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Abstract—In recent years, the Internet accommodates
various kinds of traffic generated by new applications, such
as P2P, VoIP, and video streaming services. Since traffic of
these applications gives impacts on the performance in the
network, an adaptability against changes of traffic becomes
one of important characteristics. To achieve the adaptabil-
ity, we have proposed a method for virtual topology con-
trols using an attractor selection model. In this paper, we
investigate the adaptability of our virtual topology control
via computer simulations. Simulation results indicate that
our virtual topology control can successfully adapt changes
of traffic around twice higher variance comparing with con-
ventional virtual topology controls. We also demonstrate
that our virtual topology control achieves one-tenth of con-
trol duration.

1. Introduction

Wavelength Division Multiplexing (WDM) networks of-
fer a flexible network infrastructure by using wavelength-
routing capabilities. In such wavelength-routed WDM net-
works, a set of optical transport channels, called lightpaths,
are established between nodes via optical cross-connects
(OXCs). One approach to accommodating IP traffic on a
wavelength-routed WDM network is to configure a virtual
network topology (VNT), which consists of lightpaths and
IP routers [1].

With the growth of the Internet, new application layer
services, such as peer-to-peer networks, voice over IP, and
video on demand have emerged and these applications
cause large fluctuations on traffic demand in networks. For
instance, Refs. [2] revealed that interactions between over-
lay networks and existing traffic engineering mechanisms
causes the traffic flucutuation. Therefore, it is important
to achieve a method of controlling VNT that is adaptive to
changes in network environments.

The approaches to efficiently accommodating changing
traffic demand on VNTs can be classified into two ap-
proaches: offline approaches and on-line approaches. In
offline approaches, VNTs are statically constructed to ef-
ficiently accommodate one or multiple traffic demand ma-
trices. The offline approaches inherently assume that the
traffic demand matrices are available before the VNT is
constructed or assume that changes in the traffic demand

matrices are predictable. However, it is obvious that offline
approaches cannot efficiently handle unexpected changes
in traffic demand since VNTs are configured for a certain
set of traffic demand matrices. In contrast with offline
approaches, on-line approaches dynamically reconfigure
VNTs based on their detection of degraded performance
or periodic measurements of the network status without a
priori knowledge of future traffic demand [3]. However,
existing on-line VNT control methods assume that traffic
demand is changing gradually and periodically. If there are
overlay networks on top of the network controlled by the
VNT control mechanism, traffic demand fluctuates greatly
and changes in traffic demand are unpredictable as has been
pointed out [2].

We therefore developed an on-line approach to achieve
an adaptive VNT control method in [4, 5]. The method uses
an attractor selection, which models behavior where living
organisms adapt to unknown changes in their surrounding
environments and recover their conditions [6]. The fun-
damental concept underlying attractor selection is that the
system is driven by stochastic and deterministic behaviors,
and these are controlled by simple feedback of current sys-
tem conditions. This characteristic is one of the most im-
portant differences between attractor selection and other
existing heuristic algorithms and optimization approaches.

Koizumi et. al [4, 5] demonstrated that the VNT control
based on attractor selection can reconfigure VNT with fast
reaction and adaptation against changes in traffic demand.
In this paper, we evaluate the adaptability of our VNT con-
trol method against unknown and/or unexpected changes in
surrounding environments. We conduct simulations with
various changes of traffic demand, and quantatively show
that our VNT control method can adapt to more various
traffic changes than the existing heuristic method.

The rest of this paper is organized as follows. Section 2
briefly explains our VNT control based on attractor selec-
tion. Section 3 shows the evaluation results and the perfor-
mance our VNT control method. Finally, we conclude this
paper in Section 4.

2. VNT Control Based on Attractor Selection

In this section, we briefly explain VNT control method
based on attractor selection. Please refer to Ref. [4] for the
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details.

2.1. Attractor Selection

In a cell, there are gene regulatory and metabolic reac-
tion networks. Each gene in the gene regulatory network
has an expression level of proteins and deterministic and
stochastic behaviors in each gene control the expression
level. An attractor selection model consists of regulatory
behavior having attractor which is determined by activation
and inhibition between each genes, growth rate as feed-
back of the conditions of the network, and noise, which
is stochastic behavior [6].

Attractors are a part of the equilibrium points in the
solution space in which the system conditions are prefer-
able. The basic mechanism of an attractor selection con-
sists of two behaviors: deterministic and stochastic behav-
iors. When the current system conditions are suitable for
the current environment, i.e., the system state is close to
one of the attractors, deterministic behavior drives the sys-
tem to the attractor. Where the current system conditions
are poor, stochastic behavior dominates over deterministic
behavior. While stochastic behavior is dominant in control-
ling the system, the system state�Ｖ ctuates randomly due
to noise and the system searches for a new attractor.

When the system conditions have recovered and the sys-
tem state comes close to an attractor, deterministic behav-
ior again controls the system. These two behaviors are
controlled by simple feedback of the conditions in the sys-
tem. In this way, attractor selection adapts to environmental
changes by selecting attractors using stochastic behavior,
deterministic behavior, and simple feedback. In the fol-
lowing section, we introduce attractor selection that mod-
els the behaviors of gene regulatory and metabolic reaction
networks in a cell.

2.2. VNT Control Method

In the cell, the gene regulatory network controls the
metabolic reaction network, and the growth rate, which is
the status of the metabolic reaction network, is recovered
when the growth rate is degraded due to changes in the en-
vironment. In our VNT control method, the main objective
is to recover the performance of the IP network by appro-
priately constructing VNTs when performance is degraded
due to changes in traffic demand. Therefore, we interpret
the gene regulatory network as a WDM network and the
metabolic reaction network as an IP network.

Then, we consider the dynamical system that is driven
by the attractor selection. We place genes on every source-
destination pair (denotepi j for nodesi and j) in the WDM
network, and the expression level of the genesxpi j deter-
mines the number of lightpaths on between nodesi and
j. To avoid confusion, we refer to genes placed on the
network ascontrol unitsand expression levels ascontrol
values. The dynamics ofxpi j is defined by the following

differential equation,

dxpi j

dt
= vg · f

∑
psd

W(pi j, psd) · xpsd − θpi j


−vg · xpi j ,+η (1)

whereη represents white Gaussian noise,f is the sigmoidal
regulation function, andvg is the growth rate.vg indicates
the condition of the IP network.

The number of lightpaths between node pairpi j is deter-
mined according to valuexpi j . We assign more lightpaths
to a node pair that has a high expression level of gene than
a node pair that has a low expression level.θpi j in the sig-
moidal regulation functionf is the threshold value to con-
trol the number of lightpaths.

The regulatory matrixW represents relations of the acti-
vation and inhibition between control units. Each element
in the regulatory matrix, denoted asW(pi j, psd), represents
the relation between node pairpi j and psd. The value of
W(pi j, psd) takes, a positive numberαA, zero, or a negative
numberαI , each corresponding to activation, no relation,
and inhibition of the control unit onpi j by the control unit
on psd. For example, if the lightpath onpi j is activated by
that onpsd, increasingxpsd leads to increasingxi j. That is,
node pairpsd increases the number of lightpaths onpi j in
our VNT control method. In our method, we defineαA as
αA = 1.08N/NA, αI asαA = 1.08N/NI , whereN is the num-
ber of control units,NA is the number of control units that
is activated, andNI is the number of control units that is
inhibited. There are three motivations for defining the reg-
ulatory matrix in WDM networks [4]. However, we do not
present them in this paper due to space limitation.

The growth rate indicates the conditions of the IP net-
work, and the WDM network seeks to optimize the growth
rate. In our VNT control method, we use the maximum link
utilization on the IP network as a metric that indicates the
conditions of the IP network. To retrieve the maximum link
utilization, we collect the traffic volume on all links and se-
lect their maximum values. This information is easily and
directly retrieved by SNMP. Hereafter, we will refer to the
growth rate defined in our VNT control method asactivity.
The activity must be an increasing function for the good-
ness of the conditions of networks. We therefore convert
the maximum link utilization on the IP network,umax, into
the activity,vg, by the following equation.

vg =

{ γ
1+exp(δ·(umax−ζ)) if umax ≥ ζ

γ
1+exp(δ′·(umax−ζ)) if umax < ζ

(2)

whereγ is the parameter that scalesvg andδ represents the
gradient of this function. The constant number,ζ, is the
threshold for the activity. If the maximum link utilization
is more than thresholdζ, the activity approaches 0 due to
the poor conditions of the IP network. Then, the dynamics
of our VNT control method is governed by noise and search
for a new attractor.
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Table 1: Parameter settings of our VNT control method.
Name Values

γ 100
δ 13
δ′ 3
ζ 0.5
µ 1
θ⋆ 2.0

3. Performance Evaluation

We next evaluate the adaptability of our VNT control
method against changes in traffic demand.

3.1. Existing Heuristic Method

Ref. [3] proposed an heuristic VNT control method,
which we will refer as “ADAPTATION”. ADAPTATION
aims at achieving adaptability against changes in traffic de-
mand. This method recon�“ ures VNTs according to the
load on links and the traffic demand matrix. ADAPTA-
TION measures the actual load on links every 5 minutes
and adds a new lightpath to the current VNT when con-
gestion occurs. This method places a new lightpath on the
node pair with the highest traffic demand among all node
pairs that use the congested link.

The ADAPTATION uses the information of traffic de-
mand matrix to identify the node pair that has the largest
traffic demand. However, collecting the information of
traffic demand matrix is difficult in general because mea-
surements of individual flows in a real-time manner are
required. Therefore, we use the traffc demand matrix es-
timated with the method in [7] as the input parameter for
ADAPTATION.

3.2. Simulation Conditions

We use the European Optical Network (EON) topology.
The EON topology has 19 nodes and 39 bidirectional links
[4]. Each node has eight transmitters and eight receivers.
We focus on changes in traffic demand in the IP network
as the environmental changes. For the evaluation, we pre-
pare the traffic demand matrices where traffic demand from
nodei to j, di j, follows a lognormal distribution. We set
the mean and variance of logrithm ofdi j to be 1 andσ2.
Then, we change theσ2 to evaluate the adaptability against
the changes of network environments. Each traffic demand
matrix is normalized such that the total amount of traffic,∑

pi j
dpi j , is the same.

The parameter settings of our VNT control method are
summarized in Table. 1. Theη used in Eq.1 is the ram-
dom number following normal distribution with variance
of 0.2 and the mean of 0. For the parameter settings for
the ADAPTATION method, we set the lower limit of the
link utilization for deleting the lightpath to 0.1, and the up-
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Figure 1: Changes of maximum link utilization
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Figure 2: Success rate of VNT reconfigurations in EON
topology

per limit of the link utilization for adding new lightpath to
0.5. In the simulation, we assume that our VNT control
method and ADAPTATION collect the information of link
utilization every five minutes via SNMP.

3.3. Simulation Results

We first show the maximum link utilization dependent
on time in Fig. 1. In obtaining the figure, we setσ2 to 2.0
and change the traffic demand at time 500 by setting the
different value of random seed fordi j. In both methods,
the maximum link utilizations eventually decrease just af-
ter the change of traffic demand occurs. However, our VNT
control method sharply reduces the maximum link utiliza-
tion comparing to the ADAPTATION method. Our VNT
control method successfuly decreases the maximum link
utilization to be lower than 0.5, while the ADAPTATION
cannot. Hereafter, we regard that the VNT control is suc-
cessful when the maximum link utilization is decreased to
less than 0.5. Otherwise the control is fail.

We evaluate the success rate of VNT reconfigurations by
changing the parameterσ2 from 0 to 2.4, and conducting
the simulation 100 times for each value ofσ2. The results
are shown in Fig.2 where the horizontal axis represents the
value ofσ2 and the vertical axis represents the average of
success rate. We observe that our method achieves 100%
success of VNT reconfigurations whenσ2 is less than 1.1.
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Figure 3: Average of the control duration in EON topology
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Figure 4: The maximum control duration in EON topology

Comparing with the results of the ADAPTATION method,
our virtual topology control can successfully adapt changes
in traffic demand around twice higher variance comparing
with the ADAPTATION method. Whenσ2 is 2.4, the suc-
cess rate of our method is higher than 80%, while that of
the ADAPTATION method decreases significantly.

We next discuss the control duration, defined as the time
from when the traffic change occurs to when the maximum
link utilization becomes less than 0.5. Figure 3 shows the
average and 90 % confidence interval of the control dura-
tion dependent onσ2. For calculating the control duration,
we use only the cases when VNT reconfigurations are suc-
cessful. Looking at the figure, we observe that our method
achieves lower control duration comparing with the ADAP-
TATION method. Whenσ2 is 2.4, the averaged control du-
ration of the ADAPTATION method is 90 minutes, while
the averaged control duration of our method is only 30 min-
utes.

Finally, we show the maximum value of control dura-
tions in Fig. 4. Whenσ2 is 1.1 and 1.5, the control dura-
tion of our method is larger than that of the ADAPTATION
method because of the stochastic behavior of our method.
That is, the noise term in Eq. 1 does not work well in some
cases. Note however that the success rate of our method
is higher than that of the ADAPTATION method whenσ2

is 1.1 and 1.5. Thus, we can conclude that our method
achieves a method of our virtual topology control can suc-
cessfully adapt changes of traffic.

4. Concluding Remarks

In this paper, we evaluated the adaptability of VNT con-
trol method based on the attractor selection. Simulation
results showed that our VNT control method can success-
fully adapt changes of traffic around twice higher variance
comparing with existing heuristic method. We also demon-
strated that our VNT control method achieves short control
duration of VNT reconfiguration in most cases. However,
in some cases, our VNT control method takes long time to
finish the reconfiguration due to the stochastic behavior of
attractor selection. One of future works is to investigate
mechanisms to control the parameter settings according to,
e.g., degree of traffic changes.
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