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ABSTRACT In this paper, we explore the problem of routing, modulation and spectrum assignment (RMSA)
for advance reservation (AR) requests in elastic optical networks (EONs), with the objective to further
reduce the blocking probability and improve the spectrum utilization. On the one hand, we propose a
minimum resource consumption routing policy (MRC) for leaving more free resources for future requests.
On the other hand, we introduce a two-dimensional (2D) path resource model, in which each AR request
can be transformed into a rectangle block whose length and width are related to request bandwidth and
request duration respectively. Therefore, the spectrum assignment problem of AR requests is simplified
to the two-dimensional rectangle packing problem. Furthermore, we design several factors to evaluate the
two-dimensional fragmentation caused by a rectangle packing operation, where we consider the fragmenta-
tion situation in the rectangle block neighborhood for the first time. Based on these factors, we propose a
two-dimensional fragmentation-aware spectrum assignment strategy (2D-FA). Through the combination of
MRC and 2D-FA, we propose a novel RMSA algorithm named MRC-2D-FA for dynamically provisioning
AR requests in EONs. Simulation results show that MRC-2D-FA can achieve lower bandwidth blocking
probability and higher spectrum utilization compared with several well-performed benchmark algorithms.

INDEX TERMS Elastic optical networks (EONs), routing, modulation and spectrum assignment (RMSA),
advance reservation (AR), two-dimensional (2D) fragmentation, rectangle block.

I. INTRODUCTION
Today, with the emergence of various new applications
such as 5G mobile services, Internet of things (IoT), high-
definition videos, and grid computing, Internet traffic is
growing exponentially and urgently needs optical networks
to provide larger network capacity. Owing to the use of
rigid modulation format and fixed coarse-grained wave-
length channels, conventional wavelength divisionmultiplex-
ing (WDM) networks [1] result in a serious waste of spectrum
resources. To alleviate this problem, elastic optical networks
(EONs) [2] have been proposed to support tremendous traf-
fic and heterogeneous requests in recent years. Based on
Orthogonal Frequency Division Multiplexing (OFDM) and
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distance-adaptive technology [3], the EONs can assign just
enough spectrum resources to meet the bandwidth require-
ment of each incoming request. This greatly reduces the spec-
trum consumption and improves the utilization of spectrum
resources. Therefore, it is attractive for EONs to overcome
the shortcomings of WDM networks.

While bringing great benefits, the EONs are also encoun-
tering some new issues and challenges. Among them, one of
the most important issues is routing, modulation and spec-
trum assignment (RMSA) problem [4]. When modulation
is not considered, RMSA is simplified to routing and spec-
trum assignment (RSA) problem. What RMSA does for each
connection request is to find an optimal path, configure an
appropriate modulation format, and allocate sufficient con-
tiguous spectrum slots along the path. In the RMSA process,
each request needs to follow the spectrum contiguity and
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continuity constraints [5]. The spectrum contiguity constraint
requires that the reserved spectrum slots must neighbor to
each other on each link of the selected path, while the spec-
trum continuity constraint requires that the reserved spectrum
slots must be aligned along the selected path.

However, when an EON considers dynamic traffic scenar-
ios, the traffic demands arrive and leave the network ran-
domly. As time goes by, the free spectrum resources will
become more and more fragmented. When the free contigu-
ous slots are insufficient to meet bandwidth requirements or
cannot be aligned along the path, these slots will be unus-
able, which is called fragmentation problems [6]. When the
number of fragments in the spectrum is large enough, it may
cause a large number of requests to find no available spectrum
resources, resulting in higher blocking probability and lower
spectrum utilization.

In order to reduce fragmentation in dynamic scenarios,
two methods have been extensively studied. The first method
is defragmentation [7], which is used to remedy the spec-
trum after fragmentation occurs, but this method may cause
connection interruption. The second method is fragmentation
awareness [8], which is dedicated to avoiding fragmentation
generation before each connection is established.

Traditionally, most of the researches on
fragmentation-aware RMSA algorithms in EONs only
involve immediate reservation (IR) requests [8]–[12]. How-
ever, in recent years, some new applications, such as cloud
computing, video conferencing, data backups, and so on, are
driving advance reservation (AR) services [13] to become
an increasingly important part of the network. The biggest
difference between AR requests and IR requests is that when
they arrive at the network, IR requests need to be served
immediately, while AR requests allow a specified time delay
before obtain services. This feature of AR requests brings
two benefits: one is that some applications supporting initial
delay tolerance (such as data backup) can be planned more
effectively in the future; the other is that some urgent real-
time applications (such as video conference) can be arranged
in advance. Therefore, we expect that it is necessary for the
EONs to support AR requests well.

However, the scheduling and planning of AR requests
involve two dimensions: time and frequency. This makes
the service provision of related applications more compli-
cated. In particular, IR requests only generate spectrum frag-
ments, while AR requests introduce temporal and spectral
two-dimensional (2D) fragmentation [14] into the network,
which deteriorates network performance seriously. There-
fore, it is crucial for us to develop a 2D fragmentation-aware
RMSA algorithm to provision AR requests efficiently.

Previously, for the purpose of provisioning AR requests
in EONs, the researchers have proposed some RMSA algo-
rithms [14]–[20], which will be discussed in detail in related
work of this paper. These algorithms can reduce 2D frag-
mentation, but they only care about the fragmentation con-
dition along the frequency axis or time axis, which is not
comprehensive enough. To the best of our knowledge, the

fragmentation status of the neighboring area surrounding the
pre-assigned resources is also crucial to assess the quality
of an RMSA solution, but none of the previous studies has
taken it into consideration. Therefore, we will conduct an
in-depth study for this essential factor. Furthermore, we pro-
pose a novel RMSA algorithm namedMRC-2D-FA to further
decrease 2D fragmentation, reduce blocking probability, and
improve spectrum utilization. The main contributions of this
paper can be summarized as follows.

1) On the one hand, we propose a minimum resource
consumption routing policy (MRC) as well as com-
bining the advantages of minimum hop routing and
shortest distance routing. This policy has low time
complexity and helps reduce time-frequency resource
consumption.

2) On the other hand, we introduce a two-dimensional
link resource model, which can describe the spectrum
availability along the time axis. Based on this model,
we can easily derive the two-dimensional path resource
model, which reflects the availability of time-frequency
resources along a routing path. Then, for each AR
request, we can map the request demands (bandwidth
and duration) into a rectangle block, and then the prob-
lem of searching for feasible RMSA solutions on the
path resource model can be transformed into a 2D rect-
angle packing problem. To evaluate the performance of
an available rectangle block, we introduce three factors,
which are described as follows.
a. The increased number of runs. This factor reflects

the change of fragmentation status along the fre-
quency axis and time axis after a rectangle block
resource is reserved. Byminimizing the increased
number of runs, we can optimize the fragmenta-
tion condition on the rows and columns where the
rectangle block is located.

b. The neighborhood matching degree. This fac-
tor reflects the fragmentation status of the
time-frequency resources neighboring the rect-
angle block. By minimizing the neighborhood
matching degree, we can make the occupied
time-frequency resources more contiguous, thus
further reducing 2D fragmentation.

c. The distance to the frequency boundary. The rea-
son for introducing this factor is that we expect
the selected rectangle block to be as close as
possible to the two boundaries of the frequency
axis. As mentioned in [18], the benefit of the
factor is that the free resources on each link are
concentrated in the center area on the frequency
axis. In the long run, this helps alleviate spectrum
continuity constraint.

Based on these three factors, we design a two-
dimensional fragmentation-aware spectrum assign-
ment strategy (2D-FA). Note that MRC and 2D-FA are
the routing part and spectrum assignment part of the
MRC-2D-FA algorithm, respectively.
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3) Lastly, through simulation, we demonstrate that the
proposed MRC-2D-FA algorithm can further reduce
bandwidth blocking probability and improve spectrum
utilization compared with several benchmarks.

The rest of this paper is organized as follows. Section II
reviews the related work. In Section III, we describe the
network model and the resource model, and then introduce
three factors to evaluate each spectrum assignment scheme.
To improve spectrum utilization and reduce blocking proba-
bility, we propose a dynamic MRC-2D-FA RMSA algorithm
for provisioning AR requests in EONs in Section IV. Section
V shows the simulation results. Finally, we summarize this
paper in Section VI.

II. RELATED WORK
A. CLASSIFICATION OF AR REQUESTS
In 2012, Charbonneau et al. in [13] divided AR requests
into two types: known duration and unknown duration. With
known duration, AR requests can be further divided into three
types: STSD-fixed, STSD-flexible, and UTSD. For STSD-
fixed requests, the start time is fixed and cannot be earlier
or later. Compared with STSD-fixed requests, the start time
of STSD-flexible requests is flexible and can slide in a pre-
specified time window. The scope of the time window can
be determined by declaring the minimum and maximum start
time. UTSD requests are similar to STSD-flexible requests,
but do not explicitly specify the start time. UTSD requests
specify a deadline, as long as the required tasks can be
completed before the deadline.

B. RSA/RMSA ALGORITHMS FOR AR REQUESTS
In EONs, to provision AR requests, the researchers have pro-
posed a few RSA/RMSA algorithms in recent years. In 2013,
Lu et al. first investigated the issue of AR service provi-
sioning in EONs [14]. To improve spectrum efficiency and
reduce request blocking, they designed several assignment
strategies for deadline-driven AR requests (UTSD). Before
long they realized a revenue-driven AR provisioning policy in
software-defined elastic optical networks (SD-EONs) [15].

To reduce 2D fragmentation, Wang et al. in [16] designed
a 2D fragmentation metric by considering the request dura-
tion information. Based on this metric, they developed
a two-phase RMSA algorithm named the max volume
selectivity algorithm (MVS) for hybrid IR/AR requests.
In [17], Chen et al. introduced a notion called available
time-frequency consecutiveness (TSC) to evaluate fragmen-
tation degree along time axis and spectrum axis, then based
on TSC, they proposed several online RSA algorithms
to decrease blocking probability for deadline-driven AR
requests. Besides, a farsighted RMSA algorithm [18] named
Min-RDDR was proposed to reduce AR blocking in EONs,
in which a novel metric was introduced to measure the pros
and cons of all possible assignment schemes. Min-RDDR can
decrease 2D fragmentation and reduce AR blocking effec-
tively by selecting the scheme with the smallest metric value.

Lu et al. designed a proactive AR scheduling algo-
rithm [19] to coordinate service provisioning of IR and AR
requests. Zhu et al. in [20] proposed a dynamic time and spec-
trum fragmentation-aware RMSA algorithm for IR requests
and AR requests. In addition, Sugihara et al. proposed a novel
spectrum partitioning method [21] to reduce spectrum frag-
mentation and mitigate IR/AR service conflicts in EONs. The
method partitions the spectrum intomultiple prioritized areas,
and each area is used to accommodate such requests that
require the same number of spectrum slots. This is beneficial
to reduce 2D fragmentation. Furthermore, each priority area
is divided into two sub-areas, one is dedicated to IR requests,
and another is shared by IR and AR requests. This helps
reduce IR service degradation caused by AR requests.

Some researchers have discussed static provisioning of AR
requests in EONs. Chen et al. in [22] first established an
integer linear program (ILP) model for the problem, then pro-
posed a heuristic RSA algorithm for AR static provisioning.
Besides, Wang et al. in [23] proposed a re-provisioning opti-
mization algorithm (RPO) with three policies to dynamically
re-provision AR requests. In [24], Afsharlar et al. proposed
a novel RSA technology called delayed spectrum assign-
ment (DSA) to provision AR requests in EONs. Unlike tradi-
tional RSA, DSA allows to delay the allocation of resources
as long as the specified start time has not been reached.

However, the above algorithms still have a few shortcom-
ings in reducing 2D fragmentation. Some of them [16], [17]
can reduce two-dimensional fragments to a certain extent by
considering all time-frequency resources on the selected path,
but the corresponding computational complexity is too high.
Although other algorithms [19], [20] consider the cutting
degree of free resources along frequency axis and time axis
caused by each spectrum allocation, this method is difficult
to evaluate such assignment schemes without causing cutting
of time-frequency resources.

C. DIFFERENCES FROM PREVIOUS WORK
In fact, the purpose of reducing 2D fragmentation is to make
the free time-frequency resources more contiguous and con-
tinuous to accommodate more traffic demands. In this paper,
based on this goal, wewill investigate the approach for further
reducing 2D fragmentation. Notably, the process of reserving
time-frequency resources for an AR request is similar to
filling a rectangle block in the two-dimensional plane, thus
the problem of reducing 2D fragmentation can be seen as how
to leave more free large-area zones for future AR requests in
the two-dimensional plane.

Moreover, in the spectrum assignment process, the free
time-frequency resources closest to the pre-assigned
resources suffer the most serious spectrum contiguity loss,
just as the bomb explosion always causes the most serious
damage to the nearest locations of the bomb. Based on
the above inspiration, we propose two feasible suggestions
to reduce 2D fragmentation occurrence. On the one hand
we consider preferential selection of rectangle blocks adja-
cent to less free time-frequency resources, which helps to
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alleviate the damage of neighboring free resources around
the rectangle blocks caused by spectrum assignment; and
on the other hand, we hope that neighboring free resources
around the rectangle blocks are sufficiently contiguous so
that fewer 2D fragments occur after the rectangle block is
occupied. Motivated by the above considerations, we propose
a novel RMSA algorithm for dynamically provisioning AR
requests in EONs. As shown later in this paper, our proposal is
beneficial to the decline of 2D fragmentation, so the blocking
probability of AR requests can be reduced further.

III. PROBLEM DESCRIPTION
A. NETWORK MODEL
The EON network topology can be modeled as a directed
graph G(V, E), where V is the node set, E is the set of fiber
links. On each fiber link, the frequency resources can be
divided into F spectrum slots. The capacity of each spectrum
slot is 12.5 GHz, denoted by Cslot .
For a pending AR request, we denote it as a tuple

AR(s, d, ta,H ,C,w), where s and d are the source and desti-
nation nodes, ta represents the arrival time, H is the holding
time, C denotes that the line rate is C Gb/s, and w is the start
time window that ranges from the earliest start time tes to
the latest start time tls. When the value of tes is equal to tls,
it denotes that the start time is a fixed value and the request
is a STSD-fixed AR request, such as video conferencing, etc.
On the other hand, when the value of tes is smaller than tls,
the request is a STSD-flexible AR request, such as large file
transfer, etc.

To provision an AR request, we need to convert its trans-
mission rate C Gb/s into N contiguous spectrum slots. In this
conversion process, we adopt a distance-adaptive strategy [3]
to improve the spectrum efficiency of the network. Based on
this strategy, we can configure the appropriate modulation
format for each request according to path distance, so as
to reduce the number of required spectrum slots. Once the
modulation format is determined, we can obtain the required
number of spectrum slots N , which can be calculated as
follows [14].

N =
⌈

C
MP · Cslot

⌉
+ Ng, (1)

where MP denotes the modulation format of path P, Ng
is the number of guard-band spectrum slots, and d·e means
the ceiling integer. Note that for the different routing paths,
the modulation format MP may be different. In this paper,
MP = 1,2,3,4 means that the modulation formats are BPSK,
QPSK, 8QAM and 16QAM, respectively.

B. RESOURCE MODEL
In this subsection, to reflect the spectrum condition in the
time domain, we establish a two-dimensional link resource
model to describe the time-frequency resources on each fiber
link. Based on the link resource model, we can easily get
the two-dimensional path resource model of a routing path.
In each candidate path, we map the required time-frequency

resources (bandwidth and duration) of an AR request into a
fixed-size rectangle block on the path resource model.

Figure 1 visually shows a two-dimensional link resource
model, which demonstrates the spectrum occupancy along
the time axis on a fiber link. The horizontal and vertical axes
represent frequency and time, respectively. On the frequency
axis, the frequency resources are quantized as F spectrum
slots, which are numbered as 1, 2, . . . . . . , F in sequence.
Note that, we assume that the EONs work in a time-discrete
manner [13]. Therefore, on the time axis, the time resources
on each link can be divided into T time slots, which are
numbered as 1, 2, . . . . . . , T . In which, T denotes themaximum
number of look-ahead time slots that can be observed by the
network operator. For simplicity, we assume that AR requests
only can be scheduled at the beginning of a time slot.

FIGURE 1. An example of a two-dimensional link resource model.

To further describe the link resource model, we define each
small grid on the link resource model as a ‘‘link resource
cell’’, which is theminimum unit of time-frequency resources
on each link. Each link resource cell has two attributes, which
appear as a spectrum slot along the frequency axis and a
time slot along the time axis. In addition, each link resource
cell has two states, namely free and occupied. When a link
resource cell is free, it is available for the incoming requests.
On the contrary, an occupied link resource cell cannot be used
for any incoming request. In Fig. 1, the free and occupied
link resource cells are shown in the green and blue areas,
respectively. The state of a link resource cell can be expressed
as

ult,f =

{
0, occupied
1, free,

(2)

where variable ult,f indicates the state of a link resource cell
at time slot t and spectrum slot f on link l. The value of ult,f
equal to 0 indicates that the link resource cell is occupied,
while the value of ult,f equal to 1 indicates that the link
resource cell is free. Furthermore, we can obtain the state
matrix of the link resource model, which can be expressed
as follows.

U l
T ,F =

[
ult,f

]
T×F

, (3)

where T × F indicates that the matrix has T row time slots
and F column spectrum slots.
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EONs require that the available resources allocated for
requests must be aligned along the candidate path. Therefore,
it is necessary for us to determine the path resource model,
which can reflect the resource occupation along the selected
path. Suppose we find a routing path P for an AR request.
Then we can easily determine the path resource model by the
following two Formulas.

UP
T ,F =

[
uPt,f

]
T×F

, (4)

uPt,f =
∏
l∈P

ult,f . (5)

In Formula (4), UP
T ,F represents the state matrix of the

path resource model. Note that, being similar to the concept
of link resource cells, we name each element of the path
resource model as a ‘‘path resource cell’’, denoted by uPt,f .
The state value of uPt,f can be determined by Formula (5).
A path resource cell is free only when the value of uPt,f is
equal to 1. It means that the free link resource cells at the
same position on each link of path P can be aligned with each
other. When the value of uPt,f is equal to 0, the corresponding
path resource cell is occupied and cannot be used for future
requests.

Figure 2 depicts how to determine the path resource model
of a candidate path. Figure 2(a) shows a routing path P1A,C ,
which includes two links lA,B and lB,C . Figure 2(b) and
Figure 2(c) illustrate the link resource model of link lA,B
and link lB,C , respectively. Based on these two link resource
models, we can determine the path resource model of path
P1A,C by Formulas (4)-(5), as illustrated in Fig. 2(d). In which,
free path resource cells are shown in green, and occupied path
resource cells are shown in blue.

FIGURE 2. An example showing how to determine the path resource
model of a path. (a) The routing path. (b-c) The link resource models.
(d) The path resource model.

In this paper, we use the path resource model to schedule
the available resources for AR requests. For a pending AR
request AR(s, d, ta,H ,C,w), its required resources can be

mapped into a rectangle block of size M × N . In detail,
the length of the rectangle block is denoted by N , which
means that the required line rate C is mapped into N spec-
trum slots in the frequency dimension. In different candidate
paths, the length N of the rectangle blocks may be different
according to Formula (1). The width of the rectangle block is
represented by M , which indicates that the required holding
time H is mapped into M time slots in the time dimension.
Note that, N should be greater than or equal to the number
of required spectrum slots for actual data transmission, and
M time slots should be greater than or equal to the actual
required duration. Each candidate rectangle block can be
denoted as follows.

B =
(
Pks,d , fs, fe, ts, te

)
. (6)

In which, Pks,d denotes the k-th candidate path from source
node s to destination node d . Pks,d is the path where block B
is located. The index k is taken in the interval [1, K ], and
K is the number of candidate paths. On the path resource
model of path Pks,d , fs and ts are the indexes of the start
spectrum slot and the start time slot of block B, respectively.
Then according the block sizeM ×N , the indexes of the end
spectrum slot and end time slot of the block can be calculated
as fe = fs+N−1 and te = ts+M−1, respectively. Note that,
the candidate rectangle block B must respect the contiguity
and continuity constraints. The contiguity constraint demands
that M time slots and N spectrum slots of a rectangle block
remain contiguous along the time axis and the frequency axis,
respectively. The continuity constraint demands that M × N
free link resource cells on each candidate link requires to
maintain alignment along path Pks,d .

Moreover, the spectrum assignment problem for an AR
request can be transformed into a 2D rectangle packing prob-
lem. In other words, we can search for appropriate rectangle
blocks to accommodate each incoming AR request on the
path resource model. For example, we suppose that an AR
request requires a rectangle block of size 2× 3 on path P1A,C
in Figure 2. In Fig. 2(d), there is a candidate rectangle block
B that can satisfies the request requirement. On the block, the
start spectrum slot index fs = 2, the end spectrum slot index
fe = 4, the start time slot index ts = 2, and the end time slot
index te = 3, respectively. Obviously, the candidate rectangle
block B follow the contiguity and continuity constraints.

C. THE METRICS FOR RECTANGLE BLOCKS
In this subsection, we first introduce three factors to describe
the quality of the candidate rectangle block, which are
1) the increased number of runs; 2) the neighborhood match-
ing degree; 3) the distance to the frequency boundary. Then
based on these three factors, we design two metrics to find
the optimal rectangle blocks for AR requests during spectrum
assignment. Next, we will describe the above three factors in
detail.

The first factor is the increased number of runs. First,
we introduce the concept of runs. In fact, many commonly
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used criteria for the statistical analysis involve the concept of
runs, i.e., uninterrupted sequences of alike elements bordered
at each end by other types of elements or by the beginning
or by the end of the complete sequence [25]. The number
of elements contained in a run is called the run length. For
example, in a binary sequence 011001111000, there are five
runs 0, 11, 00, 1111 and 000, and their run lengths are 1, 2,
2, 2, 4, respectively. In this paper, we expand the concept of
runs into the two-dimensional link resource model. On the
two-dimensional link resource model, a run is defined as a
sequence of contiguous link resource cells with same sta-
tus (free or occupied) in a horizontal (or vertical) direction,
as shown in Fig. 3. Then we give a more formal definition of
runs.

FIGURE 3. An example showing runs in the two-dimensional link
resource model.

Definition (Run): Let ult,f denote the link resource cell
in the t-th row and f -th column on the two-dimensional
link resource matrix. On one hand, when t is fixed and the
following formula is satisfied,

ult,f−1 6= ult,f = ult,f+1 = · · · = ult,f+x−1 6= ult,f+x , f ≥ 1,

(7)

the sequence ult,f , u
l
t,f+1, · · · , u

l
t,f+x−1 forms a run (in a hor-

izontal direction) on the link resource matrix, and x denotes
the run length. On the other hand, when f is fixed and the
following formula is satisfied,

ult−1,f 6= ult,f = ult+1,f = · · · = ult+x−1,f 6= ult+x,f , t ≥ 1,

(8)

the sequence ult,f , u
l
t+1,f , · · · , u

l
t+x−1,f comprises a run (in a

vertical direction) on the link resource matrix.
In the two-dimensional link resource model, when the

number of free link resource cells is the same, less total
number of runs means that the free time-frequency resources
are more concentrated and contiguous, which is helpful for
subsequent AR requests to find available rectangle blocks.
For example, the resource models of link 1 and link 2 are
shown in Fig. 3(a) and Fig. 3(b), respectively. In Fig. 3(b),
each run is surrounded by a red dashed box, so by counting the
number of red dashed boxes, we can get that the total number
of runs of link 2 is 14. Similarly, we can obtain that the number
of runs of link 1 is 20. Obviously, although the number of free
link resource cells on link 1 and link 2 are both 16, the run

number of link 2 is smaller, so the free resources on link 2 are
more centralized and available.

Therefore, in order to improve the contiguity and availabil-
ity of remaining free time-frequency resources, we always
hope that less number of runs are introduced into each link
resource model along the candidate paths. However, the pro-
cess of reserving a candidate rectangle block may lead to
an increase in the total number of runs on the selected path,
which makes the free time-frequency resources become more
and more fragmented. Fortunately, the increase in the number
of runs caused by a candidate rectangle block is measurable,
and we can judge how good a candidate rectangle block is by
calculating the increased number of runs caused by the block.

Specifically, on each link of a candidate path, we introduce
x lt,f to measure the change in the number of runs on each row
or columnwhere a rectangle block is located. x lt,f is calculated
as follows.

x lt,f =


−2, ult,fs−1 + u

l
t,fe+1
=0 or ults−1,f + u

l
te+1,f

=0

2, ult,fs−1 + u
l
t,fe+1
=2 or ults−1,f + u

l
te+1,f

=2

0, otherwise.
(9)

In Formula (9), x lt,f = −2 means that two runs are
decreased in the two-dimensional link resource model,
x lt,f = 2 means that two runs are increased in the
two-dimensional link resource model, and x lt,f = 0 means
that the number of runs does not change in the link resource
model. Based on x lt,f , we traverse the time range [ts, te]
and frequency range [fs, fe] of the rectangle block along the
candidate path Pks,d , then we will obtain the increased number
of runs caused by the rectangle block. The increased number
of runs can be calculated as follows.

Rn =
∑
l∈Pks,d

 te∑
t=ts

x lt,f +
fe∑
f=fs

x lt,f

. (10)

When we evaluate each candidate rectangle block on a
candidate path, a block with a smaller Rn means that a smaller
number of runs are introduced during spectrum assignment
process, which is beneficial to reducing the total number of
runs on the selected path and maintaining the contiguity of
remaining free time-frequency resources, thereby decreasing
2D fragmentation and improving the successful probability
of resource assignment for the pending requests.

Figure 4 is an example to illustrate the calculation of the
factor Rn to find the best rectangle block. For simplicity,
we assume that there is only link 3 on the candidate path.
The two-dimensional link resource model of link 3 is shown
in Fig. 4(a). The occupied link resource cells are marked in
blue and the free ones are marked in green. In this exam-
ple, two candidate rectangle blocks (B1 and B2) are marked
out in Fig. 4(a) and Fig. 4(b), respectively. For each block,
we can get the increased number of runs by Formula (10).
The calculation results are Rn(B1) = 0 − 2 = −2 and
Rn(B2) = 4+2 = 6. Obviously, we prefer to assign block B1
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FIGURE 4. An example to show how to calculate the increased number of
runs caused by candidate rectangle blocks.

to the request because blockB1 corresponds to less increase in
the number of runs. As a result, we reduce 2D fragmentation
and maintain the contiguity of free time-frequency resources.

The second factor is the neighborhood matching degree.
On the two-dimensional link resource model, each candidate
rectangle block has an adjacent area that is composed of
neighboring link resource cells. We refer to the area as the
neighborhood of the rectangle block, as shown in Fig. 5. Note
that, when we assign a rectangle block to an AR request,
the contiguity of free resources in the block neighborhood
will be damaged seriously. As a result, the free link resource
cells in the block neighborhood may be unavailable for
future requests due to insufficient contiguousness. In order to
alleviate this negative impact, we propose two novel view-
points: 1) the less free link resource cells adjacent to the
rectangle block, the more helpful to maintain the contigu-
ity and continuity of free time-frequency resources on the
selected path; 2) the less number of free areas on the block
neighborhood, the more contiguous and continuous of the
occupied resources on the selected path. Based on these two
points, we introduce the second factor——The neighborhood
matching degree. The neighborhood matching degree refers
to the matching degree between the rectangle block and its
neighborhood, which can be calculated as follows.

C l
n = Oln + B

l
n, (11)

Cn =
∑
l∈Pks,d

C l
n. (12)

In Formula (11), for a rectangle block on link l, Oln repre-
sents the number of neighboring free link resource cells, and
Bln represents the number of free areas on the neighborhood.
C l
n denotes the neighborhood matching degree on link l. In

(12), Cn is the sum of C l
n on each link of the candidate path

Pks,d . A smaller C l
n means a higher neighborhood matching

degree and less damage to the contiguity of remaining free
link resource cells. This makes it more possible for future
requests to obtain available time-frequency resources in the
network.WhenC l

n is equal to theminimumvalue (0), the rect-
angle block matches its neighborhood perfectly.

Figure 5 give an example to illustrate the calculation for
the neighborhood matching degree of candidate rectangle
blocks. For ease of description, we assume only link l on the
candidate path. For an AR request, there are three candidate

FIGURE 5. An example to describe the block neighborhood and the
neighborhood matching degree of candidate rectangle blocks.

rectangle blocks on link l, namely B1, B2 and B3. For block
B1, there are six free link resource cells in its neighborhood,
which form two free areas. Thus we get that Oln(B1) = 4,
Bln(B1) = 2 and Cn(B1) = C l

n(B1) = 4 + 2 = 6. Similarly,
we can get Cn(B2) = C l

n(B2) = 4 + 1 = 5 and Cn(B3) =
C l
n(B3) = 0+0 = 0. Obviously, the block B3 has the smallest

Cn, thus its neighborhood matching degree is highest. There-
fore, we prefer to select block B3 to assign to the request.

On the other hand, when we assign a rectangle block to a
request, we expect the block to be as close to the frequency
boundary as possible. The frequency boundary refers to the
position of f = 1 or f = F on the frequency axis. For
this purpose, we introduce the third factor——The distance
to the frequency boundary. The distance between the rectan-
gle block and the frequency boundary can be calculated as
follows [18].

DF = min{DL ,DR}. (13)

In which,DL = fs−1 andDR = F−fe. fs and fe are the start
and end spectrum slots of the rectangle block, respectively.
We prefer to choose a rectangle block with a smallDF , so that
the occupied resources on the link can be concentrated near
the frequency boundary. Conversely, the free time-frequency
resources on each link are concentrated in the center area on
the frequency axis, which helps alleviate spectrum continuity
constraint.

To consider the above three factors (i.e., Rn, Cn and DF )
jointly, we put them into twometrics for evaluating the quality
of an assignment scheme (i.e., a candidate rectangle block)
comprehensively. The primarymetric is calculated as follows.

W1 = Cn + DF , (14)

and the secondary metric is calculated as follows.

W2 = Rn. (15)

The reason why W1 is the primary metric is that W1 has a
more comprehensive investigation for each candidate rectan-
gle block, while W2 only can evaluate such rectangle blocks
that cause the change of the number of runs. Specifically,
to serve an AR request, we first try to find the rectangle
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block(s) with minimum W1. If there exist multiple rectangle
blocks, we choose the one with the minimumW2.

IV. THE PROPOSED MRC-2D-FA ALGORITHM
In this paper, in order to improve the spectral utilization
and reduce the blocking probability of AR requests, we pro-
pose a dynamic RMSA algorithm named MRC-2D-FA. The
proposed algorithm can be divided into two stages: routing
selection and spectrum assignment.

A. ROUTING SELECTION POLICY
In this subsection, we propose aminimum resource consump-
tion routing policy (MRC) to improve spectrum efficiency.
The existing RSA algorithms mainly choose the k-shortest
path (KSP) algorithm [26] as the routing strategy, and most of
these algorithms take the hop number as the routing weight.
The minimum hop routing focuses on mitigating spectrum
continuity constraint. However, the routes with shorter hops
may also correspond to longer path distances, which means
that the request may require more free contiguous spectrum
slots because it can only be configured with a lower mod-
ulation format. This case will aggravate the consumption of
spectrum resources, and make the request face more stringent
spectrum contiguity constraint. In addition, path distance
is often used as the routing weight. The shortest distance
routing focuses on alleviating the spectrum contiguity con-
straint. Nevertheless, the routes with shorter path distance
may also correspond to longer hop number, which usually
means that the rectangle blocks allocated for the request
need to be aligned along more links on the candidate path.
In other words, the request will face more serious spectrum
continuity constraint due to the excessive number of hops in
the candidate path. It can be seen that too large hop number or
too long distance will cause excessive consumption of time-
frequency resources.

In order to improve spectrum efficiency, our routing algo-
rithm pays more attention to the resources consumed by
AR requests, and combines the advantages of minimum hop
routing and shortest distance routing algorithms. We notice
that the less time-frequency resources the current request
consumes, the more free resources are left for future requests.
Therefore, we set the routing weight as the consumed time-
frequency resources (i.e., total consumed link resource cells),
which can be calculated as follows.

WP = M · N · hP, (16)

where hp is the hop number of path P, M and N represent
the number of required time slots and required spectrum
slots, respectively. Based onWP, the process of MRC can be
described as the following two phases.

The first phase is static, where all computation operations
are performed in advance. In this phase, for each s-d pair in
the network topology G(V ,E), we pre-calculate K shortest
hop paths, and we also pre-calculate K shortest distance
paths. Then, we put all calculated paths into the prepared

routing set RP. Note that there may be duplicate paths in the
calculated paths, which are de-duplicated through the set RP.

The second phase is dynamic and starts to execute
when an AR request arrives to the network. When an AR
request AR(s, d, ta,H ,C,w) arrives, the routing algorithm
will extract all routing paths from s to d in the routing set
RP. Then K candidate paths are selected from the extracted
paths according to the ascending order of routing weightWP.
Finally, K candidate paths are put into the candidate routing
set Ps,d .

B. SPECTRUM ASSIGNMENT POLICY
For a pending AR request AR(s, d, ta,H ,C,w), when we get
K candidate paths for the request from the routing set Ps,d ,
the proposed algorithm enters the spectrum assignment stage.
This stage can also be divided into two phases: rectangle
block search and rectangle block selection.

In the rectangle block search phase, for each candidate
path, we obtain the link resource model of each link on the
path, then we obtain the state matrix of the path resource
model according to Formulas (5)-(6). After that, we calculate
the required rectangle block size M×N for the request, and
we find all holding time [ts, te] cases according to the sliding
start timewindoww. Next, for each [ts, te] in the path resource
model, we look for all such rectangle blocks, which must be
adjacent to the occupied resources along the frequency axis.
Then we repeat the above process on K candidate paths to
obtain all available rectangle blocks for the request. If no
rectangle block is found, we block the request. Otherwise,
the algorithm enters the rectangle block selection phase.

In the rectangle block selection phase, we use the primary
metricW1 and secondary metricW2 designed in section III to
evaluate each candidate rectangle block. Specifically, we cal-
culate the metricsW1 andW2 for each rectangle block by For-
mulas (14)-(15). If there is only one block with minimumW1,
we will assign the block and the corresponding path to the
request. Otherwise, we will assign the block with minimum
W2 and the corresponding path to the request.

C. OVERALL ALGORITHM
Algorithm 1 shows the detailed procedures of the proposed
dynamic RMSA algorithmMRC-2D-FA for provisioning AR
requests in EONs.

Lines 1 to 5 present the process of pre-calculating routes
for all s-d pairs during the network initialization phase,
and Lines 6 to 21 illustrate the dynamic provisioning pro-
cedure for an AR request. To provision an AR request,
Line 6 indicates that K candidate paths are selected from
the pre-calculated path set RP by Formula (16). Lines 7 to
21 describe the process of spectrum assignment. Lines 7 to
10 illustrate how to find all available rectangle blocks on
K candidate paths. Then, in Lines 11 to 13, the algorithm
calculates the primary metric W1 and the second metric W2
for each feasible block by Formulas (14)-(15). Lines 17 to
21 denote that if candidate rectangle blocks exists, the pro-
posed algorithm will determine the optimal rectangle block
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Algorithm 1 The proposed MRC-2D-FA algorithm
Input: An AR request AR(s, d, ta,H ,C,w) and

network topology G(V , E);
Output: The best candidate rectangle block B and the

routing path where the block is located;
Phase I: Network Initialization

1: for all s-d pairs in G(V ,E) do
2: calculate K shortest paths based on hop;
3: calculate K shortest paths based on path distance;
4: record the above paths to set Rp after removing the

duplicate items;
5: end for

Phase II: Dynamic Service Provision
6: choose K candidate paths from Rp based on the routing

selection policy and record them in set Ps,d ;
7: for each [ts, te] do
8: for each path Pks,d do
9: get the path resource matrix UP

T ,F for path Pks,d
by Formula (4);

10: find all available rectangle blocks within [ts, te]
on matrix UP

T ,F ;
11: for each rectangle block B do
12: calculateW1 with Formula (14);
13: calculateW2 with Formula (15);
14: end for
15: end for
16: end for
17: if candidate rectangle blocks exist then
18: determine the best rectangle block

(Pks,d , fs, fe, ts, te) based on the primary metricW1
and secondary metricW2, assign the block and the
corresponding path to the request;

19: else
20: block the request;
21: end if

through the metricsW1 andW2, and assign the block and the
corresponding path to the request. Otherwise, the request will
be blocked.

D. COMPLEXITY ANALYSIS
The computational complexity of provisioning an AR request
can be derived from the procedures of Algorithm 1. The
time complexity of routing selection phase (Line 6) is O(K ),
where K is the number of candidate paths. The worst time
complexity of the rectangle block search phase (Lines 7 to
10) is O(K · |V | · F · |w| ·M ), where |V | is the total number
of nodes, and the number of links on the candidate path
is less than |V |, |w| is the number of optional start times.
M is the number of required time slots. In the rectangle
block selection phase (Lines 11 to 21), the algorithm needs
to calculate the metricsW1 andW2 for all candidate rectangle
blocks. For each block, the time complexity of calculating
W1 is O (2 · (M + N )+ 4) in Line 12. The time complexity

of calculating W2 is O (M + N ) in Line 13. Then the time
complexity of rectangle block selection phase can be repre-
sented as O(I · |V | · (M +N )), where I is the total number of
candidate rectangle blocks. Hence, the worst time complexity
of Algorithm 1 is approximately O(|V | · (K · F · |w| ·M + I ·
M + I · N )).

V. PERFORMANCE EVALUATION
In this section, we evaluate the MRC-2D-FA algorithm
through simulation using the 14-node NSFNET and 24-node
USFNET as shown in Fig. 6. Then we compare the
MRC-2D-FA algorithm with three relevant benchmarks in
term of bandwidth blocking probability (BBP) and spectrum
utilization (SU).

FIGURE 6. Network topology.

A. SIMULATION SETTINGS
We assume that the elastic optical network is configured
in the C-band, in which the bandwidth of each fiber link
is 4.475THz. Based on O-OFDM technology, the size
of each spectrum slot is set as 12.5 GHz. Therefore,
each fiber link can accommodate 358 spectrum slots. For
time resources, we assume that the maximum number of
look-ahead time slots that can be observed by the network
operator is set as T = 300 time slots, and the duration of
each time slot is 10 minutes. In order to improve the spec-
tral efficiency, we adopt distance-adaptive modulation in the
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proposed algorithm. The optionalmodulation formats include
BPSK, QPSK, 8QAM and 16QAM. Their bits per symbol
are 1, 2, 3 and 4, and the corresponding maximum transmis-
sion distances are 9600km, 4800km, 2400km and 1200km,
respectively [3].

In the simulations, AR requests are generated with the
Poisson traffic model, i.e., the requests arrive with an average
rate of λ per time slot, and the duration of each request follows
a negative exponential distribution with an average value
of 1/µ. Then the AR traffic load can be quantified with λ/µ
in Erlang. For each AR request, the s-d node pair is randomly
chosen, the line rate is uniformly distributed over {40 Gb/s,
80 Gb/s, 100 Gb/s, 120 Gb/s, 150 Gb/s, 180 Gb/s, 200 Gb/s,
240 Gb/s, 300 Gb/s, 400 Gb/s}. Meanwhile, the earliest start
time is randomly chosen from [1, 30] time slots, and the size
of start time window is randomly chosen from [1, 20] time
slots. The main simulation parameters are listed in Table 1.

TABLE 1. Main simulation parameters.

All the simulation results are averaged over 10 runs for
different random seeds with the 95% confidence interval.
During each simulation, 105 AR requests are generated.

B. PERFORMANCE INDEXES
To better evaluate the proposed algorithm, we consider sev-
eral performance indexes as follows.

1) Bandwidth blocking probability (BBP): Since the ser-
vice provisioning of AR requests introduces time
dimension into the EON, being similar to [14],
we define the BBP of AR requests as follows.

PB =

∑
r∈RB

Cr · Hr∑
r∈R

Cr · Hr
, (17)

where R is the set of total requests and RB is the set
of the blocked requests. Cr and Hr represent the line
rate and duration of request r , respectively. A lower
BBP means that fewer requests are blocked in the
network and more data transfer demands are scheduled
successfully.

2) Spectrum Utilization (SU): Being similar to [16], spec-
trum utilization is defined as the ratio of total occu-
pied link resource cells to total link resource cells

during each simulation. A higher spectrum utiliza-
tion generally indicates that less 2D fragmentation and
time-frequency resources are used more effectively.

C. COMPARISON WITH BENCHMARKS
In order to evaluate the performance of the proposed
MRC-2D-FA algorithm, we choose three well-performed
benchmark algorithms for comparison, namely the First-Fit
(FF) algorithm, theMin-RDDR algorithm [18] and the Proac-
tive AR algorithm [19].

Figure 7 compares the performance of our proposal with
other benchmarks in terms of BBP in the NSFNET topol-
ogy. On the whole, the BBP of the four algorithms gradu-
ally becomes higher with the increase of traffic load. When
the same traffic load is considered, MRC-2D-FA achieves
the lowest BBP compared with the other three benchmarks.
When the traffic load is 700 Erlang, the BBP performance
of MRC-2D-FA algorithm will decrease 57% approximately
compared with FF. The reason is that MRC-2D-FA can min-
imize the generation of 2D fragments to improve the access
probability of the arriving requests. The Proactive AR algo-
rithm considers reducing fragmentation along the frequency
axis and time axis, whileMRC-2D-FA not only considers this
factor, but also focus on the fragmentation condition in the
neighborhood of each candidate rectangle block. Therefore,
MRC-2D-FA has a lower BBP than Proactive AR algorithm.

FIGURE 7. Bandwidth blocking probability in the NSFNET.

In addition, Min-RDDR attempts to schedule AR requests
by using the rectangle blocks as close as possible to the time
and frequency boundaries, which reserves more contiguous
free resources near the central area for subsequent requests.
However, a potential risk of Min-RDDR is that spectrum
resources close to the time boundary may be overused, which
may cause related AR requests to be blocked. Different from
Min-RDDR, MRC-2D-FA considers planning AR requests
closer to the frequency boundary without setting any con-
straints on the time dimension, which helps to balance the
spectrum occupation on each time slot, thereby alleviating the
request blocking caused by insufficient spectrum resources
on some time slots. Hence, MRC-2D-FA outperforms the
Min-RDDR algorithm in terms of BBP.
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FIGURE 8. Bandwidth blocking probability in the USFNET.

FIGURE 9. Spectrum utilization in the NSFNET.

In Figure 8, we use a larger topology USFNET to evaluate
the performance of the proposed algorithm in terms of BBP.
By comparing Fig. 7 and Fig. 8, we find that the BBP of each
algorithm in the USFNET follows a similar trend with the
results in the NSFNET. However, it is worth noting that the
proposed algorithm can achieve higher performance improve-
ment than other three algorithms in the USFNET topology.
Specifically, the fragmentation problem of USFNET is more
serious than that of NSFNET because the former has more
links and nodes. This means that AR requests need to satisfy
more stringent contiguity and continuity constraints in the
USFNET. In this case, MRC-2D-FA can reduce fragmenta-
tion more effectively than other benchmarks, so the perfor-
mance improvement is more obvious.

Figure 9 compares the performance of MRC-2D-FA with
the benchmarks in terms of spectrum utilization in the
NSFNET topology. It can be clearly seen that the spectrum
utilization of these four algorithms gradually increases with
the increase of traffic load.When considering the same traffic
load, the proposed algorithm has the highest spectrum uti-
lization compared with FF, Proactive AR and Min-RDDR.
This is because the proposed algorithm reduces massive 2D
fragments, so that free time-frequency resources of candidate
paths becomemore contiguous and satisfy more AR requests.
Therefore MRC-2D-FA has higher spectrum utilization com-
pared with other algorithms in the NSFNET topology.

Figure 10 shows the spectrum utilization of the above
four algorithms in the USFNET. Obviously, the performance

FIGURE 10. Spectrum utilization in the USFNET.

of the proposed algorithm is still optimal in terms of spec-
trum utilization. The results in Fig. 9 and Fig. 10 indicate
that MRC-2D-FA algorithm can achieve higher spectrum
utilization in different network topologies, which indirectly
highlights that the proposed algorithm can further reduce
2D fragmentation and efficiently schedule time-frequency
resources to serve more AR requests.

VI. CONCLUSION
In this article, we propose an RMSA algorithm called MRC-
2D-FA, which aims to optimize the provision of AR requests
in EONs by reducing resource consumption and decreas-
ing 2D fragmentation. In the routing phase, by considering
the information of path hops, path distance and resource
consumption comprehensively, MRC-2D-FA can improve
the spectrum efficiency, and balance the spectrum contigu-
ity and continuity constraints with a low time complexity.
In the spectrum assignment phase, we design several fac-
tors to thoroughly evaluate the pros and cons of an AR
provision scheme. Based on these factors, MRC-2D-FA can
further reduce 2D fragments and improve the contiguity
and continuity of free resources on candidate paths, which
helps subsequent requests to find available time-frequency
resources. Furthermore, MRC-2D-FA can also balance the
spectrum occupancy on each time slot, thereby alleviating
traffic congestion caused by excessive load on some time
slots. Simulation results show that compared with the three
benchmarks, the proposed algorithm can further reduce the
bandwidth blocking probability and improve the spectrum
utilization. It is worth noting that the flexibility of the start
time of STSD-fixed and STSD-flexible AR requests is dif-
ferent, leading to great unfairness in these two types of
requests in terms of blocking probability. Therefore, in our
future works, we look forward to designing some efficient
methods to improve the fairness between STSD-fixed and
STSD-flexible AR services in EONs.
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