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Abstract

With the increasing conflict between population growth and limited environmental resources,
building intelligent and efficient data transmission networks is crucial to cleaner production in
smart and sustainable cities. More and more people are eagerto exchange all kinds of informa-
tion in urban life through an efficient network. Therefore, designing a smart data distribution and
transmission mechanism can not only improve people’s quality of life but also pave the way for
reducing environmental pollution. Optical networks have been widely used in the core network
due to high-capacity characteristics. However, in inter-data-center (Inter-DC) optical networks,
the coexisted heterogeneous optical devices and multi-granularity network resources bring new
challenges to network management and traffic scheduling. Recently, software-defined network
(SDN) and network function virtualization (NFV) have been introduced to enable the unified con-
trol for improving network agility and automation. Thus forsoftware-defined multi-granularity
Inter-DC optical networks, we propose a list of online service provisioning strategies. Moreover,
in terms of the network controller, the novel routing applications are also developed by extended
OpenFlow protocol. Finally, we experimentally demonstrate the overall feasibility of proposed
solutions in a semi-practical platform. Numerical simulations conducted to quantitatively eval-
uate the algorithm efficiency also verify the superiorities of improving spectrumefficiency and
reducing service blocking probability.
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Figure 1: The utilization of heterogeneous multi-granularity spectrum resources.

1. Introduction

Cleaner production is a new and creative idea that continuously takes an overall preventive
environmental strategy for production processes and products to reduce their potential hazards to
humans and the environment (D. Mark et al. (2018); Y. Fan et al. (2018); H. Shahhosseini et al.
(2018)). With the continuous development of human society,the future city will carry more and
more people. The increase in population will increase the waste of resources and environmental
pollution in cities. Smart cities use information and communication technologies to sense, ana-
lyze, and integrate key information in the core systems of urban operations, thereby responding
intelligently to the various needs of human activities, aiming to promote sustainable urban devel-
opment and reduce environmental pollution. Meanwhile, therapid update of new technologies
has injected a large amount of data into the network, especially in 5G (C. Wang et al. (2014)),
Internet of Things (IoT) (P. Ramezani et al. (2017)) and smart phone applications (W. Hou et al.
(2018a)). The birth of big data (L. Cui et al. (2016); W. Hou etal. (2017b)) further promotes
the development of cloud computing (Y. Yin et al. (2017); L. Guo et al. (2018)) that provides
users with a lot of computing resources at low investment. Especially, the combination of
cloud computing and network function virtualization (NFV)have achieved temporal and spa-
cial flexibilities of physical devices. However, as the sizeof server clusters continues to expand,
cloud computing platforms consist of geographically dispersed data centers (DCs) (P. Lu et al.
(2017); W. Hou et al. (2018b)) communicating with each otherthrough fast and high-capacity
optical networks. Inter-DC optical networks are equipped with heterogeneous devices and multi-
granularity resources, such as wavelength division multiplexing (WDM) and orthogonal fre-
quency division multiplexing (OFDM) (L. Gong et al. (2014)). This paper focuses on designing
efficient optical networks to serve data communication among data centers, aiming to explore
solutions that contribute to smart and sustainable urban development.

1.1. Motivation

Figure 1 shows the utilization of heterogeneous multi-granularity spectrum resources. The
optical-to-electrical-to-optical (O/E/O) conversion is needed to support highly dynamic traffic in
a WDM network, hence we call it as the opaque fixed-grid optical network. The elastic optical
network (EON) based on OFDM technology is the transparent flexi-grid optical network with
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the use of all-optical technology. On the other hand, there are different levels of modulation
formats, such as binary phase shift keying (BPSK), quadrature phase shift keying (QPSK), 8-ary
quadrature amplitude modulation (8-QAM), and 16-QAM. Notethat, a high-level modulation
format has a short transmission distance, and vice visa (K. Walkowiak et al. (2017)).

In a fixed-grid WDM network, the spectrum bandwidth of each channel is fixed. However,
one channel can accommodate different capacities using different modulation formats. There-
fore, the capacity requirement of less than one full wavelength will result in the bandwidth waste.
Unlike WDM networks, the introduction of adaptive modulation format in EONs also improves
the spectral efficiency. EONs also can allocate a certain number of subcarriers according to the
user’s requirement, which reduces the granularity of network resources to the sub-wavelength.
More importantly, EONs increase the efficiency of the spectrum by creating the super wavelength
if the large-capacity service requests cannot be provided by a single channel.

The coexist of aforementioned heterogeneous technologiesand multi-granularity network
resources bring new challenges to the unified management andflexible traffic scheduling of inter-
DC optical networks. For multi-granularity inter-DC optical networks in future, these challenges
include how to differentiate and control different types of traffic and to uniformly allocate multi-
granularity network resources for different network scenarios. The most important difficulty in
solving these challenges is both the construction of a centralized network architecture and the
design of hybrid routing algorithms. Therefore, the root cause of the inability of the existing
distributed solution to perform fine-grained level traffic control is the lack of a global network
view.

The software-defined network (SDN) (D. Kreutz et al. (2015);A. Thyagaturu et al. (2016))—
that enables the separation of control and data forwarding planes—promotes the flexible cen-
tralized and fine-grained control of network traffic (X. Zhang et al. (2017a)), and meanwhile, it
provides unprecedented programmability, automation (X. Zhang et al. (2017b, 2016)), and con-
trol capabilities for the network (Z. Zhu et al. (2018); L. Liet al. (2017); Z. Zhu et al. (2015)).
Furthermore, benefit from the centralized control mechanism and data plane whiteboxing trend,
OpenFlow can program the entire network to achieve the virtualization of IP routers, Ethernet
switches, and even optical switching nodes such as bandwidth-variable optical cross-connects
(BV-OXCs), bandwidth-variable wavelength selective switches (BV-WSSs) and edge routers
(ERs). Therefore, the OpenFlow-based network control and management plane is very suitable
for heterogeneous and multi-granularity Inter-DC opticalnetworks (P. Lu et al. (2017)).

1.2. Contribution

In this paper, we focus on designing software-defined multi-granularity inter-DC optical net-
works so that we can greatly enhance the network controllability and flexibility, and effectively
reduce the costs of investment and operational management.Especially, we solve the problem of
spectrum planning and traffic scheduling in software-defined multi-granularity inter-DC optical
networks (SPTS-SDMGON). Unlike the spectrum planning and traffic scheduling schemes in
other papers, our approach is more complete. It can distinguish different types of traffic from dif-
ferent scenarios and offload it to the matching resource allocation scheme. This greatly enhances
the effectiveness of heterogeneous network resource allocation.At the same time, thanks to the
advantages of the SDN architecture, we are able to provide anapplication-level docking in the
management plane by extending the OpenFlow protocol for multi-granularity inter-DC optical
network scenarios. More specifically, we first elaborate on the overall network architecture, and
extend the OpenFlow protocol to implement the seamless operation between control and data
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planes. Next, the mathematical problem of allocating heterogeneous network resources is for-
mulated. For transparent flexi-grid optical networks, we maximize the spectral efficiency and the
connectivity based on the lightpath with adaptive modulation level selection (MSECML). For
opaque fixed-grid optical networks, we select the lightpathwith the maximized capacity-over-
hops first (MCHF) from virtual network slices. Heuristic algorithms are then proposed to solve
the problem of resource allocation and lightpath computing. Note that, well-designed weights
and maximum flow algorithms are utilized to build virtual network slices between source and
destination nodes, which helps us to find the optimal traffic scheduling scheme in real time ac-
cording to dynamic link load. Moreover, we develop multi-granularity routing applications by
extending the RYU controller. Finally, we implement our solution in a semi-practical system
testbed. The overall feasibility and efficiency of the proposed solution are experimentally veri-
fied and evaluated based on the NSFNET topology. The major contributions of this paper are in
the following:

1. The overall architecture of software-defined multi-granularity inter-DC optical networks
is designed, and we formulate the problem of SPTS-SDMGON.

2. MSECML and MCHF algorithms are designed for the transparent flexi-grid optical net-
work and the opaque fixed-grid optical network, respectively, and their time complexity is
also analyzed.

3. The software-defined multi-granularity routing applications are proposed to demonstrate
the feasibility of the overall solution, and the extended OpenFlow protocol is utilized for
controlling optical devices.

4. We evaluate the performance of proposed algorithms in a semi-practical platform, and the
result of the experiment well proves the effectiveness of our schemes.

The rest of the paper is organized as follows. Section 2 provides a brief survey on the related
work. Then, we describe the overall network architecture, network model, and problem formu-
lation in Section 3. Heuristic algorithms are discussed in Section 4. Next, Section 5 presents the
system implementation, experimental demonstration and performance evaluation. Finally, we
summarize the paper in Section 6.

2. Related Work

For fixed-grid WDM networks, the routing and wavelength assignment (RWA) algorithms
have been widely researched in literatures. In L. Liu et al. (2011), Liu et al. experimentally
demonstrated an OpenFlow-based control plane to provide lightpaths in the transparent optical
network. In G. Shen et al. (2009), Shen et al. designed energy-efficient network architectures,
and developed operational strategies to reduce the energy consumption of WDM optical net-
works. To solve the survivable problem, dynamic routing andvirtual network embedding (VNE)
algorithms were also proposed to keep a survivable network topology in B. Guo et al. (2011).
For the green optical network (L. Guo et al. (2013)), Guo et al. formulated the problem of green
many-to-many routing in WDM optical networks. They designed a rational combined method of
lightpaths to improve the energy efficiency of the WDM network. In A. Coiro et al. (2014), Coiro
et al. considered the problem of optical signal transmission impairments, and developed the en-
ergy efficiency RWA algorithms in transparent WDM networks. Q. Zhanget al. (2013) jointly
considered the problems of VNE and RWA in WDM optical networks. In addition, W. Hou et al.
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(2017a) focused on a risk-aware VNE architecture, and designed a risk-aware heuristic algo-
rithm to perform security physical isolation from risky virtual machines. However, these studies
allocate fixed-grid resources, leading to the spectral waste.

For flexi-grid OFDM networks (e.g., EONs), traffic grooming and spectrum allocation were
studied for the dynamic service provisioning in (F. Musumeci et al. (2013); Z. Zhu et al. (2013);
W. Lu et al. (2013); A. N. Patel et al. (2013); X. Wan et al. (2012); Y. Wang et al. (2013)). For
instance, Z. Zhu et al. (2013) proposed several online routing, modulation level and spectrum
assignment algorithms based on a hybrid single-/multi-path routing scheme. In A. N. Patel et al.
(2013), Patel et al. designed a QoS-aware protocol for the optical burst switching in an OpenFlow-
based software-defined optical network. For the survivableproblem in EONs, L. Ruan et al.
(2013) provided flexible protection levels by utilizing survivable multiple lightpaths in OFDM-
based EONs. In X. Chen et al. (2015), Chen et al. took the advantages of failure-independent
pre-configured cycles (FIPP p-cycles) for path protection and investigated the methods of real-
izing spectrum-efficient resilience design based on the above idea. In addition, J. Vizcano et al.
(2012) analyzed the energy efficiency of the flexi-grid OFDM-based solution in the dynamic net-
work considering time-varying connections. J. Wang et al. (2013) designed an overlay general
multi-protocol label switching model to collect global network information based on SDN archi-
tecture, which could improve the energy efficiency of the wider areas’ network. However, these
studies do not consider the scenario of heterogeneous multi-granularity optical networks among
DCs.

L. Liu et al. (2013b) presented the dynamic end-to-end lightpath provisioning and IP traffic
offloading scheme in spectrum sliced EONs. Then, in L. Liu et al. (2013a), they reported an
OpenFlow-based control plane in software-defined and multi-layer optical networks, and they
verified the overall feasibility, efficiency, and the end-to-end latency for lightpath creation and
restoration. M. Channegowda et al. (2013) reported the novel OpenFlow-based control plane,
which could implement the seamless operation between optical and packet transport domains.
Moreover, Zhang et al. proposed and implemented a novel EON-based enhanced SDN archi-
tecture for the DC application in J. Zhang et al. (2013) and H.Yang et al. (2015), respectively.
These studies are helpful to our work because they have verified the feasibility of deploying
the SDN in inter-DC optical networks from the experimental point of view. As shown in Fig.
1, different spectrum granularities, modulation formats and datamultiplexing techniques exist
together in the future inter-DC optical network, which makes the multi-granularity routing ap-
plication of the SDN controller very necessary. However, the existing works mentioned in this
paragraph do not perform the traffic scheduling from the multi-granularity routing applications
perspective.

3. Network Architecture and Problem Description

In this section, we first describe the overall network architecture and design the corresponding
network model. The SPTS-SDMGON problem is then formulated mathematically.

3.1. Network Architecture

Figure 2 shows the architecture of software-defined multi-granularity inter-DC optical net-
works, which includes data plane, control plane and management plane.

In the data plane, the switching granularities are wavelength, sub-wavelength and super-
wavelength for fixed-grid WDM and flexi-grid OFDM networks. The fixed-grid BV-OXCs and
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flexi-grid BV-WSSs can respectively switch wavelengths andcontiguous spectrum slots to the
correct destination port. Leveraging bandwidth-variabletransponders (BV-Ts) and spectrum
(de)multiplexer (MUX/DEMUX), ERs have the ability to (un)load client traffic. For instance,
ERs sent traffic from IP networks, sensor networks, passive optical networks (PONs) and wire-
less networks to the DC. The data transfer among DCs is also accomplished by ERs.

The extended OpenFlow 1.3 protocol is exploited to support the communication between
control and data planes. More specifically, we add optical attributes to the existing flow table,
and the extended optical flow table consists of match fields, action fields, and associated counter
fields (L. Liu et al. (2011, 2013b)). Unlike the standard OpenFlow protocol, our extended optical
flow tables are for heterogeneous multi-granularity optical network scenarios. Figure 3 shows
the matching and associated action fields for the flow table characterizing the rules of operating
BV-OXCs and BV-WSSs, respectively. Because some current optical devices do not well support
the extended OpenFlow protocol above, the controller communicates with the OpenFlow agent
(OF-AG) attached to BV-WSS and BV-OXC. The OF-AG configures the optical equipment ac-
cording to the controller’s instructions, and it collects the status information of optical devices
to inform the controller. When a service requirement arrives at the ER, the related OF-AG sends
the Packet-In message to the controller. The controller then calculates a proper route based on
the multi-granularity routing application deployed in themanagement plane, and it distributes
Flow-Mod messages to related OF-AGs for the lightpath establishment. Note that, since the
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multi-granularity routing applications we developed are in the management plane layer, then the
management plane is sitting at the application layer.

3.2. Network Model
In software-defined multi-granularity inter-DC optical networks, there are transparent flexi-

grid and opaque fixed-grid optical networks modeled separately in the following.
The transparent flexi-grid optical network (EON) can be modeled by a directed graphG(V, E),

whereV is the set of BV-WSSs, andE is the set of bidirectional fiber links. Each fiber link
e(u, v) ∈ E,∀u, v ∈ V accommodatesN frequency slots, andD is the set of all possible link
lengthsle ∈ D,∀e ∈ E. The subcarrier bandwidth isBFS = 12.5 GHz, and there is the bandwidth
of B GHz on each fiber link. Therefore, the initial number of frequency slots on every fiber link
is N = ⌊B/BFS ⌋. The subcarrier capacity isCBPS K = 2× BFS = 25 Gbps based on the Nyquist
first criterion when using BPSK modulation format (i.e., modulation levelm = 1). For different
modulation levels, a single subcarrier transmission bit rate equals to (m · CBPS K) Gbps. We also
define a bit-maskbme, j that containsN bits to describe the utilization status of frequency slots on
the fiber linke. bme, j = 1 represents thejth frequency slot on the fiber linke is used, otherwise it
is 0.

The opaque fixed-grid (WDM) optical network is denoted by another directed graphG′(V ′, E′)
whereV ′ represents a set of BV-OXCs, andE′ is the set of bidirectional fiber links. Each fiber
link can accommodate the bandwidth ofB′ in GHz at most, while the spectrum is divided into
W wavelengths. For instance, the fixed granularity of WDM channels isB′

λ
= 50 GHz, we can

deriveW =
⌊

B′/B′
λ

⌋

. To support highly dynamic traffic, O/E/O conversion is required to forward
the optical data to electrical layer. It is different from the transparent domain. Moreover, the
wavelength conversion can be performed at the intermediatenode between two different links in
the lightpath.

A service requirement is represented by a 4-tuple modelr(s, d, x, bx),∀r ∈ R, wheres is
the source node, andd is the destination node. Variablex denotes the type index of the multi-
granularity service request:x = 0 for the flexible granularity in the transparent domain while
x = 1 for the fixed granularity in the opaque domain. Variableb0 represents the capacity require-
ment of the flexi-grid service request in the transparent domain, whileb1 denotes the capacity
requirement of the fixed-grid service request in the opaque domain. According to Eq. (1), we
can derive the number of contiguous spectrum slotsn allocated to the service requestr with the
assigned modulation levelm. Here,g represents the guard bandwidth usually set to one spec-
trum slot. All service requests have the same requirement oflink bandwidth in opaque fixed-grid
optical networks (W. Hou et al. (2017a)), i.e.,b1 = OC 1.

n =

⌈

b0

m ·CBPS K

⌉

+ g. (1)

In addition, the lightpath can select its modulation level adaptively according to the transmis-
sion distance. We assign the modulation levelm = {1, 2, 3, 4} for BPSK, QPSK, 8-QAM, and
16-QAM, respectively. When the transmission distance of the lightpathp is known, the modu-
lation levelm is shown in Eq. (2) whereHml (·) returns the highest modulation level according
to the relationship between modulation level and maximum transmission reach (X. Zhang et al.
(2017a)).

m = Hml















∑

e

le















,∀e ∈ p,∀le ∈ D. (2)
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3.3. Problem Formulation

Based on the network models above, we investigate the corresponding dynamic service provi-
sioning problem. Some important notations and variables are listed Tables 1 and 2, respectively.

First, we define the capacity of the fiber link asc(u, v),∀u, v ∈ V, and the flow value of a link
is the bandwidth capacity consumed by the traffic passing through this link, i.e.,f (u, v). Then,
the residual capacity of the linkc f (u, v) = c(u, v) − f (u, v),∀u, v ∈ V. Given the network graph
G and flow f , the residual network graphG f consists of edges that still have space to adjust
traffic requests. Therefore, the residual networkG induced by the flowf is G f = (V, E f ), where
E f = {(u, v) ∈ V × V : c f (u, v) > 0}.

Min R −
∑

r

∑

p

∑

e

∑

i

αr
pϕ

r
e, i. (3)

Next, we design a mix of algorithms application to enhance the intelligence of the control
plane. The goal of our algorithms is to minimize the traffic blocking rate with Eq. (3). Next, con-
sidering the respective characteristics of traffic in EON and WDM networks, we further give the
different optimization strategies for two types of networks. For transparent EONs, since the num-
ber of spectrum slots for service requests is varied, we maximize the connectivity of all available
spectrum slots to satisfy subsequent service requests as many as possible, which is shown in Eq.
(4); For opaque WDM networks, since the traffic demand is a single wavelength, we minimize
the index number of the used wavelength to minimize the traffic blocking rate, which is shown
in Eq. (23). In summary, we solve the EONs/fixed-grid optical network cases independently by
using aforementioned two strategies in Algorithm 1 but withthe same optimization objective,
i.e., to minimize the traffic blocking rate.

Max
∑

r∈R

∑

e∈E

(

Npoints
e · N slots

e

)

/
(

Nblocks
e · N

)

, (4)

N slots
e =

N
∑

j=1

(

1− bme, j

)

,∀e ∈ E, (5)

Npoints
e =

N−1
∑

j=1

(

1− bme, j

)

·
(

1− bme, j+1

)

,∀e ∈ E, (6)

Nblocks
e = N slots

e − Npoints
e ,∀e ∈ E. (7)

We obtain the values ofN slots
e , Npoints

e andNblocks
e according to Eqs. (5), (6) and (7), respec-

tively. Here,N slots
e denotes the number of available spectrum slots on the fiber link e. Npoints

e

indicates the number of connection points between free spectrum slots on the fiber linke. Nblocks
e

represents the number of available spectrum blocks on the fiber link e. A larger objective function
value means the higher contiguity of frequency slots, i.e.,the more available spectrum resources
for service requests to arrive. Therefore, the network is able to provide more services by using
optimization guidelines.

The above-mentioned objective should satisfy some constraints as follows:
∑

p∈P

αr
p ≤ 1,∀r ∈ R, (8)
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∑

i

ϕr
e,i = β

r
e ≤ 1,∀r ∈ R,∀e ∈ E. (9)

Equations (8) and (9) ensure that each service request can select only one lightpath and only
one spectrum block on the fiber link.

zr − wr + 1 =
∑

p

αr
p ·

⌈

b0

m ·CBPS K

⌉

, ∀r ∈ R. (10)

Equation (10) ensures that the number of frequency slots assigned to each service request
must satisfy the corresponding capacity requirement.

wr ≥ we,i ·
(

βr
e + ϕ

r
e,i − 1

)

,∀r ∈ R,∀e ∈ E,∀i, (11)

zr − ze,i ≤ N ·
(

2− βr
e − ϕ

r
e,i

)

,∀r ∈ R,∀e ∈ E,∀i. (12)

Equations (11) and (12) guarantee that the spectrum slots required by the service request
should be located in theith spectrum block on the fiber link.

σr1,r2 + σr2,r1 = 1,∀r1, r2 ∈ R. (13)

Equation (13) determines the order of service requestsr1 andr2 on the common fiber link.

zr2 − wr1 + 1 ≤ N · (1+ σr1,r2 − πr1,r2) ,∀r1, r2 ∈ R, (14)

zr1 − wr2 + 1 ≤ N · (2− σr1,r2 − πr1,r2) ,∀r1, r2 ∈ R. (15)

Equations (14) and (15) mean that the spectrum assigned to service requestsr1 andr2 satisfies
the spectrum non-overlapping constraint (Z. Zhu et al. (2013)).

πr1,r2 ≥ αr1
p1
+ αr2

p2
− 1,∀r1, r2 ∈ R,∀p1, p2 ∈ Pe. (16)

Equation (16) represents that the lightpathp1 serving the requestr1 andp2 servingr2 have
common fiber links.

0 ≤ f (u, v) ≤ c(u, v),∀u, v ∈ V. (17)

Equation (17) ensures that the number of flows through the fiber link is less than or equal to
the link capacity.

∑

v∈V

f (u, v) =
∑

v∈V

f (v, u),∀u ∈ V − {s, d}. (18)

Equation (18) ensures that the numbers of input and output flows are equal on each interme-
diate node.

∑

u∈V

f (u, s) = 0. (19)
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Equation (19) ensures that the number of input flows to the source node equals to 0.
∑

v∈V

f (d, v) = 0. (20)

Equation (20) ensures that the number of output flows from thedestination node equals to 0.
∑

v∈V

f (s, v) =
∑

r∈R

bx,∀s ∈ r, (21)

∑

u∈V

f (u, d) =
∑

r∈R

bx,∀d ∈ r. (22)

Equations (21) and (22) guarantee that the number of output flows from the source node
equals to the number of input flows to the destination node.

For opaque fixed-grid optical networks, due to the introduction of O/E/O conversions, we
ignore the constraint of the wavelength contiguousness. Therefore, the corresponding objective
of the service provisioning is to minimize the blocking probability of services. The first term in
the objective function (Eq. (23)) minimizes the total indexof the used wavelength. The second
term reduces the total number of O/E/O conversions.

Min
∑

r∈R

ξr
e,λ · λ +

∑

r∈R

ψr
e. (23)

The objective above should satisfy constraints of bandwidth capacity and wavelength conti-
nuity as follows:

∑

r∈R

W
∑

λ=1

ξr
e,λ ≤ W,∀e ∈ E′. (24)

Equation (24) is the bandwidth capacity constraint. It indicates that the maximal number of
service requirements on the fiber link is constrained by the total number of wavelengths.

W
∑

λ=1

ξr
e,λ ≤ 1,∀r ∈ R,∀e ∈ E′. (25)

Equation (25) is the wavelength continuity constraint, which means that only one wavelength
λ in the fiber linke can be allocated for the service requirementr.

The lightpath routing and resource allocation in the flexi-grid optical network is NP-hard,
which has been proved in our previous work (X. Zhang et al. (2017a)). The problem here is
more complex since it also includes the fixed-grid domain. Therefore, our problem is NP-hard.

4. Heuristic algorithms and routing applications

Since our SPTS-SDMGON problem is NP-hard by nature, we propose heuristic algorithms
to solve it. Furthermore, we develop the software-defined multi-granularity routing application
by extending the SDN controller.
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Algorithm 1: Main Body
Input: Substrate networksG andG′, service requestr.
Output: Lightpath, central frequency/wavelength, slot width/spectrum grid, modulation

level.
1 for each request r(s, d, x, bx) in R do
2 query the access table to determines andd
3 if s = null or d = null then
4 block r
5 else
6 if x = 0 then
7 applyAlgorithm 2
8 end
9 if x = 1 then

10 applyAlgorithm 3
11 end
12 end
13 end

4.1. Heuristic Algorithms

In this subsection, we propose several efficient algorithms to solve the problem of dynamic
service provisioning in software-defined and multi-granularity inter-DC optical networks.

Algorithm 1 depicts the overall procedure of our multi-granularity routing algorithm (MGRA).
The for-loop that covers lines 1-13 provides the network service for each request. Line 2 deter-
mines the location of source and destination nodes by querying the access table (X. Zhang et al.
(2017a)). If not found, the service request is blocked. Lines 5-12 identify the type of the service
request. ApplyAlgorithm 2 if it is a flexi-grid request, otherwise applyAlgorithm 3 for the
fixed-grid request. In the following, we designAlgorithms 2 and3 to provide high-quality and
efficient services for the multi-granularity optical network.

Algorithm 2 is designed to improve the spectral efficiency and the connectivity of all avail-
able spectrum slots. Lines 2-6 calculateK candidate lightpaths for each flexi-grid request based
on the underlying residual network graph, and store paths inthe setP. In line 2, the edge weight
of the network graph is deliberately set to search availableresources as many as possible. Lines
7-25 are the process of spectrum allocation for candidate paths. To satisfy the spectrum con-
tiguousness constraint in the transparent flexi-grid optical network, line 9 makes a bitwise AND
operation for all the fiber links in a lightpath with Eq. (26).Based on the path length, the mod-
ulation format is determined in line 10. After knowing the modulation format, we calculate the
number of frequency slots required by a service request according to Eq. (1). Line 12 checks
whether the block ofn contiguous frequency slots is available or not in the lightpath. If yes,
we store theblock in the setblocks. By the end of line 12, all available frequency blocks in the
lightpath are stored in the setblocks. We then pre-allocaten spectrum slots to each spectrum
block, and compute the objective function value in lines 16-19. Of course, we will block the
service request if there are no available spectrum blocks inall candidate lightpaths. Finally, we
choose the spectrum block with the largest objective function value and determine the central
frequency, and meanwhile, optical flow entries are generated to insert related OF-AGs for the

11
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Algorithm 2: MSECML
Input: Substrate networkG, service requestr.
Output: Lightpathp, central frequency, slot widthn, modulation levelm.

1 for each request r(s, d, b0) do
2 set edgeweight = le

/

N slots
e ,∀e ∈ E

3 for 1 to k do
4 p = Di jkstra(s, d,weight) in the substrate network graphG(V, E)
5 P = {p}
6 end
7 if P , ∅ then
8 for each path p in P do
9 compute path status with Eq. (26)

10 select modulation levelm with Eq. (2)
11 calculate the number of spectrum slotsn with Eq. (1)
12 search the available spectrumblocks for n spectrum slots
13 if blocks is empty then
14 block r
15 else
16 for each block in blocks do
17 pre-allocaten to the spectrumblock
18 select Max(block) based on Eq. (4)
19 end
20 end
21 end
22 select lightpath and spectrum block
23 determine the central frequency
24 insert flow entries to related OF-AGs
25 end
26 if P = ∅ then
27 block r
28 end
29 end

lightpath establishment.

bmp, j =
⋂

e

bme, j,∀e ∈ p. (26)

Algorithm 3 shows the detailed procedure of the service provision for the opaque fixed-grid
request. Since optical switching nodes have O/E/O conversion capabilities in an opaque WDM
optical network, we can use wavelengths on different fiber links along the lightpath. However,
O/E/O conversions can increase the end-to-end latency. Hence, we minimize the traffic conges-
tion with slight O/E/O conversions. Different from transparent optical networks, we construct the
layer of the auxiliary graph with source and destination nodes for each service request, and trans-
form this process into the minimum-cost maximum-flow (MCMF)problem (P. Lu et al. (2017)).
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Algorithm 3: MCHF
Input: Substrate networkG′, service requestr.
Output: Lightpathp′, wavelengthλ, spectrum grid, modulation levelm.

1 for each request r(s, d, b1) do
2 P′ = ∅
3 P=executeAlgorithm 4 for requestr
4 for each path p in P do
5 if b1 ≤ c f (p) then
6 P′ = {p}
7 end
8 end
9 if P′ = ∅ then

10 block r
11 else
12 p′ = Max

(

c f (p′),∀p′ ∈ P′
)

, or

13 p′ = Max
(

c f (p′)/hop(p′),∀p′ ∈ P′
)

, or

14 p′ = Min

(

∑

e
le,∀e ∈ p′,∀p′ ∈ P′, le ∈ D

)

15 m = Hml

(

∑

e
le

)

,∀e ∈ p′,∀le ∈ D

16 for each link e in p′ do
17 search the available wavelengthλ with the smallest index in the fiber linke
18 if there is no available wavelength then
19 block requestr
20 else
21 determine the wavelength, spectrum grid and modulation format
22 insert optical flow entries to related OF-AGs
23 end
24 end
25 end
26 end

Line 2 initializes an empty path set. Line 3 invocatesAlgorithm 4 to build the auxiliary graph
based on the source/destination nodes of a service request, and stores the path result of the max-
imum flow in the setP. Lines 4-8 select lightpaths with the residual bandwidth greater than the
service request bandwidth from the setP. If there is no available lightpath, we block the service
request in lines 9-11. We design the lightpath selection policy named as maximize capacity-over-
hops first (MCHF), and contrast it with other two common mechanisms, i.e., maximize capacity
first (MCF) and shortest distance first (SDF) (W. Hou et al. (2017a)). Note that, since optical
switching nodes have O/E/O conversion capabilities in an opaque WDM optical network,we
can use wavelengths on different fiber links along the lightpath. However, O/E/O conversions
can increase the end-to-end latency. Hence, we design MCHF algorithm to minimize the traffic
congestion with slight O/E/O conversions. We define aforementioned three mechanisms ofthe
path selection as follows:
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• Shortest distance first (SDF):

Min















∑

e

le,∀e ∈ p,∀p ∈ P, le ∈ D















. (27)

We choose the lightpath with the shortest transmission distance from the auxiliary graph
derived fromAlgorithm 4 .

• Maximize capacity first (MCF):

Max
(

c f (p),∀p ∈ P
)

. (28)

We select the lightpath with the largest residual capacity based on Eq. (28). The residual
capacity of the path is the minimum residual capacity of all the fiber links along the path,
i.e.,c f (p) = Min

(

c f (u, v) : e(u, v) ∈ p
)

.

• Maximize capacity-over-hops first (MCHF):

Max
(

c f (p)/hop(p),∀p ∈ P
)

. (29)

We select the lightpath based on the max-metric which is the value of the residual capacity
divided by the hop count of the lightpath. Here, thehop(·) function returns the hop count
of the lightpath.

We are able to select the modulation format based on the transmission distance of the light-
path in line 15. Lines 16-24 search the available wavelengthλ with the smallest index in the fiber
link e, and insert optical flow entries with parameters such as wavelength, modulation level, and
spectrum grid to related OF-AGs for establishing the lightpath. If there is no available wave-
length, the service request is blocked.

Algorithm 4 constructs the virtual network graph for the service request by continuously
increasing the flow value. At the beginning, the initial value given for all links is zero in lines
2-4. During each iteration, increase the flow value of the graphG′ by finding an augmented path
in the associated residual network graphG′f . Once we obtain the edge of an augmented path in
the graphG′f , specific edges can be easily identified inG′. Next, modify the flow on these edges
to increase the flow value. However, for a particular edge of the graphG′, its traffic may increase
or decrease. It is necessary to reduce the flow of some edges sothat the algorithm can send
more flows from the source node to the destination node. In line 6, Breadth-First-Search (BFS)
is utilized to calculate the path based on the residual network G′f . Each residual edge of the path
p is either the edge of the original networkG′ or the opposite edge. Lines 9-17 of the algorithm
accordingly update the flow for each case. If the residual edge is the edge of the original network
G′, increase the flow value, otherwise reduce the flow value. When there is no more augmenting
path, the flow is the maximum flow. Finally, we set the flag to zero at the end of the while loop,
and return the result of the setP.

4.2. Time Complexity

As the main body,Algorithm 1 consists ofAlgorithm 2 MSECML and Algorithm 3
MCHF . Dijkstra’s algorithm has the worst-case time complexity of O

(

V2
)

. We makeK calls to
14
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Algorithm 4: Find Maximum Flow Paths for s→d
Input: Substrate networkG′, source/destination nodess andd.
Output: Lightpaths setP.

1 P = ∅
2 for each edge e(u, v) ∈ E′ do
3 f (u, v) = 0
4 end
5 while f lag = 1 do
6 calculate the pathp from s to d based onBFS (G′f , s, d) in the residual networkG′f
7 if p , ∅ then
8 c f (p) = Min

(

c f (u, v) : e(u, v) ∈ p
)

9 for each edge e(u, v) in p do
10 if e(u, v) ∈ E′ then
11 f (u, v) = f (u, v) + c f (p)
12 P = {p}
13 end
14 if e(u, v) < E′ then
15 f (v, u) = f (v, u) − c f (p)
16 end
17 end
18 end
19 if p = ∅ then
20 f lag = 0
21 end
22 returnP
23 end

Dijkstra’s algorithm in lines 3-6, hence the time complexity becomesKV2. The worst time com-
plexity occurs in lines 7-25, which isKV + KN2 + N. Hence, the time complexity ofAlgorithm
2 is O

(

KV2 + KV + KN2 + N
)

. We use the BFS algorithm to find the augmented path in line 6

of Algorithm 4 , which has the time complexity ofO
(

E
′2
)

. Since the total number of executions

of the flow increment operation isO (V ′E′), the time complexity ofAlgorithm 4 is O
(

V ′E
′2
)

.
In addition, lines 16-24 ofAlgorithm 3 consumeE′W time at the worst case. Thus, the time
complexity ofAlgorithm 3 is O

(

V ′E
′2 + E′W

)

. In summary, the total time complexity of the

main body is approximateO
(

KV2 + KN2 + V ′E
′2 + KV + E′W + N

)

, which is polynomial.

5. Experimental demonstration and results discussion

We first introduce the simulation setup. Next, we experimentally demonstrate the feasibil-
ity of proposed solutions in a semi-practical platform. Finally, the algorithm performance is
evaluated quantitatively.
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Figure 4: The NSFNET topology used in simulations.

5.1. Simulation Setup

The simulation topology NSFNET is shown in Fig. 4. The numberon the link indicates
the distance. Both the feasibility of the overall solution and the effectiveness of algorithms
are performed in NSFNET including 14 nodes and 22 bidirectional fiber links. The testbed of
software-defined multi-granularity optical networks (SD-MGON) is built with RYU controller
and Mininet. The Mininet simulates OF-AGs attached to optical switching devices, and the more
detailed OF-AG structure can be found in our previous work (X. Zhang et al. (2017a)). Though
there is no real expensive BV-OXC or BV-WSS, we assign virtual hardware resources (i.e., 2
processors, 4 GB memory and 1 network adapter) to each node via Mininet running on Ubuntu
operating system. The software-defined and multi-granularity routing application is developed
on the extended RYU controller.

The network parameters in transparent and opaque domains are set separately. For the trans-
parent domain, the total bandwidth for each link is 4000 GHz,and each link occupies the fre-
quency band of 192.1 THz to 196.1 THz. A single fiber link carries 320 frequency slots each
with the size of 12.5 GHz. The bandwidth requirement of flexi-grid service requests includes
five types: 10 Gbps, 50 Gbps, 100 Gbps, 400 Gbps, and 1000 Gbps (super wavelength). Service
requests are randomly distributed with the equal probability. For the opaque domain, the initial
bandwidth provisioning of the wavelength is OC-96, i.e., 96optical carriers. Each fiber link has
16 wavelengths each with 50 GHz spectrum grid. All service requests have the same bandwidth
requirement, i.e., one wavelength. Moreover, our system supports four modulation levels: BPSK,
QPSK, 8-QAM and 16-QAM. The maximum reach of the lowest modulation level BPSK is 3000
km, while the one of the highest modulation level 16-QAM is 700 km.

5.2. Experimental Demonstration

First, we show the internal functional components of software-defined multi-granularity rout-
ing application in Fig. 5, mainly including the modules of network awareness, resource discov-
ery, request analysis, route computation, spectrum allocation, optical flow delivery and traffic
engineering database.

Network awareness and resource discovery modules (i.e., NAM and RDM) collect the infor-
mation of network topology and element resource, respectively. They discover network nodes
and resource information through communicating with the optical agent using extended Open-
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Figure 5: Software-defined multi-granularity routing application.
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Figure 6: Wireshark capture for establishing a lightpath inthe transparent domain.

Flow protocol. They also sense the inter-node link connection information by sending messages
to all the nodes interconnected with them.
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Figure 7: Wireshark capture for establishing a lightpath inthe opaque domain.

The service request analysis module (RAM) analyzes the source address, destination address,
and communication capacity according to the received service request, and reporting them to the
route computation module (RCM). The requests of different granularity types are also distin-
guished here. The RCM performs the above-mentioned path calculation algorithm to determine
eligible candidate lightpaths according to the service request information provided by RAM and
the network topology resource information provided by the traffic engineering database module
(TED). After that, RCM transmits the routing information tothe spectrum allocation module
(SAM) where the optimal spectral distribution scheme can beinvoked.

The SAM receives the occupancy status of frequency slots provided by TED and the candi-
date routing information sent by RCM. SAM allocates the modulation format according to the
candidate route length, and implements the optimal spectral distribution scheme based on our
designed algorithms. In addition, it also sends the result of the spectral distribution scheme to
the optical flow table delivery module (FDM). FDM constructsthe optical flow table according
to the result of routing and resource allocation, and it alsohas the ability to send optical flow
entries to related OF-AGs along the lightpath. Furthermore, it also updates the resource usage
information in TED after serving a service request.

The TED module obtains real-time network link state information and stores the abstract
mapping results for the underlying network resources, including optical nodes, fiber link rela-
tionships, lengths among nodes, and the spectrum occupancyof each link, etc., which facilitates
the centralized network management and control. This module also has topology query and in-
formation update functions. The topology query function can provide the link status information
for both RCM and SAM. After the resource allocation is completed, the existing network topol-
ogy and resources information are updated so that the network status obtained by the next service
request is real-time and reliable.

Next, the procedure of the software-defined and multi-granularity routing application is de-
scribed as follows:

• Step 1: A service request arrives at the ER.

• Step 2: The OF-AG on the ER sends an extended Packet-In message to the controller.
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• Step 3: RAM receives the Packet-In message and analyzes the type ofthe service request.

• Step 4: RCM obtains the network status from TED, and invokes the corresponding path
calculation algorithm for different types of services. The modulation format of the light-
path is also determined based on the path length.

• Step 5: SAM performs the optimal spectrum allocation scheme afterreceiving candidate
paths from RCM. Note that, Algorithms 2 and 3 may be required to provide the network
service for multi-granularity requests according to the network status provided by TED.

• Step 6: If a feasible solution can be obtained, FDM generates corresponding optical flow
entries, and insert them to related OF-AGs along the lightpath by utilizing extended Flow-
Mod messages.

• Step 7: The OF-AG parses the optical flow entry and configures the underlying BV-OXC
or BV-WSS in the data plane to setup the lightpath.

• Step 8: If the lightpath is successfully established, FDM updatesthe resource status infor-
mation for TED.

Finally, we experimentally demonstrate the feasibility ofperforming software-defined multi-
granularity routing applications on our semi-practical system platform. Based on the NSFNET
topology, we make experiments to establish lightpaths withMSECML and MCHF algorithms,
which can verify basic system functionalities. Figures 6 and 7 show the wireshark captures for
establishing lightpaths in transparent and opaque domains, respectively, in the manner of record-
ing related OpenFlow messages. As shown in Fig. 6, a lightpath containing 5 hops (i.e., BV-WSS
7→BV-WSS 8→BV-WSS 9→BV-WSS 13→BV-WSS 14) is established in the transparent do-
main. Figure 7 shows that a three-hop lightpath (i.e., BV-OXC 1→BV-OXC 3→BV-OXC 6) is
built into the opaque domain. Furthermore, Flow-Mod messages are captured in Figs. 8 and 9.
In Fig. 8, we can observe that the central frequency, slot width and modulation format fields are
extended to set up the optical flow entry in the transparent domain. The central frequency used
by the service request is 192.15 Thz, and 8 spectrum slots areoccupied when using the QPSK
modulation format. The wavelength, spectrum grid and modulation format are also found for the
opaque domain in Fig. 9. The wavelength assigned to the request by the application is 1552.52
nm, and the fixed granularity of the spectrum channel is 50 GHz.

5.3. Performance Evaluation

We evaluate the performance of proposed algorithms in transparent and opaque domains,
respectively.

5.3.1. Performance for transparent domain
To evaluate the effect of the proposed algorithm MSECML, the comparison algorithms and

abbreviations used in this paper are as follows: (1) Minimize the spectrum slot number (MSSN)
(K. Christodoulopoulos et al. (2010)) based on first fit spectrum allocation without considering
adaptive modulation format. (2) Minimize the spectrum slotnumber with modulation level
(MSSNML) (Z. Zhu et al. (2013)). The appropriate modulationformat is automatically selected
according to the path length.

Figure 10 shows the average spectrum efficiency versus the service request. The spectrum
efficiency of MSECML is not much different from MSSNML, and it floats up and down at 3.5
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Figure 8: Wireshark capture of a Flow-Mod message in the transparent domain.

bps/Hz, but it is 1.8 times the spectral efficiency of MSSN. This is because that both MSECML
and MSSNML can automatically select the modulation format based on the path distance, which
increases the channel capacity of each subcarrier. Moreover, when the number of services ex-
ceeds 350, the increase of MSECML algorithm is higher than MSSNML, so it is more suitable
for large traffic scenarios.

Figure 11 shows the effect of the number of service requests on the network throughput.
With the increasing number of service requests, the networkthroughput follows an upward trend.
When the number of requests is in the range of 50 to 150, the throughput of three algorithms is
similar because the network can satisfy the small bandwidthrequirement of services. When
the range is 150-350, the throughput of MSSNML and MSSN is very similar, but MSECML
still well accepts services with the corresponding throughput significantly greater than other
two algorithms. The reason for this result is that MSSNML andMSSN have some blocked
connections as the number of services rises, leading to a slow increase of the network throughput.
When the number of services is greater than 350, the throughput growth of MSSN becomes slow,
while MSSNML remains basically linear, because the networkrejects service requests when
using MSSN. As the number of services continues to increase,the network throughput gradually
approaches the limit of the network capacity. The MSECML always maintains a high value, so
it has an obvious advantage in improving the network throughput.

Figure 12 shows the impact of the number of services on the blocking probability. As the
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Figure 9: Wireshark capture of a Flow-Mod message in the opaque domain.
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Figure 10: Spectrum efficiency in the transparent domain.
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Figure 11: Network throughput in the transparent domain.

increasing number of requests arriving at the network, due to limited resource provisioning, there
will be more refused services without establishing connections in a short period of time. When
the number of service requests exceeds 300, the blocking probability of MSSN shows a sharp
increase, even 10%. In addition, for MSSNML line, there is a drop at the request number 450,
and the blocking probability seem to be saturated from 359-500 without any further obvious
increasing. The reason for this phenomenon is related to thetraffic of 450 randomly generated
requests. Due to random and dynamic traffic, there is a slight drop at this point. However, from
a statistical point of view, the blocking rate still shows anupward trend because the redundant
bandwidth is gradually consumed. In three algorithms, MSECML achieves the lowest blocking
probability because it uses a flexible modulation format selection method to better utilize network
resources for the lightpath establishment.

Figures 13 and 14 show the blocking probability and network throughput with differentk
values, respectively. It is obvious that a largerk can achieve the lower blocking probability or the
higher network throughput. The network throughput whenk=5 is approximately 13.36% higher
than that whenk=2. The reason for this result is that the more candidate pathsand spectrum
blocks are available whenk=5, which improves the network ability to carry services. However, a
largek inevitably leads to a long processing delay, shown in Fig. 15. We can see that the average
latency whenk=5 is reduced from 35 milliseconds to 25 milliseconds, which is the result of
repeatedly using the flow table. The average delay whenk=2 is maintained at more than ten
milliseconds, which is about 20 milliseconds shorter than the average delay whenk=5 because
the corresponding RCM performs fewer cycles.

5.3.2. Performance for opaque domain
In the opaque domain, we evaluate the performance of the proposed MCHF algorithm, SDF

and MCF (W. Hou et al. (2017a)). Figure 16 shows the blocking probability versus the number
of requests. Three curves have the same variation trend but MCHF has the lowest blocking
probability. We can also observe that the blocking probability of MCHF is slightly lower than
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Figure 12: Blocking probability in the transparent domain.
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Figure 13: Blocking probability with different k values in the transparent domain.

SDF when the number of requests is in the range of 400-500. This is because that the number
of service requests has exceeds the limit of the network capacity. The network throughput is
shown in Fig. 17 where MCF has the lowest value. The MCHF throughput is slightly lower than
SDF when there are 50-250 requests, which is caused by prioritizing short distance paths using
high modulation levels at the scenario of light network load. However, as the traffic continues to
increase, the advantage of MCHF gradually becomes obvious,and MCHF throughput is 18.64%
higher than MCF when there are 400 requests.

Figure 18 shows the total transmission distance with different numbers of service requests.
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Figure 14: Network throughput with differentk values in the transparent domain.
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Figure 15: Average delay with differentk values in the transparent domain.

The total transmission distance of SDF is the shortest because it always chooses the shortest
lightpath, but MCF has the longest distance because MCHF canachieve a desirable distance
while ensuring a larger network throughput. Furthermore, the total transmission distance in-
creases approximately linearly when the number of requestsis from 50 to 250, and after 250, it
tends to be flat due to the gradual saturation of the network capacity.

In Fig. 19, the spectrum efficiency of the wavelength using BPSK modulation format is 2
bps/Hz, and obviously 4, 6 and 8 bps/Hz for QPSK, 8-QAM and 16-QAM, respectively. When
the number of services is in the range of 50-300, SDF has the highest spectrum efficiency, but
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Figure 16: Blocking probability in the opaque domain.
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Figure 17: Network throughput in the opaque domain.

from 300 to 500, MCHF performs better than SDF. This phenomenon can be explained as fol-
lows. Under the scenario of the light load, the lightpath with short distance can have higher
spectrum utilization, but with the increasing number of services, SDF results in severe network
congestion, leading to the decrease of the average spectrumefficiency. In contrast, MCHF im-
proves the spectrum efficiency while carrying more services.

Finally, we analyze the end-to-end delay in the opaque domain, from the perspectives of aver-
age number of O/E/O conversions and average transmission distance because they are positively
related to the transmission delay. Figure 20 shows the average number of O/E/O conversions.
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Figure 18: Total transmission distance in the opaque domain.
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Figure 19: Spectrum efficiency in the opaque domain.

MCHF has the fewest O/E/O conversions, and its peaks and troughs are 1.21 and 0.79 times,
respectively. However, MCF has the highest average number of O/E/O conversions, which in-
evitably increases the transmission latency because the O/E/O conversion takes more time to
complete. In addition, the average frequency of O/E/O conversions in MCHF is decreased by
3.13% compared to SDF. Moreover, from Fig. 21, the average transmission distance of MCHF is
slightly higher than SDF. It is noteworthy that the speed of light transmission in the optical fiber
is very fast, and a small distance difference does not bring a large transmission delay. On the
contrary, the O/E/O conversion consumes a large part of the transmission delay. Therefore, the
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Figure 20: Average number of O/E/O conversions in the opaque domain.
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Figure 21: Average transmission distance in the opaque domain.

effect of O/E/O conversions on transmission delay plays a decisive role. In summary, our MCHF
has the better performance.

6. Conclusion and future work

Cleaner production will be an important means of implementing sustainable development.
For a large number of population problems in the future, building smart and sustainable cities
will be able to effectively use urban resources to reduce or eliminate their possible harm to the
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environment, while fully satisfying human needs and maximizing social and economic benefits.
The effective data delivery mechanism proposed in this paper will promote the city to develop
in a more intelligent direction. It will also encourage the coordinated and sustainable develop-
ment of the city’s economy, society, and environment, whichwill accelerate the goal of cleaner
production and improve the quality of urbanization.

In this paper, we have investigated the SPTS-SDMGON problemin transparent and opaque
domains, respectively, based on the overall software-defined and multi-granularity inter-DC net-
work architecture. Especially, we developed software-defined multi-granularity routing appli-
cations on the RYU controller, and implemented seamless operation between control and data
planes by extending the OpenFlow protocol. However, using traditional path planning algo-
rithms, it is difficult to give an optimal traffic scheduling solution based on the dynamic status of
link load in real time. In the future, based on historical massive traffic data, we will use artificial
intelligence technology (AI) to actively predict and effectively schedule the traffic carried on the
link. It also has the ability to collect the massive amount ofdata from the data plane in real
time. In the future, through the introduction of AI technology, applications can use the big data
collected by controllers for deep learning, which is able torealize active network optimization
and predictive operation and maintenance.
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Table 1: List of notations
Notation Definition
V The set of BV-WSSs in the transparent flexi-grid domain of thesubstrate

network.
E The set of bidirectional fiber links used to connect BV-WSSs in the trans-

parent flexi-grid domain.
V ′ The set of BV-OXCs in the opaque fixed-grid domain of the substrate

network.
E′ The set of bidirectional fiber links used to connect BV-OXCs in the

opaque fixed-grid domain.
e(u, v) The link e ∈ E or E′ from u to v, where∀u, v ∈ V or V ′.
B The total spectrum bandwidth of each fiber link in the transparent flexi-

grid optical network.
BFS The bandwidth of a frequency slot in the transparent flexi-grid optical

network.
B′ The total bandwidth provisioning of all wavelengths deployed in a fiber

link.
B′
λ

The bandwidth of a wavelength in the opaque fixed-grid optical network.
N Total number of frequency slots on each fiber link in the transparent flexi-

grid domain.
g The guard bandwidth between different services in the transparent flexi-

grid domain.
CBPS K The capacity of a frequency slot when using BPSK modulation format.
D The set of all possible lengths of fiber links in the transparent or opaque

domain.
le The length of the fiber linke in the transparent or opaque domain.
W The total number of wavelengths deployed in a fiber link.
m The index of the modulation level.
λ The wavelength indexλ,∀λ ∈ [1,W] on a fiber link in the fixed-grid

domain.
we,i The starting frequency slot index of theith spectrum block on the fiber

link e.
ze,i The ending frequency slot index of theith spectrum block on the fiber

link e.
R The set of all service requirements.
r A service requirement.
s The source node of a service requirement.
d The destination node of a service requirement.
x The type index of the service request.
bx The capacity requirement ofx-type service requests.
p The lightpath froms to d.
P The set of lightpaths froms to d, and∀p ∈ P.
Pe The set of lightpaths that use the fiber linke, andPe ∈ P.
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Table 2: List of variables
Variable Definition
αr

p A binary variable. It is equal to 1 if the service requirementr is mapped
onto the substrate lightpathp, otherwise it is 0.

βr
e A binary variable. It is equal to 1 if the service requirementr subscribes

the substrate fiber linke, otherwise it is 0.
ϕr

e,i A binary variable. It is equal to 1 if the service requirementr uses theith

frequency block on the linke, otherwise it is 0.
πr1,r2 A binary variable. It is equal to 1 if two requestsr1 andr2 select the

common fiber link, otherwise it is 0.
σr1,r2 A binary variable. It is equal to 1 if the starting frequency slot index of

the spectrum block occupied by the service requestr1 is smaller than that
of r2, otherwise it is 0.

bme, j A binary variable. It is equal to 1 if thejth frequency slot on the fiber
link e is used, otherwise it is 0.

ξr
e,λ A binary variable. It is equal to 1 if the service requirementr consumes

the wavelengthλ on the substrate fiber linke, otherwise it is 0.
ψr

e A binary variable. It is equal to 1 if the service requirementr subscribes
the substrate fiber linke in the opaque fixed-grid domain, otherwise it is
0.

wr An integer variable that is the index of the starting frequency slot allo-
cated to the requestr.

zr An integer variable that is the index of the ending frequencyslot allo-
cated to the requestr.
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