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Abstract—Optimized regenerator allocation techniques select
which of the already installed regenerators in a translucent
network must be used in order to maximize the quality of the
optical signal while minimizing the opaqueness of the network.
Unfortunately, the performance of an optimized regenerator
allocation strategy strongly depends on the accuracy of the
physical-layer information. In this paper, we investigate the
effects of optimized regenerator allocation techniques when the
physical-layer information is inaccurate. According to the per-
formed experiments, we conclude that mostly of the current
techniques of regenerator usage optimization are only possible
when perfect knowledge of physical information is available.
Hence, new regenerator allocation schemes taking into account
the inherent inaccuracy in the physical-layer information need
to be designed.

1. INTRODUCTION

In the last years, a critical point in the evolution of optical
networks has been the increase in transmission capacity,
going from bit rates of 10 Gbps to 40 Gbps. In addition,
optical networks are evolving from opaque to all-optical,
i.e., transparent networks. Unlike transparent networks, in a
traditional opaque network, an optical-electronic-optical
(OEO) conversion is necessary at every switching node. The
OEO conversion enables re-amplifying, re-shaping, and re-
timing (i.e., 3R regeneration) the optical signal. As a result,
the signal regains the same physical features as it has at the
source node. Nowadays, 3R regeneration is only possible by
means of OEO conversion (though it is expected to be avail-
able within the optical domain in the near future), making
the overall regeneration process slow and expensive.

On the other hand, in an all-optical network, the optical
signal reaches the destination node without using OEO con-
version at the intermediate nodes along the path. However,
the maximum transmission distance that an optical signal
can reach without 3R regeneration is limited by the physi-
cal-layer impairments (PLIs). The accumulation of PLIs
degrades the optical signal quality, at the extent that the lat-
ter can become illegible at the destination. In this regard, the
higher the transmission rate the higher the PLI effects
are—actually, most of the PLIs have a higher effect when
the network operates at rates equal or above 40 Gbps [1].
This represents a major concern, since reaching higher

" This work was partially supported by the Spanish Ministry of Science and
Innovation under contracts TEC2008-02552-E and TEC2009-07041 as well
as by the Catalan Government under contract 2009 SGR1508

transmission capacities is expected as part of the natural
evolution of the optical networks.

An interim solution is provided by translucent optical net-
works, in which selected network nodes are equipped with
3R regeneration capabilities. Then the lightpaths are divided
into transparent sub-paths (i.e., transparent segment between
two 3R regenerators). It is worth highlighting that the use of
3R regenerator also allows the wavelength conversion capa-
bility. This leads to attain a good trade-off between network
cost and end-to-end optical signal quality.

In this scenario, new RWA algorithms, so-called Impair-
ment Aware RWA algorithms (IA-RWA), have been pro-
posed in the literature for transparent and translucent optical
networks. In the IA-RWA algorithms, the PLIs are modeled
as constraints to be considered by the path computation
process when selecting the route and the wavelength for a
lightpath request. A summary of the most significant IA-
RWA algorithms can be found in [2].

There are several types of PLIs, which can be grouped into
two categories: linear and non-linear, each degrading the
quality of the optical signal in different ways. Recent efforts
have been dedicated to modeling the PLIs, with the end of
making easier the study of their impact on the network per-
formance. A PLI model must be simple enough to be useful
in practice, where a limited number of input parameters
should be sufficient to characterize each optical link. It is
also desirable to have a single output or performance para-
meter. This parameter allows capturing the effects of all
PLIs on each optical circuit, in order to evaluate the optical
signal quality. This single output parameter collecting all the
PLI effects is commonly called quality factor parameter Q
[3] [4] [5]. In this paper, we consider IA-RWA algorithms
relying on the Q Personick’s factor [3], as the optical signal
performance parameter.

In the context of network planning, off-line IA-RWA algo-
rithms are used in order to calculate and allocate the neces-
sary resources (i.c., the number of wavelengths on each link)
S0 as to establish an estimated number of permanent connec-
tions. Additionally, in translucent networks, these [A-RWA
algorithms are enhanced for computing the number of rege-
nerators needed at each network node. This problem is re-
ferred to as the regenerator placement.

In this work, we deal with IA-RWA algorithms during the
regular operation of a translucent network, that is, under
dynamic traffic conditions. In such a scenario, network re-
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sources, including the 3R regenerators, are already placed.
Upon receiving a connection request, the IJA-RWA algo-
rithm performs an on-line route computation and wave-
length selection. Moreover, the IA-RWA algorithm decides
whether to use or not the regenerators already placed along
the nodes of the selected path; this is known as regenerator
allocation.

Few works in the recent literature address the problem of
regenerator placement and allocation. Moreover, these
works only consider the placement/allocation based on accu-
rate physical-layer (e.g., Q) information.

In this paper, we investigate the effects of optimized rege-
nerator allocation techniques when the physical information
used to compute the Q factor is not completely accurate. In
such cases, the JA-RWA process might end up selecting
routes and wavelengths through which lightpaths cannot be
successfully established, due to the possible discrepancy
between the estimated Q factor and the real one in the net-
work. The establishment of a lightpath may also fail due to
the inappropriate allocation of regenerators along the path.
In this context, we evaluate an IA-RWA algorithm (MIN-
COD-Q [6]) combined with two regenerator allocation tech-
niques: 1) an optimized scheme allocating regenerator re-
sources at the nodes where the signal quality falls below a
threshold; 2) a non-optimal one allocating all the regenerator
resources found in the nodes along the path regardless of the
optical signal quality. Our results show that, in the presence
of inaccurate information, the performance of an optimized
regenerator allocation technique drops sharply, indicating
that such a strategy results adequate as long as accurate
physical-layer information is available.

The remainder of this paper is organized as follows. Sec-
tion I overviews some IA-RWA algorithms, utilizing rege-
nerator placement or allocation techniques. Section III brief-
ly reviews the Q Personick’s methodology and presents the
problem of the inaccuracy in the physical information. Sec-
tion IV describes the IA-RWA algorithm utilized to evaluate
the effect of having inaccurate information, as well as the
two different regenerator allocation techniques. Section V
evaluates the performance of the regenerator allocation
techniques in the presence of uncertainties; and finally, Sec-
tion VI concludes the paper.

II. TA-RWA ALGORITHMS WITH REGENERATOR PLACE-
MENT AND ALLOCATION IN TRANSLUCENT NETWORKS

In translucent networks, IA-RWA algorithms are usually
combined with both regenerator placement and allocation
techniques. The regenerator placement is part of the plan-
ning phase, in which the goal is the design of the most cost-
efficient network which minimizes the number of regenera-
tor resources. This is a complex optimization problem and,
in particular, is solved by the use of off-line algorithms. The
regenerator placement problem is addressed in [5][7][8].

Once regenerators are placed in selected nodes of the net-
work, the regenerator allocation problem aims at minimiz-
ing/optimizing the utilization of such already installed rege-
nerators. This problem involves the routing of the connec-

tion requests to attain an efficient utilization of the network
resources (i.e., wavelengths and 3R regenerators). To this
end, several IA-RWA algorithms have been proposed in the
literature, which can be classified into two categories de-
pending on the constraints utilized to address the optical
signal quality: i) algorithms which do not exceed a maxi-
mum transparent distance, otherwise regeneration is needed;
and ii) JA-RWA algorithms that consider analytical expres-
sions for particular physical impairments, such as the optical
signal noise ratio (OSNR), the bit error rate (BER), the QO
factor, etc. In the first category, [9] proposes the 2 Dimen-
sional (2D) algorithm, which is an-online IA-RWA mechan-
ism that computes the shortest path not exceeding the rege-
neration distance limits. In the second category, [7] proposes
an IA-RWA algorithm that considers the OSNR, the polari-
zation mode dispersion, the chromatic dispersion and
crosstalk as the optical constraints for the regenerator alloca-
tion. In [10], the authors present an on-line OSNR-based TA-
RWA algorithm deployed in a GMPLS-enabled network,
which considers the received OSNR level as the optical sig-
nal performance parameter. Accordingly, if this value is
below a given OSNR threshold, the IA-RWA algorithm dy-
namically allocates available 3R regenerators along the
computed path. Likewise, in [11], the DWP (Distributed
Discovery of Wavelengths Paths) method is presented, in
which one of the objectives is the minimum usage of elec-
tronic regeneration.

III. Q PERSONICK’S FACTOR AND UNCERTAINTIES IN THE
ESTIMATION OF THE Q FACTOR

The BER is considered as the main performance parameter
to measure the optical signal quality at the receiver of an
optical connection. This parameter can be ascertained taking
into account the network topology, the path and, the wave-
lengths assigned by the IA-RWA algorithm to each tra-
versed line system, and the allocation of regenerators. By
doing so, the optical signal degradation along that lightpath
can be estimated by means of the BER level. Indeed, the
estimated BER has to be above a given threshold to ensure
that the optical signal quality is acceptable. For this reason,
an effective and simple method is required in order to esti-
mate the optical signal degradation along a path. This can be
tackled by observing that the BER threshold can be trans-
lated into a threshold value of the so-called Personick QO
factor [3]. The Q factor can then be evaluated as a function
of the transmission-system parameters,(i.e. optical band-
width, electrical bandwidth, power level at the signal launch,
etc) and the transmission impairments (ASE-noise, PMD,
etc). Without any error correction mechanism on the digital
signal at the receiver, a quality factor Q = 16.9 dB corres-
ponds to a BER of approximately 1x10"'% Typically, the
requirements for the minimum value of the signal Q at the
receiver are about 17 dB without error correction, and 12 dB
in case of error correction. The expression used for evaluat-
ing the Q factor at the receiver of a transparent path (or sub-
path) is given by (1).
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According to (1) the quality factor depends on both linear
and non-linear effects. The OSNR,,; factor is the optical
signal to noise ratio expressed in dB at the receiver. The
terms a,Ngp v and a3(Py NSPAN)B take into account the non-
linear effects, considering all the amplifiers along a path
(booster, pre- and line amplifiers). Ngpyy is the number of
spans forming the transparent path (a span is the segment of
a link between two amplifiers). P, [dBm] is the power level

at the signal transmission (typically 3 dBm). The coefficients
ay, aj, a, as, and B, depend on the type of used line systems,
and should be tuned by an on-field measurement campaign
[12].

However, as it is argued in [13][14][15] and [16], the
physical parameters stored at the source nodes’ databases,
and/or the Q values computed by means of the correspond-
ing Q model, may be different from the corresponding real
physical values. In general, the differences between the real
Q values and the computed Q values are due to two reasons,
namely, uncertainties derived from the inaccuracy of the O
model (i.e. the Q Personick’s model does not take into ac-
count physical impairments that depend on the traffic load);
and also uncertainties due to the inaccuracy of the monitored
physical parameters. The effect of these sources of uncer-
tainty is the drift suffered by both the physical-layer parame-
ters and the Q values from their nominal values during the
operation of the optical network. In these conditions, the
performance of the TA-RWA process might drop sharply
when either assigning routes and wavelengths or when allo-
cating regenerators, since the real Q value differs from the Q
factor used by the IA-RWA algorithms.

IV. OVERVIEW OF IA-RWA ALGORITHMS WITH AND WITH-
OUT REGENERATOR ALLOCATION

In light of the above, our goal is to analyze the effects of
using optimized regeneration allocation techniques when the
physical information is not completely accurate. To this end,
we evaluate an IA-RWA algorithm: MINCOD-Q [6]. For
the sake of clarification, we assume that a regenerator
placement algorithm was previously used to place the rege-
nerators according to a static traffic matrix [12].

A. MINCOD-Q IA-RWA Algorithm

The so-called Minimum Coincidence and Distance accord-
ing to the Q factor (MINCOD-Q) [6] is based on the Mini-
mum Coincidence and Distance (MINCOD) routing algo-
rithm [17]. MINCOD-Q uses a set of K pre-computed
routes, from a source node to a destination node, having the
minimum distance in terms of kilometers and the minimum
number of shared links. The Q factor is computed according
to the expression (1), and is used as the performance indica-
tor to decide whether a lightpath or the set of transparent
sub-paths satisfy a given Q-threshold constraint. For each
sub-path, the selected wavelength channel is the first one
available on each link forming the sub-paths because we

assume wavelength conversion capability of the 3R regene-
rators.

In short, the MINCOD-Q algorithm selects, amongst K
pre-computed routes, a path and the wavelength channels
that allow fulfilling both the WCC (wavelength continuity
constraint) and the optical signal quality restriction in each
sub-path. This algorithm always allocates the available pre-
planned placed regenerators along the path regardless of
whether the regenerator is needed to fulfill the adequate opt-
ical signal quality requirements.

B. Optimization of Regenerator usage: MINCOD-Q-REG
Algorithm

If we assume that only some nodes of the network are
equipped with regeneration capability, the MINCOD-Q al-
gorithm sets up a connection allocating an available regene-
rator on all the intermediate nodes equipped with regenera-
tors forming the route.

In [6], the MINCOD-Q routing decision is enhanced in or-
der to avoid using regenerators on a node as long as it is not
necessary. As a result, the new proposed MINCOD-Q-REG
algorithm computes the path without using regenerators. In
the first node of such a path wherein the Q factor level is
below the Q threshold, the algorithm stops. Then, the algo-
rithm looks for a regenerator in the previous node. If a free
regenerator is found in that node, and the Q factor level on
that node is above the threshold, then an available regenera-
tor is allocated. This causes that the provisional path is di-
vided into two transparent sub-paths or segments. Other-
wise, if no free regenerators can be allocated in the previous
node, the algorithm seeks for a regenerator in the next pre-
vious node, and so on. This enhanced algorithm is named
MINCOD-Q-REG algorithm. Results in [6] show the signif-
icant improvement of this optimization in terms of the re-
source consumption. With approximately only 10% of the
installed regenerators, MINCOD-Q-REG behaves similar
than MINCOD-Q in terms of blocking probability. Howev-
er, the MINCOD-Q-REG algorithm was proposed to optim-
ize the regenerator usage by using accurate O information.
In this paper, we evaluate the potential benefits of the rege-
nerator allocation used in MINCOD-Q-REG in the presence
of uncertainties in Q.

V. PERFORMANCE EVALUATION

Evaluation trials are performed on the Pan European net-
work formed by 28 nodes and 41 links. All the links are
equipped with systems of 40 wavelengths. The number of
systems (40 wavelengths) installed in parallel on each link is
calculated in a previous planning phase. On the basis of a
uniform static matrix, this previous design phase give us 129
regenerators distributed in 19 of the nodes, and 56 systems
distributed in the 41 links. More detailed information about
the planning phase can be found in [12]. Once the network
is deployed, we carry out a set of simulations under dynamic
traffic conditions: from 0.1 to 1 Erlang between each pair of
nodes of the network The Q threshold utilized in all the fol-
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Figure 1. Results of MINCOD-Q and MINCOD-Q-REG for accurate Q information

lowing simulations is 17 dB, because it approximately cor-
responds to a BER of 1x107'%

A. Results for accurate Q information

Results depicted in Figure 1 show the percentage of
blocked connections (Figure 1 a)) and the average number
of used regenerators per time unit (Figure 1 b)) versus the
offered traffic load for both MINCOD-Q and MINCOD-Q-
REG strategies. Moreover, we also present results when the
number of installed regenerators is reduced from 129 to 14.
These results correspond to the case when the information
about the parameters used to compute the Q factor is com-
pletely accurate. We observe that MINCOD-Q-REG, with a
significant reduction of the number of regenerators, obtains
practically the same blocking probability than MINCOD-Q.

B.  Results for inaccurate Q information

In the following set of simulations we add a degree of in-
accuracy to the Q factor computed by means of the Q Per-
soncik’s methodology.

We analyze the impact of inaccurate physical information
[15] in terms of the blocking probability when the two pro-
posed regenerator schemes are used (that is, always using
the available regenerators found along the path or only if
needed).

As it is exposed previously, the QO values computed by
means of the O Personick’s methodology may be different
from the corresponding real values. In our study the discre-
pancies between both the computed and the real Q values
will be quantified in a single error value that is unknown by
the IA-RWA algorithm. We then associate an error value to
each one of the candidate transparent lightpaths between
nodes with 3R regenerators. We consider that the real Q
value of a lightpath, which is denoted by Q, ., is the O value
obtained using the Q Personick’s methodology, which is
denoted by Q.(Q Personick’s), minus an error value:

Oyea(lightpath) = Q.(Q Personick’s) — error (lightpath) (2)

This error value is a fixed amount of decibels ranged in the
different set of simulations between 0 and 2 dBs; and in this
study we only consider the case of underestimation of the Q
value. This approach of creating mismatching by a fixed
amount of decibels of degradation on each sub-path is sim-
ple but effective in producing a degradation of the network
blocking performance. Obviously, we assume that this error

value is unknown to the IA-RWA algorithm and, as a result,
the algorithm may make a wrong routing and wavelength
assignment and/or a wrong regenerator allocation decision.

Figure 2 shows the percentage of blocked connections of
both MINCOD-Q and MINCOD-Q-REG versus the degree
of inaccuracy, i.e., error in (2) for different traffic loads.
Note that an inaccuracy degree of 0 dBs corresponds to have
accurate Q information. We observe that for 0 dBs (accurate
information), MINCOD-Q-REG outperforms the MINCOD-
Q performance for all traffic loads. With inaccurate informa-
tion MINCOD-Q-REG only outperforms MINCOD-Q for
0.5 Erlangs with an inaccuracy of 0.25 dBs; and for 1 Erlang
for an inaccuracy lower or equal to 0.5 dBs.

We can conclude that the MINCOD-Q-REG algorithm
(which makes optimization of the regenerator usage) is more
affected when increasing the degree of inaccuracy compared
with MINCOD-Q. This is rooted on the fact that the MIN-
COD-Q-REG allocates regenerators only when the O factor
value in an intermediate node along the path falls below a
threshold. Thereby, when establishing a new lightpath,
MINCOD-Q-REG can decide not to allocate a new regene-
rator in an intermediate node because the computed Q is
above the required Q threshold. However, the real Q value
may be below that O threshold. In this situation, the
lightpath will be selected without allocating a regenerator in
the mentioned node. In consequence, the lightpath will be
blocked in a subsequent intermediate node since the re-
ceived optical signal does not have sufficient quality. On the
other hand, the MINCOD-Q algorithm, which does not per-
form any regenerator usage optimization, in the same case,
would allocate the regenerator in that intermediate node.
Recall that this strategy always allocates an available rege-
nerator at each traversed node with 3R capabilities along the
route. Then, the selected path by MINCOD-Q lowers the
blocking due to the inadequate level of the optical signal
quality.

From Figure 2 we can conclude that the regenerator allo-
cation optimization is only fruitful in the MINCOD-Q algo-
rithm in terms of blocking probability when the degree of
inaccuracy (error) is at most 0.5 dBs. This conclusion should
not be extrapolated to different IA-RWA algorithms, but it
is expected to have the same problem with other IA-RWA
algorithms.
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Figure 2. Percentage of blocked connections versus degree of inaccuracy

In order to further evaluate the performance of these algo-
rithms in presence of the inaccuracy of the physical informa-
tion, we have carried out a different set of simulations re-
ducing the number of installed regenerators in the network
from 129 to 14. Figure 3 shows the percentage of the con-
nection blocking (a), and the average number of regenera-
tors per time unit (b), versus the traffic load for both MIN-
COD-Q and MINCOD-Q-REG strategies considering 129
and 14 regenerators installed through the network and an
inaccuracy degree set to 0.25 dBs. Figure 3 c) and d) show
the same results when the inaccuracy degree is 0.5 dBs.
From Figure 3 a) and c¢) and comparing them with Figure 1
a) we observe:

1. MINCOD-Q-REG scheme is highly affected by the inac-
curate information to estimate the Q factor. Indeed, it de-
grades the performance more significantly compared to the
MINCOD-Q strategy;

2. The performance attained by the MINCOD-Q-REG
scheme is less affected by the reduction of installed regen-
erators.

On the other hand in terms of regenerator consumption
(see Figure 3 b) and d)), the MINCOD-Q-REG outperforms
the results obtained by the MINCOD-Q, needing approxi-
mately only a 10% of the regenerators that MINCOD-Q
requires. In light of the numerical results, we conclude that
when the degree of inaccuracy is below 0.5 dBs, we can
achieve by means of regenerator allocation techniques (e.g.
MINCOD-Q-REG) a significant reduction in the needed
regenerators in a translucent networks in return for a slightly

increase of the blocking probability. Whereas when the de-
gree of inaccuracy is higher, regenerator allocation optimi-
zations are not useful due to their high cost in terms of
blocking probability.

VI. CONCLUSIONS

In this paper, we show the high impact on the network per-
formance of optimized regenerator allocation techniques
when the physical-layer information is not completely accu-
rate. We have evaluated the MINCOD-Q [A-RWA algo-
rithm without regenerator usage optimization as well as
combined with an optimized regenerator allocation scheme
in the presence of different degrees of inaccuracy. The phys-
ical impairments affecting the optical signal are modeled by
means of the Q Personick’s methodology. The degree of
inaccuracy is introduced by means of a fixed quantity,
which makes the computed Q lower than the real Q. This
difference between the computed and the real Q factors de-
rives in significant performance degradation.

From the results obtained, we conclude that optimizing the
regenerator usage in MINCOD-Q is suitable in terms of re-
source consumption with either accurate information, or
with a degree of inaccuracy lower than 0.5 dBs. With a de-
gree of inaccuracy lower than 0.5 dBs, with approximately
only 10% of the regenerators, the IA-RWA algorithm opti-
mizing the regenerator usage achieves similar performance
in terms of blocking probability than that of a non-optimized
algorithm. However, when the degree of inaccuracy is high-
er, it is not advisable to use the optimized regenerator tech-
nique, because the blocking probability increases signifi-
cantly. It is preferable to use a simpler IA-RWA algorithm,
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not optimized, using all the regenerators available in the
path; even if it has a higher cost in terms of regenerator con-
sumption.

New IA-RWA algorithms and regenerator allocation
schemes, taking into account the inherent and unknown in-
accuracy in the physical information have to be developed.
A first approach can be to model or estimate the degree of
inaccuracy in the computed Q. Then, the IA-RWA algo-
rithms and regenerator allocation schemes could use it in
order to perform a better lightpath and regenerator selection.
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