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Abstract

Elastic optical networks (EONs) enable a more efficient use of spectrum resources than traditional wavelength-
division multiplexing (WDM) networks, mainly by means of a flexible frequency grid and the use of bandwidth variable
transponders (BVTs). In WDM networks, regeneration is avoided because it always produces a cost increase and it is only
recommended when the transmission length cannot be met. Instead, in EONs, a trade-off exists between regeneration
and spectrum use. Indeed, blocking probability can be widely reduced by incorporating regeneration (BVTs in a back-to-
back configuration) to shorten the transmission lengths, therefore increasing spectrum efficiency. Provisioning algorithms
that take into account this trade-off consider regeneration either as a cost to be minimized (full regeneration capacity)
or as a resource to be smartly used (bounded number of predeployed transponders).

In recent years, algorithms that minimze the resource use of either spectrum or BVT have been proposed. These
algorithms, however, penalize the overall network performance in terms of blocking probability and cost, since they
do not take into account the available resources. In this work, we propose two novel resource-aware algorithms, that
take into account all available resources in the provisioning process. We report simulation results showing that using
these resource-aware algorithms: i) when full regeneration capacity is assumed, the regeneration cost can be reduced
by more than a 30% compared to the opaque solution and by a 10% compared to the best known algorithms; ii) for
the bounded case, resource-aware strategies can reduce blocking probability by thousands of times compared to the
transparent solution and by hundreds of times compared to the best known algorithms. Our results show that resource
awareness helps to decrease the blocking probability while increasing the actual network capacity, thanks to a more
efficient assignment of both spectrum and BVT resources.

Keywords: Elastic Optical Networks, Provisioning, Translucent, Regeneration, Resource Aware

required frequency slots. This flexibility enables EONs to
establish optical connections with “arbitrary” bandwidths
(frequency slots) [5] @].

1. Introduction 20

Wavelength division multiplexing (WDM) and dense
wavelength division multiplexing (DWDM) networks base On the other hand, regeneration has been widely used

their operation on a fixed 100/50 GHz griFl [1]. Evenif 4, optical networks to reduce the blocking probability when
these networks can transport large bandwidths they be- provisioning traffic demands. In traditional WDM net-

come inefficient in presence of heterogeneous and variable
traffic demands. The elastic optical network (EON) archi-
tecture [2 B], proposed almost a decade ago and exten-
sively studied since then [4], enables a more efficient use
of spectrum resources by means of a flexible grid struc-
ture. In this architecture, demands are provisioned using
multiple adjacent 12.5GHz frequency slots. The amount
of slots required by a single demand depends on the de-
manded bitrate, the transmission length, the modulation
format, the baud rate, the number of carriers and the er-
ror correction overhead. Bandwidth-variable transponders
(BVTs) can adjust the baud rate, the modulation format,
the number of carriers and the error correction overhead to
transport a demand with a specified bitrate minimizing the

Preprint submitted to Computer Communications

works, regeneration has been mainly proposed to over-
come physical impairments that limit the maximum trans-
mission distance [6]. Besides, regeneration can also be
used to reduce blocking by providing wavelength conver-
sion capabilities that can tackle spectrum fragmentation
issues. However, regeneration in traditional WDM net-
works has no impact on the spectrum utilization because
each lightpath exploits either a 50GHz or a 100GHz chan-
nel regardless of the path length or assigned wavelength.
Instead, regeneration in EONs can also be used to com-
press the amount of spectrum required for provisioning
a demand. To this end, a flexible regenerator composed
of back-to-back bandwidth-variable transponders [7], [8, [
can be used, where each transponder handles the same rate
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but not necessarily requires the same amount of frequency
slots. These regenerators can be configured to support, in-
dependently on each carrier, a specific modulation format
and baud-rate. The shorter the distance between regener-
ation points, the higher the modulation format that can
be used, leading to an increase in spectral efficiency and!®
spectrum saving. Flexible regeneration enables a trade-
off between spectrum and transponder costs, as described
in [10, [I1].

The use of regeneration and its impact on blocking ra-
tio has been widely studied in the past. Nevertheless, re-1%
cently it has gained relevance mainly due to the trade-off
between regeneration and spectrum use in EONs that we
described in the previous paragraph. In recent years, the
effort have focused on obtaining provisioning algorithms
that take advantage of this trade-off [ 12} 13| 14 5] [16].:°
In this context, regenerators can be considered either as a
cost to be minimized or as a resource to be smartly used.
In the first case, spectrum is considered as the limiting re-
source and the use of regeneration to reduce the blocking
probability translates to node cost increase. In the sec-!*
ond scenario, regenerators are bounded to the amount of
transponders that each node is equipped with, at network
design phase. The goal becomes to efficiently use available
transponders. If spectrum slot lack becomes the main bot-
tleneck when accepting traffic demands, transponders can'?
be used to save spectrum to reduce the demand block-
ing probability. In operational networks, regeneration ca-
pabilities can be increased much faster and smoothly by
equipping nodes with more transponders, while increasing
spectrum resources is typically slower and may require a'*
huge investment due to fiber cable deployments or renting
costs.

In this paper we evaluate different provisioning strate-
gies that tackle both unbounded and bounded regeneration
scenarios to illustrate the value of regeneration in EONs.*
We name these strategies as resource-aware strategies, be-
cause they aim at selecting the best combination of avail-
able spectrum and transponder resources for establishing a
translucent lightpath. Based on our previous contribution
[14], originally designed for the full regeneration capac-'*
ity scenario, we propose a novel strategy, suited to both
scenarios. The strategy differs from others proposed in
the literature, which are typically agnostic to available re-
sources. We demonstrate that resource awareness helps
in decreasing the blocking probability and increases the'*
actual network capacity. thanks to a more efficient assign-
ment of both spectrum and transponder resources. The
paper is organized as follows: in Sec[2] previous research
activities are summarized and compared. In Sec[3]we ana-
lyze the problem of selecting an optimal provisioning can-#5
didate in Elastic Optical Networks. We present the used
system model in Sec[d] Then we introduce the proposed
resource-aware algorithms in Sec[5] Finally, in Sec[f] we
show simulation results and in Sec[ll we derive the conclu-
sions. 150

2. Related Work

Regeneration in optical networks has been widely stud-
ied in terms of Regeneration Placement (RP), where re-
generation is mainly used to compensate for transmission
length and/or spectrum fragmentation issues that preclude
lightpath establishment on a given path. [I7) [18]. Thus,
the use of regeneration focus on reach extension and/or
wavelength conversion as a mean to reduce the lightpath
blocking probability. This problem has also been stud-
ied for EONs in [19, 20, 2I] focusing on selecting in ad-
vance which nodes should support regeneration to over-
come physical impairments. In [I1] the impairment-aware
translucent routing problem was studied for EONs. Flexi-
ble regeneration was modeled considering different modu-
lation formats supported by regenerators, but their place-
ment is chosen before the provisioning process starts. Re-
sults showed that regeneration can improve the blocking
performance. In [I0] the trade-off between regeneration
placement and spectrum usage in EONs was studied for
the first time. An offline spectrum assignment and regen-
eration placement heuristic was proposed. Results showed
that there is a non-linear relationship between the overall
spectrum usage and the overall regeneration use. More-
over, the authors showed a considerable reduction of spec-
trum usage on EON when regenerators are available.

An adaptive modulation and routing and spectrum al-
location algorithm was proposed in [22] for regeneration-
enabled EONs. The problem was split in two: the route,
modulation and spectrum assignment problem (RMSA)
and the regenerator placement problem (RP). The RMSA
was addressed with an adaptive routing algorithm consid-
ering link utilization for routing, modulation penalization
for modulation selection and regenerator penalization for
regeneration selection. Results showed that the best trade-
off between cost and blocking performance is obtained
when adaptive modulation and regeneration selection are
implemented. In [9] a MILP formulation of the RMSA
problem on regeneration-enabled EONs was proposed. As
in [T} 10, 23], 22], the regenerator placement problem was
modeled as a separate problem. Results showed that there
is an overall trade-off between the number of regenerators
and the spectrum utilization.

In [7] the performance improvements obtained by re-
generation and modulation conversion in translucent EONs
was studied. Authors proposed a regenerator model that
make use of additional transponders to increase the num-
ber of carriers in transparent sections of the translucent
paths. They showed that a translucent path with more re-
generation points can use less transponders than a less re-
generated option. This happens due to the spectrum com-
pression that high order modulation formats can obtain.
An optimization approach was used and results showed
that gains can be achieved in terms of served traffic by
allowing regeneration with modulation conversion. Re-
cently, the joint route, spectrum, modulation and regener-
ator assignment (RSMRA) problem has been studied for
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non-protected provisioning [24] T2} [25] 8] T3], T4} [15] and for
protected provisioning [26] in EONS. In [27] RSMRA prob-
lem was studied for EONs with sliceable bandwidth vari-
able Transponders and in [16] for spectral-spatially flexible
optical networks.

In [I4] we proposed an algorithm that aims at find-
ing the optimal solution for the problem of minimizing
the regeneration cost (expressed as the number of required
transponders) when full regeneration capacity is assumed'®
(i.e., nodes have enough transponders to provide regen-
eration at each intermediate node). However, since only
minimizing the regeneration cost can waste spectrum re-
sources, which can become the main blocking source, the
algorithm assigns a spectrum budget (threshold) to each'
demand to avoid spectrum waste when regeneration can
save significant spectrum resources. This algorithm has
also been analyzed recently by other authors in [I5], and its
complexity has been compared to different existing heuris-
tics.

In this paper we discuss how to overcome complexity
limitations of our original algorithm, and propose a new
strategy that offers better performance with similar com-
plexity. This new contribution is a generalization of our
previous algorithm, but it can also be used in bounded re-**
generation scenarios, where both resources, transponders
and spectrum, are considered scarce.
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Figure 1: All possible provisioning options for a four hops path.

3. Optimal Provisioning Candidates

Multiple candidate solutions exist for provisioning a
traffic demand over a path p. These solutions range from
the transparent case (no regeneration in any node) to the
opaque one (regeneration at each intermediate node), in-
cluding all translucent solutions which implement regen-
eration at some intermediate nodes.

Each candidate solution can have different requirements
in terms of network resources. The two main resources of
an EON are spectrum and transponders. In this work,
we focus on the optimization of these two resources. We
assume that other resources as bandwidth variable spec-
trum switches are dimensioned in a way that they are not
a limitation. It is straightforward that some solutions are
better than others in terms of either spectrum or regen-
eration cost. Obviously, if two solutions have the same
spectrum cost but one requires less regenerators, the last
one should be preferred. However, solutions may be diffi-
cult to compare in general. For example, if one solution
requires less spectrum but more regenerators than another
one, it could argued which one is better. Indeed, both may
be optimal solutions, depending on the optimality criteria.
We defer our detailed discussion on how to select a solu-
tion from a set of optimal ones to Sec. 5} Instead, we first
discuss how optimal solutions can be found and provide
some initial insight on the selection criteria.

We define R(p) as the set of all potential solutions for
provisioning a traffic demand over path p. However, due to
lack of spectrum and/or spectrum fragmentation or lack
of transponders at intermediate nodes, not all solutions
may be available in practice. We denote by R/(p) the
set of feasible candidate solutions. Each feasible solution
r € R'(p) has a spectrum cost S(r) and transponder cost
T(r) associated with, where S(r) is the total number of
frequency slots (computed as the sum of the required slots
at each hop) required to provision a demand over path p
using solution r , while T'(r) is the number of additional
transponders used by the provisioning option r.

Given a path p, a set of Pareto optimal (or efficient)
solutions P(p) C R'(p) can be found for each new demand
to be provisioned. This set ranges from solutions with low
regeneration cost but with high spectrum utilization to
others which demand more regeneration but require less
spectrum resources. This set can be found solving the
following multi-objective optimization problem:

T(r)
3 Pareto-set P(n)
N7
2440 6 47 \
0 41

18 20 22 24 28 30 32 S(r)

Figure 2: Provisioning options in the Pareto set
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s.t. 7 € R(p)

To illustrate this problem, we consider the example
shown in Fig. [l where a 400 Gb/s demand from node
A to node E needs to be provisioned over a 5-node lin-
ear path (A, B, C, D, E) of total length 2750 km, using
a 50 GBaud transponder with 25% FEC. All provision-
ing alternatives are reported: the transparent option (1),
the opaque option (8) and all the translucent alternatives
(2-7). Details on the transmission model used to derive
these results are presented later in Sec[4:3] The transpar-
ent option (1) requires 2 carriers with a low order mod-
ulation format (8QAM) to achieve the full transmission
length of the path. A total of S(r) = 32 slots are required,
4 slots per carrier at each of the 4 links. In contrast,
the opaque solution (8) makes use of higher modulation
formats in all hops, thus requiring much less frequency
slots, S(r) = 18, at the cost of introducing 3 regenerators,
T(r) = 3. Translucent options (2-7) require intermediate
values of regenerators and frequency slots.

In Fig. [2| we plot all solutions of R(p) in terms of their
costs spectrum and transponder costs. All green solutions
belong to the Pareto set P(p), while those in red are not
Pareto optimal, because are dominated by other solutions
(i.e., there exist other solutions that perform better both
in terms of slots and number of regenerators). If a min-
imum regeneration solution is preferred, then the trans-
parent option becomes the best one, with a spectrum re-
quirement of 32 slots. Instead, if a minimum spectrum so-
lution is desired, the fifth option is the best one, because
it uses only 18 frequency slots, requiring only 2 regenera-
tors. The opaque option (8) also uses 18 frequency slots,
but requires 3 regenerators; thus, it is not Pareto optimal.
We can observe that option (3) also belongs to the Pareto
frontier. Indeed, it can be considered as an intermedi-
ate option that balances frequency slots S(r) = 20 and
number of regenerators T(r) = 1. Our proposed provi-
sioning strategies always select a solution from the Pareto
set, avoiding dominated solutions.

The optimal provisioning routine is illustrated in Al-
gorithm Given a new demand, a path p is computed.
In our implementation we use the shortest path for sim-
plicity. Based on this path, a set Q(p) of all intermediate
nodes with at least 2 unused transponders is computed.
Then, a subset Q' (p) C Q(p) is built by selecting at most
p nodes from Q(p) randomly with uniform distribution.
Finally, all translucent options in R(p) are computed by
combining the nodes in Q’(p); then, blocked solutions are
discarded, resulting in subset R'(p). If R'(p) is not empty,
then the Pareto set P(p) is obtained from R'(p) discard-
ing not Pareto optimal options in terms of spectrum and
regeneration use. In general, the Pareto set is composed
by multiple solutions, one of which should be selected for
provisioning a demand over path p.

Algorithm 1: Optimal provisioning routine

Given a new traffic demand from a source node to a
destination node;

Given an option selection routine (selection_strategy),
e.g.: transparent, opaque, TA, UT;

Given a spectrum assignment routine
(spectrum_assignment), e.g.: First-Fit, Last-Fit;
Compute a path p from source to destination;

Qp) « s
for n in intermediate nodes of p do

L if n has at least 2 unused transponders then

L append n to Q(p);

Q'(p) < 0
for i from 0 to mazp,|Q(p)| do
randomly select n from Q(p) with uniform
distribution;
append 1. to Q' (p):
remove n from Q(p);

Compute regeneration options set R(p) as the set of
all possible combinations of Q’(p) including the
empty one;

R'(p) < 0;

for r in R(p) do

if spectrum_assignment(demand, p,r) succeeds
then

L append 7 to R'(p);

if R'(p) is empty then
demand blocked;
end;

else

compute the Pareto set P(p) from R’'(p);
Topt < selection_strategy(P(p));
demand accepted with option rop¢;

end;
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Different selection strategies can be adopted. We clas-
sify them in two categories. On the one hand, those strate-
gies that always adopt the same criterion, i.e., minimizess
the use of spectrum resources or the number of regenera-
tors along the path. We refer to them as resource-agnostic
strategies, because they do not assess the actual availabil-
ity of all resources along the path. On the other hand,
we name resource-aware the strategies that consider avail-sss
able resources along the path to select a solution. We
claim that these strategies can reduce the blocking prob-
ability, as they tend to consume network resources (spec-
trum and transponders) so as to avoid that one resource
becomes a dominant source of blocking. In other words,sw
it would be useless to always save spectrum resources (by
promoting regeneration) if transponders become unavail-
able and hence the main blocking source. Similarly, it
would be useless to save on regeneration cost if spectrum
becomes fragmented or scarce, resulting in the main block-ss
ing cause. In this context, resource-aware provisioning
strategies have a great potential to efficiently exploit net-
work resources, reducing the blocking probability and in-
creasing the transferred traffic. In Sec. [5] we propose two
strategies that demonstrate the benefits of resource-aware,;,
strategies. These strategies are based on Algorithm [I| but
differ in the option selection routine (selection_strategy).

4. System Model

To determine all possible solutions in R(p) for provi-s
sioning a traffic demand over a path p, we introduce the
main assumptions and the necessary background. In par-
ticular, we discuss how to determine for each r € R(p) the
associated cost in terms of spectrum S(r) when T'(r) ad-
ditional transponders are used for regeneration purposes.s,
We briefly describe the general network model as well as
the ROADM one, and then provide a more detailed anal-
ysis of the transponder model which has a direct impact
on the spectrum cost S(r).

365
4.1. Network Model

The network is modelled as a graph G = (V, E), where
V' represents the set of ROADM nodes and F the set of
optical links. We assume that each link e € F has 320
frequency slots of 12.5 GHz which occupy the full C-bandsm
(4 THz), following the flex-grid definition [I]. We denote
by K the set of traffic demands, each demand k € K is
represented as a triplet k = (s,d,c) where s,d € V are
the source and destination nodes respectively, and c is the
demand rate in Gb/s. Traffic demands arrive one at ass
time and are provisioned if enough network resources are
available; otherwise, the demand is blocked.

To provision a traffic demand over a path p C E, a
feasible solution r must be selected from R(p). In gen-
eral, a solution r € R(p) is made up of |r| subpaths of
p, r = {q1,q2,-..qr|}, ¢ C p, where each subpath cang,
have its own modulation format, number of carriers and

frequency slots. The amount of solutions depends on the
hop count (i.e., fiber links) of path p as |R(p)| = 2/PI=2,
which includes not only all translucent paths but also the
transparent case (|| = 1) and the opaque one (|r| = |p|).

If the demand is provisioned over a transparent op-
tion r over path p, r is a set of only one transparent
subpath » = p. The amount of frequency slots needed
for the transparent transmission over path p is given by
F(p). Since |p| links are traversed over path p and each
link requires the same amount of F(p) slots, the resulting
cost in terms of spectrum is given by S(p) = |p| F(p)
frequency slots. No additional transponders are required
at intermediate nodes. Instead, if the demand is provi-
sioned by means of a non-transparent path r, additional
transponders are required at |r| — 1 intermediate nodes
for regeneration purposes. This introduces a regeneration
cost given by T'(r) = |r| — 1. The translucent path r also
requires S(g;) frequency slots on each sub-path ¢;, result-
ing in a total spectrum cost given by S(r) = Zli‘l S(q:)
frequency slots. As the modulation format and the num-
ber of carriers may change from one subpath to other, the
number of slots per link F'(g;) may be different for each g;.
In general, since higher modulations formats can be used
in translucent paths with respect to transparent ones, the
spectrum cost can decrease as additional transponders are
used for regeneration.

4.2. ROADM Model

We consider a colorless-directionless-contentionless (CDC)

ROADM architecture with support of flex-grid spectrum,
as described in [4]. This architecture supports optical pass-
through with any amount of 12.5GHz frequency slots as
well as super-channel add-drop capabilities. Each ROADM
node is equipped with a set of transponders which can be
used for provisioning demands either if the demand has as
a source or destination the node itself or if regeneration
is used at the node. Indeed, regeneration is supported
at the node by a pair of transponders in a back-to-back
configuration.

As discussed earlier in this paper, we can analyze two
scenarios that account for how regeneration is considered.
One scenario considers full regeneration capacity, where
nodes can are equipped with enough transponders in order
to fully support all opaque transmissions. Hence, in this
scenario the problem is reduced to regeneration cost min-
imization. Instead, the other scenario assumes bounded
regeneration, where each node is equipped with a limited
number of transponders. Thus, the problem becomes an
assignment problem which aims at optimizing the use of
these transponders to reduce the blocking probability.

4.8. Transponder Model

We consider an elastic transponder model supporting a
maximum capacity C' expressed in Gbit/s. The transpon-
der modulates a set of M optical carriers at a baud rate of
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B GBaud, which includes an overhead of H% for forward
error correction (FEC).

The estimation of the transmission reach of optical
superchannels is still an open issue which has been ad-
dressed by both simulation and analytical models. Most
works related to planning strategies rely on pre-computed
tables that assign a transmission reach to each modula-
tion format but typically consider only linear effects, e.g.:
[8, 16, 4, 28, 29]. Instead, we estimate the transmission
reach by means of the gaussian noise (GN) model [30],
which also takes into account non-linear effects, resulting
in a more detailed model of the physical layer. In this
model, both the ASE noise introduced by optical ampli-
fiers and the excess noise-like disturbance generated by
non-linear fiber propagation called non-linear interference
(NLI) are approximated as additive gaussian noise. More
details on this model can be found in [30]. To limit the,,
complexity, we opted for considering the worst-case esti-
mate of NLI, i.e., the one referred to the center channel
in case of full spectral load. On the other hand, the NLI
generation is a relatively narrow-band phenomenon, as it
is roughly limited to about 1 THz of bandwidth as shown
n [30]. Therefore, supposing a 4 THz bandwidth for the
optical fiber, with a spectral load larger-equal 25% the
considered worst-case is already reached. Besides, we use
the same physical layer model for all strategies analyzed
in this paper to result in a fair comparison of them.

We consider six modulation formats: BPSK, QPSK,
(8, 16, 32, 64)-QAM with their spectral efficiency n €
{1,2,3,4,5,6} respectively. The bit rate for each opti-
cal carrier is given by 2Bn/(1 + H/100) when considering
Polarization-division multiplexing (PDM). The bit rate C
of the transponder can be defined as the product of all
carriers rates, as shown in Eq.

M 2 B g

1+ H/100 )

To transport a demand k = (s, d, ¢) the capacity of the
transponder must be at least equal to ¢; thus, C > ¢. We
assume that i) the number of carriers M is large enough
to always satisfy the required rate, and ii) transponders
support variable baud rate, with B < B4, expressed in
GBaud, where B is configured as the minimal required
baud rate to satisfy the traffic demand (C' = ¢) given
a modulation format and the number of required carri-
ers. To this end, each transponder, regardless being a user
transceiver or a regenerator, is configured according to the
following procedure:

Given a target reach (i.e., path length) and a traffic
demand with rate ¢

1. Find the highest modulation format (spectral effi-
ciency 7) supported by the path length using the,,
GN model [30].

2. Determine the minimum number of carriers needed

0

for rate ¢
1+ H/1
Ik (1+ H/100) @)
2 Bma:r Ir]
3. Update the required baud rate B < B, to match
rate ¢

¢ (1+ H/100)

— (3)
2 M n

4. Compute the number of required frequency slots as

B =

F=M { (4)

B
125GH 'J

Once the best modulation format is selected for a given
path, both the number of carriers M and their required
baudrate B to match the traffic rate ¢ are assigned. This
aims at always selecting the most efficient modulation level
and the minimum number of carriers given the maximum
baudrate By,.. that the carriers can support.

In Fig. [1} where a 400 Gb/s service demand needs to
be provisioned (¢ =400 Gb/s), we can analyze the case of
the transparent option r = {p}. Based on the transmission
length of 2750 km, using the GN model [30] we can find
that the highest achievable modulation format is 8QAM,
with a spectral efficiency of 7 = 3. Assuming a maximum
baud rate of B4z = 50 GBaud and a FEC overhead of
25% (H = 25), we can determine the number of required
carriers using Eq[2]

o 400 Gb/s (1 + 25/100)
o 2 50GBaud 3

W = [1.66] =2

. Once the number of carriers is found, the required baud
rate can be computed using Eq 3]
B 400Gb/s (1 + 25/100)
B 2 2 3

. Finally, the required frequency slots can be found using
Eq.[4]

= 41.66 GBaud

41.66 GBaud
12.5GHz

Since each carrier requires 4 frequency slots, the total
amount results in 8 slots. Hence, the spectrum cost re-
quired by the transparent option over 4 fiber links is the
sum of the frequency slots required at each one.

F:ﬂ -‘:2[3.33128

|7l
S(r) = ZS(%’) = S(p) = ((F) = (4)(8) = 32

5. Candidate Selection

Given an optimal set P(p) of candidate solutions for
provisioning a traffic demand over path p, one of them
needs to be selected. As earlier discussed, we argue that
this decision needs to be aware of the available resources
along path p. In this section, we describe two different
strategies that can be used for this purpose.
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5.1. Threshold Aware

In [14], we proposed an algorithm which selects the
best solution given a spectrum budget. We refer to this
strategy as threshold aware (TA), as a threshold ag on fre-
quency slots is used to determine the best candidate. The
value of ag can vary for each demand or depend on its
actual rate, representing a target spectrum efficiency for
serving demands. The main idea behind this strategy is
that regeneration is a cost that needs to be minimized, but
within a spectrum budget derived from aig. If all available
solutions along the path require more spectrum resources
than ag, regeneration can be used to minimize the spec-
trum cost. In other words, ag behaves as a decision value
to either solve a minimization problem in terms of a re-
generation cost (if there exist at least one solution that
requires less spectrum than ag) or, a spectrum cost (if
such solutions do not exist). This selection process is de-
scribed in detail in Algorithm [2]

Algorithm 2: Threshold aware selection strategy

Given the Pareto set for path p, P(p);
Given a threshold «;

P'(p) < {reP(p) | S(r)<as}
if P'(p) is not empty then

‘ find r | T(r) is min{T(r)|r € P'(p)};
option < r;
else

S(r) is min{S(r)|r € P(p)};

find r |
option < r;

return option;

490

In Figl3}A we show the Pareto optimal solutions in
terms of spectrum and regeneration costs. The transpar-
ent solution is on the right hand side of the chart, and
it requires Spa. frequency slots and 0 regenerators. In-,
stead, in the left hand side, we have the opaque solution
with Ti,q2 regenerators and Sy, frequency slots. Pre-
ferred options are those that require less frequency slots
than ag, and are highlighted inside a green area. In Fig[3}
B we show the case in which, for a given a threshold, there,
are several preferred options. In that case, the solution
that requires less generation is selected from the preferred
set (green arrow). On the other hand, in Fig[3}C we show
the case in which there are no options that require less
frequency slots than ag. When this happens, the strategy
selects the solution with less spectrum use (green arrow).
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5.2. Utilization Aware

The TA strategy requires to assign an ag value for
each demand, which can be related to a target spectrums,
efficiency (ratio between rate and spectrum). Besides the
need to define a proper value for ag, this approach is suit-
able for scenarios with full regeneration capacity , and re-
generation resources are enough to meet a target efficiency.
However, if regeneration is bounded, then a different ap-s;
proach is needed.

T(r) |
Tmax T %. *
o L] s
3
o ie
0 a + ' ’ +
0 Smin Smax S(T‘)
as
B C
T(r) T(r)
0 +—— > 0
0 S 0
Ag ag

Figure 3: Threshold Aware selection strategy.

We introduce the utilization aware (UA) algorithm,
which selects the solution that best assigns available re-
sources to avoid the depletion of either spectrum or transpon-
ders. The UA main goal is to allocate resources to mini-
mize the overall blocking probability and, hence, maximize
the network traffic. To this end, the utilization of spec-
trum Us(p) and transponders U;(p) along path p is first
computed to determine which resource is more critical. In
both cases utilization is defined as the amount of used re-
sources along the path with respect to existing ones. For
example, Ug(p) is computed as the ratio of the sum of al-
ready assigned frequency slots at each fiber link along the
path over the sum of all 320 frequency slots provided by
each link. While we assume that each fiber link always
offers the same amount of frequency slots, the amount of
available transponders at each node may vary and be pro-
portional to the node degree (i.e., number of links the node
is connected to). Hence, U;(p) is computed as the ratio of
the sum of in-service transponders along the path over the
sum of all available transponders at each node, which can
vary for each node.

With this approach, candidate selection is always done
such that provisioning has the minimum impact on the
most used resource. If Us(p) is larger than Uy(p), then the
spectrum is considered the critical resource that needs to
be saved. Hence, the candidate solution r that minimizes
the spectrum cost S(r) is selected. However, if Uy(p) is
larger than Ug(p), then the candidate solution r that min-
imize regeneration cost T'(r) is chosen.
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However, a straightforward implementation of this strat-
egy may lead to unnecessary blocking conditions. Lets as-
sume that we use an algorithm that always minimize the
most used resource. When the utilization is low there is
no risk in selecting near-opaque or near-transparent solu-
tions because the available resources are abundant. In-
stead, when utilization becomes high in both dimensions,
considering only the most used resource to select the best
solution can be counterproductive, as it can result in an
excessive increase on the least used resource, which can
then become the most critical resource.

An alternative to select the best candidate when uti-
lization is high, is to use a min-max approach over all can-
didates. This implies that, for each candidate r, the result-
ing utilization in terms of U, (r) and Uy (r) is estimated, and
its maximum value max(Us(r), Uy (r)) compared with all
other maximum values from candidates in the Pareto setsss
P(p). The candidate with the minimum maximum utiliza-
tion is then selected. This strategy selects solutions that
increase the utilization of both resources, hence, equaliz-
ing utilization. Even if this could be a wise decision when
resources are scarce (i.e., highly utilized), it may not bess
appropriate when they are abundant (i.e., low utilization).
In the latter case, it becomes more relevant to reduce the
rate at which the maximum utilization increases, as de-
mands are provisioned instead of caring about their equal-
ization. For example, if spectrum resources are more abun-sgs
dant than transponder ones, then the transponder utiliza-
tion rate needs to be controlled. This would favour the
selection of solutions with minimum or zero (transparent)
regeneration. However, as utilization increases, more bal-
anced solutions are required to avoid the earlier depletionsg,
of one resource.

To tackle this challenge, we propose to control the can-
didate solution space as a function of the utilization. As
one resource increase its utilization, the solution space
tends to more balanced solutions in terms of spectrumses
and transponder cost. To this end, the UA algorithm uses
two thresholds, one in terms of spectrum («g) and another
in terms of regenerators (ar), to define a set of preferred
candidates from the Pareto set P(p). If the spectrum uti-
lization Us(p) along path p is lower than the transpondersy
one U(p), then the solution r inside ag and o thresholds
that minimizes the regeneration cost T'(r) is selected. Oth-
erwise, if Uy (p) is lower than U (p), then the solution r that
minimizes the spectrum cost S(r) within the thresholds is
chosen. If the preferred set is empty, then the selection isss
done over the whole Pareto set.

In Fig[d] we show the proposed policy. Each black dot
represents a candidate solution. The opaque option re-
quires Ti,q: regenerators and Sy, frequency slots while
the transparent solution requires zero regenerators ande
Smaz frequency slots. There are two budgets: the regen-
erators threshold a7 and the spectrum threshold ag. The
preferred solutions are those that are simultaneously under
ar and ag (green area).

The option selection is done by minimizing the most

T(r) 4

Tmax T *

¢a JY I, ‘ .........
T " Usto) = U '

Udlp) > Us)™> | *

} —t
0 Smin Smax S(T')
as

>

0

Figure 4: Two dimension bounded utilization aware option selection
strategy.

used resource over the options that are simultaneously un-
der ag and ap (preferred set). If the preferred set is empty,
then the optimization is done over the whole Pareto set
also minimizing the most used resource.

To adapt to the changes of network state and to the
demand requirements (bitrate, path length), the thresh-
olds are dynamically computed for each new provisioning
process.

A demand can be provisioned using a number of re-
generators that ranges from 0 (transparent case) to Thnax,
that is the number of intermediate nodes in the selected
path. For example, if a 6 hops path is selected to provision
a demand, then T},,, is going to be 4 for this demand. We
propose to set a transponder threshold (ar) that is com-
puted for each demand from this range using the path
utilization. When the path transponder utilization is low,
we set the threshold to T},4,, meaning that we prefer any
solution regardless the required number of regenerators.
As the utilization starts to increase, ap decreases propor-
tionally. So, the regenerators threshold can be computed
as ar = Tiaz(1 — Ui(p)), where Uy(p) is the transpon-
der utilization of the selected path. In Eqn/[p] we show the
complete formula for ap. We added another factor in the
product (1 — ) to ensure that the opaque solution is in-
cluded when the utilization is near zero (3 is a small value
determined by tuning).

In a similar way, the spectrum threshold depends on
the spectrum path utilization (Us(p)) and the spectrum re-
quirements of the opaque and transparent solutions (Sy,n
and Sy,q.) following the expression shown in Eq@ In this
case, as the spectrum requirements of a demand ranges
from Sp,in (the spectrum required by the opaque solution)
and Sy,qz (the spectrum required by the transparent solu-
tion), the utilization is multiplied by Sy,qz — Smin and then
is added to Spun. Again, we introduced a (1 — 3) factor
multiplying the spectrum requirements to ensure that the
transparent solution is included in the preferred options
set when the spectrum utilization is near zero.

ar = Tmaz(l - B)(l - Ut(P)) (5)

Smin)(l - B)(l - Us(p)) + Smin (6)

Qg = (Smaz -
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Figure 5: Utilization Aware selection strategy.

In Fig. [5| we show the proposed method for the candi-
date selection. Given a new demand that needs to be pro-
visioned over a path, the Pareto set is determined. Then,
both thresholds (ag, ar) are computed using Eq. |5| and

[(] These thresholds determine the preferred set of options

(green area), that is composed by all the regeneration op-
tions that require less frequency slots than ag and less
regenerators than az. Finally, the option that minimize
the most used resource is selected from the preferred set.
If the preferred set is empty, then the option is selected
from the Pareto set, minimizing the most used resource.

The spectrum threshold is computed as a linear func-
tion of the spectrum utilization parametrized by the opaquess
and transparent solutions spectrum requirements, Sp,in
and Sy,az-

The threshold ranges between S, and Sya0+6(Smaz—
Smin). When the utilization is small, the threshold gets
a value slightly greater than Sp,.. (8 is a small value).s
Then, no bound in terms of spectrum is imposed but, as
the spectrum path utilization (Us(p)) increases the thresh-
old decreases. When the utilization tends to 1, the thresh-
old tends to Sy, meaning that more regenerated options
are preferred. In a similar way, the regeneration threshold
is computed as a linear function of the transponder pathsss
utilization parameterized by the opaque and transparent
solutions regeneration requirements (7Ty,q42, 0). When the
transponder path utilization is near zero, the threshold is
over Tp,q. and all solutions are included as preferred. As
the utilization increase the threshold decreases, reachinge,
zero when the utilization is one. Overall, when the network
is not loaded and the utilization is small, all the possible
solutions are included. As the utilization increases the pre-
ferred set becomes more and more bounded and more bal-
anced solutions are more likely selected. As the most usedss

resource is minimized, the spectrum and transponder uti-
lization are better balanced for successive demands. The 3
parameter is a small value close to zero that ensures that
the opaque and transparent solutions are included when
the utilization is near zero.

The details of the option selection routine can be found
in Algorithm [3| This strategy adjusts the thresholds (ar
and ayg) to the current state of the network using the spec-
trum and transponder path utilization as a reference.

Algorithm 3: utilization based option selection

Given the Pareto set for path p, P(p);
Compute U(p) (transponder utilization of p);
Compute Us(p) (spectrum utilization of p);
Compute Smaz(p) (frequency slots, transparent
option);
Compute Smin(p) (frequency slots, opaque option);
Compute Trae(p) (number of regenerators, opaque
option);
ar < (1= 5) x (1 = Us(p)) X Tmaz(p);
as <
(1—8) x (1 =Us(p)) X (Smaz(p) — Smin(p)) + Smin (P);
P(p)+{rePp) | Sr)<as and T(r)<ar};
if P’(p) is empty then
| P'(p) « P(p);

if U:(p) > Us(p) then

find r | T(r) is min{T(r)|r€ P'(p)k;
option < r;
else
S(r) is min{S(r)|r € P'(p)};

find r |
option < r;

return option;

If the initial solution set R(p) set includes all the fea-
sible solutions, then the complexity of our proposed al-
gorithms becomes combinatorial. Hence, we introduce a
bound on the number of intermediate nodes that are in-
cluded in the base of the combinations. We call this bound
p. Once the path is set, p intermediate nodes are ran-
domly selected to form the base discarding those that do
not have available transponders. Therefore, the base will
have at most p intermediate nodes and the maximum num-
ber of regeneration options is bounded to 2°, keeping the
complexity manageable.

5.8. Resource-Agnostic Strategies

Since we have described our proposed strategies as resource-

aware, we briefly discuss existing strategies that can be
considered resource-agnostic. The most straightforward
ones are the transparent and opaque strategy. These strate-
gies represent trivial and opposite strategies, which try to
minimize only one of the costs. On the one hand, in the
transparent strategy no regeneration is ever used, which
can result in an intensive use of spectrum resources. On
the contrary, the opaque strategy, which uses regeneration
at each hop, can save spectrum but at the expenses of
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Figure 6: Simulation results for the COST266 European Topology under dynamic mixed rate traffic and 80 transponders per link per node.
A) Bitrate blocking ratio vs Load, B) Number of regenerators per demand vs Load, C) frequency slots per demand vs Load.

increasing the amount of transponders required for regen-
eration. Both strategies can be considered as upper and
lower bounds for the analysis of other strategies. 710

The first longest reach (FLR) strategy is a natural
improvement of the transparent one, and it is proposed
in [24]. Regeneration is only used if a transparent path
cannot be setup. The strategy always tries to establish
the longest transparent path that is possible. Given ans
path, the algorithm increases the transparent transmission
length by one hop until it becomes blocked. If blocking
occurs, a regenerator is placed as far as possible from the
source. Ultimately, the behaviour is near to the transpar-
ent case but with the extra capability of overcoming somero
blocking situations using regeneration

On the other hand, the first narrowest spectrum (FNS),
also proposed in [24], aims at improving the opaque strat-
egy by using the narrowest spectrum as far as possible.
Given a path, the algorithm increases the transparent transrs
mission length by one hop at a time, until the amount of
frequency slots per link increases. At this point, a regen-
erator is placed in the previous node. The algorithm tries
to minimize the spectrum use in the first place and, as a
second step, to minimize the number of regenerators. Thiszso
algorithm finds solutions near to the opaque case, but po-
tentially using less transponders.

6. Results

735

In this section we analyse simulation results to eval-
uate the proposed strategies and compare them with ex-
isting ones. Our main goal is to demonstrate the value
of strategies that are aware of available resources. First,
we consider those strategies that assume full regeneration™®
capacity, where nodes are equipped with a large amount
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of transponders. Hence, these strategies aim at minimiz-
ing the required spectrum with the minimum regeneration
cost. Next, we consider those strategies that are well suited
for scenarios where the number of transponders per node
is a limiting resource. These strategies aim at optimally
assigning available resources. The bound on the amount
of available transponders per node is also analyzed to bet-
ter understand how this impacts the blocking probability.
Finally, we present some complexity considerations of the
proposed strategies and compare their execution time with
respect to existing ones.

We ran simulations for three optical network topolo-
gies: the European COST266 (37 Nodes and 57 Links),
the United States US24 (24 Nodes and 43 Links) and the
Argentinean ARG-CORE (29 Nodes and 55 Links). These
topologies can be found in net2plan format in https://
github.com/nehuengonzalez/eon_topologies. We only
report results for the European COST266 Network topol-
ogy, that has 37 Nodes and 57 Links, as result trends
are equivalent to those obtained for other topologies that
were simulated. We assumed SMF fiber, « = 0.2 dB/km,
D = 17 ps/(nm km), v = 1.2 1/(W km) and EDFA op-
tical amplification every 80 km with 5 dB of noise fig-
ure. We consider the whole C-band (4 THz) divided in
320 frequency slots of 12.5 GHz to represent the flex-
grid [I]. For simplicity, we consider one empty slot as
guard-band between adjacent super-channels. We con-
sider that the amount of transponders available at each
node is proportional to the node degree, for example, if
we consider that each node will have 10 transponders per
link a 3 degree node will have 30 transponders. An elas-
tic transponder supporting BPSK, QPSK, (8, 16, 32, 64)-
QAM (n € {1,2,3,4,5,6}), 25% FEC overhead targeting
BER=1e-2 (H = 25), and a maximum baud rate of 50
GBaud (B = 50) is assumed.


https://github.com/nehuengonzalez/eon_topologies
https://github.com/nehuengonzalez/eon_topologies
https://github.com/nehuengonzalez/eon_topologies
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Figure 7: Simulation results for the COST266 European Topology under dynamic mixed rate traffic and 20 transponders per node per link.
A) Bitrate Blocking ratio vs Load, B) Number of regenerators per demand vs Load, C) frequency slots per demand vs Load.

We consider mixed rate dynamic traffic demands of
100 Gb/s, 200 Gb/s and 400 Gb/s. Demand arrival and
holding times follow independent Poisson processes. The
source and destination node, and the demand bitrate arerso
randomly selected using uniform distributions. All the re-
sults shown were obtained running 30 independent simula-
tions with 30 different random seeds with 500000 demand
arrivals each. We also report the confidence interval of the
values as a shadow around the dots: In most of the casesrss
the confidence interval is so close to the mean value that
can not be appreciated.

6.1. Full Regeneration Capacity

Strategies that make an intensive use of transponders™
are well suited for scenarios where the limiting resource is
the spectrum. We analyze a scenario with full regenera-
tion capacity where each node has enough transponders to
admit fully opaque transmission in all the demands, get-
ting almost no transponder blocking. In Fig. [6fA we™
show the blocking ratio versus the network load
for this scenario. We consider 80 transponders per
link per node to match the number of channels of
50GHz in the band C. The 50GHz bandwidth is
selected to match the maximum baudrate of the®®
transponders (50 GBaud). In this scenario the limit-
ing resource is the spectrum and the opaque strategy gets
the best performance due to the spectrum compression ob-
tained thanks to the regeneration. A similar performance
is obtained by the TA strategy when o = 0 and by the®s
UA. For TA, such a low threshold value tends to prefer-
entially select a solution that has the minimum spectrum
cost but with the minimum number of regenerators. For
UA, the assumption of large amount of transponders at
each node always results in low transponder cost T'(p) for®®
any path p. Hence, the spectrum is always assumed to
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be the critical resource and solutions that have minimum
impact on it are selected. Note also that we considered
two values for p, which set a limit on the number of nodes
where regeneration is analyzed. The larger its value, the
more candidate solutions are considered. Since there is no
significant difference on the performance for both values,
we can argue that the UA complexity can be limited with
no actual penalty. Later we will evaluate the complexity
of this strategy, but we can anticipate that the best per-
formance can be achieved with low complexity. Finally,
we observe that the FNS strategy has the worst perfor-
mance. For low loads, this strategy gets blocking ratios
even ten times worse than the others, and for higher loads
that difference reduces to two times.

In Fig. [0} B we show the number of regenerators per de-
mand versus the load. The opaque strategy requires a very
high number of regenerators per demand, slightly more
than three on average. independently of the load. In this
scenario, with a large amount of transponders per node,
the number of regenerators can be thought as a relative
cost. For example, three regenerators per demand repre-
sent a three times increment in the transponder cost com-
pared to the transparent transmission. All other strategies
can reduce this cost, even for similar blocking performance.
The opaque strategy uses regeneration at every intermedi-
ate node, regardless of the impact of that regeneration on
the spectrum use. On the other hand, the TA-ag = 0 and
the UA strategies select the best option from the Pareto
set, then a candidate with less regeneration and minimal
impact on the spectrum is always favoured. This means
that using the resource aware strategies the best perfor-
mance achievable can be met even if we reduce the amount
of transponders per link per node in a 30% compared with
the requirements of the opaque strategy.

Both TA-ag = 0 and UA strategies not only perform
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Figure 8: Simulation results for the COST266 European Topology under dynamic mixed rate at 250 Erlang. Bitrate Blocking ratio vs

transponders per link per node

better in terms of blocking than the FNS one, but use
less regeneration. Furthermore, these two strategies use
less spectrum per demand, as shown in Fig. [6}C. Overall,
when the limiting resource is spectrum, the TA-ag = 0

and UA strategies have the best performance in all threess

dimensions: blocking ratio, number of regenerators and
frequency slots per demand.

6.2. Partial Regeneration Capacity

A more realistic examined scenario is when both re-sss

sources are scarce. In such scenario, strategies that make
an intensive use of spectrum resources may be more suit-
able. In contrast to Sec. nodes are equipped with much
less transponders. In Fig. [6] we show results for the same
topology but with 20 transponders per link per node. We

consider the transparent, TA-ag = 0o, UA and the FLRs«o

strategies.

In Fig. [FA we show the blocking ratio versus network
load. As it can be seen, in this scenario the blocking
probabilities are much higher due to the lack of transpon-

ders. These strategies use a small amount of regeneratorssss

per demand (Fig. B) compared to the previous strate-
gies (Fig. |§|-B) This behaviour has a direct impact on the
number of slots per demand, as shown in Fig. [7C. These
strategies require more than 23 frequency slots per demand

at any load, while the previous strategies require less thansn

20. This increment on the spectrum requirements is re-
flected on the increment of the blocking ratios, since the
spectrum resources become scarce at lower network loads.

The transparent strategy does not allow any regenera-

tion at all, and as a consequence it has the worse blockingss

ratio performance. The FLR strategy uses regeneration

whenever the transparent solution is blocked, enabling a

blocking probability gain of hundred of times at low load
conditions and of two times at very high load conditions.
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The TA algorithm with an ag set to infinity always tries to
minimize the use of transponders, then it has a very similar
behaviour to FLR. In both cases, the number of transpon-
ders grows with the increment of the load. As the load
increases, the probability of getting blocked by spectrum
continuity and contiguity problems also increases. Thus,
both strategies use regeneration to overcome this blocking
situations. Finally, the UA try to balance the spectrum
use and transponders use based on the basis of spectrum
and transponders path utilization. This balanced solution
enables a further reduction on the blocking probabilities,
with gains that are over thousand of times at low load con-
ditions and up to two times in very high load conditions.

6.3. Regeneration Capacity Sensitivity

In Fig. [§ we show simulation results for the same topol-
ogy at a single load of 250 Erlang for multiple regeneration
capacities in terms of transponder bounds. We select this
load because it gives a wide range of observable blocking
probabilities, but similar behaviours are obtained for other
load conditions. We divide the results in two sets to pro-
vide clarity. In Fig.[8}A we compare the UA strategy with
transparent, opaque, FLR and FNS ones. In Fig. BB we
compare the UA strategy with the TA one.

In Fig. BFA the UA always perform better than the
other strategies. When the transponder bound is small
(below 10 transponders per link per node), the results ob-
tained with the UA algorithm overlaps with those obtained
with the FLR. Indeed, in such scenario transponders are
always more scarce than frequency slots as a consequence,
the best solution is always the one that minimizes the use
of regeneration. This behaviour is also reflected by the
fact that, when the transponder bound is 5 transponders
per link per node, no strategy performs better than the
transparent. There is a point from which the transparent
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Figure 9: Computation time per demand for a linear topology with N nodes. A) Average computation time per demand vs. Number of
nodes, B) Maximum computation time per demand vs. Number of nodes.

and FLR algorithms can no longer obtain better results,
since they will not use extra regeneration even if spare
transponders are available, As the transponder bound in-eo
creases, those strategies that make a more intensive use of
transponder start improving their performance. For these
transponder bounds, the UA algorithm always shows the
best performance, because it always tries to use the avail-
able resources in both dimensions.

In Fig. B} B we compare the UA algorithm with the TA
algorithm with a range of thresholds ag = 0, 10, 20, 30, 40, cc.
Observe that, for every transponder bound, there exist an
ag such that the TA algorithm perform almost as well as
the UA. If we had an oracle to determine the best g foreo
each scenario we could always obtain good results. How-
ever, being the definition of an optimal « infeasible, this
strategy is not practical. The UA strategy aims to use the
best resource combination at every step, taking into ac-
count the network state and the required resources. Thises
is why it always permits to obtain good results regardless
the transponder bound.
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6.4. Complexity Analysis

The most computationally intensive part of all these®®
algorithms is the spectrum allocation step. All the algo-
rithms are using the same spectrum allocation subroutine
(i.e., First-Fit scheme). Then the complexity of the differ-
ent algorithms depends on the number of times the spec-
trum allocation subroutine is called. This subroutine eval-*:
uates both spectrum and transponder availability along a

1 2 3
300Km 300Km

N-1 N

300Km

940

Figure 10: N nodes linear topology.
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path or subpath. If there is no spectrum nor transponder
blocking, it determines the best spectrum allocation.

The worst case complexity of the UA algorithm is dom-
inated by the number of combinatorial options needed to
be evaluated. Let assume that the complexity of the spec-
trum allocation is constant. Let H be the number of
hops in the path, then the UA algorithm complexity is
O(28-1H), where 27~1 is the number of regeneration op-
tions and H the number of calls to the spectrum allocation
procedure per evaluated option. As the number of nodes
included in the base for the combination is bounded by p,
then the complexity is also bounded by O(2°H).

Nevertheless, the worst case complexity of the UA strat-
egy is very pessimistic. In practice, the actual number
of candidate solutions that are evaluated might be much
lower, because some solutions may be blocked by lack of
spectrum or transponder resources. The requirements of
each option can be precomputed and those options that
do not have enough resources are discarded, with almost
no computational cost. Besides, the number of calls to
the spectrum allocation is commonly much lower than the
worst case H. There is only one option with H — 1 regen-
erators. The average number of regenerators in a random
selection is a number between 0 and H — 1.

In contrast, the FLR and the FNS worst case com-
plexity is lower, being equal to O(2H). In the case of FLR
and FNS, the best case computation time follows O(H).
Therefore, the average computation time will be between
O(H) and O(2H), With the FLR near to O(H) and FNS
near to O(2H).

In all the previous simulations, the computation time
per demand in ms/demand is comparable for all strategies,
including UA. Since the computation time mainly depends
on the number of hops of the paths, we analyze its actual
performance on a linear topology, as shown in Fig. [L0|with
N nodes and a constant hop length of 300 km. We run sim-
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ulations for different number of nodes N with mixed rate
traffic (100G, 200G and 400G uniformly distributed) forooo
an homogeneous traffic matrix. We computed the aver-
age computation time per demand in ms/demand and the
maximum computation time per demand in ms/demand
for each N, at a load that gives a blocking ratio between
0.01 and 0.05. Each dot is the result of averaging over 20Qo0s
simulations with 50000 demand arrivals each. As it can
be seen in Fig. [0} A, the average normalized computation
times for all the strategies are in the order of magnitude
regardless of V. When the number of hops of the topology
is over ten, the UA starts to require higher computationoo
time than the other strategies.

The effect of p can be observed in Fig. [0} B, where we
show the maximum computation time per demand: For
p = 8, the maximum computation time grows exponen-
tially until N = p 4+ 2 = 10, then the computation timeos
growth becomes linear. Something similar happens with
p = 7: The computation time starts to behave linearly
after N = 9 and after N = 8 for p = 6. Including this
limit, we allow the algorithm to get the global optimum
when the size of the solution field is manageable and tao
get a suboptimum when the size is not manageable. As
earlier discussed, we included a parameter p in the UA
strategy that represents the maximum number of interme-
diate nodes to be included in the computation routine. In
other words, if a path has more than p + 1 hops, only pes
intermediate nodes will be selected as candidates for re-
generation. Thus, the number of evaluated solutions is
bounded by 2°. If, for example, we set p = 10, all the
demands with paths with at most 11 hops will be provi-
sioned using the full set of regeneration options, whereaso
demands with paths with more than 11 hops will be pro-
visioned using only 1024 options. This bound is used in
the third step of the flow shown in Algorithm [1} the regen-
eration options computation step. When the number of
intermediate nodes of the path is greater than p, the maxsoss
imum number of regeneration nodes are randomly selected
according to a uniform distribution.

7. Conclusions
1040

In this work we analyzed the trade-off between regen-
eration and spectrum costs when provisioning lightpaths
in translucent EONs. Existing strategies aimed at mini-
mizing either one of these costs, instead we focused on a
joint optimization.To this end, we modeled the problem as
a two-dimensional resource assignment problem and pro-
posed two different provisioning strategies. The first oneios
named threshold-aware (TA), is well suited for scenarios
with full regeneration capacity. The second one, named
utilization-aware (UA), considers scenarios where regener-
ation capabilities at nodes are bounded. 1050

We reported simulation results that showed that pro-
posed resource-aware strategies can enhance the perfor-
mance in both scenarios in terms of blocking ratio and
cost. In the scenario with full regeneration capacity, where
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the number of regenerators per demand can be considered
as a cost, both the TA and UA strategies outperform the
best known algorithms achieving the same performance of
the opaque provisioning strategy in terms of blocking ratio
while reducing the regeneration cost by more than 30%. In
the general scenario with scarce spectrum and transpon-
ders, where the number of regenerators per demand cannot
be considered as a cost, the UA algorithm enables a more
efficient use of spectrum and transponder resources, reduc-
ing the blocking ratio by thousand of times with respect
to the transparent provisioning strategy and by hundred
of times if compared to the best known algorithms and the
TA algorithm.

The ultimate blocking gain depends on the overall num-
ber of available transponders but the UA algorithm always
ensures the lowest blocking ratio compared to the rest of
the alternatives. When the number of available transpon-
ders is very low, no strategy can perform better than the
transparent case; similarly, when the number of available
transponders tends to infinity no strategy can perform bet-
ter than the opaque one.

Finally, we showed that the computation time per de-
mand is comparable among all strategies when the path
lengths are below 12 hops. We also showed that when in-
cluding a limit to the number of evaluated combinations of
regeneration points, the TA and the UA complexity can be
bounded with almost no practical impact on performance.

In summary, these results show that resource-aware
strategies can better exploit the flexibility of EONs and
improve performance by reducing the blocking probability.
Even if our work only considers spectrum and transpon-
ders as the available resources to be optimized, other re-
sources could be considered in future studies. In particu-
lar, the use of sliceable bandwidth variable Transponders
(SBVTSs) introduces more flexibility in the resource assign-
ment problem as a transponder could be shared among
different lightpaths. Besides, the spectrum cost could be
further extended when considering space division multi-
plexing (SDM) EONSs,; so as they add the fiber cores or
propagation modes in the decision process. In this context,
we foresee that provisioning strategies need to consider the
trade-off among all available resources and we believe that
this work contributes to this vision and provides a valid
methodology to tackle these challenges.
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