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As the Internet becomes a social infrastructure, it is important to design the Internet that has
adaptability against environmental changes. However, operators of ISP networks usually add [ink capacity
and routers in an ad-hoc way. That is, they enhance link capacity when link utilization exceeds a certain
threshold, and they introduce new rouiers when existing routers become unable to accommodate traffic on
enhanced links. Such an ad-hoc approach will not be useful when traffic volume is changing drastically
and unpredictably. That is, when the nodes/links are added in an ad-hoc manner, those would not help
accommodate another fraffic increase or possibly taking place in the future. Even worse, those newly
added nodes/links would be useless when the traffic is decreased around those equipment, Therefore, a new
network design meihod which has a capability {o adapt various kinds of environmental changes with less
amount of equipment is necessary

In this thesis, we propose a new network design method that is adapiive to dvnamic environmental changes
including traffic changes and node failures. Unlike a traditional design approach, our design approach
tries to reduce a degree of specialization. That is, we do not simply increase network resources when
facility expansion is found to be necessary. Instead, we tries to increase adaptability against future
possible trafiic changes as much as possible. In doing so, two problems arise for developing the new
design method; how to quantify "a degree of specialization” and how to minimize or reduce "a degree of
specialization. ”

We first introduce a mutual information to quantiiy the degree of specialization in a topological sense.
Specifically, we define the fopological diversity by the mutual information between degrees of two nodes
that are connecied by the direci link. We compare the mutual information for various topologies including
router-level topologies and biological networks, and find that the mutual information of ronter-level
topologies is higher than that of biological networks. The reason of high mutual information in the
router-level topologies can be explained as follows. Since router-level topologies are designed under the
phvsical and technological constraints such as the number of switching ports and/or maximum switching
capacity of roufers, there are some restrictions to comstruct the topology. Such the conmstraints lead to
high correlation in degrees of two connected nodes. Further, and more importantly, progress of facility
expansion leads to higher mutual information due to the specialization taken by envirommental changes.

It is often pointed out that the diversity is a source of keeping evoiution in the biological networks.
In our study, the diversity is quantified by the mutual information, and we can sav that the router-level
topologies are less diverse when compared with the biological networks. Actually, the network with low
mutual information has a potential to evolve in various enviromments, -that is, to be adaptive against the
traffic changes and/or node failures.

We then propose a network design approach to enhance topological diversity by which the network can be
easily adapted to deal with new enviromments without requiring a lot of additional equipment.

Essentially, in our approach, a new node is connected to existing nodes to minimize the motual
information of the topology. We then evaluate the total cost, which is delined by the total amount oi
equipment, needed for accommodating traffic in two cases; in an ordinary situation where the traffic is
increased gradually, and in the situation where a node failure takes place. Our results show that a
thousand-node network evolved by our design approach reduces the total cost of the equipment by 15%
comparing to a thousand-node network evolved by an ad-hoc design method.

Finally, we consider the diversity of link capacity in addition to the topological diversity. For that
purpose, we extend the deflinition of mutual information by considering load of the link and the available
capacity after a failure of the link. Thenm a network with low mutual information is obtained by
repeatedly exchanging a small amouni of capaciiy between links. Although the diversity of available
capacity does not confribute for the case of single link failure, we expect the additional capacity will
work for severe envirommental changes and expect that less capacity is required as in the case of
fopological diversity. Using a 15-node {opology with 28 links, we examine the effectiveness of the
capacity planning with low mutual information. Our results show that the total amount of capacity is
decieased when two or more links are failed simultaneously and is decreased by 20% at a seven—link
failure.
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