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Abstract

The paper addresses the two terminal reliability while designing the interconnection networks. Thus a topological
optimization problem is defined as the existence of at least a reliable path between a pair of nodes satisfying the
predefined cost of the network. A new method based on Genetic Algorithm is proposed to solve the above said problem.
In the proposed method the chromosome as well as the genes are efficiently encoded so that the cross over provides the
optimal solution with better convergence rate. The reliability of some benchmark interconnection networks are evaluated
by the proposed method. The population size and the computational time of the said networks as reported in this paper
ensures that the proposed method converges to it’s optimal solution in very few cpu secondss, while maximizing the
value of the reliability of the said network to a greater extent.
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1. Introduction

One of the most important components of a computer system is its Interconnection Network, as it defines
the physical layout of such systems. An Interconnection Network may consist of nodes or stations
representing computers, switches, terminals, or printers, and edges denoting communication links. These
links can be conventional telephone lines, optical fiber cables or microwave channels. Therefore, the
suitability of such a network for various scientific and engineering applications can be assessed by careful
analysis of its performance in terms of its reliability. So, there is always a challenge to design a highly
reliable system, which is quite economical. An important stage of the design of such systems is to find the
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best layout of components to minimize cost while meeting a performance criterion, such as the reliability.
The reliability is the probability of reaching other stations, despite the breakdown of one or several stations.
Intuitively, we note that more links between stations imply different routes between each node pair, and
consequently the network is more reliable; on the other hand, the network is more expensive. In general this
type of design goal is to optimize the topology of the interconnection network, so as to either maximizing
the reliability or minimizing the cost. A general definition of the topological design problem for a large
hierarchical network is found in [1].

In literature, the topological optimization problems can be solved by either enumerative
methods or heuristic methods. Some of the important enumerative methods are branch and bound [2],
enumeration of spanning trees [3], shrink and search algorithm [4]. In branch and bound algorithm, the
optimization problem can be decomposed into multiple sub problems for an efficient search of the exact
optimal solution. But this method is only able to find the solution of the fully connected networks of
maximum size of 12 nodes (60 links). The methods based on enumeration of the spanning trees can be
applied only for the small networks, as for large sized networks the computational complexity in
enumerating all the spanning trees prohibits using such techniques. To a different extend, Shao et al. [7]
proposed the shrinking and searching algorithm (SSA) for maximizing the network reliability of a
distributed access network with constraint total cost. SSA jointly considers the upper bound of the network
reliability for each branch in the combinatorial tree, and the cost constraint on the possible solutions. But
this algorithm is not as such applicable for large size networks, such as networks having more than 20
nodes, because the size of the generated combinatorial tree is too large, which prohibits the exact calculation
of network reliability.

The enumerative methods discussed so far can be applied only to small networks, but for
larger networks the heuristic methods viz. simulated annealing [5][6][7][8], Artificial Neural Network [9],
Genetic Algorithm [18][19] are preferred because of their strength and ability to find near optimal solutions.
Pierre and et al. [6] used simulated annealing to find optimal designs for packet switched networks where
delay and capacity were considered, but reliability was not. AboElFotoh et al [9] used an optimize neural
network for solving the network topological optimization problem. Similar kinds of works are reported in
[10] and [11]. However, mapping of the topological optimization problem onto a neural network is quite
cumbersome. Further, literature also records that the heuristic methods based on Artificial Neural Network
may not always lead to optimal solutions.

Study of literature reports the use of genetic algorithm to solve many difficult engineering
problems as well as many optimization problems with large, complex search spaces. However, the use of
genetic algorithm in the field of reliability engineering is quite limited [12]-[15].

Different from the previous studies, this paper uses the genetic algorithm in maximizing the two
terminal reliability subjected to some total cost of interconnection networks while all the nodes are least
connected with each other. In this regard, a new method based on Genetic Algorithm is proposed in Section
3; where a different and efficient chromosome as well as gene encoding and cross over is used for better
convergence towards the optimal solution. The rest of the paper is organized as follows.

The application of the proposed method on some sample interconnection networks is
presented in Section 4. Section 5 concludes the paper with future scope.

Formulation Of Optimization Problem

In this section, Notations and Assumptions are first introduced; then the targeted constrained optimization
problem is formulated.
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Notations

ICN Completely connected interconnection network.
G Probabilistic Graph of the network

N Number of nodes

L Number of Links

st Source node and destination node respectively
Cross_mat Cross over matrix

Cost_mat Cost of the links of the network

Rel mat Reliability of the links of the network
COSt‘“aX Maximum permissible Cost/Budget Constraint
T

i Minimal Spanning Tree [
ST1 and ST2 Selected S to ¢ paths for gene level cross over
Childl, Child2  Paths generated after gene level cross over

P1,P2 Selected two networks for chromosome level cross over
Cl and C1 Generated networks after chromosome level cross over
o | | .
Cost of the link connecting node i and j
R, Reliability of the link connecting node i and j
i A decision variable.(1 if a link exist between i and j, 0 otherwise)
K The set of nodes having degree less than 2.
K]

The number of nodes in K set.

Assumptions

Each G and R, is fixed and known.
Nodes are perfectly reliable.

Links are either operational or failed.
Failure of links are § -independent

Sl e

2.1 Problem Statement
An interconnection network can be viewed as an equivalent probabilistic graph G (N, L) where, N
represents the nodes (Stations, terminals or computer sites), while L is the communication links
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among them. If the nodes of the network are fixed, then the main design decision is to maximize
the reliability connecting the source vertex § to the destination vertex 4 satisfying the minimum

: . . Cost .
degree constraint of 2 under maximum permissible cost ( max ) constraint.

Objective function

Maximize R(G)
N-1 N

Subject to > >C, x, <Cost,,
i=l j=itl

and degree of each node of G > 2
3. Proposed Method
3.1  Definitions:

Definition 1.  Spanning Tree is a maximal set of edges of G that contains no cycle, or as a minimal set of
edges that connect all vertices.

Definition 2. Minimum Spanning Tree is a spanning tree with weight less than or equal to the weight of
every other spanning tree.

Definition 3. A steady state is defined as the state of a system that does not change over time or in which
any one change is continually balanced by another.

3.2.  Encoding

For a network with N number of nodes and L number of links, the length of the chromosomes is the number

of nodes of the network and the chromosomes are encoded by a sequence of 1’s and 0’s where 1 represents a

direct connection from the current node to its neighbors while 0 represents no such direct connections. As in

general the number of nodes of an interconnection network is less than the number of links, the length of the

chromosomes by using the proposed encoding method is very less than that using[14 ][18 ]. A gene is a

sequence of chromosomes such that there exist a path from the source node S to destination node .

Fig-1. An example Interconnection Network

Example:
Chromosome Encoding of the example Interconnection Network (Fig-1) is

199



200

P. K. Tripathy et al. / Procedia Technology 6 (2012) 196 — 205

Node s 011000
Node 1 101100
Node 2 110110
Node 3 011011
Node 4 001101
Node t 000110
Gene encoding
011000 101100 110110 001101 000110 (S-l—2-4-t)

011000 110110 011011 000110 (S -23-1)
3.3 Initial Population
The initial population Cross_mat is generated in 3 phases.
1)  Find two minimal spanning trees [17] 7; and 7, of ICN on the basis of Cost to Reliability ratio and
(I-R).
2)  Generate all the paths p,,i=1,2,... from S to f of ICN.
3)  Merge each p, with 7} and 7, separately till the cost constraint of the network is not satisfied.

Add the resultant network into Cross_mat.

3.4

Fig-2. (a) Spanning Tree ; (b) S ~ f path ; (c) Spanning Tree after merge with S ~ t path
Gene level Cross Over

The gene level cross over is made to generate § ~ f paths of the network. It makes the convergence
rate of the algorithm faster. The gene level cross over is carried on ST1 and ST2 in four steps.

1) Perform a single point cross over at any common node so that it ensures the resultant child paths
Child1 and Child2 are also § ~ f paths.

2) Select best two paths on the basis of minimum cost to reliability ratio among ST1, ST2, Child1 and
Child2 and merge with each of the candidate networks of the population until the cost constraint
Costp,y 18 not reached.

3) Eliminate the cycle(s) from the path (if any).

4) Add each merged networks into the population for next generation.
Example:

Gene level cross over

ST1: 011000 101100 110110 001101 000110 (s -1-2-4-¢)

ST2: 011000110110 011011 000110 (§-2-3-1)
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Cross over at node 2 resulting child nodes as:
Child1:011000 101100 110110 011011 000110 (§-1-2-3-¢)
Child2:011000 110110 001101 000110 (§-2-4-1)

Cycle Elimination:

If the resultant gene is {§ -1-2-3-4-2-7-¢ }, then eliminating the outer cycle will produce the resultant gene

as {§-1-7-1}.

3.5 Chromosome level Cross Over

A random single point cross over is applied on the chromosome P1 and P2 to obtain the child networks C1

and C2 which is exemplified below.

Network1: Network?2:
0 0 1 1 0 0 0 1 0 0

0 0 1 1 1 0 1 0 1 0

1 1 0 0 1 1 0 1 0 1

1 1 0 0 1 0 0 0 1 0

0 1 1 1 0 0 1 1 0 0

0 0 1 0 0 0 1 0 1 1
After Cross Over:

Network C1: Network C2:
0 0 1 1 1 1 0 1 0 0
0 0 1 1 1 0 1 0 1 0
1 1 0 0 0 1 0 1 0 1
1 1 0 0 0 1 0 0 1 0
0 1 1 1 0 0 1 1 0 0
0 0 1 0 0 0 1 0 1 1

3.6 Check_For_Validity Operator

The resultant chromosomes C1 and C2 after cross over may lead to some invalid networks. A check is made
to validate the child networks as well as to adjust the bits of some chromosomes so that a valid network can

be formed.

The check is made in the following way:

Check the chromosome bit pattern from node 1 to N.
i) If the ith bit of jth node is 1 then,

the jth bit of the ith node is set to 1 (if it is not).
ii)  Ifthe ith bit of jth node is 0 then

the jth bit of the ith node is set to 0 (if it is not).

Example:
The Network C1 and Network C2 after applying Check For Validity operator :

S O O O = =

OO === O

OO = = O =

S O O = O O
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Network C1 Network C2
0 0 1 1 1 1 0 1 0 0 0 0
0 0 1 1 1 0 1 0 1 0 1 0
1 1 0 0 0 1 0 1 0 1 1 1
1 1 0 0 0 1 0 1 1 0 1 0
1 1 0 0 0 0 0 1 1 1 0 0
1 0 1 1 0 0 0 0 1 0 0 0

3.7 Mutation Operator
A mutation operator is used here to add some additional links to the generated networks so as to satisfy the
minimum 2-connectivity criteria (if it does not satisfy). The updating is applied in the following steps:

1- If |K | =1 then join that node with a node having least cost.

2- If |K|:2 say N, and N, then

2.1 Compute C;=The minimum cost between N; and any other node Ny of the network.
If Ni=N, then join N; and N,.
else
2.2 Compute C,= The minimum cost between N, and any other node N of the network.
If N;=N; the join N; with N,
else
2.3 Compute C=Cost between N; and N,
If C< (C,+C,) then join N; and N, otherwise join N; with Ny and N, with N.

3- If |K| 22 then

Assign a link from ICN to the existing network by joining any two nodes of K -set with minimum cost.
Example:
The network C1 satisfy the 2-connectivity criteria where as network C2 does not satisfy. So the Mutation
operator is applied on C2.
In network C2, node 1 and 6 has degree less than 2, so k={1,6} satisfying step 3 of mutation operator
algorithm.
Here N;=1 and N,=6. C;=30 and N,=N,, therefore join N; and N,.
Now the repaired network satisfying the minimum 2-connectivity criteria is:

—_o O O = O
S = == O =
_—= = O = O
S = O = O O
SO = = = O
S OO = O =

3.8 Genetic Algorithm
Input: (ICN, G, Cost_mat, Rel mat, Cost___ .S .t)

1. Generate the initial population.
2. While (the steady state is not reached)
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CPU
SL. i i
N, L) Cost  [Mutation P9pulat10n IComputed Cor?lpgtgd Time Optimal Network
No. max [Rate Size ICost [Reliability
(sec)
0.0280 72 350  |0.9576215 | 45.064
1 |(6N,8L) 355 H1,4},{1,5},12,3},2,5},{3,4},{3,6},{4.6},{5,6} }
2 |(6N,9L) 380 | 0.0285 150 365 109655204 | 117.71 gléﬁ’{1’5}’{2’3}’{2’4}’{3’4}’{3’6}’{4’5}’{4’6}’
0.0440 213 440 [0.9670229 H{L33,{1,4},{1,6},{2,3},{2,5},{2,6}.{2.4},{3.4},
3 |6N,11L) | 445 192.31 (3,5),14,5),15.6}
4 |(TN,10L) | 425 | 0.0237 155 420  |0.9688972 105.47 (11,23, 11,41,42,33, 82,51, 43,61, 3.7}, 44.61.44,75,
{5,6}.{5,7}}
H{133,{1,5},{2,3},{2.4}.{2.7}.{3.6}.{4.6},{4.7},
5 |(IN,11L) | 455 | 0.0206 108 446 09713799 | 19179 |156},45,71,16,7}
{112}, {13} ,{2.3}, {2.4}, {2.7}, {3.6},
6 |(8N,11L) | 470 | 0.0117 93 450  |0.9510128 | 216.88 | {4,6}, {4,7},{5,6}, {5,7}, {6,7}}
{{1,33,{1,8},{2,3},{2,4},{2,5},{3,4},{4.6},{5,6},
7 (8N,12L) 511 | 0.0221 123 500 10.9657424 | 237.58 157} (6,7},{6,8},{7,8}}
HL3L{LT}{1.8},{2,3},{2,5},{2,6}.{2,7}.{3.4},
8 |8N,13L) | 555 | 0.0216 165 541 |0.9889690 | 548.07 145} 4,7},{5,6},{5,8},{6,8}
{133, {1.4},[1,8},{2,3},{2,5}.{2,6}.,{2.8},{3.5},
9 |(8N,14L 625 | 0.0220 408 605 10.9891628 1701.3
(BN, 14D) 14.61,14.7),15.7),{5.81.16.7}. (6.8} }
{{1,23,{1,9},{2,8},{3,4},{3,7},{3,9}.{4,5} {4.6},
10 |(9N,12L 465 | 0.0086 159 425  10.9693728 | 262.78
ON120) IS T1IS81I6.71.16.81)
{{1,2},{1,3},{2,4},{2,6},{3.5}.{3,6},{4,7}.,{4,9},
11 |(9N,14L) 571 0.0226 264 532 10.0972199 2201.2 |{5,6},{5,8},{6,8},{7,9},{7,8},{8,9}}
{{1.23,{1,3},{1,4},{2,8},{2,9},{3,5}.{3.6},{4.5},
12 |(9N,15L) 603 | 0.0091 498 580 |0.9867127 | 1116.6 (4.9}.45.7) 16.7}.(6.8}.16.91 {7.8}.{8.911
(10N,13 {{1,.2},{1,10},{2,3},{3,4},{3,9},{4,5},{4.8}.{5,6
13 L 600 | 0.0038 1788 550 |0.9718334 | 7323.6 (571 46,71 47.8).(8.9}.£9.101}
(10N,14 ((1,2),411,3},{2:4},{2.9},13,5},{3,10},{4,5} 14,7
14 L 560 | 0.0020 381 545  |0.9563464 859.24 |y {5,8},{6,7},{6,8},{6,10},{8,9},{9,10}}

Table-1. Application of proposed method on some sample Networks

2.1  Select any two s~¢ paths ST1 and ST2 from ICN within the cost constraint.
2.2 Perform gene level cross over on ST1 and ST2.

2.3 Pop two networks P1 and P2 from the population pool.
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2.4  Apply chromosome level cross over on P1 and P2 to obtain the child networks C1 and C2.

2.5 Apply Check For Validity operator on C1 and C2.

2.6 Apply mutation operator on C1 and C2.

3. Compute the reliability using the method [16] of each chromosome of Cross_mat and find the
chromosome with maximum reliability.

4. Result and Discussion

The algorithm is implemented on some sample networks [15] and the results are recorded along with the

CPU time. The Source node (5 ) is 1 and destination node () is 6 in all the networks.

The reliability of some benchmark networks are estimated by using the proposed method. The reliability of
the interconnection networks having up to 10 numbers of nodes are estimated under different cost constraint.
The cost and reliability of the links are set as per [15]. The different mutation rates taken during estimating
the reliability of the networks are within a range from 0.002 to 0.044, which is in average smaller than the
maximum value of mutation rate, which ensures the preservation of the original network. The cost of the
network thus computed by the proposed method is also found to be less than the maximum predefined cost.
The proposed method estimates a reliability value of 0.97 within 191 cpu time for a network having 7
number of nodes and 11 number of links within a maximum cost of 455. For network with 10 number of
nodes and 13 number of links, it can be observed from the table that the proposed method generates an
initial population of 1788 and evaluates it’s reliability of 0.97 within 7323 cpu time. From the above table
and the different observations as discussed earlier, it can be ensure that the proposed method estimates a
good measure of reliability value by generating reasonable size of initial population within very few cpu ses.

5. Conclusion

The genetic algorithm returns an optimal or near optimal solutions on every run regardless of problem
instance, problem size, or random number seed. This paper presents a genetic algorithm based approach to
addresses a topological optimization problem of interconnection network to optimize terminal reliability
with some predefined cost constraint. The numerical results have shown that the genetic algorithm can solve
this complicated problem. The algorithm also confirmed the efficiency to produce good solutions even for
large-sized networks. The algorithm uses two level cross over for better convergence rate. The cross over
points are randomly selected and an operator (Check For Validity) is used to repair the invalid generated
networks. An efficient mutation operator is implemented to ensure a 2-connected interconnection network.
The proposed algorithm is applied on various different kinds of interconnection networks and  found to be
efficiently computing the reliability of the given interconnection network in few secs. The proposed
algorithm can be used in all types networks like communication network, distributed access network,
computer network etc.. The method is quite flexible and can be used for alternative objectives (eg. minimize
the cost subject to reliability constraint). The chromosome and gene encoding, cross over, the operator
Check For Validity, and the special mutation operator always ensures producing a feasible 2-connected
network topology. Solving a network design problem of additional complexity by including more number of
objectives and constraints is an area of further investigation.
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