled
flight at a high supersonic speed in the stratosphere using a ramjet/scramjet engine. The
processes occurring in a ramjet/scramjet engine during high-speed flight are a complex
combination of gas-dynamic phenomena, such as the development of turbulent boundary
layers, their interaction with shock waves, the formation of a pseudo-shock, and phenomena
associated with subsonic/supersonic combustion of fuel to create thrust. Due to the high
speeds, complex and highly transient structure of the processes and the resulting complexity
of problem setting and high cost of natural experiments, the ability to perform predictive
numerical simulation plays an important role. At the same time, it is necessary to calculate the
parameters of the external flow of a high-speed aircraft in order to correctly determine the
flow characteristics at the entrance to the ramjet/scramjet tract. In addition high supersonic
speeds lead to various high-temperature phenomena begin to appear, which require
considering this medium as a multicomponent with the possibility of chemical reactions
between components. A similar situation occurs in simulation of fuel combustion in the
ramjet/scramjet tract: there are components of gas, fuel and combustion products and there is
an additional energy release due to chemical reactions.

All this suggests that the predictive numerical model for the flight of a high-speed aircraft
with a ramjet/scramjet engine is multi-scale and, accordingly, requires a high level of detail.
The solution of such problems in a reasonable time for practice is possible only on high-
performance parallel computing systems.

2010 Mathematics Subject Classification: 35Q30, 65Q10, 39A70.
Key words and Phrases: Multicomponent gas mixture, Thermal conductivity, Viscosity and Diffusion,
Scramjet, Hypersonic flight.
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Accordingly, the numerical algorithm should take into account a variety of physical
processes on the one hand, and not be too complex to be able to control the results responsibly
on the other hand. The algorithm should also be robust and well parallelized, preferably
regardless of the specific architecture of the supercomputer, for example, multiprocessor or
hybrid.

The purpose of this paper is to describe an algorithm of this type for numerical simulation
of multi-scale multicomponent gas dynamics problems with the possibility of reactions
between components. In the world literature, there is a huge number of works devoted to the
actual simulations of high-speed flight in the stratosphere using the thrust of a
ramjet/scramjet, as well as verification and validation of numerical modeling. These
procedures are necessary elements for creating predictive numerical models. Most of the work
focuses either on the external flow around the aircraft, see, for example, [1, 2], or on the
processes occurring in the ramjet/scramjet tract, in particular, on the propagation and
stabilization of the flame front depending on the geometric features of the tract, see, for
example, [3, 4]. The algorithm proposed in this article is especially adaptable to both the
simulation of strong shock waves and the simulations on small scales, where combustion
occurs, for example, as well as it has a high parallelization potential. This is achieved by using
three main components. First, the method of splitting by physical processes is used; generally
convective flows and flows that have a diffusive character are split. Second, the calculation of
the hyperbolic part (convective flows) uses a multi-component modification of the Godunov
scheme with the exact solution of the Riemann problem. Third, for solving a subproblem
involving diffusive flows (the parabolic part), the original iterative method is used, a scheme
of the LI-M type, see, for example, [5]. The use of a LI-M scheme allows, instead of implicit
approximation of parabolic operators, to make the transition to the next time layer using
explicit Chebyshev iterations, the number of which is inversely proportional to the grid
parameter and is determined without using empirical parameters. The simulation is performed
with the Courant number typical for hyperbolic problems. In addition to significantly
reducing the simulation time of the complete problem, this methodology is well parallelized
on arbitrary unstructured grids, which distinguishes it from other methodologies based on the
use of implicit schemes.

The algorithm is illustrated by an example of numerical simulation of multicomponent
flow in a model ramjet/scramjet tract with injection of a hydrocarbon gas-phase fuel. As a
result, a multi-scale picture of the interaction of the shock wave system with the boundary
layer appears and a complex flow of a multicomponent gas mixture is formed. The problem
under consideration is of real practical interest, since it prepares a natural transition to three-
dimensional problem statements, the simulation of real layouts, combined with the modeling
of external flow.

All the algorithmic constructions described above are based on the templates of the
author's package of Keldysh Institute of Applied Mathematics NOISEtte [6, 7]. As a result,
the new computer code MCFL (MultiComponent FLows) inherits the high parallel efficiency
inherent in the NOISEtte code. This latter code is not chosen by chance, it is among the most
advanced Russian CFD codes, it includes a large set of ready-made numerical models, and
there are many alternative solutions. Note that there are different approaches to creating
software packages for numerical modeling, see, for example, [8].

The MCFL code is in the process of development, verification tests are performed in
various tasks, starting with simple ones, see, for example, [9]. In this paper, verification is
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performed on the complex problem of simulation of multicomponent mixture flows without
combustion in a model combustion chamber, for which the results of experiments and
simulations using different methods are known, i.e. it is essentially a specialized benchmark.
Nevertheless, despite the complexity and non-linearity of the problem, the numerical results
demonstrate the refinement of approximate solutions when reducing the size of the mesh
cells. The simulations were performed using supercomputer resources of Keldysh Institute of
Applied Mathematics (K-100, K-10) with MPI communications between various computing
nodes.

The results show that the new methodology can provide a structure of complex processes.
In this case, the strategy for simulation of complex problems is to solve a series of simpler
problems sequentially and perform sequential verification by establishing convergence over a
set of grids and comparing numerical solutions obtained using various numerical methods.

2 BASIC EQUATIONS OF THE MATHEMATICAL MODEL FOR A
MULTICOMPONENT REACTING MIXTURE

We will assume that there is a gas mixture consisting of a basic gas, such as air, and a set
of chemically reacting components, such as components of a hydrocarbon fuel. This takes into
account the phenomena of turbulence, multicomponent diffusion and heat transfer, including
the interaction of these processes with chemical processes. High-temperature phenomena that
occur when moving at a high supersonic speed and are associated with dissociation and
ionization of the basic gas will not be considered here, although they fit well into the
framework of the general model of a multicomponent reacting gas.

Simulations of gas mixture flows are based on the system of Unsteady Reynolds averaged
Navier-Stokes equations with the introduction of additional terms and equations for
accounting for the effects of turbulence and combustion (it is assumed to sum up the repeated
indexes below; i, j =1,2,3), see, for example, [10, 11].

Continuity equation:

o(pu
ot OX;
Momentum conservation:
olou:) Ol puiu; *
(p I)+ ('0| J)=_ap + a [Z_IJ:I (2)
ot OX; 0% OX;
Energy conservation:
o(pE) OlpuiE+uip’) ol
(PE) , (puiE+e; ):_ N Ty ). (3)
ot ox; ox; ox;- Y
Equations for describing turbulence:
o( pk 0 0 0 o
%+a(ﬂkuj):a£(ﬂ+0klut) a—xjk]'FPk — pIB ka), (4)
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+i(pa)u-):i (1+04,u) 2 pl+
ot ox Vo, @ ox;

ap82 — ,oﬂa)2 +(1-F)2p0,, 100 K :
The transfer equations of chemical components with mass fractions Y,,, m=1, ..., Ng
have the form:

p

a(me)+a(pqum)=_an:m + o (5)
ot oX; o,

and the following conditions are set
ZYm =1, Z‘Jj,m: za)m =0.

Summation in these and similar formulas is based on the number of components from
m=1to m=Ng,. Let's explain the notations, variables, and functions used in the equations

1) - (5): G:{ui} is the velocity vector of the averaged flow of a gas mixture; pis the

mixture density; p* =p+2/3 pk, p is the thermodynamic pressure of the mixture, k is the
energy of turbulent pulsations, @ is the specific rate of turbulent energy dissipation;
E=e+0.5-uu +k=e+k+K is the total energy of multicomponent flow, e is specific

internal energy, K is the kinetic energy; ' :{qiT} is vector of flow caused by temperature
changes; the tensor of viscous stresses z;; is put in the form

. OU;
O i By 2 5 U , (6)
an 8Xi 3 8Xk

Tij=(ﬂ+ﬂt)

where u and g4 are the coefficients of the molecular and turbulent viscosity of the gas
mixture respectively. Specific form of diffusion and heat fluxes J; qJT , as well as source

term @y, , will be described in the next section.

To describe turbulence, the SST Menter model is used, see [12, 13], which includes two
differential equations (4) for k and . But another model can also be used. An original
holistic view regarding the nature of turbulence can also be found in [14], and a view of
critical phenomena from the standpoint of non-equilibrium phase transitions can be found in
[15]. In addition non-traditional approach to conservation laws theory is contained in [16].

The system of equations (1) — (5) is supplemented by the Mendeleev-Clapeyron equation
of state for a mixture of ideal gases

P=p T (7)
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where R is the universal gas constant, M is the molar mass of the total mixture and
YM => Y, /My, , M, is the molar mass of the mth component.

For a reacting multicomponent mixture, the specific internal energy e is determined via
the enthalpy h of the mixture using the formula e =h— p/p. At the same time

T T
h=h,+hy, = fTOCp(Q)d0+ZAhr?]Ym = > MY =2V [ Com(0)dO+ S ARRY,  (8)

where C, o, (T) is the heat capacity of the mth component at constant pressure, Ahr?1 is the

enthalpy required to form 1 kg of the component at standard temperature T, =298.15K .

Finally, we note that instead of the energy equation (3), we often use the equation for
enthalpy, which is a consequence of (1) — (3). The advantage of the equation for enthalpy is
that it describes the contribution of the chemical energy of reactions to the increase in the
flow temperature.

3 COEFFICIENTS OF MULTICOMPONENT DIFFUSION, VISCOSITY,
THERMAL CONDUCTIVITY, AND CHEMICAL REACTIONS

In the framework of the model considered in this paper, the flux " consists of two parts:
the actual heat flux and the diffusion flux of the mixture:

T oT
aj =—4 +th ‘]m,j . ©
GXJ'

Diffusion flux Jp,; of each component is defined according to the formula

I, j =—PDpy -0Yy /X, where the effective diffusion coefficients D, can be found by

Wilke’s rule, see [17-19], using binary diffusion coefficients of the individual components.
The coefficients of the mixture's viscosity and thermal conductivity can be written using, for
example, the Wilke approximations [17] and the Mason-Saxena approximations [20]. A more
accurate approximation according to [21] of the effective coefficients of viscosity, thermal
conductivity, and diffusion is written using the so called reduced Q-integrals as the first
approximations of the Chapman-Enskog method.

We will use simpler approximations at this stage. To calculate the molecular viscosity of

each mixture component, the Sutherland formula is used i, (T)=Cy T %"/ (T+Cqp)

with specially chosen constants. The thermal conductivity and diffusion coefficients of each
component are taken as A, =Cp, ,(T) 1y /Pr and Dy, = t4 /(o SC) assuming Prandtl number

Pr and Schmidt number Sc. To average the coefficients of the thermal conductivity and the
viscosity, we use the following formulas

Yoo} - (s ]

where X, =Y, M /M, . The mixture turbulent viscosity g4 when using Menter model (4) is
taken according to the formula 4 = pk/w.
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The term responsible for chemical reactions is described in the standard way

N, . ' sp ,DYl Ullj Ngp ,DY| UIJ
a’m:Mmza’mj’ O :(Umj_umj) kfjH{_} _kij{M_} - (10)
= 1=l I
Here N, is the number of reactions, ur'nj,u;;]j are the molar stoichiometric coefficients,

kg, Ky are respectively, the forward and backward reaction rate coefficients, depending on
the temperature.

4 MAIN FEATURES OF THE NUMERICAL ALGORITHM
Let us introduce the state vector of conservative variables
U Ep(l, Uy, Uy, Ug, E, K, @, {Ym, m=1..,N }) Then the difference approximation of the

1 Sp
system of equations (1) — (5) can be written as follows
%u +C,(U)=Dy (V) , (11)

where C;, (U) is nonlinear convective difference operator on a grid with a characteristic cell

diameter h, and D, (U) is, generally speaking, a nonlinear diffusive operator. By linearizing

(11) and taking a time step 7, an explicit scheme can be written in the following form
U.,-U: . -
%"‘Chuj' = DhUJ . (12)
The main goal is to offer a specific implementation of (11) that preserves the time step
constraints that correspond only to the hyperbolic part. To achieve this goal, we use the
method of splitting the system into hyperbolic and diffusion parts and solving the appropriate
diffusion problem using a special iterative process. Namely, we will solve equations (11) at
each time step using two stages. At the first stage we put D, =0 and find the solution of an

intermediate difference hyperbolic equations using an explicit scheme
U.,.,-U .

—J+T ) +ChUj :O . (13)

In this case, the Godunov method for calculating flows with an exact solution of the
Riemann problem for a multicomponent mixture is used [22]. Note that the Riemann problem
for turbulent equations (4) is solved separately. Using an exact solution to the Riemann
problem allows us to better take into account the specifics of the flows with strong shock
waves. As is well known, multicomponent flow generates a number of computational
instabilities, to mitigate which the Godunov scheme must be modified. The modification [22]
uses the so-called "double flow™ method, see, for example, [23].Thus, intermediate values

V;,U; = pV; are obtained at the hyperbolic stage. At the second stage we put C, =0 and
write difference parabolic problem with new initial data
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U U, .

e E il B YV

: i (14)

If in (14) U; is taken instead of UJ—, then the summation of (14) and (13) leads to the
conservation equations (12), but the resulting scheme requires diffusive limitation on the time
step size, 7 ~ h2. To avoid such a strict limitation we find Uj in the course of iterations of

the LI-M scheme detailed in [5]. The construction of this scheme is based on the use of
properties of Chebyshev polynomials. Approximation and stability are inherent in the
construction of the scheme. The equations (14) are the result of final iteration of the LI-M
scheme, and the number of iterations p is inversely proportional to the grid parameter h and

is determined without wusing empirical parameters by an exact formula
p=’70.257r T Ao +11, where A, is the upper bound of the spectrum of the discrte

operator Dj,. The resulting algorithm remains stable under the hyperbolic time step constraint

7 ~const-h and lends itself well to the parallelization process.
Above it is described only the principle scheme of splitting. In the concrete implementation
at the current stage of development the turbulent equations (4) do not participate.

5 SIMULATION RESULTS

Below there are demonstrative numerical simulation results of multicomponent turbulent
flows with strong shock waves performed on a multiprocessor supercomputer K-100 of the
hybrid architecture using the methodology described above. The simulation strategy is
developed using the example of a two-dimensional problem of modeling the flow of a
chemically reacting multicomponent medium in a channel with a backward step. This channel
is a model of the combustion chamber of a high-speed aircraft. The task is set as follows, see
[24]. The combustion chamber is a duct with a step that consists of a short part with an
expansion angle of 0.5° and a long constant-area part, Figure 1.

Figure 1. The schematic of the combustion chamber

At the entrance to the chamber, inflow supersonic flow (Mach number 2.5) is set,
containing the products of hydrocarbon fuel combustion. The fuel injectors are located in the
front of the chamber in the area marked with the letter A. To ensure the ignition of the
mixture, a short-term locking of the channel with a stream of compressed air is used, the
supply of which is carried out across the main flow using a pneumatic throttle B. Calculations
are performed on a refined sequence of nested meshes, indicated below 1x, 2x, 4x. Each of
the meshes is obtained from the previous one by doubling the number of cells in both
directions. The 1x grid consists of ~ 110 thousand nodes, the 2x grid ~ 440 nodes, etc. In [25],
similar numerical experiments were performed using the OpenFOAM software package. Note
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that the results of calculations on the 2x and 4x grids do not visually differ much, so the
graphs below are given for the 1x and 2x grids. The time-marching scheme is implemented to
obtain a steady-state solution or oscillating mode in the combustion process in the chamber.
The second order spatial Galerkin approximation is used in the NOISEtte for all viscous, heat
conduction and diffusion fluxes.

In Figure 2 the flow structure of a multicomponent mixture is shown. Figure 3 shows the
flow details in the fuel injection zone in the gas phase, and in additional, two coordinate lines
x=const and y=const are marked, along which Figure 4 shows one-dimensional profiles
of fuel concentration and pressure for grids 1x and 2x. Figures 2 and 4 demonstrate the
convergence of approximate solutions when reducing the size of grid’s cells.

Figure 2. Normalized pressure field on the grids 1x (a) and 2x (b)

=const

b
L=

y=const

h—:

——

Figure 3. Fuel injection zone; lines X =const and Yy = const for the imaging 1D profiles
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Figure 4. Profiles of fuel fraction (top row) and pressure (bottom row) along the chosen lines for
the grids 1x and 2x

Majority of numerical-experimental investigations of the flow in a chamber with the step
were implemented for the validation of numerical technologies, see for example [24].
Similarly, the results presented here show that the developed numerical technique

describes high-speed flow in the combustor duct correctly.

6 CONCLUSION

The paper presents an original numerical method for integrating multi-component Navier-
Stokes equations. The difference method used allows us to more accurately account for the
presence of strong shock waves and maintain stability under hyperbolic restrictions on the
value of the time step. The results of simulations are qualitatively consistent with

experimental data and calculated data from other studies.
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The proposed algorithm is well parallelized, which makes it a robust tool for numerical
modeling complex flows on grids with a large number of nodes, for example, the external
flow of a high-speed aircraft and the internal flow in a ramjet/scramjet tract. The presented
methodology can serve as a development basis for creating a fully functional tool for
numerical modeling of complex processes on high-performance computing systems.
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Summary. The article discusses the implementation of the algorithm for solving axisymmetric
contact problems of the thermoelasticity theory using the mortar method. This algorithm is used
for numerical simulation of the contact interaction of several bodies under thermomechanical
loading. The ill-conditioned system of linear algebraic equations obtained as a result of finite
element discretization is numerically solved using the modified symmetric successive over-
relaxation method (MSSOR), generalized to the case of contact of several bodies. The results
of the algorithm application are demonstrated on a problem simulating some processes in a fuel
element with a different number of bodies. The effect of the contacting bodies number and mesh
steps on the number of iterations necessary to achieve a given accuracy while solving the system
of equations is investigated.

1 INTRODUCTION

Accounting the contact interaction of various functional equipment units allows to obtain a
more accurate estimation of the construction stress-strain analysis. The most promising and
often used technique of the contact interaction studying is numerical methods, the leading place
among which is occupied by the finite element method.

It is often not possible to use matched meshes while modeling the contact of a large number
of bodies. The numerical solution of such problems is carried out using various algorithms,
among which we can distinguish the domain decomposition method [1,2], the penalty method
[3,4], various versions of the Lagrange multiplier method [5,6], in particular, the mortar method
[7,8], based on the construction of a sufficiently detailed auxiliary mesh for determining the
Lagrange multipliers in the case when the meshes are unmatched. Algorithms designed for
modelling the interaction of bodies in dynamic problems can also be noted [9].

This paper discusses a sufficiently general statement of the contact interaction problem of
several bodies is given and an implementation of an algorithm for numerically solving contact
problems using the mortar method is presented. The block system of linear algebraic equations
with a saddle point obtained as a result of the problem discretization is ill-conditioned, and a
modified symmetric successive over-relaxation method is used to solve it, generalized to the
case of contact interaction of several bodies.

The article considers the problem modeling some processes in a fuel element with a different
number of contacting bodies on unmatched meshes. The dependence of iterations number on
the selected finite element mesh and the number of bodies is analyzed.

2010 Mathematics Subject Classification: 74M15, 74S05, 74B05.
Key words and Phrases: Contact Problem of the Elasticity Theory, Finite Element Method, Mortar-method,
Succesive Over-Relaxation Method.
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2 MATHEMATICAL FORMULATION OF THE PROBLEM

Let a group of axisymmetric thermoelastic contacting bodies (Fig. 1) be located in three-
dimensional space R*, occupying a domain G = UGa (o is a body number index), bounded

a

by a piecewise smooth border oG = U@Ga-

z

A
S3
Syl Gn-1
S
Gn| Sg
Sy
Syl G1q
Sq Il
I

Figure 1. Scheme of contact interaction of several bodies

Consider the following problem: inside a cylindrical cladding G, there is a column of
several placed on top of each other identical cylindrical pellets G,,...,G, _,, having an inner
hole and chamfers at both ends. Each pellet (except G, u G,,_,) comes into contact with two
adjacent pellets and the cladding (it is believed that there is no initial gap between them). S, is
the lower end of the lower pellet, S, is the inner surface of the pellets, S, is the top end of the
top pellet, S, is the boundary between the inner surfaces of the pellets and the cladding, S, is

the outer surface of the cladding. The lower ends of the cladding and lower pellets are fixed
vertically. There is no friction on the contact surfaces. This problem simulates some
thermomechanical processes taking place in a fuel element.
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Suppose that the coupling effect (the dependence of temperature on the deformation of the
body) can be neglected; therefore, we will solve the heat conduction problem separately, and
use the obtained temperature field to solve the contact problem of the thermoelasticity theory.

Consider the following initial-boundary value problem for the nonlinear heat equation:

oT
C(T)pE = (kij (T)T,j),i +q(x), xeG;
T(x,0)=T,(x), xeG; (1)
—nk; (T)T; |Slu82u83: q,(x,t), xeS uUS,uS,, t>0;
—nik; (MT; s, =a(MIT (X)) -T, (], xe§,, t>0,
where ¢(T) is the specific heat capacity of the medium, p is the medium density, t is time,

. . T . .
ki is the thermal conductivity tensor components, T :2—, q(x) is the power of internal
, "

J

sources (drains) of the body, T,(x) is the initial temperature, T (x,t) is temperature at time t,
n. are the components of the unit vector of the external normal to the boundary oG, q,(x,t)
is the heat flux density on the surfaces S,, S,, S,, a(T) is the heat transfer coefficient on the

surface S,, T, (x) is the temperature at a similar point lying on the opposite side of the contact

pair.
The mathematical formulation of the contact problem of the elasticity theory for the case
when there are no bulk forces includes the following relations [10] for each body G, = R?,

participating in the contact (i, j =1,3):

equilibrium equations

c;,;(U)=0, xeG,; (2)
e Kkinematic boundary conditions
u(x) =uy(x), xeS; (3)
e force boundary conditions
o;(U)n; =g;(X), xeS;US,; (4)
e Cauchy relations
5,0 =2 (U, (94U, (), x<G,; ©)

e governing equations (Hooke’s law)
G (X) = Ci (& (X) = 312 (X)), xeG,; (6)

e kinematic contact condition

45



P.S. Aronov, M.P. Galanin and A.S. Rodin.

Uyt (X) =-u*(X), Xxe S 7)
e force contact condition
ot (X)=02(X)<0, xeS2, (8)

where x; are the coordinates of the vector xe G, ; o; are the stress tensor components; ¢, are

the strain tensor components; & are the components of the initial strain tensor (for a
thermoelastic body such are thermal strains); u; are the displacement vector components; C,
are the components of the elastic constants tensor; g, are the surface force vector components;
n, are the components of the external normal vector to the corresponding surface S;; u," are

n

the projections of displacement vectors of boundary points on the direction of the external
normal n to the body «, boundary; o' are the projections of stress vectors on the directions

of external normals n, .

The conditions of contact interaction with respect to displacements and stresses must be
fulfilled when solving the problem on the contact surfaces of bodies.

For the case under consideration of the axisymmetric formulation of the problem, the vectors
of stresses ¢, strains €, u and displacements u cylindrical coordinate system are written as
follows:

o, g,
GZ EZ ur
6= , &= . u=
Oy &y u,
Tro Vro

The solution of the problem (2)-(8) is equivalent to [11] minimizing the functional
H=%chgdG—jung5+jzn(uﬁ(x)—uﬁ(x)) ds )
G S Sk

when fulfilling the kinematic boundary conditions (3), where A are the Lagrange multipliers,

which are projections of the stress vectors on the directions of the external normals,
u, =un, +u,n, .

3 BASIC MATRIX RELATIONS OF THE FINITE ELEMENT METHOD

For the numerical solution of the problem (2)-(8) we will use the finite element method. The
finite element mesh consists of second-order quadrangular elements.

The components u®®, u’® of the displacement vector u inside the finite element with the
index e are determined using the dependence

MIRUNON

u®
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where [N](e’ is the matrix of the shape functions [12] of the finite element with the index e,

and {u}(e) is the the combined vector of displacement components in all nodes of the finite

element with the number e.
Relations between deformations and displacements are written as follows [12]:

e} =[] {u}", (10)

where [B](e) is the gradient matrix [11] of the finite element with the index e.
Stresses are expressed through deformations using the Hooke law:

{O‘}(e) _ [Da ](e) {g}(e) ’
or, taking into account (10),
{o} =[D.17[B]" fu}",

where [Da](e) is the local elasticity matrix of the finite element [12] with the index e for the

body with the index « . For the axisymmetric formulation of the problem the matrix [D, ] is
written as follows:

1-v v 0

1-v 0

[0,]" = —=— 1-v 0
T eva-2vy| VY !
0 0 0 1-2v

2

where E is the Young's modulus and v is the Poisson's ratio.

4 APPLICATION OF THE MORTAR METHOD FOR SOLVING CONTACT
PROBLEMS

The mortar method for solving contact problems of the elasticity theory is based on the
independent finite element discretization of disjoint subdomains. The meshes on these
subdomains are, generally speaking, unmatched on the contact line, and the continuity of the
solution is achieved through the use of Lagrange multipliers [13]. Among the main advantages
of the mortar method, the possibility of independent selection of various types of finite elements
and shape functions both at the boundaries of contacting bodies and during integration along
the contact line can be noted.

To simplify the recording, we restrict ourselves to the case of two bodies with one pair of

contact surfaces. Let the body G, be master and the body G, be slave. The contact line from
the side of the body G, is denoted by I", and from the side of the body G is denoted by I, .
We consider one-dimensional second order finite elements on the contact lines ", and I',.
From the nodes of these elements on the contact line I",, we draw normals to contact line T’ .
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For the finite elements formed at the intersection of the normalsand I", we will carry out further

integration, considering them also as one-dimensional quadratic elements with similar shape
functions. The division of bodies into master/slave is largely conditional and non-obvious, but
ultimately this choice determines the discretization of Lagrange multipliers [14].

Consider the following integral:

IXT(u —u)dy= ZJ.;‘T“ dy— IkTude, (11)
i=Lr i=1 1

where I'=T_ UT, k, and k, are the total number of finite elements into which the contact
lines T', and T, are divided, respectively, the vectors u,, and u, consist of the normal
components of the displacement vectors of the finite element nodes on the contact lines T" and
I',, the vector A consists of Lagrange multipliers corresponding to the projections of stress
vectors on the directions of external normals on the contact line T, . Inside the finite element
with the index (e) values of A, u, and u,, are expressed as follows:

ﬂ'n :[Ni](e) {ﬂ}(e), u, = [NS](G) {us}(e) LU, = [Nm](e) {um}(e) ,
where [N, ], [N,]®, [N,,] are the matrices of the shape functions of the one-dimensional

quadratic element with the index (e).
Minimization of functional (9) together with integral (11) leads to the formation of the
following system of linear algebraic equations [15]:

A, 0 0 0 M, [y R,
0 A, O 0 M, || u, R,
0 0 A(N—l)(N—l) 0 MN—l Uy RN—l
o 0 .. 0 Aw My || uy R,
M M; ... M{, M{ O A 0

where

(A= 2] {J “"[0]"[8)" deJ[aG]‘”,

G

(R)=2[a]”" ([N [0]” av),

=1

[+

(4 A e Ay A)
M=0 .. 0 M 0 .. 0 M 0 ..0M, 0 .. 0)

where N is the number of bodies, q is the number of contact pairs and in the columns of the
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matrices M, corresponding to the numbers of the bodies in contact with the body with the
number i, are the following matrices

[M,]= 3] [I [N [N]” d7][as](e)-

e=1 r

si

Here [a ], [as]* are the matrices of geometric interactions of the finite element with the

index (e), [Di](e) are the local elasticity matrices of the finite element with the index (e), {gi}
are the local surface force vectors, k; are the number of finite elements into which the body G,
is divided.

Matrices A, have the dimension n. xn., i=1...,N, n is the the number of unknown
displacements in the i-th body, n=n, +...+ny is the total number of unknown displacements,
matrices M; have the dimension n,xm, m=m +...+m, is the total unknown Lagrange
multipliers, matrices M, have the dimension n,xm,, m, is the the number of unknown

Lagrange multipliers for the j -th contact pair, which includes the i-th body.

5 ALGORITHM FOR SOLVING THE SYSTEM OF LINEAR ALGEBRAIC
EQUATIONS

The system of linear algebraic equations (12) with a saddle point is ill-conditioned and has
a zero block on the main diagonal, therefore, for its numerical solution we will use modified
symmetric successive over-relaxation method (MSSOR) [16,17], generalized to the case of
contact of several bodies:

|
MR
o
~—~
>
=X
A
|
>
=X
N—r
+
L=
<
=4
=
~- X
N
[
S

................................................... (13)

a kel aky L N0 g T <
—5 Bl A+ Mgu, 2=0,
T t=1

1 k+1 k*% k*% K+l
;All(ul —-u, )+A11u1 +M1}‘ :Rl'

1 k+1 kJ% kJ% k+1
;ANN(UN —Uy )+ANNUN +MN;\‘ =Ry,
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where k is an iteration number, o and z are the iterative parameters.

Before the first iteration, it is necessary to set the initial (zero) value to the vector of Lagrange
multipliers A and then calculate the displacement vectors u, from the first m equations of
system (12).

Using the scheme (13) allows us to reduce the solution of the general ill-conditioned system

of equations for all contacting bodies to the sequential solution of three blocks of systems of
1

k+=
equations: N systems for calculating u, 2, q systems for calculating A** u N systems for

calculating u¥**. Within each of these blocks, systems of equations can be solved independently

of each other, including in parallel. All these systems of equations are solved using the
conjugate  gradient  method. Matrices  selected as  preconditioners  are

N
B, :Z;M;(diag{Aﬂ})*lM ;i» and the values of the iterative parameters are set as follows:
J=

a=0,05, 7=0,5.

6 RESULTS OF THE NUMERICAL SOLUTION

First, we will solve the initial-boundary value problem of the heat equation (1), and we will
use the obtained temperature field to solve the contact problem of the elasticity theory (2)-(8).
In the pellets, a constant heat release is set, and the temperature in all nodes of the cladding is
assumed to be constant (623 K). Constant pressure p, =10 MPa is set on the outer surface of

the cladding, and constant pressure p, =50 MPa is set on the upper surface of the upper pellet.

The pellets are made of uranium dioxide, the cladding is made of an alloy of zirconium. The
elastic moduli, thermal expansion coefficients, specific heat capacity and thermal conductivity
of both materials are temperature dependent, and the Poisson’s ratios and density are constant.

We will carry out a series of calculations with a different number of pellets. For the case of
five pellets, we present the distribution of radial and axial displacements and stresses at the
contact boundary between the pellets and the cladding. We will consider unmatched meshes:
the pellets G,, ..., G, are divided into 40 elements in the r direction and into 80 elements in

the z direction, and the cladding G, is divided into 10 elements in the r direction and into

400 elements in the z direction.

The considered problem has the following specific features:

e at the contact boundaries between the pellets, almost all finite elements (except for a
few elements near the inner surface) exit the contact;

e axial displacements reach significant values: for example, for the case of 100 pellets,
the upper pellet displacements relative to its initial position by an amount comparable
to the size of several pellets.

Fig. 2-3 show the graphs of the distributions of radial and axial displacements at the
boundary between the pellets and the cladding. Fig. 4-5 show the graphs of the distributions of
radial and axial stresses at the boundary between the pellets and the cladding. The graphs of
radial displacements stresses are visually indistinguishable and coincide everywhere, except for
the vicinity of the chamfers of the pellets; no oscillations are observed.
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Figure 5. Axial stresses o, (z) in the elements nodes

For the case of 100 pellets, we present fragments of two-dimensional distributions of
displacements and stresses in the middle of a pillar column.
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Figure 6. Two-dimensional distributions in the elements nodes of the 49th and 50th pellets: a) —
radial displacements, b) — radial stresses, ¢) — axial stresses
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Figure 7. Two-dimensional distributions in the elements nodes of the cladding: a) — radial
displacements, b) — radial stresses, ¢) — axial stresses

Fig. 6-7a show two-dimensional distributions of radial displacements, and Fig. 6-7b and 6-7¢
show two-dimensional distributions of radial and axial stresses for the case of 100 pellets.
Fragments of the distributions corresponding to the 49th and 50th pellets are shown, and when
constructing deformed bodies, the applied displacements were increased by 10 times for pellets
and 50 times for the cladding for clarity.

We will carry out a series of calculations with three different unmatched meshes:

e Mesh 1: the pellets are divided into 20 elements in the r direction and into
40 elements in the z direction, the cladding is divided into 5 elements in the r
direction,

e Mesh 2: the pellets are divided into 40 elements in the r direction and into
80 elements in the z direction, the cladding is divided into 10 elements in the r
direction,

e Mesh 3: the pellets are divided into 80 elements in the r direction and into
160 elements in the z direction, the cladding is divided into 20 elements in the r
direction.

Inthe z direction the cladding is divided into the required number of elements in proportion
to the number of pellets. For example, for five pellets, this will be 200, 400, and 800 elements
for the three variants of the mesh. Fig. 8-9 show the graphs of the distribution of axial stress at
the contact boundary between the 3rd pellet and the cladding. It is seen that when using a coarser
mesh, oscillations arise near the chamfers, with an increase in the number of elements, the
amplitude of the oscillations decreases and on the smallest mesh they disappear.
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Figure 8. Radial stresses o, (z) in the elements nodes of the 3rd pellet (mesh 1)

gy, MPa

-20

~40

-60

-80

-100

-120

-140

0.022

0.0

0.0

0.0

0.0

PR

4

mi

= pellets

cladding

Figure 9. Radial stresses o, (z) in the elements nodes of the 3rd pellet (mesh 2)
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Let us compare the number of iterations necessary to achieve the given accuracy of solving
the system of equations (12), with a different number of pellets. In this case, the relative
accuracy is calculated as follows:

d, —u, )+, -u, )’

s

uZ +u?
2.5
i

where U, , U, are the values of radial and axial displacements at a new iteration, S, is the sum

of the areas of the finite elements, which includes the considered node, divided by the number
of nodes in the finite element.

&

& | Mesh 1| Mesh 2| Mesh 3
10°| 5 5 6
10°° 6 7 8
10| 12 15 21
10° | 29 38 56

Table 1. The number of iterations required to achieve accuracy of ¢ (5 pellets)

& | Mesh 1| Mesh 2| Mesh 3
1072 8 10 12

10°%| 14 18 22
10*| 30 39 52
10°| 64 80 94

Table 2. The number of iterations required to achieve accuracy of ¢ (25 pellets)

& Mesh 1 | Mesh 2 | Mesh 3
107 16 19 24
107 25 31 40
10™* 51 66 90

5.10°| 85 102 148

Table 3. The number of iterations required to achieve accuracy of ¢ (100 pellets)

Tables 1-3 show that with increasing accuracy, the number of bodies and decreasing mesh
step, the number of iterations increases. For 100 pellets, maximum accuracy of &£ =5-10" is

achieved, there is no convergence for the accuracy of & =10"".
Let us determine some empirical patterns of growth in the number of iterations depending
on the number of pellets and nodes of the finite element model. With an increase in the number

of nodes, the number of iterations increases in proportion to n”, where y € (0,225;0.275) . The

above range was obtained for calculations with a different number of bodies (5, 10, 25, 50, 100
pellets). It is known that when using the conjugate gradient method without preconditioning for
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matrices obtained by discretizing the Laplace operator, the number of iterations increases in
proportion to Jn [18]. If unit matrices are used as preconditioners B,, then there is no
convergence. The selected preconditioner allows faster convergence compared to the conjugate
gradient method for conventional matrices.

As the number of pellets increases, the number of iterations increases in proportionto N*,
where x € (0,37;0,41) . This range was obtained for calculations with three different meshes
(Fig. 11). The number of iterations for the calculation with five pellets is somewhat inconsistent
with the proposed regularity, therefore, N =10 was taken as a starting point for constructing
the dependence graph of CN®*. In real fuel elements, the number of pellets reaches several
hundred; therefore, the proposed algorithm allows us to obtain a numerical solution with
sufficient accuracy for a moderate number of iterations.

number of iterations

120
100 —— Mesh 1
80 Mesh 2
60 | ] Mesh 3
40 | i — |
l—‘--- ""‘__-_-— -E-EEw. 0’4
'o’ // CN
20}~
=
0 number of pellets
20 40 60 80

Figure 11. Dependence of the number of iterations on the number of pellets for £ =107

7 CONCLUSIONS

The statement of the problem of contact interaction of a system of axisymmetric
thermoelastic bodies under thermomechanical loading is presented. The results of the numerical
implementation of the algorithm for solving the problem using the mortar method are presented
on the example of a demonstration task that simulates some processes in a fuel element. A
generalization of the algorithm for solving a system of linear algebraic equations arising as a
result of discretization of the problem by the finite element method, in the case of contact of
several bodies. A comparison is made of the number of iterations required to achieve a given
accuracy of solving the system of equations, depending on the number of pellets and mesh
steps. It is shown that the proposed method for the numerical solution of an ill-conditioned
system of equations allows convergence to be achieved with sufficient accuracy for a moderate
number of iterations. It is also demonstrated that with an increase in the number of elements,
the amplitude of the axial stress oscillations arising near the chamfers of the pellets decreases.
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Summary. Pressure transducer calibration is modeled in the regime where calculated thermo-
acoustic signal and experimental information about normal boiling temperature attainment due to
nanosecond laser pulses irradiation are used. It is shown that the regime demonstrated recently for
30 ns laser action is not straightforwardly applicable for shorter pulses due to strong thermo-
acoustic signal enhancement compared with vaporization signal near normal boiling point. For
subnanosecond laser irradiation two pulses action is suggested where shorter and longer pulses are
used simultaneously.

1. INTRODUCTION.

In [1], a method for calibrating a pressure transducer using a change in the thermoacoustic
signal due to the appearance of evaporative pressure as a marker for reaching the target normal
boiling point was proposed and implemented. Additional information about the actual temperature
of the irradiated target with its known thermophysical parameters allows us to accurately calculate
the value of thermoacoustic pressure and thereby calibrate the acoustic recording scheme used.

The fact of simultaneous recording of thermoacoustic and evaporative signals has been
recorded in irradiated dielectrics, metals and semiconductors for a long time [2-5]. However, the
use of this fact for the calibration of piezoelectric sensors has not been reported until recently,
although piezoelectric sensors have been used in the diagnosis of pulsed exposure for more than
half a century [6].

A 7 mm thick piezoelectric sensor operating in the current source mode was calibrated in [1]
under the influence of a laser pulse (25 ns, 1.06 um) on the surface of a metal target made of
liquid mercury, which was in contact with the sensor through a 3 mm thick glass layer. The value
of thermoacoustic pressure at the time the boiling point was reached was comparable to
atmospheric pressure, which facilitated its simultaneous observation with the evaporative signal.

Since the value of the thermoacoustic signal at a fixed pulse intensity grows inversely with its
duration, the question arises of how much this calibration technique can be used for shorter pulses
when, against the background of increased thermoacoustic pressure, the evaporation signal in the
temperature range close to normal boiling becomes relatively less noticeable.

In this paper, we analyze the possibility of extending this method to shorter laser pulses.

2. THERMOACOUSTIC PRESSURE SIGNAL IN LINEAR APPROXIMATION.

The one-dimensional hydrodynamic problem for calculating the thermoacoustic pressure
pulse when the absorbing target is heated by a laser pulse is described by the following

system of equations:
0 ou_
at+uaz+paz_0 (1)
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du Ju 10P
E + UE + ;E =0 (2)
oT oT a oT
pCp(E-l'uE):EKZ-FQ (3)
Az, t)=al(t)e™™ (4)
¢ 2
1) = Ie i 25), b=2772 )

Here p, u, T, P - density, speed, temperature, pressure are space-time dependent functions
(z, ). C,, x - heat capacity and thermal conductivity (known temperature functions). O, a, I,
7,- source power density, absorption coefficient, peak laser intensity and duration of a laser
pulse of a Gaussian shape.

The heat equation (3) should be supplemented with initial and boundary conditions:

T(z,0) =T, k2(0,)=0, T(Lt)=T, (6)

The right-hand boundary condition (6) should be set at a distance L, where the temperature
change can be considered negligible in comparison with the quantities of interest to us, which
thereby virtually cease to depend on L.

Let us now consider various approximate approaches to the solutions of these equations,
supplemented by the equation of state p(7, P), which are used to determine pressure pulses
excited in absorbing condensed media under the action of laser radiation.

If we do not take into account the dependence of density on pressure P, which is true for
fairly slow processes, then from (2) in the linear approximation we obtain the well-known
expression for thermoacoustic pressure in terms of time derivatives of surface temperature
and absorbed intensity [3]:

x ouy; 1 9 aT i
P=—pl gt ~ ootk St ] ()

It is seen from (7) that, in the case of a fixed intensity maximum, the pressure increases
inversely with the duration of the laser pulse. For small values of the absorption coefficient in
(7), the second term related to the volume character of the absorption is dominant, and in the
opposite limiting case, the main role is played by the mechanism of diffusion thermal heating
of the target. Such an explicit mechanism separation is possible only in the linear
approximation (7).

These expressions are valid at distances exceeding the total heating length, but small in
comparison with the length of the corresponding sound wave. Taking into account the
dependence of density on pressure in a linear approximation for pressure, we obtain the well-
known wave equation with a source:

1 9%p 9%P 09pd3T
o oz " oror ©)
Formula (7) is obtained from (9) if the term with the square of the speed of sound in the
denominator is neglected on the left side and the remaining term is double integrated over the
coordinate of the heating source on the right side.
In the general case, consideration of the nonlinear response requires solving the complete
system (1) - (3). When using the incompressible fluid approximation, an approach is possible
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when the system of continuity and thermal conductivity equations is considered first, and then
its solution is used to determine the pressure from the Euler equation (2).

To numerically solve the heat equation, which is necessary when determining the
thermoacoustic pressure (7), you can use finite-difference schemes or the Green's function
method with subsequent calculation of the corresponding integrals.

t co
T(z,t) = T, + f f G(z,z,,t — 1) qy(z t)dz,dr,
o Jo

(z-21)2 (z+21)?
_ _x _ 0@
G(lellt) - amyt {e wt t+e axt }' X - PCp' CIV(Z: t) - PCp (10)
KT(z,0) = [*, |2 q@exp{-—2=}dr, x=-=, q,0) =1 (11)
! —oo [ (t—-T) s p 4x(t-1) X pCy’ qs

where y is the thermal diffusivity.

Formulas (10) and (11) give expressions for the behavior of the temperature profile in the
case of bulk and surface absorption, respectively. In the latter case, the formula for surface
temperature takes a simple form:

kT(0,6) = [* |-X

© ([ 1(t—T)

q(r)dr (12)

The results and analysis of specific calculations of the behavior of P(t) are given in the
next section for mercury using the known values of its thermophysical parameters [7-9]:

TK 8:7(323 W’;’(<:1|$1_-2P’<) xc,nigj KTf/Klo_e’ Vapbsgrt_ur-, g//c!:)r’n3
300 139 8 4.45 181 3.68:10° 13.521
350 138 8.5 4.78 182 1.23-10™ 13.4

400 137 9.3 5.02 182 1.61-10° 13.279
450 137 9.8 5.4 183 0.01178 13.16
500 137 10.4 6 183 0.05758 13.04
550 137 115 6.48 185 0.2993 12.921
600 137 12.4 6.84 185 0.6146 12,8

650 137 13 7.12 186 1.521 12.68
700 137 13.5 7.41 186 33 12.56
750 137 13.8 7.67 185 64.5 12.436
800 136 14.2 7.95 185 11.58 12.31

Table 1: Thermophysical parameters of mercury.
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3 RESULTS AND DISCUSSION.

3.1 The dependence of the thermoacoustic signal on the pulse duration.

First, we consider the change in the thermoacoustic pressure (7) with a decrease in the
pulse duration in the target heating from the initial temperature T, = 0.457, to a
predetermined value corresponding to the normal boiling point of mercury T, = 630 K.
Because of this additional condition the pressure amplitude increases faster than the reciprocal
of the pulse duration, since a shortening of the laser pulse requires an additional increase in its
intensity. The considered problem for this reason becomes effectively nonlinear. A similar
note also applies to the dependence of the pressure amplitude on the magnitude of the
absorption coefficient.

As thermophysical constants in calculating the temperature and pressure, we will use three
sets of values from Table 1 corresponding to the target temperatures 7/ T, = 0.45, 1, and 1.1.

_ _ g _ J
T,=045T, p=1359—",  pC,=1865—r,
ap _ . —41-—-1 _ sz
S8 =1815-107*K~1,  x = 00327 (13)
T, =T, =1270i C'=174L
o=t P emsr P T Moy
ap ) 41 —1 _ cm?
20 =1.856- 107K, x=0.076 <= (14)
T=111T, p=1252-2—,  pC, = 1.716——
0 ’ cm3’ p cm3K’
ap _ 1n—4p-1 _ cm?
2 =186-107°K1,  y=0.082 T (15)

. Figures 1 and 2 show the behavior of the temperature of the irradiated surface and the
thermoacoustic pressure signal in the linear approximation of heating from the initial
temperature of 0.45T, to Ty, at various durations of the absorbed laser pulse with a decrease
from 30 to 0.1 ns. The thermophysical parameters indicated in (13) - (15) were used at To / Ty,
= 0.45 and 1 and two absorption coefficients of 10° cm™ and 10° cm™.

From a comparison of Figures 1 and 2, it can be seen that the transition from the use of
data (13) to data (14) practically does not affect the shape of the pressure response, with the
exception of the ratio between the amplitudes of the positive and negative pressure waves, the
values of which approach unity with decreasing pulse duration and absorption coefficient.
This behavior is associated with a relative change in the length of the thermal effect due to
thermal conductivity and the radiation absorption length .

However, the amplitude values of pressure and absorbed intensity change more
significantly with a change in the pulse duration, as is also shown in Table 2, where these
values are given for a set of constants (13) and (14) for two absorption coefficients of 10° cm™
and 10° cm™.
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Fig. 1 Temporal profile of intensity (1), relative temperature (T / T,) and pressure (P) for different
pulse durations (they are shown in the graphs) and & = 10° cm™ (solid lines), a = 10° cm™ (dashed
lines). The values of maximum intensities for two absorbtion cooficients and difeerent pulse duration
are: 30 ns - 1,,=1.2 MW/cm? and 1,,=1.04 MW/cm?; 10 ns - 1,=2.3 MW/cm? and 1,,=1.8 MW/cm?; 3 ns
- 1,=5 MW/cm?*and 1,,=3.4 MW/cm?; 1 ns - I,=11 MW/cm*and 1,,=6 MW/cm?; 0.3 ns - 1,=29
MW/cm? and 1,,=12 MW/cm?; 0.1 ns - 1,=74 MW/cm*and 1,,=23.3 MW/cm®,
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Fig. 2 Temporal profile of intensity (1), relative temperature (T / T,) and pressure (P) for different
pulse durations (they are shown in the graphs) and a = 10° cm™ (solid lines), a = 10° cm™ (dashed
lines). The values of maximum intensities for two absorbtion cooficients and difeerent pulse duration
are: 30 ns - I,,=1 MW/cm® and 1,=0.7MW/cm?; 10 ns - I,=1.8 MW/cm? and I,=1.3 MW/cm?; 3 ns -
In=4.2 MW/cm*and 1,,=2.4 MW/cm?; 1 ns - 1,=10 MW/cm*and 1,=4.5 MW/cm?; 0.3 ns - 1,,=28
MW/cm? and 1,,=12 MW/cm?; 0.1 ns - 1,=74 MW/cm*and 1,=18 MW/cm®.
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a=10"cm? a=10°cm?

‘Ep., Iml, Pml, Im2, Pm2, Iml, Pml, Imz, sz,
ns | MW/cm? bar MW/cm? bar MW/cm? | bar | MW/cm? | bar
0,1 74 140000 74 140000 18.2 600 23.3 1100
0,3 27.5 1750 29.2 2000 9 150 11.9 300
1 10 210 11.2 260 4.45 38 6.1 80
3 4.24 33 5.07 50 2.43 12.5 34 27
10 1.82 5.75 2.3 10 1.28 35 1.81 7.6
30 0.9 1.45 1.2 3 0.73 1.15 1.04 2.6

Table 2: The values of the maximum pressure and the corresponding radiation intensity
depending on the duration of the absorbed laser pulse for two values of the absorption
coefficient and heating to Ty. from initial temperature T, = 0.45Ty,.

The ratio of the pressure amplitudes calculated for different sets of constants (13), (14) at
various values of the absorption coefficient is shown in Fig. 3 (two upper curves) depending
on the duration of the laser pulse. The solid curve (o = 10°> cm™ ) tends to unity for short
pulses where the heat conduction effect is smaller than at & = 10°cm™.

, P(TYP(T)
—— a=10em’  T=045T
-1 / R
2]
1' T, NS
0,1 1 10 100

Fig. 3 Ratio of maximum pressures at various thermophysical parameters for two values of the
absorption coefficient depending on the pulse duration.

The pressure in Fig. 1 and Fig. 2 for 30 ns is approximately consistent with the calculation
result in [1]. It also follows from the figures and Table 2 that the amplitude of the
thermoacoustic pressure signal grows much faster than (rp)'1 when 7, diminishes. This
difference, clearly demonstrated in Fig. 3, as mentioned above, is associated with an
additional condition for reaching a given temperature T, = Ty, for each pulse duration.

Using simple estimates, it is easy to find that in this case, with the volume or surface
nature of the absorption, the amplitude of the linear response with decreasing pulse duration
will increase as (rp)'2 or (rp)'3’2. With a comparable effect from these two heating mechanisms,
the exponent will lie in the range 1.5 - 2, as can be seen from Fig. 4.

Due to such a rapid increase, the amplitude of the thermoacoustic signal exceeds the
atmospheric pressure by more than an order of magnitude even with a duration of 3 ns. Such
an excess, which increases with a further decrease in the pulse duration, greatly complicates

64



Samokhin A.A., Pivovarov P.A., Galkin A.L.

the direct application of the method used in [1] for calibrating a piezoelectric sensor in the
case of short laser pulses.

P, bar

T,=0.45T, (14)
—m— =10°cm™

- a- o=10%cm™
T,=0.45T, (13)

—=— a=10°cm™

10000

1000 ~ sl g=10%m™
T =T, (15)
—=— o=10°cm™
1001 —a— o=10%cm™
T =T, (14)
—o— a=10°cm™
104

a=10%cm™

0.1 1 10 Tp NS
Fig. 4 Change in pressure maximum depending on the pulse duration for two sets of thermophysical
constants (13)-(14) (grey and black) with initial temperature T, = 0.45T, and (14)-(15) (violet and red)
with initial temperature T,=T,. Triangles and squares correspond to two values of the absorption
coefficient a= 10° cm™ and a= 10° cm™, respectively.

3.2. Modification of the approach for short pulses.

A decrease in pressure for short pulses can be achieved by preheating the target to a
temperature close to the value of T, with an additional longer laser pulse. The two-pulse
technique, when the first pulse transfers the irradiated system to the desired state, and the
second carries out its monitoring is widely used in various situations (see, for example, [10]).
In our case, the short pulse should be combined with the moment of reaching the temperature
maximum from the first long pulse, when the thermoacoustic signal generated by it is close to
its passage through zero.

The action of a short laser pulse should provide heating of the target from Ty to values at
which the saturated vapor pressure exceeds 3 bar. For mercury, in accordance with Table 1
(saturation pressure versus temperature), this gives T value about 1.1 Ty, The ablation regime
then approaches evaporation into vacuum with a recoil pressure of P, = 1 bar. However, a
consistent quantitative analysis of the problem of the unsteady process of formation of a pulse
of evaporative pressure under similar conditions, when the saturated vapor pressure as a result
exceeds the external pressure by several times, as far as we know, has not yet been carried
out. Note that in the conditions of interest to us, the evaporation and thermoacoustic signals
are simply summed, since the cooling effect of evaporation on the temperature profile is
small.

65



Samokhin A.A., Pivovarov P.A., Galkin A.L.

Figure 5 shows the temporal dependences of the thermoacoustic pressure upon heating
the target from To = Ty to T = 1.1 Ty, with laser pulses of various durations (3, 1, 0.3, and 0.1
ns), and Table 3 shows the maximum achievable values of thermoacoustic pressure under
such conditions.

It can be seen that the magnitude of the thermoacoustic signal is much smaller than in
Fig. 1 and Table 2; however, at 0.1 ns its amplitude nevertheless considerably exceeds 1 bar
even for the absorption coefficient 10° cm ~*. The total thermoacoustic signal when exposed
to two pulses with durations of 30 ns and 1 ns is shown in Fig. 6.

10P bar P, bar

6<
3ns 3ns
5 /\ m=1 MW/cm? 3 /\ 1,,=0.68 MW/cm?
(0] (0]

N—

‘ t/ T ] ' ' ' ' t/T'
(0] 1 2 3 4 5 (0] 1 2 3 4 5

1 ns 1ns
301 1n=2.25 MW/cm®> 10 A 1,=1.23 MW/cm’
o

0 \_—
-301 -
t/< 10 t/
0 1 2 3 4 5 (6] 1 2 3 4 5
P, bar P, bar
’ 60 L ]
400+ 0 3ns 0.3 ns
, .
200+ /\ m=5.85 MW/cm 30+ Im=2.41 MW/cm®
0 o)
200 \/ \//
-301
-4001 t/t t/t
(6] 1 2 3 pat 5 (0] 1 2 3 4 5
P, bar P, bar
3000 O 1ns 200
1500+ 1,=15 MW/cm? 0.1ns ,
o 100 1,=4.63 MW/cm
-30001 t/'c -100/ t/t
o} 1 o} 1 2 3 4 E
a b

Fig.5. Temporal profile of thermoacoustic pressure depending on the laser pulse duration and o = 10°
cm™ (a), o= 10° cm™ (b) upon heating of the target from T = T, to T = 1.11 T, with the corresponding
intensities.
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o=10"cm? a=10°cm?
T, HC Iml, Pml, |m2, sz, Iml, I:>m1, |m2, sz,
MW/cm? | bar MW/cm? bar MW/cm? bar MW/cm? bar
0.1 15 2800 15 3000 463 220 473 230
0.3 5.85 400 5.87 400 2.41 60 2.47 66
1 2.25 55 2,27 56 1.23 17 1.25 18.3
3 1.01 10 1.03 11 0.675 55 0.7 5.8

Table 3: The values of the maximum pressure and the corresponding radiation intensity
depending on the duration of the absorbed laser pulse for two values of the absorption
coefficient and heating up to 1.11Ty, from the initial temperature T, = T},.

T/Tb so P bar

40

1,04 30 ns+1 ns
204 a:1050m'1,

0.8 0 B

30 ns +1 ns
0,61 a=10°cm™, -201
t/t -40
0 1 2 3 4 5 0 1 2 3 4
a b

Fig. 6. The temporal profile of temperature (a) and pressure (b) for a laser pulse with a duration of 30
ns lny = 1.2 MW/cm? followed by heating of the target from T = T,. up to T = 1.11T,. 1 ns pulse with
lm=3.2 MW/cm?; ¢ = 10°cm ™.

Note that for o = 10° cm ~* and a pulse duration of 0.3 ns, the maximum of the acoustic
pressure is only slightly higher than the maximum for the duration of 1 ns, shown in Fig. 6
This means that calibration in the case under consideration is possible for the subnanosecond
mode if the absorption coefficient is large enough.

The question of choosing the wavelength of laser radiation to ensure such a value of a is
beyond the scope of this paper. At the same time, for mercury at higher temperatures
approaching the critical point, there appears to be a sharp decrease in a, characteristic of the
metal-insulator transition (see, for example, [11-14] and referencies therein).

3.3. Applicability of the approximations used.

The use of the equation of state in this work, which takes into account the dependence of
the density of the liquid only on temperature, suggests, in particular, the slowness of the
processes under consideration on a scale specified by the speed of sound cs. This means that
the convective velocity v associated with thermal expansion should be small compared to Cs
>> p and the characteristic spatial size | of the processes considered over time t should be
small relative to the mean free path of sound over the same time. This inequality holds in all
of the exposure modes discussed.
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The effect of the calculated pressure P on the density change can be approximately
estimated using a simple relation that takes into account the proportionality of this change to
the ratio P/cs>. This contribution is significant only for the shortest pulses during direct target
heating from the initial room temperature to the boiling point. However, these cases are not of
interest for calibration precisely because of the large magnitude of the resulting
thermoacoustic pressure.

The applicability of the linear approximation is evidenced by a comparison of the results
obtained when two sets of constants corresponding to the initial and final values of the target
temperature are used in the calculations. The results are shown in Fig. 3 and in Tables 2 and 3.
For the heating interval T = (0.45 -1) Ty, the difference between the sets (13) and (14) is not
negligible due to a noticeable variation in thermal diffusivity in this range. However, this
difference does not play a significant role, if we take into account the use of a two-pulse
technique. At the same time, for short pulses with a heating interval T = (1 - 1.1) Ty, the
applicability of the linear approximation is quite satisfactory, as can be seen from Fig. 3 (two
lower curves), table 3 and Fig. 4 where in the case T, = Ty there is no visible difference
between the curves with the sets (14) and (15) for the same « value.

4. CONCLUSION.

Thus, in the present work, as a result of numerical simulation of various modes of the
method of calibrating pressure sensors, originally proposed and implemented [1] for a laser
pulse duration of 30 ns, it is shown that the direct extension of this method to shorter
durations is difficult. This is due to the rapid increase in thermoacoustic pressure with
decreasing pulse duration, which turns out to be sharper than the inverse dependence
characteristic of a linear response to a given laser intensity, due to the fixation of the
temperature range in the calibration mode

A natural way to overcome this difficulty is to use a double-pulse heating of the target,
when the first long pulse brings the temperature of the target closer to the boiling point, and
the second, shorter one, provides the appearance of an evaporative signal with a reduced
(compared to single-pulse mode) value of the thermoacoustic signal. This approach allows us
to extend the calibration method implemented in [1] to subnanosecond pulses, thereby
expanding its range of applicability by almost two orders of magnitude in reducing the laser
pulse duration.
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Summary. A detailed study of the mobility and kinetic properties of solid - liquid interfaces
(SLI) with different types of crystal lattices (fcc - Al, Cu) and (bcc - Fe) metals in a wide
range of temperatures and pressures was carried out using atomistic modeling. The ranges of
maximum permissible values of superheated/undercooled states for each metal have been
determined. The ultimate goal of the study was to determine the temperature dependences of
the stationary front velocity v,/(47) describing the SLI mobility in each of the metals in an
analytical form. The analytical dependence v,,(4T) was constructed by comparing the results
of atomistic modeling in the area of maximum permissible superheating/undercooling values
with the data of the main kinetic models of Wilson - Frenkel (WF) and Broughton, Gilmer
and Jackson (BGJ). An acceptable agreement was achieved by introducing appropriate
correction parameters into the kinetic models using the least squares method. The influence of
the crystallographic orientation of metals and external pressure on the SLI mobility is
investigated.

1 INTRODUCTION

The development and evolution of nanostructures of materials [1] in many cases is
determined by the motion of interphase interfaces, and therefore it becomes urgent to
determine the main equilibrium and nonequilibrium properties of interfaces.

Equilibrium properties of interfaces are largely related to grain boundaries, which are
interfaces between differently oriented crystals of the same material [2]. The importance of
studying the structure and thermodynamics of heterophase interfaces of solid materials [3] is
determined by the role they play in the stability and morphology of materials. In particular, in
situations where the primary solidification process is fully completed, the solid phase, as a
rule, can pass into new phases and secondary microstructures [4].

The non-equilibrium properties of mobile solid-liquid interfaces (SLI) are manifested in
fast melting and solidification processes, where they play an important role in the
establishment of various structural and kinetic properties, the morphology of the growth of a
new phase, and non-equilibrium transfer of matter across the phase boundaries [4], [5] .

Initially, the greatest efforts in the atomistic research were devoted to the crystal-melt
interfaces in one-component systems. These studies included a detailed analysis of the
structure at the interface [6], direct calculations of the interfacial free energies [7], Kinetic
coefficients, [8,9] and associated crystalline anisotropies [10], as well as other structural and
thermodynamic parameters of the solid-liquid interface [11]. At that, the main attention was
paid to the determination of the most important property of the mobility of the interphase
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boundary — the speed of heterogeneous phase transformations vs, = vy (4T), which depends on
the value of superheating/undercooling AT = T, - T, of the interphase boundary T'(t).
According to thermodynamic theory, if the constituent parts of a thermodynamic system
are not in equilibrium with each other, then thermodynamic flows arise through their
interfaces, accompanied by the process of transformation of matter from one state of
aggregation to another one (phase transition). Assuming that the processes occurring in the
system are quasi-static, and the fluxes are infinitely small, one can use the methods of
equilibrium thermodynamics to describe such a nonequilibrium system. In this case, an
infinitesimal difference in the thermodynamic parameters in different parts of the system is
assumed. The driving force of first-order phase transitions is the difference in the free energy
of two phases at the interface I'(t). Using the theory of thermodynamic potentials, it can be

shown that the difference in free energy is linearly proportional to undercooling
(superheating) [8, 12]:

AG=45-AT = AL

eq
where A4S, AT are the change of the entropy and temperature, L, Teq are the specific heat and
equilibrium phase transition temperature.

Identifying the difference in free energy AG as the speed of the phase transformation v, one
obtains the expression for the speed of the transformation, which in the thermodynamic
approach at constant pressure and small deviations from the equilibrium is proportional to
superheating/undercooling: AT: v = uAT, where for the case of the solid-liquid interface I'y(t),
u is the proportionality constant between the normal boundary speed and its
superheating/undercooling.

The use of the equilibrium theory of thermodynamic potentials to describe phase
transformations (nonequilibrium processes) makes it possible to take into account only a
small entry into the metastable superheated/undercooled region and to study phase
transformations near the equilibrium line, where the temperature dependence of vy /(4T) is
mainly controlled by the difference of the free energy of the crystal and liquid phase. This
determines the main disadvantages of the thermodynamic approach. Since thermodynamics
does not take into account the internal structure of the bodies under consideration, a number
of its conclusions and provisions do not have sufficient accuracy and physical clarity.

Structural particles of matter in continuous motion are displayed in the main statements of
the molecular kinetic theory, in which all processes are considered at the atomic or molecular
level, and the particles have a Maxwellian velocity distribution.

The simplest Kinetic dependence in the form of the linear growth rate of a crystal from a
melt, which outwardly agrees well with the above thermodynamic relationship, was obtained
on the basis of classical molecular kinetic models. In this dependence, the proportionality
constant is called the kinetic coefficient [14, 15]. The main application of the Kinetic
coefficient and its various modifications [16, 17] was found in the description of melting -
solidification processes in the vicinity of the equilibrium melting temperature T¢, = Ty, Where
the coefficient x is the main parameter characterizing the mobility of the SLI. In the kinetic
approach in the most general form, the coefficient x is written as [9, 18]:

Ohke) (AT) = :u<hk/<>AT (1)
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where (hkt) are the indices characterizing the anisotropy of the kinetic coefficient and
indicating the dependence of the SLI rate on the crystallographic orientation of the interface.
The anisotropy of the kinetic coefficient and its value are the most important factors affecting
the growth rate and the associated morphology of solidification at small undercooling.

The need to consider an extended range of superheated/undercooled states was caused by a
large number of theoretical [19 - 24] and experimental [25-27] works that showed that the
kinetics of melting/solidification processes far from the equilibrium melting temperature Ty, is
significantly different from the kinetics in the vicinity of Tp,.

In this work, using atomistic modeling, a detailed study of the mobility and Kinetic
properties of SLI with different lattices (fcc - Al, Cu) and (bcc - Fe) and crystallographic
orientations for metals is carried out in a wide range of temperatures and pressures. The
ultimate goal of the study is to construct the temperature dependences of the stationary front
velocity describing the SLI mobility in metals in a wide range of maximum permissible
values of superheating/undercooling. The analytical dependences of v,/(47) were determined
by comparing the results of the atomistic modeling in the area of maximum permissible
values of superheating/undercooling with the data of the kinetic models. An acceptable match
is achieved by introducing the corresponding correction parameters into the model [28], [29].

2 MAIN KINETIC MODELS

Traditionally, the kinetic theories have developed most intensively in the direction of the
processes of crystallization - solidification of melts, which is explained by the large content in
them (along with the fundamental aspects) of a large number of technological applications, in
which crystallization of metastable phases in deeply supercooled melts leads to significant
structural changes associated with thermodynamic, kinetic and mechanical properties of
materials.

Kinetic theories depicting temperature dependences v.(47) of SLI mobility are based on
various physical phenomena. The most well-known Kinetic theories include the classical
Wilson - Frenkel (WF) theory [30-32] with a diffusion mechanism for controlling the
interface kinetics, the kinetic model of Broughton, Gilmer and Jackson (BGJ) [33] with a
collisional thermal mechanism, and the kinetic theory [7,34], with the mechanism of influence
of density changes, the so-called density functional theory (DFT).

In the kinetic theory of WF, [30-32], the interface speed is related to the diffusion of atoms
in the liquid phase. This theory is often called the transition state theory, since it is based on
the assumption that melting or solidification occurs through some intermediate or transition
state. In this theory, the SLI rate is controlled by a diffusion limiting mechanism. This
mechanism is based on the assumption that atoms (molecules) must overcome the diffusion
barrier during the transition from liquid to solid phase. The transition is accompanied by a
significant restructuring of the interface. In this case, the rate of the crystallization process is
assumed to be proportional to the diffusion coefficient, which is usually presented in the form

of the Arrhenius equation
Q
D =D, exp| — 2
o IO( kBTSJ ()
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where Q is the energy of activation for diffusive motion in liquid, kg is the Boltzmann
constant, kgT is the average thermal energy for a single atom, Dy is the prefactor determining
the speed of the process.

Temperature dependence of the crystallization / melting front velocity v,(4T) in the model
with diffusive limitation is expressed in the generalized form as:

af AG D L. AT
o 6Tl = D{ex‘{k?} _1} e gy o
2
where C<‘{1Vk5,> :% f , a is the interatomic distance, 4 is the man free path for the atoms of

this process, it is assumed to be proportional to the lattice constant, a: A<a, f is the
efficiency coefficient (a constant of the order of unity, f < 1), characterizing the fraction of
collisions of liquid atoms with solid, which leads to crystallization. These quantities do not
have a rigorous definition, are difficult to measure, and, moreover, depend on the
crystallographic orientation of the interface [18, 35].

The BGJ theory [33], originally proposed as an improvement on the earlier WF theory,
uses the frequency of thermal collisions of atoms with the interface [36] as a constraint. The
modification of the WF transition state theory was motivated by the results of MD simulation
[33] performed with the Lennard-Jones potential, which was assumed to be metal-like, which
showed that the growth of crystals of monatomic systems may not in all cases be limited by
diffusion. In particular, in the region of very low temperatures, the diffusion coefficient tends
to zero, but according to the simulation results, the SLI rate is still finite and the WF model
turns out to be wrong. Following the hypothesis [36] that the solidification of monatomic
metals is limited only by the frequency of collisions of melt atoms with the crystal surface,
the authors of the BGJ model [33] replaced the diffusion term in (3) with the average thermal

velocity of atoms v, =,/3k,T,, /m

L AT 3K, T, L AT
AT B =3f ex m A0 |_1|=cBe B st | oy m 2 | _q 4
[Us/( )]<hk£> 2 o Ur| €Xp KT T, (hke)y m p KT T, 4)

a, . o . :
where C(P)) = 2 f, is a dimensionless coefficient, m is the atom mass.

In the Kinetic theory developed on the basis of DFT [7, 34], the interface Kinetics is
controlled by the relaxation of short-wave density waves. Density functional theory also
explicitly explains the anisotropy of the coefficient u ke, confirming that it is determined only

by (hkt) factors.
Within the framework of the kinetic approach it is easy to formulate an analytical form of

the kinetic coefficient uu) (1). For the temperatures in the vicinity of the equilibrium melting
temperature Tp, (T, =T, ) from the Egs. (3) u (4) one can obtain the coefficient u g in the

form:

D L,
ﬂ<vr:/sz> = <VrYkFe> gm (®)
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I3k, T, L,
ﬂ;% = Cﬁf% rE:] T2 (6)
B'm

It is easy to see that the equations (5), (6) represent the first term in the expansion of

equations (3), (4) in the neighborhood of T,,. The dimensionless coefficients C<‘“h’kF Y C<ifj> do

not have a strict definition and depend on the crystallographic orientation of the interface [6].
The presence of the values without strict definition Q, Do, A and dimensionless coefficients

f, CQQ’kF Y C<Bh‘k5j>) the models (3) - (6) required further investigation of the kinetics of the phase

transformations. It was performed using atomistic modeling. Modeling based on molecular
dynamic methods using both pair Lennard-Jones [37] and many-particles EAM [4, 5,
23,35,38 - 41] potentials for metallic interfaces with different crystallographic orientation
(100), (110) and (111) allowed to find that both theories (models WF (3) u BGJ (4)) near the
equilibrium temperature T, give the results that are in reasonable agreement between
themselves and the results of theory (DFT) [7, 34].

With the development of more accurate many-particle potentials for metals, a number of
molecular dynamics studies of crystal growth in pure metals were carried out. Atomistic
modeling [23, 27] showed that in the range of values close to the melting point, the
crystallization process can be represented with acceptable accuracy by kinetic models with
diffusion (3) and collisional thermal constraints (4), as well as by models of the density
functional theory [7, 34]. For deep undercooling, it is preferable [23, 27] to use the Kinetic
model with collisional thermal constraint [33] and the Arrhenius-type model [35]. In the
region of intermediate undercooling at a level of ~ 0.7T, the advantage is retained by the
model of the transition state with diffusion limitation of WF. In the paper [42], a specially
developed semi-empirical potential was used to simulate the phase transformation in a
disordered one-component system. The modeling showed that the WF theory satisfactorily
describes the results of MD simulation of interface migration in the temperature range from
0.55Tn, to Trm, while the BGJ theory is less accurate in describing the temperature dependence
of the SLI speed in the same temperature range. Below 0.55 T, none of the existing theories
is able to reproduce the temperature dependence of the interface speed.

Recent use of ultrashort fs, ps - laser pulses to achieve deep undercooling in melts of thin
(10-50 nm) metal films [23-27] has brought to the fore the study of bulk and surface
mechanisms of melting of solids [43, 44]. The degree of undercooling during solidification
can be easily controlled by varying the thickness of the thin films. The problem of
determining the mobility of the crystal-melt interface during melting / solidification of metals
[49] as a function of temperature o4 (47) in the entire range of deep
superheating/undercooling became urgent especially with the subsequent transition to the
problems of crystal growth from deeply undercooled melts [45, 46], as well as kinetic glass
transition of undercooled liquids [47, 48].

Since in the overwhelming majority of works [5, 9-11, 18, 23, 27, 35, 42] the study of the
temperature dependence of the stationary speed »(7,) was carried out in the temperature
range of crystallization with deep undercooling, the important question of the possibility of
using the analyzed kinetic models remained open: is it possible to determine the speed of
movement of a SLI with acceptable agreement in the temperature range of melting with
strong superheating of the solid phase? In the literature there is a small number of works [28,
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29, 49-54], in which the kinetic models (3), (4) were tested in a wide temperature range,
covering the processes of crystallization and melting.

3 STATEMENT OF THE PROBLEM AND COMPUTATIONAL ALGORITHM

The determination of the stationary temperature dependence of the Kinetic rate of SLI in
the range of maximum permissible values of superheating/undercooling was carried out using
a computational experiment consisting of a large series of molecular dynamics calculations.

Metals of two types were involved in the modeling: with fcc lattice - aluminum (Al),
copper (Cu); and bcc lattice - iron (Fe) with different crystallographic orientations. Atomistic
models are based on the model concept of a polyatomic molecular system in which all atoms
are represented by material points, the motion of which is described in the classical case by
Newton's equations. As a result, the evolution of an ensemble of N point particles is described
by a system of 2N ordinary differential equations. The interaction between particles was
described by various many-particle EAM potentials: for aluminum [38], copper [39], and for
iron [40] with parameterization [41]. The integration of this system of equations for all N

particles requires the knowledge of the coordinates and velocities (T;,o, )|t:0 at the initial time

t =0. For Al (and in a similar way for other metals), the computational domain was set in the
form of a parallelepiped with a size of 5x5x41 nm and filled with 57 600 particles. All the
atoms of the parallelepiped were formed in the form of a set of 20x10x10 lattice unit cells.
The periodic boundary conditions were set in all three spatial directions at the boundaries of
the computational domain, i.e. the simulated object was an infinite single crystal of metal.

The initial state of the computational domain for modeling of the process of heterogeneous
melting of a metal is a solid-state structure with a liquid layer in the middle of the
computational domain, in which the crystalline and liquid phases are separated by two flat
interfaces. To study the melting process, the liquid phase occupies about 18% of the volume
of the computational domain, and to study the crystallization process ~ 80%. Subsequently,
the interface speed was measured directly as a function of its temperature.

In the course of calculations using a thermostat, a fixed temperature value was established
and maintained throughout the entire computational domain during the entire numerical
experiment. At the same time, the barostat kept a constant value of the external pressure. This
excluded the reverse effect of the release / absorption of the latent heat of fusion on the local
temperature at the fronts. As a result, the process of heterogeneous melting / crystallization
quickly reaches a stationary regime, and the change in the amount of a new phase occurs
almost linearly. The position of the melting-crystallization fronts was tracked using the order
parameter.

The maximum permissible values of overheating/overcooling are understood as the
temperatures at which, in the event of overheating, the initial crystal still retains mechanical
stability, the loss of which is associated with the onset of homogeneous melting. For
stationary action conditions, the value of the limiting superheating is 7's¢ = 1.25T, which is in
good agreement with the results of [43]. Under unsteady action, the limiting value of
overheating reached the value of 1.5T, or more, which coincides with the estimates [55].

In the case of undercooling, the limiting temperature is the temperature at which the
undercooled melt is still pure liquid. The limitation of deep penetration into the metastable
undercooled region is associated with the formation of an intermediate (interstitial) phase, for
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which the order parameter turns out to be much larger than that of a liquid, but much less than
that of a normal crystal. The appearance of the interstitial phase indicates the beginning of the
vitrification process. The glass transition temperature for most metals is in the region
Tc~ (0.3 +0.5)Ty [35]. The variants of calculations in which a noticeable proportion of the
interstitial phase appeared were excluded from consideration.

Taking into account the above estimates in the calculations, the temperature range of the
superheating/undercooling limit values was chosen within T, ~ (0.3 +1.25)T,. For the
considered metals Cu, and Fe, the influence of the crystallographic orientation of the interface
in the plane (100) was considered and for Al - (100), (111). The influence of external pressure
for two values, 0 and 80 kbar, was also considered for each of the metals.

4 THE RESULTS OF THE ATOMISTIC MODELING. THE CONSTRUCTION OF
AN ANALYTICAL DEPENDENCE v gke(4T)

The result of the molecular dynamics simulation was obtaining a discrete set of values of
the phase front velocity depending on the crystallographic orientation of the interface: for Al:
vaoo4T), for Cu and Fe: wvaooy47) in the range of extreme values of
superheating/undercooling. Discrete values omnke(47) in Fig. 1, 2, 3, 4 are marked with
markers (circles and triangles — P = 80 kbar).

The analytical dependencies were constructed using the least squares method.

The discrete set of values v g )(Ts¢) obtained from the molecular dynamics modeling was
compared with the results of the kinetic models of BGJ [33], (equation (4)) and WF [30-32],
(equation (3)). When comparing, it was taken into account that equations (3), (4) contain two
thermophysical parameters - the equilibrium melting temperature T, and the latent heat of
melting Ly, the values of which, due to the peculiarities of the interaction potentials used in
molecular dynamics calculations, may slightly differ from the reference ones. To correctly
compare the MD data with the kinetic data in equations (3), (4), we used the values of T, and
L, determined for all considered metals Al, Cu, Fe from additional MD calculations
performed by the method [56] with the same potentials [38], [ 39], [40, 41]. The calculation
results for 2 values of external pressure are shown in Table 1.

Metal Pressure [kbar] Tm, [K] Lm, [kd/mol]
Al 0 949 8.90
80 1332 11.30
Cu 0 1315 11.48
80 1602 13.21
0 1775 15.57
Fe 80 2062 17.14

Table 1. The calculation results of T, and L, for 2 values of external pressure

76




V.1. Mazhukin, A.V. Shapranov and O.N. Koroleva

The model of BGJ. Full alignment of a discrete set of values v )(4T) with equation (4) was
achieved using a 2-parametric C gy, Sake) approximation:

BGJ BGJ 3kB BGJ L (P) Ts/,_Tm(P)
[Us/,(AT)]<hkﬂ> _C<hk/>\/ T, {e p(ﬁhkl k.T.(P) T, ]_1} (7)

where Ci2 Brogh

are the approximation parameters. By introducing additional parameters

(8%
<hke>

required precision of the temperature dependence v

BGJ

before the whole expression and /3,

in the exponent, it is possible to achieve the

BGJ
(hks)

The values of the parameters Cp,; found from MD calculations allow to automatically

(AT) in a wide temperature range.

estimate the value of % f , which is not very precisely determined in the BGJ model.

Meta oo Co fim [ms]
Al P=0 0.344 5.01 5.97
Vjzon) (AT) P =80 0.374 5.37 8.00
Cu P=0 0.416 5.74 11.75
Vjzon) (AT) P =80 0.441 551 12.36
Fe P=0 0.365 6.34 3.89
Vjzon) (AT) P =80 0.416 6.31 8.56
BG;A\ | P=0 CBlf]; ﬂgi; [nﬁjs]
Py (a7) 0.165 7.27 5.11

Table 2. The values of the approximation parameters and the mean square deviation o

of the approximating function vj¥, (AT )from the discrete set of values v, (AT).

The best agreement, with an error not exceeding a few percent, over the entire temperature
range was achieved with the values of the approximating parameters C<Bhfj.>, ﬂ<?1fj> presented

in Table 2.

In Figures 1, 2, 3, solid red and dashed blue lines show the plotted dependences of the SLI
speed in the crystallographic planes (100) and (111) at the external pressure P =0 and P = 80
kbar for the elements Al, Cu, Fe.

In Fig. 4 for Al, the solid red and dashed black lines show the plotted stationary
dependences of the SLI speed in the crystallographic planes (100) and (111) and at external
pressure P = 0.
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Fig. 1. The dependence of the SLI rate in the crystallographic plane (100) on the
superheating/undercooling value for Al at P =0 and P = 80 kbar.
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Fig. 2. The dependence of the SLI rate in the crystallographic plane (100) on the
superheating/undercooling value for Cu at P =0 and P = 80 kbar.
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Fig.3 The dependence of the SLI rate in the crystallographic plane (100) on the
superheating/undercooling value for Fe at P = 0 and P = 80 kbar.
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Fig. 4. The dependence of the SLI rate in the crystallographic planes (100) and (111) on the
superheating/undercooling value for Al at P = 0.
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Note that when simulating the crystallization of aluminum in the region of significant
undercooling of the interface with the orientation (111), the probability of the appearance of
stacking faults significantly increases. Their accumulation leads to a curvature of the initial
crystallographic plane and the further propagation of the front is going in a direction different
from (111). For this reason in the crystallographic direction (111), it was not possible to enter
the undercooling region below 0.6xTy,.

The model of WF. The diffusion limited model [30 - 32] was also used to approximate the
discrete set of values v (Ts)) from molecular dynamics modeling for aluminum at two
values of external pressure (P = 0, P = 80 kbar).

A complete fit of the discrete values v )(4T) to the equation (5) was reached using a

three-parameter Cf\, By, Q. @PProximation:

~we . [D Qiwey [ e Lin(P) Ts =T (P)
[os (AT )iy _C<hk£>d|m{?°}exp T [B(hk@ expikBTm(P) / . -1 (8)

In the considered range of the limiting values of superheating/undercooling in the
crystallographic plane (100), the best fit with an error less than few percent was reached with

the values of the approximation parameters Cyeo,, B : Quor listed in the Table 3. The

value of C<‘ﬁ)z> was determined keeping in mind that dim{&} = (m/s) is only a
a

dimensionality of the relation Do/a.

Metal Pressure Ciio Qoo s -

[kbar] [m/s] [k/mol] o [rm/s]
Al P=0 198.9 1.58 5.65 5.82

WF
Vi (AT) P =80 233.8 1.73 6.28 6.90
Cu P=0 140.64 0 6.88 10.70
Vi (AT) P =80 163.18 0 6.67 11.48
Fe P=0 251.02 0.051 6.63 3.87

WF
Vi (AT) P =80 244.11 0.033 7.10 8.31

Table 3. The values of the approximation parameters and the mean square deviation o of the
approximating function v\ (AT).

A comparison of v!'" >(AT) (8) with the curves oBGJ>(AT), (7), at Figs. (1 — 3) showed
almost complete fit with an error less than 1%. For this reason in this paper, a separate plot of

WF

(hke

Ve (T)is not provided.

(100)

(hke
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5 SHORT ANALYSIS

The obtained curves v°*'(AT), characterizing the mobility of SLI, for the considered

(fcc) and (bcc) metals in the crystallographic plane (100) have a great generality. The melting
branches in the range Tn, <T, <1.25T, have exponential behavior as the superheating rises,

reaching the maximum values v’ ®*’ (AT )~300-+350m/s. The crystallization process in the

undercooling region 0.5T, < T,, < T, takes place in a more complicated manner. The speed of

crystallization v""®(AT) at all curves, Figs.1-3, in the vicinity of T, ~ 0.7Tn have a well-

noticeable maximum of ~ 140+160 m/s. It should be noted that the maximum crystallization
rate for Fe coincides with similar data obtained in [35]. The appearance of the maximum in
the crystallization rate is associated with the beginning of the formation of the interstitial
phase, which slows down the speed of the phase front. In this work, only crystallization
processes in a undercooled pure liquid are considered. Glass transition processes occurring
near and below the temperature Tq, 0 < Ty, <Tg, are not included in the consideration, since
the complexity and importance of this process, in particular, for technological applications
deserves a separate consideration.

External pressure (P = 80 kbar) has no significant effect on the behavior of the kinetic
speed in the entire considered range of superheating/undercooling (blue curves). But the
maximum values of the rate of melting and crystallization in this case increase to 350 + 450
m/s and 160 + 180 m/s, respectively. To a much greater extent, SLI mobility is affected by its
crystallographic orientation. For example, for aluminum, the ratio of the maximum

crystallization rates reaches vfo, (AT )/ (AT )~ 2times, and that of melting, 1.2 times,
Fig. 4.

6 CONCLUSIONS

The molecular dynamics method was used to study the kinetics of melting/crystallization
of (fcc) and (bcc) metals (Al, Cu, Fe) in the range of Ilimiting values of
superheating/undercooling. The limiting superheating/undercooling for each of the metals is
determined by the temperature values at which the superheated crystal retains the properties
of the crystal, and the undercooled melt still remains liquid.

a) The modeling results showed that for the considered metals, the range of the limiting
values of superheating/undercooling is in the range T, ~ (0.3 + 1.25)Ty for Aligo),
Tse = (0.6 = 1.2) Ty, for Ak111y, Tse = (0.6 + 1.3)Tp, for Cu, T, = (0.65+ 1.18) Ty, for Fe.

b) A discrete set of velocity values v (Ts,,P) obtained from the atomistic modeling
together with the kinetic models of WF (3) and BGJ (4) were used to construct

analytical dependences of the stationary velocity of motion of the SLI o‘{‘ﬁj“ (AT,P)

(Egs. (7, 8)) over the entire range of limiting values of superheating/undercooling.

c) In the considered range of limiting superheating/undercooling, both kinetic models of
WEF and BGJ allow, with practically the same error of ~ 1%, to construct analytical
expressions for the velocities in the form of two- and three-parametric curves in the
case of using models of BGJ (4) and WF (3) respectively.
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d) The temperature dependences of the solid/liquid interface velocity for Al, Cu, and Fe,
determined from the results of simulations using different crystallographic planes,
demonstrate a clear asymmetry with respect to the melting point Tn,, which is
explained by the strong difference between the melting kinetics in a highly
superheated state and the kinetics of solidification in a highly undercooled state.

e) For all metals, the change in the temperature dependence of the velocity v, (AT) when
passing through the melting point T, occurs smoothly without a bend in the slope.

f) The crystallographic orientation of the metal, rather than its crystal lattice type, has the
greatest impact on SLI mobility.

g) External pressure has no significant effect on the kinetic velocity behavior over the
entire superheating/undercooling range under consideration, but leads to an increase in
the maximum melting and crystallization rates.

h) The obtained results of atomistic modeling indicate that the capabilities of the classical
Wilson - Frenkel model [30—-32] were greatly underestimated.
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Summary. Multiple importance sampling (MIS) is a well-known method for noise
reduction in Monte-Carlo ray tracing. It weights contributions from merging camera
and light paths in different vertices. Since noise strongly depends on these weights, the
problem of the optimal choice of weight to reach the minimal noise is very important. For
bi-directional Monte-Carlo ray tracing with photon maps (BDPM), different join paths
are not statistically independent because several light paths are checked against the same
camera path and vice versa. As a result, the optimal weights which minimize the noise
functional in the classic Monte Carlo ray tracing and in BDPM are different. In this paper
we calculate weights for the simple reduced case of just two strategies, i.e. merging at just
two vertices of camera ray. We show that these weights obey an integral equation which is
qualitatively different from the well-known MIS formulae for uncorrelated samples. The
integral equation is solved analytically in a closed form and one can see that the MIS
weights for BDPM algorithm depend on the number of rays and scene geometry. In this
paper we also correctly take into account the direct illumination to pixel luminance.

1 INTRODUCTION

Currently simulation of light propagation is widely used not only in optical engineering
bust also in design of new materials. It is intensively applied in architectural, automotive
and aircraft design tasks. If wave effects can be neglected, various kinds of stochastic
ray tracing are a good choice. This realm mainly includes Metropolis light propagation
and Monte-Carlo ray tracing (MCRT). When an image should be calculated, the classic
forward ray tracing from light source is inefficient and various bi-directional modifications
[1] are applied. The weak side of all stochastic methods is that their results are noisy.
The amplitude of noise depends on the method of ray generation and scattering.

Therefore the problem of the optimal probability distribution of ray scattering has
being addressed since long. An important foundation which many modern approaches
originated from is the Veach’s work [2]. Its theorems about Multiple Importance Sampling
(MIS) in Monte-Carlo based methods are still a base for current research. The idea is

2010 Mathematics Subject Classification: 78-04, 65C05, 65C20.
Key words and Phrases: Monte-Carlo ray tracing, photon maps, reduction of noise, multiple importance sampling,
weights..
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to generate several random numbers, one for each “strategy” (i.e. probability density
which admits an efficient generation of samples), and then sum their contributions to the
accumulated average with weight (which usually depends on the phase space point). With
the optimal choice of weights for each strategy, the noise can be substantially reduced,
and [2] suggested the famous “balanced heuristic” and “power heuristic” methods of
calculation of weights. A proof had been produced that albeit these weights are only
sub-optimal, the resulting noise does not much exceed the absolute minimum. Recently
this latter point had been attacked in e.g. [3].

Veach results are based on the theorem which assumes independent samples, but then
were applied to the more advanced methods like bi-directional Monte Carlo path tracing
(BDPT), bi-directional Monte-Carlo ray tracing with photon maps (BDPM) [4, 5] or their
combination [6]. Meanwhile now the “samples” i.e. light paths connecting the source and
the camera, happen to be not independent because e.g. in BDPM or “vertex merging”
the same light path is merged with many camera paths and vice versa. So the resulting
joined full trajectories have common part and thus they are not independent.

In this work we investigate the weights optimal to BDPM and demonstrate the equa-
tions for them are qualitatively different from the famous Veach heuristics. This is because
for the bidirectional Monte Carlo path tracing method or for BMCRT with photon maps
the noise does not follow the rule like in the classic MCRT [7]. Therefore the optimal
weights which minimize the noise functional in the classic MCRT and in BDPM are dif-
ferent. Since the BDPM noise is a quadratic functional over the ray contribution as it is
shown in [7], it is also quadratic in weights. So while calculation of weights that minimize
that noise functional looks mathematically trivial it is not so in practice.

There is an infinite set of weights in bidirectional MCRT with own set of weights for
each join path length. The weights from different sets are defined in different functional
spaces (they have different number of arguments, i.e. vertices and so on), while all they
are “coupled” in the noise functional. There are also problems with ray absorption etc. As
a result the optimal weights obey an infinite system of linear integral equations which are
extremely complex. And their kernels must be calculated from solving yet other integral
equations similar to the “rendering equation” [8] and so on.

We derive the formulae for the optimal MIS weights in case of photon maps, i.e. when
each camera ray is merged with several light rays. Unlike the algebraic equations of the
Veach’s “balance (or power) heuristic”, these are integral equations which happily admit
solution in closed form (i.e. it is an analytic formula which includes several integrals of
the input functions). One can also see that they depend not only on the BDFs and light
emission distribution, like in the Veach case, but also they depend on the number of rays
and scene geometry.

2 BACKGROUND

The issue of optimal MIS weights choosing is very important. It influences on quality
of resultant realistic image or, what is the same, on a convergence speed of algorithm.
This is why lot of studies is devoted to the issue.

The MIS formulae and heuristic methods for optimal weights calculation were proposed
in [2, 9]. The formulae derived there depend on the scattering characteristics (BDFs) and
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distribution of light source emission only. Further this approach was applied in many
papers of which we should recommend [10].

Some extension was suggested in [11] which operates probability density of the join
paths (i.e. rays from the source to the camera obtained by “merging vertices” of the
forward and backward MCRT). The number of vertices in the join path and two halves
which constitute it is different, because two close ones merge into one. Thus the phase
spaces are different, but the author unify them and calculate the density in the space
of join paths. Naturally, it is proportional to the importance of the join path, and also
contains scale factor proportional to the squared merging radius. What is important
here is that this radius can be different in different parts of the scene. As a result,
after substitution the density of the join path into Veach-like formulae the authors can
investigate dependence on the merging radius. The remaining problem is that this is still
a one-sample density which is insufficient to treat “correlation terms” in BDPM [7], so
accounting for the integration radius does not help much. Notice that our approach does
not use the density of join paths, but only those of the light and camera paths, because
the noise is an integral with narrow kernels due to “vertex merging”, and these weakly
converge to the delta function so that not causing much problems.

The general idea of the papers [12, 13] is that the forward MCRT ray hits within
the integrating sphere around the point of the camera ray. This method is named photon
mapping or “vertex merging”. In the same time it is possible to connect the segment point
of the camera ray with the forward MCRT point (“vertex connection”). Of course here
it is necessary check the shading, etc. In general these are two different bidirectional ray
tracing methods. And the authors united those using weights to produce the promising
“vertex connection and merging” (VCM) method. But the weights are all the same
fractionally rational as those of Veach. Non-locality and non-linearity (outside the Veach’s
“power heuristic”) is absent there.

S. Popov and others in [14] proposed original algorithm for generation of full paths
connecting camera and light source. They stochastically generated several paths with
different weights. After that they chose weights to minimize stochastic noise in resultant
image. Their algorithm differs from ours because they neglect statistical dependence
between “camera rays of different length”. This sounds reasonable, but even if they are
really independent, they are merged with the same light path. The authors claim they
have a full derivation which does account for correlations and leads to integral equations,
but it is absent in the paper. The initial equations they start from are correct but too
complex to treat and the authors simplified the problem by replacing the actual noise by
its upper bound.

Naturally, this does not guarantee the weights found do lead to a smaller noise: al-
though the upper bound decreases, the noise itself may even increase.

Several works [15, 16, 17] are devoted to the issue of efficient computation of the MIS
weights.

In [18] the problem of calculations of the optimal weights had been considered for a
limited MIS when we mix contributions from just two vertices, M-th and (M + 1)-th of
the camera path, when M is fixed. This consideration assumed that there is no direct
illumination at the camera vertices up to the last (i.e. the (M + 1)-th), see Section 7 of
this paper. While possible in reality, this is a severe limitation, especially when M is large
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enough. Current paper eliminates this restriction.

3 LIMITED MIS IN BDPM

The general idea is described in [18]: we trace camera ray until it underwent M +
1 diffuse events, it never can go further. While the direct and caustic illumination is
collected in all of them, diffuse one is collected only in the M-th and M + 1-th hits, with
weights wy and w; = 1 — wy correspondingly. These weights are deterministic functions
of M + 1 vertices of the join trajectory (merged camera and light paths), counting from
camera. These weights affect the noise while the limiting accumulated image luminance is
the same, and so can be chosen so as to reduce the noise. Details and reasoning produced
in [18] up to Section 7 remain still valid. We also assume that M > 0 so that the density
of camera hits starting from the M-th is diffuse. The difference is in Eq. (3) of [18], where
the contribution to pixel luminance from merging the camera and light paths neglected
the direct illumination while here it will be taken into account.

4 RAY CONTRIBUTION

Here and below all calculations are for one pizel. The total flux of all scene lights is
assumed 1 to not bother about scaling between the density of photons and irradiance.

Retaining the direct illumination, the contribution® to pixel luminance from merg-
ing the camera path {zg,z1,...} (counting from the first camera hit z,) and light path
{x(()F), 2 ...} (counting vertices from the light source) is

ZE Loy eeey T Lo(l'm 17$m>

+ Z K (w3 — o) wo(X, 27 B(X) f (21 — 27 2 — 2ary, 201)
n>2

+ Z K(zprn — 20wy (X, a0 B(X war0) f(@) — 20, wnren — ar, 2ari1)
n>2

+wi (X, ar1) E(X, 2ar1) Lo(@ar, Targr)

where

X = (20,0, Trn)
is the initial part of the camera path,
y—x
|y — x|

denotes the unit vector from x to y, K is the integration kernel, wy and w; = 1 — w, are
the weights, Lo(z,y) is the surface luminance in point y under direct illumination coming

=

!That is, accumulated pixel value increases by C.
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from the point z, f(v,u,z) is diffuse BDF in luminance factor units at surface point = for
illumination direction (towards the surface) v and direction of scattering (away from the
surface) u, E(xq, ..., Ty) is the energy (or transmission factor in [10] terms) of the camera
ray before hitting x,,, while for the light ray the energy is always 1. Notice that since the
direct component is taken explicitly (via the terms L), it is not taken from photon maps
to avoid double counting, i.e. the light segments [:E(()F),ng)] which represent the direct
illumination do not interact with integration spheres and thus the sums start from n = 2.

The “energy” or camera ray, which is also named transmission factor, is defined as

usual: it is 1 just after leaving the camera, i.e. E(xy) = 1 and then

E(zo, ..., ®ms1) = t(Tm-1, Tm) E(To, .y T (1)

where

uly,z) = / F(0,2 = y.2) (v n(2))] d, 2)

n being the local normal.
Below we shall denote

M
£0 (L’Q,..., E ZE (L’Q,..., Lo(.’[‘m 1,[Em)

m=0

which is what the pure path tracing (without using FMCRT) would accumulate. Ray
contribution then becomes

¢ = ﬁo(XM)+w1(XM+1) (X ng1)Lo(zar, Tars)

3 K — ) wo(Xar, OB f@ = o oar = an,an)  (3)
n>2
+3 Ky — 28w (X s, 2aa)) B(X y) f (2 = 2 2 = o Ta)
n>2
5 NOISE

In BDPM (with or without weights), the variance of the pixel luminance calculated
from Np forward rays and Np backward rays (started from the same pixel) obeys the
general law [7], see also [18]:

Vo= o (4O~ (O + L (s — o)
L (o - o)

Here (-)p is the averaging over the BMCRT ensemble for the fixed FMCRT ray and (-)
is the averaging over the FMCRT ensemble for the fixed camera ray. Notice the linear
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term ((C)) is independent from the order of averaging so we drop subscripts here. It is
also independent from weights, while ((C?)) and ((C)%)p depend on them.
Averaging over the ensemble of light paths resp. camera paths is

O = [Opral? 2l ceall, e ol &
<'>B = /(')pB(%,fEl,-~-,90M+1)d$0d$1"'d$M+1 (5)

where pr and pp are the probability densities of the light and camera paths. Since we
assume that FMCRT uses Russian roulette to kill rays while keeps ray energy, pg is not
normalized. Below we shall sometimes use the spatial and sometimes angular probability
densities keeping in mind the obvious relation between differentials

F(x—y) = s(z,y)dy (6)
s(y,r) = |((x —y) n(x))] (7)

where n is the local normal.

While neither explicit form nor the properties of pg(- -+ ) are used, for the camera path
density we need the recurrence relation. Namely, in BMCRT where direction of the next
segment of the camera ray is chosen proportionally to BDF,

pB(To, .y Tarr1) = f(v,u,xM) |(v-n(xa))| s(xar, 2ars1) X pe(To, oy Tar), (8)

where

3 f(U,U,I'M)
flv,u,x = — 9
( M) ,U(JUM,JUMH) ( )

= Ty41 7 TM

U = Ty — Typy-1

is the “normalized” BDF for BMCRT, and the total backward scattering p was defined
in (2).

Notice that when Ny — oo while Np is fixed the noise does not vanish. This remaining
noise Ng' (({C)2)5 — ({C))?) can be naturally termed the “BMCRT noise”, and ((C)%) 5
named “BMCRT term”. Similarly, when Np — oo while N is fixed, the remaining noise
N ({(CYE) p — ((C))?) is termed “FMCRT noise” and ((C)%)p is named the “FMCRT
term”. The last quadratic average ((C?)) will be named the “cross term”.

Again, like in [18], we neglect the “FMCRT noise”, because for most practical cases it is
much smaller than the other two terms. Assuming N > 1, we arrive at the approximate
noise law:

NpV =~ Np' (((C%) = ((C)°) + {{C)p)s — ((C))” (10)

Now let us calculate the weight-dependent quadratic averages ((C?)) and ((C)%) 5.
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5.1 Cross term ((C?))

Averages over the ensemble of light paths (4) of the terms proportional to the Oth or
1st power of kernel are all limited for S — 0. So in ((C?)) dominating are terms quadratic
in kernel. Let us assume that the integration kernel K is uniform within the integration
sphere, so that K? = S7'K where S is its area. Then

1
o2 - EZK([EM—:L'%F))wg(XM,x;}i)l)g%/l(XM’:Bffi)l’x;F))

n>2

1
5 2 Ko = o) wd (Xar) g (X, 2,7, 1)

n>2

+ 3 K(zy — ) K (@ — 287) x ()

n#n’
+ 3 Klaw — ) K@y —2) x ()
n>2
+0(1),
In( X, 2l ) = B, f) = 2D 2 = T, )

where we dropped the terms proportional to the product K(zy — I%F))K (xp — a:g))

which for n # n’ and S — 0 vanishes because in a “normal” scene the light path segment
can not have zero length. Therefore

For different light path vertices n # n’ the average of K(xy — x%F))K (Trre1 — x;},?))
times a limited function over the light paths is limited for S — 0. The product K (z; —
xle))K (Tpre1 — x%F)) of kernels with different centres is 0 for a.e. camera path, thus the
average of a limited function times it over the combined camera and light paths ensemble
thus goes to 0 as S — 0. Therefore, the two first lines strongly dominate for S — 0.

Now let us applying to them averaging (4) then (5) and taking into account that by
virtue of FMCRT

pr(xl 2) D) = (v n(@)| L(v, z)d*0 = |(v - n(2))| (v, 2)s(z, 22 d?a (11)

where n is the local normal, I, is angular density of illumination of the n-th order (i.e.
() 5 2. We

after n — 1 scattering events, n = 1 is for direct) in = from direction v = z,

then obtain

(c?) ~ s /wg(XM+1)E2(XM)f2($M+1 — TN M = M1, T M)
XJ(zpr41 = T, $M)pB(XM)8($M7$M+1)d2XM+1

+5_1/wf(XM+1)b(~"UM7$M+1)E2(XM+1)PB(XM+1)d2XM+1 (12)

where
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I=>"1, (13)

is the angular density of the full diffuse illumination,

Jw,z) = |(v-n(x))|I(v,z) (14)

is diffuse irradiance and

b(zar, Tarer) = /f2(v’,xM+1 — Tar, Tari1)J (U, wap g )dP (15)

Notice this integral is over the diffuse illumination only.
Introducing

Q(Xnr11) = E(X ) E(X p11)p5(X ar41) (16)

and applying to it the recurrence relation (1) one obtains two useful identities:

E(X n11)p(X i) EH (X)) Q(X 1) (17)
E*(Xn)pp(Xan) = (a1, 2a)Q(Xari1) (18)

Substituting (18) into (12) we arrive at

<<02>> R Sl/wg(XMJrl)f(-TMJrl — TMH,TM 7 folth)
XI(xpre1 — SUM,fEM)Q(XM-H)CFXM-H

+S1/w%(XM—l-l)b(xMaxM—l-l)M(xM—hxM)Q(XM—H)dQXM—H (19)

Then, since wg = 1 — wy,

(c?) ~ 5 / £ (0,1 220) (0, 23)Q(X g )2 X ar
+Sl/w%(XM+l)5(xM17xM7$M+1)I(vaxM)Q(XM+1>d2XM+1
o5 / W1 (X ar2) F(0, 1, 230) 1 (0, 520) QX a1 )P X (20)

where

b(IM, IM+1)

I(v,zp) (21)

5(xM717$M7xM+1) = f($M+1 — Ty T — TM—1, IL’M) +/L(33M71, Z’M)

93



S. V. Ershov, A.G. Voloboy

5.2 BMCRT term ((C)%)p

Averaging (3) over the light paths ensemble and using (11), (13), (6) and (14), we
have for S — 0 when the kernel is nearly a delta-function,

(CVr = Lo(Xn) + E(X0)Go(X y) + E(X yi1)wi (X ) L@, oaren)  (22)
where:
La(xpr, xarer) = /f(v,xMH — xM,xMH)J(v,xMH)dzv (23)

is luminance under diffuse illumination, L = Lg + L4 is the full luminance and

Gk(XM) = /wk(XMH)f(ﬂCMH — TMH,TM — $M—17$M)
><J(%’Mﬂ — TM; xM)S(l’M, 9€M+1)d2$M+1 (24)

Squaring (22) and averaging over the BMCRT paths gives

(©F)s = [ CXpa(Xa)E X
+ [ @apd
+ [ W) P s, a0 B Rars Do Har ) g
2 [ Lo Gol X E(Xa )pa(Xar) 22 g

+2 [ wi (X 1) Lo(Xar) L(zar, a1 E(X 04105 (X ar ) > X a1

—— —

w1 (X ar41)Go(Xar) L(zar, Tars) ™ (@ar—1, Tar)

XE2<XM+1)pB<XM+1)d2XM+1

+2
where

p(X ) = E*(Xa)pp(Xn) (25)
Applying (17) and (18) this becomes
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/ C2(X 0 )ps(Xa )2 Xy
/ XM)dQXM
+ w XM+1 $M7$M+1),M(IL”M—1,xM)Q(XMH)dQXMH

+2 [ Go(X ) E~H (X a0) Lo( X as)p( X 0r) 2 X ns

—

+2 [ wi(Xn 1) BN (X 0) Lo(Xar) L(zar, 0ari1) Q(X api1)d> X pr iy

+2 [ w1 (X ar41)Go(Xar) L(zar, Tar41)Q(X ars1)d* X ari

—

Then,

/GO(XM)E‘l(XM)L’O(XM)p(XM)dQXM
+ / W (X ar) BN X0 Lol X ) L(was 2314 Q(X s )P X

B /E(XM)EO(XM>Ld<u’ 2an)pp(Xa)d* X

(here we replaced L with I using (30) and recalled normalization wg 4+ w; = 1) we finally
arrive at

{(OV)p = /ﬁo(XM) (Lo(X ) + 2E(X ar) La(u, 21)) pp(Xar)d> Xy
+/Gg(XM)P(XM)d2XM
+ [ W@ n(ear s, ) P03 QX)X

+2/G0(XM) (/wl(XMH)I(v,:cM)Q(XMH)dz:cMH) d*X

Applying the definition (24) to the inner integral in the 4th line we have
(O = /ﬁo(XM) (Lo(Xar) +2E(X ar) La(u, 2r)) pi(X ar)d* X
i / (Go(Xur) + Gr(X0))* p(Xar)d* X s

+ / w3 (X pr) (@ar—1, ar) I (0, 200)Q(X ppi1 )P X ar i

- / GH(Xa)p(X ) d* X
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From (24), and normalization wy+w; = 1 it follows that Go+ Gy = Lg(xp — Tp—1,Tar)
thus

G%(XM)p(XM)dz'XM (26)

or

(C)2)p = / (Lo(Xa1) + E(Xa) Laluty 20))? pis (X ) 2K oy
+/wf(XMH)M(xM—be)IQ(%JJM)Q(XM+1)d2XM+1
- / G y)p(Xa )P X (27)

5.3 Resulting noise

Substituting (20) and (26) into (10) we have

NV~ gt [ f(0 ) 00 Q ) P X

-+ / (E()(XM) —+ E(XM)Ld(u, xM))2pB<XM)d2XM
—(np' +1) ((O))?
+/w%(XM+1)a<$MlaxMaxMJrl)H(l'M1,$M)I(UaxM)Q(XM+1)d2XM+1

—/Gf(XM)P(XM)CFXM
_Qng’l/wl(XM-Fl)f(’UvU’)ZEM)I(U7xM)Q(XM+1)d2XM+1 (28)
where
ngp = SNp
~ b(xpr, x
a(Tr—1,Tr, Tapr) = nﬁlf(U,U,JCM)‘FnEIM+L(IM,$M+1) (29)

L<mM7 $M+1)
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and f was defined in (9). We also used the obvious relation that in absence of specular
objects and volumetric absorption angular density of secondary (diffuse) illumination
equals the full radiance of the surface point seen from that direction:

]($M+1 —){L'M,ZEM) :L(IEM,ZEM+1) (30)

6 OPTIMAL WEIGHTS

By definition, this are the weights which minimize the noise functional. In our case
there is only one independent weight, let it be w;. Variation of noise (28) with respect to
it is

N
TBM/ ~ /5w1w1(XM+1)a($M—1737M73UM+1),U($M—1>$M)
X1 (v, 20)Q(X a1 X pra

it [ G (R F0r 0,220 (0, 220)Q Xt ) E s

where here and below

U = Ty — Typy-1

Tp+1 —7 T

and

0G1(X ) = /5w1(XM+1)f(v,u, 220)J (v, 2a0)8(Tar, Tarer )2 ar s

Expanding,

N
TBfSV ~ /5w1(XM+1)(w1(XM+1)G($M—1,$M7$M+1)M($M—1,$M)

‘—n}lf(v, U, Tpr) — Gl(XM))
XI(U>37M)Q(XM+1)d2XM+1

The optimal weight is the one for which the functional V' reaches its minimum, i.e.
0V =0 for an arbitrary dw;. This happens if and only if

w1 (X p1) (np' B(@ai—1, o, Taagr) + p(@n—1, ) 1(v, 2ar)) = np' fo,u,200) + G (X )

or
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w1 (X pr41) <nF1f(U7 U, Tar)

Let

a(xM—h LM, $M+1)

Wi (T -y Targ1) = Wiv, u, xy) +

Wl (Ua u, $M)
then
where
él(xm 7'TM) =
Vo=

1 b(fEMy $M+1)

thp I(v, ) = (v )

G1(X )

#1000 )

g 1 b(ifM, ZEM+1)

nglf(l}/u,l‘M) + n;‘ L(I'M xM-{-l) + L(:EM):EM+1)

nl_Wlf(Uv Uu, :BM)

a(.TM_l, XM, m]\44—1)

él(mo, ,Q]M)

a(iﬁM—l, LM, fL’M+1)

/w1($o, m;xM—i—l)f(%u7$M>J(U7$M>S($M>xM+1)d2IM+1

/wl(:vg,...,a:MH)f(v,u,xM)J(v,mM)dQv

Tr+1 — TM

Substituting this w; into the above definition of él(xo, ..., Zpr) we have

G1(900, -~-;$M)

from what it follows that

where

A(u, )
B(u, xpr)

Finally

= /Wl(v, u, xM)f(v, w, 2pr)J (v, 2p)d?0

+nFé1(x07"'7xM)/Wl(vau7$M)J(U7xM)dQU

/ Wi (v, u, o) f(v,u, w37)J (0, 207 )d20

/ Wl (Ua u, xM)J(Uv .CEM)d2U
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Figure 1: Use of weights in the limited MIS. Blue color relates to camera ray, red color relates to diffuse
light ray.

Alu, z)

a(zpr—1, T, ar1) (1 — npB(u, zar))

wi(Trv—1, Tar, Taa1) = Wi(v, u, zay) + (34)

and it depends only on three vertices (xpr—1, pr, pr41) of the join path.

7 CALCULATION OF WEIGHT IN RAY TRACING

As seen from (3), for kernel which is S™! inside integration sphere the camera path
(g, ..., xpr41) after interaction with all light photons increases the luminance of pixel by

M
AL = ZE(xo,...,xm)Lo(xm_l,xm)
m=0
+E(zo, ..., ) Zwo(fBM—1, Tar, Tp) f(Vpy T — i1, Tar)
p
Fwi(@pr—1, Tar, Taggr ) E (o, oy g ) L(2ar, @ pgs1) (35)

where ) is over the diffuse FMCRT photons (z,, v,) inside the integration sphere around
xyr and L(xpy, 2p41) 18 estimation of the full radiance at z;41 towards xy, (diffuse com-
ponent is from photon maps, the direct one being calculated deterministically), calculated
as it would be without weights. This use of weights is schematically shown in Figure 1.

We therefore need weight wq (21,2, y) for the the following y:

1. Hit point of the camera ray after scattering at x,

2. Previous hitpoint of all diffuse FMCRT photons which hit the integration sphere
about z s
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For each y the weight is given by (34) which includes integrals b(zpr,y) and L(zas,y). As

seen from (15) and (23), they can be estimated with Monte-Carlo method from photon
2

maps:

1
bz, y) =~ 2(vy,y = Tar: 36
(a1, ) SNFEP:f (Vps Y — Tar; y) (36)
1
L(zam,y) ~ Lo(xa,y) + SN, zp: f(vp, y = a3 y) (37)

where the sums are over the diffuse FMCRT photons (z,,v,) inside the integration sphere
around y. These calculations are very much similar to the usual estimation of surface
radiance from photon maps. Then (29), (31) give us the base component of weight
Wi (v, u,xpr) for this set of directions v =y — xy.

Regrettably their result is inevitably noisy while (as said in the very beginning) the
weights must be deterministic functions of the join path so that the weight calculated
for given (zpr_1,2p, y) must be the same during all the MCRT process. Meanwhile in
BDPM the photon maps change from iteration to iteration, thus had that same trajectory
(xar-1,ar, y) been encountered latter, the weight calculated for it would be different.

A simple remedy is to freeze the photon map used for calculation of integrals in the
weight formula so that it is the same for all iterations. For example, we can always use
photon map from the 1st iteration. In this case L(zpr,xpr41) is calculated differently:
for the 3rd line of (35) it is calculated from the “main” photon maps of current iteration
while for the weight it is calculated from the frozen map.

The scheme of calculations is shown in Figure 2 (left).

Besides, we need A and B which are independent from y. The integrals (32) and
(33) with respect to the measure J(v, z);)d?v proportional to the number of the incident
photons per surface area also can be estimated with the Monte-Carlo method as:

1 _

A =~ SNF;Wl(vp,u,xM)f(vp,u,xM) (38)
1

B =~ SNFZP:T/Vl(Up,u,xM) (39)

where the sums are again over the FMCRT photons (x,,v,) which hit the integration
sphere around x ;.

Again to make the result deterministic we use photons from the frozen map. Notice
we need W another set of directions than those in (36), (37) because there v, was from
the “main” photon map while now it is from the frozen photon map.

We therefore need to calculate W there, too. This is by the same (36), (37), only for
y which is now the previous hit from not the main but the frozen map.

The scheme of calculations is shown in Figure 2 (right).

2The full radiance L, can be calculated either completely from photon maps (using both direct and
diffuse photons), or its direct component Ly can be calculated separately while and only the diffuse
component (23) is taken from the photon maps
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Compute Compute
b, L b, L Compute Compute

“X b L— W, b, L— W,

Compute

Compute

weight w,

Compute
b L

Figure 2: Left: Calculation of weights assuming A and B had been already calculated. Blue color relates
to camera ray, red color relates to light ray from current photon map and green color relates to light
ray from frozen photon map. In each integration sphere we compute b, L from the frozen photon map
and then calculate w; from them. Right: Calculation of A and B from the frozen photon map. In
each integration sphere we compute b, L from the frozen photon map, then calculate W from them and
eventually average into A and B.

8 CONCLUSION

The “full” MIS requires that all vertices in the join path be used for intersection of
light and camera rays. It happens that even for very simple scenes the problem is very
sophisticated. We therefore proposed a compromise sub-optimal approach when only two
weights can be not 0. These strategies are: either terminate camera ray at the given vertex
or continue it by yet one segment. Then, we treat the weights of these two strategies as
functions of the camera path and the last light path vertex but not of the “early” part of
light path. In this case the optimal weights obey a linear integral equation that admits
solution in close form, i.e. the solution is an analytic formula which though depends on
some integrals that must be calculated numerically. We demonstrate how they can be
calculated using FMCRT in presence of the direct illumination to pixel luminance. The
algorithm does not require too sophisticated calculations and is applicable in practice.

Unlike the widely used Veach heuristic [2], [10] the optimal MIS weights for BDPM
algorithm are not local and depend on the scene properties in points outside the current
path. Besides, they depend not only on BDFs and distribution of light source emission
but also on the number of forward (light) paths traced in one BDPM iteration and on the
area of the integration sphere.
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Summary. In this paper, the notions of fuzzy T-metric and fuzzy S-metric have been introduced, and
then, examples of known fuzzy metrics are provided, as well as theorems that enable algorithms for
putting up new metrics. Recently, there has been renewed interest in some of their properties, which
are further shown, these being polygonal inequality, and two new classes of functions have been
shown to be regarded as fuzzy metric. By applying these fuzzy metrics, an algorithm has been used in
order to remove image noise. The goal was to improve the sharpness and the quality of the image,
which is expressed and measured by means of the image quality index UIQI. It has been shown that
the general image, which is filtered by this algorithm, has greater sharpness than the image filtered by
the median filter, which is probably the most commonly used vector filter.

1 INTRODUCTION

There is evidence that the notion of a probabilistic metric space plays a crucial role in
regulating a generalization of metric space in which the distance between x and y is replaced
by the distribution function F, y where the value of that distribution function at some point a
is interpreted as the probability in which case, the distance between x and y is smaller of a. A
key aspect of and the introduction of the concept of fuzzy set was proposed by L. Zadeh in
1965.

In recent years, there has been an increasing interest in fuzzy logic and recent develop-
ments in fuzzy sets have heightened the need for initiating wider development of the theory
of fuzzy logic and fuzzy sets, as well as other mathematical fields where they were meant to
replace standard sets. Characterization of fuzzy sets is important for our increased
understanding of fuzzy logic and its consequences, and in this manner the theory of fuzzy
metric spaces has evolved, where the distance between elements x and y is a fuzzy set with
certain properties. There are several important areas where this theory makes an original
contribution to finding increasing application particularly to specific practical problems one
of which is image processing.

The whole concept of thinking that a distance between two objects is no longer a classical,
but a fuzzy set, has led to further development of theoretical parts of mathematics in which
the has term appeared, as well as the application of a part of this knowledge in various
engineering sciences, even in medicine’ sciences. Perhaps the best example is provided by the
functional analysis, where the counterparts are defined by the classical notions of a sphere,

2010 Mathematics Subject Classification: 03E72, 54E25, 62H35, 68U10.
Key words and Phrases: Fuzzy metric, Image filtering, Triangular conorms and Triangular norms.
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neighborhood, convergence, etc., in fuzzy metric spaces. It is in this manner that the theory of
a fixed point in the complete fuzzy metric spaces is considered as a natural continuation of
research in this field in probabilistic metric spaces (see e.g. [2]).

Practical problems in which distance was used and their solution with fuzzy distance
have obtained a new meaning of problem interpretation and the way of solving it. This is
perhaps best seen in shape recognition, shape analysis and image processing, which have
direct applications in practice. For example, classifying data into clusters, in which case each
of them contains objects having the maximum of similarity, i.e. the minimum distance
between each other, with as many objects from other clusters as possible.

Image processing and the problems considered in this area, such as, for example,
filtering and segmentation of the image, abundantly use the distance in terms of similarities,
i.e. differences of images, i.e. parts of images, and the “ambiguity” itself directly indicates the
need for fuzzy distances.

The paper is organized as follows. The second section presents the basic notions of
t—norm, t—conorms, fuzzy complements and their properties which will be required when
proving the properties of fuzzy metrics (see [9], [10]). In the third section, the fuzzy S—metric
and the fuzzy T—metric are defined and the examples relevant to the application are provided.
Polygonal inequality has also been proven and two new classes of set functions have been
defined, and the findings should make an important contribution to the field of fuzzy metrics.
The properties by which new fuzzy metrics can be defined from existing classes are
presented. Evidence suggests that fuzzy metric parameter values are among the most
important factors for enabling selection of the metric that further offers the best performance
in image filtering. In the section 4, the values of the described parameters are further
experimentally determined. Ultimately, the main aim of this study is to investigate the
differences between the quality of image filtering, utilizing our algorithm and filtering using
VMF both of which, were calculated by means of the UIQI metric, which has been defined in
[21], and they are subsequently compared.

2 PRELIMINARIES

This paper sets out to assess the effects of triangular norms and conorms and thus,
definitions of triangular norms and conorms and some of their properties are taken into
consideration and provided in the references (see [9], [10]).

Definition 2.1. For binary operation N : [0,1]> — [0,1] which satisfies the following axioms
for all a,b,c,d € [0,1]:
ni) N(a,e) = a (boundary condition);
nz) ¢ <d = N(a,c) < N(a,d) ( monotonicity);
n3) N(a,b) = N(b,a) ( commutativity);
ng) N(a,N(b,c)) = N(N(a,b),c) ( associativity).
we say that N is norm.
If e = 1, then N is the triangular norm (shorter t—norm), and instead of N we write T. If e =
0, then N is the triangular conorm (shorter t—conorm), and instead of N we write S.
A norm N, is an Archimedean norm if N is continuous and for all a € (0,1), N(a,a) < a for
t—norm N and for all a € (0,1), N(a,a) > a for t—conorm N.
Asb<1,T(ab)<T(al) = a, and similarly T(a,b) <b, imply
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T (a,b)<min{a,b}. 1)
As b >0, S(a,b) > S(a,0) = a, and similarly S(a,b) > b, imply
S(a,b)>max{a,b}. )

Remark 1. From the conditions given in the definition of the norm follows the monotonicity
by coordinates, i.e. for all a;,a,,b;,b, € [0,1]

a <a, Ab <b,=N(a,b)<N(a,,b,). 3)

It is necessary here to clarify exactly what is meant by the monotonic condition replacement.
Namely, replacing the monotonic condition in Definition 2.1 by condition (3), an equivalent
definition of the norm is obtained.

If, in the definition of the norm, instead of the axiom of monotonicity, a strict monotonicity is
valid, i.e.

a < a,Ab < b,=N(a,b)< N(a,,b,),
for all a3,a;,b1,b, € [0,1], then the norm is strict.

Definition 2.2. A decreasing generator g is a continuous strictly decreasing function from
[0,1] to R, such that g(1) = 0.

An increasing generator g is a continuous strictly increasing function from [0,1] to R,
such that g(0) = 0.

Definition 2.3. The power of the norm is given by formulas:

N*(a,a,)=N(a,a,), N"(a,...a,,a,,,)=N(N""(a,...a,).a,,) (n= 2).
Remark 2. If T is a t—norm, then:
T(a,8)=1<a=a-=1
T"(a,a,...a,,)=1 <a=..=a,,= 1
Remark 3. If T is a strict t—norm, then:
T(a.,a,)=0 <a =0 va,=0,
T"(a,8,,...a,,)=0 <a=0 v..va,, =0.
Remark 4. If S is a t—conorm, then:
S(a,8,)=0 <a=a,=0
S"(a,a,,..m8,,)=0 <a=..=a,,=0.
Remark 5. If S is a strict t—conorm, then:

S(a,a,)=1 <a=1va,=1
S"(a,a,,...8,,)=1 <a=1v..va,, =L
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Definition 2.4. The function c : [0,1] — [0,1] is a fuzzy complement, if following conditions
are satisfied:
c1) ¢(0)=11ic(1) =0, (boundary conditions)
c2) (Va,b € [0,1]) a<b =c(a) > c(b) (monotonicity).
If c(c(a)) = a holds for all a € [0,1], then a function c is involutive.
If ¢ is a continuous function, then we say that c is a continuous fuzzy complement.
If ¢ : [0,1] — [0,1] is an involutive monotonic non-increasing function, it follows that c is a
continuous bijective function for which boundary conditions are valid (see [10]).
The triangular norm T and the triangular conorm S are dual with respect to the fuzzy
complement c if and only if

c(T(ab))=S(c(a).c(b)) and c(S(a,b))=T(c(a),c(b)).

(T,S,c) is called a dual triple.
For the triangular norm T and the involutive fuzzy complement c, the binary operation
S on [0,1] defined with

5(a,b)=¢(T(c(a).c(b)))
for all a,b € [0,1], is a triangular conorm S such that (T,S,c) is a dual triple.

3 FUZZY METRICS

This section presents the findings of the research, focusing on the fuzzy S—metric and the
fuzzy T-metric, which are being considered. Some of the new characteristics of the T—fuzzy
metrics are presented. The main issues addressed in this section of the paper refer to the well
known notions and characteristics and in the literature, these terms tend to be used to refer to
the notions given and proven in the papers [6], [7], and [19].

Definition 3.1. [19] Let X # @,

i) S be a continuous t- conorm,

ii) T be a continuous t- norm,
and d is a fuzzy set defined on X x X x (0,+), that satisfies the following conditions for all
Xy, € X,a,p> 0:

(1) 1) d(x,y,a) € [0,1), ii) d(x,y,a) € (0,1];

(2) Dd(xy,a) =0 =x=y,ii)d(xya) =1 X =y;

(3) 1), i) d(x,y,a) =d(.x,0) ;

(4) 1) S(d(x.y.0).d(y.z.0)) =2 d(x.z,a + f), i) T(d(x.y,0),d(y.2z.0)) < d(x.z.a + f) ;

(5) 1), i) d(x,y, -) : (0,+0) — [0,1] is a continuous function.

The fuzzy set d is called
1) a fuzzy S—metric and a triple (X,d,S) is fuzzy S—metric space (where d satisfies (1-5)i)) ;
i) a fuzzy T-metric and a triple (X,d,T) is fuzzy T—metric space (where d satisfies (1-5) ii)).
If instead of (1), it holds that d(x,y,«) € [0,1], the fuzzy set d is a fuzzy S—metric (fuzzy
T—metric) in the broader sense, and (X,d,S) ((X,d,T)) is a fuzzy S—metric (fuzzy T—metric)
space in the broader sense.

We will mark the fuzzy S—metric with s and the fuzzy T-metric with t, and we will write
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the mark d if some statement is valid in both cases and use the term fuzzy metric.

Definition 3.2. [19] Fuzzy metric d is stationary on X if d does not depend of «, i.e. if for all
fixed x,y € X, the function dy(a) = d(x,y,a) is a constant.

Remark 6. Fuzzy S—metric s(x,y, -) : (0,+0) — [0,1] is non-decreasing function, and fuzzy
T—metric t(X,y, -) : (0,+00) — [0,1] is non-increasing function.

Putting that y = z in the triangle inequality
S(s(x.y.@).s(y,Y.8))=S(s(x.y.«),0)=s(x,y,a)2s(x, y,a+p),

supposing 0 < a3 < ap, for a = ag, and S = az — ag, imply s(x,y,01) > s(x,y,a2), i.e. s(x,y, -) IS
non-increasing function.
Putting that y = z in the triangle inequality

T(t(xy.@).t(y,y.8)) =T (t(x.y.@) 1) =t(x, y,a)<t(x,y,a+B),

supposing 0 < a3 < ap, for a = a1, and B = az — ag, imply t(x,y,a1) < t(x,y,a2), i.e. t(xy, -) IS
non-decreasing function.

Remark 7. The triangle inequality, is trivial satisfied if x=yory=zorx=z.
Indeed, for example (4) i)

x=2=S(d(x,y,a),d(y.x, 8))2d(x,x,a+B)=0 <T,
x=y=S(d(x,x,a),d(x,z,8))=5(0,d(x,2,8))=d(x.z, 8) 2d(x, z,a + ) =T,
y=z=S(d(x,y,a).d(y,y.8))=S(d(x,y,),0)=d(x,y,a) =d(xX, y,a+B) =T.

Theorem 3.1. If d : X x X x (0,+o0) —R is a fuzzy T—metric with respect to the norm T, then
polygonal inequality, for n > 2, hold:

T (d(% %0 ) 4% Xy @)oo (X X1 2 )) S A(X X o 0 + 0+ + ). (4)
For case S—metric with respect to the conorm S, for n > 2, hold:

S"H(d(X %50 ), d(X, Xy 0y ) e (X Xy 2y )) Z A (X X 0 + 0+t ). (5)
Proof. Let us show the polygonal inequality for the case of the fuzzy T-metric. It is
analogous to the fuzzy S—metric as well. If n =2, i.e.,

T(d(X, %0 ), d(%,, %;,0,)) <d(X, X, 0 + @),

statement is valid, because axiom (4)ii). Suppose the claim holds for n = k and prove it for n =
k+1:

T (d(% % ) A%, Xy @)oo (X0 X100 )) S (X X o 0 + Oy )
=T (d(X0 X0 @), d( X, X & ) (X X110 @ ) (X1 X0 X))
:T(Tk‘l(d(xl,xz,al),d(xz,x3,a2) d(Xe Xer %)) (Xk+11xk+2’ak+1))
ST (d(X Xy &+ + oo+ ) A (X 1) X X))

<d (X X0 G+ +oH O+ ) O
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Theorem 3.2. [19] If (X,s,S) is a fuzzy S—metric space and the T is a t—norm dual to the
t—conorm S with respect to the continuous involutive fuzzy complement c, then (X,c ° s,T) is a
fuzzy T—metric space.

If (X,t,T) is a fuzzy T-metric space and S is a t—conorm dual to the norm T with respect to
a continuous involutive fuzzy complement c, then (X,c - t,S) is a fuzzy S—metric space.

The theorem is also valid for fuzzy metric spaces in the broader sense.
min{x, y}+ K
max{x, y}+ K’

|x=yl

max(X, y) + K
is a fuzzy S-metric with respect to the algebraic sum, S(x,y)=1—(1 = x)(1 —y) =x +y — Xy,
dual to T with respect to the standard fuzzy complement.

Example 1. [6, 19] The mapping t, :R*xR" — R defined by t, (x,y)=

where K > 0, is a fuzzy T-metric with respect to multiplication, and s, (X, y) =

Example 2. Let f:X —R" be one-to-one function and let g: R" — [O,oo] be an
increasing continuous function. The mapping t: X x X xR™ —[0,1] defined by

(F0)° +(f(y)°
2

*9(@)

(max{f (x), f(V)})* + g(a)) ’

where p,q > 0 fixed, is a fuzzy T-metric with respect to multiplication.

Proof. f(x), f(y)eR",g(a)>0. Without loss of generality, let f (x)< f(y). Then
(F())" <(f(y)", ie,

(F )" +(F (NP <(F(yN® +(F()* =2(F(y)" =2max{(f (x))".(f(y))*}

= (O O < a0, (9

o (F0P+ (F()?

t(x,y,a) = ( (6)

+ g () <max{(f ()", (f(¥)*}+9(a)

2
(F0D"+ (O, o
=1>t(x,y,a)=( 2 )7 >0.
max{(f (¥)°,( (¥))"}+ 9(@)
(O +(F()”
g(a) p
_ _ 2 o (O +9(@)
(S)x=y =00y = . @~ (F0) + (@)
(F0) +(F ),
g(a) P p
_ 2 o (FO)PH(E) )
BNy @) = O @ 2 +9(a)=

max{(f (x))", (f(¥))*}+9(a) < (F(x)" +(F(y))? =2max{(f (x))*, (f(¥))°}:
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fx) 2 f(y)=(FX))"+(F(Y)" =2(f(x)* = (F (V) =(F ()" = f(y)=f(x) =
y=X
fOI<T(y)=(F )" +(F (V)" =2(fF(y)* = (F ()" =(F(y)* = f(X)=f(y)=
x =Yy (fis one-to-one function).

(f(X))"+(f(y))p+g(a) (f(y))"+(f(><))"+g(a)

_ 2 q_ 2 q_ )
Y )= T 00 TP+ 0@ (maf (), f oD ~0(@) VX

Let’s prove inequality

t(x,y,a) t(y,z,a) <t(x.z,a). (7)

(FON® +(F(y))° (FON"+(T@D" o

2 t9@) q. 2 q

(max{f (x), f(y)})" + g(a)) ((maX{f (V). f(@H"+ 9(0!))
(f(><))"+(f(2))p

(1) =(

+9(a)

((maX{f (), F(2)})° + g(a))
(F(x)°+g(@)+(f(¥)"+9(x) (f(Y))p+9(0!)+(f(Z))p+9(a)+g(a)

2 , 2
= max{(f (x))* +g(a),(f(¥)* +g(«)} max{(f(y))"+9(a),(f(2))* +g(x)}

(FO® +9(a) +(f(2))° +9(a)

< 2 o
max{(f(x))* +g(a),(f(2))" +9(a)}
X +Y Y+Z <0. X+Z ®)

max{X,Y} max{¥,z} ~ max{X,Z}'

where X:(f(x))p+g(a),Y=(f(y))p+g( a),Z=(f(z ))p+g(a).
There are three cases: 1) f (x)< f (y)< f(z), 2) f(x)< f(z)< f(y),
and 3) f(y)<f(x)<f(z),ie,1)X<Y<Z,2)X<Z<Y,and3)Y<Z<Z
1) (8)<:>X+Y_Y+ZS2X+Z
Y Z Z
< (X+Y)Z+Y)<2(X +2)Y
SYZ+ XY +ZY + XZ < 2XY + 2ZY
SY2 - (X+Z)Y+XZ2< 0 (Y-X)(Y-2) < 0T,
The inequality is correct because two following inequalities hold: X <Yand Y <Z.
) (8o X+Y Y+Z_2X+Z
Y Z
< (v? +(X+Z)Y+XZ)Z£2(X +Z)Y?
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S (X +Z)ZY + XZ2 <2XY? +2ZY*?

& XZY +Z%Y + XZ? < XY? + XY?+ZY°2.
This inequality is valid because:

Z <Y = XZY < XY?,

Z <Y = XZ*< XY?,

Z<Y=Z%<ZY?

X+Y -Y;Z Szx;z (X +Y)(Y +2)<2X (X +2).

This inequality is true because the following inequalities hold:
Y<X=2X4Y < 2X, YSX =Y +Z<X+Z.

3) 8«

The function F(«)= (ZHL%)“, where a,b,g(a) > 0, a < b, is monotonously increasing,
+0(a

because g is monotonously increasing, so
t(x,y.a)<t(x,y.a+p).t(y,z, 8)<t(y,z,a+p), ie., (7) implies:
t(x,y,a) t(y,z, 5)<t(x,y,a+B) t(y.z,a+p)<t(x,.z,a+p).

The mapping t is obviously a continuous function, because g is continuous function. i

Special case of Example 2 is next example:
X+Y .k
2
max{x, y}+ K
| x-y]
2(max(x, y) +K)
the fuzzy S-metric with respect to the algebraic sum, dual to T with respect to standard fuzzy
complement.

Example 3. [19] The mapping t, :R" xR" — R defined by t, (x,y) = , Where

K >0, is a fuzzy T-metric with respect to multiplication, and s, (X,y) =

Example 4. [19] The mapping t :R"xR" — R, p>0 defined by

p/X"+y"
—2 (g)

max{x, y}
is a fuzzy T-metric with respect to multiplication.

t,(x,y)=

Example 5. [6] Let g:R" —[0,] be an increasing continuous function. If (X,d) is a metric
space then the mapping t: X x X xR* — R defined by

g y
Y D=0 +dy) ()

is a fuzzy T-metric with respect to the multiplication. Specially, for f(«) = a:
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t
t+d(x,Y)
and its dual (with respect to the standard fuzzy complement)

s(x,y,t) =1-t(x,y,t) = %

t(x,y,t) = (11)

is a fuzzy S-metric with respect to the algebraic sum.

Theorem 3.3. Letf:X —(0,1] be one-to-one function and let g:R" —(0,1] be an
increasing continuous function. The mapping d: X x X x(0,+w0) — R defined by

d(x,y,a) = { z{ 5 ,
TAE), F().9(@), x=y [T(F(X), f(y)g(a), x=y
is a fuzzy T-metric with respect to the continuous t—norm T.

Proof. From Remark 3 follows
d(x,y,a)=0=T(f(x),f(y))=0vg(a)=0c f(x)=0v f(y)=0vg(a)=0<L,

ie.d(xy,a) =T(T (f(x), f(y)), g(a)) €(0,1];
Obviously, x=y=>d(x,y,a)=1. Suppose that x # y and d(x,y,a)=1, then from Remark 2
follows

d(x,y), a)=T( (f(x)
< f(x)=1af(y)=1
d(x,y).2) =TT (f(x). f(¥)).9@)=T(T(f(y).f(x)).9(x))=d(y,x.a);

From associativity of t—norm T, for Xy # z # X:

T(d(xz.a).d(zy.0)=T(T(T(f(x). f(2)).9(a)).T
T T

(x). f(¥)).9(a))=1=T(f(x). f(y)=1rg(a)=1
= )

Ag(a)=1= f(x)= f(y)= x=y. Contradiction!

)
From (1), and monotonicity of T :T (g (a
Finally,
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T(d(xz,a),d(z,y,8)) =T(T(T(f(x),f(2)),T(f(2). f(¥))).T(9(a).9(8)))
<T(T(f(x),f(y)).9(a+p))=d(x.y.a+pB).

Triangular norm T and function g are continuous, then d(x,y, ):(0,+x)—[01] is a
continuous function. m

The following properties hold (see [19]) which enable construction of new fuzzy metrics.

Theorem 3.4. Let d be a stationary fuzzy metric (in the broader sense) with respect to the
norm N. If N is an Archimedean norm and g its corresponding generator, thend=g-disa
standard metric.

Theorem 3.5. If d,: X xXx(0,40)—[0,1) and d,: X xX x(0,4+0) —>[0,1) are fuzzy
metrics, with respect to the strict norm N, then the mapping

o(d,,d,): X x X x(0,+%) >R defined by o(d,,d,)(x y,a)=N(d,(x,y,@),d,(x y,)) is
also a fuzzy metric with respect to the norm N. If N is not a strict norm, then o(d,,d,) is a
fuzzy metric in a broader sense.

Theorem 3.6. If d.: X, x X, —>[0,1), i=1..,n neN, are fuzzy metrics with respect to the
strict norm N, then d : X* —[0,1], X = X, x--xX defined with
d(%,Y)=N""(d (%, ¥3), 6y (X0 ¥ ) Ay (X0 V) X = (e %0 )y Y = (Voo Vi),

iIs the fuzzy metric with respect to the norm N. If N is not a strict norm, then d is a fuzzy metric
in a broader sense.

Example 6. If t;: X;xX; =>(0,1], i= 1...,n, neN, are fuzzy T-metrics with respect to the
product, then t : X? —(0,1], X = X, x--xX, defined with

t(X,y) =t 6 ) X=(Xen %), Y = (Vpoeens Y,
i=1
is the fuzzy T-metric with respect to the product.

4 APPLICATION

In this section the application of fuzzy metrics in filtering colour images is given. The
fuzzy metrics embodies a multitude of concepts that are influenced by image pixels. Each
image pixel (i,J;) ("position”, ’colour”) can be characterized by spatial coordinates of pixel iy,
ip (points i = (iy,iz) € I x I, 1 = {0,1,....n — 1} from the screen), and by vector J; = (Ji*,Ji%.3),
the first coordinate of which represents quantity of red colour, while the second coordinate is
a quantity of green colour, and finally, the third one represents quantity of blue colour, these
colour components being red, green, blue ( RGB), respectively.

The assignment of image filtering is to replace the pixel which represents noise by pixel

without noise, which can be achieved by replacing a central pixel (i,J;) in window
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W ={(i,J;)liel,x1,}, (i =(i,i,)el,x1,, and the size from window is an odd number),

with pixel that represents the other pixels from W in the best possible way, i.e. by a pixel
which is the most similar in colour and spatial distance to all the other pixels in W.

Selection bias is another potential concern because it is of enormous importance to pick up
a good criterion for selecting such a pixel without noise, which will replace the pixel with
noise in a given window W, because the choice of pixels affects the image quality, i.e. affects
the degree of the removed noise.

A key issue is the safe disposal of criterion selection. Namely, the choice of a criterion will
be conditioned by a good selection of fuzzy T—metric c. All pixels in the some window W a
order relation will be induced by using metric c. This order relation will be used to compare
pixels (position”, “colour”) of the image and to choose a pixel that differs the least from all
the other pixels in the window, i.e. which is the most similar to all other pixels in W
(regarding colour and distance). The central pixel in the given window W will be replaced by
the pixel found using the algorithm which is applied on each sliding window.

In the algorithm for filtering the image we use fuzzy T-metric ¢:W xW — R defined
with:

c((,3)).(1.9;))=7(3,,9;) (i, J)- (12)

Fuzzy T-metric which is used in order to measure similarity in colours among pixels is
marked with t. It is defined in the following way:

I+
+K

3
©J,J. ) =13 IH . (3%, 3% 1.3, 1} = .
( i j) 1( i J) 2( i ]) 3( i j) HmaX{JiI,J;}'FK

Fuzzy T—metric that considers spatial distance between pixels is marked with t. It is
defined in the following way:

t(i, j) =

(13)

t
t (i - 1)+, - )’
That the mappings t, t and c are fuzzy metrics follows from the Examples 3 and 5 and
Theorem 3.6.
The metric used for the comparison of the quality of images is UIQI, which is defined in
[21]. Let x = {Xxj|i =1,2,... ,n} and y = {yi|i = 1,2,... ,n} original and test image signals. Image
quality index is defined by following formulas:

(14)

where
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1 _ _
S A— i:l(Xi =X)(%;i-Y).
Index can be write as:

— GXV ZW 2Gxay

o0, X)’+(Y) ol+or
Of particular concern is the first component, which is the correlation coefficient between x
and y. Then, the second component shows how close are the pixel brightness values of x and
y. And, finally, the third component measures how similar are the contrasts between x and y.
The particular metric of quality UIQI is based on the fact that every image distortion is
viewed as a combination of three factors: loss of correlation, luminance distortion and
contrast distortion.
For additional literature reading about fuzzy filtering, authors recommend the following
list: [5], [13], [14], [15] and [20].
In the following example of image quality UIQI, the chosen size of window is 5.

Figure 1. Onion, Original image in jpg format

As can be seen, the filtered image given below is contaminated with 10% salt and pepper
noise.

ARG

SR LN
T

. ¥
LAY Hnvin ]

Figure 2. Onion, Salt and pepper noise 10% of noise

A much debated question is whether these metrics can be defined properly. The metric ¢
which is defined with (12), where t and t are defined by (13) and (14), respectively. The
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values of metric for the image quality UIQI for each colour for the filtered image by applying
the method proposed in this paper are equal to:

UIQI: [0.317457074736562,0.316259056738023,0.225750489132398].

The sharpness for image filtered by our metric is 0.9908.

The values of metric of image quality UIQI for each colour for filtered image by median filter
(see [1]) with window size three are equal to:

UIQI: [0.683856162855340,0.753420696483180,0.615343870586316].

The sharpness for image filtered by VMF is 0.4635.

Figure 3. Onion, filtered image, onion S&P noise window size is 5, K=2250, t=0.1 fuzzy paper
denoised armaks

The result was that our image has slightly lower values for corresponding UIQI image
quality, but much higher sharpness. This will enhance the understanding the link between
quality and sharpness. And this is very important in cases, in which details in the image itself
are necessary to be properly. We have used for measuring sharpness image quality metrics
introduced in [16].

Figure 4. Onion, filtered by median filter, window size is 5; onion S&P noise MEDIAN denoised

In the articles [8] and [19], denoising was investigated on digital images of Lena and
Baboon, using fuzzy metrics. In both cases, greater sharpness of the image was shown for the
selected parameter values, and in the first case better UIQI.
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5 CONCLUSIONS

Distance is a term that is very commonly used both in mathematics and other sciences.
The need for the notion of distance caused it to evolve depending on the nature of the set for
which it is defined, and brought about the properties required to possess that particular map-
ping up to what constitutes its set of values. In this paper, the distance is defined over an
abstract set, and the distance between its two elements is a fuzzy set (see e.g. [17, 18]). The
parameter that provides it with that particular fuzzy nature enable higher possibilities of
application, as is the case here. The required properties are the following ones: boundedness,
symmetry, some variants of the inequality of a triangle (in relation to the conorm, i.e. the
norm), continuity according to the parameter, which all lead to the notions s and t fuzzy
metrics. Historically, the idea started from K. Menger [12] and probabilistic spaces, where the
distance between two elements was assessed by means of the distribution function.
Subsequently, the notion of the fuzzy space was reached through the whole series of
mathematicians, more specifically, in the researches of 1. Kramosil, J. Michalek [11], up to A.
George, P. Veramani [3, 4], and later on V. Gregory, A. Sapena [6, 7], and their associates.
There is a huge number of scientific papers related to the topic of these spaces.

In this paper, the inequality of polygons for the considered fuzzy spaces has been proved,
as well as new examples of those spaces, which would enable a wider scope of application of
such metrics. One of these applications is image processing (image filtering, image
segmentation, etc.). Accompanied by a suitable choice of phase distances, and by means of
varying their appropriate parameters, we determine the best possible solution to our problem.
The problem of image segmentation considered in this article is comprised of replacing the
noisy pixel in the image with a better one, taking into account the influence of the surrounding
pixels. The process of selecting a new pixel is influenced by both the spatial fuzzy distance of
the pixels and the difference in the pixel brightness within the image in the RGB format, also
measured by means of the selected fuzzy metric. The new fuzzy metric combines these two
fuzzy metrics in the optimal manner into one evaluation for selecting a new pixel.

New research is aimed at searching for metrics that would perform better in their
application, as well as at examining their properties and finding new possibilities of
application in other areas.
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AHHOTaHI/[SI. Kaxk HU3BECTHO, B (1)PI3I/IKC H B JPYIruX €CTCCTBCHHBIX HayKaxX, UCIIOJb3YIOIIUX MEC-
TOAbI CTaTUCTHUECKOU MCXaHWKH, UMCIOTCSA MHOTIOYHCJIICHHBIC ITPUMEPBI aHOMAJIbHBIX CUCTEM C
JTATPHUM CHUJIOBBIM B3aUMOJCHCTBHEM, (PpaKTabHBIM XapakTepoM (a30BOrO MPOCTPAHCTBA U
S3HAYUTCIBbHBIMH KOPPEIAIUAMU MEXKAY OTACIBHBIMA UX YaCTsAMU. Crnoxxuas IIPOCTPAHCTBCHHO -
BpEMCHHasd CTPYKTypa HOI[O6HBIX CUCTEM INPHUBOJUT K HAPYIICHHIO NPUHIOUIIA aJAUTHBHOCTHU
(3KCT€HCI/IBHOCTI/I) JUIST TaKHUX Ba)KHEUIIIUX TEPMOANHAMHWYCCKUX BCIWYWH, KaK SHTPOIIUA HIIN
BHYTPEHHSISI dHEPTUs. B HacTosiee Bpemsi TEOpHHM Pa3HOOOpa3HBIX HEIKCTCHCHUBHBIX CHCTEM
pa3BUBAIOTCS B YCKOPEHHOM TEMIIE, NMPU KOTOPOM TOSIBJISIIOTCS HOBBIE HICH, MO3BOJISIONINE
riIy0)ke OHATh UX MPUPOIY, BOBMOKHOCTH M OrpaHnucHus. Kaxmas Takas TEOpHs UMeeT IIu-
POKHIA CIIEKTP BaXKHBIX NMPUIOKECHUHN, CBSI3aHHBIX C (PM3UKOW CTATHCTUYECKUX CUCTEM, BEPOSIT-
HOCTHBIC CBOMCTBA KOTOPBIX OMHUCKHIBAIOTCS HE THOOCOBBHIMU (M HE TayCCOBBIMH), a aCUMIITOTH-
YECKHMHU CTETICHHBIMH paCIpe/IeICHUsIMU. B 4aCTHOCTH, HEAIKCTEHCHBHAS CTATUCTHUYECKAsT Me-
xaHnka KaHmamakuca ycrienrHo MpUMEHSETCS K KOCMHYECKHM CHCTEMaM C JTAIbHUM CHJIOBBIM
B3aMMO/ICHCTBHEM, KOTOPOE U SIBJIICTCS IPHYUHON MX aHOMAJIbHOCTH.

B mpencraBnenHol paboTe B paMKax HEIKCTEHCHBHOW cTaTUCTHKM KaHuWamakuca, OCHOBaH-
HOW Ha MapaMeTPUYECKON K-IHTPOIHH, TOKa3aHO, KAK MOXHO MOJYYUTh JeHOpPMUPOBAHHYIO
TEPMOJMHAMHKY CIJIO’)KHBIX aHOMAJBHBIX CUCTEM M ONpeAeiuTh € cBoicTBa. [IpuBeneHbl Oc-
HOBHBIE MAaTEMaTUYECKUE CBOIMCTBA K-JIOTapr(Ma M K-IKCIIOHEHTHI, a TAK)KE JIPYTUE CBS3aHHBIC
¢ HUMH (DYHKIIMH, BO3HUKAIONIKE MPH pa3paboTKe HEIKCTEHCHMBHOW MexaHuku Kanuamakuca. B
pe3ysbTare MOJIydeHO 00OOIEHHE HYJIEBOTO 3aKOHA TEPMOJUHAMUKH JUISI ABYX HE3aBHCHMBIX
MOJICUCTEM TIPU MX TEIUIOBOM KOHTAKTE W BBEICHA TaK Ha3biBaeMasi (pM3UUECKasi TeMIIeparypa,
OTIMYHAsl OT MHBepcuu MHOXHUTeNs Jlarpamka 3. C npuBieueHreM 0000IEHHOTO MEPBOTO 3a-

KOHa TCpMOAMHAMUKU U Hp606p330BaHI/I$I Hex(aHL[pa 1 Ha OCHOBC BBe,IléHHOfI OHTPOIINHU K.]'Iay—
3UyCa IOJYUYCHBI HOBBIC TCPMOJUHAMHUYCCKUC COOTHOIICHUSA, KOTOPBIC OTJIIMYHBI OT BBIBCACH-
HBIX paHCC TPpAAULIHUOHHBLIM JIJIA HEDKCTEHCHUBHOM CTATHCTHUKHU CIIOCOOOM COOTHOMGHHﬁ, HEYHIOB-
JICTBOPUTCIIBHBIX C TOYKU 3PCHUA MaKpOCKOHquCKOﬁ TEPMOANHAMUKU . Ha ocHoBe cBoOMCTBa
BBIITYKJIOCTH JUBCPICHINU BparMaHa N3Y4YCHBI CIIOHTAHHBIC IEPEXOAbI MEKAY CTALITMOHAPHBIMHA
COCTOSIHUSIMM CJIOKHOM K -CUCTEMBI U JOKa3aHbI TCOpCMa I'u66ca u H—TeopeMa boabmMmana.
PazButhiii B pa60Te noaxoa Mmo3BOJIACT MOACIHUPOBATE, B YaCTHOCTH, CJIIOXKHBIC KOCMOJIOTHUYC-
CKHC U KOCMOTOHHYECCKUC CpCAbl OT T'dJIaKTUK U aCTpO(l)I/BI/I‘-IeCKI/IX JHUCKOB 10 KOCMHYECKOM
I1J1a3MBbI U IIBIJIN.

2010 Mathematics Subject Classification: 85A35, 91B50, 82C40.
Key words and Phrases: Kaniadakis entropy, non-extensive statistics, Bregman divergence.
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Summary. As is known, in physics and in other natural sciences using the methods of statistical
mechanics, there are numerous examples of anomalous systems with long-range force interac-
tion, the fractal nature of the phase space and significant correlations between their individual
parts. The complex spatio-temporal structure of such systems leads to a violation of the principle
of additivity (extensiveness) for such important thermodynamic quantities as entropy or internal
energy. At present, theories of diverse non-extensive systems are developing at an accelerated
pace, at which new ideas appear that allow a deeper understanding of their nature, capabilities
and limitations. Each such theory has a wide range of important applications related to the phys-
ics of statistical systems whose probabilistic properties are described not by Gibbs (and not
Gaussian), but by power-law distributions. In particular, the non-extensive statistical mechanics
of Kaniadakis is successfully applied to space systems with long-range force interaction, which
is the reason for their anomaly.

In the framework of non-extensive statistical mechanics of Kaniadakis based on parametric k-
entropy, it is shown how to obtain the deformed statistical thermodynamics of complex anoma-
lous systems and determine its properties. The paper presents the basic mathematical properties
of the x-logarithm and k-exponent, as well as other related functions that arise during the devel-
opment of the statistical mechanics of Kaniadakis. As a result, a generalization is obtained for
the case under consideration of the zero law of thermodynamics for two independent subsystems
with their thermal contact and the so-called physical temperature is introduced, which differs
from the inversion of the Lagrange multiplier. Using the generalized first law of thermodynamics
and the Legendre transformation, and based on the introduced Clausius entropy, new thermody-
namic relations are obtained that are different from the relationships that were previously unsat-
isfactory from the point of view of deformed thermodynamics, which were traditionally used for
non-extensive statistics. Based on the property of convexity of Bergman divergence, spontaneous
transitions between stationary states of a complex B-system are studied and the Gibbs theorem
and the Boltzmann H-theorem are proved.

The approach developed in the work allows modeling, in particular, complex cosmological
and cosmogonic environments from galaxies and astrophysical disks to cosmic plasma and dust.
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BBEJIEHUME

HccnenoBanust B 00JIaCTH MEXaHUKU HEAJIUTUBHBIX (HEIKCTEHCUBHBIX) CUCTEM CTaIM B I1O-
ClIeZIHEE BpeMsI MPEAMETOM 3HAYUTEIBHOIO MHTEpeca, YTO OOBSICHIETCS KaKk HOBH3HON BO3HH-
KaloLIMX 3/1€Ch OOLIETEOPEeTHUECKUX MPOOIeM, TaK U BaXKHOCTBIO NMPAKTHUECKUX MPUIOKEHUH.
Hauaio cucremaTtndeckoro u3ydeHusi B 3TOM HalpaBlieHUH cBsizaHo ¢ padoroi K. Tcammmca [1],

k
B KOTOPO#i ObliIa BBE/IEHA TaK HA3blBAEMas g -dHTPOINHUS S;S (p)= —Blj(p - pq)dl", 3aBUCALIAsA

OT HEKOTOPOI'o JEHCTBUTENBHOIO uKcia g (mapamerpa aepopmanuu) U obnajaromas Heaau-

TUBHOCTBIO JIJI1 COBOKYITHOCTH HE3aBHCHUMBIX aHOMAJbHBIX CHUCTEM. Teopusi HEIKCTEHCHBHBIX
CHCTEM, OCHOBaHHasi Ha SHTponuu Tcauimca, B HACTOsIIEE BPEMsi HHTEHCHBHO pa3BuBaeTcs. B
HAYYHOH JIUTEparype JOCTYIHBI CHCTEMAaTU3UPOBaHHBIE cOOpaHHs 0030pOB, MAIOMINE TTOCIE0-
BaTEIIbHOE HM3JI0)KEHUE MHOTOYHMCICHHBIX HOBBIX PE3yJbTaTOB, MOJYYCHHBIX B XOJ€ M3YUCHUS
HEOKCTEHCHBHBIX CBOWMCTB B aHOMAJIBHBIX (DPU3NYECKUX SIBICHUSAX (cM. Oubimorpadmuro, npen-
craBieHHyl0 Ha caiire http:/tsallis. cat.cbpf.br/ biblio.htm, kotopas mocrosHHO 00HOBIIsIETCS
[2]).

Onpenenenue »HTponmu Tcaauca He SIBJISETCS CIUHCTBEHHBIM NPUMEPOM JePOpPMH-
poBanHOI 3HTporK. OCHOBOH HCCIEIOBAaHUN B 0OJIACTH HEIKCTEHCHUBHBIX CTATUCTHK, MPOBO-
JMMBIX B HACTOSIIEE BPEMS, SIBISIOTCSI MHOTOYUCIICHHBIC HEJIOTapU(PMHUECKUE SHTPOIIHHU, BBE-
JICHHBIC, HanpuMep, B padotax [1,3-20]. [Ipu 3ToM Kakaass HEIKCTCHCHBHASI CTATUCTHKA MMECT
HIMPOKHUN CHEKTP BaXKHBIX MPHIOKEHHM, CBS3aHHBIX C (PM3UKOW aHOMAJBHBIX CHUCTEM, BEPOST-
HOCTHBIE CBOICTBAa KOTOPBIX OIPEIEISAIOTCS HEe THOOCOBBIM (HE rayCCOBBIM), a aCHMIITOTHYE-
CKUM CTEIIEHHBIM 3aKOHOM pPacIpelie/IeHUs] BEPOSTHOCTEH, KOTOPBIA HE 3aBUCHT OT DKCIIOHCH-
[IMAJILHOTO TOBEIEHNUs, 00YCIOBICHHOTO pacnpeaeneHuemM ['uoo6ca. J{uamna3zon npuMeHeHus pas-
HOOOpa3HBIX HEIKCTEHCUBHBIX IMapaMETPUUYECKUX SHTPONMHA B HACTOSIEE BpPEMs MOCTOSHHO
pacumpsieTcsi, 0XBaThIBast pa3IMuHbIC HAMIPABICHHUS B HAYKE, TAKHE KaK KOCMOJIOTHS M KOCMOT O-
HUS, TEOPUs IUIa3Mbl, KBAHTOBAsi MEXaHUKA U CTATHCTUKA, CIICIIMaIbHAs U 00IIasi TEOPUU OTHO-
CUTEILHOCTH, CTOXacTHYecKas JWHAMHKa W (ppakranel, reodusnka, OMOMEIWIIMHA U MHOTHE

Ipyrue.
Cpenu pa3nuuHbIX 1e(OpMHPOBAHHBIX SHTPONUIN HEIKCTEHCUBHBIX CHCTEM OCOOBIN MHTEpec

k _
npencTanisier sHTponua Kanuanakuca S,((p)::—z—B I (p’“l— p1 K)dF, BBEJICHHAsI BIIEPBHIC B
K

pabotax [21,22]. OcHOBaHHasl Ha Kk - SHTPOIHUS HEIKCTCHCUBHAS CTATUCTUKA COXPAHSET MaTeMa-
THYECKYIO U THOCEOJIOTMYECKYIO CTPYKTYPY OOBIYHOM CTaTHCTUYECKOW MEXAHWKH WM TPHUIOJHA
JUISl OTIMCAaHUSI OYEeHBb OOJIBIIOTO Kilacca IKCIIEPUMEHTATFHO HaOMI0JaeMbIX SBICHHN B (hU3MKe
HHU3KUX U BBICOKUX YHEPrHil, a TAK)KE B €CTECTBEHHBIX, SJKOHOMUYECKUX U COIMATbHBIX HayKax.
B uactHocTH, nedopmupoBanHas sHTponus KaHuamakuca OOBEKTHBHO BO3HHKAET B paMKax
CTeIUAIbHON TEOpUU OTHOCUTENbHOCTH DiiHiiTeiHa [23]. TIpu sTOoM mapamerp aedopmanuu k
3aBUCHT OT CKOPOCTB CBETa C M YMEHBIIAETCS JI0 HYJISI TPH C — 00, BOCCTaHABJIMBAs TaKUM 00pa-
30M OOBIYHYIO CTaTHCTHYECKYI0 MEXaHHKYy U TepMmoanHamuky. Cratuctika Kanuamakuca Bo3-
HHUKAeT B Pa3IMYHBIX NPUKIAIHBIX 00JacTsaX. B kauecTBe mpuMepa MOXKHO yIOMSHYTh PaOOTHI,
CBSI3aHHBIC C KOCMUUYECKHMU P dekTamu [22-24] (B yacTHOCTH, ¢ 3Be3AHON acTpodusukoii [25],
C KBapK-TJIFOOHHOM 1a3Moii [26], ¢ ra30KMHETHYECKUUMH MOJIEIISIMH, OITUCHIBAIOIIMHU B3aUMO-
JielicTBHE aTOMOB U (OTOHOB [27], ¢ KBaHTOBO# MexaHHKO# [28].
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[IpencraBnennas paboTa MOCBsIIEHAa KOHCTPYHMPOBAHHUIO HA OCHOBE MapaMETPUYECKON K -
SHTPOINUU CTATUCTUYECKOW TEPMOJMHAMHUKU HEIKCTEHCUBHBIX cucteM. IIpoBeneHnHoe uccneno-
BaHUe 0azupyeTcs Ha CBOMCTBaX HETMOOCOBOTO KAHOHUYECKOTO K-PacHpeAeIeHHs, TIOITyIeHHOTO
u3 npuHnuna /xeitaca [29] MakcuMyma K-3HTPOIHMU TPU 33IaHHOCTH YCPEIHCHHOW BHYTpPECH-
HEH SHEpruu CUCTEMBI U BEPOATHOCTHON HOPMUPOBKH A QyHKIUU K-pacnpenenenus. [lokasa-
HO, YTO BCE BAKHbIE TEPMOJMHAMMUYECKUE XAPAKTEPUCTUKU CUCTEMbI, TaKM€ KaK SHTPOIUS,
II0JIHAsl U CBOOOJIHAS SHEPIUsl, BHYTPEHHSIS DHEPIUsl, PU3NUECKUE TEMIIEpaTypa U AaBJIEHUE, KO-
3¢ GUIUEHTH! TEIUIONPOBOJHOCTH U T.I. MOTYT OBITh HAlIEHbI C UCIIOJIb30BAHUEM TOJIBKO PaB-
HOBeCHOM (GyHKIMU K-pacnpeaenenus. [lomydeHo 0000IeHHne HYJIEBOTO 3aKOHA TEPMOIMHAMU-
KM JUISl IBYX HE3aBUCHUMBIX HEIKCTEHCUBHBIX CHUCTEM MPU UX TEIJIOBOM KOHTAKTE, BBOJSIIEE B

pacCMOTpEHHUE TaK Ha3bIBAEMYIO (DU3UYECKYIO TEMIIEPaTypy Tph(p) OTJMYAIOLIYIOCS OT UHBEP-

cun MHOKuTeNs Jlarpamka 3. OToT hakT moTpedoBai nepeonpeaeseHus psia TepMoITHAMHAY e-
CKUX COOTHOILIEHUH, MOTy4aeMbIX €CTECTBEHHBIM IyTeM B paMKax cratucTuku Kanuamgaxuca.
[Tyrem ncnionb3oBanust 0600eHHOM sHTponuu Kitaysuyca k aHOMaabHOU K -cucteme, ObLI Mo-
Jy4eH HambOoJjiee MmpHeMJIeMblii HabOp MaKpPOCKOMUYECKHX TEPMOJNHAMUYECKHUX COOTHOIIEHMM
JUIs HEOKCTEHCUBHOM K -cucteMbl. KpoMe 3Toro, nokasaHo, 4To COXpaHSIOTCS MPUHIUI MaKCH-
MyMa paBHOBECHOW SHTPOIHH, JIEKAHIPOBA CTPYKTYpa TEOPUHU, TEPMOJAUHAMUYECKas] YCTOWYH-
BOCTh, TeopeMa ['n06ca u H- Teopema.

Takum 06pazom, B paboTe ¢ eIUHBIX MO3UIUI U3JI0KEH KPYT BOIIPOCOB, CBA3aHHBIX C KOHCT-
pyupoBaHueM ae(pOpMUPOBAHHON TEPMOJMHAMUKN Ha OCHOBE K -sHTponuu Kanuamakuca n nu-
BepreHiu bparmana Juis CII0’KHBIX aHOMAJIbHBIX CHCTEM.

1. OCHOBHBIE OIIPEJAEJIEHUS], CTATUCTUYECKUE XAPAKTEPUCTUKH
N CBOUCTBA S9HTPOIIMU KAHMAJAKHCA

B nedopmupoBanHOii cTaTCTHYECKON MexaHnke KaHnanakuca sl HeIpEepPhIBHBIX aHOMAJIb-
HBIX CUCTEM IIPU BEPOSTHOCTHOM HOPMUPOBKE

[prdr=1, 0<p(r)<wo (1)

ISl IUIOTHOCTH BEPOSATHOCTH pacupeneneHus cucteM p(r) B (a3oBOM IPOCTPaHCTBE

r = {ql’ ceey qN; pl’ ceey PN} CTaTUCTHYECKOTO aHcaMOJs (((HpeI[CTaBJ'IHI-OHICFO» MaKpOCKOIIUYEC

KOE COCTOSIHHE CHCTEMBI) HAe(GOPMHUpPOBAaHHAS K -3HTPOIMS 3aHaéTcs CIEAYIOIUM ()YHKIIH-
onasom [21,28]

K+1

(=P o @

2K

5(p) =y piy PP Dy 1
K

3nech U anee Be3ae 00JacTh UHTErPUPOBAHUS COBIIAJAET CO BCEM 6N -MEpHBIM (Pa30BBIM IMPO-
CTpaHCTBOM, IIprueM Oe3pa3MepHBbIi 31eMeHT (pa30Boro mpocTpancTBa dI” 3amuchIBaeTCs B CO-

-1
BpeMeHHO# Gopme dl = {N [h3N } dr,rne h=2nh, ki — nocrosuusie [lnanka u bonbumana

COOTBETCTBEHHO. DHTPOIUMHBIA MHIEKC K B ONpPEIENEHUH K -dHTPONUHU (2) MpeACTaBIseT Co-

001 BellecTBEHHOE YHCIIO0, MPUHAyIeKalee 00IacTH ‘K‘ <1. INono6nas aedopmarust gorapud-

MUYECKON (YHKIUH B BBIPAKEHUM [yl SHTPONUHU (MO CpaBHEHMIO ¢ 3HTponueil bombima-
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Ha—T'nbbca Spq(p) = —kBIphq(p) dl") mo3BOJISIET YUUTHIBATh BAXKHYIO OCOOCHHOCTH TIOBEACHHS

MHOTHX aHOMAJBHBIX CHCTEM C JJIMHHON MaMSTHIO W/WIHM JATbHOJCHCTBYIOIIMMHU CHIIOBBIMHU
B3aUMOJICHCTBHAMH, KOT/a BEPOSATHOCTh pealu3alliy p(r) MallblX 3HAYEHWH IIapaMeTpOB CO-

+
cTosiHUsA yObIBaeT (mpu p— 0')He IKCIOHEHIMAIBbHO OBICTPO, a CTENEHHBIM 00pa3oM (3aKOH

[Tapeto). biaromapsi sTomy cratuctuka Kannamakuca ONMuChIBa€T COOBITHSA, MPAKTUYECKH HE-
JOCTUKUMBIE B IPOCTBIX CUCTEMAX, XapaKTepU3yeMbIx craTucTiukoi bombiimana—I'nb6ca.
Jlerko mokasaTh, 4TO B mpejene ciaboil cBsizu k —>0 K -3HTponus (2) NEpexoaAUT B KaHO-

HIYECKYI0 QOopMyITy Sp. 00brdHON cTaTicTHKH bonbimana—l n60ca. JleiicTBuTenbHO, B
+ +
npenene « —0 umeem: p= =e"P5 1+ kInp, uourponus S, cBouTCs K

K—

SKﬁo(p):lim —kBJ'pudF =—kijlnde=SBg.

k—0 2K

Outponus Kanuanakuca (2) MOKET OBITh TIPE/ICTABIICHA TAKXKE B CIEAYIONIEH YKBUBAJIEHTHOU
bopme:

[IPH HAIIMCAHUHM KOTOPOH UCIIOJIb30BaH TaK Ha3bIBAEMbIi, «aeopmupoBanHbiii torapudm» [30]

x-x" 1
Ing,(x) :=2—E—sir1h(1<1nx) (Vx>0), 4)
K K
a TaKkke 00OBIYHOE MPABUIIO TIOJYYEHUS CPEIHEr0 3HAYCHUS JUIS JIF00O0M JMHAMUYECKOH mepeme-
HOI Aj(r), a mMeHHo [31]

(A= [ p(n A(r)dr, ©)

rje npuHsITa HOopMupoBKa (1).
OTMmeTuM, 4YTO B JUCKPETHOM ClIydae, IIPH YCJIOBHH BEPOSTHOCTHOH HOPMHUPOBKU

W " W
D.i-1P; =1, HYXHO B IPUBEIEHHBIX BbIlIE (OPMYIIaX TIPOM3BECTH 3aAMEHY I AU <., ,Tae

p = {p]} — AHUCKPCTHaA (I)YHKI_[I/IH pacupeaciiCHuA, a 4YucCiio W o3HadaeT KOJUYECTBO
j=12,..,

AOCTYIIHBIX B CUCTEMC MHKpOCOCTOHHHfI.

CpoiicTBa pyHKIUH ln{K} (x). Kak X0po1Iio u3BeCTHO, B KIACCHYECKOM CTATHCTUYECKOU Me-

XaHUKe 0coOyI0 poJib urpaet jJorapudm GyHKIMU pacnpeneneHus co 3HakoM Munyc (—In(p))),

MOCKOJIBKY 3Ta BEJIMYMHA CBsA3aHa ¢ SHTponuel cucteMbl. B 1990-x rr. Kannagakuc mpeamoxun
omnpenenenue aeGopMupoBaHHOTO Jorapudma (4), B KoTopoMm mnapamerp nedopmanuud K IMpH-
HajexuT uatepsany (—1,1), maBas B mpemene k —> 0 o6brunbiii gorapudm In(x) . IMpusemnem

3/1eCb HEKOTOpbIe HanboJiee BaXkKHbIe CBOMCTBA J1IeOPMHUPOBAHHOTO Jioraprudma, KOTopble OyayT
UCIOJIb30BaHbI HUXKE.

Jlerko y0enauTbes, 9To (QyHKIIHS ln{K}(x) oOnamaer cieayroumu coiicreamu [22,30]):
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ln{K} (%)= ln{_K}(x) , ©)
Ingg(¥") =2 g (), Ingg(1/2) = ~In; 4 (x), (7)
1n{K}(0+) =0, ln{K}(l) =0, ln{K}(+oo) = 400, ®)

d[Iny () |/ de =x " (), d| xtngg () |/ dx =AIng g (x/ 0) = Ing g (1) + 14 (x) . (9)

Nmeror MecTo Takke CleqyIolue CBOMCTBA BOTHYTOCTH (DYHKIIUU ln{K} (x):

d[Ing(0)]/dx>0, d*[In,()]/dx* <0, d*[xIng,(x)]/d* >0, (10)

a TaK)Ke aCUMIITOTHYECKOE MOBEICHHE 1e(hOPMUPOBAHHOTO JIoTaprMa N0 CTETICHHOMY 3aKOHY:
L A [

In, \(x) ~ —x In, ,(x) ~ —x". 11

W R W) (1)

TeitmopoBckoe pasnokeHrne (QyHKIHH ln{K}(1+x) CXoaMTCa B ciiydae, ecii —1<x<1; B

5TOM CITy4a€ HMEEM:
o 1 xn
Ing,(1+x)= 2 b,(x)(-1)"" — (12)
n=1

rae b, (—x)=b,(x), bj(x)=1, b,(0)=1;npu n>1 xodapdunnents b, (k) onpenensiorcs co-
OTHOIIICHUEM:

bn(K):%(1—K)(1—§]...(1—%j+%(1+K)(1+gj“.(1+ﬁ)

[TepBbie Tpu uineHa paznoxeHus (12) MpuHUMAIOT BHI:

2 2 3
X K X
I, (1+x) ~ —x—— 4145 |2 13
Ng1+2) = =33 [ 2}3 (13

s nedopmupoBanHOTrO JNoTapupMa ln{K}(x) CIPaBEIMBO TaKXKe CJEAYIOIIee MHTErpalib-

HOC IIPCACTABJICHUC!

1

t1+1< (14)

1 x
Ing () =3 [

Hakowner, eciiu BBeCTH Tak Ha3bIBaeMble K-CyMMY U K-TIpOU3BeIeHHE — 000OIIEHHYI0 CYMMY
1 000011IeHHOE Tpor3BeeHre cTaThcThk Kanuagakuca [32,33]

K
x@y:=x\/1+1<2y2+y\/1+1<2x2 , (x,yeR I/I‘K‘Sl),
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1/x
x(?y = (KIH{K} x+xlng, v+ \/1 +(kIng x+xlIng, y)zj : (15)

TO MOYKHO ITOJIYYHTh €II€ JBa BaKHBIX CBOMCTBA (DYHKIMH ln{K}(x) :
K
ln{K}(xy) = In{K}(x) ® In{K}(y) = ln{K}(x)u{K}(y) + ln{K}(y)u{K}(x) =
= ln{K}(x) 1+ %2 lni(y) + ln{K}(y) 1+1x2 lnlzc(x) ,

I (1) +In () = g (xS, (10

DyHKIUA u{K}(x). B cooTtHomenusix (9) u (16), a Taxke nanee purypupyer BaxkHasi B CTaTH-

cruke Kannanakuca pynkius [32,33]

Upy (X) = % =\ , 1+ ln{zK}(x) = cosh(x In(x)), (17)

o0bJiaiaroias ciaeayouMU cBoiicTBaMH (cM., Harpumep, [34,35]:

3nmech BBeIEHBI 0003HAUCHMS:

he=N1-2, a=[(1-K)/(1+1) ] (19)

[Ipu yuere cBoticTB (18), a Takxke mpeoOpa3zoBaHuUs
iy () = xS+ x _ X=x (I-k)x -1+ _
2 2k 2k
1/2x
:ln{K}(x)—x/l—K2 In,, {x[i_]{} }, (20)
+K

JIETKO TIOJIYYUTh CJICTYIONINE COOTHOLICHHMS

Up (x) = x*—x Ing,(x) =In,,(x) - Aln,, (ooc) =—In,,(x)-Aln,, (oc / x) , (21)

gy (xy) = 1ty ()1t (y) + K2 Ing () In;,(y). (22)

C yuerom (21), 3akoH agautuBHOCTH (16) nepopMupoBaHHOrO K-jorapupma MOKET ObITh
HEepENUcaH CIEAYIOUM 00pa3oM:

In.,\(xy) =21In,,(x)In; () -2 {ln{K}(y) In., (owc) +1Ing () Ing,, (ocy)} : (23)
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Jlerko BUAETH, 4TO B Mpeaesne cinadoii cBsa3u k — 0 3TO CBOMCTBO K -norapudma CBOIUTCS K
CTaHJAPTHOMY 3aKOHY aAJUTUBHOCTH 00BbIYHOrO Jorapupma In(xy) =In(x) +In(y) .

Hakoner, MoxHO yOeIUThCS B TOM, UTO UMEIOT MECTO cienyromue nuddepeHiuaibHbie co-
OTHOIIICHUS:

d In,
au{]{}(x) = K2 n{ x}(x) , %{xu{K}(x)} = 7\,1/1{](} (EJ = ln{K}(X) + H{K}(.X') . (24)

HeanqnuTuBHOCTH K -JHTPONMM /ISl HE3aBUCUMBIX cucTeM. [lokaxkeM Ternepb, 4To Moj00-
HO sHTporuu Tcamca (CMm., Hanpumep, [15,36]), suTponus Kanuagakuca moaduHsSETCS TICEB-
J0QZIUTUBHOMY 3aKOHY JUIS JIBYX CTaTHCTHYECKH HE3aBUCUMBIX CHCTEM.

PaccMoTpuM COBOKYNHYIO (DPU3MUECKYIO K -CHCTEMY, COCTOSIHUE KOTOPOM OIUCHIBAE€TCS CO-

(12) ._ (1) ,(2) (12) ._ ,(12)
BMECTHBIM MYJIBTUIUIMKATUBHBIM paclpefelieHueM p- =p ’-p’, rae p  =p* (1,1,),
pM =), p? = p®(r,). Pacnpenenenme p"I(r,,r,) Moxer 3aBucets Tarke U OT Bpeme-
HHU, a KTOYKH» 1‘1 n 1’2 OTHOCATCA K IBYM CTaTUCTUYCCKN HE3aBUCHUMBIM K -CHCTCMaM.

TOF}]a IMOJIHAA SHTPOIINA CUCTEMBI 3a1aC€TC BBEIPAXKCHHUEM
S’ = ko[ [ p" I (pU)ar (25)
'€ BBITNIOJIHAKOTCA YCIIOBHUA HOPMHUPOBKHU

[[p"2(x,,1,)dT dT, = [pW(r,)dT, = [p?(r,)dT, =1.

ITocre MOACTaHOBKH MYJIbTUIIMKATHBHOIO PACIIPENEIICHUS p(12) = p(l) -p(Q) B opmyiy (25)

noxy4yuM (mpu ydere (22)) ciaeayroiiee CBOMCTBO MCEBA0ATUTHBHOCTH COBOKYITHOM SHTPOITHH
B craructike Kanuanakuca ajist IByX HE3aBUCHMBIX CHCTEM:

S0 = 8, (PN T (0) + Sy (P L ™). (26)
rae
Ty ()= (g D =] Pt (PAT= [ pyf1+ 62 I (p)dT (27)

[IpoBepuM CBOMCTBO KBa3HAATUTUBHOCTH (26) COBOKYITHOM SHTPOIHUU:

S{(]lj) = —kgf I P(u) In{K}(P(lz))drldrz =—ky <1n{,<}(79(12))> ) =
=~k (In (Pp) =k (I (Pt P+ Iy (Pt (p0) =
5\ M w e\ () {x) () .

= —ksﬂp(l)' P(Q) {IH{K}(P(l))U{K}(P(g)) + 1n{K}(P(Q))”{K}(P(l))}drldrz =

=S (PN L (P) + Sy PN L (™). (28)
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B ciiywae ecmn k — 0, 10O u{o}(p) =1lmu I{O} (p) =1, Tak 4ro u3 (26) ciemyeTr aJIMTUBHOE Tpa-
BHJIO I KJIaccuueckou suTponuu bosibumana—Iu06ca.

Otmerum, 9TO ¢ yyetoMm cooTHomenus (21) dyHkmmro I{K} (p) MOXHO 3aIlCaTh B IPYrom

BUJIC.
Zio(p) =(In,(p)) = MIn,(ap)) = %[—XGS{K}(P [ o)+ S{K}(P)] : (29)
B

TOF)Ia JJIA COBOKyrIHOfI SHTPOIINH KaHI/IaI[aKI/Ica ABYX HC3aBUCUMBIX CUCTEM ITOJIYYUM CHIC
OJIHO MPEACTABJICHUC!

KeSte) = Sy (P {281 (@P™) = 5, (P |+ 8 (P 181 @p™) =5 (p™)]  (30)

2. KAHOHUYECKOE PACHIPEJEJEHUE T'NBBCA
B IE@OPMHUPOBAHHOM K -CTATATUCTHUKE KAHUAJTAKHUCA

OcHoBHbIE cBOMCTBA IKCIOHeHTHI Kannagakuca exp{K}(x). Jlanee HamM NOHAOOUTCS Tak

Ha3bpiBaeMasi dkcnoHeHTa Kanmamakuca. [[ns ompenenenus ¢yHkumum, odbpatHO# medopmupo-
BaHHOMY Jorapudmy (2), BBeieM NEPEMEHHYIO X = In{K}(y) , UTO MPUBOJUT K areOpandyeckoMy

YPaBHEHHUIO z? —2xkz—1=0 115 HeU3BECTHOMN Z = y* . Ero pemenne z =Kkx + »\/1 + (Kx)2 Jaet

1/x
BLIDOKEHHUE I = {Kxi«/1+(1<x)2} . ®yHknus y oOpaTHas Ae(OPMUPOBAHHOMY JIOTapUPMy

xX= In{K}(y), MpesicTaBiIsieT co00H, Tak Ha3bIBaEMYI0, SKcIIoHeHTY Kannanakuca:

5 1/x 1
expy, (%) = («/1 +(kx)” + Kxj = exp (E arcsinh Kxj eC*(R), (31)

W3 onpenenenus (31) axcrionentsl Kannamakuca BRITEKAIOT Cieayromie cBoiicraa [32,33]:

exp () = lim expyy (1) = exp(x), - expyg(0)=1, exp(_(x)=expy(x),

expyy (—0) =07, expy(+00) =+, In expy,,(x) =expyIn,,(x) = x,

Upy {exp{K}(x)} =\1+12%x?, expy,y (¥) expy (—x) =1. (32)
Kpowme Toro, ¢pynkuus eXp{K}(x) 0071a/1aeT CIeaYIONIMMUA CBOMCTBAMMU:

(expy (X)) =expy /(1) (33)

(c reR, xoTopoe B mpenene cinaboit cBsi3u Kk —> 0 BOCIPOU3BOJUT U3BECTHOE CBOWCTBO OOBIK-
HOBEHHOM SKCIIOHEHTHI),
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exXpy,.) (X) expy (y) = exp; (x®y) =expy, {x\ll +i2y® + yx/l +1c2x? } ,

expy (X +y)= eXP{K}(x)(feXP{K}(y) : (34)

U3 (18) cnenyer cnenyromniee mpaBuiio qudQepeHnrpoBaHus 3KcroHeHTsl Kannanakuca:
exXpy, (%) 1
P S R e

d
anP{K}(X) = eXPyyq) (X) - (35)

HNmeet MecTo ciienyromiee CBOMCTBO BBIMYKIIOCTH:
d* expyg(x)]/dx* >0, xeR, *<1. (36)

be3ycnoBHO, 0JTHUM 13 HanboJIee BaXKHBIX CBOMCTB (DYHKIMH exp{K}(x) ABJIACTCS €€ U ACHMIITO-

THYCCKOC MMOBCACHHUC IO CTCTICHHOMY 3aKOHY:

+1/
exp(x) ~ ‘ZKX‘ ‘K‘, (37)
X—>zoo
1 - -1
expy(x) ~ —‘ZK‘ x‘K‘, expyg(¥) ~ ‘21{‘ x‘K‘. (38)
x—0" X—>+00
Pasnoxenne Teiinopa SKCIIOHEHTBI €XPy,,(X) umMeer cieayrommii Bux [35]:
< x" 2.2
expy(x) = Z&n(x);, K°x“ <1, (39)
n=0 :

rae &y(x)=&;(x)=&,(x)=1, &, (k)= H [1 (27— I’l)K:I 3aMeTHUM, 4TO IEpPBbIC TPU YiCHA B
j=1
paznoxenuun Teiopa K -3KCIOHEHTHI TOYHO TaKHe, KaK U JIJIst OOBIYHOM SKCIIOHEHTHI:

expy(x) ~ :1+x+7+(1—1< ); (39)

x—0

9KCHOHCHTy exp{K}(x) MOJKHO TaKKe 3aIucaTh Kak OECKOHEYHOE IIPOU3BCACHHUC OOBIKHOBEH-

HbIX 9kcroHeHT [30]:

eXp{K}(X) — lo—O[ exp(cnKan2n+1), ¢, = (_1)”(27’1)! . (40)

n=0 (2n+1)2%"(n!)?

HaKOHeH, I K -3KCIIOHCHTHI CIIPaBEAIUBBI HHTCTPAJIbHBIC COOTHOIICHUA [23]

expy (—x) = j ]1/1{ jexp( sx)ds, Rex>0, (42)
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11]
M{K}(T)¢=Txr_leXP{K}(—x)dx= 2 : [‘21(‘ - r(r), (42)

0 1+‘K‘7’ r iJrl

‘ZK‘ 2

rne O0<r<1/ ‘K‘ ; J,(8) — dynkums beccens, I'(x)— 'amma- Gpynkuus. M3 (42) nerko nomyduts
r(r+1)

Belpakenue M, (1 +2)= —————
b 1-12(r+2)?

My (1)

JedopMupoBanHoe KaHOHUYECKOe pacnipeeeHne. PABHOBECHBIE COCTOSTHUS CIIOXKHBIX K
-CUCTEM XapaKTEPHU3YIOTCA pPACTPEEICHUSIMU, KOTOPhIE HE MEHSIOTCS C TEUYEHHWEM BPEMEHHU.
Kanonunueckoe pacnpenenenune ['mb0ca B cratuctuke Kannamakuca MoXeT ObITh MOTYyYEHO, KaK
Y B KJIACCHYECKOM CJIydae, U3 «OKCTPEMH3aUN» K -dHTPONHH (4) MPU BBHITIOJIHEHUH CIIETYIOIIHNX
JOTIOJIHATEIBHBIX YCIOBUN: 3aJJaHHOCTH CPEAHEN SJHEPTUU CUCTEMBI

&y =M = [ p(rYH(r)dT = const (43)

¥ COXpaHEHHs BEPOSTHOCTHOH HOpMupoBKH (1) pactipenenenus p(r). 3mecs H ="H(r) — dpyHk-

uus ['aMuibTOHA, KOTOpas OMpeNeNseTcs MaTeMaTHdecKo MOJENbI0 U3y4aeMbIX (PU3MUYECKUX
MIPOLIECCOB B CHUCTEME. 3aMeTUM, 4TO B 00IleM ciydae 3Ta (PyHKUIHS MOXKET 3aBUCETh OT psla

BHEIIHKMX NApaMETPOB 4y, d,,...0,, MAKPOCKOIIMIECKH XapaKTEPU3YIOIIUX COCTOSHME CTATUCTH-
YeCKOr0 paBHOBECHSI paccMaTpUBAEMOro aHCamOlisi aHOMaJbHBIX JUHAMHYECKHUX CHCTEM,

H = H(r,{a].}) [31].
CornacHo BapuannoHHomy npuHmumy Jxeiinca [29] onpeaenum GpyHKIHOHAT
L(p):=—kg[ p(r)In, p(r)dl —B[ p(ryH(r)dl —kgy[ p(r)dD (44)
Y HaiIéM ero 0e3yCIIOBHBIN 3KCTpeMyM. 31eck 3 u y cyrb MHOXUTenu Jlarpamka. B cooTser-

cTBUU C TeopeMoil Jlarpanika BEpOSTHOCTHOE pacmpelelieHue p(r), «3KCTpeMHupyomee» K -

SHTPOIUIO SK(p) IIPY YKa3aHHBIX OI'PAaHUYCHUSX, ONIPEACIICTCS U3 YCIIOBHUA:
0L(p) _
op

[Tpu nanucanum (45) ucnonszoBano cootHoienue (9). 13 (35), ¢ yuerom (19), (21) u (33),
CIIelyeT ypaBHCHHE

k] | Iy (P(1) + 14, (p(1)) AT = B[ H(r)dT ~ ky[dl =0. (45)

1H{K}(OL/P(F))—%{V+%H(1*)}=O, hi=V1-Kk", a=expy(-1/2), (46)

e
PEIIEHNE KOTOPOTO JAET ClIEyIollee HOPMUPOBAHHOE K -pactpenenehue p*(r) B cocTosHum

CTaTHUCTUYECKOTO PAaBHOBECHS CHCTEMBI (aHAJIOT KaHOHUYECKOro pacnpeaencHus ['u60ca B cra-
tuctuke Kanunanakuca)
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1 1
p(r,B)=a/expy, > y+k£H(r) = 0LeXPy 1~ y+k£H(r) : (47)
B B

Crnemyer oTMETUTB, YTO B Ipenene cinadoi cBs3u k —>(0 3TO pacmpeleNeHuss CBOAMUTCS K
KaHOHHYECKOMY pactnpeseneHuto ['mo0ca kiiaccuueckoi CTaTUCTUKHY.
C yuerom cBoiicts (16) u (34) pacupenencuue (47) MOXKHO 3amucarhb B Apyrom Buze [37]:

1 X(r
p*i(r) =expy, (— XJ eXPyy _%] =

~ (x| 1| X(r) 2 X2 (1)
_exp{K} —(X](‘D(—T) —eXp{K} —X T+ 1+x T

= €XPyy [_”{K} (Peq(X )) -X } ) (48)

rae, B cuiy (22) u (48), umeem

1| 2
eq = —| —
u{K}(p (r)) i X(r)+,/1+

2
p
i—zxz(r) , X(r)::y+g7-((r).

3aMeTUM TaKXke, YTO XBOCT pacmupenencHusi (48) OMMCHIBACTCS CTETIEHHONW aCHMITOTHKOM
(aro Tak Ha3piBaeMblld 3akoH Ilapeto), ompepensemoir B cuiay (37) BbIpaKeHUEM
eq
p ~

1/x
2kX /N1-Kk?| , KOTOPOE CYLIECTBEHHO OTIMYACTCS OT SKCIOHCHLMATIBHOMN acHM-
X—0
NTOTUKU OOBIYHOTO pacnpeaeienus bonsivana—I'u66ca [10,31].

Haiinem teneps BTOpyro Bapuanuio GpyHkiuoHana (44). B pesynabraTe mosyaum

Sp?dr .

1 |
L) = ks [ 1) ) Jo* = k] e

Jlerko y6enuThCs B TOM, YTO SKCTPEMYM COOTBETCTBYET MAKCUMYMY U MUHUMYMY paccMmart-

puBaeMoro (hyHKI[HMOHAA, COOTBETCTBEHHO, pu 0 <Kk <1 (625 <0)um -1<x<0 (Szﬁ >0).

Takum obpazom, pacnpenenenue (48) MakCUMHU3UPYET WM MUHUMU3HUPYET SHTponuio Kannana-
KHca.

B 3akmrouenue 3toro pasaciia 3aMETUM, 4TO B HEPKCTCHCHUBHOM CTAaTHUCTHYECKOMN KHMHCTHKC,
TaKXXK€ KaK M B KIIACCHUYSCKON KUHETHKE MMEET MECTO TCPMOAMHAMUNYCCKAsT 9KBUBAJICHTHOCTD
CTaTHUCTUYECKHUX aHcaMOmel. Bce aHcaMOIM CTaTHCTUYSCKON MEXaHUKH ONPCACIIAOTCA 3aJaH -
€M BHCIIHHUX YCHOBHﬁ, B KOTOPBIX HAXOIATCA CUCTEMBI, UX COCTABJIAIOIINC. Har[pI/IMep, KaHOHHU-
yeckuii ancamOIib ['nb0ca OonpeACIACTCA MOCTOAHCTBOM YHCIIA YaCTUL, 00beMa U KOHTAaKTOM C
TEPMOCTATOM, OOJIBIION KAaHOHMYECKHH aHcamOyb [ mO0ca — IMOCTOSSHCTBOM 061,eMa, KOHTAaKTOM
C TCPMOCTATOM U PE3CPBYapOM 4YaCTHII, I/I306apI/ILIeCKI/I'I/I3OTepMI/I‘IeCKI/II7I aHcaMOJIb — TTOCTOSH-
CTBOM YHUCJIa YaCTUL, JABJICHUA U KOHTAKTOM C TCPMOCTATOM. Bwmecte ¢ TEM, IIpU BLI60pe aH-
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caMOJ1st OOBIYHO PYKOBOJICTBYIOTCS YI00CTBOM BBIYMCIICHUMN, @ HE YCIOBHSMH, B KOTOPBIX HAaXO0-
JUTCS CUCTEMA, MOCKOIIBKY, KaK ObLIO JOKa3aHO B psjge pador (cm., Hanpumep, [31]), Bbrumc-
JICHHBIC C UX MTOMOIIBIO TEPMOJANHAMUYCCKUE PYHKIIMHA MAJIO OTJIMYAIOTCS MEXy COOOH U COB-
[aJal0T B TEPMOAMHAMUYECKOM TIpeIele

3. TEPMOIUHAMMUYECKHUE COOTHOILIEHUA

[Ipuctynum Tenepp K KOHCTPYMPOBAHUIO PABHOBECHON TEPMOJAVMHAMHUKHA, OCHOBAHHOW HA He-
sKcTeHcuBHOM ctatuctuke Kanmanmakuca. Mcnone3ys pacnpenenenue (48 ), MOJIydUM CIIEIyIO-
11ee BbIpaKeHUe:

I (PO 8 (P70 150, (49)
(3aMeTuM, 4TO 3TO BBIPAXKEHNE MOXKET ObITh MOJIyUEHO TaKXe MyTeM NMpeoOpa3oBaHUs CBOMCTBA
(16), B kotopom x:=p“I(r) m y:=1/0, ecnn ucnonb3oBats npu oM Gopmyinst (7), (19) u
(48)).

Yepenusis Beipakenue (49) ¢ nomomsio pacnpenenenns p°l(r) w ydurthBas onpenenenus
(27) u (43), B pe3ynbTaTe MOJYyYHMM paBHOBECHOE 3HaueHue suTponuu Kannamakuca [35]

S{eg} = kB(I{e‘?} +y)+B€{eg} . (50)

o v €
[Ipu cpaBreHMU ¥ -3HTpormu (50) ¢ ee Kmaccuueckout Bepcueit (k—0, I{Oq}= 1), ecTecTBeHHO

OTIPE/ICIIUTh aHAJIOT Z{K} KJIACCUYECKOro CTaTHCTHYECKOTO MHTErpana Z cooTHoineHueM [36]):

Hanee Bezne OyneM OIycKaTh METKY 'eq" y TEPMOJMHAMHUYECKHX I1apaMETPOB, KO 3TO HE

BBI3bIBACT HEOIPENEIIEHHOCTH. Torma mo aHaloTMM C OOBIYHOHM cTaTUCTHKON bosbima-
Ha—['n06ca Beipaxkenue (50) mpuHUMAET BU/I;

Sy =k 2 (52)

1/x
OTKYy/1a CJICAYET, YTO Z{K} = (KS{EZ}/kB +4 ’1 + KS{ez}/kB) .

[Iponuddepenuupyem Ttenepb orapupm Ing, 2, 1o B. Ucnonb3ys ompenenenue (27)

«}

byHKIIH Z{y> @ TAKKe COOTHOLICHHS (9), (21) u (49), B pe3yabTaTE NOTYUHM:

eq
d _B g G,

d e e
Iy (Zg) K B kg %J ”{K}(P q(r))Pq(r)dF=

dp
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assl & eq d “q
_£ {K}+ﬁ+J‘{u{K}(peq)dp +pgq u{K}(P )}dr—

kg dB kg dp dp
B g{ig} E{K} eq dpeq eq d B eq dpeq
o dp Ry D g P e v ) g )
agfl & a&
_B g +ﬁ_.|'p€CIi EH(,,) drzﬁ_{‘d . (53)
kg dB kg B\ kg kg dp

CHGHOB&TGJ’IBHO, JJI SQHEPIrun g{K} CIIpaBCAJIMBO TCPMOAMHAMUNYCCKOC YPABHCHUC

e
) — ky iln{K} Z (54)
dap ap

Ecnn npoymddepennuposats dKcTpeMalnbHOe 3HaueHue K -3uTpormn S, (p) mo &, u

p

yuaectb (9), (21) u (47), TO B pe3yabTaTe MOJy4YUM aHAJIOT U3BECTHOTO COOTHOILIEHUS pPaBHOBEC-
HOW TEPMOIMHAMHUKHU:

eq eq .
dS{K} Lk jd[P () ln{K} p (”)} dp® (r) e

- OB
A& dp®(r) A&y
d_h’l © peq(r)+ Uy peq(r) | eq eq eq
dpeq(r) dg{K} o dg{K}
Y +Bkg H(r) | dp*
=kp\ dl' =p. 55
5] { A d& b (5%)

3mech ncnonb3oBank! yenosus [dp®dl =0 u IH(r) dp®l(r)dl = d& -
Onpeziennm Teneps AeopMupoBaHyio cBoGOHYI0 dHepruto I'enbmronbua F,, BbIpaKeHH-

cM

k
Frey=E) ~ fln{x}(z{x}) : (56)

KoTOpoe npH k — 0 COBMAnaeT co cBOGOHOI SHeprueii 06buHo# cratuctTuku Fi=E ——LIn Z .

Torna u3 (52), (54) u (56) BbITeKatOT HCKOMBIE TU(PepeHIINaTbHbIE COOTHOEHUS 1e(OpMHUPO-
BaHHOMU TepMocTaTuku Kannamakuca:
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Sty keI (Z21) 0 Fg=8q ~ BS{K} =&~ Flnhc}(z{x}) !
das dl Z d€ dBF

S L kg Mi(Zi) , d{K} =kg diln{K} Ziy E{K}: —(Bd ) : (57)
dg, dg, B B B

K} K}

YcpenHenne MUKPOCKONMMYECKHX JUHAMHYECKHX BeJIHYNH. BaXHO OTMETHTH, YTO BBe-
JICHHBII BBIIIE CTATUCTUYECKU MHTETpa Z{K} OIpENENSAETCS OTHOCUTEIIBHO BHYTPEHHEN dHEP-
TUU 5{1(} cucteMsbl (cM. (51)). Ognako yacTo ynoOHee UCTIOIB30BaTh APYTroe ONpeaesieHue Z{K},

3aaBaeMoe BeipakeHneM [35]

Ing, 2 Ing, 2., —kg BS{K =T+ (58)

K}_

31ech BeITUUYMHA Z{K} HE 3aBHCHUT OT BbIOOpA HYIIS SHEPTHHM, a MpH ycioBuu k — (0 dopmyna

(58) oOpamtaeTcst B XOpOIIoO H3BECTHOE B CTAaTUCTHKE bonbpiMana—Tu66ca COOTHOIICHUE IS CTa-
TUCTHYECKOTO MHTeTpana In Z =1+y. B aToM ciydae, ypaBHEHHS paBHOBECHOW TEPMOJAMHAMH-

ku (50) MpUHUMAIOT IOUTH KJIACCUYECKYIO PopMy
St =B(&) = Fiy)» ASy =PiE

. k . dPBF.) d€,
-_'B A 1314 —_p2 o)
T =" M e G =gy G =B e (59)
C nomompio 1eopMHUPOBAaHHOTO KaHOHHYECKOTO pactipezaeneHust ['mdoca (47) MOXKHO BbI-
YUCJIMTH TAKXKE CpeHEe 3HaUCHUE JII000H TUHAMUYECKON IepeMEeHHOM Aj(r). Huddepenuupys
IV 3TOTO JIOTapU(M CTaTUCTHYECKOTO HHTErpajia Z’{K} 0 MHKPOCKOIIMYECKOH SHEPrHH

‘H ="H(r) u yuutbiBas (49), B pe3y/bTaTe MOJIy4UM:

d 5 _d Ay 4 ey 190
a7 ™ Zoe = g T 1) = g dpeq[ o™ | T -

d (P | dp®
=L [ g () +p o |\ ar

dH dp® dH
_ﬂJrI e 4 +£H(r) dp_eqdr_

an T " kg dH

dy eq d p B e

v [P dH[Y+kB (V)B kBP (60)

HpI/I BBIBOJIC 3TOI'0 BBIPAKCHUA OBLIIO UCITOJIB30BAHO npeo6pa3OBaHHe
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d”{K}(Peq)z ”{K}(Peq)_ d B
dp*! p o dp

+—"H(r) |,
| ky (r)]
MOJIy4EHHOE € y4eToM cooTHoueHus (49) u popmynst d(In 1) X)/ dx = x_lu{ X

Takum oOpasom, 3Hast K -CBOOOJHYIO 3Hepruto I'enbMronbua F.., MOKHO BBIYUCIUTH PAaBHO-
BECHYIO (DYHKIIMIO pacrpenencHus mo Gopmyiie

kg d . _dfy
Peq(f)=—Fﬁln{K} (vt

OTCIO)Ia CJICOYECT, YTO YCPCAHCHHBIC 3HAUCHUA MUKPOCKOIIMYCCKHUX JUHAMUYCCKUX TEPEMECHHBIX

(61)

Aj(r) MOTYT OBITh HalJIEHbI TIPU UCTIOTB30BAHUM (DYHKIIHI Z{K} , Wi F._ clienyronmM 06pa3om:

k
(A)=] peq(r)Aj(r)dF:—FB [ Aj(r)%[ln{](( )]dr [ A(r) Kdr (62)

Bermre Ob1T0 OTMEUYEHO, YTO JJISI CHCTEM, HAXOMISIIUXCS B COCTOSIHUM CTaTHCTUYECKOTO KBa-
3upaBHOBecus, pynkuusa 'amunbrona H =H(r, {11]-}) MO>KET 3aBUCETh OT pPsijia BHEIIHUX Mapa-

METPOB Ay, 0y, ... KOTOPBIE MOKHO paccMaTpuBaTh Kak 0OOOIIEHHBIC KOOPAWHATHI JTAHHOM

S’
cuctembl. [lo aHanmorum ¢ KiIacCMUYECKOW CTAaTHCTUKON OMNpeaeauM OOOOIIEHHBIE CHIIBI A]-(r)

cooTHomeHueM [31]

.A]-(r) =—dH(r, {a]-}) / da]- . (63)

Torna, HaGMIOMaeMble 3HAYEHNUS 0000IIEHHBIX CHII A]-(r) , PaBHBIE CpEeTHEMY 3HAUYCHHIO 10 PaB-

HOBCCHOMY CTaTUCTHYCCKOMY chaM6HIO, MOTI'yT OBITH BBEIYHCJICHBI CJICOYHOIIUM 06p330MZ

dH(r,{a;}
(A= [ A(r)p*I(r)dl = A nryar -
da].
dl din,, Z, F
J'dH I’l } ar = k_BJ n{K} {x} dr = — df]( . (64)
B daj da]-

4. YCJIOBUE PABHOBECHSI U 3AKOH KOMITIO3UIIUHN SHEPTUH
JJISA CUCTEM C DOHTPOIIMEN KAHUAJJAKHUCA

HaxoxaeHue ycinoBust TepMOIMHAMUYECKOTO PaBHOBECHS IBYX HE3aBHUCUMBIX CUCTEM TpeOy-
€T MPUBJICUYECHUS 3aKOHOB KOMIIO3ULIUU JJI1 SHTPONUM U 3HEpruil. B cratuctuueckoit TepmMoau-
Hamuke bonpimana—I'n66ca 3TH 3aKOHBI UIMEIOT CBOMCTBO aANTUBHOCTH. {7151 HE9KCTEHCUBHOMU
K -CHCTEeMBbI SHTPOTHS 00JIaaeT CBOWCTBOM ICEBI0ATUTUBHOCTH (26), KOTOpOEe B AaHHOH pa-
0oTe He pacmpocTpaHsercs Ha SHepruu. [lokaxem, 4To ITO 0OCTOSATENHCTBO MPUBOJIUT K PABEH-
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CTBY TaK Ha3bIBaeMbIX (PM3UUECKUX TEMIIEpATyp UL JBYX HE3aBUCHUMBIX K -CHCTEM, MPH yCIO-
BUU yCpeIHEHUs (PM3NIECKUX BEITMYNH PABHOBECHHIM HOPMUPOBAHHBIM PACIIPE/ICIICHUEM .

dusnyeckas Temneparypa. Hauunas ¢ pa6otsr [37]), B auTeparype UMeeT MECTO AUCKYCCHUS

o crocoOy ycpennenus Gynkmuu ['amunbrona H = H(r) U, COOTBETCTBEHHO, 10 BBIOOPY 3aKO-

Ha KOMIIO3UIIMM YCPEIHSAEMBIX 3HEPIMH JBYX HE3aBUCUMBIX K -cUCTeM. Jlanmee npeamnosaraercs
BBITTOJIHUMOCTB 3aKOHA aJJTATUBHOCT [Tl GyHKIMHK [ aMuIbTOHA!

H(l?)(rl, 1,2) _ 7‘((1)(1’1) n 'H(Q)(1’2) ,

KOTOPBIM MPUBOJUT K CIEAYIOLIEMY 3aKOHY aJJINTUBHOCTH YCPEAHEHHON DYHEPTUM COBOKYITHOU
CUCTEMBI:

g02) = gy gl (65)
rac

g]gm): .U peq(ry 1’2)7‘[(12)(1’1, rz)dr1dr2 !

ED= [P ) HOn)dr, D= [pI(r,yH(r,)dr,. (66)

BapbupoBanue ycioBus aUIMTUBHOCTH (65) Ui SHEPTUH SSQ) ¥ YCJIOBHSI KBa3HaIUTHBHO-
ctu (28) I COBOKYITHOM DHTPONUM S(K”): S{(:{)} I{(]f? + S{(i)} I{(g 3aMKHYTOM PaBHOBECHOM CHCTe-

MBI C IOCTOSTHHBIMU 3HAYEHUSIMU SHEPTUU SSQ) =const W SHTPONUU S(Km) = const mpUBOIUT K

paBEeHCTBaM:
5602 =51 56 =0, (67)

(12) 7) 550 4 SO 57) 4 70 552) 4+ 5) §70) =
5802)= 72 850+ 5 672 + 71 552 + 52 671 = 0. (68)

B wurore, yautsiBas popmyiy (50) uis SKCTpEeMaIbHOTO 3HAYEHUS K -9HTPOIINH, 3aITHCAHHYIO
¢ yuetom (57) B BUIE

S =k (20 1, )+ | 55(0 /60 [} (r=1,2), (69)
MOJIYYHUM YCIIOBUC
o8 105 |17 = 88 /860 |1 7). we 881860 =BT, (r=1,2).  (70)

PaBeHcTBO (70) y,[[OBHeTBOpHeTCH TOXKIACCTBCHHO TOJIBKO IIPpU PaBCHCTBC TAaK HA3bIBACMbLIX
(I)I/I3I/ILICCKI/IX TeMHepaTyp
%) 2
TV =—— 8 rne 8S, ,/8&. ., =B=1/T (71)
P s 5gl) e} £

I IBYX HE3aBUCHUMBIX K -CHCTEM IIPHU UX TCIIJIOBOM KOHTAKTE.
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OtHomenue SkBUBaiIeHTHOCTH (71) siBiseTcss 0000IIEeHHEM HYJIEBOTO 3aKOHA TEPMOIUHAMU-
KM Ha HEOKCTEHCUBHBIE K -CHCTEMBI, OonuchiBaeMble craructukoi Kannanakuca. OHO nokasbiBa-

€T, 4TO B OTJIMYUE OT KJIACCHYECKOTO ciIy4as (puzndeckas TeMmeparypa Tph HE sBJIsIeTCs 00part-
HOH BEJIMYHMHOU [3_1 MHOKHTeNs JIarpanyka, HO ONpeAenseTCs COOTHOIIEHUEM Tph(P) = Z{ ) /B.
Ecmm «=0, 1o Tph =T ¥ 3aKOHBI KOMIIO3UIMH BCEX CPEAHUX U MUKPOCKOIHMYECKUX BEIUYUH
CTAHOBSATCS aJUTHBHBIMU. IloguepkHéM BaxHbIl Qakt, uro Temmeparypsl 1 =1/B u
Tph = Z{ff} /B He 3aBHCAT OT BbIOOpA HYJSI SHEPTHil, U TIOATOMY OHH JOMYCKAIOT (PU3MIECKYIO

MHTEPIIPETALHIO.
®usznueckoe napiaenue. [lo aHasoruu ¢ gpunyeckoil Temmeparypoit Tph , MO)KHO BBECTH H

¢buznyueckoe JaBieHNE th. Jlig 5Toi 1enu paccMOTPUM MEXaHMYECKOe paBHOBECHE JBYX He3a-
BUCHUMBIX K -CHCTEM, MPEJCTABIISIIOIINX COOOM COBOKYIHYIO 3aMKHYTYIO CHCTEMY C IOCTOSH-

HBIMU 3HAYEHUSIMH SHTPOIUH S{(Ilj) =const u 06béma VD=V V= const . B stom cayuae

HEOOXOMMO HAaXOJUTh SKCTPEMYM DHTPOIUHU S{(llf}) ¢ yueToMm (pukcarnuu obmiero oobréma v,

B pE3yJIbTaTe dTOU MPOIEAYPHI TOIYIUM, UYTO

580 8V |/ 7 <[ 8 15V |1 28 = B, /T, (72)
rac pph — TaK Ha3bIBa€MO€ q)HSH‘ICCKOC JaBJICHUEC, KOTOPOEC ONPEACTIACTCA COOTHOIICHUEM

Py =Ty | 851018V |1 T3, (73)

Takum 06pa3oM, npearnosiarasi aJIMTUBHBIN 3aKOH SHEPreTUYECKOTr0 U MEXaHHMYECKOTO B3au-
MOJEHUCTBUSA MEXAY IBYMS MUKPOCKOIIMYECKUMHU CHCTEMAaMH, YIPABISIEMbIMU OJTHOM U TOM ke
HEAJJIMTUBHOM K -3HTPONUEH, MOXKHO OIpPENeInTh (PU3NYECKHEe MAaKPOCKOIMUYECKHE MEepPEeMEH-
HbIe (TeMIlepaTypy U JaBJCHHE), OTBEYAOIME HYJIEBOMY IPUHILIUITY TEPMOJUHAMUKH B KOHTEK-
CTe HEIKCTEHCUBHOM cTatucTuiyeckoi Mmexanuku Kanuanakuca.

B cBsi3u ¢ BBeieHHEM B pacCMOTpPEHUE TEMIIEPATYPHI Tph cenaeM cienytomiee odriee 3ame-

yaHue. B OOJIBIINHCTBE CIIOKHBIX HEDKCTEHCHUBHBIX CHCTEM BAXKHYKO POJIb UT'PAOT JJIMHHOMAC-
ITa0HEIE MMPpOCTPAaHCTBCHHO-BPECMCHHBIC KOPpPCJLMU B CI)BBOBOM HJIN TCOMCTPHU-UYCCKOM IIPO-
CTpaHCTBC. 9T0 03HA4acT, B YaCTHOCTH, YTO CYIIECCTBCHHOC 3HAYCHUC NMECT Ta YaCTb BHYTPCH-
Hel OHCPIrurl CHUCTCMBbI, KOTOpasa CBsA3aHa C CHUJIOBBIM B3aMMOJCUCTBHEM OTHAIEHHBIX Apyr OT
Apyra eé qaCTeﬁ, da MMCHHO INOTCHIUAJIbHAsA SHCPIUA. B ximaccryeckoi cTaTHCTHYECKOM Mexa-
HUKC BHYTPCHHSASA SHCPIrUust ONPCACIACTCA, KaK IIpaBUIIO, CYMMOﬁ KHMHCTHYCCKHUX 3Hepl"PII>i BCECX
MOJICKYJI COBOKYHHOI\/’I crucTeMbl. B Takoli cucTeMe «TeIIoBOM OaaHC» JOCTUTacTCAd B OCHOBHOM
3a CY€T JIOKAJIBHOTO TEIIO0OMEHAa MCKAY OJIM3KO PacCIoJIOKCHHBIMU (B YaCTHOCTH, B MIOI'PAHU Y-
HBIX O6J'IaCT$IX) eé COCTAaBJIAOIIMMH, T.C. (TCIIJIO» CBA3aHO C nepez[aqeﬁ KUHETHYIECKOMN OHEPTUn

OTACIBHBIMHU 4YaCTHIaMH CHUCTCMBI. HOCKOHLKy (1)H3I/I‘ICCKa$I TEMIICpaTypa Tph OTBCYACT 3a

«r00anbHBIN TEIIOBOM OaaHC» MCKAY pa3JIMYHbIMU YaCTAMU CUCTEMEI, TO eé 3HepreTquCKHﬁ
OanaHc 6y,Z[CT CHJIBHO OTJIHYATHCS OT JIOKAJIBLHOI'O TEIUIOBOro OanaHca. JIOKallbHBIM TEIUIOBOM
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OaaHc omuchIBaeTCs abcoaroTHON Temmepatypoit B=1/T , usmepsiemoit tepmomerpom. OpHa-

KO TI0JI0OHOE M3MepeHrne QU3MYECKON TeMItepaTyphl Tph HEpEaIbHO, YTO CBS3aHO C HAJTUYHEM

(YHKIIMOHATLHOTO KOA(PPUITUCHTA, I{eﬁ} 3aBHUCAILETO, coryiacHo (27), oT mapametpa nedopma-

eq _ eq 21..2 eq
MU K CHCTEMB, Z{K}—I p \/14-1( Ing, (p™)dl .

BaxHO MMeTh B BUAy, UTO TaKoe€ MEPEONpeeNICHEe TEMIIEPAaTypbl B K -CTaTUCTUKE PacXo-
JUTCSI C OCHOBHBIM MPUHIIUIIOM KJIaCCHUYECKON TEPMOJANHAMUKHU, B KOTOPOH aOCOJIIOTHAs TEMIIe-
parypa T sBisieTCsi HHTEHCHBHBIM MapaMeTpoM, a He (HYHKIIMOHAIOM Tph(p). OTOT QakT Tpe-

OyeT Moau(puUKalUKU TepMOCTaTHUeCKUX cooTHomeHu (57) u (58), BkiItouas nepeonpeeneHmue
suTponuu Knaysuyca, ¢ yueToM UCIOIb30BaHUS (PU3UUECKON TEMITEPATYPHI.

5. MAKPOCKOIIMYECKAS TEPMOCTATUKA

B kadecTBe OCHOBHBIX MPEANMOCHUIOK, B3STHIX 32 UCXOJHBIN MYHKT MOCTPOCHHUS MOIUDHUIIH-
POBaHHOW MaKpOCKOIMMYECKOW TepMoauHaMuku Tcammca, padote [38], ObuIi BEIOpaHbBI IEPBBII
3aKOH TEPMOJIMHAMUKU U CTPYKTypa npeoOpazoBanus Jlexannapa. Mcnonb3yem 3TOT Moaxon U
pu pa3paboTKe MaKPOCKOMUYECKOW TEPMOJMHAMUKH B paMKax CTaTHCTHKH KaHmamakuca Ha
ocHoBe HTponun Knaysuyca.

PaccmotpuM ¢ 3TOM menbio CTPYKTYypy mpeoOpazoBanus Jlexanapa. YpaBHenwe (55)

B=dS, /d&,, ykasbBaeT Ha TO, YTO MaPaMETPEI B wu S{K} 00pa3yroT mapy nepeMeHHbIX Jle-

KaHJpa. ITO MPHUBEIO K CIECAYIOIIEMY OMPEIeIeHUI0 CBOOOIHOM sHeprun [ empMrosbia (U30-
XOPHO-U30TEPMHUYECKOTO ToTeHHnana) (cm.(57)):

(1) =& =TS =& —kpTIng 2y, (74)

Opnako, 3TO onpezeNeHUe SIBISIETCS HEeYIOBICTBOPUTEIBHBIM C TOUKH 3PEHUS MAKPOCKOIIHU-
yeckoil TepmoauHaMuku. CBOOOIHAS SHEPrHsl JOJDKHA 3aBHCETh OT (PU3UYECKOM TeMIepaTyphl

Tph , a He oT epeMeHHor T:=1/f.

dusnyeckasi cBodoaHas 3Heprus ['eabmroabua. [lo anagoruu ¢ Moaxo10M, MpPeIoKeH-
HoM B pabote [39] mpu MoaupuKaIMK IEPBOTO 3aKOHA TEPMOIUHAMHUKH B cTaTHCTHKE Tcaiu-
ca, Iepeornpeaes MM MaKPOCKOITMYECKYI0 K -CBOOOIHYIO SHEPruto (74) crieayromum oopazoM:

YTO OTIMYACTCS OT COOTBETCTBYIOIIETO BBIPAXKCHHUS B TPATUIIMOHHON TepMOIrHaMuKe. Vcronb-
3ys cooTHomienus (51), (52) u (71), MoxkHO yOAUTHCS, UTO MEpeornpeiei€HHas TaKUM 00pa3omM

CBOOOIHAS PHEPTHUS ]-?IC} sBIsieTCA (pyHKIMEH Tph‘ Juddepenuupys yHKIHIO .7:{,(} , B pe3yJib-

TaTC MOJIyYUM

[Tpu Hanucanuu (76) UCIOTB30BaHO BBHIPAKEHUE
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1 1
An 2= gt (Z) | @S9 =k S (77

noyyueHHoe ¢ yderoM cootHomenuid (9), (21) um (52). 3mech BBeaeHO 00O03HAYCHHE

2
— eq =
wy=1/ \/1 + (KS{K}/kB) JUISL BECOBOM (DYHKIIUH.
IOurTponus Knay3uyca. Ecnu Teneps UCnonb30BaTh NEPBBIA 3aKOH TEPMOTUHAMUKHI

d'Qpy =€y + PydV (78)

rac Q{K} — KOJIMYECTBO TCIIJIOTHI, IIOABOJHUMOC K TepMOI[I/IHaMI/IT-IGCKOI\/’I K -CHCTEMC (I/IJ'II/I OTBO-

ZMMOeE OT Hee), TO (76) MOXKHO Iepenucarb B BUJIE

Ortcroga cnenyer, nepeornpeaeaeHne TepMoguHaMruaecko suTponnn Kiaysuyca S{K} JUISl Heal-

JAUTHUBHBIX CUCTCM!
dS =d'Qg /T, (80)
rae

eq 2
1+ (S s

BBenem Temepr cnenyromue XapakTepucTudeckue (QyHKIHUU: OOOOIIEHHYIO SHTANIBIIHIO

K}

K}

H ) =5{K} +PphV U 000OIIEHHBIN TEPMOIUHAMUYECKUA TOTCHITHAI G{K} =.7-"{K} +PphV. Ha-

MIOMHHM, YTO BCE XapakTepucTuueckue GyHKIUU 00JalaloT CIEIyIOIIUM CBOWCTBOM: €CIIU U3-
BECTHA XapaKTepucTHUecKas (YHKIUS, BBIPRKEHHAs uYepe3 COOTBETCTBYIOIINE IEepEeMEHHbBIC
(cBoM [UTsl KaXk10¥M (PYHKILMHU), TO C €€ MOMOIIbI0 MOXHO BBIYMCIUTH JIIOOYI0 TEPMOAMHAMMY €-
CKYIO BeMUuHY. B 3TOM HeTpyaHO yOeauThCs U3 ypaBHEHUIA

A€ =T 3,045 = PydV (81)
dH |y =T, 0,445, + VAP, (82)
dF g=—ksInZ,,dT, ~P,dV, (83)
dGyy =~k In 2, dT,, +P,dV (84)

N3 KOTOPBIX BBITCKAIOT CICAYIOIIUC O606H.[éHHLIe TEPMOAUHAMHUYCCKUE COOTHOICHUSI |
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(6%} :iafm] __p [ag{,{}} =£5H{K}] -7, (85)
ph’ g g pr
oV Js oV - S ), | 85 b,
Hug | _[Cw] _y [YPw]| |99 _pmz (86)
Sx) Ton v P

YpaBHeHue i TemioémMKocrTeii. Kak M3BECTHO, B KIIACCHYECKOW TEPMOJAUHAMUKE TEIIO-
€MKOCTh BEIIECTBA B Hanbosee 00IIeM BUJIE OMPEAEIIETCS COOTHOIICHUEM Cy:= T(@S / GT)Y.
3nech Cy — TEII0EMKOCTh IpoIecca, B KOTOPOM COXpaHSIETCs MOCTOSHHBIM MapaMeTp y — JIto-

Oast 00o0menHas koopauHata. Hanbomnee pacnpocTpaHEHHBIMU SBJISIFOTCS M300apHas TETUIOEM-
KOCTh M M30XOpHAs TEIUIOEMKOCTh, KOTOPBIE B pacCMaTpUBaeMOM CIIy4ae OMpeesTiM COOTHO-
IICHUsAMMU.

Cy=Ty (85 /anh)Pph .y =Ty, (08 /anh)V. (87)

Tak kak B COOTBETCTBHH C (POPMYIIOM (Gy / ax)z = (8y / 6u)z (au / ax)z (cripaBeIMBO# JIst

ciydast IBYX MEPEMEHHBIX, Koraa Y = y(x,z) u u = u(x,z)) umeem

[as{K}J {as{,(} J (aH{K}J ) [as{K}J [as{K}J {af;{K}J )
oT, oH oT, oT, o&, oT,, |
a u3 (85) u (86) cienyer, uTo (83{](} /GH{K}) =1/Tph' (8§{K} /GS{K})Vzl/Tph. Cnenosa-

Pph
TEJIbHO BbIpaXKeHUs (87) MOXKHO Mepenucarh B BUIE

C, =(0Hy / anh)Pph - Cy=(06/9T,) (89)

HOJ'Iy‘II/IM TCIICPb CBA3YIOIICC COOTHOIICHUEC MCIKAY TEIMIOEMKOCTIMU CP u CV . C ucnomup-

30BAHUCM PABCHCTBA
(6z/0m), =(0z/ox) (ox/om) +(0z/y), (ey/om) , (90)

ABISIFOLLETOCs CIEICTBUEM BbIpaKe€HHs Ul HonHoro auddepenuuana QyHkuuu z=z(x,Vy),

JICTKO MOJYYHUTDb (HpI/I m=2Xx ) COOTHOIICHHUEC

(084 /anh)Pph = (08 /0T,) +(6S1 /). h (ov/or, )Pph . (91)
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OTcrona, pu yueTe ypaBHeHHss MakcBeia (GS{ K}/8‘/)Tph= (ﬁPph/ Tph )y » ciienyer

C,~Cy =T, (0P, /0T, ) (oV /2T, )Pph . (92)
DTO COOTHOIIEHHE MOXET OBbITh 3aIMCAaHO M B JIPyrOM BHJIE, €CJIM MCIOJb30BaTh TaK Ha3bIBae-
MYIO «CBSI3KY TPEX MPOU3BOIHBIX» (82/ ﬁx)y (Gx/ Oy)z (ﬁy / 8z)x =—1 (cieacTBue COOTHOIIE-

Hus (90) npu m=x, n=2z ), U3 KOTOPOH ClIeayeT

(opy, /9T,,) =—(0v /oTy, )Pph (oP,, /av)Tph . (93)

C yuétom (93) cBs3b MEXk/1y BBEJCHHBIMH TEINIOEMKOCTSIMU TIPHOOPETACT TIOUYTH OOBIYHBIN BH/T:
2 94

C,~Cy =T, (av/ anh)Pph/ (ov /apph)Tph . (94)

Taxkum 006pazom, ucnonb3ys 00o0mennyto HTponuio Kimaysnyca (80) MOXHO TOJydUTh OC-
HOBHOW Ha0Op MaKpOCKOMHUYECKHX TEPMOJUHAMHUYECKHX cooTHomeHuu (85), (86) u (94) mus
tepMmomHamukn Kannamakuca. CtangaptHas ¢popMa MOJTyYSHHBIX COOTHOIICHHHA CBUICTEILCT-
ByeT 00 WX MHBapUAHTHOCTH OTHOCHUTEIHHO HEAIIUTUBHON MOIM(UKALNU MX KIACCHUYECKUX
aHaJIOTOB.

6. IMBEPI'EHIIUSI BPOI'MAHA. OBOBIIEHHAS H-TEOPEMA

[Tokaxem Tenepb, 4TO B PABHOBECHOM COCTOSIHUHU dHTpomnusi Kanunagakuca 10CTUTaeT CBOETO
MaKCHMAaJIbHOTO 3HaueHHs. PaccMOTpuM C 3TOM 1eNbI0 TaK Ha3bIBaeMYyIo AuBepreHius bparma-

Ha [40,41]
Dy [ P:P0 | = S1 (2o (1) = Sy (p(1) + Mg [ (P (r) = p(r) ) I {’”OT(”]dr >0, (95)

KOTOpasi OTHOCUTCA K HauboJiee CYIECTBEHHBIM CTATUCTUYECKUM XapaKTepPUCTUKAM AMHAMMY e-
ckoii cuctembl [42]. SBnssach GYHKIIMOHATIOM, OHA ONPEICIIAET MEPY CTaTHCTHUECKON yHopsiio-
YEHHOCTH B MMKPOCOCTOSIHMSIX CUCTEMBI C paclpeleleHueM p(r) OTHOCHTENBHO COCTOSIHUS C

pacnpenenenueM p,(r). Beipaxenne (95) npezncrasinsger co6oit GhyHKIMOHAN [T IBYX HOPMH-
POBaHHBIX paclpeeneHuit I p(r)dll == Ipo(r)df =1.

Pasnuunblie cBoiicTBa auBepreHunu bparmana B mojHOM oObeMe mpuBeeHsl B pabote [41].
3pech ke Mbl OTMETHM, 4TO Bemunna Dy, (P:py) ABILETCS BEWECTBEHHBIM, M10JI0KHTEIbHBIM,

BBIMYKJIBIM (B MIEPBOM aprymenTe) ¢pyHKunoHajaoM. Jlerko BuaeTh, uto npu k — 0 3Ta BEIUYH-
Ha MEePEeXOUT B M3BECTHYIO HH(popMalmio pasnuuns Kynpoaka—Jleitonepa (cum. [10, 43])

Dy-0(P: Po) = K(p:pg) =k [[ p(r) In PO ar (96)
po(r)
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Kpome 31010, IOCKOJIBKY IIPH P = P(; KIMEET MECTO PABEHCTBO D{K}(p: p) =0, To nuBeprex-
)

st bparmana siBisercst GyHKIuen JIsmyHOBai

IpuHuun MakcuMyMa YHTPONUH PaBHOBECHOTO pacnpenenenusi. [lycts pacnpenencHue
po(r) sABIseTcs PaBHOBECHBIM, Ui KOTOPOTO  CIIPaBeUIMBO  MpejcTaBieHue  (47):
Po(r) = oexpy,, {—X (r)/ k}, a pacnpenenenue p(r,t) COOTBETCTBYET IPOU3BOJIILHOMY COCTOS-

HUIO cucTeMbl. KpoMe 3TOTO, OymeM mojararth, 4To it 00OMX MPEACTABICHHN CIPABETHBO
TaK Ha3bIBaeMoe, ycioBue ['uboca [10]:

Ee) =&ty [ PoMX ()AL = [ p(r, )X (r)dl, tme X(r):=y+ %H(r). (97)
T[TokaeM, 9TO B ITOM CITydae CIPABETHBO CIIEIYIOIIEe PABEHCTBO

[ (Po() = p(r) 0 (o (1)) AT = [ (p(r) = po(r) g (o ()T (98)
JlelCTBUTENBHO, TTOCKOJIBKY B ciity (21) m (47), MBI HIMeeM

U (Po) = —Iny (po) — Ay (o / py) = —Inyy(py) — X, (99)

TO oTciofa, nmpu ydete (97), cnmenyer cootHorieHue (98).
N3 onpenenenns nuBeprenunu bparmana (95), ydere ToxkaectBa (97) M crnpaBeaIMBOCTH
MIPUHSATHIX BBIIIE MPEATOI0KCHHH, CIIeTyeT COOTHOIICHHE

S{K}(P(V)) = S{K}(Po(”)) - D{K} [P3 Po] + kBI(Po(V) - P(”)) Xl = S{ez}(Po(”)) - D{K} I:P3 Po] (100)

rae WHGOPMAIHs Pa3IMyKsl, IPEJICTABICHHAS B BUJIC OTPUIATEIILHOTO BKJIaaa B SHTPOIHIO, Ha-
3bIBAacTCsl HEraHTponuei. [IOHsITHE HErHTPOIUH, T.€. M3MEHEHHS DHTPONUHM ¢ OOpATHBIM 3Ha-
KoM, Obuto Tipemtoxkeno D. HIpemunrepom [43]. B o6ieM ciiydae BBIIOIHAETCS HEM3HTPOIHA-
HbIH npuHIwn bpunirosna [44]

Dy [ P10 |+ Sy (P(r) = Si2y (0 (1) 2 0, (101)

I/ie 3HaK HEPaBEHCTBA COOTBETCTBYET HEOOpPAaTUMBIM MpolleccaM B 3aMKHYTOM cucteme. M3 He-
paBenctBa (100) cnemyer, 4TO SHTPOINHUS PABHOBECHOT'O COCTOSIHUS OOJIbIIE, YEM SHTPOIUS MPO-

M3BOJIBHOTO COCTOSHUA, Sy (P(1)) < S{eg} :

Teopema I'mo66ca m H-teopema. Kak M3BECTHO, OTKPBITas CHUCTEMa MPEIACTABISET COOOM
4acTh OOJIBIION 3aMKHYTOM CHCTEMbI U HAXOAMUTCSA C BHEIIHUM OKPY)KCHHEM B HEPaBHOBECHOM
KOHTaKTe. B OKpy>KeHUU OTCYTCTBYIOT HEpPAaBHOBECHBIE SIBJICHHS M MOKHO CUMTATh, YTO OHA Ha-

XOUTCSA B PABHOBECHOM COCTOSIHHHM C pacmpeneneHueM p(r). CpaBHHBas 3Ha4YEHHs SHTPONHUH
npu ycinosuu ['u66¢ca (97), nomxyunm u3 (100) Teopemy ['n66ca [10] B Buae HepaBeHCTBa

i . ..

) Hanomuaum, uro dynkuumeit JlisimyHnoBa Ha3bpiBaercsi 3HakoonpenenéHHas QpyHKIMs, KoTopasi 00-
paiuaercsi B Hy/lb B TOUKE paBHOBecHs! cucTeMbl. COCTOSHIE PaBHOBECHS SBISIETCS aTTPAKTOPOM, KOTJa
MIPOM3BOAHASA MO BPeMEHU OT PyHKIMH JIAmyHOBa MMEET 3HAK, IPOTHUBOIOIOKHBINA 3HaKy caMoi (yHK-
LUH.
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Dy [P3 Po] = _[S{K}(P(”)r t)+ S{K}(Po(r))} >0. (102)

Takum 00pazom, yBeIWYCHNUE SHTPOIIMU CUCTEMBI JI0 €€ MaKCUMAJIbHOTO 3HAYCHHUS B PaBHO-
BECHHU MPOUCXOJUT COBMECTHO C NOTepe MH(pOpMAILUHU pa3Inyus, TO €CTb UMEET MECTO COBMeE-
CTHO€ YBEJIMYEHUE CTATUCTUYECKON pa3ylnopsJOYCHHOCTH U YMEHBIIEHUE CTATUCTUYECKOM YIIO-
PAIOYEHHOCTU MUKPOCOCTOSIHUN HE3KCTEHCUBHOM CUCTEMBI.

[MTockoJibKy cOrylacHO CBOWCTBY BbINyKiOCTH [41]) nuBeprenuuu bparmana Dy, [p: pO] SIB-

JIIeTCs 3HAKOOMpeeNeHHon (yHkiuen JIsmyHoBa, TO JyUisi TOTO, YTOOBI COCTOSIHUE TOJIHOTO
paBHOBecHUs P () ObIIO YCTOHUMBBIM, HEOOXOIMMO BBINOJIHEHHE CIIETYIOIEr0 HEPABEHCTBA

d d e

2Dy (210 ] == 2| S (P9~ il po(r) | <0 (103
Takum 00pa3zom, MpH CTPEMJICHUU K -CHCTEMBI K PABHOBECHOMY COCTOSIHHIO BO BPEMEHHOU

ABOJTIOIUH MHPOpMaIus paznuuanst ymenbiraercs. M3 (102) cnenyer H -Teopema it OTKPBITHIX

HEPaBHOBECHBIX K -CHUCTEM (HepaBeHCTBO Julsl 3HTponuu Kanunanakuca)

dS, (p(r), 1)/ dt >0, (104)

KOTOPOE CIPABEUTUBO MPH MPUOIMIKEHUN K COCTOSHUIO ITOJTHOTO CTATUCTHYECKOTO PAaBHOBECHSI.
Ota TeopeMa yTBEpKIaeT, YTO K -3HTPOIHS HEMPEPHIBHO PACTET NPU MPHOIMKEHHN CUCTEMBI K
PaBHOBECHIO, TJ/Ie SHTPOTHS CTAHOBUTCS MaKCHMAIBHOW M IOCTUTAET KOHEYHOro 3HaueHus. Ta-
KAM 00pa3oM, MPOHUCXOAUT XaOTH3AIMs MaKpOCKOIIMYECKOH crcteMbl KaHMamakuca mpu CrioH-
TaHHBIX MTEPEXOaX.

3aMeTHM, 9TO TOT (PaKT, 4TO K-IHTPOTHSI KBa3HaUINTUBHA, U DHTPOIHUSI COBOKYITHOH CHCTEMBI
OoJIbIIIe, YeM CyMMa SHTPOTHI OTJAEIBHBIX TOJCHCTEM, YKa3bIBAET HAa TO, YTO COBOKYITHAsI CHC-
TeMa TepMOAMHAMUYECKU OoJtee crabuibHa [7].

7. BAKJIIOYEHUE

B nocnennee necsatunietue Bce OONBIIMN MHTEpEC MpUBIEKaeT K-ctaTucTuka Kanuanakuca,
MIOCKOJIbKY OHa 00J1aJJaeT MHOTUMH BaXHBIMU CBOMCTBaMH (IIPUHIIMIT MAKCUMAJIbHOM SHTPOIINH,
TEPMOJIMHAMHUYECKask YCTOWYMBOCTb, YCTOMYMBOCTH Jlema, HEeMpepbIBHOCTD U T.I1.). DTO MO3BO-
JSeT K-CTATUCTHKE OBITh OJHOW U3 CaMbIX YAAayHBIX O0OOIIEHUH CTATUCTHMYECKON MEXaHUKU
Bonpiimana—T'u66ca, 0cOOEHHO B KOHTEKCTE CHEUaIbHOW TEOPHUH OTHOCUTEIBHOCTH U TOJY-
YEHHBIX paclpeeseHul, HaOMoJAI0IUXCS B PA3INYHBIX (DU3HUUECKUX, TPUPOJIHBIX U UCKYCCT-
BEHHBIX CUCTEMaX.

B npencrasnennoit pabote qaetcs Joruueckas cxema mocTpoeHuss MOIuGUIIMPOBaHHOM Tep-
MOJMHAMUKH HEIKCTCHCUBHBIX CUCTEM, OCHOBAaHHAs Ha K -dHTponuu. HaiineHo yHuBepcanbHOE
pacmpesenieHue CTeeHHOTO 3aKOHa Ha OCHOBE MakKcMMU3aluu >HTponuu KaHuanakuca mpu 3a-
JAHHOM OTPAHMYEHUH YCPEAHEHHOTO 3HAYEHUs BHYTPEHHEH »HHepruu cuctemsl. [lomydyeHHsie
MIPH 3TOM TEPMOJMHAMUYECKUE PABEHCTBA JIIsl 000OIIEHHOT0 KaHOHIYecKoro ancam6insa ['u60ca
BIIOJTHE aHAJIOTUYHBI OOBIYHBIM PABEHCTBAM CTATHCTUYECKOM TEPMOTUHAMHUKY JJIs1 3aMKHYTBIX U
OTKPBITBIX CHUCTEM U COBMAJAIOT C HUMU MpU NPUOIIKEHNUU TapaMeTpa aedopManuu K K HYIIO.
[Tokazano, uto sHTponus Kanuanakuca moAuMHSAETCS TCEBIOAJIMTUBHOMY 3aKOHY JJsl BYX
CTaTHUCTUYECKH HE3aBHCHUMBIX MOJACUCTEM. JloKazaHHAs MOJOKUTEIBHOCTh K -DHTPOMHU COBO-
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KYHHOﬁ CHUCTCMBbI YKAa3bIBACT HA CYHICCTBOBAHHC CWJIbI HNPUTAKCHUA MCKAY OTACIbHBIMU I10 -
CuCreéMamMm, U 3TO BSaHMOHCﬁCTBHG SIBHO IMPOHUCXOIUT OT BSaI/IMOI[eﬁCTBHﬂ MCXKIY UX COCTaB-
HBIMH 4YaCTsIMH. HOHy‘-ICHO O606IIICHI/IC HYJICBOI'0O 3aKOHa TCPMOJUHAMHKU JIA IBYX HE3aBHUCHU-
MBIX HEOKCTCHCHUBHBIX CUCTCM ITPHU WX TCIIJIOBOM KOHTAKTEC, BBOAAIICC B paCCMOTPCHHUE TaK Ha-

3BIBAEMYIO (DPU3UYECKYIO TEMIIEPATYPY Tph OTJIMYAOIIYIOCA OT MHBEPCUH MHOXUTEIN Jlarpanxa

B. OtoT dakt morpedoBan mepeonpeaeneHus psia TEPMOIUTHAMUYECKUX COOTHOLICHHUH, TTOITY-

JaeMbIX €CTECTBEHHBIM INyTeM B paMkax cTaTUCTHKM Kanuanakuca. B kadecTBe OCHOBHBIX
MPEAMOCHIJIOK, B3SITHIX 32 UCXOAHBINA MYHKT HAXO0XKACHUSI MOIU(MUIIMPOBAHHBIX TEPMOIUHAMUYE-
CKHUX COOTHOIIEHUH B paboTe BHIOpAHbI MEPBBIA 3aKOH TEPMOJIUHAMUKH M CTPYKTypa mpeodpa-
3oBanud Jlexannpa. Ilyrem npumenenus 0600menHo s3uTponuu Kinaysnyca Kk aHoMainbHOU K -
cucreMme, ObUI MOJy4eH Haubosee IpueMieMblii Ha0Op MaKpOCKONMYECKUX TEpPMOJMHaAMUYe-
CKHUX COOTHOIICHMH IS HE3KCTEHCHUBHOM K -cucTembl. HakoHeln, Ha OCHOBE, TaKk Ha3bIBAEMOM
nuBepreHuu bparmana Obln copMynHpoBaHbl U J0Ka3aHbl H-Teopema u Teopema ['nbOca,
OTIHCHIBAIOLIME XA0TU3ALMI0O MaKpPOCKOMUYeCcKol cucteMbl KaHmanakuca npu CIOHTAHHBIX ITe-
pexonaax.

Pa3BuThIii B paboTe M0aX0 MO3BOJISET MOJEINPOBATh, B YACTHOCTH, CJIO’KHBIE KOCMOJIOTHYe-
CKHME€ M KOCMOTOHHYECKHE Cpelibl (OT TaJlaKTUK U acTpo(U3NYECKUX AUCKOB JI0 KOCMUYECKOM
MbUIN), OTJIMYUTEIBHON YepTOl KOTOPBIX SBJSETCS HAJIWYME AUHAMUYECKUX CTPYKTYp C Helle-
JIOW TOTIOJIOTMYECKOW Pa3MEpPHOCTHIO ((PpaKTaloB), JAITBHOIECHCTBYIOIIETO CHJIOBOTO B3aWMO-
NEeUCTBUS, a TAKXKE SPUAUTATILHOCTH M HEMAapKOBOCTHU HBOJIIOLIMOHHBIX MPOLIECCOB.
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Summary. The scientific Internet space is actively developing due to the activities of
competing participants: publishers of traditional journals with paid access for readers and
publishers of Open access journals. Paid journals, using the opportunities of their highly
profitable publishing business, offer their users a rich environment of access to the materials
of articles. Open access journals are looking for ways to reduce the cost of publishing. The
new publication overlay scheme significantly reduces the publisher's expenses. The overlay
journal reviews the received article. After the article is accepted for publishing, the article is
assigned a DOI and the article's metadata is published on the journal's website along with a
link to the full text published in the Open access repository.

The scientific online journal, in contrast to the traditional printed journal, exists in an open
information environment, relying on new media and means of communication. The interface
with this environment should fully cover all stages of the publishing process — from
submission to publication of the article — and further support for changes made by the author
based on the results of discussion of the article in the scientific community. One of the key
functions of the publishing house is to conduct reviews to ensure the required level of quality
of published articles. However, further information technologies come into play, expanding
the scope of traditional peer review. In an open environment, any scientist or expert can
express their opinion on the merits of an article published on the site within the framework of
the problems that they deal with professionally. In the modern world, the reader is not
satisfied with the role of a passive consumer of scientific information. Internet technologies
and the ideas of Open science have given rise to the ideology of crowdsourcing — all
members of the professional scientific community become active participants of the creative
process. The opinion of a wide range of specialists should be available to the general reader
and participate in the formation of ratings of scientific resources. Articles on the journal's
website are accompanied by webometrics and altmetrics indicators that characterize the
interest in the article from the scientific Internet community.

1 INTRODUCTION

The growth curve of the number of scientific publications in the world over the past two
decades has been going up sharply. The number of scientific journals is also growing. Today,
it is safe to say that all scientific journals are published on the Internet. If a scientific journal is
not available on the Internet, it can be assumed that the journal does not exist [1]. The
scientific Internet space of Western countries is actively developing as a result of the activities
of competing participants: publishers of traditional journals with paid access for readers and
publishers of Open access journals. In the West, in the 60-80-ies of the last century, several
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large publishing houses appeared that publish scientific journals. Publishing scientific
journals has become a stable, highly profitable business.

At the same time, the Open access movement began to take shape: in 2002, European
countries adopted the Budapest Declaration on free access to research results that were carried
out with governmental funding. The concept of Open access implies that any scientist,
representative of the educational community or business should have unrestricted access to
the world's scientific knowledge and cultural heritage. Open access to scientific information
on the Internet is becoming an attractive philosophy for society.

In Russia, the situation with scientific journals is developing according to a special
scenario [2]. Editorial and publishing preparation of issues of scientific journals is usually
performed by scientific institutes, universities, and other structures with budget funding that
have publishing divisions. Editorial boards of journals consist of employees of institutes who
perform editorial work, combining it with their main responsibilities. Until the early 90's,
russian printed scientific journals were distributed mainly by subscription, while the price of
journals was very low — barely covering printing costs. The subscription was used by large
libraries, libraries of scientific organizations and universities, as well as scientists.

In the early 2000s, the printings of scientific journals decreased to a minimum — no more
than 2-3 hundred copies. Journals began to move smoothly to the Internet, minimizing their
expenses. Scientific Online journals with a paid subscription and an embargo period of 2-3
years have appeared. A pleasant event was the order of the Court of Accounts of the Russian
Federation in 2018, obliging publishers to make all academic journals freely available.

It is known that since the beginning of the 2000s, Russia has been undergoing permanent
reforms affecting the structures of the Academy of Sciences and higher education. The main
measure of a researcher’s success has become the number of published papers. A significant
increase of the publication activity of scientists again attracted attention to scientific journals.
New journals began to appear massively. According to the largest russian aggregator of
scientific periodicals eLibrary.ru there are 17432 russian scientific journals in it's database,
6213 of them with full texts are in open access. Thus, in Russia, Open access covers about
35% of scientific journals.

Why have commercial foreign journals ceased to satisfy the scientific community? First of
all, for economic reasons: the cost of subscription has become a very significant burden,
eating up a huge part of the budget of libraries and scientific institutions. However, major
publishers have learned to lobby for their interests, drawing funds from state budgets and
scientific foundations. In Russia, lobbyists managed to get paid subscriptions to packages of
Western journals for some scientific institutes and universities. The Russian Foundation for
basic research conducts annual competitions for access to Western journals.

The model of paid access to scientific journals is implemented by well-known Western
publishers with a long history: Springer, Elsevier, Wiley, and Informa. It is claimed that the
publication of one peer-reviewed article in the journal Nature costs 40 thousand dollars [3].
Let's compare this amount with the cost of publishing one moderated preprint in arXiv — 10
dollars [3]. Let's ask whether the publisher of the journal Nature is trying to ensure a
comfortable existence by obtaining superprofits?

Open access online journals provide their readers with free access to the journal's
materials. Who is responsible for the costs associated with editorial and publishing
preparation, metadata processing, and so on? One of the business models of Open access
journals assumes that expenses are reimbursed by contributions taken from the authors of
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articles. In this case, the author will be asked to pay several thousand us dollars for publishing
the article. In the scientific community, there is a growing number of supporters of Fair Open
access ideas, calling for a more decisive reduction in the fee for publishing an article [4]. At
the same time, there are other examples: the author does not pay any fees for publishing an
article (preprint) in the Open archive arXiv. For the initial moderation of articles in arXiv,
volunteers employees are involved. The costs (very modest) for maintaining the activities of
arXiv are borne by Cornell University (USA).

2 OPEN ACCESS PUBLICATIONS

The author has a choice in which journal to publish the article: in the journal of limited (for
the reader) access or in the journal of Open access. If an article is submitted to a restricted
access journal, the paper will be free of charge. But the readership may be significantly
reduced, since not every scientist will be able to pay for access to a closed article. When an
open access journal is choosing, the author may have to pay for the costs of publishing the
article himself or look for a sponsor.

Note that in addition to the two alternatives (open access and paid access), there are also
hybrid models. The journal policy can be flexible. The journal with paid access for the reader
opens free access to some publications, if the authors of these articles pay a certain fee. Or an
Open access journal with fee for authors may be free of fee for certain categories of authors.
In this case, the financial costs are borne by research support funds or publishers themselves.

If the author has decided to publish his article in a journal that is paid for readers, he often
retains the opportunity to locate the article as a preprint in an Open repository on the website
of his organization, or in a thematic Open archive of preprints, or on his personal page. Often,
the author is interested in quick publication. The publishing process of a traditional journal
can take several months. During this time, the author may lose priority in their field, and the
material of the article may lose relevance. Many restricted access journals allow preprints to
appear on the Internet, as Springer published [5]. But the publisher puts forward a condition:
if the author's version of the article is published as a preprint, then after accepting the article,
the editorial Board suggests that the author indicate in the preprint that the article was
accepted and published in the specified journal.

If the article was published as a preprint in an Open repository, it is likely that information
about this preprint will reach the mass reader after some time. In ensuring broad access to the
article posted on a public website, a greater role plays by search engines such as Google,
Yandex. The search service uses its robots (crawlers) to extract metaattributes of articles and
place them in its indexes. If a search query for an article appears in search services, it is
highly likely that the desired article will appear in the list of responses found. It is more
difficult to index an article in Google Scholar. Not every site can be indexed in this service.
To do this, the article (or website) must meet certain design requirements [6].

Can an author refuse to re-publish their preprint as a journal article? Unlikely. To obtain
the status of a full-fledged scientific work, the article must be published in a peer-reviewed
journal. But then there is an ethical problem — the repeated publication of virtually the same
text. Some programs for searching for matching texts such as "Antiplagiat™ easily detect this
kind of duplication and the author will then have to explain that he did not actually violate
ethical norms [7, 8]. And now we should pay attention to a new type of scientific journal —
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an overlay journal that implements an unconventional scheme for organizing interaction
between the author and the editorial Board [9].

Overlay journal adheres to three principles: open access, publish for free, and read without
restrictions. To implement these principles, we need to reduce the cost of publishing an
overlay journal by significantly reducing the cost of publishing articles in the public domain.

The scheme of interaction between the author and the publisher of an overlay journal is as
follows. The author publishes his article in an open repository. The article passes moderation,
organized by the repository holders. After that, the author sends the article published in the
repository to the overlay journal of the corresponding topic. The journal reviews the article. If
a positive review is received and the article is accepted for publication, the article is assigned
a DOI. The final version of the reviewed article is re-published in the repository as a new
version together with a link to the journal. The overlay journal publishes only the article
metadata and a link to the final text of the article on the repository site. Thus, an overlay
journal is a set of metadata and links to the full texts of peer-reviewed articles.

One example of support for publishing an overlay journal is the Episciences platform [10].
The interface with the publishing platform fully covers all stages of the publishing process-
from submission to publication of the article and further support of the article. Currently, the
platform hosts half a dozen open access journals that adhere to the overlay scheme.

The scope of preprint servers is constantly expanding. We can assume that in the near
future, overlay journals will occupy a worthy niche and find their authors and readers in
various research communities.

3 THE PEER REVIEW PROCESS

Scientific journals with high academic standards are very demanding about the quality of
published articles. All articles are subject to mandatory review. Such journals openly publish
their publishing policies and ethical standards. Journals, in particular, make sure that the
author of the article and the reviewer do not have a "conflict of interests”. The author should
expect an objective review of his article without the influence of group interests or an
antagonism of competing scientific schools.

However, the peer review process in journals is often malfunctioning. Not every reviewer
can give an objective assessment of the article. Let's remember, for comparison, how the
analysis of dissertations goes. Procedures for the defence of the dissertation suggest the
presence of two or three opponents. The review of the organization designated by the
dissertation Council as the lead organization is also considered. In addition, the dissertation
defense takes into account the feedback of scientists who sent their assessments and
comments on the dissertation. The decision on the dissertation is made collectively by all
members of the Council. For obvious reasons, reviewers of journals will not be able to
provide this level of a review.

It should also be mentioned that one of the time-consuming stages of reviewing is often
associated with the detection of plagiarism and "self-plagiarism” in the article. There are no
questions about plagiarism: it is not only an obvious ethical violation, but also a violation of
copyright law. But that can’t be said about "self-plagiarism™: the author's repeated use of his
previously written text does not contradict the current legislation. On the contrary, the practice
of some editors to combat such reuse of text often violates the rights of the author. The
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author's inclusion of text fragments from his previously published works in a new article is
often dictated by the need to present the context of the research. Authors can use previously
published texts in order to ensure self-sufficiency of the article. It is more convenient for
readers to have a self-contained text before their eyes, even if it contains fragments of a
previously published article by the author, than to switch to another article, losing the context
of the current narrative. However, some ethical codes consider such "self-plagiarism” to be an
incorrect publishing practice. Journal editors try to avoid possible conflicts and may reject an
article if they find intersections with previously published articles. Thus, the journal does not
publish an article that is actually a bona fide scientific work [11].

Another example. If the editorial Board charges the author money for publishing the
article, the commercial interests of the journal often obscure the objectivity of the review. It is
also known that often journals, having achieved high ratings, begin to trade their popularity.
Such "predatory” journals promise authors quick access to prestigious Western databases and
force authors to pay thousands of dollars for this opportunity. In such cases, we are no longer
talking about objective review.

There are cases when publishers launch advertising market projects under the guise of
scientific journals. This story happened to the well-known firm Elsevier [12]. Between 2000
and 2005, Elsevier's Australian division published a series of collections of articles intended
for family doctors that were actually advertisements for the products of a pharmaceutical
company. When this unpleasant story for Elsevier came to light, Michael Hansen, general
director of the health sciences division, issued a statement. He admitted that this was an
unacceptable practice, and the publisher regrets that such a case took place [13].

The examples can be continued. In 2012, a book was published by British doctor and
scientist Ben Goldacr "The whole truth about medicines: the global conspiracy of
pharmaceutical companies”, dedicated to the description of contractual schemes between
representatives of the pharmaceutical industry and doctors. Doctors often fulfilled the role of
advertisers by publishing articles about non-existent achievements. There were cases when
there were facts of pressure on researchers from pharmaceutical companies to release untested
drugs to the market. In 2013 this book was published in the United States, and in 2015 it was
translated into Russian [14].

We can mention another reason for doubting the overall objectivity of the review.
Scientific knowledge and technologies are developing rapidly. New directions are emerging,
including at the intersection of several disciplines. Often in the scientific environment there is
a conflict of generations: young researchers often use modern methods that are not mastered
by specialists of the older generation. If a reviewer of a classical journal has no experience in
a new field and is not familiar with its specifics, he is unlikely to be able to objectively
evaluate a pioneer article. The history of science provides many examples when new
revolutionary ideas could not break through the wall of misunderstanding of traditionalists for
a long time.

Thus, classical review in a traditional journal has no less serious risks than not too deep
moderation of the article, which is used, in particular, in arXiv.org. We should not forget that
there are other equally reliable ways to verify the quality of the article. As a rule, articles that
are interesting and useful for specialists have good traffic indicators and high indicators of
alternative metrics. Here we can also talk about high rates of bibliographic citation, but with
some clauses.
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4 THE CITATION USING BIBLIOGRAPHIC LINKS

Bibliography in the article began to play a special role after the appearance of
bibliographic databases that aggregate data from scientific journals, and after the creation of
computer methods for processing bibliographic references from the texts of articles. It is now
possible to identify automatically links between articles and journals on the base of the
analysis of lists of cited literature. Bibliometrics has developed rapidly as a set of methods for
evaluating the publication activity of scientists and methods for building journal ratings. The
period of interest in the bibliometrics is not over yet. The pillars of the bibliometrics are the
leading Western databases Web of Science and Scopus, and many large national electronic
repositories. The largest Russian Scientific electronic library, eLibrary, contributes to the
bibliometrics movement.

Some countries, when evaluate the effectiveness of national research, rely on citation
indicators for scientific articles. In other countries, such as the United Kingdom, the
assessment of scientific effectiveness is mainly based on expert assessment. A recent study by
the UK Research Excellence Framework (REF) found notable discrepancies between citation-
based metrics and peer review results. It should be noted that earlier similar studies showed a
higher degree of agreement between metrics and expert assessments, which was the reason for
introducing metric indicators. Now there is considerable uncertainty about the feasibility of
relying on citation metrics [15].

If you are planning, for example, to publish an article in the leading journal Nature, you
will have to prepare the bibliography of 30-40 items. A short bibliographic list may be
interpreted by the editorial Board as the author's lack of the necessary outlook in the field of
research under consideration. But the point here is not only and not so much in demonstrating
immersion in the subject area. The entire industry of evaluating the quality of articles and the
prestige of journals is based on the bibliographic lists. The author's h-index is calculated based
on the number of citations of the article in other articles. The journal's impact factor is
calculated based on the citation count of articles in the journal. And then the ratings of authors
and journals are built on the basis of these indicators. But when a certain technology is
superimposed on real publishing practice, there are often unnatural relationships between the
participants in the process. Special behavior of authors and editors of journals is formed. The
authors can agree on a mutual citation. A similar collusion may occur among a group of
journals in order to raise the impact factor to each other. Intermediaries immediately appear
with offers to increase the h-index for a fee: you can find dozens of offers of this type on the
Internet.

Note that citation indicators based on the analysis of bibliographic lists are not accurate
and comprehensive. There is also the problem of lost links. This problem occurs when authors
deviate from the prescribed formats of bibliographic references, make significant errors in the
spelling of authors ' surnames and names, or make inaccuracies in the title of the article or
other parameters of the link. Usually, bibliographic databases have tools that can be used to
find lost citations and edit inaccurate bibliographic references. The paper [16] describes the
experience of correcting bibliographic references pointing to Russian journals indexed in Web
of Science. After correcting the links, the impact factor indicators of a group of Russian
journals in Web of Science increased by 4-37%. One more convincing example can be given:
after clarifying the links to the articles of the journal "Keldysh Institute Preprints” in the
eLibrary.ru in 2017, the number of citations of the journal increased three times.
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The disadvantages of indicators based on the analysis of bibliographic references should
include their binding to a specific bibliographic database. If your article is referenced from
articles and journals that are not related to the subject areas of the bibliographic database,
such citations will not be taken into account. As a result, the author has several significantly
different indicators of the h-index from different bibliographic databases. The problem of
combining citation counters for the same article from different bibliographic databases does
not yet have a comprehensive solution. Approaches to solving this problem are presented in
[17].

In addition, the h-index and journal impact factor indicators are very inertial, they are
formed over a long time and are usually calculated no more than once a year. To calculate a
two-year indicator, the database must have issues of the journal for the previous 3 years, and
for a five-year indicator you need issues of journals for the previous 5 years.

Citation indicators are formed more dynamically based on the analysis of bibliographic
lists of articles in the Google Scholar system. This system uses data from a wide variety of
open online sources. The data collection process is automated: programs have been developed
that view web pages and extract information from metadata descriptions, as well as directly
from article texts. In Google Scholar, the author's h-index is usually higher than similar
indicators of such Western bibliographic databases as Web of Science, Scopus, or the Russian
electronic library eLibrary.ru.

Another disadvantage of the citation index is that it ignores the context and the reason for
citation. In most cases, the citation indicates a high popularity of the article. However, the
author can also refer to the article for reasons of disagreement with certain provisions or with
the General conclusions of the article. Referring to an article with incorrect content, in the
author's opinion, the author further in his article expresses his own alternative opinion. But a
traditional bibliographic link does not convey the context of the citation, thus the author of a
bad article will increase his citation index and will claim the status of an authoritative
scientist.

There is also the problem of forgotten authors who were the first to get significant results.
This problem can occur when an author has published their pioneering results in a modest
journal without high ratings. The article can be quoted and explained by another author who is
published in a more prestigious journal. Further, readers who are interested in the published
result will prefer to cite a publication in a prestigious journal, since they thereby increase the
authority of their own article by using the authority of the cited journal. Such chains of
citations lead to the loss of information about the author who was the first to receive an
interesting scientific result. In continuation of this topic, we can give an example of preprints.
It is known that after the publication of a preprint, the author usually publishes an article in
the journal based on the materials of the preprint. Further, we often see that the number of
citations of a preprint is much less than the number of citations of a journal article. This is
despite the fact that the preprint is the primary source of the obtained scientific result.

5 ALTMETRICS AND CROWDSOURCING

Developing Internet technologies have significantly changed the approaches to assessing
the significance of articles and the influence of ideas presented in articles on the development
of science. There are tools that allow you to count the number of requests to a scientific article
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and the number of downloads of the article, and show the geography of requests. Most of
holders of scientific Internet resources have counters of webometric information on their sites.
Web Analytics tools continue to evolve. Attempts are made to identify a set of quantitative
indicators that give a clear and unambiguous assessment of the level of motivation of the user
to get acquainted with the resource materials [18].

Do not think that the high quality of the article will ensure its success in the web
environment. The author must make sure that the article is easy to notice.

One of the most common ways to find an article is to make a request in a universal search
service (for example, in Google). If the search was successful, this indicates a good visibility
of the article on the Internet. However, if the author of the article actively uses social
networks and participates in forums, dedicated to discussing scientific problems, his visibility
on the Internet increases further. There is the separate direction [19] related to the assessment
of the article's popularity in such systems that are still unconventional for scientists as social
networks, forums, and specialized platforms for scientific discussions. This direction is called
altimetry. The Altmetrics Manifesto was published in 2010 [20].

The results of scientific research are multidimensional. They can include achievements in a
specific scientific direction, in an interdisciplinary methodology, in the development of
research technologies. Finally, scientific results can have a social effect, bringing new ideas to
broad social groups — from researchers to politicians. The evaluation of such a scientific
result should also be multidimensional; it is hardly possible to successfully apply any one
metric or one evaluation model [21].

A large amount of the material related to the development of scientific ideas and
understanding of the results obtained does not fall into traditional journal articles. Such
materials remain in the records of open discussions, on the personal pages of scientists, on the
pages of Institute websites, in educational materials for students, in comments to articles, in
publications in the media [22]. Using existing services such as Mendeley, CiteULike, or
Zotero, scientists can organize their personal library of materials that do not have the format
of the scientific article, and thus make these materials available to Internet users [20].

In some cases, a scientist may write a short note that other scientists might later cite.
However, such a "nanopublication” traditional journal, most likely, will not be able to publish.
As a result, readers will not be able to find a note using search tools focused on finding journal
articles. Other search queries are required here. Altmetrics should establish mechanisms
accounting for this kind of "nanopublications".

Scientists widely exchange data sets, software codes, experimental techniques, algorithms,
etc. ("raw science™). Authors who have received such data do not collect traditional authority
ratings — their h-index does not depend on the results associated with obtaining and
publishing data sets on websites or in archives. Other indicators are required that take into
account this contribution of the scientist. This direction is also included in the area of interest
of altmetrics.

One of the characteristics of the article is the review. Until recently, the materials of
reviews remained on the shelves of publishers. Currently, the idea of placing reviews together
with the article in open access is often implemented, which also fits into the philosophy of
altmetrics. In addition, the modern review ceases to be a one-time text accompanying the
article. The structure of review materials becomes more complex. The review process
develops in a dialogue between the reviewer and the author, and the content of this dialogue is
of interest to the readers of the article. There are also versions of the article with regular
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changes made after the discussion. After the article is published, the author can get a new
review from interested experts, or conduct peer-review in another overlay journal. Reviewing,
generally speaking, is not limited in time. Each review gives the author a reason to continue
developing his published material. Thus, the article becomes the "alive publication” [23].

Internet technologies and the ideology of Open science make it possible to implement
crowdsourcing-style peer review, when a representative community of experts, not just
reviewers appointed by the editorial Board, participates in evaluating the quality of an Internet
resource. This approach to peer-reviewing is implemented, for example, in the F1000research
project [24], where any of several thousand experts of this project can evaluate the article and
its additional materials.

F1000research is an Open science publishing platform for rapid publication of scientific
articles in the fields of physical and biological sciences, engineering, medicine, social
sciences, and humanities. How is the review process organized on this platform? Original
articles are accepted for publication, regardless of the intended level of interest or novelty. All
articles are published in open access. Authors are invited to attach detailed descriptions of
methods, posters, and slides to the text of the article. The author also has the option to provide
a link to the original data underlying the study to ensure reproducibility of the results.

The article submitted to F1000Research first passes a quick initial check for compliance
with the general editorial practice and is placed on the site with the status "waiting for expert
evaluation™. Then an open review is conducted, with the authors and reviewers collaborating
to make the article as complete as possible. The names of reviewers and the status they assign
to the article after reviewing are published together with the article. In the future, any other
expert of the f1000research publishing house also has the right to review the article on its own
initiative, further clarifying its status. As soon as an article gets two "Approved" status, or two
"Approved with reservations™ status and one "Approved" status, it will be indexed in various
bibliographic databases (in PubMed, PubMed Central, MEDLINE, etc.). If the article is
indexed, all versions along with the review reports are sent for storage.

Do experts have incentives to take on the work of reviewing articles? Yes, the
F1000Research project has created such a mechanism. The name of the expert and his reviews
are open to the entire community, thus actively and conscientiously working expert increases
his rating. In addition, there is a noticeable discount for experts who participate in reviewing
articles when paying their personal contribution for future publications [25]. By stimulating
the activity of experts and authors, the F1000Research project consolidates the scientific
community and allows each scientist to participate in the formation of a collective scientific
product. Articles in F1000Research can be updated and supplemented at any time after
publication, and each version can be independently quoted with its own DOI. The editorial
Board suggests the following format for a link to the article [26]:

Author name(s). Article title [version number; details of peer review status].
F1000Research Year, Volume: Publication number (article doi)

All components of the cited bibliographic reference are clear to the reader. The "Status"
attribute will require additional explanation. The status indicates the number of checks that
are "approved", "approved with reservations", or "not approved".

In addition, regardless of the article, the review itself becomes the object of citation. The
review is published under the CC BY 4.0 license, and each review is assigned a DOI. The

platform offers the following format for a link to a review [26]:
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Reviewer name(s). Peer review report for: Article title [version number; details of peer
review status]. F1000Research Year, Volume: Publication number (review doi)

6 CONCLUSION

In our opinion, the evaluation of a scientific article should be multi-dimensional. Classical
peer review has risks no less serious than shallow moderation, followed by crowdsourcing,
which is active throughout the life of the article. Crowdsourcing in a scientific publication can
be defined in simple words: the community of scientists is a powerful resource, and
connecting this resource to the review of scientific articles makes it possible to get a better
scientific product. On the site of the article, in addition to the review, the reader would be
interested to see altmetrics indicators obtained from information from social networks,
thematic blogs and forums for professional communication.

The assessment of the scientific significance of an article has been based only on
bibliometric indicators based on the analysis of bibliographic references to it for several
decades. In our opinion, obtaining indicators based on the analysis of bibliographic references
in quoting articles is too long in time, sensitive to errors in the recording of references and
unrepresentative, since it is usually limited to one specific bibliographic base.

A promising direction in scientific publishing practice is the overlay journal, which
reviews articles from open archives of preprints. After the article is published, the author can
get a new review from interested experts, or conduct a review in another overlay journal.
Post-review, generally speaking, is not limited in time. Reviews and feedback from colleagues
inspire the author to continue developing his article. Thus, the article becomes the "alive
publication™.

The struggle imposed on the scientific community for high rates of bibliographic citation
and for increasing the number of publications in highly rated journals obscures significantly
more important tasks: the development of Open access infrastructure, the creation of
communication tools for participants in the publishing process, and the enrichment of the
means of presenting scientific materials on open publishing platforms.
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AnHoTanus. HaydyHoe WHTEpHET-TIPOCTPAHCTBO AKTUBHO PA3BUBACTCS B PE3YJIbTATE
NEATENTPHOCTH KOHKYPUPYIOIIUX YYaCTHHUKOB: W3JaTENe TPAAWIIMOHHBIX KypHAIOB
IUIATHOTO JJIS YMTaTeNs JOoCTyna M u3jatenedl xypHainoB OTkpbiToro jocrtyma. [lmaTHbie
KYpHaJIbI, HMCHOJb3ys BO3MOXKHOCTH CBOErO BBICOKOJIOXOJHOTO H3JaTeNbCKOro Ou3Heca,
MpeaiaraloT CBOMM II0JIb30BAaTeNsIM HACBIIIEHHYIO Cpeqy JOCTyla K MaTepuaiaM cTaTei.
Kypuanbr OTKpBITOTO JOCTYIAa U3BICKUBAIOT BOBMOXKHOCTH Y/CIICBIICHHS 3aTpaT Ha U3/IaHNE.
HoBas oBepneiliHas cxema u3JaHHUs TO3BOJISIET 3aMETHO CHM3UTh pPACXOJbl H3JATers.
OBepeiHbIi )KypHaJI BBINOJHAET PELEH3UPOBAHNE NMOCTyNUBIIEH cTarhu. Ilocne npuHsITHA
CTaThM K Wu3JMaHUI0 cratbe mnpucBamBaercs DOl w Ha caiite XypHama pa3MeniarTcs
METaJJaHHbIE CTAaTbU BMECTE C CCBUIKOM Ha IOJIHBIM TEKCT, Pa3MEIIECHHBIA B PENO3UTOPUU
OTKpBITOrO AOCTYHA.

OHJIaiiHOBBIN HAy4YHBIM JKypHal, B OTJIMYHME OT CBOErO MPAPOJAMUTENS TPATAULIMOHHOTO
MEYaTHOTO JKypHaJla, CYIIECTBYET B OTKPBHITON MHPOPMAIIMOHHOMN cpejie, ONupasich Ha HOBBIE
MeIMa W CpeacTBa KoMMyHuKamuu. WHTepdelic ¢ 3ToM cpemaod MODKEH TOJHOCTHIO
OXBaThIBaTh BCE CTAJMM U3/ATEIbCKOTO MpoIlecca — OT MPEACTaBICHUS 10 OMyOIUKOBAHUS
CTaTbl — M JaJiee COMNPOBOXKICHUE BHOCHMBIX aBTOPOM H3MEHEHUU IO pPe3yJbTaTaMm
0o0OCYXXJIeHHs CTaThbl B HAy4HOM coobmiectBe. OHa U3 KIIIOYEBbIX (PYHKINN U31aTENbCTBA —
MIPOBEJICHUE PELICH3UPOBaHUS i oOecrieueHrs TpeOyeMOoro YpoBHs KauecTBa IMyOJIUKyEeMbIX
crareii. OHAaKO Aanee B WPy BCTYNAIOT HWH(OPMALIMOHHBIE TEXHOJIOTHUH, PACHIMPSIOLINE
chepy NpUMEHEHHUs TPaJULMOHHOTO peleH3upoBaHus. B OTKpbITON cpene t000il ydeHbIi
WJIM SKCIIEPT MOXKET BBICKA3aTh CBOE€ MHEHHE O JOCTOMHCTBAX Pa3MELICHHON Ha CalTe CTaThbU
B paMKax TeX Mpo0ieM, KOTOPBIMU OH 3aHUMaeTcs mpodeccuonanbHo. B coBpeMenHOM Mupe
YuTaTeIh HE YAOBIETBOPSAETCS POJBI0 MACCHUBHOIO MOTPEOUTENs HAay4HOW HH(OpMAaIMH.
Texnonoruu nHTepHera U uaen OTKPBITONM HAYKH MOPOAMIIM UICOJIOTHIO KpayJICOPCHHIA —
BCE WIEHBl MNPO(ECCHOHATLHOTO HAYYHOTO COOOIIeCTBa CTAHOBATCS  AKTUBHBIMU
YYaCTHHKaMU TBOPYECKOrO Ipouecca. MHEHHE IMMPOKUX KPYTOB CIELHUATUCTOB JOJIKHO
OBITh JOCTYIHO JUIsi MacCOBOTO YHTATeNlss M y4acTBOBaTh B (POPMHUPOBAHUH PEHTHHIOB
Hay4yHBIX pecypcoB. CTaThbM Ha caiiTe >XKypHala CONpPOBOXIAIOTCS BEOOMETPUUECKUMHU U
aNbTMETPUUYECKUMU MOKA3aTEISIMU, KOTOPbIE XapaKTepU3YIOT UHTEPEC K CTAThe€ CO CTOPOHBI
Hay4YHOTO UHTEPHET-COOOIIECTRA.
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1 BBEJIEHHE

KpuBas pocra yricna HayYHbBIX ITyOJHKAIMA B MUPE B TIOCIEIHUE JBA JACCATUIICTHS PE3KO
uaeT BBepx. PacTeT M KOIMYECTBO HayuHBIX KypHasoB. CerogHsi MOXHO C YBEPEHHOCTBIO
3asiBUTh, YTO BCE HAYYHbIE KYpHaJbl pa3MeLIalOTCs B HHTepHeTe. Eciu Hay4yHbIN KypHaI He
NPE/ICTABICH B MHTEPHETE, MOXKHO CUMTATh, YTO OH HE cymiectByeT [1]. HayuHoe uHTEpHET-
IIPOCTPAHCTBO 3amlaJHbIX CTpPaH AaKTUBHO pa3BUBAETCA B pE3YyIbTaTe JEATEIbHOCTU
KOHKYPUPYIOILIUX YYaCTHUKOB: U3JaTelled TPaJULMOHHBIX KYPHAJIOB IUIATHOTO JUIf
yuTaTeNel nocTyna u u3garenei sxypHanoB Otkpeitoro nocryna. Ha 3amane eme B 60-80-x
rojiax IMpoOIIJIOro CTOJIETUS MOSIBMJIMCH HECKOJBKO KPYIHBIX H3JATENbCTB, 3aHUMAIOLIUXCS
W3JIaHUEM Hay4yHBIX XYpHAJIOB. BBIMyck HayyHBIX KYpHAJIOB NPEBPATHICA B CTAOMIIbHBIN
BBICOKOJIOXO/IHBI OM3HEC.

B 1o e Bpems crano ¢opmupoBatbes ABmkeHue OTkpeiToro aoctyna: B 2002 roxy
eBpOIENCKUe CTpaHbl NPUHAIM bynamemTckyro [Oekjaapanuio O CBOOOJHOM JIOCTYIE K
pe3yibTaTaM HCCIIEOBAaHUM, BBINOJHEHHBIX MPU TOCYAAPCTBEHHOM (DMHAHCUPOBAHUU.
Konnernmmuss OTKpBITOTO JOCTyNMa MPEANOJaraer, 4Yro JIFOOOW Yy4YEHBIM, MPeICTaBUTENb
00pa3oBaTeNbHOTO CO00IIeCcTBA WM OM3HEca JOJKEH UMETh OeCHpensTCTBEHHbIN AOCTYI K
MHPOBOMY HAyYHOMY 3HAHMIO U KYJIbTYpHOMY Hacienuto. OTKpBITHIA JOCTYyNl K Hay4HOMU
nH(pOopMalUY B UHTEPHETE CTAHOBUTCS MPUBJIEKAaTEIbHON Ui 0011ecTBa PHriIocOPUEH.

B Poccun cutyanms ¢ HaydHBIMHU JKypHalIaMu pa3BUBAETCS MO 0COOOMY clieHapHio [2].
PenakiimoHHO-U31aTENbCKYIO0 MOATOTOBKY BBITYCKOB HAYYHBIX KYPHAJIOB BBIMOJHSIOT, Kak
MPaBUJIO, HAYYHbIE WHCTUTYTHI, BY3bl, HHbIE CTPYKTYpPHI C OIOJHKETHBIM (PMHAHCHUPOBAHHEM,
UMeIolue U3AaTeabCcKue noapasaeieHus. Penkomerun »ypHaioB COCTOSIT U3 COTPYIHUKOB
WHCTUTYTOB, BBINOJHSIONINX PEAAKIIMOHHYIO paboTy, COBMeIllas €€ CO CBOMMHU OCHOBHBIMU
obOsi3anHOoCcTsIMU. Jlo Hawamma 90-X TOMOB POCCHUIMCKHE TI€UATHBIE HAy4YHBIE IKYpPHAJIbI
pacipoCTPaHsIUCh TPEUMYILECTBEHHO TI0 MOAINKCKE, ITPU 3TOM IIeHa KypHAJIOB ObLIa BeCbMa
HU3KOH — elIBa TOKpbIBaJia mojurpaduueckue pacxoipl. [loAMUCKOW MOJIB30BAUCH
KpyIHbIe OMOINOTEKH, ONOINOTEKN HAYYHBIX OPraHU3allui U BYy30B, a TAK)KE yUCHbIE.

B nawane 2000-X TOJOB THpaXd HAy4HBIX JKYPHAJIOB B OYMa)XHOM HCIOJIHCHUH
CHU3WJINCH J0 MUHUMyMa — HE€ MpeBbIIANM 2-3 COTEH 3K3eMIULIpoB. JKypHanbl cramu
IUIABHO NEpeMeIIaTbcsi B MHTEPHET, MUHUMU3UPYsI CBOU 3aTpaThl. [losBUIUCH OHIIAfHOBBIE
Hay4HbIC JKYPHAIbI C IUIATHOW TMOAMHMCKON M mepuojom sMbapro B 2-3 rona. IlpusaTHbiM
cobbiTHeM cTasio pacnopspkenne CuetHoit manatel PO B 2018 1., 00s3bIBaroIIee usnarenci
BBIKJIA/IBIBATh B CBOOO/IHBIN JIOCTYII BCE aKaIeMUUYECKHUE KYPHAIbI.

W3BectHo, uyto ¢ nHawana 2000-x romoB B Poccum num mepMaHeHTHbIE pedopMmsl,
3aTparuBarolfe CTPYKTYpbl AKaJeMUU HayK W BbICIIEH MIKOJBIL. [JIaBHBIM MepuioM
yCIeUTHOW paboThl HAYYHOTO COTPYAHHKA CTANIO0 KOJHMYECTBO OMYOJMKOBAHHBIX UM DPadOT.
3HAYUTENbHOE TOBBIICHHE MYONUKAIMOHHOW AaKTHBHOCTH YUYEHBIX BHOBBH IPHUBIEKIIO
BHHMMAaHHE K HAyYHBIM XypHasiaM. CTalli MacCOBO MOSIBISITbCA HOBBIE KypHaibl. [1o TaHHBIM
KPYITHEHIIEro POCCHHCKOrO arperaropa HaydHou mepuomuku eLibrary.ru wa Ttexymumi
MOMEHT B ero 0a3e HacuuThiBaeTcsi 17432 poccuiCKMX HaY4HBIX )KYpHAJIOB, U3 HUX 6213 — ¢
MOJIHBIMU TEKCTaMH B OTKPBITOM jgocTyne. Takum oOpaszom, B Poccum OTKpBITHIM HocTyn
OXBaTbIBaeT 0K0JIO 35% HayuHBIX KypHAJIOB.

[louemy KkomMepueckue, IUIaTHBIE [UIS YHUTATelNs, 3alagHble KYpHAJIbl IepecTau
yJIOBIIETBOPATh HaydHoe cooOmiectBo? Ilpexxne Bcero, mo SKOHOMHYECKHM IPHUYUHAM:
CTOMMOCTh TOAINHUCKU CTaja BechbMa OIIYTUMBIM OpeMeHeM, Chelasi OrpPOMHYI0 4YacTb
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Oro/pkeTa OMOIMOTEK M HAyYHBIX YupexaeHuid. OJHAKO KPYIMHBIE W3JATEeIH HAYYHIIHChH
71000MPOBaTh CBOM MHTEPECHI, BBHITATHBAsI CPEACTBA M3 OIO/HKETOB TOCYIAPCTB M HAYYHBIX
donmoB. B Poccun no66ucTaM ynaiock JOOUTHCS IMJIATHON TOIIUCKY HA TAKEThI 3araIHBIX
KYPHAJIOB JUIsl YaCTU HAay4YHBIX MHCTUTYTOB U BY30B. E’kerojHnle KOHKYpChl Ha MOJIy4YE€HUE
JOCTyIa K 3amafHbIM JKypHaiaM mnpoBoAauT Poccuiickumii  ¢GoHA (QyHIaMEHTAIBHBIX
HCCIIEA0BaHUN.

Mopenp NaaTHOrO AOCTYHNA K HAy4yHBIM JKypHaJllaM peaju3ylIOT H3BECTHBIE 3alajiHble
U3/IaTeNIbCTBA C MHOTOJICTHEH uctopueit: Springer, Elsevier, Wiley, Informa. Yteepxxmaercs,
YTO MyOJUKAIMS OJHOM perieH3upyeMou cTaThu B KypHaje Nature ooxoautcs B 40 ThicSu
nostapoB [3]. CpaBHUM 3Ty CyMMY € C€0€CTOMMOCTBIO MYOJIMKAIUH OTHOTO MOJIEPUPYEMOTO

npenpuHta B arXiv — 10 momutapoB [3]. 3amamuiM Bompoc, HE MBITaeTCS JM HM3JATENb
KypHana Nature oOecneunTh cebe 0e30eqHO€ CYIIEeCTBOBAHHWE 3a CUET MOJYYCHHS
cBepXnpuObLIn?

OwnnaiiHOBBIE  KypHaJIbl OTKPBITOrO JIOCTyHa MPEAOCTABISIOT CBOMM  YHTATENSM
OecrulaTHBI JOCTYm K MatepuaiaM kypHama. KTo ke HeceT pacxojbl, CBSI3aHHBIE C
pPEeIaKIMOHHO-U3/IaTEhCKONM TMOJArOTOBKOM, 00paboTKOM MeTamaHHbXx W mp.? OnHa wu3
Ou3Hec-Moeel KypHaioB OTKPBITOTO JOCTYIA MPEANOJIAraeT, YTO pacXo/abl BO3MEIIAIOTCS
3a CYET B3HOCOB, OEpYIIMXCS C aBTOPOB cTareil. B 3TOM ciydae 3a myOSuKamuio CTaTbu
aBTOpy OyJeT NpemIoKeHO 3aIulaTHTh HECKOJIbKO Thicsu gosutapoB CIIIA. B nHaydHom
COOOIIIECTBE pACTeT YHKCIO CTOpOHHUKOB wuuel CrpasemmuBoro OTKPBHITOTO JOCTYTIA,
MPU3BIBAIOIIMX 00JIee PEIIUTEIPHO CHHU3MThH IUIATY 3a MyOnukaiuio crateu [4]. B To xe
BpeMsl €cThb M Jpyrue NMpUMEphl: 3a pa3MelleHue cratbu (mpernpuHta) B OTKPHITOM apXuBe
MPEnpPUHTOB arXiv aBTOP HE TUIATHT KaKuX-I1u00 B3HOCOB. K mepBUUYHO# MoiepaIuu ctaTtei B
arXiv TOpuBICKAIOTCS  COTPYAHHKH-DHTY3MAacThl. Pacxoasl (BecbMa CKpPOMHBIEC) Ha
noepskanue aestensHoct arXiv Hecet Kopuemickuii yausepeuter (CIIA).

2 NYBJIUKAIUA B OTKPBITOM JOCTYVYIIE

[lepen aBTOpOM CTOMUT BBIOOP, B KaKOM KypHajieé OMYOJMKOBAaTh CTaThlO: B JKypHalie
OTpaHMYCHHOTO (IJIsI YUTATeNsA) MOCTyNa Wid B KypHane OTKpwITOro noctyma. B ciydae
neperayd CTaThbU B XKYpHaJl OTPAaHMUYEHHOTO JIOCTYyIa OIUIaTy ¢ aBTopa He mnoTpedyror. Ho
YUTATEJbCKAsl ayJIUTOPUS MOXKET 3aMETHO COKPATUTHCS, MOCKOJIbKY HE KaXKIbld Y4EHBII
CMOKET OIUIATUTh JOCTYI K 3aKpbITOi ctaThe. [Ipu BbIOOpE KypHAnIa OTKPBITOTO IOCTYIa
aBTOPY, BO3MOKHO, MPUAETCA CaMOMY OIUIa4MBaTh 3aTPaThl Ha OMYOJMKOBAHHE CTATbU WU
HCKaTh CIIOHCOPA.

OTMmeTHM, 4TO MOMHMO JBYX albT€PHATUB (OTKPBITBIN JOCTYNl — IUIATHBIM JOCTYI)
CYIIECTBYIOT Takke TuOpuiaHeie monenu. [lonuTuka >kypHama MOXKET OBbITh MOJBMKHOM.
XKypHan ¢ IaTHbIM 7Sl YUTaTeNs JOCTYIIOM OTKPBIBAeT OECIIATHBIM JOCTYI K HEKOTOPHIM
MyOIMKaIMsAM, €CJIM aBTOPbl 9TUX CTaTell BHECYT ompeAefcHHYro miuaTy. Vnu miatHeil Amis
aBTOPOB XypHasl OTKPBITOrO JOCTYNa MOKET HE B3UMaTh IJIATy ¢ HEKOTOPBIX KAaTeropui
aBTOpoB. DUHAHCOBBIE U3/ICPKKHU B ITOM Citydae OepyT Ha ceOst (GOHIBI MOAIEPIKKA HayIHBIX
WCCIIeTIOBAaHUI UM CaMH W3/IaTEIH.

Ecnu aBTOp pemun omyOIUKOBaTh CBOIO CTAaThIO B IJIATHOM JUIsl YMTATENEH JKypHaie, y
HEro 4alle BCEr0 COXPAHSAETCS BO3MOYKHOCTH IPEIBAPUTEIBHO Pa3MECTUTh CTATBIO B BHJIE
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nperpuaTa B OTKPHITOM PEMO3HTOPHH. Ha CaiiTe CBOGH OPraHM3aIlMH, B KAKOM-THOO
TeMaTuyeckoM OTKpBITOM apXuB€ INPENPUHTOB WM HA CBOEH IEPCOHAIbHOM CTpaHHUIIE.
YacTo aBTOp 3aMHTEPECOBAH MMEHHO B OINEPAaTUBHOW myOnukauuu. M3mgarensckuii mpoiecc
TPaJMLIMOHHOIO JKypHajia MOXET 3aHUMAaTh HECKOJIbKO MECSIIEB. 32 3TO BPEMsI aBTOP MOXKET
JUIIUTHCS IPUOPUTETA B CBOEH 00acTu, a MaTeprai CTaTbh MOXKET MOTEPSITh aAKTYalbHOCTb.
MHorue >ypHajlbl OTPAaHMYEHHOTO JOCTYyNa JIOIMYCKAIOT BO3MOXKHOCTh IIOSIBJICHUS B
MHTEpHETE MPENPUHTOB, HAIPUMEP, KypHaJIbl u3narenbeTBa Springer [5]. Ho uszmarenscTBo
BBIJIBUTAET YCJIOBHUE: €CJIM aBTOPCKasi BEPCHsl CTaThbU MYOJIMKYeTcs B BUIE NPEHNPHUHTA, TO
1ocJie TMPUHATHUS CTaThbU PENaKLus KypHalla MpejylaraeT aBTopy yka3aTbh B MPENpPUHTE, YTO
CTaThsi OblJIa IPUHATA U ONMYOJIMKOBaHA B YKa3aHHOM JKypHaJe.

B Tom cmyudae, xorma crtaths Oblia omyOnMkoBaHa B BuAE HpenpuHTa B OTKpPHITOM
pPENo3UTOPUH, CKOpee Bcero, MHGopMmamus o0 3TOM MpeNnpUHTE Yepe3 HEKOTOPOE BpeMs
JOWJIET 10 MaccoBOro yutarens. B obecriedeHny MUpoKOro J0CTymna K CTaThe, pa3MeIeHHOM
Ha OTKPBITOM caiTe, OOJBIIYI0 pOJIb UIpalOT IMOMCKOBBIE CepBUCHI, Takue kak Google,
SAnnexc. C momoIpi0 cBOMX pPOOOTOB MOUCKOBBIN CEPBUC M3BIIEKAET MeTaJaHHbIe’ cTaTeil u
pa3Meniaer ee B CBOMX MHeKcax. Eciy B MOMCKOBBIX CEpBHCAX BO3HUKAET 3alpoC Ha MOUCK
CTaTbl, TO C OOJBIIONW BEPOSTHOCTHIO HYXHAs CTaThsi OKAXXETCS B CIHCKE HallJeHHBIX
otBetoB. ClokHee 00CTOUT Jeno ¢ WHAeKcupoBanue ctathi B Google Scholar. lanexo He
KKl caliT MOXeT ObIThb NMPOUHJEKCUPOBAH B 3TOM cepBuce. (s 3TOro Hy»XHO, YTOOBI
cTaThs (WM CaliT) OTBEYANIH ONPEAeICHHBIM TpeOoBaHuIM K oopmieHuo [6].

MoskeT U aBTOp OTKa3aTbCs OT MOBTOPHOTO OMYOJIMKOBAaHUS CBOETO IMPENPUHTA B BHUJE
KypHaIbHOU cTaTtbu? Bpsn nu. s mosydeHus cTaTyca MOJIHOLIEHHOTO HAy4YHOTO TpyJa
CTaThsl JOJKHA OBITh ONMYOJNMKOBAaHAa B peleH3upyeMoM »xypHaine. Ho Torma Bo3HuKaeT
mpooJIeMa dTUYECKOTO CBOMCTBA — TOBTOpPHAS IMyOaUKaIus (PaKTUYECKH OJHOTO M TOTO K€
TekcTta. HekoTopble mporpaMMmbl MOKMCKa COBMAJAIOMIMX TEKCTOB THIIA «AHTHUIUIaruaT» 6e3
TpyZa BBISBJISIOT MOJA0OHOTO poOJia COBMA/IEHUs, U aBTOPY MOTOM MPUIETCS OOBICHITHCS, YTO
OH Ha caMOM Jiejie He Hapyluan dThudeckue HOopMsel [7, 8]. 1 BOT Temeph ciieayeT oOpaTUTh
BHMMAHUE HAa HOBBIM THUI HAYYHOTO KypHajla — OBEPJICHHBIN™ >KypHal, pealn3yrolUui
HETPaIUIIMOHHYIO CXEeMY OpraHM3alMy B3aUMOJICHCTBHUS aBTOpa U pelakiuy xypHaia [9].

OBepiieliHbIN KypHAT NPUICPHKUBACTCS TPEX MPUHLHUIIOB: OTKPBITHIA NOCTYII, OeCIIaTHO
nyOnuKoBaTh, 4YHMTaTh Oe3 orpaHnuuyeHuil. Peann3oBaTh MPOBO3MIALICHHBIE MPUHIUIIBI
MIOMOTaeT yMEHbIIEHHEe Cce0EeCTOMMOCTH BBIMYCKA OBEPIIEHHOr0 IKypHaja 3a CueT
CYILIECTBEHHOTO CHMKEHHSI CTOMMOCTH pa3MeIlleHUs CTaTeil B OTKPBITOM JIOCTYIIE.

Cxema B3aMMOJEHMCTBHS aBTOpa U U3JATeNlsd OBEPJICHHOrO >KypHalla COCTOMT B
cleylomeM. ABTOp MyONUKYeT CBOIO CTaThl0 B KaKOM-JIHOO OTKPBITOM PEMO3UTOPHUHU.

! Penosutopuil — XpaHWInIle JaHHBIX. B perno3uTopun Ha caiiTe HAYYHOI'O YUPEKIACHUSI UM By3a XpaHITCA,
OOBIYHO B OTKPBITOM JOCTYIIE, IPETIPUHTHI, OTYETHI, CTATHH, MOHOTPAa(UH U TIp.

% MeTa/iaHHbIe — JaHHbIE, OTHOCAIIMECS K JOTONHHTENBHOR HHBOPMAIIMH O COTEPKUMOM TN 0OBEKTE.
MertanaHHbIE cTaThU BKIIOYaOT Ha3BaHue, MO aBTOpOB, OpraHu3anyy aBTOPOB, AHHOTALUIO CTATBH,
KITIOYEBEIE CIIOBA U T.A. MeTalaHHBIe TTepeqaroTcs B onbimorpadudaeckne 6a3bl I peann3auy Ha HX OCHOBE
TTOMCKOBBIX 3aITPOCOB.

3 OBeprelHBIi )KypHAII — THIT HAYYHOTO KYpHAJIa OTKPBITOrO JOCTYIIa, KOTOPBIA peann3yeTcs Kak HaIACTpoiKa
«TIOBEPX» CTaTel, yXKe pa3MEIIEHHBIX B OTKPHITOM gocTyne. CTaTbu peleH3upyIoTCs, OKOHYATENbHAas BEPCHUS
MIPUHATON K IMyOJIMKAIMU CTaThH BHOBD Pa3MeEIIaeTcsl Ha MpexHeM Mecte. JKypHall pa3MeniaeT TOINbKO
MeTaJ[aHHbIE CTaThH (HAa3BaHWE, AaBTOPBI, AaHHOTALMS U JIP.) BMECTE CO CCHUTKOW Ha MOJIHBIHN TeKCT. MIcTOUHIKOM
CTaTeH AJIs1 OBEPIIEHHOIO JKypHAJIA YacTO CIIYXKAaT CEPBEPHI MPEIPHUHTOB.
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CraTpsl IPOXOAUT MOJEpAINIO, OPraHU30BaHHYIO JepKaTessaMu penozutopus. [locie storo
ABTOP HAIIPABJISIET B OBEPJIEMHBIN KypHall COOTBETCTBYIOIIEH TEMATHUKH Pa3MEUICHHYIO B
peno3uTopun crarblo. JKypHalI IPOBOAMT PELEH3MPOBAHHME CTaThbU. B cilydae mnosydyeHus
MIOJIOKUTEIIbHON PELIEH3UN U MPUHATUS CTaTbU K MyOJIMKauuu, cratbe npucausaercs DOL.
OxoHuaTenbHas BepcUsl MPOLIEIIIEld pPEeLEeH3UPOBAHHWE CTAaThU IOBTOPHO pa3MeEIlaeTcs B
PENO3UTOPUM B BHJIE HOBOM BEPCHM BMECTE C CCBUIKON Ha KypHasl. OBepiielHBIN XKypHal
MyOJIMKYeT TOJIBKO METaJaHHBIC CTAThbH M CCBUIKY HAa OKOHYATEIBbHBIM TEKCT CTAThH HA CalTe
penosutopusi. Takum oOpa3oMm, OBEpJIECHHBIN JKypHal TpeaAcTaBisieT co0Ooi  Habop
METAJJaHHBIX U CCBUIOK Ha MOJIHBIE TEKCThI CTATEH, MPOLIECAIINX PELEH3UPOBAHHUE.

OpHMM U3 TIPUMEPOB MOJJIEPKKH M3JIaHUS OBEPIIEHHOrO XKypHala sBisieTcs Iuiatgopma
Episciences [10]. Uurtepdeiic ¢ m3marenbckoil miaTGopMoil TOITHOCTHIO OXBATHIBACT BCE
CTaJlM M3/aTEIbCKOTO Ipoliecca — OT NPEJACTABICHUS [0 ONMYyOJMKOBaHUS CTaTbU H
NalbHENIIee COMPOBOXKICHUE CTaThi. B Hacrosiee BpeMs Ha Iuiar@opMe pa3sMelIeHO yxe
MOJITOpA AECATKA KYPHAIOB OTKPBITOTO AOCTYIIA, IPUIEPKUBAIOIINXCS OBEPIEUHON CXEMBI.

Cdepa nesaTenbHOCTH CEPBEPOB NPENPUHTOB TMOCTOSIHHO —pacimupsercs. MoKHO
MIPENIONIOKUTh, YTO B OnmkaillieM OyaylieM oBepJieliHbIe KYpHajbl 3aliMyT IOCTONHYIO
HUIIY ¥ HAJIyT CBOMX aBTOPOB U UMTATENIeH B Pa3IMYHBIX UCCIIEOBATENLCKUX COOOIIECTBAX.

3 PEHEH3UPOBAHHUE

Hayunsbie xypHaiabl ¢ BBICOKMMH aKaJeMHYECKUMH CTaHIapTaMH BechMa TpeOOBaTENbHO
OTHOCATCS K KayecTBy IyOnuKyembIX crateil. Bce crateu mnpoxonmar o0s3aTesnbHOE
perieH3upoBanue. Takue >KypHaJIbl OTKPHITO MyOJHMKYIOT CBOIO H3/ATENbCKYIO MOJIUTHUKY U
sTHYecKre HOpMbl. JKypHasbl, B YaCTHOCTH, 3a00TATCS, UTOOBI Y aBTOpA CTaThU U PELIEH3EHTa
HE OBLIO «KOH(JIMKTA HWHTEPECOB». ABTOp [OJDKEH pPAaCCUUTHIBATh Ha OOBEKTUBHOE
paccMoTpeHHe CBoeil cTaThbu 0e3 BIMSHMS TPYIIOBBIX MHTEPECOB WIM aHTaroHU3Ma
KOHKYPUPYIOIIUX HAYYHBIX IIKOJL.

Ho Bce e peuensupoBaHue B KypHajax Hepelnko aaerT cOou. Jlaneko He KaKIbli
PELIEH3EHT MOKET JaTh OOBbEKTHUBHYIO OLIEHKY cTarhe. J[aBaiiTe BCIIOMHUM, AJIsi CPaBHEHMS,
KaK TPOXOTUT aHalM3 AUCCEePTALMOHHBIX paboT. IIpouemypsl 3amMTBHl MPENNOJiararoT
HaJIM4YuMe JBYX WM TpPeX ONMOHEHTOB. PaccmarpuBaeTcsi TakKe OT3BIB OpraHU3allMH,
Ha3HAYEHHOW JMCCEPTAllMOHHBIM COBETOM B KadecTBe BeAyllel opranusanuu. Kpome Toro,
MU 3aIIUTE JUCCEPTAIMU YYUTHIBAIOTCS OT3bIBBI YUEHBIX, MPUCIABIIMX CBOU OILIEHKH H
3aMeuaHus Mo JuccepTanuu. Penienue mo auccepTaliy MPUHUMAETCS KOJUIETHAIBHO BCEMU
yiieHaMu coBeTa. [lo TOHATHBIM TpPUYMHAM TaKOW YpPOBEHb pPACCMOTPEHHsI pPaOOThHI
PEIIEH3EHTHI KYPHAJIOB 00ECIEUNUTh HE CMOTYT.

Crnenyer Takke yNOMSHYTb, YTO OAMH M3 TPYAOEMKHX STaloOB PEIEH3UPOBAHUS YACTO
CBs3aH C OOHApY)KEHHEM B CTaTh€ IUIarMaTta U «caMoIularuata». B OTHOIEHWHU Iaruara
BOIIPOCOB HE BO3HMKAET: IIArHAT SIBIISETCS HE TOJIBKO OUYEBUIHBIM 3TUYECKUM HAPYIICHHUEM,
HO M HapylIeHHEeM 3aKOHOJATeNhCTBA 00 aBTOpPCKOM mpaBe. Uero Hemb3s CKazaTh o
«CcaMOIlIaruaTey: MOBTOPHOE UCIOIb30BAHNE aBTOPOM CBOETO PaHEE HANMCAHHOTO TEKCTa HE
MIPOTUBOPEUYUT ACHCTBYIOIIEMY 3aKOHOAATENbCTBY. HanpoTus, mpakTukyeMas HEKOTOPbIMU
W3JIaHUSMU 0OphOa ¢ TAKMM MOBTOPHBIM MCIOJB30BAHMEM TEKCTOB HEPEAKO HAPYIIAeT MpaBa
aBTOpa. BritoueHne aBTOpoM (parMEeHTOB TEKCTAa U3 CBOUX paHee OMMyOIUKOBAHHBIX pabOT
4acTO JUKTYEeTCS HEOOXOIMMOCTHIO MPEJICTaBUTh KOHTEKCT MPOBEICHHSI HCCIEIOBAHMS.
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ABTOpPBI MOTYT HCHOJB30BaTh paHee OIYOJIMKOBAaHHBIE TEKCThl C LENbI0 00ECIeUnTh
CaMOJIOCTaTOYHOCTh TEeKCTa CcTaTbu. Jlns uutarens Oojee yqoOHO HMMETh MeEpen ria3aMu
CaMOJIOCTATOYHBIN TEKCT, MYCTh JaXe U COAepXaliuil (parMeHThl paHee U3AaHHOM CTaTbU
aBTOpA, YeM JIeJIaTh MEPEXO0/1 Ha APYTYIO CTAThIO, TEPSIS KOHTEKCT TEKYIIEro MOBECTBOBAHMUS.
Tem He MeHee, HEKOTOpbIE ATHUYECKHE KOJEKChl CUMUTAIOT IOJOOHBIH «CcaMOIlJIaruaT»
HEKOPPEKTHON M3JaTeIbCKON NpakTUKOW. PemakTopel >KypHaJlOB cTaparoTcs u30eraTh
BO3MOXHBIX KOH(JIMKTOB U MOTYT OTKJIOHMUTbH CTaThl0, €CJIU BCTPETST MEPECEUCHUS C paHee
OMYOJMKOBAaHHBIMM CTaThsIMU. TeM caMbIM JKypHas He MyOJIMKYET CTaThio, KOTOpasi Ha CaMOM
Jiesie SBIIseTCs J0OPOCOBECTHOM HayuHO# padoToii [11].

Hpyroit npumep. Ecnu penakuus xypHana O6epeT ¢ aBTopa JIE€HbI'M 3a ONMyOJIMKOBaHHE
CTaTbM, TO YacTO KOMMEpYECKHE HHTEpEechl JKypHaja 3aclOHSIOT OOBEKTUBHOCTh
penieH3upoBanus. M3BeCTHO TakXke, YTO HEPENIKO KypHaJIbl, TOOUBIIUCH BBICOKUX PEUTHUHIOB,
HAa4YMHAIOT TOProBaTh CBOEH MOMYJISPHOCTHIO. Takue «XHUIIHUYECKHE» KypHallbl OOeIIaroT
aBTOpaM OBICTpO€ TMONaJaHHWE B NPECTUNKHBIE 3amajHble 0a3bl M BBIHYKJIAIOT aBTOPOB
IJIATUTD THICSYH JI0JJIAPOB 3 ATY BO3MOXKHOCTh. OO 0OBEKTUBHOM PELIEH3UPOBAHUH B TaKUX
Cllydasix pedb yKe HE UJIeT.

W3BecTHB! cilydau, KOTJa IOJ BHJIOM HAy4YHBIX >KYpPHAJIOB H3/IaTENIbCTBA 3aIlyCKalOT
peKIaMHble PBIHOYHBIE POEKThl. Takas ucTopus ciyduiach ¢ u3BecTHOU Qupmoii Elsevier
[12]. B mepuoa ¢ 2000 mo 2005 roa aBctpanuiickoe otaeiaeHue Elsevier BBIMYCTHIO CEPUIO
COOpPHHMKOB CTaTel, mpeIHa3HAaYeHHbIX JJIi CEMEMHBIX Bpauel, KOoTopble (pakTHUuecKu ObLTH
peKsiaMoii TPOIYKIIMK OJHOW ¢apMaKoJIOrHdeckol kommaHud. Korma BCKpbUIach 3Ta
HenpusTHas s Elsevier ucropusi, reHepalbHBIN AUPEKTOP OTACNA HayK O 370poBbe Michael
Hansen omy6GnukoBan 3asBienue. OH MpU3HAJCS, YTO 3TO OblIa HEAOMyCTHUMAas NMpPaKTHKa,
M3aTeIbCTBO COMXKAJICET, YTO TaKOM cirydail mmen mecto [13].

[Tpumepsr MokHO TTPOAOKUTE. B 2012 1. ObI71a 0ny0IMKOBaHA KHUTA OPUTAHCKOTO Bpada
u yuénoro bena ['onmakpa «Best mpaBna o jiekapcTBax: MUPOBOM 3aroBop (apMKOMITAHUI,
MOCBSIIICHHAs] OMUCAHUIO JOTOBOPHBIX CXEM MEX]y MpeAcTaBUTEISIMU (apMaleBTUUECKON
MIPOMBIIIJICHHOCTH M MEAUKaMHU. MeIUKU 4acTO BBIMOJHSUIA POJIb PEKIAMIIUKOB, MyOIHKYS
CTaTbU O HECYIIECTBYIOMIMX JOCTIKEeHUsX. [IpuBoaunuch ciydau, KOTia BCIUIBIBATH (DAKThI
JaBJICHUS Ha UCClenoBaTelied co CTOPOHBI (hapMalleBTUUECKUX KOMIIAHUHM C LENbi0
BBIITYCTUTH Ha PHIHOK HEIIPOBEPEHHbIE JieKapcTBeHHbIE mpenapathl. B 2013 r. aTa kHura Obuia
usnana B CIIA, a B 2015 r. Oblia mepeBecHa Ha pyCCKUit s3bIk [14].

Mo3kHO YIIOMSHYTH €Ill€ OJIMH MOBOJ JJIsi COMHEHHUI BO BCEOOBEMITIONIEH 00bEKTUBHOCTH
perieH3upoBanus. HayuHble 3HaHUS ¥ TEXHOJOTUHM PAa3BUBAIOTCS CTPEMHUTENbHO. BO3HUKAIOT
HOBBIE HAMpAaBJICHHs, B TOM YMCJIE Ha CThIKE HECKOJNbKHMX AMCUMUILIUH. Hepenko B HayuHOI
cpele BO3HUKAET KOH(IMKT MOKOJEHUH: MOJOJBIE HCCIEeNOBAaTeNId YacTO HCIOJIb3YIOT
COBPEMEHHBIE METOJbI, KOTOPHIMU HE BIAJCIOT CIEHHUANMCTHI CTapiiero nokoienus. Ecmm
PELEH3EHT KJIACCHYECKOTo KypHalla HE MMEET OMbITa B HOBOM 0OOJACTH M HE 3HAKOM C ee
crenuguKoil, OH BPsA JH CMOXET OOBEKTHBHO OLIEHUTh MUOHEPCKYIO cTarhio. Mcropus
HayKd 3HAaeT MHOXECTBO MPHMEPOB, KOI'/Ia HOBBIE PEBOJIIOLHOHHBIE UJEH JOJIT0 HE MOIJIU
NPOOUTHCS Yepe3 CTEHY HETOHUMaHUS TPaJIUuI[MOHAIUCTOB.

Takum 00pa3zom, KIacCHYECKOE PELEH3UPOBAaHHE B TPAJUIMOHHOM XKypHaJle MMEeT He
MEHee Cephe3HbIe PUCKH, YeM HE CIMIIKOM IIyOOKas MOJepalus CTaTbd, MpUMEHseMas, B
qyacTHOCTH, B arXiv.org. He crnenyer 3a0bIBaTh 0 TOM, YTO CYLIECTBYIOT M JIpyTU€ HE MEHee
Ha/IeXKHbIE CIIOCOOBI yOeIuThCsl B KauecTBe cTaTh. Kak mpaBmiio, HHTEpECHbBIE U TOJIE3HBIE
JUId  CHELUAIIMCTOB CTaTbU HMMEIOT XOpOIIME II0KA3aTelIM IOCEIAaeMOCTH U BBICOKHE
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MOKa3aTe aJbTCPHATUBHBIX METPHK. TYT MOYKHO TOBOPHTH M O BBICOKMX IOKa3aTeJsX
oubrorpadguuecKoit MUTUPYEMOCTH, HO ¢ HEKOTOPBIMH OTOBOPKAMH.

4 HUTUPOBAHME C IOMOUbBIO BUBJINOT'PA®NYECKUX CCBIJIOK

bubnuworpadust B crathe CcTasia WUrpatb  OCOOYIO  pOJIb  IMOCJIEC  TOSIBJICHUS
oubnmmorpaduueckux 06a3, arperupyronux JaHHbIC HAYIHBIX JKYPHAIOB, W TIOCIE CO3JTaHUS
METO/IOB KOMIIBIOTEPHOM 00paboTKM OubInorpapuueckux CChUJIOK M3 TEKCTOB CTaTei.
[TosiBunach BO3MOXKHOCTb ABTOMATUYECKH BBISIBIATH CBA3M MEXAY CTAaThIMM, MEXAY
KypHaJlaMd Ha OCHOBE aHajM3a CHUCKOB LUTHPYEMOW JuTeparypbl. bypHoe pa3BuTHe
noJtyunia OnbIroMeTpust Kak COBOKYITHOCTh METOJIOB OLIEHKH IMyOJIMKAallMOHHOW aKTUBHOCTHU
YUEHBIX, METOJIOB TOCTPOEHUSI PEUTUHIOB *XypHasoB. Ilepuos yBneueHus Oubnuomerpueit
eme He 3akoH4mics. CroiamaMu OMONMOMETpHM CTaimM Beaymue 3amannbie 6assl Web of
Science u Scopus, MHOTHE KPYITHbIE HAI[HOHAIBHBIE dJICKTPOHHBIE XpaHunuiia. CBo#l BKIaj B
O6ubnroMeTprueckoe IBMKEHHE BHOCUT KpymHeWmas poccuiickas HayuHas snekTpoHHas
6ubnuoreka eLibrary.

HekoTtopeie cTpaHbl, TpoBOAs OLEHKY 3(QQPEKTUBHOCTH HAIIMOHAIBHBIX HCCIIEIOBAaHUM,
OMHPAIOTCS Ha TMOKa3aTelld LUTUPOBAaHUS HAay4YHbIX cTared. B npyrux crpanax, Hampumep B
BenukoOpuTtanuu, mpHu OLEHKE pe3yJIbTaTUBHOCTH HAyYHOW AESITEIbHOCTH HCHOJB3YIOT B
OCHOBHOM J3KCIIepTHYIO0 oleHKy. I[IpoBenennoe HemaBHo wuccienoBanne UK Research
Excellence Framework (REF) BbIsiBUIO 3amMeTHBIE pacXOXXISHUS MEXKIYy METPUKaAMH,
OCHOBAaHHBIMM Ha IIUTHUPOBAHUH, U PE3YyJIbTaTaMU 3KCIEPTHBIX OLeHOK. CleayeT OTMETUTb,
4yT0 O0JIee paHHHE aHAJIOTUYHBIE HCCIEA0BAHUS JEMOHCTPUPOBAIN O0Jiee BHICOKYIO CTETIEHb
corjacusi METPUK MU DSKCIEPTHBIX OILIEHOK, YTO M CTaJ0 MOBOJIOM BBOJUTH METPHUYECKHE
nokasarenu. Temnepp ke MOsSBUJIACh 3HAYUTENbHAS HEOMPEEIEHHOCTh B 11€J1eCO00pa3HOCTH
OTIOPBI Ha METPHUECKHUE MMOKA3aTe/IN UTUpoBanus [15].

Ecnu BbI nmnanupyere, Hanpumep, oMyoJIUKOBaTh CTaThiO B BeAylleM KypHaie Nature, TO
BaM TpHUAETCS TOAroTOBUTH OubOmmorpaduueckuii cnucok u3 30-40 mosuruii. KopoTkuit
oubnuorpadguueckuii CHHCOK pEJaKius MOXKET BOCHPUHATh KaK OTCYTCTBHE Y aBTOpa
HE0OX0IMMOTO Kpyroszopa B paccMarpuBaeMoil oOmactu uccienoBanus. Ho neno 3aech He
TOJIBKO U JIa)Ke HE CTOJIbKO B JIEMOHCTpAIMM MOTPY)KEHHOCTH B IpeIMeTHyIo obnactb. Ha
oubnuorpadguueckux crnuckax Oa3zupyercs Lenas MHAYCTpUS OLEHKHU KauecTBa cTaTedl u
MPECTUKHOCTHU KypHasoB. Ha 6a3e mojcueTa ymncia MUTUPOBAHUI CTAThH B JPYTUX CTaThsIX
BBIYMCIISICTCS MHJAEKC Xupiia aBTopa. Ha 0a3e moacuera IUTHPOBAaHUM cTarell >KypHaia
MOJICYUTHIBACTCS MMIIAKT-QakTop >KypHama. M nanee cCTposiTCS PEUTHHTHM aBTOPOB U
KYypHAJIOB Ha OCHOBE 3THX Moka3ateneid. Ho, korja Hekas TEXHOJIOTHS HAKIIaJbIBaeTCA Ha
pEAIbHYIO U3JIATENbCKYI0 MPAKTUKY, YacTO BO3HHUKAIOT MPOTUBOECTECTBEHHBIE OTHOIICHUS
MeXAy ydacTHUKaMu mnpoiiecca. DopMmupyercs oco0oe MOBEICHHE aBTOPOB W PEAAKIIMiA
KypHAJIOB. ABTOpPbl MOTYT JOTOBapHBATHCS O B3aUMHOM IIUTHUPOBAHUHU. AHAIOTUYHBIN
CrOBOpP MOXKET BO3HHMKHYTh Yy TPYIIIBl )KypHAJIOB C LENbIO MOJAHATh MMMAKT-(PakTop Apyr
npyry. TyT ke BO3HHMKAIOT IOCPEIHUKH C NPEUIOKEHUSIMM TOBBICUTh MHIECKC XuUpIlIa 3a
OTIPEECIICHHYIO IIJIaTy: B NHTEPHETE MOYKHO HAWTHU NECATKH NPEAJIOKEHUNA TAKOTO THIIA.

CToUT OTMETHTBH, YTO MOKa3aTeIn HUTUPYEMOCTH Ha OCHOBE aHanu3a oubnuorpaduyeckux
CIHMCKOB HE SIBJIAIOTCSA TOYHBIMHM U BceoObeMitomuMu. CyliecTByeT npobieMa NOTepsIHHBIX
CCBUIOK. JTa mpoOieMa BO3HHMKAaeT TOT/A, KOTJa aBTOPHl OTKJIOHSIOTCS OT NMpPeINUCAHHBIX
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dbopmaroB OUOIHOTPaGUUSCKUX CCBUIOK, NEIAOT CYIIECTBEHHBIC OIMMOKA B HAIHCAHHUH
dbamMuuii 1 UMEH aBTOPOB, JOIYCKAIOT HETOYHOCTH B HA3BAHWU CTaTbU WJIHM JIPYTUX
napameTpax ccbulkd. OObyHO B OmOIMorpaguueckux 0azax HWMEIOTCS WHCTPYMEHTHI, C
MTOMOIIBI0O KOTOPBIX MOYKHO HAaWTH MOTEPSHHBIC HUTHPOBAHUSA, OTPEIAKTUPOBATh HETOUHBIC
oubnmuorpaduueckne  cceutkn. B pabore [16] omumcaH  oOmBIT  UCHpaBICHUS
OonbmmorpaguUecKnX CChIJIOK, YKa3bIBAIOIIMX HAa POCCHIMCKHE >KypHAIIbI, MHIECKCHPYEMbIC B
Web of Science. Ilocme KOppeKIHHM CCHUIOK TIOKa3aTeld WMMIIAKT-(hakTopa TPYIIbI
poccuiickux xypHaiioB B Web of Science yBenuuunuce Ha 4-37%. M0oXHO TIpHBECTH eI1ie
OJIMH yOeIWTENBHBIA TPUMEp: TIOCIe YTOYHEHHs CCHUIOK Ha CTaThu m3naHus «lIpenpuHTHI
NIIM um. M.B. Kenapimay B eLibrary.ru 8 2017 1. 4uciio MUTHPOBAHMIA M3IaHHS BBIPOCIIO B
TpH pasa.

K menmocrarkam mokasarened, OCHOBAHHBIX Ha aHalu3e OMOMMOTPAPUUECKUX CCBHUIOK,
ClIelyeT OTHECTH WX MPHUBSI3KY K KOHKpETHOW Ombnmorpaduueckoit 6aze. Ecnu Ha Bamry
CTaThIO CCBUIAIOTCS M3 CTaTel W JKYypPHAJIOB, HE OTHOCSIIUXCS 10 TEMAaTHKE K HANPaBICHUSM
oubnuorpaduueckoit 6a3pl, TO Takue LUTUPOBAHUS HE OYAYT yduThIBaThCcs. B mTore aBTOp
UMEET cpa3y HECKOJIbKO CYINIECTBEHHO Pa3HSIIMXCS IMOKa3aTenel nHaeKkca XupIna OT Pa3HbIX
oubnuorpaduueckux 6a3. [Ipodiema 0ObeAMHEHUS CYETUNKOB IIUTUPOBAHUS OJHOU M TOM Ke
CTaTbU W3 pa3HbIX OuOIMOrpaduueckux 0a3 Moka HE MMeEeT BCEOOBEMIIIOIIErO pPELIeHHUS.
[Moaxo/pl K pelIeHn o 3ToH MpoOIeMbl IPeaCTaBIeHbI B padoTte [17].

Kpome Toro, mokaszarenn wuWHAeKca XuWpIla M HMMITAKT-(hakTopa >KypHaJOB BechMa
MHEPLHOHHBI, OHU (POPMHUPYIOTCS ATUTEIBHOE BpEMs U PAaCCUUTHIBAIOTCS OOBIUHO HE Yallle
olHOTO pa3a B roi. Jlns pacuera ABYXJIETHEro IoOKaszaTelss TpeOyercs Haiauuue B 0aze
BBINTYCKOB KypHaJia 3a 3 npeAblAyIIuX rojia, a JUlsl MSTUJIETHETO MOKa3aTelsl HyKHbI BBIITYCKH
KYPHAJIOB 32 5 MpEeAbLAYIINX JIET.

bonee nuHamMu4HO TOKa3aTeNd UUTHPYEMOCTH (GOPMHPYIOTCS Ha OCHOBE aHaiu3a
oubmuorpaduueckux cmuckoB ctateil B cucreme Google Scholar. Ota cucrema ucnosb3yer
JAHHBIE CaMbIX Pa3HOOOPa3HBIX OTKPBITHIX OHJIAMHOBBIX HCTOYHUKOB. Ilporecc cbopa
JAHHBIX ABTOMATH3UPOBAH: pa3pabdOTaHbl MPOTPaMMBbI, KOTOpPbIE IMPOCMATPUBAIOT BeEO-
CTpaHUIbI ¥ U3BJICKAIOT HH(OPMALIMIO U3 ONUCAHUN METaIaHHBIX, & TAKXKE HEMOCPEICTBEHHO
3 TekctoB ctareil. B Google Scholar mamekc Xupiia aBTopa 0OBIYHO BBINIEC aHATOTHYHBIX
rokaszatenei Takux omonmorpadudeckux 6a3 kak Web of Science, Scopus mim poccuiickoi
ANEKTPOHHOM OmOmoTeku eLibrary.ru.

Eme onuH HemocTaTok mMokaszareiss HUTUPYEMOCTH — WTHOPUPOBAHHE KOHTEKCTa U
MPUYMHBI [UTUPOBaHMS. B OONBIIMHCTBE CIlydyaeB LUTUPOBAHHWE TOBOPUT O BBICOKOI
MOMYJSIPHOCTH cTaTbu. OJHAKO aBTOP MOXET COCIIaThCid Ha CTaThl0O U IO MPUYUHE
HECOTJIaCHsl C OTAEIbHBIMHU MOJIOKEHUSIMU UJTH C OOLIMMU BbIBOJIaMU cTaThi. COCNaBIINCh HA
CTaThl0 C HEKOPPEKTHHIM, [0 MHEHHUIO aBTOPA, COJIEp>KaHUEM, aBTOp Jlajee B CBOEH cTaThe
BBICKa3bIBa€T CBOE€ COOCTBEHHOE allbTepHaTUBHOE MHeHHMe. Ho  TpagunumonHas
oubnuorpaduueckas cChlika He TepeJaeT KOHTEKCT IIUTHPOBAHUS, TEM CaAMbIM aBTOP IJIOXOU
cTatbu OyAeT TNOBBINIATh CBOM MOKa3aTeNb IUTHUPYEMOCTH M NPETEHIOBaTh Ha CTaTyc
aBTOPUTETHOTO YYEHOTO.

CymiecTByeT Takxke mpobdiema 3a0bIThIX aBTOPOB, KOTOPbIE MEPBBIMH MOIYYHUIN BECOMbBIE
pe3yabTaThl. JTa npolieMa MOXKeT BO3HUKHYTb, KOT'/Ia aBTOP OIyOJIMKOBAJ CBOM MMOHEPCKUE
pe3ybTaThl B CKPOMHOM YypHase 0e3 BhICOKUX peHTHHroB. CTaTbio MOXKET MPOLUTHPOBATH
U PacKpbITh CYTh ONMYOJMKOBAHHBIX PE3yJAbTaTOB JIPYroil aBTop, MyOIUKYOIIUiicsS B Oonee
NPECTIDKHOM  JKypHaie. Jlamee uyMTaTenu, 3auHTEPECOBABIIMECS OIMYOJMKOBAHHBIM
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pe3yiabTaToOM, MPENNOYTYT MPOLMTHUPOBATh MMyOIMKALMIO B TPECTHKHOM IKypHAIE,
IIOCKOJIbBKY OHH TE€M CaMbIM C IIOMOIIBK aBTOPUTETAa LUTHUPYEMOIO KypHajla IOBBIILIAIOT
ABTOPHUTET CBOCH COOCTBEHHOM CcTaThW. Takue LENOYKH IUTUPOBAHUU MPUBOIAT K IMOTEPE
uHbopManuu 00 aBTOpE, MEPBHIM MOJYYHBIIUM HHTEPECHBI HAYYHBIH pe3yibrar. B
IIPOJIOJKEHUE 3TOM TEMBl MOKHO IIPUBECTH IpUMEp IPEnpHHTOB. I3BECTHO, 4TO mOCIHE
MyOJIMKaMi TPENpUHTa aBTOP OOBIYHO MYOJHMKYeT MO MarepHuajaM TNpENpUHTa CTAaThIO B
XKypHazue. [lanee Mbl HEpeaKO BUAWM, YTO YHCIO UUTUPOBAHUN IPENPUHTA HAMHOTO MEHBIIIE
YUCJIa OUTUPOBAHUM KypHAJIbHOM cTaTbh. M 3TO HECMOTpPS HA TO, YTO MMEHHO MPENPUHT
SIBJISIETCS] IEPBOMCTOYHUKOM ITOJIy4EHHOTO HAyYHOTO PE3yJIbTara.

5 AJIBTMETPUKHU U KPAYACOPCHUHTI

PasBuBaromyiecs HMHTEPHET-TEXHOJIOTUM 3aMETHO HW3MEHWIM TOIXOJBl K  OIICHKE
3HAYUMOCTH CTAaTCH, BIIMSHHS W3JIO)KCHHBIX B CTAThAX WJCH Ha pa3BUTHE HaykH. [osBHIUCH
WHCTPYMEHTHI, MO3BOJISIONINE MTOJICYUTHIBATh KOJMYECTBO OOpaIleHUil K HAyYHOUW CTaThe W
YHCIIO CKaUMBAaHUMN CTAThH, MOKa3bIBaTh reorpaduio odpamieHuil. bonpmuHCTBO Aepxkareneit
HAyYHBIX HMHTEPHET-PECYpPCOB 3aBOJAT HA CBOMX CalTaX CUETYUKH BEOOMETPHUECKOM
nHpopmanuu. THCTpYMEHTHI BeO-aHAMTHKY TPOJIOIDKAIOT pa3BuBaThes. [IpeanpuHuMaroTces
MOTNBITKA  BBIICTTUTH HAOOP KOJUYECTBEHHBIX TIOKa3aTeliel, MJAaloIIUX IOHATHYIO H
OJTHO3HAYHYIO OIICHKY YpPOBHS MOTHBAIMM TOCETUTENS K 3HAKOMCTBY C MaTepuaiaMu
pecypca [18].

He cnenyer nymarh, 4To BBICOKOE KaueCTBO CTaThU 3aBEJOMO OOECIEUHT €il ycrex B BeO-
cpene. ABTOp 00s13aH 03a00TUTHCSI O TOM, YTOOBI CTAThIO JIETKO OBLIO 3aMETHTh.

OauH U3 caMblX pPACIpPOCTPAaHEHHBIX CHOCOOOB HAMTH CTaTbi0 — CJeNaTh 3alpoc B
YHUBEpCAIbLHOM MTOUCKOBOM cepBuce (Hampumep, B Google). Eciu mouck ObLT yCIemHbIM, TO
3TO CBUJAETEILCTBYET O HEIJIOXOM BUIUMOCTH CTaTbM B HHTepHeTe. OJHaKo, eciau aBTop
CTaTbU aKTHBHO IOJIb3YETCS] COLIMATbHBIMU CETAMHU U y4acTBYeT B (popymax, MOCBSAIICHHBIX
00CY)KJICHHIO HayYHBIX MPOOJIeM, €ro BUIUMOCTb B MHTEPHETE JOIMOJHUTEIBHO BO3PACTaET.
[TosiBunOCh oTAenbHOe HampaBieHue [19], cBs3aHHOE ¢ OLEHKOH MOMyNSPHOCTHU CTaThU B
TaKUX MOKa elle HeTPAAUIIMOHHBIX JJIsi YUEHBIX CHUCTEMax KaK COIMalIbHbIE CETH, (POPYyMBI,
CHelHalM3UpOBaHHbIEe TUIAT(GOPMBI JJIi HAYYHBIX TUCKYCCHI. DTO HampaBieHHE MOIYYHIIO
Ha3BaHHE — AIbTMETPHKA . ManudecT anpTMerpuk 6bu1 omy6umkosas 8 2010 r. [20].

Pe3ynbTaThl HayuHBIX HCCIEAOBAHUM SBISIOTCS MHOTOMEpHBIMU. OHU MOTYT BKJIIOUYHUTH B
ceOs JOCTH)KEHHMS] B KOHKPETHOM HAyYHOM HANpPaBlIEHWH, B MEXKIUCIHUILUIMHAPHON
METO/IOJIOTHH, B Pa3BUTHHM TEXHOJIOTMH MpPOBENCHUS HccleaoBaHud. HakoHel, HaydHbIe
pe3ynbTaThl MOTYT HMETh COLMANbHBIA APQPEKT, NPUBHOCAIINNA HOBBIE UAECH B IIUPOKHE
COLIMANIbHBIE CIIOM — OT HCCIeAOoBaTeNeil 10 moiauTuyeckux aeareneil. OleHka Takoro
HAyYHOTO pe3yNibTaTa JOJKHA OBITh TaKKE MHOTOMEPHOM, 3[IECh €/[Ba JIU MOXHO C YCIIEXOM
MPUMEHUTH KaKyI0-TH00 OJJHY METPUKY HIIH OJIHY MOJIeIb OlleHKH [21].

Bonpmioit 00beM Marepuania, CBS3aHHOTO C Pa3BUTHEM HAy4YHBIX HJIEH U OCMBICICHHEM
MOJIYUEHHBIX PEe3yJbTaTOB, HE TOMANaeT B TPAAUIMOHHBIE >XypHAJIbHBIE CTaThu. Takue

* AIIbTMETPHKH B HAYYHBIX TTyOIHKAIMAX — JTO ATHTEPHATHBA ¥ JOMOTHEHHE K TPAIHIMOHHBIM [TOKA3aTe/IIM
oubmmoMeTprur. AJBTMETPUKU OTPAXKAIOT HHTEPEC HHTEPHET-aAyAUTOPHH K OHJIAHOBOH CTaThe. ATBTMETPHUKH
BKITIOYAIOT KOJIIMYECTBO 3aKIIAJIOK, CllenaHHbIX gntatensiMu B Mendeley, CiteULike n npyrux cucremax,
KOJIMYECTBO MPOCMOTPOB 1 CKaYMBAHHUI CTAaThbU, YITOMUHAHIH B COIMAIBHBIX CETSX M T.1I.
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MaTepHaabl OCTAIOTCS B 3aMUCSAX OTKPBITBIX JTUCKYCCHM, HAa TMEPCOHAIBHBIX CTPAHUIIAX
VYEHBIX, Ha CTPAHMIIAX WHCTHTYTCKUX CAWTOB, B Y4COHBIX MaTepwaiax IUisl CTYICHTOB, B
KOMMEHTapHsIX K CTaThsM, B MyOJUKAIMsAX B CpeacTBax maccoBod wHpopmarwu [22]. C
MTOMOIIBIO CYIIECTBYIOIINUX CepBHCOB, Takux kak Mendeley, CiteULike wiu Zotero y4eHbIH
MOXXET OPraHW30BaTh CBOIO JIMYHYIO OHOIMOTEKYy MaTepwalioB, HE HMeEomuX Gopmar
HAyYHOUW CTaThU, U TEM CAMBIM CJIIEJIaTh 3TH MaTEPHUAJbl JOCTYITHBIMH JUISl MTOJIb30BaTENCH
unrepuera [20].

B HeKOTOpBIX ciydasX YYeHBI MOJXKET HamlucaTh HEOOJBIIYI0 3aMETKy, KOTOPYIO B
nanbpHEeNmeM  MOrM  Obl  IUTHPOBAaThH  JApyrue  ydeHole. OpHako  MoJ00HYIO
«HAHOTYOJIMKAIIMIO» TPATUIIMOHHBIN XKypHAJ, CKOpee BCEro, He CMOXET OmyOIuKkoBaTh. Kak
CIICJICTBUE, YUTATEIM HE CMOTYT OTBICKATh 3aMETKy C ITOMOIIBIO IMOUCKOBBIX CPEJCTB,
OPUEHTHUPOBAHHBIX HA TIOMCK XYPHAJIBHBIX CTaTei. 311eCh TPEOYIOTCS JPyrue IMOUCKOBEHIC
3ampochl.  AJBMETpUST  JOJDKHA  CO3/1aBaTh  MEXaHW3MBI ~ ydeTa  TakKoro  poja
«HAHOTTYOJIMKAIIHIAY.

VY4yeHble IMHUPOKO OOMEHMBAIOTCS HAaOOpaMU JIaHHBIX, MPOrPaMMHBIMU  KOJaMH,
METOJMKAMH TPOBEACHHUS SKCICPUMEHTOB, AITOPUTMaMU U T.J. («CBIpOHM HAyKO#», raw
science). ABTOpBI, TOJYYHBIIHE TaKWe TaHHbIC, HE HAOMPAIOT TPAAMIHOHHBIX OICHOK
ABTOPUTETHOCTH — WX HHJEKC XWpIla HE 3aBHCHT OT pPe3ylIbTaTOB, CBSA3aHHBIX C
MOJIyYCHUEM W pa3MeIIeHHWEM Ha caiTax WM B apXWBax HAOOPOB JaHHBIX. TpeOyroTcs
JIpyrue WHIAUKATOPBI, KOTOpPhIC OBl YYUTHIBAIM TAKOW BKJIAQJ y4EHOTO. DTO HarpaBlicHUE
TaK)kKe BXOJUT B 30HY UHTEpeca aJbTMETPUH.

OpHoM U3 XapaKTepUCTUK CTaThU ABIAETCS pereH3us. Jlo HeJaBHero BpeMeHH MaTepHabl
pelieH3uil ocTaBajliCh Ha TOJKax W3JaTeNbCcTB. B HacTosdiee BpeMs HEpEIKO peaau3yercs
uaes. pa3MelIeHHs] pPElEeH3HM BMeCTe €O CTaTbed B OTKPBITOM JOCTYIE, YTO TaKkKe
yKiaapIBaeTcs B guiiocodpuio aabTMeTpuu. Kpome Toro, coBpeMeHHasi peLeH3us nepecTaer
ObITh OJHOMOMEHTHBIM TEKCTOM, CONPOBOXKIAIOMIMUM CTaThio. CTpPYKTypa peleH3UOHHBIX
MaTtepuanoB ycioxHseTcs. [Ipoiecc pelieH3supoBaHusl pa3BUBAETCS B AUAJIOTe PELIEH3EHTA C
aBTOPOM, U COJEp)KaHHME JTOr0 JUalloTa MPEJCTaBIIAeT HHTEpPEC Uil 4YuTaTelield CTaThu.
Takxke BO3HUKAIOT BEPCHHM CTAaTbU C OYEPETHBIMU HM3MEHEHUSMH, CIIEIaHHBIMHU 10 HUTOram
JTUCKYCCUU. Y3Ke Tocie MyOlIHKaluu CTaTbd aBTOP MOXKET MOJYyYUTh HOBYIO PEICH3UIO OT
3aMHTEPECOBAHHBIX SKCIEPTOB, WM IMPOBECTH PEUEH3UPOBAHHE B JPYrOM OBEpIICHHOM
xypHasie. PenensupoBanHue, BOOOIIE TOBOpS, HE OrpaHUYEHO BO BpemeHu. Kaxnoe
pEleH3UpOBaHNE N1aeT IMOBOJ AJIs aBTOpa MpPOJOJDKAaTh pa3BUBaTh CBOM OMYOJMKOBAHHBIN
Matepuai. TeM caMbIM CTaThsl MPEBPAIIACTCS B «OKUBYIO MyOuKaruioy» [23].

Texnomornu wuHTepHeTa u uUAeonoruss OTKPBHITOM HAyKd TO3BOJSIIOT pPearu3oBaTh
PELCH3NPOBAHIE B CTHIE KPAyICOPCHHTa’, KOTJa B OICHKE KadecTBAa HMHTEPHET-pecypca
Y4acCTBYET MPEACTABUTEIHLHOE COOOIIECTBO IKCIEPTOB, @ HE TOJIHKO HAa3HAYCHHbIE pelaKiuen
perieH3eHThl. Takol MOAXOA K PEUEH3UPOBAHHIO pEAM30BaH, HANpUMEp, B TPOEKTE
F1000research [24], rme OleHKY CTaThe W €€ JIOTOJHHUTEIbHBIM MaTepUaaM MOXET JaTh
M000# U3 HECKOJIBKUX THICSY SKCIIEPTOB JAHHOTO MPOEKTA.

® KpayzcopcHHr (0T aHr. Crowd — To/na) — HpUBIIEUEHHE IIMPOKOr0 KPyra JIHIL [UTs BHITIONHEH s PaboTh Ha
JI00pOBOJIBHBIX Havanax. B M3naTenbckoi esTeNbHOCTH KPayJCOPCHHT CTal 0003HaYaTh HOBYIO CXEMY
pELEH3UPOBaHUS U OOCYK/ICHUS HAYYHOH CTaThH, KOTJa B OIICHKE KaYeCTBA CTATHH y4aCTBYET
NpeNCTaBUTEIBHOE COOOMIECTBO YKCIIEPTOB, & HE TOJBKO Ha3HAUCHHBIN pefakiuuieil perensent. OObIYHO,
uanpumep B poekre F1000Research, o pesynbratam 00Cy»IEHHS C SKCIIEPTAMHU CTaThs B JIIOO0E BpeMst
MOXeET OBITH OOHOBJIEHA M JIONOJIHEHA.
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F1000research — wm3nmarenbckas tuiatopma OTKPBITOW HAyKH Ui OBICTPOTO
OIyONMKOBAaHUS HAy4YHBIX cTaTel B oOnmactu (u3uueckMx W OHOJIOTHYECKUX HAYK,
WH)XEHEPUHU, MEIUILIMHBI, COIMATIbHBIX M TyMaHUTAapHBIX HayK. Kak opranu3oBaH MpoIEcC
peneH3upoBanus Ha 3Toi wiathopme? K myOnukanuyu NpuHAMAIOTCS OPUTHHAIBHBIE CTAaThU
BHE 3aBHCHUMOCTH OT IIPEAINOJIaraéMoro ypoBHS MHTEpeca WIM HOBU3HBL. Bce crartbu
MyOJIMKYIOTCSI B OTKPBITOM JIOCTYIE. ABTOpaM IMpeiaraeTcsi AOMOJHUTEIBHO MPHIOKHUTH K
TEKCTY CTaTbU IMOAPOOHBIE OMHCAHMSI METOJIOB, IOCTEpHI, claibl. Takke y aBTOpa €cTh
BO3MOXHOCTB JIaTh CCBUIKY Ha UCXOJHbIE JTaHHbIE, JIS)KAIIME B OCHOBE HUCCIIEJOBAHUS, YTOObI
o0ecneynTh BOCIIPOU3BOJUMOCTD PE3YIbTATOB.

[Tpencrasnennas B F1000Research cTaThsi cHavana mpoxXoauT OBICTPYIO EPBOHAYAIBHYIO
MIPOBEPKY HAa COOTBETCTBHE OOIEH pelaKkIMOHHOW MpakTHUKE W pa3MellaeTcs Ha cailite co
crarycoM «Ou1aHue SKCIIEPTHON OLEHKN». Jlanee mpoBOIUTCS OTKPHITOE PELIEH3UPOBAHUE,
IIPU 3TOM aBTOPBI U PELIEH3EHTHI COTPYAHMYAIOT, YTOOBI CAENaTh CTAaThIO KaK MOYKHO Ooiee
nmoinHoW. VIMeHa peneH3eHTOB M CTaTyC, KOTOPBIA OHM IPHUCBAMBAKOT CTAaTbe IOCIIE
peleH3upoBaHms, MyOJUKYIOTCSI BMECTE CO CTaThel. B manmpHelmeM 11000 Apyroil sKcmept
m3narensctBa  F1000Research  Taxke  BmpaBe 1m0  COOCTBEHHOH — WHHIIMATHBE
MPOPELEH3UPOBATh CTaThlO, JIOTIOJHUTEIBHO YTOUHAS ee craryc. Kak ToJbKO CTaThs
nosyyaeT nBa craryca «OmobpeHo», uiu nBa craryca «Omo0peHo ¢ OroBOpKaMu» M OJUH
cratyc «OmoOpeHo», oHa OyAeT NMPOWHIEKCHPOBAHA B Pa3IMYHBIX OMOIMOTpaduUecKux
6a3ax paHHbix (B PubMed, PubMed Central, MEDLINE wu pgp.). Eciu crates
MIPOMHJEKCUPOBAHA, BCE BEPCHUU BMECTE C OTYETaMHU O PELEH3MPOBAHUU OTIIPABIISIIOTCS Ha
XpaHEeHHe.

NmeroTcst i y SKCIIEpTOB CTUMYIIBI OpaTh Ha ce0s paboTy MO PEIEH3UPOBAHUIO CTATEH?
Jla, B mpoekte F1000Research tako#t mexaHw3Mm co3maH. Vmst sKcrepra M €ro pereH3uH
OTKPBITHI JIJI1 BCETO COOOINNECTBA, TEM CaMbIM aKTHBHO W JIOOPOCOBECTHO pPabOTAOIINMA
SKCHEPT TMOBBIMIAET CBOM pelTuHr. Kpome Toro, masg SKCOEPTOB, YYacCTBYIONIUMX B
PELEH3UPOBAHUN CTaTeH, MPeIyCMOTPEHA 3aMeTHasi CKUJKA IPU OIIaTe €ro JUYHOTO B3HOCA
3a Oyayme myonukaruu [25]. [lyrem CTUMYIMpOBaHHS aKTHBHOCTH SKCIIEPTOB M aBTOPOB
npoekt F1000Research koHcoauaupyer Hay4HOE COOOIIECTBO U Aa€T BO3MOXKHOCTD KaXKIOMY
Y4E€HOMY y4acTBOBAaTh B (POPMUPOBAHUU KOJJIEKTUBHOTO HAYYHOTO IPOAYKTA.

Crarbu B F1000Research moryr ObITh OOHOBJICHBI M JIOTIOJHEHBI B JIIO0OE BpeMs IOCIE
nyOnuKaluu, W KakJIas BepCUS MOXET ObITh HE3aBUCHUMO IIUTUPYEMOl CO CBOUM
cobcrBennbiM DOI. Peakius npeaiaraeT ciaeayronuii popMaT CChUIKH Ha CTaThio [ 26]:

Author name(s). Article title [version number; details of peer review status].
F1000Research Year, Volume: Publication number (article doi)

Bce KOMIIOHEHTH! mpuBeneHHON OuOIMOrpaduuecKkoil CChIIKU MOHATHBI JUIsl YMTATENs.
JIONOMHUTENbHBIX pa3bsicHeHUH norpeldyer arpulyr «Craryc». CraTyc XapaKTepu3yer
KOJIMYECTBO IPOBEPOK, KOTOpbIE «OJOOPEHBD», «OJOOpPEHBI C OrOBOPKAMU» WU «HE
o00peHbl». Kpome TOro, He3aBUCHMMO OT CTaTbH, PELIEH3US caMa CTAHOBUTCS OOBEKTOM
uuTHpoBaHus. Penensus mnybnukyercs noxa suuensueil CC BY 4.0, kaxaoil pereHsuu

npucBauBaetrcs DOI. Ilnardopma mpeanaraer cineayromuil GopMaT CChIIKM Ha pPELEH3UIO
[26]:

Reviewer name(s). Peer review report for: Article title [version number; details of peer
review status]. F1000Research Year, Volume: Publication number (review doi)
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5 3AKJIOYEHME

[lo Hamemy MHEHHMIO, OLIEHKAa HAayyHOM cCTaTbu JOJDKHA ObITh MHOTOIUIAHOBOM.
Knaccuueckoe peleH3MpoBaHUE HMMEET PUCKM HE MEHEE CEpbe3Hble, YeM HeriyOokoe
MOJIEpUPOBAaHUE, 33 KOTOPBIM CIIEJyeT KpayJICOpPCHUHI, NEHCTBYIOLIIUA B TEUEHUE BCErO
BPEMEHH CYILIECTBOBAHUS CTaTbU. KpayncopcHHI B HaydHOM H3JIJaHUU MOYKHO ONPENENIUTh
IIPOCTBIMM CJIOBAMU: COOOILECTBO YUYEHBIX SIBJISIETCS MOIIHBIM PECYpCOM, M MOJKIIOYECHUE
3TOr0 pecypca K pPELEH3UPOBAHUIO HAayYHBIX CTAaTE€l /aeT BO3MOXKHOCTb IOJY4YUTh OoJiee
KAueCTBEHHBIM Hay4yHbId NpoAaykT. Ha cailiTe crarbu, NOMHMO pPELEH3UHM, YHUTATEIIO
UHTEpPECHO ObUIO OBl yBHJIETh AJbTMETPUYECKHE IOKAa3aTeNH, IOJyYeHHbIE Ha OCHOBE
nHpopMallMd U3 COLUMAIbHBIX CeTeil, TeMaTudyeckux OsoroB u  QopymoB  ans
po¢heCCUOHAIBHOTO OOIICHHUS.

OneHka Hay4yHOM 3HAUYMMOCTH CTAaTbU YXKE€ HECKOJIbKO JECSATHIETHH OpPUEHTHPYETCS
TOJBKO JIMIIb Ha OuOIMOMETpUYECKHE TIOKa3aTelM, OCHOBAHHbIE Ha  aHaJM3e
Ooubnuorpadguueckux cchUIOK Ha craThio. [lo Hamemy MHEHHIO, MOJydeHHe MoKa3aTesiel Ha
OCHOBE aHaiu3a Oubmuorpaguyeckux CChUIOK B IUTUPYIOIIMX CTaThAX OKa3bIBAaeTCs
CIIMIIKOM JOJTUM 10 BPEMEHH, YYBCTBUTEIBHBIM K OIIMOKAaM 3alHUCHU CCBUIOK H
HEpeNpe3eHTaTUBHBIM,  IOCKOJIbKY  OOBIYHO  OrpaHHMYE€HO  OJHOW  KOHKpETHOMU
oubmuorpaduaeckoit 6a3oi.

[lepcnekTHUBHBIM  HallpaBJICHUEM B HAyYHOW H3JATENIbCKOM IPAKTHUKE  SBIISIETCS
OBEPJICHHBIN KypHAJI, KOTOPBI PELIEH3UPYET CTaTbU M3 OTKPBITBIX apXUBOB IPEIPHUHTOB.
[Tocne myOnuKanyuy cTaThi aBTOP MOXKET MOJyYUTh HOBYIO PELIEH3UIO OT 3aUHTEPECOBAHHbIX
OKCIEPTOB, WJINM TPOBECTH PELECH3MPOBAHUE B JAPYroM OBepileiHOM XKypHane. Iloct-
peLieH3UpOBaHUE, BOOOIIE rOBOPs, HE OTPAaHUUYEHO BO BpeMEHH. PeleH3nH 1 OTKIMKH KOJUIET
BIOXHOBJISIIOT aBTOpa MPOJAOJDKATh pa3BUBaThb CBOKO CTaTbl. TeM CaMbIM  CTaThbd
IIPEBPAILACTCS B «OKUBYIO ITyOJINKALIUIO.

Hapsizannass ~ HaydyHomMy  cooOmiectBy  Ooppba  3a  BBICOKME  TIOKasaTenu
Ooubinmorpadguueckoro LUTUPOBAHMA W 32 HapallMBaHWe 4YMciaa [yOnukauuid B
BBICOKOPEHTHHIOBBIX XKYpHaJIaX 3ac/IOHSIET CYLIECTBEHHO 00Jiee 3HAaUMMBbIE 33/1a4M: pa3BUTHUE
UHOGPacTpyKTypbl OTKpBITOTO JOCTyHa, CO3JaHHE HMHCTPYMEHTOB KOMMYHUKAIUH JUIs
YYaCTHHKOB H3JaTelIbCKOIO IIpoliecca, OOOramieHue CpeicTB IPEe3eHTAlUN HayYHbIX
MaTepUaJIOB Ha OTKPBITBIX U3/1aTEIbCKUX IUIaThopMaXx.
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