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Enterprise networks and applications performed over them have been changing according to the enterprises' strategies for
reducing their total cost of ownership {TCO). As a wide area network (WAN) provides high-bandwidth connectivity (i.e., more
than several megabits per second), this change has proceeded through roughly three phases. The first phase is the integration
of multiple private WANSs, as well as computing resources (i.e., servers and storage systems) used for applications in private
data centers, e.g., when new enterprises are established through the merger of existing companies after 2000. The second
phase is the consolidation of computing resources, such as desktop computers and shared storage equipments, from branches
to a private data center, which has become widespread since around 2006. The third phase is the consolidation (i.e.,
outsourcing) of computing resources from private data centers to public data centers, utilizing cloud computing services, which
is currently in progress.

The above integration process involves a lot of WAN issues. Through the first-phase integration, the scale of a private WAN,
such as the number of network nodes and end systems, and amount of traffic, increases. We therefore need to consider
scalability issues of the private WAN. The consolidations in the second and third phases changes the end-to-end communication
path between a client and a server. After the second phase, the end-to-end path is no longer limited to the inside of a branch
but traverses the private WAN of an enterprise. Moreover, the third phase results in the end-to-end path traversing a public
WAN connecting the enterprise to external data centers. From the perspective of an application executed over the private or
public WAN, either WAN could be the bottleneck in the end-to-end path because of its lower performance. This drawback of
the WAN could be apparent when the application contains not only bulk data flows but also interactive data flows. On the other
hand, from the perspective of the underlying network system, the consolidation of computing resources in data centers results
in a greater traffic load on the WAN. In the third phase, when outsourced applications use multimedia data related to digital
videos and cameras, this outsourcing will lead to a massive amount of data traversing the public WAN, which will increase the
power consumed in the WAN. We have selected several important but not well-discussed issues from those mentioned above,
and studied solution approaches for the private and public WANs and applications performed over them. in this thesis, we
focus on three objectives, corresponding to the three phases of the integration process, as follows.

For the first phase, we focus on evaluating the scalability of the control plane in a large enterprise network. We deveiop an
approach to estimate the network performance for updating routing information, which is applied to a private WAN
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constructed by integrating two large banking networks. We first draw up a formula to represent the effect of the increase in by 7 B GBS 2ZEINS Iy VEBOBEK) ICEH L Tl aE M L. DINAEMF ARIZ IR

packet traffic on the decrease in central processing unit (CPU) utilization at a router, and hence on delays in the routing R S EL <18 7 - LTS,

information updating. Then, this formula is applied to estimate the level of CPU utilization required for routing information LTHEARBNRAIBE THIME NS o2 RL T

convergence. The results of our experiments on the network show that routing information updating could be completed as UEDEDIZ, AHXTHE, BEXY PV EHBERARORG AT TE OMERREEH T TS, £
long as the average CPU utilization during any five-minute period at the routers was less than 40%. T, Bt (BEBES) ORMAETELTHESL2bDETD D

For the second phase, we focus on evaluating the performance of a thin-client system based on transmission control protocol
(TCP), which is a typical application traversing a private WAN (and/or public WAN) after computing resources have been
consolidated from branches to a private data center. We first describe the download traffic of thin-client systems as a two-state
model with interactive data flows in response to keystrokes and bulk data flows related to screen updates. Since users are more
sensitive to the keystroke response time, our next objective is to minimize the latency of interactive data flows, especially when
the network is congested. Through simulation experiments, we reveal that the main delays are queuing delay in the bottleneck
router connected to the WAN and buffering delay in the server. We then enhance two TCP mechanisms: retransmission
timeout calculation and selective acknowledgment (SACK) control, which overcome the drawbacks of existing options and
increase the interval between occurrences of large delays (more than about 1 second) by about four times (up to about 2,500
seconds).

For the third phase, we focus on evaluating the power consumed in a public WAN after computing resources have been
consolidated in a few huge public data centers. Such consolidation is becoming widespread not only among enterprises but also
homes and public offices. Therefore, in our consideration of this issue, we treated the whole society. A distributed computing
network (DCN), such as a content delivery network, not only improves the response time to clients but also reduces the traffic
to and from the data center over the public WAN, thereby decreasing the power consumed in the WAN. We concentrate on the
energy-saving aspect of the DCN and evaluate its effectiveness, especially considering traffic Jocality, i.e., the amount of traffic
related to the geographical vicinity. We first formulate the problem of optimizing the DCN power consumption. Numerical
evaluations show that, when there is strong traffic locality and the router has ideal energy proportionality, the system's power
consumption is reduced to about 50% of the power consumed in the case where a DCN is not used. Moreover, this advantage
becomes up to about 30% when the data center is located farthest from the center of the network topology.

Finally, we discuss future work for the situation after the third phase of the integration process.
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