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Abstract—Internet behavior becomes more complexraffic exhibits long-range dependence (LRD), where traf-
due to ever-changing networking technologies and appliic fluctuation appears to be independent of measurement
cations. Thus, understanding and controlling the compleime scale. Various studies have investigated the reasons
behavior of the Internet are important for designing futuréor LRD. One of the reasons is flow control in the trans-
networks. Previous studies revealed that flow control iport layer, such as TCP [4]. However, these studies deal
the transport layer affects the traffic dynamics of the Intewith small, simple topologies. We therefore need to inves-
net. However, it is not clear how the topological structurdigate the traffic dynamics in large-scale topologies where
impacts traffic dynamics. In this paper, we show the traffithe topological structure greatly affects the network per-
fluctuation of the BA topologies generated by the Basab formance. More specifically, we investigate traffic dynam-
Albert (BA) model and the ISP router-level topologies. Thacs on ISP router-level topologies (ISP topologies) where
number of links with highly fluctuating queue length in-the degree distributions exhibit a power-law nature, and the
creases dramatically compared to that in the stop-and-waibdes interact via end-to-end feedback flow control func-
model. Even in this case, the high-modularity structures dfonality. We discuss how the structures of topologies and
the ISP topologies reduce the number of highly fluctuatinthe flow controls affect the appearance of LRD in the queue
links compared with the BA topologies. length for each link. The results show that the TCP flow
control make the queue length of links in the network fluc-
tuate because TCP tries to use available bandwidth. How-
ever, we show that the queue length of many links does

Dynamic interactions among various network-relatedot fluctuate in the ISP topologies. This phenomenon is
protocols as a result of functional partitioning make the Indue to the high-modularity structure of the ISP topologies.
ternet a complicated system whose details are difficult td/e investigate the relationship between the modularity of
confirm because of its large-scale, heterogeneous structui@pologies and queue fluctuation. We find that topolo-
One of the complex behaviors of the Internet is traffic dygies with high-modularity structures reduce the number of
namics. For example, flow control and congestion contrdiighly fluctuating links.
of TCP can cause short-range and long-range dependencd his paper is organized as follows. We explain structural
of traffic [1]. Ever-changing networking technologies andproperties of ISP topologies in Section 2. In Section 3, we
applications make behavior of the Internet more complexghow the network model that we used for the simulations.
thus, understanding and controlling the complex behavidn Section 4, we evaluate the influence of the power-law
of the Internet are important for designing future networkgopologies and TCP flow control. Finally, in Section 5, we

Measurement studies have revealed that the degree disnclude this paper and mention future work.
tribution of the Internet topology follows a power law. That
is, the probability that nodes havirkdinks of existis pro- 2 Modularity Structure of ISP Topologies
portional tok™ (y is constant). Li et al. showed sev-
eral topologies that have different structures but have the Recently, there have been a considerable number of stud-
same degree distribution [2]. They pointed out differenceigs investigating power-law networks whose degree distri-
in structures lead to differences in the amount of traffibution follows a power law. Barasi et al. introduced the
that the network accommodates. This study indicates thBA model as a method for generating a power-law topol-
the power-law degree distribution alone does not determirgggy in Ref. [5]. Many studies have investigated topolog-
network-level performance. That is, topological structurécal properties appearing in the BA model or its variants.
properties other than the degree distribution are essentiallttowever, when router-level topologies are concerned, the
discuss the performance of networks [2]. BA model does not emulate the structure of ISP topologies.

In previous studies, the relationship between the statisiWe have compared the structural differences of the AT&T
cal properties of Internet traffic and end-to-end flow contraiopology measured using the Rocketfuel tool [6] and the
has been discussed. In Refs. [3], it is revealed that Intern@ipology generated by the BA model [7]. The results in-

1. Introduction



Table 1: The simulation parameters used in the TCP model

Buffer size 1,000 packets
Session arrival ratel) | 1 session/ unit of time|
Maximum cwnd 10 packets
Link capacity(C) 3 packets / unit of time
Simulation time 300,000 units of time
(a) The BA topology (b) The AT&T topology Initial RTO 10,000 units of time

Figure 1: llustrations of structural properties of each topol-

ogy
3.3. Flow Control between End Hosts

In the simulation, pre-specified numbers of sessions are
dicate that the design principles of networks greatly affedtreated between nodes. Source and destination nodes are
the modularity structure of the ISP topologies: Design prinfandomly selected and each session arrives at a node pair
ciples determine the node functionality, which in turn deaccording to the Poisson process with mean fat&ach
termines the connectivity of nodes. To confirm this, weession always has data to send during the simulations, i.e.,
divide a network into multiple modules and investigate th@nce a session is generated, it continues to send data to
node’s connectivity. We observe that the BA topology hagestination node until the simulation ends. In this model,
many connector hub nodes that connect between modufgurce nodes control the amount of DATA packets based on
with many inter-module links like Fig. 1(a). On the con-the slow start and congestion avoidance algorithms. These
trary, the AT&T topology has many provincial hub nodegwo algorithms are basic flow-control functions of TCP. In
that connect the nodes within modules like Fig. 1(b). Theur model, the congestion windovewind) size does not
AT&T topology has high-modularity structure which hasexceed a pre-decided maximum window size. If the source
dence connections between the nodes within modules an@de does not receive any acknowledgement (ACK) packet

sparse connections between nodes in different modules. within the retransmission time out (RTO) period, the source
node recognizes that serious congestion has occurred. The

source node resends the lost DATA packet and reduces the

3. Simulation Model congestion window by one packet size. The time-out pe-
. riod is defined based on the estimated RTT and is doubled
3.1. Network Topologies for every time out. In addition, we use the fast retransmit

For the simulation, we use several ISP topologies me4d fast recovery algorithms defined by RFC 2581.

sured by the Rocketfuel tool [6] and BA topologies gener-

ated by the BA model. BA topqlogles are generated such Dynamics of TCP in ISP Topologies

that the numbers of nodes and links are the same as the cor-

reSpOﬂding ISP tOpOIOgies. In Ref. [2], it is shown that thal Queue Length Fluctuation

BA model is insufficient to model ISP topologies. How-

ever, we use the BA topology in this paper, because one of In this section, we show the results of simulation for TCP
our purposes in the current paper is to clarify how the highand discuss the end-to-end delay and queue-length fluctua-

modularity structures characterize traffic dynamics in ISion in detail. In the simulation, each link can transfer three
topologies. packets per unit time. The other parameters are summa-

rized in Table 1.
We evaluate the fluctuation of queue length. If queue
length of a link fluctuates drastically, a session encounters
Each node has limited buffers at each outgoing linka temporal congestion on the link, which leads to a packet
When a packet arrives at a given node and when the nodedikop and a longer delay. We evaluate the fluctuation us-
the packet’s destination, the node removes the packet frdng the Hurst parameteH( 0.5 < H < 1) by applying the
the network. Otherwise, the node selects the next nodescaled range (R/S) plot method [8]. The Hurst parameter
based on a minimum hop routing algorithm and forwardgepresents the degree of LRD. High Hurst parameter means
the packet to a buffer of an outgoing link connecting tdhat queue length of the link highly fluctuates. We use the
the next node. For simplification, each outgoing link sendéme series of queue lengths extract from the last 100,000
packets to the next node based on FIFO and a drop-t&ine units of simulation.
gueuing discipline, and delivels packets per unit time.  Figure 2 shows Hurst parameters for each link. The y-
Here, we do not use dynamic routing; i.e., each packet traxis represents the Hurst parameter and the x-axis repre-
verses the shortest path calculated beforehand. When msénts its rank in a descending order. In this figure, the re-
tiple shortest paths to the destination are found, the nestilts for the stop-and-wait model are also added. In the
node is randomly determined by a packet’s source node. stop-and-wait model, when a source node sends a DATA

3.2. Packet Processing Model at Node
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of Hurst parameter

a; is defined as the number of random links that have one
Table 2: The ratio of highly fluctuating links in each topol-or both vertices inside of moduledivided by the number
ogy of all links. The module is calculated using the method
Topology Tot;:)yoﬂgtz?ssi?rqtsra Totla?oyolorg esressiﬁ]f:rsa in [10]. According to this defi'nition olQ, high Q value
BAtopology | 054 | 019 | 035 | 0.88 | 030 | 0.58 means that the topology has hlgh mpdularlty structure, that
AT&T topology | 0.39 | 0.080 | 0.31 | 0.50 | 0.066 | 0.44 is, some modl_JIes are connectm_g with each other by a few
inter-module links. The modularity value of the BA topol-
ogy is nearly 0.32, and that of the AT&T topology is about
0.68. This result indicates that a high-modularity structure
packet to its destination node, the source node stops semdduces the number of highly fluctuating links.
ing a new packet until the source node receives the ACK To confirm that ISP topologies reduce the number of
packet from the destination node. Looking at this figurefluctuating links, we conduct simulations with other ISP
we observe that the number of links that take high Hurst paspologies and compare them with BA topologies. Three
rameters increases in the TCP model. Besides, we obserg® topologies, Sprint, Verio, and Telstra, are used for the
that the AT&T topology reduces the number of fluctuatingsimulations because the topologies have the similar num-
links compared with the results of the BA topology. bers of nodes and links to the AT&T topology. The topo-
To see the relation between the Hurst parameter amegical properties of ISP topologies and its corresponding
topological structure in the AT&T topology clearly, we BA topologies are summarized in Table 3. The simulation
show the ratio of links that take high values H > 0.8) in  parameters are the same as the evaluation of AT&T topol-
Table 2. When the number of sessions is small, the quegy and are summarized in Table 1. Note that the number
length of the links that connect two regions fluctuates dragf sessions is 87,320 in the Telstra topology and the BA
tically. That is, inter-module links tend to have highly fluc-Telstra topology due to limit of the number of node pairs.
tuating queue lengths. This is because many packets cdn-the Table 3, the ratio of highly fluctuating links for each
centrate at inter-module links. As the number of sessionepology is also presented. We observe that each ISP topol-
gets higher, the queue length of the links that connect insidgyy reduces the number of fluctuating links compared with
a region fluctuates, whereas the Hurst parameter of intehe results of the corresponding BA topologies. We also
module links decreases. That is, the fluctuation spreadsdbserve that each ISP topology has higher modularity value
tributary links of the bottleneck. than the corresponding BA topology. These results indicate
that topologies having high-modularity structure reduce the
4.2. Fluctuation Reduction Effect of High-Modularity = number of highly fluctuating links, as we observed in the
Structure AT&T topology.
) _ To see the impact of modularity structure more clearly,
In the previous section, we showed that the struc_tur\ﬁe investigate queue fluctuation on three topologies that
of the AT&T topology reduces the number of fluctuating, ..« the same number of nodes and links to the AT&T

links. In this section, we examine the relationship betweefbpology, but have different modularity values. We gen-
the modularity of topologies and the fluctuation reductiorérated three topologies havitg (= 523) nodes an (=
effects of those topologies. _ 1,304) links. And then, we control the modularity value

Newman et al. [9] defined a modularity valu@)(as by changing the number of inter-module links. More pre-
cisely, we generated the three topologies through following
steps. the number of inter-module links in Step 3.

Q = DEi-a) (1)

i 1. Generates 10 sub-networks each of which consists of

-m . .
wheree; is defined as the number of links connecting nodes 75 nodes an links and is connected based on
of modulei divided by the number of all links. While, the BA model.



Table 4: Simulation results of generated topologies

. Ratio of highl
Modularity fluctuatingglin)l:
0.86 0.62
0.81 0.78
0.76 0.84

2. Considers each sub-network as a module.

the number of highly fluctuating links compared with the
BA topology. We also evaluated the queue length on the
other topologies and confirmed that the modularity struc-
ture is the essential structure to reduce the number of highly
fluctuating links.

Our results suggest that reproducing the modularity
structure is important when performance evaluation on
transport protocols is concerned. Our future work is to de-
veloping a topology generation method that reproduces the
modularity structure and apply it to performance evalua-

3. Addsminter-module links by randomly selecting two tions.
nodes belonging to different modules and connecting

the nodes.
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