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aim of these paper is to decrease calculational complexity of considered problems solutions.
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1 Introduction

This paper contains authors® results in actual recent
years problem of reliability analysis of complicated
random networks. Specialists from different sciences
physics, biology, technical sciences, nanotechnology,
sociology) interest in these models [1] — [8]. This fun-
damental problem is considered as in reliability theory
[9] — [13] so probability theory papers [14] — [24].

One of the most difficult problems in an investi-
gation of complicated random networks is large com-
plexity of necessary calculations and even NP prob-
lem. In this paper the authors concentrated their at-
tention on an investigation of a specifics of random
networks and on a derivation of asymptotic formulas
and on a construction of recurrent algorithms. Such
approach allowed to decrease a complexity of calcu-
lations in considered problems sometimes even to lin-
ear.

Large interest of specialists in reliability theory
is called a concept and a calculation of connectiv-
ity probability in random networks. In [25] — [27]
upper and low estimates of the connectivity proba-
bility are constructed for general type networks on
a base of maximal systems of disjoint frames. For
small numbers of arcs in [28] accelerated algorithms
of a calculation of reliability polynomial coefficients
are constructed. In [29] this problem is solved using
the Monte-Carlo method with some combinatory for-

E-ISSN: 2224-2880

843

mulas. To calculate the connectivity probability in
rectangle lattices the transfer matrix method is used
[30]. But an increasing of arcs number leads to large
complexity and so it is worthy to develop asymptotic
methods.

In this paper an analog of Burtin-Pittel asymptotic
formula [31] for disconnection probability of random
graph with high reliable arcs is constructed in terms of
cross sections with minimal volume. Minimal volume
equals to maximal flow in random ports [32] and its
calculation has cubic complexity. But an enumeration
of cross sections with minimal volume has geometric
complexity. So we consider widely used planar graphs
for which we prove that a definition of these character-
istics has no more than cubic complexity by a number
of faces. And there is a lot of graphs [33, Ch. IV]
for which this complexity is linear and smaller. These
results are based on a consideration of dual graphs
[34], [35] in which cross sections generate cycles [36],
[37]. Numerical experiment confirms an accuracy and
a performance of suggested method.

Accuracy calculations of connectivity probability
and another reliability characteristics usually are NP
problems. So there is a necessity to describe practi-
cally interesting classes of random networks with fast
algorithms of their analysis. For example such calcu-
lations in parallel-sequential networks defined by re-
cursive formulas [8], [9] have linear complexity by a
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number of arcs. Such an approach to fast algorithms
construction for recursively defined networks has still
not received adequate attention. In this paper we con-
sider a class of random networks recursively defined
by a gluing in single node and construct algorithms of
their connectivity probability calculation and a calcu-
lation of a probability that there is closed way pass-
ing through all network nodes. Last characteristic im-
mediately leads to a salesman problem which is N-P
complicated. Nevertheless a solution of this problem
has linear complexity because of recursive definition
of considered networks.

Another important characteristic of random net-
works is a number of connectivity components. In
[38], [39] limit distributions of numbers of connec-
tivity components in random image of n - element
discrete set are obtained. Analogous problem for
structurally complicated systems with many states is
solved by means of probability - algebraic methods
[40], [41] with geometric complexity. But such prob-
lem was not considered for parallel-sequential con-
nections widely used in reliability theory. In this pa-
per for special sequence of parallel-sequential connec-
tions recursive formulas characterizing random num-
bers of connectivity components are obtained. Vari-
ants of the law of large numbers and the central limit
theorem for the random numbers of connectivity com-
ponents are proved and their parameters are calculated
using recurrent formulas for auxiliary conditional mo-
ments of these numbers.

2 Asymptotic analysis of connectiv-
ity probability in random planar
graphs

In this section, complete asymptotic formulas for an
disconnection probability in random graphs with high
reliable arcs are obtained. A definition of coefficients
in these formulas have geometric complexity by a
number of arcs. But a consideration of planar graphs
and dual graphs allow to solve this problem with no
more than cubic complexity by a number of graph
faces.

2.1 Asymptotic formulas

Consider non oriented connected graph G with finite
sets of nodes U and arcs W. Suppose that each pair
of nodes in G may be connected no more than single
arc and there are not loops. Denote £(u,v) the set
of all cross sections in G which divide nodes u,v €
U, u # v, and define the set £ = U L(u,v) of all

uFv
cross sections in GG. Graph cross section is such set of
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arcs which deletion makes it non connected. Put d(L)
a number of arcs in the cross section L and

D(u,v) =min(d(L) : L € L(u,v)),
D= IJI;{)ID(U,U), L.={LeL: d(L)=D},

C'is a number of cross sections in the set £,.. Suppose
that graph arcs work independently with probabilities
p(w), w e W.

Theorem 1 Ifp(w) = 1 — p(w) = h, w € W, then
graph disconnection probability

P~ChP, h—o0. (1)

Theorem 2 Ifp(w) ~ cyh, h — 0, w € W, then

jsﬂv 2: hD II Cw, h — 0.

LeLl, wEL

Theorems 1, 2 are generalizations of the Burtin-Pittel
asymptotic formula [31].

2.2 Calculation of constants C', D
Suppose that the graph G has m arcs and r nodes.

Theorem 3 [f the number cy of arcs in G, which do
not belong to any cycle is positive then D = 1, C' =
c1. The complexity of c1 calculation is O(mr?).

Assume that the graph G is planar and its each arc
belongs to some cycle. Arcs of planar graph divide
a plane into faces [34, Ch. 1]. Denote n the number
of faces in GG. Confront the graph G its dual graph
G™*. Each face z in G accords the node z* in G*, each
arc w in G belonging faces z1, z2, accords an arc w*
connecting nodes 2, 25 in G*.

A set of arcs {wy,...,wy} in G accords some
subgraph R* in G*. For its definition each arc w;, 1 <
1 < d, accords a pair of faces which contain this arc.
Then this pair of faces accords a pair of nodes in R*
connected by the arc w*. Say that the graph R* is gen-
erated by the set of arcs {wy, ..., wq}.

Theorem 4 The set of cross sections L, consists of
all sets of arcs {w1,...,wy}, which generate cycles
with minimal length D* in the dual graph G* and

D =D* <5.

This statement is a corollary of the Whithney theorem
and the Euler formula [34, Theorem 1.5, Corollary of
Theorem 1.6], [35].

Suppose that elements a;; of the matrix A define a
number of arcs which belong to z;Nz;,% # 7, a;; = 0,
in the planar graph G.
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Corollary 1 If . gla)é ai; > 1 then

7]—n
> agla; —1)

1<i,j<n

1

D=2 C= )

and a complexity of constants D, C calculation by
the formula (2) is squared by n. If for © < j a;; > 1
only for j = n then this complexity is linear.

Define c; the number of cycles with length i, i =
3,4,5, in G*. Assume that all cycles u; — ugs —
. — ur — w1 which consist of same set of nodes
{u1,...,ur} and differ by an initial node u; and by
a direction of a bypass coincide. Elements of power

Al, 1 > 1, of a matrix A denote by ag-).

Corollary 2 If . gz}%{n a;; = 1 then

¢ >0,i=345), C=cp, )

1 1
c3 = étrAg, = 3 (trA4—2m—2 Z a§]2-)> ,

1<i#j<n

D = min(i :

c5 = é (trA5 - 5trA3—5Z (Z a,;j—Q) ag?)) .
i=1 \j=1

Complexity of the constants D, C' calculation using
the formula (3) is cubic by n.

The formulas of c3, c4, cs5 calculation are ob-
tained in [36], see also [37, Formulas (16), (17)].

Corollary 3 In general case the following formulas
are true:

¢i>0,1<i<5),C=cp, &

Consider a connected graph G’ which consists of
plane faces in three dimensional space. Suppose that
each pair of faces has not joint points or has joint node
or has joint arc and each arc belongs at least to two
faces. Take a set of arcs {w;, 1 < i < d} from G
and confront each arc w; a pair of faces z;, 2* which
contain this arc. Then the set of arcs {wi,...,wg}
accords some (non unique) graph I'; with the nodes
2,2, 1 <1 <d,and arcs {w1, ..., wy} which con-
nect these nodes.

D = min(i :

Theorem 5 If the graph Ty is acyclic then the set of
arcs {ws, ..., wq} which generates it is not cross sec-
tion in G'.

Corollary 4 Suppose that the set L' of arcs sets which
generate cycles with minimal length D* and which are
cross sections in G’ is not empty. Then D = D*,

L,=L.
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Example 1 In fig. [ there are examples of planar
graphs with representatives of cross sections from the
set L

1) an integer rectangle with a length M and a
width N (L consists of arcs pairs connected with an-
gle nodes),

2) a honeycomb structure (L, consists of all pos-
sible pairs of arcs which belong to internal and exter-
nal faces simultaneously),

3) a tube which is constructed by a gluing of op-
posite sides (with a length M ) of integer rectangle (L.
consists of arcs triplets which have common butt node

Jif N > 3.

D=2 D=2 D=3

Fig. 1. Planar graphs with cross sections dedicated
by bold type.

Example 2 In fig. 2 there are graphs with examples
of their cross sections from the set L,:

1) a graph constructed from integer rectangle by
a gluing of pairs of its opposite sides (L. consists of
arcs quads which have common node),

2) a graph constructed from unit cubes with in-
teger coordinates of their nodes (L. consists of arcs
triplets which contain a cube node, in this node the
cube does not intersect or has only common node with
another cube).

Fig. 2. Graph G’ with dedicated cross sections.

2.3 Numerical experiment

Calculate the disconnection probability of honeycomb
structure (fig. 1 in center) using theorem 1 and Corol-
lary 1 and by the Monte-Carlo method with 10° real-
izations. Failure probability of each arc is 0.005. Re-
sults of calculations are represented in the table. Time
of calculations by asymptotic method is few seconds
and by the Monte-Carlo method is some hours.
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Size Asymptotic | Monte-Carlo | Relative
structure method method error
2x2 0.00045 0.000439 2.4 %
3x3 0.00055 0.000526 4.3 %
3x4 0.00060 0.000579 3.5 %
3x5 0.00065 0.000621 4.5 %
4 x4 0.00065 0.000619 4.8 %
5%X5 0.00075 0.000732 2.4 %

The authors thanks A.S. Losev for a realization of a
numerical experiment.

3 Stochastic and deterministic char-
acteristics of recursively defined
networks

In this section, we led to the idea of constructing re-
cursive definitions of networks, calculating different
characteristics by recursive formulas and deriving lin-
ear bounds for the calculated number of arithmetic
operations of our algorithms. We attempt such an
approach for calculations of reliability and the solu-
tion of a salesman problem. This suggested approach
may also lead to recursive formulas for the calculation
of other characteristics of networks connected with
physical applications, rather than with reliability the-
ory or the theory of transportation networks.

3.1 Definitions

Suppose that I' = {U, W} is a non oriented graph
with a finite set of nodes U, a finite set of arcs W and
dedicated initial and final nodes u,v € U. Each arc
w € W is characterized by a set of positive numbers:
a probability of work p,,, 0 < p,, < 1, alength d,,
and a weight (ability to handle) s,,. Let us introduce
the following characteristics of the graph I':

1) its number of nodes {(I') and number of arcs m(I");
2) a probability Pr = Pr(py, w € W) that there is a
path from w to v;

3) a probability . = Pp.(py, w € W) that there is a
path from w to v through all nodes of the graph;

4) a probability P' = P{/(py, w € W) of a closed
path through all nodes of the graph I';

5) the length of a shortest path Dp=Dr(d,,, w € W)
from u to v of the graph T;

6) the length of a shortest path D =D} (dy,, w € W)
from u to v through all nodes of the graph I';

7) the length D" = D{'(dy,w € W) of a shortest
closed path through all nodes of the graph I';

8) the minimal weight for cross sections St =
St(Sw, w € W) from u to v of the graph I';

9) the number of arithmetic operations n(Pr), n(P}),
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n(P{), n(Dr), n(Dg), n(D{), n(Sr) necessary to
calculate Pr, P, P{', Dr, Dy, D{, St appropriately.
If in the graph I', there is not a path connecting u, v
(through all graph nodes) then

Pr =0, Dr =00, Sr =0 (P =0, Dp = o).

3.2 Ports constructed by a replacement of
arcs

Suppose that B, is a family of ports I' with nonin-
tersecting sets of nodes. Define a class B of ports
with a set of generators B,, B, C B by the follow-
ing condition. If aport I' = {U, W} € B, with W =
{wi,...,wy},and ports T'y = {U;, W1 },..., T, =
{Up, Wi} € Bwith Uy N ... N U, = 0, then a port

I =T(I'y,...,I',,) constructed from I" by replacing
arcs wi, . .., wy by ports I'y, ..., T';,, also belongs to
the class B.

Algorithms for calculating the reliability P, the
length of a shortest path D, the minimal weight S for
ports from the class B are based on the recursive for-
mulas
Py = Pr(Pry, ..

'7PF7,L>7 DF’ == DF(DFla "'7DF7,L>7

St :Sr(Spl,...,Spm). 5
A calculation of the complexity of these algorithms is
defined by the following statement.
Theorem 6 Suppose that Fing m(T) > 1. If arcs of
€B.

I work independently and sup n(Pr) < oo then
TeB.

n(Pr) < (m(T) —1) Fséllg n(Pr), I' € B.

(6)

Analogous statements are true for n(P}), n(Dr),

From this theorem we see that to calculate the
probabilities Pr, P/ linear numbers of arithmetic op-
erations by n(Pr), n(P}) are necessary. Note that
for ports of general type, n(Dr) increases as a square
of m(I") while n(St) increases as a cube of m(I),
n(Pr), n(P}) and n(Df) increase as geometric pro-
gressions of m(I") [9, 10, 42].

3.3 Networks constructed by clustering of
nodes

A salesman problem. Suppose that D, is a family of

networks I' with nonintersecting sets of arcs. Define

recursively a class of networks D, D, C D by the

following condition. If for a pair of networks I'; =
{U1,W1} € D, T'y = {U, Wa} € Dy, Wi N W =
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0, Uy NUy = {z} (with a single node z) then I'; U
I's € D.
Define recursively a number k£(I'), T' € D :

1, I' e D,,
k(Fl) =+ k‘(rg), I'=T1U FQ,
I'teD, I'ys € D,.

k(T) =

It is clear that k(I") < [(T").

Algorithms of the reliability P” and calculations
of the length of a shortest path D for networks from
the class D are based on the recursive formulas

1" _ pll plt " R 2 Y/ "
PF1UF2 — Ity Trulre — DF1 + DFQ' (7)

A calculation of the complexity of these algorithms is
defined by the following statement.

Theorem 7 Suppose that I'y,...,1'; is a finite family
of networks with nonintersecting sets of arcs. If D
consists of I'1, ..., I'; independent copies, then for any
I'eD:

l
n(Pr) <k(T)+ ) n(Pr),
i=1
l
n(DY) < k() + n(D{iz) ®)
i=1

This analog of the salesman problem has a lin-
ear solution complexity depending on the number of
nodes [(I") .

A problem of Floid and Steinberg. In the problem
considered in [43] complete families of

{DF, u,v €U, ’UJ#U}, {SF> u,v €U, U#'U}

but not their elements are calculated. In this paper
families

{Dr, u,v € U, u # v}, {Sr, u,v € U, u+# v},

{Prv u,v €U, U#U}

are calculated on the basis of recursive formulas: sup-
posethatI” € D, I € D,, U' NU" = {z}, then

Dy, u,v e U,
DF/UF” = Dl"//, u,v S U//,
Dri 4+ Dy, u € U,, RS U//,
Srr, u,v e U,
Strurr = Str, u,v € U//,

min(Sys, Spr), w e U, v e U,
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Pr, u,v e U,
Pri, u,v € U”,
Pr Prin, u € U/, veU”.

In the last equalities which recursively define D, S, P,
the quantities Dy, Sp/, Pp characterize con-
nections between nodes wu,z, while the quantities
Dr#, Stw, Pros characterize connections between
nodes z,v. A calculation of the complexity of algo-
rithms based on recursive formulas (9) is defined by
the following statement.

®

Prgrr =

Theorem 8 Under the conditions of theorem 7 for
anyl' € D :

IOEO-D <« s> n(Dr)
u,veU, u#v
l (10)

=1 u,welU;, u#v
Analogous inequalities are true for n(Sr,), n(Fr,).

From this theorem we obtain

> n(Dr)
hm u,veU, u#v_
I(T)— o0 l(F)(l(QF) 1))
> n(Sr)
= lim %Sz (1D
I(T)—o0 l(F)(l(QF) 1)
> n(Pr)
— hm —u,veU, u;t'u_ = ]_
I(T)—o0 l(F)(l(;) 1)

Hence, asymptotically for [(I") — oo, to calculate the
length of the shortest path D or a minimal weight S,
or a reliability P for a single pair of initial and final
nodes, only a single arithmetic operation is necessary.

4 Probability characteristics of con-
nectivity components numbers in
parallel-sequential connections

In this section recursive formulas for generating func-
tions, first and second moments of numbers of connec-
tivity components in parallel-sequential connections
of arcs with different failure probabilities are proved.
These proofs are based on an introduction of two di-
mensional random vector which consists of an indi-
cator of connection between initial and final nodes
and a number of connectivity components in parallel-
sequential connection.

Limit theorems for numbers of connectivity com-
ponents in parallel-sequential connections with iden-
tical arcs are obtained. These theorems are based on
recursive formulas for numbers of connectivity com-
ponents and the law of large numbers and the central
limit theorem for discrete Markov chain.
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4.1 Connections with non identical arcs

Define recursively the class A of parallel-sequential
connections of ports. Suppose that there is enumer-
able set .4, is of arcs w (generating set) and A; C A.
If the ports g1, g2 € A with arcs sets Wy, Ws, accord-
ingly and W1 N W5 = () then their sequential g1 — g
and parallel g; || g2 connections belong to the class
A, and arcs sets in these connections coincide with
W1 U W,. Initial node in the port g — g2 (in the port
g1 || g2) coincides with initial node in the port g1 (with
a gluing of initial nodes of the ports g1, g2), and final
node coincides with final node in g (with a gluing of
final nodes ingy, g2).

Denote by a, random variable which equals one
if in random realization of the port ¢ initial and fi-
nal nodes are connected and zero if these nodes are
not connected. Consider random variable 7, which
characterizes a number of connectivity components in
its random realization (if an arc of a graph fails its
nodes conserves in this graph). Then for g1, g2 € A,
W1 N Wy = (, the following formulas are true:

Qg gy = Og; N Qgy, Qgillge = Cga V ag,,

Ng1—g2 = Ng1 T Mgy — 1, (12)
Ngillge = Mg + Mgz — 2+ gy N rgy, (13)
Plag g, = 1) = P(O‘gl = 1)P(O‘92 =1),
P(ag,|g, = 0) = Pag, =0)P(ag, =0). (14)
Assume that
pw =Plaw =1), qu =1 —py, w € Ay,
consequently for w € A;
P((all)?nw) = (la 1)) = Pw;
P((ow; mw) = (0,2)) = qu. (15)

Theorem 9 If 1,90 € A, Wi (W2 = 0, and ran-

dom vectors (ag,, Ng, ) and (aug,, 14,) are independent
then

M (2™, = a) = 227 w € Ay,
M (2" ag, g, = a) =

Z P(ag, = a1)P(ag, = az)

ai,a2: ajNag=a P(aglﬁfh = CL)

x M (2" oy, = a1) M (292 |y, = as) 2_17 (16)

n _ _
M (Z 91“92|a91‘|g2 = a) =

>

ai,a2: aiVaz=a

P(ag1 = al)P(a92 = a2) «
ZZ*LH/\G,QP(O[

aillgr = @)
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XM (2" ag, = a1) M (2"2|ag, = az),  (17)

and

Mz" = Z Plag =a)M (2"|ag =a), g € A.
a=0,1

Using the equalities (16), (17) and the formulas

Py = Olay = @) = 0, M (|, = a) =

= Z sz(ng = klag = a),
k>1

obtain the following statement.

Theorem 10 If g1, g2 € A, Wi Wo = (), then
P(ny=1|ap,=1) = P(ny,=2|a,=0) = 1, w € Ay,
=a)

P(O‘g1 :al)P(a.th:@) %
P(O‘glﬁggza)

P(ng1—>gz = k|ag1—>92

k
= > >

a1,a2: artNa2=a j=1

P(ngl = j|a91 = al)P(ngz =k—j+ Uagz = a2)7

= a)

k+1—aiNasg P(

P(nglllgz = k‘aglllgz

ag, =a1)P(ag,=as2)
B =a)

2

ai,az: apVaz=a j=1

XP(ngl :j|ag1:a1)P(77g2:k_j+2_a1’ag2:a2 A a2)'

®g11l92

Corollary 5 Suppose that Q(g) = P((ng,0q) =
(1,1)) = P(ng = 1) is connectivity probability of
the graph g and S(g) = P((ng, ) = (2,0)). From
the theorem 10, the equalities (14) and the complete
probability formula obtain:

Q(w) = pu, S(w) =1—pu, we A,
and for gi,g92 € A, WiN\Wy =0,
Qg1 = 92)=Q(91)Q(92), S(g1 || 92)=5(91)S(g2),

S(g1 — g2) = Q(g1)S(g2) + S(91)Q(g2),
Qg1 || g2) = Q(g1)S(92)+5(91)Q(92)+Q(91)Q(g2)-

From the theorem 10 obtain the following state-
ment.

Theorem 11 If g1,92 € A, Wi NWa = 0, then

M (7791H92|O‘g1%92 = a) =

>

ai,a2: aiNax=a

P(ag1 = al)P(a92 = a2) «

P(ag1—>gz =a)

Issue 10, Volume 11, October 2012



WSEAS TRANSACTIONS on MATHEMATICS

X(Al + Ay — 1),

M (ngl\\QQ‘aglllgz - a) -
_ Z Pag, = a1)P(ag, = az) %
ai,a2: ajVaz=a P(angg2 = CL)

X (A1 4+ Ay — 2+ a1 A ag),

2 _ _
M <n91—>92|a91%92 = a) =

P(ag, = a1)P(ag, = as
_ oy Panza)Pen=a)

ai,a2: ajNag=a P(a91—>92 = G)

X(Bl + By +1+2A41A49 —2A; — 2A2),

M (72, 051102 = @) =
_ Z P(ag, = a1)P(ag, = az) %
a1,a2: a1Vas=a Plag, g, = a)
X[B1+ By +4+2A1 A5 — 4A;) — 4A2+
+(2A1 + 245 — 3)a; A ag),

where

Ai = M(ng,|og, = a;), Bi = M(n |ag, = a;),

and for g € A
M779 Z P(a (ng|ag:a) k=12
a=0,1

Remark 1 Using obtained recurrent formulas com-
puter program for a calculation of generating
functions and distributions of connectivity compo-
nents numbers in parallel-sequential connections was
made. A complexity of these calculations is linear by
numbers of arcs in parallel-sequential connections.

4.2 Connections with identical arcs

Consider the sequence A,,, n > 1, of ports defined
recursively by a sequential or parallel connection of
new arc by, to the port A4,,. Denote a type of connection
by || or —, accordingly. Suppose that random variable
wp, characterizes a type of the arc b,, connection to the
port A,, and put

T = Plw, ==), mj=Plw, =1]) =1 -7,

O0<my <1

Here random variable (3,, characterizes a state of the
arc by,

P(ﬁnzl):
P, =0)=1-p

P(b,, working state = p,

=q, 0<p<l1.
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The sequences of random variables {w,, n > 1},
{Bn, m > 1} are independent and each of them con-
sists of independent and identically distributed ran-
dom variables.

The port A,, with randomly working arcs is char-
acterized by random vector (o, 7n,), there ay, is an
indicator of a connectivity between initial and final
nodes of parallel-sequential connection A,, and 1, is a
number of connectivity components in A,,. Introduce
auxiliary random variables

- /Bna

— Bn + anBn,

(18)
19)

ﬁnJrl = ay A Bn’ 7n+1 =Nn+ 1

En-i—l =apV BTM ﬁn—‘,—l =n

then

(@ g1, Tog1)+

+I(Wn :||)(En+laﬁn+l)7

where I(C') is an indicator of an event C.

Denote A,,+1 = 7n+1 — 7Mn, then the sequence
Xi = (o, Ar), k > 1, is Markov chain with the
states set X = {(4,4), i = 0,1, j = —1,0,1} (which
consists of six states) as follows

(g1, Mag1) = I(wn =—

(20)

- 5n)+

+I(wn :H)(an \% 5%7 _Bn + anﬁn)

From the equalities (18) - (20) and the conditions
0<p<1, 0< 7 <1, we see that Markov chain
X, k > 1, states are interconnected. Consequently
from the central limit theorem for discrete Markov
chains with finite states set [44, chapters V, VI] there
are normally distributed random vector N (0, B) with
the dimension six and with zero mean and with co-
variance matrix B and real numbers A(z), =z € X,
which do not depend on initial state X so that for any
real t(z), v € X,

Np(z) — nA(z)
P(2A
— P(N(0,B) >
z_: =
N(0,B) > (t(x ), x € X) is defined componentwise.

Introduce auxiliary numbers a(x), = € X, by the
equalities:

(an—i—ly An—i—l) = [(wn :%)(anﬂna 1

> t(x), xEX) —

(t(x), z€ X)), n— 0. (21)

Here N, ( x) and the inequality

a(i,0)=0, a(i,1) =1, a(i,—1) = -1, i = 0, 1.

From the formula (21) it is simple to obtain that there
is normally distributed random variable N (0, B) with
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zero mean and with the covariance B so that for any
real ¢

> a(z)(Nn(z) — nA())
P reEX
\/ﬁ

>t —

— P(N(0,B) > t), n — oo. (22)

Using obvious equality

Z a(x)Ny(x) = Z Ag =1, n>1,
k=1

zeX

rewrite the formula (22) as follows

— nA
P(”\/ﬁ" >t) — P(N(0,B) > t), n — o0,

A= Z a(x)A(z). (23)

TeEX

Remark 2 A calculation of the vector (A(z), x €
X)) and especially of covariance matrix B in the for-
mula (21) is sufficiently complicated procedure [44,
chapters V, VI]. So to define the mean A and the co-
variance B we use following limit formulas

M D
A= lim = B— lim 2™ (4
n

n—oo N, n—00

which are corollaries of the formula (23) with special
initial distribution of X .

Choose random vector (ag,A1) = (a1,m),
which does not depend on random sequences
{wn, n > 1},{Bn, n > 1} and satisfies the equalities

P
TP+ Toq

P((a1,m)=(0,2))=Q=1-P, (25

with P(ay, = 1) = P, P(a,, = 0) = (. Random
sequence ay,, n > 1, is stationary Markov chain.

P((a1,m)=(1,1)=P=

Theorem 12 The equalities
A =Qn.q, (26)
B =7,qQ(1 — mqQ + 2PQ) > 0. 27

are true.

Remark 3 From Remark 2 is is possible to replace
the condition (25) by more natural suggestion

P((a1,m) = (1,1)) = p, P((a1,m) = (0,2)) = ¢

so that the equalities (23), (26), (27) are true also.

E-ISSN: 2224-2880

Gurami Tsitsiashvili, Marina Osipova

5 Proofs of main statements

The proof of theorem 1. Suppose that V7, is a random
event that all arcs in cross section L fail. Then

r=r((Ln)ulg.m)-
LEL. LEL\L.

P(U VL),h—>O.

LeLl.

As P(V) = o(hP), L€ L\ Ly, h — 0, s0

P(U VL> ~ ChP, h = 0.

Lel.

The proof of theorem 5. Suppose that arcs set
{wy,...,wq} from the graph G generates acyclic
graph R*. Prove that each arc w;, 1 < i < d, may be
bypassed in G by a way which does not contain arcs
of this set.

The subgraph R* consists of trees S7,...,S),
which do not connect with each other. Arrange each
tree S7, 1 < ¢ < m, on a plane so that in each
node z* arcs connected with this node follow each
other as their preimages on the face z if we bypass this
face in some direction. Confront each tree S closed
way which bypasses once all its arcs from both sides,
1 <4 < m (fig. 3).

Fig. 3. Bypass of arcs in tree.

Accord ways I} bypassing tree S arcs a closed
way I';, which passes in the graph G through all

nodes of arcs {wy,...,wy} which generate the tree
S} (fig. 4). The way I'; has not arcs from
the set {w1,...,ws}. Consequently each arc from

{wiy, ..., wyq} may be bypassed in G by a way which
does not contain arcs from this set. So the set
{w1,...,wq} fromthe graph G, d < D* which does
not generate a cycle in G* does not belong to the set
of cross sections L.

Zy

Fig. 4. Bypass of arcs in tree from dual graph and in
initial graph.
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The proof of theorem 6. We prove the inequality
n(Pr) < (m(T') — 1) sup n(Pr),
reB.

from which all other statements of this theorem may
be established analogously. From the conditions of
the theorem for I' € BB, the inequality (6) is true. Sup-
pose that the inequality (6) is true for I'y,...,I';,, € B
andI” =T'(T'y,...,T',,). Then from the equations (5)
and the equality m(I'") = m(T'1) + ... + m(T'y), we
obtain that

n(Pr) = n(Pr,) +

n(Pp) < sup n(Pr)(m
TeB.

..+ TL(PFm) =+ TL(PF),

(T')+...4m(y)—m+1) <

< (m(I") - 1) sup n(Fr).

The proof of theorem 7. We prove the first inequal-
ity in (8), the second inequality may be proved anal-
ogously. It is clear that this inequality is true for all
I' e D..

Suppose that I'; € D, I's € D,, R is a closed
path through all nodes of the network I'y U I'y and 2
is its initial node. Divide R into closed paths with the
initial node z, which belong entirely to I'; or to I's.
Connect all closed paths which belong to I'; and con-
struct a closed path which passes through all nodes of
I'1. Analogously construct a closed path which passes
through all nodes of I'y. Then P ., = Pf* PY,.

Suppose that the first inequality from (8) is true
for I'y, then from Py, = Py Py,

!
F1UF2 Zn + kj ]-_‘].)
=1

—~

=> n(Pf

=1

+/{7 FlUFg)

The proof of theorem 8. Suppose that the inequality
(10) is true for IV, then from the recursive formulas (9)
and from the equality [(I" UT”) = [(TV) + I(T"") — 1
we obtain

> n(Drryrr) < Z > n(Dr,)
u,welU'VU" ;| u#v i=1 u,vel;, u#v

+Z(F1)(1(51) —1) n Z(Fz)(l(gﬁ - 1)+
H(U(T = 1))(U(T2) —1) = 2} >, n(Dr)+

i=1 u,wel;, u#v
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l(P1 @] Fg)(l(rl U PQ) - 1)
+ .
2
Analogous inequalities may be obtained for .S, P.

The proof of theorem 9. Prove the formula (16). At
first remark that for independent two dimensional dis-
crete random vectors (defined on common probability
space) (X1, Y1) and (Xo, Ys) with meanings (x1;, y1;)
and (z2;,v2), @ = 1,2,...,1, accordingly the for-
mula

P (Y1 =y, Yo = yoi| X1 = 214, Xo =wop) =

2

H Y = y;il Xj = xji) -

(28)

is true. Introduce the event A = {f (X1, X2) = b},
where f is a function of two real variable and b is some
number. Then from the formula (28) and the complete
probability formula we obtain

P(Yi=uy, Yo=10, A) =

= Y PXi==z

X1j5,T2m: f(xlj 7$2'm):b

XP (Xo = 1m) P (Yo = y2| X2 = zom) .

17) P (Y1 = 1| X1 = 215) ¥

Consequently we have

> yiiyarP (Yi=y1i, Ya=yox, A)

Y1i,Y2k

M (V1Ys|A) =

P(A)

=5 Y P(Xi=w15) P (Xa=21m) ¥

x1j,@2m: f(®15,22m)=b
XM(Y1|X1 = xlj) M(Y2|X2 = Igm) .

From this equality and the formula (12) we obtain the
formula (16). Analogously from the formula (13) it is
possible to prove the equality (17).

The proof of theorem 12. To define the constants
A, B from (24) we construct recurrent algorithm. De-
note

Ap =M (mmlan = 1), Bp = M (nn|an = 0),
M, = Mn, = A, P + B,Q, (29)

Ay, =M (nplan = 1), B}, = M (n}la, = 0),
M, = Mn, = A, P+ B,Q, (30)

where

Ai=1 B =2 A,=1B,=4. (@3l
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Using the formulas (18) - (20), (29) and theorem 11
obtain forn > 1:

1
Anr = 5 (AuProp + A Pryp+t
+(Bp — 1)Q7T||p + AnPﬂ'”q) ,

1
Bpi1 = ) (BnQmp + (Ap + 1)Pr_q+

+(Bn +1)Qmq + BnQWHQ) ;
Myt1 =M, — Qmp+ Proq+ Qrq =
= Mn + Qﬂ-—>(L
consequently
Mpi1=Mi+nQrnoqg, n>1, M1 =14+Q. (32)

Then from (24) we obtain the equality (26).
And

Apt1—Bpy1 = (An—Bp) A= (27 q+mp), n > 1,

A=mg+7msp <1, 33)
SO
1-A"
Apt1— Bpy1 = — | A"+ (279 + mp) x|~
=\"Q-1-Q,
Api1P + Bpi1Q = My,
consequently

An+1 = Mn-‘rl + Q[)\nQ —1- Q]a
Byy1 =M1 —PN'Q—-1-0Q],n>1. (34)
Begin now a calculation of M; , ;. Using the formulas
(18) - (20), (30) and Theorem 11 obtain forn > 1 :
= (4P AP
+(Bl, = 2B, + 1)Qmp + A;Pw”q) :

1
1 = Q (B,Qm_p + (A), + 24, + 1) Pr_q+
+(B), + 2B, + 1)Qnq + B,Qmq) ,
i1 = My, +24,Qmp + 2BnQ(1q — mp)+
+’/T—>Q(1 + P)
So from (34) we obtain

n—1

1 = M +2Qmp Y Apir+
k=0
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n—1
+2Q(7q — mp) Y Bryr +nmq(l+ P) =
k=0
n—1
= M{ =+ 2Q7T_>q Z Mk+1 — 2nQP(1 =+ Q)ﬂ”p—l—
k=0
g 1= A"
+nr_q(l + P) 4+ 27_,qP*Q T =
n(n —1
= Mj +2Qm_q (n(l + Q)+ 7T_>qQ2()> -

—QTLQP(l + Q)ﬂ”p-i-
+nm_q(1 4+ P) +2P%Q*(1 — \"), M| =1+ 3Q.

Consequently
Dipgr = My = My = 2P?Q*(1-\") + QP+

Hnm_q[l + P — Q*r_q —2P*(1+ Q).
Then from (24), (33) we have

B=m,q(1+P-Qr.q—2P(1+Q)) =

=71,qQ(1 — 1-qQ + 2PQ) > 0.
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