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Abstract—Our recently proposed cognitive methodology for
optical amplifier gain adjustment, that relies on case-based
reasoning, showed optical signal-to-noise ratio improvements over
time demonstrating the cognition process regardless the deployed
amplifier type. In this paper, we extend our preliminary analysis
exploring the cognitive methodology benefits for different and
larger network topologies. The obtained results show agreement
between networks, demonstrating the methodology suitability
regardless the network scenario.

Index Terms—Case-based reasoning, cognitive networks, dy-
namic optical networks, optical amplifiers.

1. INTRODUCTION

PTICAL networks are evolving toward a reconfigurable
O and flexible optical layer to enable the transmission of
different data rates and modulation formats [1]. Moreover, the
current growth of end-users’ services and applications increases
traffic heterogeneity and poses additional requirements at the
control and management layer.

In this context, enhanced configurations of physical-layer
equipment have been proposed, such as optical amplifiers with a
dynamic gain equalization [2] and a local adaptive gain control
[3]-[5], both aiming at end-to-end performance improvements.
Other examples are flexible transmitter and receiver architec-
tures that adapt their modulation formats and symbol rates
according to bit-error rate (BER) information [6]. Similarly,
wavelength selective switches (WSSs) can be configured using
global equalization strategies to improve network performance
[7]. Additionally, power budget strategies that combine the con-
trol of amplifiers and WSSs jointly with routing and wavelength
assignment (RWA) have proved to obtain optical signal-to-noise
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ratio (OSNR) improvements in meshed network scenarios [8].
All these strategies apply adaptive schemes to maintain perfor-
mance and service continuity under dynamic scenarios.

The concept of cognitive networks, well known in radio tech-
nologies [9], is present in recent researches in optical networks.
For instance, it is applied to reduce the connection blocking
probability [10], to build a quality of transmission estimator
for classifying lightpaths (LPs) [11], to dynamically adjust the
modulation formats to satisfy quality of transmission require-
ments [12] improving failure restoration time, and to reconfigure
virtual topologies [13]. Therefore, cognitive approaches and
techniques applied to optical network are viable candidates
to manage complexity and to permit efficient utilization of
available resources in applications and services as cheap as
possible [9].

In [14], we presented a cognitive methodology, which adjusts
the optical amplifiers’ operating points in a dynamic optical
network. This methodology aims to optimize the connections’
OSNR and relies on case-based reasoning (CBR) to learn from
each LP establishment for OSNR improvements over time. Also
in [14], a study and experimental validation for a small five-node
network topology were performed, showing the learning capa-
bility and suitability for diverse amplifier types. In this paper,
we extend the analysis of our global cognitive methodology to
different and real network topologies, with different character-
istics in terms of number of nodes and links. Current results
are interesting for the operator’s point of view because they
show agreement between real networks scenarios, with differ-
ent topologies, traffic loads, and amplifiers models, presenting
OSNR improvements compared to other gain adjustments ap-
plications while remaining the learning capability.

The remainder of the paper is organized as follows. Sec-
tion II presents some enhanced amplifiers control techniques,
including the cognitive methodology. Section III shows some
considerations about the simulation setup, regarding compo-
nent models, network topologies, OSNR calculation and traffic
generation. Section IV presents the experimental validation for
a single path and the complete network. Section V presents the
simulation results for the real network topologies and Section
VI concludes this paper.

II. ENHANCED AMPLIFIER CONTROL TECHNIQUES

Optical amplifiers, usually based on erbium-doped fiber
amplifier (EDFA), are essential components in optical net-
works because they recover the optical signals from passive
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Fig. 1. (a) Input and output amplifier power spectra. (b) Power mask. Charac-
terization results for (c) noise figure and (d) gain flatness. AdGC (e) flowchart
and (f) objective space. (g) AcCBR flowchart.

components attenuations. However, amplifiers are also the
main noise contributors reducing the OSNR. Moreover, since
noise introduction depends on the amplifiers’ operating point,
it is important to find their best operating point which may lead
to the lowest OSNR possible degradation.

Since an exhaustive gain-combination search for all the am-
plifiers would be unaffordable, especially for large and dynamic
networks, some enhanced control techniques for optical ampli-
fiers, based on local adaptive heuristics, have been proposed
[3]-[5] and applied in straight line scenarios. These techniques
do not guarantee a global optimal result, but as they try to
find the best amplifier operating point, they end up improving
end-to-end performance. On the other hand, for a dynamic and
meshed optical network scenario, we proposed a global cogni-
tive methodology in [14], which will be described in more detail
in Section II-C.

These enhanced control techniques rely on an experimental
amplifier characterization detailed as following.

A. Amplifier Characterization Process

The amplifier characterization process [15] consists of two
steps. First, amplifier input/output total powers and spectra (see
Fig. 1(a)) are experimentally and automatically measured in dis-
crete operating points, with a pre-defined granularity, inside a
region defined as the power mask [16], illustrated in Fig. 1(b).
Second, the information obtained in the first step is used to cal-
culate the performance parameters such as noise figure (NF) and
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gain flatness (GF). GF is defined here as the difference in dB
between the highest and lowest channel gains. Fig.1(c) and (d)
present the characterization results inside the power mask for
worst NF among all channels and GF, respectively, for an EDFA
with a maximum output power of 21 dBm, a minimum input
power of —25 dBm, and a gain range from 14 to 24 dB. In this
example, the characterization uses 40 dense wavelength divi-
sion multiplexing (DWDM) non-modulated channels in C band
(ITU-T grid) and spaced by 100 GHz. Note that the amplifier
power mask provides valuable information for its control.

B. Adaptive Gain Control (AdGC)

The AdGC application, described in [3], uses the amplifier
characterization outcome to adjust the amplifier operating point
automatically, in terms of set point gain, to provide the best
trade-off between its NF and GF. By doing so, AdGC attempts
to achieve a better end-to-end performance in terms of OSNR.
We restrict our analysis to amplifiers with an automatic gain
control (AGC), which is a mechanism integrated to the amplifier
embedded software that adjusts the amplifier pump power, using
aproportional-integral controller, to provide the desired set point
gain. AdGC might be applied to dynamic networks, in case of
input power changes due to channel load variations or failure.

AdGC is a local application that adjusts each amplifier in-
dependently, taking into account its performance. Although op-
timal end-to-end performance is not guaranteed, satisfactory
results for AAGC were reported in [5], in a primitive cogni-
tive approach considering the launch power impact on BER
measurements, and in [3], with some adjustments considering
weights applied to NF and GF parameters, and monitoring BER
values.

Fig. 1(e) depicts a high-level AdGC flowchart, in which
power mask information (PM Info) is a static database and
refers to the characterization outcome. The AdGC process is
composed of three steps. The Pin measurement step monitors
the amplifier total input power (Pin) and, when there is a change
in its value, the Gain search step queries PM Info for operating
points with the same current Pin. These points are plotted in an
objective space, illustrated in Fig. 1(f), with NF and GF as the
axis (scaled from zero to one). Each point in the objective space
refers to a gain value. Finally, the Apply Gain step selects a gain
(indicated in Fig. 1(f) with the minimum Euclidean distance
from the origin), and applies it to the amplifier.

C. Amplifier Cognitive CBR (AcCBR)

A cognitive network perceives current conditions, plans, de-
cides, acts, and learns from these adaptations to use them in
future decisions, taking into account end-to-end goals [17]. Ac-
CBR aims to optimize the connections’ OSNR by applying
cognition for amplifier set point gain adjustments in dynamic
optical networks based on CBR. CBR is a mature autonomous
machine learning technique in radio network applications now
being demonstrated in academic and industrial research and is
a combination of reasoning and learning [9], exploring prior
experience to solve future problems [18].

Fig. 1(g) shows the AcCBR flowchart, which is a global
application applied at each new LP request, before its
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Fig. 2. (a) Biz Networks: 29 nodes, 66 links, D = 0.081. (b) CESNET: 45
nodes, 112 links, D = 0.057. (c) Palmetto: 45 nodes, 128 links, D = 0.065 [20].

establishment. The CBR process is divided in four steps. First,
the retrieve step queries a database (DB) for similar previous LP
cases in terms of number of links, total link input power and link
losses, within a margin of +-1dB. The DB is a table with the LP
information of all the connections established in the network un-
til that moment and it is built during the following CBR process
steps. Second, in the reuse step, when there is no similar case
in DB (or when DB is empty because it is the first connection),
AcCBR considers the current amplifiers’ gains along the LP. For
a single similar case in the DB, AcCBR randomly changes by
+1 dB one amplifier gain of this similar case to explore future
improvements. For two similar cases in the DB, AcCBR defines
a new vector of gains G, according to

Gy -Gy,

GneW:G + =
TGy -Gy

(D

where G and Gy, are amplifiers’ gain vectors of the LP with
the higher and lower OSNRs, respectively. By doing so, Gyeyw
explores the OSNR improvement direction provided by these
two similar LP cases in the DB. Finally, for three or more similar
cases in the DB, AcCBR applies (1), and considers one of
the following alternatives:

1) Alter an amplifier gain not modified until now in the set

of similar cases by =1 dB with probability «;

2) Modify an amplifier gain that has different values in the

set of similar cases with probability L;
3) Use the outcome of (1) without any modification with
probability v.

The condition a + p 4+ v = 1 must hold. Note that these alter-
natives attempt to address the classical well-known exploration
and exploitation trade-off in evolutionary algorithms [19]. The
revise step estimates the OSNR at the end of the LP considering
the reuse outcome (G, ). As the final step in the CBR process,
retain stores in DB the new LP information in terms of number
of links, total link input powers, link losses, Gycy and OSNR
estimation, regardless the latter value, to serve as input for future
decisions. If it is the first connection, DB is created during the
retain step.

Finally, AcCBR adjusts the amplifiers’ gains along the LP
according to the best case in DB in terms of OSNR (which
might not be the one just stored) and establishes the new LP.

AcCBR is restrict to transparent optical networks and should
be applied together with the RWA, since changes in the am-
plifiers total input power will enrich the diversity of the DB
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(c)

content. We recall that, differently from the AdGC'’s static DB
(PM Info), the AcCBR’s DB increases over time.

Our proposed methodology was first presented in [14] as
EDFA cognitive CBR. However, this application is not restrict
to one amplifier technology, and may be applied to any am-
plifier, such as Raman or hybrid amplifiers, since it has been
characterized in terms of NF and GF under its power mask and
has an AGC as described in Section II-B.

III. SIMULATION SETUP
A. Components’ Models

As described in the previous section, the revise step performs
an estimation (and not a measure) of the LP quality, because
Gew cannot be applied until the end of the AcCBR process, in
which it selects the best case in DB that may not correspond to
Gew . Thus, this OSNR estimation must assume models for the
network components such as optical fibers, optical amplifiers
and reconfigurable optical add-drop multiplexers (ROADMsS).

The amplifier model used in this paper is restricted to the
following assumptions, based on the characterization outcome:
NF dependence on operating point, but not on the channel fre-
quency; and gain dependence on channel, in order to simulate
the accumulated tilt effect along a cascade of amplifiers. The
NF assumption may cause discrepancies between simulation
and experimental OSNRs due to NF variations higher than 1
dB across the C band. However, it can be negligible in this first
approach since we aim to evaluate if the AcCBR methodology
will properly work. Moreover, experimental OSNR measure-
ments presented in Section IV-D (see Fig. 5(c)—(e)) show
agreement with the OSNR estimation (simulation) even not con-
sidering NF dependence on channel.

The optical fiber model assumes fixed attenuation indepen-
dent to channel. Considerations of non-linear effects are outside
the scope of this paper. However, we consider that the most pow-
erful channel at the input of all optical fibers has up to 0 dBm
to avoid nonlinearities.
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The ROADM model considers an attenuation per channel,
dynamically adjusted to equalize the channels power level at
the first amplifier input on the next link.

B. Network Topologies

We analyze four different network topologies in this paper.
The first one, CPgD’s metropolitan optical meshed network,
illustrated in Fig. 3(a), referred as autonomous network (AN),
is used to validate the simulation tool in terms of component
models and OSNR estimation. Section IV-A physically details
the AN.

To validate the versatility of our methodology against dif-
ferent network topologies in simulation, we choose three real
networks from [20], shown in Fig. 2. For these networks, we
assume bidirectional links (directed graphs). The density of a
directed graph G(V,E), where V is the set of vertices (nodes)
and E is the set of edges (links), is defined as the current number
of edges divided by the total possible number of edges: D = | E
|0 VI(| V| - 1)) [21]. Density indicates the graph connectivity,
measuring how close a graph is to its corresponding complete
graph. We restrict our work to small networks (instead of typical

country dimensional) with link distances near 100 km, which is
the distance considered for the networks in this paper to support
two amplifiers per link.

Biz Networks (see Fig. 2(a)) is an Indonesian network and
is the smallest network in terms of number of nodes, but with
the highest density (only behind AN, with D = 0.8). It contains
five rings interconnected, leading to LPs with high number of
links. CESNET (see Fig. 2(b)) is from Czech Republic and has
the particularity to have few nodes with a high connectivity
degree and a considerable number of nodes (more than 50%)
with just one connection. Because of this characteristic, it has
the lowest graph density and LPs with the smallest number of
links. Finally, Palmetto (see Fig. 2(c)) is from South and North
Caroline, USA, and is numerically similar to CESNET (in terms
of number of nodes, links and density), but with a very different
topology.

C. OSNR Calculation

For the signal point of view, each link in Fig. 3(a) is a black
box with an equivalent NF and gain, as illustrated in Fig. 3(c).
The equivalent noise figure for link i and channel CH can be
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calculated considering an association of amplifiers and loss
components in cascade, which leads to [22]:

NF}

NFU = NF -2
CH,i 14
Gl LFO

; 2

Where NF} and NF} are noise figures for the first and the
second amplifier, respectively, Gch’i is the channel gain for the
first amplifier, and L, is the fiber loss. All these parameters
are linear and NF and gain are obtained in the characterization
process, according to the components’ models described in
Section III-A.

Link 7 gain is calculated according to

CH,i _ ~CH,iri ~CH,iyCH,i
G"' =G Lyg Gy Lroapus 3)

where GSH’i is the channel gain for the second amplifier and
ngXDM is the ROADM loss.

The ROADM loss is not considered to calculate the link NF
in (2) because it is at the end of the link, not contributing to
noise addition or reducing the power level at amplifier’s input.
However, it will be considered on the path equivalent NF, as we
shall see, since it reduces the input power in the first amplifier
on the next link.

As a path is composed of a cascade of links, we can estimate
its NF by [22]:

NFCH n
ot GCH,I _”GCH,nfl ’
4)
for a LP with n links and with N F°H-7 and G as in (2) and
(3), respectively, for the i-th link.
The total path gain for channel CH is

GCH‘path _ GCH"l...GCH"”. (5)

NFCHA,Z
FCH’1+

CH,path __
NF - N eos

Finally, channel OSNR at the end of the path can be estimated

using [22]
Pl 1

o ASE + _— (6)
hvCHAYCHGCH - GCH
where PESHE is the channel noise power (in W), or the ampli-
fied spontaneous emission (ASE) power due to the amplifier
under characterization (illustrated in the output spectrum in Fig.
1(a)); & is the Planck’s constant (in m?kg/s); v is the channel
frequency; Av“? is the channel band in which signal and noise

were measured (both in Hz) and G is the channel gain.
Substituting NFC! by (4), G! by (5) and Pygp®H by

NFCH =

OSNRCHGCHpath pOIL | in (6) yields
GCH,pathPCH.
OSNRCH _ in,link (7)

(GCH.pathNFCH,path _ 1) hVCHA’UCH ’

where GCHPath and N FCH-Path are Tinear, PSI | is the chan-
nel power input in the first link (in W). As (7) is adapted from
(6), the input signal must be free of noise.

In the general case, the link distance defines the number of
amplifiers and the length/number of fiber spans between two
nodes. In such cases, we can still use OSNR estimation in (7),
after updating the equations (2) and (3) considering the current
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components in the link. However, in this paper, we restrict our
study to links with one fiber span and two amplifiers.

D. Traffic Generation and RWA Assumptions

The computer simulation, developed in MATLAB, consid-
ers a classical optical circuit-switched network, with ad hoc
dynamic demand and traffic generated according to a Poisson
process, with connections arrival time and duration modeled by
a negative exponential distribution. We work with 1000 con-
nections and low/high traffic loads. The values of each one is
according to its block probability and depends on the network
topology. A low load leads 0% of block probability and high
load is for the maximum block probability.

AdGC and AcCBR are methodologies designed to be applied
together with the RWA, so that every time a new LP is estab-
lished, causing changes in the amplifiers total input power, it is
necessary to adjust their operating point based on a local/global
performance (AdGC/AcCBR, respectively).

We assume a transparent optical network, with wavelength
continuity constraint, since the LP must have the same wave-
length available in all links. To establish the connection, there
are available 40 channels at C band, 100 GHz spaced and there
is no grooming. Thus, every new connection uses a new chan-
nel, even if some existing channel has available band to support
this new connection. We apply Djikstra to find the path with the
lowest loss, and consider first-fit to wavelength assignment in
unidirectional connections (Simplex).

IV. EXPERIMENTAL VALIDATION

We perform some experiments at the AN test bed available in
our laboratory in order to validate the components’ models and
the OSNR estimation by (7) presented in Sections III-A and C,
respectively. Thus, we can guarantee that the simulation results
are reliable, especially for networks not physically available to
perform experiments.

A. Experimental Network Test-Bed

Experimental validation considers the AN test-bed depicted in
Fig. 3(a). AN consists of four ROADMs of degree 3 and a central
ROADM of degree 4, leading to a network with a high density.
All ROADMs in the network have a broadcast-and-select (BS)
structure. Two EDFAs (single stage) with a maximum output
power of 21 dBm for each standard single mode fiber (SSMF)
100-km span compensate fiber (0.2 dB/km) and ROADM losses.
The transmitter has 40 continuous-wave lasers (ITU-T DWDM
grid from C21 to C60), 100 GHz spaced, modulated by four mul-
tiplexed lines of 32 Gb/s (PRBS 23! —1) that generate 128 Gb/s
DP-QPSK channels. Channels occupy 50 GHz alternate slots in
the spectrum enabling proper OSNR measurements considering
the adjacent noise. However, as AcCBR already estimates the
OSNR, these measurements are performed just to compare sim-
ulation and experimental results, allowing operators to use full
loaded 80 channels. A 1 x 16 splitter is used after the transmit-
ter setup in order to feed the 16 add ports of the network. The
input power per channel at the first amplifier of each link is set
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to —25 dBm using the WSSs attenuation capability. The drop
ports are connected to a 16 x 1 optical switch for automatic
optical spectrum analysis. Thus, it is possible to establish a
connection between any two nodes in the network. Recovering
the transmitted information using off-line digital signal process-
ing algorithms is outside the scope of this paper.

B. Software Defined Networking (SDN) Control

An SDN controller communicates to the network components
and runs the amplifier advanced gain control applications. Fig.
3(b) shows CPgD’s three-layer-based SDN controller which
runs AcCBR and AdGC as high-level network applications.
It includes a C++ software development kit (SDK); an ap-
plication server, which performs the role of control layer that
manages the network controllers and provides a framework for
network applications (e.g., alarm handling, statistics calculation
and application authentication) and a SubController, containing
a ROADM/Amplifier-plugin as a driver to abstract the commu-
nication protocol with the network equipment.

C. Single Path Validation

To validate the estimated channel OSNR using (7) and the
components’ models, a path with two links in AN, from node
1 to node 4, passing through node 3 (see in Fig. 3(a)) was full
loaded (40 channels) and all channels OSNR were measured
and estimated in node 4 experimentally and in simulation, re-
spectively, with no algorithm applied. Fig. 4 shows the results in
which EDFAXY means EDFA Y from node X. Fig. 4(a) com-
pares experimental and simulation results at the path input (input
of EDFA 1 in node 1). It presents the spectrum measurements
with a resolution of 0.5 nm, used to measure the experimental
signal power. Experimental noise power is estimated from the
OSA measurements for OSNR, at a resolution of 0.1 nm. It is
possible to see a great match between simulation and experi-
mental for signal and noise powers for all 40 channels.

Fig. 4(b) presents the same parameters at the path output
(output of EDFA 1 in node 4). Signal powers also match for all
channels, while noise powers present small differences between
experimental and simulation values of up to 2 dB around the
region of high frequency.

These differences also appear in Fig. 4(c), which compares
the experimental measurements for OSNR (performed by the
OSA at a resolution of 0.1 nm) and the simulated OSNR, esti-
mated using (7). In any case, despite these small discrepancies
around 2 dB, we observed an agreement between simulation
and experimental OSNRs because they follow a similar trend.
Note that noise estimation considering the same amplifier NF
for all channels, described in Section III-A, and WSS filtering
may cause these differences.

D. Network Validation

AN was completely validated considering three different am-
plifier control conditions: fixed gains (FG), AdGC and AcCBR.
In FG, amplifiers’ gains are set to compensate fiber and ROADM
losses and never change. AdGC and AcCBR act as presented
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TABLE I
EXPERIMENTAL RESULTS FOR NETWORK VALIDATION

LP size 1 link 2 links

OSNR (dB)  Mean =+ std § Mean =+ std §
FG 24.09 + 1.49 18.57 + 3.44
AdGC 24.78 + 1.30 22.37 4+ 1.88
AcCBR 24.76 £ 1.02 2259 £1.29

in Section II. For AcCBR, at the simulation beginning, the net-
work is set as in FG. Thus, as when there is no similar case in
DB AcCBR considers the current gains, FG can be seen as the
initial condition for AcCBR. Before the experiment, we per-
formed some simulations with the same traffic (1000 connec-
tions and 500 erlang), solving a traditional RWA problem. In
addition, we consider two different cases of amplifier models
for each link detailed in Fig. 3(c). The first case is the B21/P14,
which considers a booster amplifier with up to 21 dBm of total
output power (B21) placed just before the optical fiber and a pre-
amplifier with up to 14 dBm of total output power (P14), placed
after the optical fiber. The second case is the B21/B21, which
considers that all amplifiers in the network (before and after the
optical fibers) are booster amplifiers (B21). All these amplifiers
are EDFA with a single stage. For AcCBR methodology, the DB
starts empty and increases along the time.

Fig. 5 shows the network validation, comparing simulation
and experimental results. Fig. 5(a), (b) show the simulation
OSNR (mean and standard deviation) results for all the connec-
tions presented at the network in a time interval as a function
of the connection start time. Fig. 5(a) stands for B21/P14 case,
while Fig. 5(b) stands for B21/B21. Besides, since all connec-
tions in AN have up to two links, upper graphs in Fig. 5(a) and
(b) are for LP with one link and bottom graphs for LP with two
links. Upper graphs on Fig.5(a) and (b) also show the number
of total connections present at the network, which is the same
for both cases of amplifier models since they consider the same
traffic.

For B21/P14, FG remains almost constant along all simu-
lation, with values around 24 and 21 dB for 1 and 2 link/LP,
respectively. AAGC presents the worst results, with the OSNR
decreasing from around 23.5 to 22.5 dB, and from 21 to around
19 dB for 1 and 2 link/LP, respectively, at the beginning of the
simulation, and remaining near this later value. AcCBR, on the
other hand, presents the best results, with an increase of OSNR
values at the beginning of the simulation, due to the learning
process, and achieving almost 24.5 and 22 dB for LPs with 1
and 2 links, respectively.

For B21/B21 models, FG and AcCBR present the same be-
havior as in B21/P14 case, while AdGC has the opposite be-
havior, increasing the OSNR at the beginning of the simulation
from 24 to 25.5 dB and from 21 to values higher than 22 dB,
for 1 and 2 link/LP, respectively, reaching the same results as
AcCBR. These different OSNR behaviors of AdGC for these
two cases show its performance dependence on the amplifiers
models used in the network. On the other hand, it is important
to point out that AcCBR reaches the best performance in both
cases, showing its robustness to the amplifiers models.
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Fig. 6.
1600 erlang; Palmetto, (e) load = 100 erlang, (f) load = 900 erlang.

To validate the simulation results we perform an experiment
that consists of taking a snapshot near 50 s in Fig. 5(b)
considering all the connections presented in the network and
the amplifier gains for the three amplifier controls (FG, AdGC
and AcCBR). Then, we measure the OSNRs experimentally
for all 16-drop ports and compare with the simulation results.

Fig. 5(c), (d) and (e) show the comparison between simulated
and experimental OSNR results for FG, AdGC and AcCBR,
respectively, for all channels dropped at node 1 and port drop
degree 1. It is possible to identify the channels with one (high
OSNR) and two (low OSNR) links/LP and the best performance
for AdGC and AcCBR compared to FG. These OSNR compar-
isons validate the simulation tool in terms of component models
and OSNR estimation for all network nodes. The experimental
spectra associated to the OSNR (upper graph) is shown at the

Mean OSNR at the end of the LP per DB size. Biz Networks, (a) load = 100 erlang, (b) load = 800 erlang; CESNET, (c) load = 200 erlang, (d) load =

bottom of Fig. 5(c)—(e). Note that the splitter stage in the pas-
sive BS ROADM structure provides multiple copies of the input
signals for selective filtering at the WSS stage, thus bypassing
channels appear at the drop port (spectra plots) but not in the
OSNR plots (dropped channels).

Table I presents the experimental results in terms of mean
and standard deviation OSNR measurements at all drop ports
for each methodology at the same snapshot time considered in
Fig. 5(c)—(e). In Table I, FG also presents the worst result, with
a degradation of up to 4 dB in mean OSNR, while AdGC and
AcCBR performances are very close to each other, just as in
Fig. 5(b). The differences in mean OSNR for FG and LP with
two links between Fig. 5(b) and Table I are within experimen-
tal standard deviation margim. It is worth mentioning that, al-
though AcCBR considers just the new connections OSNRs, it is
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possible to extend the performance to other connections already
presented on the network, since there is an improvement on the
mean OSNR of all connections.

V. RESULTS AND DISCUSSIONS

For the networks described in Section III-B (except AN) we
perform simulations (also developed in MATLAB) to solve a
traditional RWA for a traffic with 1000 connections assuming
that each link has a 100 km of SSMF and two optical amplifiers.
These simulations were repeated ten times for each network, for
each amplifier gain control conditions (FG, AdGC and AcCBR),
for each amplifier models per link (B21/P14 and B21/B21), and
for each load condition (low and high, as defined in Section III-
D). Moreover, we consider four cases with different initials DB
sizes for AcCBR, starting from zero and sequentially increasing.

Biz Networks shows LPs with up to 17 links, due to its char-
acteristics of ring connections, while CESNET has up to 10
links/LP, due to its hub characteristics, and Palmetto have up to
15 links/LP.

Fig. 6 summarizes the results, showing mean OSNR values
for all the connections presented in the network. For the sub-
figures in Fig. 6, upper, middle and bottom graphs stand to LPs
with 1/1/1, 7/3/5 and 14/6/9 links for Biz/CESNET/Palmetto,
respectively. Left and right graphs are for B21/P14 and B21/B21
cases, respectively. AcCCBR OSNR’s (mean and standard devi-
ation for the ten repetitions) are plotted as a function of DB
size, while FG and AdGC OSNR’s (just mean) are continuous
to serve as a reference for AcCBR results. From these simula-
tion results, it is possible to observe the same behavior previous
seen in AN results (see Fig. 5(a), (b)), i.e., AdGC and FG pre-
senting the worst performance for B21/P14 and B21/B21 cases,
respectively.

It is important to recall that AN single simulation for one
traffic pattern with 1000 connections reported in Section IV-D
was sufficient for AcCBR reach a good performance at the end
of the simulation (see Fig. 5(a), (b)). This occurs because, for a
small network such as AN, the set of possible cases is also small,
and a DB size with a magnitude of kiloBytes has sufficient cases
to help AcCBR obtain good solutions. However, this is not true
for bigger networks such as Biz, CESNET and Palmetto.

Backing to Fig. 6, for AcCBR with an empty DB, the per-
formance is near FG, which is expected, since FG is the initial
condition for AcCBR (when there is no similar case in DB). For
bigger networks, the set of possible cases is also bigger (because
the diversity of LP’s in terms of link number) in a way that we
need a magnitude of megabytes to have a DB with sufficient
cases to improve AcCBR results.

Note that, similar to the simulation results for AN (see Fig.
5(a), (b)), there are different OSNR performances when we
apply AdGC: B21/P14 presents the worst performance and
B21/B21 presents the best one. On the other hand, AcCBR
improves the OSNR as the DB increases, showing its learning
capability for B21/P14 and B21/B21. Moreover, for high DB
sizes, AcCBR achieves the best OSNR results for all cases,
considering the standard deviation, showing its robustness re-
gardless the amplifier models used in the network.
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Moreover, the traffic load increase has an effect on the mean
OSNR for B21/B21 and FG condition: OSNR degrades as the
load increase. This degradation, of up to 1.2 dB, is more per-
ceptible for LP with high number of links. It occurs because,
for FG condition, load increase leads to a higher input power
at the amplifiers and, depending on the amplifier gain (see
Fig. 1(c)); a degradation in NF (OSNR) can occur particularly
if the amplifier is operating with a low gain.

On the other hand, AdGC presents small variations of OSNR
(up to 0.2 dB) with traffic load because when the input power
change, AdGC searches a new operating point with a better NF.
For AcCBR, even starting with a low OSNR for empty DB, for
high loads OSNR achieves almost the same results as for low
load case in high DB size (with differences of up to 0.2 dB),
showing AcCBR suitability in terms of initial conditions and
traffic load.

Thus, regardless the network topology/size, amplifier models,
traffic load and LP size (in terms of number of links), it is
possible to see the learning processing happening for AcCBR
methodology with OSNR improvements of up to 2 dB as DB
size increase, achieving the best performance in terms of OSNR
results, after the learning process.

VI. CONCLUSION

We proposed and validated a CBR-based cognitive method-
ology for optical amplifier gain adjustment for dynamic optical
networks. Reported results confirmed the learning capability
of the proposed methodology and its suitability regarding net-
work topology, size and amplifier models. Future works include
different exploration alternatives, and experiments considering
BER measurements to explore nonlinearities for the proposed
AcCBR.

REFERENCES

[1] J. P. Fernandez-Palacios, V. Lopez, B. Cruz, and O. Gonzalez de Dios,
“Elastic optical networking: An operators perspective,” in Proc. Eur. Conf.
Opt. Commun., Cannes, France, pp. 1-3.

[2] V. V.Nascimento, J. C. R. F. de Oliveira, V. B. Ribeiro, and A. C. Bordon-
alli, “Dynamic gain equalization for erbium doped fiber amplifiers based
on optoceramic sinusoidal filter cascade,” Microw. Opt. Technol. Lett.,
vol. 53, no. 3, pp. 623-626, Mar. 2011.

[3] U. C. de Moura, J. R. F. Oliveira, J. C. R. F. Oliveira, and A. C. Cesar,
“EDFA adaptive gain control effect analysis over an amplifier cascade
in a DWDM optical system,” in Proc. SBMO/IEEE MTT-S Int. Microw.
Optoelectron. Conf., Rio de Janeiro, Brazil, 2013, pp. 1-5.

[4] E.de A. Barboza, C. J. A. Bastos-Filho, J. F. Martins-Filho, U. C.
de Moura, and J. R. F. de Oliveira, “Self-adaptive erbium-doped fiber
amplifiers using machine learning,” in Proc. SBMO/IEEE MTT-S Int. Mi-
crow. Optoelectron. Conf., Rio de Janeiro, Brazil, 2013, pp. 1-5.

[5] J.Oliveira et al., “Demonstration of EDFA cognitive gain control via GM-
PLS for mixed modulation formats in heterogeneous optical networks,” in
Proc. Optical Fiber Commun. Conf., Anaheim, CA, USA, 2013, pp. 1-3.

[6] H.Y. Choi, L. Liu, T. Tsuritani, and I. Morita, “Demonstration of BER-
adaptive WSON employing flexible transmitter/receiver with an extended
Open Flow-based control plane,” IEEE Photon. Technol. Lett., vol. 25,
no. 2, pp. 119-121, 2013.

[7] E. Magalhaes et al., “Global WSS-based equalization strategies for SDN
metropolitan mesh optical networks,” in Proc. Eur. Conf. Opt. Commun.,
Cannes, France, 2014, pp. 1-3.

[8] X.Wang, Y. Fei, M. Razo, A. Fumagalli, and M. Garrich, “Network-wide
signal power control strategies in WDM networks,” in Proc. Int. Conf.
Opt. Netw. Des. Model., Pisa, Italy, May 2015, pp. 218-221.



MOURA et al.: COGNITIVE METHODOLOGY FOR OPTICAL AMPLIFIER GAIN ADJUSTMENT IN DYNAMIC DWDM NETWORKS

[91 H. M. Qusay Ed., Cognitive Networks: Towards Self-aware Networks.
Chichester, England: Wiley, 2007.

[10] I. Rodriguez et al., “Minimization of the impact of the TED inaccuracy
problem in PCE-based networks by means of cognition,” in Proc. Eur.
Conf. Opt. Commun., London, U.K., 2013, pp. 1-3.

[11] T. Jiménez, J. C. Aguado, 1. de Miguel, R. J. Duran, M. Angelou,
N. Merayo, P. Fernandez, R. M. Lorenzo, 1. Tomkos, E. J. Abril, “A
cognitive quality of transmission estimator for core optical networks,” J.
Lightw. Technol., vol. 31, no. 6, pp. 942-951, 2013.

[12] R. Borkowski et al., “Advanced modulation formats in cognitive optical
networks: EU project CHRON demonstration,” presented at the Optical
Fiber Communication Conf., San Francisco, CA, USA, 2014, pp. 1-3,
Paper W3H.1.

[13] R. Borkowski, R. Duran, C. Kachris, D. Siracusa, A. Caballero,
N. Fernandez, D. Klonidis, A. Francescon, T. Jimenez, J. Aguado,
I. Miguel, E. Salvadori, I. Tomkos, R. Lorenzo, I. Monroy, “Cognitive
optical network testbed: EU project CHRON,” IEEE J. Opt. Commun.
Netw., vol. 7, no. 2, pp. A344—A355, Feb. 2015.

[14] U. Moura et al., “SDN-enabled EDFA gain adjustment cognitive method-
ology for dynamic optical networks,” in Proc. Eur. Conf. Opt. Commun.,
Valencia, Spain, 2015, pp. 1-3.

[15] C.J. A.Bastos-Filho et al., “Mapping EDFA noise figure and gain flatness
over the power mask using neural networks,” J. Microw. Optoelectron.
Electromagn. Appl, vol. 12, no. SI-2, pp. 128-139, Jul. 2013.

[16] WRA-219 Multichannel Erbium-Doped Fiber Amplifier, Lumentum.
(2015). [Online]. Available: www.lumentum.com.

[17] R.W. Thomas, D. H. Friend, L. A. da Silva, and A. B. Mackenzie, “Cogni-
tive networks: Adaptation and learning to achieve end-to-end performance
objectives,” IEEE Commun. Mag., vol. 44, no. 12, pp. 51-57, Dec. 2006.

[18] R. Mantaras, ‘“Retrieval, reuse, revision and retention in case-based rea-
soning,” Knowl. Eng. Rev., vol. 20, no. 3, pp. 215-240, 2005.

[19] M. Crepinéek, S.-H. Liu, and M. Mernik, “Exploration and exploitation
in evolutionary algorithms: A survey,” ACM Comput. Surveys, vol. 45,
no. 3, pp. 35.1-35.33, Jun. 2013.

[20] The Internet Topology Zoo. (2015). [Online]. Available: www.topology-
700.0rg/

[21] B. Hoppe.(2009). Webwhompers.[Online]. Available: http://webwhom
pers.com/graph-theory.html

[22] P.C. Becker, N. A. Olsson, and J. R. Simpson, Erbium-Doped Fiber Am-
plifiers: Fundamentals and Technology. San Diego, CA, USA: Academic,
1999.

Uiara Moura was born in Cabo de Santo Agostinho, Pernambuco, in 1983.
She received the B.S. and M.S degrees in electrical engineering from the Uni-
versity of Sdo Paulo, Sdo Carlos, Brazil, in 2011 and 2014, respectively. She is
currently working toward the Ph.D. degree in electrical engineering at the State
University of Campinas, Campinas, Brazil. She holds four patents, and is the
coauthor of 16 papers in Brazilian and international journals and conferences.
She has been a Telecommunications Researcher at CPqD Foundation, Camp-
inas, Brazil, since 2011, where she is currently involved in the high-performance
optical amplifier design and in advanced amplifiers control.

Miquel Garrich was born in Barcelona, Spain, on June 29, 1982. He received
the telecommunications engineering degree from Universitat Politecnica de
Catalunya, Barcelona, Spain, in October 2009, and the Ph.D. degree from Po-
litecnico di Torino, Torino, Italy, in February 2013. From July 2011 to April
2012, he was a Visiting Researcher with the School of Computer Science and
Electronic Engineering (High-Performance Networks Group), University of Es-
sex, Colchester, U.K. He is currently a Senior Researcher at the Optical Systems
Division at CPgD Foundation, Campinas, Brazil. He coordinates several activ-
ities in CPqD’s optical networks team, including amplifiers, ROADMs, SDN,
and NFV. He has coauthored more than 20 technical—scientific papers.

Heitor Carvalho received the electrical engineering degree from Universidade
de Sdo Paulo, Sdo Carlos, Brazil, in December 2012, and is currently working
toward the Master’s degree at Universidade de Campinas, Campinas, Brazil. He
is currently a Junior Researcher in the Optical Systems Division at CPqD Foun-
dation, Campinas. He executes several activities in CPqD’s optical networks
team, including firmware development for amplifiers, WSS and other optical-
related equipments, network control software, and SDN-based applications.

1979

Matheus Svolenski was born in Curitiba, Brazil, in 1992. He is currently work-
ing toward the B.Sc. degree in computer science from the State University of
Campinas, Campinas, Brazil. He studied a year at Georgia Institute of Tech-
nology, Atlanta, GO, USA. He is currently a Telecommunications Researcher
Intern in the Optical Technologies Division at CPqD Foundation, Campinas,
where he works with reconfigurable optical add/drop multiplexersand optical
networks including software-defined networks.

Alexandre Andrade was born in Campinas, Sdo Paulo, Brazil, in 1993. He is
currently working toward the B.S. degree in electrical engineering at Universi-
dade Estadual de Campinas, Campinas, Brazil. He is currently in an internship
program in the Optical Systems Division at CPqD Foundation, Campinas. He
is working on optical mesh networks and fiber-optic communication systems.
His research interests include telecommunications systems, high-performance
optical mesh networks, software-defined networking, and optical technology.

Amilcar C. César received the B.S. degree in electrical engineering from
the University of Sdo Paulo, Sdo Carlos, Brazil, in 1976, and the M.S. and
Ph.D. degrees in electrical engineering from the State University of Campinas,
Campinas, Brazil, in 1982 and 1990, respectively. Since 1977, he has been with
the Department of Electrical and Computer Engineering, School of Engineering
of Sao Carlos, University of Sdo Paulo, where he is currently a Full Professor.
His research interests include optical communications and microwave devices,
with emphasis on numerical methods applied to the modeling of propagation of
electromagnetic waves in dielectric and nonreciprocal guides, and algorithms
for solving resource allocation problems in optical and wireless networks.

Juliano Rodrigues Fernandes de Oliveira (M’14) was born in Nildpolis,
Brazil, in 1982. He received the degree in electrical engineering from the Fed-
eral University of Campina Grande, Campina Grande, Brazil, in2005, and the
M.Sc. degree in electrical engineering from Campinas State University, Camp-
inas, Brazil, in 2008, and is currently working toward the Ph.D. degree at Sdo
Paulo University, Sdo Carlos, Brazil. He participated in eight research and de-
velopment projects in optical communications at CPqD Foundation, leading
two projects, producing three patents, and 20 publications between journals and
conferences. Today, he is leading research and development projects at optical
communications sub-systems at CPqD Foundation, with emphasis in Optical
amplifiers (EDFA and Raman), ROADMs, and reconfigurable/autonomous op-
tical networks.

Evandro Conforti (S’81-M’83-SM’92-1.M’15) was born in S. J. Rio Preto,
SP, Brazil, on August 30, 1947. He received the B.Sc. degree in electronic engi-
neering from the Technological Institute of Aeronautics, Sao José dos Campos,
Brazil, in 1970, the M.Eng. degree from the Federal University of Paraiba, Jodo
Pessoa, Brazil, in 1972, the M.A.Sc. degree from the University of Toronto,
ON, Canada, in 1978, and the Ph.D. degree in electrical engineering from the
State University of Campinas, Campinas, Brazil, in 1983. He has been with
the University of Campinas (Unicamp) since 1981, where he was the Dean of
the Faculty of Electrical and Computer Engineering in 1984-1987, and is cur-
rently an invited Professor of electrical engineering at FEEC. He was a Visitor
at the University of Illinois at Urbana-Champaign in 1992-1994, working with
the research team of Prof. S.-M. (Steve) Kang. He received the Academic Merit
Medal Prof. A. J. Giarola from the Brazillian Society of Microwaves and Op-
toelectronic in 2014, Unicamp Inventors Prizein 2013,1° Werner von Siemens
Technologic Innovation Prize (3° place Cat. Researcher) from Siemens Brazil in
2005,the ZeferinoVaz Academic Achievements Prize from Unicamp in 2005,the
1998 Brazilian Invention Prize, and the 1983 Unicamp Research Prize. He holds
14 patents and is the coauthor of a book and more than 170 papers in brazilian
and international journals and conferences. He has graduated 11 Ph.D. students
and 28 M.Sc. students. His current research interests include semiconductor
optical amplifiers, optical coherent communication, all optical switching, and
electromagnetic measurements.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


