ITU Journal on Future and Evolving Technologies, Volume 5, Issue 3, September 2024

PHYSICAL LAYER-AWARE CIRCUIT REALLOCATION TO EONS USING MAKE-BEFORE-BREAK
AND PUSH-PULL TECHNIQUES

Selles Aratijo’?, Jurandir Lacerda Jr.!, Alexandre Fontinele?, Erico Ledo?,
José Valdemir d. Reis Jr.2, André Soares?
nstituto Federal do Piaui, Teresina-PI, Brazil, 2Universidade Federal do Piaui, Teresina-PI, Brazil

NOTE: Corresponding author: Selles Aratjo, sellesgustavo@gmail.com

Abstract - This paper proposes a new circuit reallocation algorithm with make-before-break and push-pull techniques that
considers the effects of physical layers in transparent elastic optical networks called Just One Circuit Reallocation (JOC). The
JOC algorithm reallocates just one already established circuit to avoid blocking new circuit requests due to impairments in
the physical layer. The results of the JOC algorithm were compared to three other algorithms: Circuit Reallocation Strategy -
Physical Layer (CRS-PL), Circuit Reallocation for Block Reduction related to the QoT of the circuits (R-RQoT), and Make-Before-
Break based defragmentation algorithm (MBBr). The reallocation algorithms are evaluated under the Bandwidth Blocking
Probability (BBP), Circuit Blocking Probability (CBP), and the Number of reallocated circuits (N), external fragmentation, and
percerntual of circuit by modulation for USA and EON topologies. Moreover, we also evaluated the performance of reallocation
algorithms using complete sharing, K-shortest path computation, modified Dijkstra paths computation, and K-shortest path
with reduction of QoTO to routing and spectrum assignment. Simulation results show that the proposed algorithm performs
better than the CRS-PL, R-RQoT, and MBBr algorithms regarding BBP, PBC, and N. Regarding BBPE, our algorithm presented

minimum reductions of approximately 65.36% e 55.6% for the USA and EON topology, respectively.
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1. INTRODUCTION

Data traffic on the Internet is growing significantly,
and the promising network infrastructure to handle this
growth is Elastic Optical Networks (EONs). The advan-
tage of EONs consists of using resources more efficiently
compared to traditional networks. Efficiency is achieved
by fairer allocation of the optical spectrum due to the fre-
quency channels having a size of 6GHz or 12GHz, a size
sufficiently adequate for resource waste to be reduced
from the 50GHz size of traditional networks [1].
Frequency channels are called slots and can be combined
to meet traffic requests that require greater bandwidth.
This division of resources into small frequency intervals
is due to using the Orthogonal Frequency Division Multi-
plexing (OFDM) technique by EONs [1, 2].

In EONGs, a circuit request arrives on the network, and es-
tablishing it requires a solution to the Routing, Modula-
tion Level, and Spectrum Assignment (RMLSA) problem
[2]. This problem involves choosing the route, modula-
tion, and spectrum band for a given request. All requests
are submitted to the RMLSA problem, and when any of the
sub-problems are not solved, the request is blocked.
Choosing the spectrum band consists of selecting a set
of slots that are contiguous and continuous. Continuity
and contiguity are restrictions of the optical medium that
need to be met due to EONs being transparent [2]; that is,
there is no conversion of the optical signal in intermediate
nodes between the origin and destination of the request.
The spectrum contiguity constraint requires that the slots
be adjacent. Continuity requires the slots to be the same

on all links on the defined route. Contiguity and continu-
ity are optical constraints that must be met to establish
the circuit [2]. Meeting these restrictions becomes diffi-
cult when the spectrum is fragmented.

Fragmentation is a common EONs problem that con-
tributes to request blocking. This problem occurs due to
the successive establishment and termination of circuits
in a network scenario with dynamic traffic [2]. The con-
sequence of the problem is that small blocks of free slots
are distributed across the spectrum, contributing to the
non-contiguity and continuity of the spectrum. A solution
widely used in the literature is the adoption of spectrum
defragmentation algorithms.

Defragmentation algorithms reallocate active circuits to
reorganize spectrum use, aiming to generate blocks of
contiguous and continuous free slots in the network. Re-
allocation seeks to find a new route or set of slots for an
active circuit, changing the initial RMLSA solution. This
strategic change significantly reduces request blocking on
the network [3, 4].

Defragmentation is interesting in network scenarios
where fragmentation is the main cause of blockages, and
these are generally scenarios that do not take Physical
Layer Imperfections (PLIs) into account. In scenarios
where PLIs are considered, the main causes of request
blocking are related to the inadequate transmission qual-
ity (QoT) that circuits present when subjected to the ef-
fects of the physical layer [5].

In this sense, circuit reallocations used to defragment are
now used to reduce physical layer effects on the network.
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These reallocations reorganize active circuits, changing
their routes and, consequently, reducing interference in
regions of the network that are suffering greatly from the
effects. If reallocations are not made in these regions
(links), the admission of requests in these areas is com-
promised [6].

In the article proposed in [7], a circuit reallocation algo-
rithm was presented to reduce physical layer blockages.
The execution of the algorithm starts when a request is
about to be blocked, and for each reallocation process,
a single circuit is identified and reallocated, capable of
reducing the physical layer effects on the request route
enough so that the request does not suffer the block. This
work is an extension of [7]’s proposal, with the difference
of using the push-pull technique to compress the spec-
trum in situations of circuit completion and reallocation
of the circuit through the proposal.

The organization of this work consists of the following:
Section 2 describes the adopted physical layer model
and explains the physical layer effects used. Section 3
presents the problem of reallocating circuits to reduce
physical layer effects and, consequently, QoT-related
blockages. Section 4 lists the work related to the reallo-
cation problem, where most reallocate to defragment. In
Section 5, the operation of the reallocation algorithm is
presented, and in Section 6, the performance evaluation
shows the impact of using the proposal in different sim-
ulation scenarios. Finally, conclusions are presented in
Section 7.

2. PHYSICAL LAYER MODEL

In the literature, physical layer effects can be categorized
into linear effects, nonlinear effects and other effects [8].
Linear effects are independent of the optical signal power
and affect each circuit separately [9]. Examples of this
type of effect are fiber attenuation, chromatic dispersion
and polarization mode dispersion.

The nonlinear effects are strongly dependent on the ac-
cumulated power and the individual power of the optical
circuits transported in parallel in the same fiber, causing
interference in the individual circuits and between them
[9]. Self-phase modulation, cross-phase modulation and
four-wave mixing are examples of nonlinear effects.

The effects of the third category are related to the opti-
cal devices present in the network or the current state of
circuit allocation [8]. The main effects of this category
are crosstalk, resulting from the incomplete isolation of
the circuits by optical components, and Amplified Spon-
taneous Emission (ASE), noise generated at the time of
amplification of the optical signal by the Erbium Doped
Fiber Amplifer (EDFA).

ASE effects and nonlinear effects were adopted in this
work because they are in line with what the literature
adopts [10]. The physical layer model used was proposed
by [11] and the Signal to Noise Ratio (SNR) was used to
measure the QoT of the optical circuits. The SNR calcula-
tion of a circuit c is defined by Equation (1): [11].

I
SNR,= — .
Tysg+1Ines

1)

The parameter [ corresponds to the signal Power Spectral
Density (PSD), defined by I = P,, /A, where P,, is the
power signal and A is the circuit bandwidth. The PSD of
ASEnoise (I 4 g;) and nonlinear noises ({5 ;) are demon-
strated in detail in [5].

The SNR level is calculated for each circuit to be estab-
lished in the network and its value must be greater than or
equal to the modulation format threshold selected by the
RMLSA algorithm. If the SNR is not adequate, the request
may be blocked by QoT on the New circuit (QoTN) or QoT
on Other already established circuits(QoTO). QoTN is the
blocking suffered when the SNR of the new request does
not present adequate levels for its operation. QoTO oc-
curs when even if a new request has adequate QoT, its es-
tablishment impacts already active circuits, leaving them
with QoT below the threshold required by the network.

3. CIRCUIT REALLOCATION

Circuit reallocation appeared in EONs to defragment the
optical spectrum, a process similar to defragmenting a
hard drive. Defragmentation generates free space on the
disk capable of admitting more files, just as optical net-
works can admit more traffic when using this procedure.
The work proposed by [12] was one of the precursors of
defragmentation for optical networks.

The circuit reallocation process consists of searching for
a new RMLSA solution for a given active circuit in the net-
work. Using the new solution, the circuit may be reallo-
cated to a new route, or the route may not be changed,
just changing the spectrum band of the circuit. With this
approach, algorithms can be categorized into re-routing
algorithms or spectral reassignment algorithms. Algo-
rithms that change circuit routes have more possibilities
for reallocation and, therefore, can have a greater positive
impact on the network [2].

The new solution for reallocating the defined circuit seeks
to migrate data traffic using techniques that redirect con-
nection traffic. Migration can occur by interrupting cir-
cuit services, causing data loss, or by not interrupting ser-
vices, a process that does not result in data loss. There are
several techniques in the literature for traffic migration;
they are: i) re-optimization, ii) hop-tuning, iii) push-pull,
and iv) make-before-break [2].

Therefore, the reoptimization technique causes traffic in-
terruption and is known in the literature as a non-hitless
technique. On the contrary, the other techniques that,
when used, do not interrupt traffic are called hitless
techniques. Generally, jobs are categorized according to
rerouting criteria and data migration technique [2].
What sets the work apart is the strategy adopted to define
which circuits should be reallocated and what is the new
RMLSA solution for each circuit. To defragment the spec-
trum, the new solution seeks to meet this requirement
and generate blocks of contiguous and continuous slots
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in parts of the network. However, when physical layer
imperfections are considered in the study, the fragmen-
tation problem is no longer significant [13].

In these physical layer scenarios, interference from cir-
cuits to each other and from these circuits to future re-
quests are the main factors in request blocking, as seen
in the work proposed by [13, 6, 7]. In this sense, circuit
reallocations now have another objective: to reduce the
physical layer effects considered so that interferences are
mitigated. This contributes significantly to improvements
in the QoT of new requests.

In this context, the problem of Circuit Reallocation aware
of Physical Layer Imperfections (CR-PLI) arises, in which
reallocations are made to reduce the effects of noise pro-
duced by network equipment or the leakage of circuit
powers. However, CR-PLI is a problem similar to spec-
trum defragmentation with a different objective. The
same steps followed by defragmentation are also adopted
in CR-PLI, which can be divided into:

1. Step 1: When to run the reallocation algorithm?
(Trigger)

2. Step 2: Which circuits will be reallocated?

3. Step 3: What is the new RMLSA solution for each cir-
cuit to be reallocated?

4. Step 4: Which technique should be used to migrate
data traffic from circuits?

A CR-PLI algorithm needs to solve each step listed to oper-
ate in the network, and different ways of dealing with the
steps generate different results in network performance.
It is worth mentioning that fragmentation can also be re-
duced depending on the heuristic adopted to solve the CR-
PLI problem. Fig. 1 presents an example of the CR-PLI
problem.

Modulation | Threshold [ SNR value
BPSK 6dB 6.5dB
= =  3QAM 12dB 13.4dB
Fo== 32Q0AM 18dB 20.2dB
p— 64QAM 21dB 19.4dB

(a) Before reallocation

Modulation | Threshold | SNR value

8QAM 12dB 14.5dB
= = 8QAM 12dB 14.4dB
32QAM 18dB 20.2dB
— 64QAM 21dB 22.4dB

(b) After reallocation

Figure 1 - Example of the CR-PLI problem. Network scenario (a) before
and (b) after circuit reallocation to reduce physical layer effects.

In the scenario in Fig. 1(a), the new circuit request (Cir-
cuit 4) would be blocked when allocated to route C-B-E.
The blocking occurs due to the high interference gener-
ated by the circuits that share the B-E link in the new re-
quest. This interference is high enough to make the QoT of
circuit 4 inadequate, with an SNR equal to 19.4 d B, lower

than the modulation threshold considered (21 dB). This
leads to QoTN blocking.

In the scenario in Fig. 1(b), circuit 1 was reallocated from
route C-B-E-D to route C-D. This reallocation caused a re-
duction in physical layer effects on the C-B-E-D route links
and, therefore, it was possible to allocate circuit 4 (new
request) in the network with adequate SNR levels (previ-
ously 19.4 d B,now 22.4 dB).

4. RELATED WORKS

The vast majority of work in the literature on elastic opti-
cal networks involves circuit reallocation, seeking to de-
fragment the spectrum to reduce fragmentation and en-
able greater admission of traffic into the network [12, 4,
14, 15, 16, 17]. However, the trick of reallocating circuits
can be used to achieve other objectives, such as reducing
physical layer effects.

The authors in [12] present a hitless defragmentation al-
gorithm that allows circuits to be rerouted, changing their
original RMLSA solution. The circuits chosen for reallo-
cation interfere with the new request and contribute to
its possible blocking. These circuits are reallocated to
different routes to establish the new request. The tech-
nique used to migrate data traffic is make-before-break,
also proposed by the same author [12] and widely used
in the literature.

The authors in [3] present the defragmentation problem
and propose a solution. The proposed algorithm uses
the Most Frequently Used Slot First (MFUSF) and Highest
Used Slot-Index First (HUSIF) strategy to select the 30%
of active circuits for reallocation. RMLSA algorithms de-
fine the new RMLSA solution for circuits in the network,
and data traffic migrations are performed using the make-
before-break technique.

The disadvantage of the make-before-break technique is
the need to use additional transmitters and receivers. To
deal with this, new traffic migration techniques, such as
push-pull [18] and hop-tuning [19], were proposed, and
consequently, new defragmentation work went to use
them. In [19], in addition to proposing the hop-tuning
technique, an experiment is carried out detailing its op-
eration and presenting its benefits.

Another form of reallocation, generally known as truly-
hitless, uses survivable scenarios and does not require
traffic migration techniques [14, 15]. In [15], dedicated
protection is used to reallocate both primary and sec-
ondary circuits without interrupting network services.
The non-interruption is due to the possibility of the pri-
mary circuits exchanging functions with the secondary
circuits to be reallocated and vice versa. Thus, if a sec-
ondary circuit is chosen for reallocation, it is deactivated
from the network and re-established in a new RMLSA so-
lution. The connection will not be impaired as data con-
tinues transmitting via the primary path. Similar propos-
als are found in [20].

In [21], two metaheuristics are presented to select active
circuits in the defragmentation process. The first is based

©International Telecommunication Union, 2024 397



ITU Journal on Future and Evolving Technologies, Volume 5, Issue 3, September 2024

on ant colonies, and the second is based on a genetic algo-
rithm. The goal is to reduce the number of circuits real-
located and reduce fragmentation in the network. In an-
other work by the same author ([17]), a method for esti-
mating the request blocking rate based on machine learn-
ing is proposed. This method is used as a trigger for the
defragmentation process. The proposal is compared with
other triggers, one with a fixed time and the other evaluat-
ing fragmentation in the network. The machine learning-
based trigger showed a lower probability of blocking us-
ing the same reallocation strategies with only a change in
the trigger.

Unlike defragmentation work, the proposals presented by
[13, 6] seek to reallocate circuits to reduce the effects gen-
erated by considering the physical layer. In [13], the re-
allocation algorithm is executed for each blockage caused
by a lack of transmission quality to minimize interference
on the links on the blocking route. In addition to minimiz-
ing physical layer effects, circuit rerouting seeks to bal-
ance network load, a contributing factor to reducing in-
terference on network links. In [6], the reorganization of
the circuits aims for a local benefit, focusing on establish-
ing the Requisition on the Imminence of Blocking (RIB).
The proposal’s difference is the restriction on reallocat-
ing only one circuit per process, reducing the number of
changes in the network.

The authors in [16] also consider physical layer imper-
fections, proposing a proactive defragmentation scheme
aware of optical signal quality. The scheme seeks to min-
imize spectrum fragmentation and maintain the circuit’s
transmission quality using two algorithms: awareness of
nonlinear effects and ignorance of linear effects. Addi-
tionally, machine learning is used to estimate the trans-
mission quality of the circuit during reallocation. The ex-
periments showed that the nonlinear effect-aware algo-
rithm reduced the blocking rate by more than 24% com-
pared to the effect-unaware algorithm, considering the
USA topology.

Unlike the works above, this work uses the circuit reallo-
cation approach to directly reduce physical layer effects
in favor of meeting imminent blocking requests. For each
execution of the algorithm, at most, a single circuit is re-
allocated, and the reallocation is only carried out on the
physical network if it is possible to avoid blocking the im-
minent blocking request. This work is an extension of the
[7] work, with the addition of more performance metrics
and the use of the push-pull technique to increase the pos-
sibilities of reallocation in the network since the use of
the make-before-break technique adds an extra costin the
network, that is, more transmitters are necessary for its
operation.

5. PROPOSAL

This section presents the physical layer-aware reallo-
cation algorithm based on push-pull and make-before-
break techniques, called Just One Circuit Reallocation
per Process (JOC). Reallocations using make-before-break

undergo route changes, and reallocations using push-
pull do not undergo rerouting only spectrum reassign-
ment. Generally, push-pull reallocations compress the
spectrum into a route when a circuit is rerouted, and non-
contiguous space is generated. Fig. 2 shows the flowchart
of the normal operational functioning of the network with
reallocations using push-pull when circuits are termi-
nated.

Execute
Reallocation
Strategy with
MbB

If
any
expired
circuit?

Yes

Potential

Yes
R blocking?

Release expired
circuit C

L: circuits that
share the links
of the C route

If
new
request
arrives
(R)?

RMLSA
Algorithm

Figure 2 - Normal network operation with the adoption of the push-pull
technique.

Available
resource?

L_| Push-pull right/
left in the L

R blocked
R established

It is observed that when the circuit is terminated (Cf)
in the network, a push-pull reallocation operation is per-
formed to compress the spectrum along the C'; route
when necessary. Generally, the completion of circuits
contributes to disorganized spectrum use. The active cir-
cuits that will take part in the push-pull operation share
the C; route links and are ordered increasingly from the
circuit closest to the beginning of the spectrum to the one
closest to the end. Then, the circuits are moved using the
push-pull technique to the beginning or end of the spec-
trum, depending on the spectrum allocation policy.

The other reallocation operation will be when the net-
work detects a potential request blockage. Potential
blocking means the request will be blocked if the network
does not undergo any changes. From this, a reallocation
strategy is executed, selecting the circuits that share the
links of the R request route (potential blocking request)
and choosing one to be rerouted, ensuring that request R
is met. If rerouting a single circuit is impossible, nothing
is done on the network, and the R request is blocked. The
objective of reallocating a single circuit per process is to
reduce the number of operations, complexity, and cost, as
the make-before-break technique uses additional trans-
mitters and receivers. Fig. 3 details how the reallocation
strategy works.

In Fig. 3, the selected circuits are ordered by decreasing
hop number, since the reallocation of larger circuits ac-
cording to this criterion may produce more positive ef-
fects on the network but they are circuits that are more
difficult to reroute. For each selected circuit, a new
RMLSA solution (new route, new modulation, and new
spectrum) will be defined. If the new solution meets
the QoT requirements, the circuit is reallocated using the
make-before-break technique, and an attempt is made to
meet the new imminent blocking request R. If request R
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circuitList: circuits that share the Sort circuitList by number of
links of the R route descending hops

Select a route between the k C1: first circuit
candidate routes Remove C1 from circuitList

Undo reallocation of
c1

Consolidate reallocations
on the physical network

l

Apply push-pull to R route
circuits (Return)

Possible
establish R?
RMLSA
Algorithm

No

Yes | Reallocate C1 with MbB

QoT
and QoTO

Figure 3 - Circuit reallocation strategy.

can be satisfied, the algorithm ends.

When a given circuit in the list of circuits does not meet
all the requirements for reallocation, the next circuit in
the list is searched, and the process is repeated. With
each circuit rerouting, an attempt is made to satisfy the
new request. Even with circuit reallocation, the new re-
quest cannot be met; the reallocation is undone, as the al-
gorithm restricts it to a single reallocated circuit to avoid
blocking. Itis worth mentioning that this entire process is
carried out in an auxiliary graph that reflects the physical
network. The changes are reflected in the network when
the algorithm’s objective is successfully achieved.

Finally, with the reallocation of a single circuit to avoid
blocking the R request, it will be assessed whether it is
necessary to compress the spectrum where the circuit
was disconnected. If so, the route circuits suffered spec-
trum slippage with the push-pull technique by the spec-
trum allocation policy of the RMLSA algorithm. An exam-
ple is shown in Fig. 4.

‘ Circuit B is reallocated (MbB)

‘ Circuit C is reallocated (Push-Pull)

Figure 4 - Action of the push-pull technique.

Fig. 4 shows two spectrum scenarios with the rerouting of
circuit B, which generated one available slot between cir-
cuits A and C. The circuit is slid and reallocated with the
push-pull technique to compress the spectrum, strength-
ening the contiguity of free spectrum slots. This push-pull
technique procedure is used in this case and when the cir-
cuits are completed, as shown in Fig. 2.

6. PERFORMANCE EVALUATION

To evaluate performance, computational simulations
were carried out using the Slice Network Simulator
(SNetS) simulation tool [22]. SNetS is a simulator of elas-
tic optical networks, and based on implemented metrics,
it is possible to perform a performance analysis compar-
ing the proposal with its competitors in different network
topologies. The USA and EON topologies were chosen for
the experiments.

In each network topology, traffic loads were generated
and measured in Erlangs, following the Poisson process
and being uniformly distributed among all pairs of source
and destination nodes in the network. The load adjust-
ment was made not to exceed a 10% probability of circuit
blockage. Traffic generation generates 100 000 circuit re-
quests with bandwidths of 10, 40, 80, 100, 160, 200 and
400Gbps. The average retention time of the circuits fol-
lows a negative exponential distribution. Each simulation
was replicated 10 times with different random variable
generation seeds. For all results, the confidence level was
95%.

Four simulation scenarios were considered for each net-
work topology. The difference between each scenario is
the allocation algorithm. The reallocation algorithms are
applied in each scenario to analyze the impact of realloca-
tion in different scenarios since reallocating a circuit may
be more difficult depending on the allocation algorithm.
The following scenarios are: i) Complete Sharing (CS); ii)
K-Shortest Path Computation (KSPC); iii) Modified Dijk-
stra Paths Computation (MDPC) and iv) K-Shortest Path
with Reduction of QoTO (KSPCQoTO).

For each scenario, the following reallocation algorithms
were used: Make-Before-Break based defragmentation
algorithm (MBBr) [12], PLI-Aware Reallocation Algo-
rithm (CRS-PLI) [6] and Reallocation Algorithm for Block
Reduction by QoT (R-RQoT)[13]. Therefore, the MBBr al-
gorithm is not PLI aware and unsuitable for dealing with
the CR-PLI problem. The algorithms listed were com-
pared to the proposal in this article, called JOC, proposed
in [7] with some adaptations.

6.1 Bandwidth blocking probability

The following figures show the Bandwidth Blocking Prob-
ability (BBP) in the four above-mentioned scenarios.
More details about this metric can be found in [23].

s (UsA) Cs (EON)
1E-01 1E-01
B et STV S o
1E-03 - 1E-03
a a .
B1€-04 1608
i --o---NoRealloc
1E-05 $ t 1E-05 CRS-PL
MBBr
1E-06 1E-06 Joc
- R-RQoT
1E-07 1E-07
300 350 400 450 500 400 450 500 550 600

Load (Erlangs) Load (Erlangs)

Figure 5 - BBP of reallocation algorithms (CS)

Fig. 5 presents the BBP of the reallocation algorithms in
the CS allocation algorithm scenario for different topolo-
gies. It is observed that the JOC algorithm presented bet-
ter performance in both topologies at all load points. At
the last load point in both topologies, where the network
is most stressed, the JOC algorithm achieved a signifi-
cant block reduction, achieving more than 60% reduction
compared to CRS-PL, the algorithm with the second best
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Figure 6 - BBP of reallocation algorithms (KS-PC).

In Fig. 6, the proposed algorithm performs better than
competitors at all load points evaluated. The JOC al-
gorithm achieved significant gains from the other algo-
rithms for the USA topology and reduced BBP by over
90% compared to the no reallocation algorithm at the last
load point. For this case, the EON topology’s significant
BBP reduction remains, achieving more than 60% BBP re-
duction compared to the CRS-PLI algorithm.

KSP-RQoTO (USA) KSP-RQoTO (EON)

1E-01

1E-02 S
1E-02 — e

ST 1603 + .07
1E-03 A o

BBP
\
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- NoRealloc
CRS-PL
MBBr
Joc

- R-RQoT

1E-05 - 1E-05

1E-06 1E-06
300 350 400 450 500 400 450 500 550 600
Load (Erlangs) Load (Erlangs)

Figure 7 - BBP of reallocation algorithms (KSP-RQoTO).

For the scenario in Fig. 7, where the allocation algorithm
is KSP-RQoTO, the allocation is the most optimized among
all the scenarios evaluated. Consequently, reallocating a
circuit becomes more difficult, as the circuits are already
efficiently accommodated. Confirming the difficulty of re-
allocation is that this was the scenario in which the pro-
posed algorithm obtained the lowest reduction in BBP
compared to the other scenarios. The BBP reductions for
the USA topology were around 55% and 65% for the EON
topology, considering the last load point and compared
to the CRS-PLI algorithm. Even though it was the smallest
reduction, there were still significant reductions.

The scenario in Fig. 8 does not present any particular
gains of the proposed algorithm for the others. BBP
reductions were considerable, independent of topology.
The minimum bandwidth blocking reduction for the sce-
nario in Fig. 8 was at least 30% for both topologies.

6.2 Blocking components

The following tables present the percentage of blocking
types for each allocation algorithm scenario (no realloca-
tion), making a comparison with the proposed JOC algo-
rithm. In all cases, Q0TN and QoTO type blocks were the

MD-PC (USA) MD-PC (EON)

TB02 e 102 o -
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- R-RQoT

1E-07 1E-06
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Load (Erlangs) Load (Erlangs)

Figure 8 - BBP of reallocation algorithms (MD-PC).

most significant due to the consideration of the physical
layer in the experiments. This shows that reallocations
that mitigate physical layer blockages are more interest-
ing than those that defragment the spectrum. In Tables 1,
2, 3 and 4, the percentages of blocking types for the USA
topology are presented considering the latest load points
on the network.
Table 1 - Blocking components in the CS scenario.

CS (No reallocation)
Load QoTN QoTO Frag AFS
400 0.02% 1.16% 0.0001% 0,0001%
450 0.08% 1.01% 0.001% 0,0006%
500 0.26% 0.88% 0.005% 0,0016%
Joc

400 | 0.0001% 0.0% 0.0% 0.0%
450 | 0.0002% | 0.0001% 0.0% 0.000189%
500 | 0.0009% | 0.0001% 0.0% 0.000189%

Table 1 shows the lock types of the CS (No reallocation)
algorithm about the locks of the reallocation algorithm. It
is observed that for the same load on the network, the re-
ductions in the blocking percentage are considerable and
that blocking per physical layer prevails. The blocking re-
ductions were significant in the blocking types per physi-
cal layer due to the proposed reallocation algorithm hav-
ing this objective. Whenloading 500 Erlangs, for example,
QoTN blocking represented approximately 0.26% of the
total blocking, and after using the JOC algorithm, block-
ing of this same type began to represent approximately
0.0009%. For QoTO type blocks, the reductions were sim-
ilar.

Table 2 - Blocking components in the KS-PC scenario.

KS-PC (No reallocation)
Load QoTN QoTO Frag AFS
400 1.09% 0.44% 0.04% 0,008%
450 1.66% 0.38% 0.07% 0,015%
500 2.33% 0.39% 0.11% 0,021%
joc
400 | 0.0008% | 0.0001% 0.0% 0.0%
450 | 0.0050% | 0.0005% 0.0% 0.0%
500 | 0.0131% | 0.0011% | 0.0001% 0.0%

Table 2 presents results similar to the scenario in the pre-
vious table. Applying the proposed reallocation strategy,
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physical layer locks prevail over other locks and suffer sig-
nificant reductions. In all loads evaluated, the minimum
gains were more than 80% for each type of physical layer
blocking, which consequently avoided AFS type blocking
and minimized Frag type blocking.

Table 3 - Blocking components in the KSP-RQoTO scenario.

KSP-RQoTO (No reallocation)
Load QoTN QoTO Frag AFS
400 0.124% 0.0% | 0.0086% | 0,0029%
450 0.247% 0.0% | 0.0221% | 0,0047%
500 0.441% 0.0% | 0.0362% | 0,0084%
Joc
400 0.0% 0.0% 0.0% 0.0%
450 | 0.0002% | 0.0% 0.0% 0.0%
500 | 0.0016% | 0.0% | 0.0001% | 0,0001%

For the scenario with the KSP-RQoTO allocation algo-
rithm (Table 3), the types of physical layer locks were
the ones that reduced the most with the JOC algorithm
reallocations. However, the other types of blocking also
achieved considerable reductions, showing 0.0% in loads
400 and 500 Erlangs. QoTO blocking was not computed
because the KSP-RQoTO algorithm avoids this blocking
as a strategy. Therefore, the JOC algorithm acted mainly
on QoTO blocking, with the blocking percentage being re-
duced from 0.441% to 0.0016%.

Table 4 - Blocking components in the MD-PC scenario.

MD-PC (No reallocation)
Load QoTN QoTO Frag AFS
400 0,121% 0,2794% | 0,0071% | 0,0016%
450 0,192% 0,3181% | 0,0168% | 0,0068%
500 0,325% 0,3486% | 0,0346% | 0,0223%

joc

400 0.0% 0.0% 0.0% 0.0%
450 | 0.00019% | 0.0% 0.0% 0.0%
500 | 0.00029% | 0.0001% | 0.0% 0.0%

In Table 4, the behavior of significant reductions in phys-
ical layer type blocking (QoTN and QoTO) remains the
same. The JOC reallocation algorithm, in this scenario, ze-
roed out Frag and AFS type blocks, in addition to drasti-
cally reducing QoTN and QoTO type blocks, which were
the largest number of blocks. At all load points presented,
the JOC algorithms caused block changes. In 500 Erlangs,
for example, the blocking went from 0.325% to 0.00029%
blocking, a reduction of more than 90%. The results for
the EON topology had similar behavior.

6.3 Number of reallocated circuits

Figures 9 and 10 show the N [7] values of the realloca-
tion strategies aware of physical layer imperfections for
the topology USA. The values of N were obtained for the
scenarios CS, KS-PC, KSP-RQoTO, and MD-PC, considering
different traffic loads in the network.

Fig. 9(a) presents the N for the JOC, CRS-PL, and R-RQoT

CS KS-PC

I

400 450 500
Load (Erlangs)

400 450 500
Load (Erlangs)

(@)Cs (b) KS-PC

- +JoC +CRS-PL E +R-RQoT

Figure 9 - N values for the USA topology in the scenarios (a) CS and (b)
KS-PC.

strategies in the CS scenario. It is observed that the value
of N of the JOC is the lowest among the strategies evalu-
ated for all load points. In Fig. 9(b), the N values also re-
main the same for the JOC, corresponding to at most one
reallocated circuit per reallocation process.

- KSP-RQoTO 30 MD-PC
45
40 25
5 20
30
225 Z 15 1
20
15 10
10 5
5
0 T T 0 T T
400 450 500 400 450 500
Load (Erlangs) Load (Erlangs)

(a) KSP-RQoTO (b) MD-PC

- +10C +CRS-PL E +R-RQoT

Figure 10 - N values for the USA topology in the scenarios (a) KSP-
RQoTO and (b) MD-PC.

The N values of Fig. 10(a) are approximately 1, 8, and 40
for the JOC, CRS-PL, and R-RQoT strategies, respectively.
Although in the KSP-RQoTO scenario, a reduction of N was
observed for the CRS-PL algorithm, the JOC remains with
only one process reallocated circuit. The same occurs for
the scenario of Fig. 10(b), with the lowest value of the JOC
algorithm.

The N metric was also evaluated in the different allocation
algorithm scenarios for the EON topology. The numerical
results of the N metric for the EON topology are presented

in Fig. 11 and Fig. 12.
35 CS % KS-PC
30 35 4
25 30 4
25 4

20
Z]S ZZ()-
15 4

10 4§
5 5

10

0 T T 0 T T
500 550 600 500 550 600
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(a)CS (b) KS-PC

- +0C +CRS-PL E +R-RQoT

Figure 11 - N values for the EON topology in the scenarios (a) CS and
(b) KS-PC.

Fig. 11(a) presents the values of N when the PLI-aware re-
allocation strategies are applied in the CS. For each traf-
fic load studied, the value of N is approximately 1 for
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the +JOC algorithm. Similarly, in Fig. 11(b), the +JOC al-
gorithm achieved the lowest N value when compared to
other studied algorithms, with a mean of up to 1 process
reallocated circuit for each traffic load. For example, un-
der 450 erlangs, the +JOC algorithm reallocated just one
circuit to avoid blocking requests, while the +CRS-PL al-
gorithm required approximately 13 active circuits rerout-
ing.

KSP-RQoTO = MD-PC

(I T

F77a
i

500 550 600 500 550 600
Load (Erlangs) Load (Erlangs)
(a) KSP-RQoTO (b) MD-PC

- +J0C +CRS-PL E +R-RQoT

Figure 12 - N values for the EON topology in the scenarios (a) KSP-
RQoTO and (b) MD-PC.

In Fig. 12(a), the results of the N were observed when the
PLIstrategies considered were applied to the KSP-RQoTO.
The proposed algorithm presented the least number of
circuits reallocated per process to the other strategies.
Under 600 Erlangs, while the CRS-PL and R-RQoT algo-
rithms achieved an approximate N value of 16 and 37, the
+JOC has N equal to 1. As in Fig. 12(a), Fig. 12(b) also has
an N value of 1, while +CRS-PL has N close to 37 consid-
ering the last loading point.

The N values of the JOC algorithm are equal to 1 under
different traffic loads due to its heuristic that allows just
one reallocation per process. The JOC heuristic minimizes
network changes and dramatically decreases operational
costs. Only the PLI-aware strategies were considered for
analysis of the NCR,, values.

6.4 External fragmentation

The external fragmentation measure can be found in more
detail in [2] and is used to measure the disorganization
of the use of the optical spectrum. Figures 13, 14, 15
and 16 present external fragmentation in scenarios with
different allocation algorithms in function of the load on
the network.
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Figure 13 - External fragmentation (CS).

In Fig. 13, fragmentation in the USA topology does not
show significant differences throughout the growth of the
network load. However, it is observed that the reallo-
cation algorithms aware of PLI, CRS-PLI, and JOC have
higher fragmentation levels, especially because they do
not focus on this problem. The JOC strategy of this work
also seeks to mitigate the fragmentation carried out by
push-pull at various moments in the simulations. In the
EON topology, the highlight occurs in the last three load
points, where the fragmentation levels showed a consid-
erable difference. The R-RQoT algorithm and MBBr deal
with the fragmentation problem in their strategies.
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Figure 14 - External fragmentation (KS-PC).

Fig. 14 shows the external fragmentation for the KS-PC
scenario. For both topologies, the algorithms that do
not deal with fragmentation, CRS-PLI and JOC, performed
worse than the others. The MBBr algorithm is a defrag-
mentation algorithm and performed better than other re-
allocation algorithms due to its objective being defrag-
mentation. While MBBr has about 62% fragmentation,
the two PLI-aware algorithms have 70% more for the last
load point of the EON topology. For the USA topology in

KSP-RQOTO (USA) KSP-RQoTO (EON)
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Figure 15 - External fragmentation (KSP-RQoTO).

Fig. 15, the levels of external fragmentation did not ob-
tain relevant differences. In the EON topology, the last
two load points already show a difference in fragmen-
tation between the reallocation algorithms dealing with
fragmentation and those not.

Finally, Fig. 16 represents external fragmentation in the
scenario with the MD-PC allocation algorithm. Depending
on the load on the network, the reallocation algorithms
are compared with each other and with MD-PC (without
reallocation) in two different topologies. In the USA topol-
ogy, as in some previous figures on fragmentation, the
values did not distinguish significantly between the algo-
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Figure 16 - External Fragmentation (MD-PC).

rithms. In the EON topology, with the increase in network
load, the algorithms that deal with fragmentation started
to present lower levels of external fragmentation com-
pared to CRS-PLI and JOC, reallocation algorithms that
aim to reduce the effects of physical layers and do not deal
directly with the problem of fragmentation.

6.5 Percentage of circuits by modulation

The following graphs represent the percentage of mod-
ulation used by the circuits in the scenario considering
the JOC reallocation algorithm applied to the KSP-RQoTO
allocation algorithm. The objective of these graphs is to
show which modulation was most used by the circuits,
knowing that depending on the modulation choice strat-
egy adopted, it will impact the reallocation process to be
carried out. Rerouting a circuit, for example, can result in
a more spectrally-efficient modulation choice, optimizing
spectrum use. Figures 17 and 18 represent the percent-
age of circuits per modulation format.

USA Topology
KSPRQoTO +JOC

Percentage of cicuits by modulation
o
~
&
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m BPSK QPsSK 8QAM 16QAM  m 32QAM

Figure 17 - Percentage of circuits by modulation use in the USA topol-
0gy.

According to Fig. 17, the most used modulation at all
load points was QPSK, followed by 8QAM and BPSK. QPSK
modulation is used in approximately 45% of the network
circuits as it is the most spectrally efficient in meeting
the QoT requirements of the circuits and route distance.
About 20% of circuits used QPSK modulation for the same
reasons.

Fig. 18 shows the percentage of circuit per modulation for
the EON topology of the KSP-RQoTO scenario using the
JOC algorithm. Just like Fig. 17, QPSK modulation was the
most used, but with a significant increase in the use of
80QAM modulation, representing more than 35% of use in
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Figure 18 - Percentage of circuits by modulation use in the USA topol-
0gy.-

all load points on the network.

7. CONCLUSION

In this article, a circuit reallocation algorithm was pro-
posed to reduce physical layer effects to fulfill imminent
blocking requests. The proposed algorithm was applied
in different allocation algorithm scenarios and compared
with other reallocation algorithms, one for defragmenta-
tion and two also aware of physical layer effects. The dif-
ference in the contribution of this work is that, in addition
to avoiding blocking requests that are imminently block-
ing, it chooses a single circuit to reallocate per execution
of the algorithm. The only reallocated circuit will make
it possible to fulfill the request and avoid blocking. Fur-
thermore, the algorithm uses make-before-break traffic
migration techniques to reroute circuits and push-pull to
reassign spectrum.

In all scenarios evaluated, the proposal’s performance
was superior regarding bandwidth and circuit-blocking
probability. The proposed algorithm contributed to
considerably increasing traffic admission into the net-
work, preventing imminent blocking requests from being
blocked by reallocating a single circuit per process. The
idea of reallocating the minimum circuit per process sig-
nificantly reduces the complexity of the reallocation al-
gorithm and the costs of operating on the network, as
changes will be minimal.
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