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Research Background	


!   The Internet is facing with ever-changing networking 
technologies and applications 
!   Adaptability to traffic fluctuation and various quality demands is 

required in the Internet 
!   Understanding traffic dynamics of the Internet is important 

for designing future networks 
!   Dynamics of TCP traffic of simple topologies has been revealed [7] 
!   However, complex topologies impacts on traffic dynamics  

 Evaluating traffic dynamics of realistic topologies is important 

[7] K. Park, G. Kim, and M. Crovella, “On the relationship be- tween file sizes, transport protocols, and self-similar network traffic,” 
     in Proceedings of the International Conference on Network Protocols (ICNP), pp. 171–180, Oct. 1996.	


Relationships between topologies and performance	


!   The Internet topology has a power-law degree distribution 
!   Power-law: Probability P(k) that a node has k links is proportional to k-γ	



!   Traffic dynamics of power-law topologies has been discussed 

!   Different topologies having the same degree distribution can exist 
!   Structure of topologies are defined not only by degree distribution, 

but also by other factors 
!   Difference in structure leads to difference in performance [4]  

 The power-law degree distribution is  not enough  
to discuss performance of networks 

[4] R. Fukumoto, S. Arakawa, and M. Murata, “On routing controls in ISP topologies: A structural perspective,”  
     in Proceedings of Chinacom, Oct. 2006.	


Research Purpose	


!   Understanding traffic dynamics caused by interaction 
between topologies and end-to-end flow control 
!   How topological structures impact on end-to-end delay? 
!   How interactions between topologies and flow control impacts 

on traffic fluctuation? 

 Understanding characteristic traffic dynamics  
and its causal structure of the Internet topology 

Simulation Evaluation	


!   Topologies: Two topologies having different structures 
!   523 nodes and 1304 links 
!   AT&T Topology: Measured router-level topology of AT&T 
!   BA Topology: Generated by BA model [2] 

!   Network model 
!   Each link has the uniform link capacity and buffer size 
!   Network load is defined by the number of sessions 
!   Source and destination node pairs are selected randomly 
!   Two flow control models 

!  Stop and wait and TCP Reno model 

[2] A.-L. Barabási and R. Albert, “Emergence of scaling in random networks,” Science, vol. 286, pp. 509–512, Oct. 1999. 	


End-to-end Delay Distribution 

Stop and Wait (100,000 sessions)	


BA Topology	
 AT&T Topology	


Stop and Wait (100,000 sessions)	


!   End-to-end delay distribution of the AT&T topology  
does not change widely 

!   Long end-to-end delay in the BA topology 
!   Congestion occurs 4 times larger than that in the AT&T topology 
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packet delay distribution of the AT&T topology has a long-
tail distribution; that is, the distribution is characterized by the
slow decay at the larger packet delay. (Fig. 3(a)). However, the
packet delay distribution of the BA AT&T topology does not
show the long-tail distribution. (Fig. 3(b)).

These results indicate that the distribution of end-to-end
packet delay differs dependent on the topology, more precisely
the structure of topology. The next section discusses what
a structure of topologies makes the delay distribution to be
power-law.

C. Effects of Structure of Router-level Topology

In the Section III-B, we show that the end-to-end packet
delay distributions of two topologies exhibit different attributes
though two topologies have the similar shape of the waiting
time distributions. In this section, we compare the structural
differences of the AT&T topology and the BA AT&T topology.
As discussed in Ref. [12], design principles of networks
greatly affect the structure of the ISP topologies. Design prin-
ciples determine a node functionality, which in turn determines
the connectivity of nodes.

In [17], Guimeara et al. have proposed the classification
method of node functions. The method divides a network to
multiple modules and defines the within-module degree Zi,
and the participation-coefficient, Pi, for each node i. Assuming
that the node i belongs to a module si, the within-module
degree Zi of node i is defined as,

Zi =
ki− < ksi >

σsi

, (1)

where ki is the degree of nodes, < ksi > represents the
average degree in module si, and σsi is the variance of the
degree distribution of nodes in module si. The participation-
coefficient Pi of node i is also defined as,

Pi = 1 −
Nm∑

s=1

(
kis

ki
), (2)
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where kis represents the fraction of links connecting with the
module si. That is, when all the links of node i connect with
nodes belonging to the same module of si, Pi becomes 0.

Figure 4 shows the roles of nodes are categorized by
the value of Zi and Pi, and Figure 5 shows the result of
application of the Guimeara’s method to the AT&T to pology
and the BA AT&T topology. The module is calculated from the
method in [18]. In Figs. 4 and 5, the horizontal axis indicates
within-module degree Z and the vertical axis the participation
coefficient P . Depending on the values of P and Z, the role
of node is categorized into several classes. For example, when
Zi is large and Pi is relatively large, the node i has many links
connecting to other modules. Thus, the node i is categorized
into the “Connector hub(s)”. “Provintial hub(s)” also takes the
larger Zi but smaller Pi; the node i has many links connecting
with nodes in the same module.

Looking at Fig. 5, the BA AT&T topology has many
“Connector hub” nodes that transfer large amount of packets
between modules. However, Fig. 5(a) shows that there are no
“Connector hub” nodes in the AT&T topology. This means
that the AT&T topology has a few inter-module links. In the

!   Why congestion likely occur in the BA topology? 
!   Comparing the structures of the two topologies 

!   Classification of node functions [12] 
!   Separating a topology into some modules 
!   Participation coefficient, P  [0 ≤ P  ≤ 1] 

!  Within-module degree, W 

Comparison the structures of the 2 topologies	


[12] R. Guimera and L. A. N. Amaral, “Functional cartography of complex metabolic networks,” Nature, vol. 433, pp.895-900, 2005. 	


Wi is large, and Wj is small	


Pi = 0	
 Pj = 1	


The functionality of the nodes 
categorized by this figure	
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packet delay distribution of the AT&T topology has a long-
tail distribution; that is, the distribution is characterized by the
slow decay at the larger packet delay. (Fig. 3(a)). However, the
packet delay distribution of the BA AT&T topology does not
show the long-tail distribution. (Fig. 3(b)).

These results indicate that the distribution of end-to-end
packet delay differs dependent on the topology, more precisely
the structure of topology. The next section discusses what
a structure of topologies makes the delay distribution to be
power-law.

C. Effects of Structure of Router-level Topology

In the Section III-B, we show that the end-to-end packet
delay distributions of two topologies exhibit different attributes
though two topologies have the similar shape of the waiting
time distributions. In this section, we compare the structural
differences of the AT&T topology and the BA AT&T topology.
As discussed in Ref. [12], design principles of networks
greatly affect the structure of the ISP topologies. Design prin-
ciples determine a node functionality, which in turn determines
the connectivity of nodes.

In [17], Guimeara et al. have proposed the classification
method of node functions. The method divides a network to
multiple modules and defines the within-module degree Zi,
and the participation-coefficient, Pi, for each node i. Assuming
that the node i belongs to a module si, the within-module
degree Zi of node i is defined as,

Zi =
ki− < ksi >

σsi

, (1)

where ki is the degree of nodes, < ksi > represents the
average degree in module si, and σsi is the variance of the
degree distribution of nodes in module si. The participation-
coefficient Pi of node i is also defined as,

Pi = 1 −
Nm∑

s=1

(
kis

ki
), (2)
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where kis represents the fraction of links connecting with the
module si. That is, when all the links of node i connect with
nodes belonging to the same module of si, Pi becomes 0.

Figure 4 shows the roles of nodes are categorized by
the value of Zi and Pi, and Figure 5 shows the result of
application of the Guimeara’s method to the AT&T to pology
and the BA AT&T topology. The module is calculated from the
method in [18]. In Figs. 4 and 5, the horizontal axis indicates
within-module degree Z and the vertical axis the participation
coefficient P . Depending on the values of P and Z, the role
of node is categorized into several classes. For example, when
Zi is large and Pi is relatively large, the node i has many links
connecting to other modules. Thus, the node i is categorized
into the “Connector hub(s)”. “Provintial hub(s)” also takes the
larger Zi but smaller Pi; the node i has many links connecting
with nodes in the same module.

Looking at Fig. 5, the BA AT&T topology has many
“Connector hub” nodes that transfer large amount of packets
between modules. However, Fig. 5(a) shows that there are no
“Connector hub” nodes in the AT&T topology. This means
that the AT&T topology has a few inter-module links. In the
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-2

 0

 2

 4

 6

 8

 10

 12

 0  0.2  0.4  0.6  0.8  1

W
ith

in
-m

od
ul

e 
D

eg
re

e,
 W

Participation Coefficient, P

Hub Line

(a) AT&T トポロジ

-2

 0

 2

 4

 6

 8

 10

 12

 0  0.2  0.4  0.6  0.8  1

W
ith

in
-m

od
ul

e 
D

eg
re

e,
 W

Participation Coefficient, P

Hub Line

(b) BA AT&T トポロジ

図 3 ノード役割の分類

が異なり、こうした構造の違いがパケットの転送遅延時間分布
の違いに影響していると考えられる。この点に着目し、AT&T

トポロジにおいて、米国の 1つ 1つの州が 1つのモジュールで
あるとみなし、同じモジュールに属する 2ノード間を移動する
パケットと、2つの異なるモジュールに属する 2ノード間を移
動するパケットを区別し、パケット転送遅延時間分布を作成し
た。その結果を図 4に示す。この図より、転送遅延時間が長い
パケットの大半がモジュール間を移動するパケットによるもの
だということがわかる。モジュール間を結ぶ少数のリンクにパ
ケットが集中し、混雑することで、モジュール間を移動するパ

10-8
10-7
10-6
10-5
10-4
10-3
10-2
10-1
100

100 101 102 103 104 105

P[
x 

> 
t]

End-to-end Delay

Total
Intra-module
Inter-module

図 4 AT&T トポロジでのモジュール間、モジュール内を移動するパ
ケット転送時間の比較

ケットの転送遅延時間が増大していると考えられる。これらの
結果より、AT&Tトポロジにおいてパケットの転送時間分布が
テールの長い構造になる要因が、モジュール間を繋ぐリンクが
少ない、モジュール度の高い構造にあることが示された。

4. リンクのキュー長における長期依存性
AT&Tトポロジがもつ構造的特徴により、転送遅延時間分布

が BA AT&Tトポロジに比べてロングテールな分布になること
が示された。しかし、エンドホスト間の転送遅延だけでネット
ワーク性能を議論することは不十分であり、他の指標による議
論も当然必要である。そこで本稿ではリンクのキュー長におけ
る長期依存性に着目しネットワーク性能を評価する。高い長期
依存性を持つトラヒックは集計時間のスケールによらず常に大
きく変動し、バースト性が失われない。バースト性が失われな
いトラヒックでは、キュー長が時間により大きく変動するため、
各リンクにはバースト的なトラヒック増加にも耐えられるよう
に大容量なバッファを用意しなければならず、設置コストが大
きくなってしまう。そのため、ネットワーク構築のコストとい
う観点では、ネットワーク内を流れるトラヒックには長期依存
性が現れにくいことが望ましいといえる。
本稿では、長期依存性の評価指標としてハースト値（H）を

用いる。ハースト値は０.5から 1の範囲で表され、1に近いほ
ど長期依存性が高いと判断できる。ハースト値の測定方法には
R/S plot [13] を用いる。R/S plot ではまず、集計区間 n に対応
する Rn/Sn 値を以下の式 (3)で求める。

Rn/Sn = 1/Sn[max(0, W1, W2, · · · , Wn) (3)

− min(0, W1, W2, · · · , Wn)]

(Wk = (X1 + X2 + · · · + Xk) − kX(n), k = 1, 2, · · · , n)

ここでX(n)は、n個の要素の標本平均、Sn は標本標準偏差で
ある。集計区間の幅 nを徐々に広げていき、nを横軸、nに対
応する Rn/Sn を縦軸にとった両対数グラフの近似曲線の傾き
からハースト値 H を求める。

4. 1 ボトルネックリンクにおける長期依存性
まず、トポロジ内で最も Betweenness Centrality が高いリン

クをボトルネックリンクと見なし、そのリンクのバッファ内パ
ケット数（以下キュー長と呼ぶ）の時間経過による振る舞いに
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packet delay distribution of the AT&T topology has a long-
tail distribution; that is, the distribution is characterized by the
slow decay at the larger packet delay. (Fig. 3(a)). However, the
packet delay distribution of the BA AT&T topology does not
show the long-tail distribution. (Fig. 3(b)).

These results indicate that the distribution of end-to-end
packet delay differs dependent on the topology, more precisely
the structure of topology. The next section discusses what
a structure of topologies makes the delay distribution to be
power-law.

C. Effects of Structure of Router-level Topology

In the Section III-B, we show that the end-to-end packet
delay distributions of two topologies exhibit different attributes
though two topologies have the similar shape of the waiting
time distributions. In this section, we compare the structural
differences of the AT&T topology and the BA AT&T topology.
As discussed in Ref. [12], design principles of networks
greatly affect the structure of the ISP topologies. Design prin-
ciples determine a node functionality, which in turn determines
the connectivity of nodes.

In [17], Guimeara et al. have proposed the classification
method of node functions. The method divides a network to
multiple modules and defines the within-module degree Zi,
and the participation-coefficient, Pi, for each node i. Assuming
that the node i belongs to a module si, the within-module
degree Zi of node i is defined as,

Zi =
ki− < ksi >

σsi

, (1)

where ki is the degree of nodes, < ksi > represents the
average degree in module si, and σsi is the variance of the
degree distribution of nodes in module si. The participation-
coefficient Pi of node i is also defined as,

Pi = 1 −
Nm∑

s=1

(
kis

ki
), (2)
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where kis represents the fraction of links connecting with the
module si. That is, when all the links of node i connect with
nodes belonging to the same module of si, Pi becomes 0.

Figure 4 shows the roles of nodes are categorized by
the value of Zi and Pi, and Figure 5 shows the result of
application of the Guimeara’s method to the AT&T to pology
and the BA AT&T topology. The module is calculated from the
method in [18]. In Figs. 4 and 5, the horizontal axis indicates
within-module degree Z and the vertical axis the participation
coefficient P . Depending on the values of P and Z, the role
of node is categorized into several classes. For example, when
Zi is large and Pi is relatively large, the node i has many links
connecting to other modules. Thus, the node i is categorized
into the “Connector hub(s)”. “Provintial hub(s)” also takes the
larger Zi but smaller Pi; the node i has many links connecting
with nodes in the same module.

Looking at Fig. 5, the BA AT&T topology has many
“Connector hub” nodes that transfer large amount of packets
between modules. However, Fig. 5(a) shows that there are no
“Connector hub” nodes in the AT&T topology. This means
that the AT&T topology has a few inter-module links. In the
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ケットの転送遅延時間が増大していると考えられる。これらの
結果より、AT&Tトポロジにおいてパケットの転送時間分布が
テールの長い構造になる要因が、モジュール間を繋ぐリンクが
少ない、モジュール度の高い構造にあることが示された。

4. リンクのキュー長における長期依存性
AT&Tトポロジがもつ構造的特徴により、転送遅延時間分布

が BA AT&Tトポロジに比べてロングテールな分布になること
が示された。しかし、エンドホスト間の転送遅延だけでネット
ワーク性能を議論することは不十分であり、他の指標による議
論も当然必要である。そこで本稿ではリンクのキュー長におけ
る長期依存性に着目しネットワーク性能を評価する。高い長期
依存性を持つトラヒックは集計時間のスケールによらず常に大
きく変動し、バースト性が失われない。バースト性が失われな
いトラヒックでは、キュー長が時間により大きく変動するため、
各リンクにはバースト的なトラヒック増加にも耐えられるよう
に大容量なバッファを用意しなければならず、設置コストが大
きくなってしまう。そのため、ネットワーク構築のコストとい
う観点では、ネットワーク内を流れるトラヒックには長期依存
性が現れにくいことが望ましいといえる。
本稿では、長期依存性の評価指標としてハースト値（H）を

用いる。ハースト値は０.5から 1の範囲で表され、1に近いほ
ど長期依存性が高いと判断できる。ハースト値の測定方法には
R/S plot [13] を用いる。R/S plot ではまず、集計区間 n に対応
する Rn/Sn 値を以下の式 (3)で求める。

Rn/Sn = 1/Sn[max(0, W1, W2, · · · , Wn) (3)

− min(0, W1, W2, · · · , Wn)]

(Wk = (X1 + X2 + · · · + Xk) − kX(n), k = 1, 2, · · · , n)

ここでX(n)は、n個の要素の標本平均、Sn は標本標準偏差で
ある。集計区間の幅 nを徐々に広げていき、nを横軸、nに対
応する Rn/Sn を縦軸にとった両対数グラフの近似曲線の傾き
からハースト値 H を求める。

4. 1 ボトルネックリンクにおける長期依存性
まず、トポロジ内で最も Betweenness Centrality が高いリン

クをボトルネックリンクと見なし、そのリンクのバッファ内パ
ケット数（以下キュー長と呼ぶ）の時間経過による振る舞いに
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!   The AT&T topology has many “Provincial Hubs” 
!  Hub nodes have many links connecting  

to the nodes in the same module 
!  Modules are connected by a few  

inter-module links 
!   Packets are first aggregated at hub nodes, 

and then forwarded via inter-module links 	


The property of structure of the AT&T topology 

Connector 
Hubs	


Provincial 
Hubs	


!   Queue length fluctuation impacts on performance of sessions 
!   Drastic queue length fluctuation leads to non-constant queuing delay 

!   Evaluating fluctuation with Hurst parameter (H) 
!   Index of Long-range Dependence (0.5 < H < 1) 
!   Measurement Hurst parameters for each link with R/S plot method 

Evaluating Queue Length Fluctuation	


Ex. H ≒ 0.5	
Ex. H ≒ 1.0	


（100,000 Sessions）	


Relationships between Topologies and Fluctuation	


AT&T Topology	
BA Topology	


!   The number of highly fluctuated links increases by TCP 
!   Because of flow control functionality of TCP 	


!   In the AT&T topology, the number of highly fluctuated links 
is smaller than that in the BA topology 
!   Structure of the AT&T topology reduces highly fluctuated links 

（100,000 Sessions）	


Structure of the AT&T Topology	


!   High-modularity structure 
!   Hub nodes have many links connecting to the nodes  

in the same module 
!   Modules are connected by a few inter-module links 

Structure of the AT&T topology	
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Traffic Fluctuation in the AT&T Topology (10,000 Sessions)	


!   Inter-module links have high Hurst parameters 
!   Packets concentrate on inter-module links 

!   Intra-module links have low Hurst parameters 

The links having high Hurst parameter (H ≧ 0.8) （10,000 Sessions）	


!   As the number of sessions gets higher, highly fluctuated 
inter-module links decrease 

!   Part of intra-module links have high Hurst parameters 
!   Fluctuation spreads to tributary links of inter-module link 

Traffic Fluctuation in the AT&T Topology (100,000 Sessions)	


The links having high Hurst parameter (H ≧ 0.8) （100,000 Sessions）	


Conclusion and Future Work	


!   Interaction between topologies and end-to-end flow controls 
!   TCP improves network throughput 
!   TCP makes long delay and drastic queue length fluctuation 

!   The AT&T topology reduces the highly fluctuated links 
!   Low load: Intra-module links have low Hurst parameter 
!   High load: Inter-module links have low Hurst parameter 

!   Future work 
!   Link capacity allocation method considering traffic dynamics 


