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One of the hardest problems in two terminal networks reliability theory is to obtain
minimal path or cut vectors of such a network. Moreover, the bigger problem is appeared when

we have a network with cycles. Here we give one algorithm solution for such a problem.

1. Introduction

Two-terminal reliability (2TR) is a well-known problem in the area of
network binary reliability. For the binary network it is assume that a whole
network and its components can be in two states: working or failed state. How-
ever, the binary approach does not completely describe some networks. These
networks and its components may operate in any of several intermediate states
and better results may be obtained using a multi-state reliability approach.

In this paper we propose an algorithm for obtaining minimal path vectors
of multi-state two terminal network. Some algorithms for obtaining minimal
path or cut vectors are given in [1], [2], [4] and [5], but these algorithms give
candidates for minimal cut or path vectors that are not minimal, so you must do
additional calculations to eliminate them. In fact these vectors are eliminated
by mutual comparison; when some candidate for minimal path (cut) vector
is greater (smaller) than another candidate, then it is not a minimal, and it is
eliminate. This procedure is relatively expensive, because the number of minimal
path vectors is much greater than the number of nodes and links in the network.
Therefore, we want to find a way of determining whether any given path vector
is a minimal path vector, without vector comparison. For that reason, in this
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paper we improve the algorithms given in [1] and [2], so that we analyze the
properties of the minimal path vectors, in order to separate them from those
vectors that are not minimal path vectors.

Further in this section we give some definitions about multi-state two-
terminal networks. More of these definitions are given in [4] and [5]. Let n
is a number of link in the network. A multi-state link is defined as an arc
of a network having a set of states {0, s1,s2,...,M;}, 0 < $1 < s9... < M;,
1 <i<mn. Let set M = (M, My, ..., M,) to be the vector of maximal state of
the network.

A vector x that reflects the state of a component is called a state space
set. For every multi-state link, its capacity state set is obtained as the
product of full capacity of the component and its states. For entire system is
defined system capacity state set S, as the set of all available capacities
from source to sink. A vector X that describes the state of all the system’s
components is called a state vector. The set of all state vectors is denoted
by E, E = S1X,...,%xS, (where S; is capacity vector of the i-th link).The
structure function ¢(x) : £ — 5, maps the state vector into a system state.
In fact, ¢(x) is available capacity from the source to the sink under state vector
x. The vector x is a minimal path vector to level d (MPVy), if ¢(x) > d
and for every other y < x, ¢(y) < d.

2. Some properties about graphs appropriate to minimal path
vectors

Suppose that the network works in the state x, where x is a minimal
path vector to level d. Then, in order to deliver d units from the source to the
sink, each link is used only in one direction, [3]. Let us regard only the network
structure, ignoring the capacity of its links, i.e. the unweighted graph. Suppose
that the links are oriented as they are used and the other links are removed from
the graph. The obtained subgraph is acyclic oriented graph, [3]. We will denote
it by Gx(V, Ex). The accessibility matrix corresponding to Gx will be denoted
by Ax. Now, we may define an ordering of the nodes in respect to x.

Definition 1. Let x be a minimal path vector to level d. For two nodes
u and v we will say that u <x v if there is a path in G from u to v. Such type
of ordering will be called: ordering of the nodes in respect to x.

In fact, the relation <y is a accessibility relation for Gx. Note that this
relation is an ordering only in the case when the x is a minimal path vector for
some level d.
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Example 1 Let us consider the network given in Figure 1 a). One
minimal path vector of level 2 for the network given in Figure 1 a) is the vector
(1,1,1,2,0,0,0,2). Figure 1 b) shows the ordering of the nodes in respect to
(1,1,1,2,0,0,0,2), that actually is the graph G(;,1,1,2,0,0,0,2)-
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Definition 2.  Let x and y are paths in G for the levels d and d
respectively. We define a graph Gxiy = (V, Ex4y), where (u,v) € Exiy &
(u,v) € Ex or (u,v) € Ey.

Proposition 1. Let x andy are minimal path vectors in G for the levels
d and d' respectively, and x +y < M. If Gxiy is an acyclic graph, then the
vector x +y 1s a minimal path vector for level d + d'.

Proof. It is clear that x + y is a path vector for level d + d’. Suppose
that it is not a minimal path vector, i.e. there is a minimal path vector z for
level d + d’, such that z < x + y. Since z is a minimal path vector for level
d+d', from the Kirchhoff’s Current law follows that when the network is in the
state z, the number of units flowing into the sink node is equal to the number of
units flowing out of the source node, and this umber is exactly d+ d’. Moreover
for all other nodes, the number of units flowing into that node is equal to the
number of units flowing out of that node.

Let us regard what will happen when the network is in the state x+y —z.
It is clear that there no units flowing into the sink node and flowing out of the
source node. But, there are nodes such that the number of units flowing into
these nodes is equal to the number of units flowing out of these nodes and this
number is strictly greater then 0. This is possible only when the graph Gy
ordered in respect to x +y has at last one cycle, which is in contradiction with
our assumption that this graph is acyclic. |

The last Proposition gives that to check whether a sum of d minimal
path vectors of level 1 is a minimal path vector of level d, it is sufficient to
check whether the corresponding graph is acyclic. This can be done using the
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accessibility matrix, in which, when the graph is acyclic, all diagonal elements
are equal to 0.

It is clear that the accessibility relation is a transitive closure of the
adjacency relation. But, the procedure for finding the transitive closure, in
general case, has a big complexity, the adjacency matrix should be multiplied
by itself at most |V| times. Next we will be prove that it can be obtained by
only 3 multiplications. For that reason, firs we will define the relation x4y by

UQxiy Vo U< VOr U<y

and the relation axiy as a transitive closure of the ax4y. It is clear that axyy
is a accessibility relation for Gy .

Example 2 The vectors (1,0,0,1,1,1,1,0) and (0,1,1,1,0,0,0,1) are min-
imal path vectors of level 1 for the network in Figure 1 a).
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Adding these vectors we get (1,1,1,2,1,1,1,1), which is not a minimal path
vector, because it is greater than (1,1,0,1,0,1,1,1). Figure 3 shows that the graph
obtained adding these vectors, contains a cycle.
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Let ﬁxﬂ, = Ax ® Ay, where @ is the binary or operation (0 ® 0 =
\4
0,061 =1100=11&1=1). Itis clear that Ax,y = Y A’ , where

=1
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the sum is the binary or operation (¢) and the multiplication is the binary and
operation, ® (0®0=0,001=0,1®0=0,1®1=1).

Let G = (V, E) is the graph appropriate for a given multi-state network.
For each simple path s = ug,uy,ug, ..., ug_2,up_1,ux = t, (u;j,ui+1) € E, we
construct minimal binary path vector, putting 1 on the coordinate corresponding
to (u;,uit+1), and O otherwise. In fact, a minimal binary path vector for multi-
state network is a minimal path vector for a binary network with the same
unweight graph. For example, the appropriate binary minimal path vector for
the simple path a, ¢, e, f for the network in the Figure 1 a) is (1,0,0,1,0,0,0,1). It
is clear that the nodes lying on the simple path corresponding to x are linearly
ordered by <x. This is directly use in the proof of the next Proposition:

Proposition 2. Let x be a binary minimal path vector and w,v,uq1,v1 €
V', then from u <x uy (oru; <x u) and v <x vy (or vy <x v) follows that either
U<y oruv <y uU.

Proof. From u <4 uy follows that u lies on the simple path correspond-
ing to x. Similarly, w lies on the simple path corresponding to x. Since all nodes
lying on the simple path corresponding to x are linearly ordered by <y, we have
that either u <4 v or v <x u. ]

The results from the next Proposition and its Corollary are helpful for
reduction of the number of steps in determining accessibility relation of the
graph Gxyy.

Proposition 3. Let x is a minimal path vector to level d, y is a binary
minimal path vector and u,v,w and 1 are nodes such that u <y v <x w <y T.
Then, either u <y r or at least one diagonal element in the matriz Aiﬂ, s equal
to 1.

Proof. Let u <y v <x w <y r. y is a binary minimal path vector, so
from Proposition 2, we have that u <y, w or w <y u.

In the case u <y w, it is obtain u <y, w <y r = u <y r.

In the case w <y u, we have w <y u <y v = w <y v. Now, w <y v and
v <x, SO W Qx4y U and v axqyw, which implies that w 54,2(+y w. [ ]

Corollary 1 Let x is a minimal path vector to level d, y is a minimal
binary path vector and u,v,w,r and m are nodes such that u <x v <y w <y
r <y m. Then either u &,Q(er m or at least one diagonal element in the matriz
EQ

xty s equal to 1.
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Proof. From the given conditions, v <y w <x r <y m. Applying
Proposition 3 we have that either at least one diagonal element in the matrix

A2, isequaltolorv <ym. Whenv <y m =>u<xv<ym=udi,, m. m

y y

Next result shows that all cycles in Gxiy can be found by comparing
elements from Ay and Ay .

Theorem 1 Let Gxiy have a cycle. then there are nodes u and v such
that u <x v and u <y v.

Proof. Let k be the smallest positive integer such that for some node
w from Gxqy, w&fﬁyw. Then there are nodes w;,7 = 0, k such that

(0.1) W = W0 Olxy W1 Oty - - - Oy Wh— 1 Oy W = W.

Suppose that there is a subarray of 0.1 such that w; <y w11 <x wjt2 <y
w;43. We have two cases, either w; <y wjy2, or wji2 <y w;. In the first case
w&f(jri,w, so the array 0.1 is not the shortest array of that type. In the second
case, Witz <y w; <y Wjy1 = Witz <y Wj41, so the Theorem is true for
u=wjy1 and v = w;;2.

We obtain that 0.1 should has one of the following forms: w <y wi <x w,
w<x w; <y wor w <x wy <y wz <x w. It is clear that in the Theorem is true
for the first two cases. In the last one we have wy <y W <y w1 = Wy <x W1, SO
the Theorem is true for u = w9 and v = wy. ]

According to this Theorem, Gx1y has a cycle if and only if there are i
and j such that Ax[i,j] = Ay[j,4 = 1. To check this you need O(|V|?) time.

Now we a ready to prove that the accessibility matrix for the graph
obtained by adding new simple path y to some graph Gx can be determined in
3 steps.

Theorem 2 Let x is a minimal path vector to level d, y is a binary path
vector and Gxyy does not have cycles. Then

~4 ~ ~2 ~3
Qxty & Oty U sy Udyy

Proof. Let u &,Q(er v. We have
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~2
U

yU = (FweV)udxiy w axiy v
(

= (FJuweV)u<xwVu<yw)A(w<xvVw<yv)
= (FweV)(u<xw<xv)V(u<yw<xv)
V(u <x w <y v)V(u <y w <y ).
The relations <x and <y are transitive, so

(0.2) (FweV)u<xv Vu<yw<xv V u<sw<yv V u<yv

Let u &i—O—y v. From (0.2) we have

way, v = (Gw€Vi)udi,y, wi Gxyy v
= FuwieV)(FuweV)(u <x wi)V(u <y w <x wi)
Ve <x w<y wi)V(u <y w))) A (w1 <xv)V(w <y v))
= (Fw,wi €V)((u<xwi <x w)V (u<x wy <y w)
Viu <y w <x w1 <x )V (u <y w <x wi <y v)
Viu<xw <y w; <x )V (u<xw <y w; <y )

Viu <y wi <x wVu<yw <yw)).

Since the relations <y and <, are transitive, we have

(Fw,wr € V) (u<xv)V(u<xw <yv)V(u<yw<xv)
V(u <y w <x w1 <y v) V(4 <x w <y w; <xv)
V(u <x w <y v)V(u<yw <xv)V(u<yv).

Having in mind that there are not cycles in Gx4y, using Proposition 3 we may
do the following reduction

(Fw, w1 €V) (u<xv)V(u<xw <yv)V(u<yw<xv)V(u<ywv)
Viu <x w <y w; <x )V (u<xw <y v)V(u<yw <xUv).

So,
(0.3) (Fw,w; € V)(u &iﬂ, V)V (u <x w <y w; <x ).
At the end, let u &iﬂ,v. From (0.2) and (0.3) we have
u &iﬂ,v = (Gwq)u &iﬂ, Wy A W2 Qxqy U

= (Gw,wi,wy € V)((u a2,y w) V (u<x w <y w <x w2))
Nwy <x vV wy <y v)

= (Fw,wi,wr € V)((u &iﬂ, V)V (u <x w <y wi <x V)
V(u <x w <y wi <x Wy <y V).
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Using Proposition 3 and the fact that Gy has not cycles, we obtain

2

3 ~
vV Ul v,

U Gy ¥ = U<y yy

which proves that o ty € Oxyy U a2 4y U az +y- [

The following result comes directly from the previous theorem

Corollary 3 Let x is a minimal path vector to level d, y is a binary

minimal path vector and Gxyy does not have cycles, then Ay = ﬁxﬂ,@Aiﬂ,@

A3
AL,

3. Algorithm for a networks with component capacity state set
{0’1723 R Mz}

In this section we use the results given before for an algorithm for ob-
taining the set of all minimal path vectors for multi state network with capacity
state set of the i-components {0,1,2, ..., M;}.

Steps of the algorithm:

1. Find all binary minimal path vectors x and the matrix Ax.
2. Set MPV_, = 0.

3. For each minimal path vector of level d, x, and each binary minimal path
vector y, check whether there are ¢ and j such that Ax[i,j] = Ay[i,j] =1

3.1. If there not such elements, then find Exﬂ, and Axiy = ﬁxﬂ, &)
A>2c+y & Ai—&-y'
32 MPV,_, ,=MPV,_,U{x+y}

4. The set MPV gy is obtain from the set MPV 11 by elimination the
element that appear more then once.

5. Repeat the steps 2, 3 and 4 for all d < M.

As an illustration of the algorithm, we give the following example.
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Example 4 Regard the network shown in Figure 4.
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The set of minimal path vectors to level 1 is

MPV, ={(1,0,1,0,1),(1,0,0,1,0),(0,1,1,1,0),(0,1,0,0,1)}

Table 1 shows all minimal path vectors to level 2. From the table,
we can see that the accessibility matrix Ax,y for the vector x + y=(1,0,1,0,1)
+(0,1,1,1,0) = (1,1,2,1,1) have 1 on the diagonal, so this vector is not a minimal
path vector (it is greater than (1,1,0,1,1)).

MPV, MPV; Axiy MPV, MPV, MPV, Axty MPV,
1010110101 0111 |20202 1001001110 (011111120
0011 0001
0001 0101
0000 0000
10101 (100100111 |20111 10010 {01001 |0111|11011
0011 0001
0001 0001
0000 0000
10101 {01110 |0111 11211 0111001110 0111]02220
0111 not in 0001
0111 MPV, 0101
0000 0000
10101 (01001 |0111|11102 0111001001 |0111 02111
0011 0001
0001 0101
0000 0000
1001010010 (0101 |20020 01001 (010010011 ]02002
0001 0000
0000 0001
0000 0000

Table 1: Minimal path vectors to level 2
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4. Conclusion

In this paper we proposed algorithm for obtaining the set of all minimal
path vector for multi-state network. This problem belong in the group of very
hard and complex problems, since the complexity of the set of minimal path
vector is O(24V]), where V is the set of nodes, and d is level of work of the
network. So, it is of great importance to find an procedure that does not gives
candidates for minimal path vectors that are not minimal.

By the proposed algorithm, each candidate for minimal path vector is
recognized as a minimal path vector by ©(|V|?) binary operations, and when it
is not minimal, it is rejected. The advantage is in the fact that this takes less
time than the vector comparing operation, which is used for elimination of the
non minimal path vectors.
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