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Abstract

With the increasing conflict between population growth andtéd environmental resources,
building intelligent and fficient data transmission networks is crucial to cleaner gpectdn in
smart and sustainable cities. More and more people are gagrchange all kinds of informa-
tion in urban life through anfécient network. Therefore, designing a smart data distiobwnd
transmission mechanism can not only improve people’s tyuafilife but also pave the way for
reducing environmental pollution. Optical networks haeet widely used in the core network
due to high-capacity characteristics. However, in intatagcenter (Inter-DC) optical networks,
the coexisted heterogeneous optical devices and mulib¢aety network resources bring new
challenges to network management andhitascheduling. Recently, software-defined network
(SDN) and network function virtualization (NFV) have beatroduced to enable the unified con-
trol for improving network agility and automation. Thus foftware-defined multi-granularity
Inter-DC optical networks, we propose a list of online seeyprovisioning strategies. Moreover,
in terms of the network controller, the novel routing apations are also developed by extended
OpenFlow protocol. Finally, we experimentally demon&riie overall feasibility of proposed
solutions in a semi-practical platform. Numerical simidas conducted to quantitatively eval-
uate the algorithmf&ciency also verify the superiorities of improving spectrefiiciency and
reducing service blocking probability.
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optical networks.
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Figure 1: The utilization of heterogeneous multi-grantyaspectrum resources.

1. Introduction

Cleaner production is a new and creative idea that contisiydakes an overall preventive
environmental strategy for production processes and tedo reduce their potential hazards to
humans and the environment (D. Mark et al. (2018); Y. Fanlgpall8)] H. Shahhosseini et al.
@)). With the continuous development of human soctbgyfuture city will carry more and
more people. The increase in population will increase thetevaf resources and environmental
pollution in cities. Smart cities use information and conmeation technologies to sense, ana-
lyze, and integrate key information in the core systems banroperations, thereby responding
intelligently to the various needs of human activities, iagrto promote sustainable urban devel-
opment and reduce environmental pollution. Meanwhileréped update of new technologies

has injected a large amount of data into the network, esihesiebG (C. Wang et al.|(2014)),
Internet of Things (I0T).(P. Ramezani ef al. (2017)) and $mphone applications (W. ES: E_af al.
(20184)). The birth of big data (L. Cui etlal. (2016); W. Howakt(2017b)) further promotes
the development of cloud computing (Y. Yin et al. (2017); ludzet al. (2018)) that provides
users with a lot of computing resources at low investmentpeEsilly, the combination of
cloud computing and network function virtualization (NFRave achieved temporal and spa-
cial flexibilities of physical devices. However, as the sifserver clusters continues to expand,
cloud computing platforms consist of geographically dispd data centers (DCm al.
(2017);\W. Hou et &l. (2018b)) communicating with each otineough fast and high-capacity
optical networks. Inter-DC optical networks are equippéth Wweterogeneous devices and multi-
granularity resources, such as wavelength division mekipg (WDM) and orthogonal fre-
quency division multiplexing (OFDM) (L. Gong etlal. (2014Yjhis paper focuses on designing
efficient optical networks to serve data communication amortg danters, aiming to explore
solutions that contribute to smart and sustainable urbaeldement.

1.1. Motivation

Figure[1 shows the utilization of heterogeneous multi-gtarity spectrum resources. The
optical-to-electrical-to-optical (®/O) conversion is needed to support highly dynamiffizan
a WDM network, hence we call it as the opaque fixed-grid optieawork. The elastic optical
network (EON) based on OFDM technology is the transparexgit@igd optical network with
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the use of all-optical technology. On the other hand, theeediferent levels of modulation

formats, such as binary phase shift keying (BPSK), quadggtiiase shift keying (QPSK), 8-ary
guadrature amplitude modulation (8-QAM), and 16-QAM. Ntitat, a high-level modulation

format has a short transmission distance, and vice visa ék&tiak et al.|(2017)).

In a fixed-grid WDM network, the spectrum bandwidth of eachrutel is fixed. However,
one channel can accommodat&elient capacities usingftierent modulation formats. There-
fore, the capacity requirement of less than one full wagtlewill result in the bandwidth waste.
Unlike WDM networks, the introduction of adaptive modutetiformat in EONs also improves
the spectral iciency. EONs also can allocate a certain number of subcsuazording to the
user’s requirement, which reduces the granularity of ndtwesources to the sub-wavelength.
More importantly, EONs increase thffieiency of the spectrum by creating the super wavelength
if the large-capacity service requests cannot be provigieaddingle channel.

The coexist of aforementioned heterogeneous technolagidamulti-granularity network
resources bring new challenges to the unified managemefieaitde trafic scheduling of inter-
DC optical networks. For multi-granularity inter-DC omlmetworks in future, these challenges
include how to diferentiate and control flerent types of tiic and to uniformly allocate multi-
granularity network resources forftérent network scenarios. The most importarfiiclilty in
solving these challenges is both the construction of a arédd network architecture and the
design of hybrid routing algorithms. Therefore, the roatsm of the inability of the existing
distributed solution to perform fine-grained levelffra control is the lack of a global network
view.

The software-defined network (SDN) (D. Kreutz et lal. (20B6)Thyagaturu et all (2016))—
that enables the separation of control and data forwardigges—promotes the flexible cen-
tralized and fine-grained control of networkftia (X. Zhang et al.[(2017a)), and meanwhile, it
provides unprecedented programmability, automation iy et al. (2017h, 2016)), and con-
trol capabilities for the network (Z. Zhu etlal. (2018); L.étial. (201F)| Z. Zhu et all (2015)).
Furthermore, benefit from the centralized control mechargnd data plane whiteboxing trend,
OpenFlow can program the entire network to achieve the aligation of IP routers, Ethernet
switches, and even optical switching nodes such as bandwatiable optical cross-connects
(BV-OXCs), bandwidth-variable wavelength selective siwés (BV-WSSs) and edge routers
(ERs). Therefore, the OpenFlow-based network control aadagement plane is very suitable
for heterogeneous and multi-granularity Inter-DC optiwatiworks|(P. Lu et all (2017)).

1.2. Contribution

In this paper, we focus on designing software-defined ngulinularity inter-DC optical net-
works so that we can greatly enhance the network contrditiabind flexibility, and dfectively
reduce the costs of investment and operational managefspecially, we solve the problem of
spectrum planning and fifec scheduling in software-defined multi-granularity inB@ optical
networks (SPTS-SDMGON). Unlike the spectrum planning asaffi¢ scheduling schemes in
other papers, our approach is more complete. It can disshglifferent types of trdic from dif-
ferent scenarios andftoad it to the matching resource allocation scheme. Thidlgreahances
the dfectiveness of heterogeneous network resource allocaiotihe same time, thanks to the
advantages of the SDN architecture, we are able to proviggplication-level docking in the
management plane by extending the OpenFlow protocol foti+grdnularity inter-DC optical
network scenarios. More specifically, we first elaboratehenaverall network architecture, and
extend the OpenFlow protocol to implement the seamlessatiparbetween control and data
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planes. Next, the mathematical problem of allocating logfeneous network resources is for-
mulated. For transparent flexi-grid optical networks, weiméze the spectralfciency and the
connectivity based on the lightpath with adaptive modalatevel selection (MSECML). For
opaque fixed-grid optical networks, we select the lightpaith the maximized capacity-over-
hops first (MCHF) from virtual network slices. Heuristic alifhms are then proposed to solve
the problem of resource allocation and lightpath computiNgte that, well-designed weights
and maximum flow algorithms are utilized to build virtual wetk slices between source and
destination nodes, which helps us to find the optimdfita&cheduling scheme in real time ac-
cording to dynamic link load. Moreover, we develop multagularity routing applications by
extending the RYU controller. Finally, we implement ourgan in a semi-practical system
testbed. The overall feasibility andfieiency of the proposed solution are experimentally veri-
fied and evaluated based on the NSFNET topology. The majdrilbotions of this paper are in
the following:

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

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

3. The software-defined multi-granularity routing appicas are proposed to demonstrate
the feasibility of the overall solution, and the extendece@fplow protocol is utilized for
controlling optical devices.

4. We evaluate the performance of proposed algorithms ima geactical platform, and the
result of the experiment well proves theetiveness of our schemes.

The rest of the paper is organized as follows. Se¢fion 2 gesva brief survey on the related
work. Then, we describe the overall network architectuetywork model, and problem formu-
lation in Sectio B. Heuristic algorithms are discussedenti®n4. Next, Sectidnl 5 presents the
system implementation, experimental demonstration amfbmeance evaluation. Finally, we
summarize the paper in Sectignh 6.

2. Related Work

For fixed-grid WDM networks, the routing and wavelength gssient (RWA) algorithms
have been widely researched in literatures.| In L. Liu et201(), Liu et al. experimentally
demonstrated an OpenFlow-based control plane to provgti¢plaths in the transparent optical
network. In.G. Shen et al. (2009), Shen et al. designed eraffigyent network architectures,
and developed operational strategies to reduce the energumption of WDM optical net-
works. To solve the survivable problem, dynamic routing einial network embedding (VNE)
algorithms were also proposed to keep a survivable netvapilogy inlB. Guo et al. (2011).
For the green optical network (L. Guo et al. (2013)), Guo et@mulated the problem of green
many-to-many routing in WDM optical networks. They desidaerational combined method of
lightpaths to improve the energtfieiency of the WDM network. In A. Coiro et al. (2014), Coiro
et al. considered the problem of optical signal transmisaigpairments, and developed the en-
ergy dficiency RWA algorithms in transparent WDM networks. Q. Zhangl. (2013) jointly
considered the problems of VNE and RWA in WDM optical netvwsork addition, W. Hou et al.



(2017a) focused on a risk-aware VNE architecture, and dedi@ risk-aware heuristic algo-
rithm to perform security physical isolation from risky ttial machines. However, these studies
allocate fixed-grid resources, leading to the spectralevast

For flexi-grid OFDM networks (e.g., EONSs), ffec grooming and spectrum allocation were
studied for the dynamic service provisioninglin (F. Musuing@ll (2013); Z. Zhu et al| (2013);
W. Lu etal. (2013); A. N. Patel et al. (2013); X. Wan et al. (2p1Y. Wang et al.|(2013)). For
instance| Z. Zhu et all (2013) proposed several online mgutinodulation level and spectrum
assignment algorithms based on a hybrid sigieiti-path routing scheme. In A. N. Patel e1 al.
(2013), Patel et al. designed a QoS-aware protocol for thieadpurst switching in an OpenFlow-
based software-defined optical network. For the survivabddlem in EONs| L. Ruan et al.
(2013) provided flexible protection levels by utilizing sivwable multiple lightpaths in OFDM-
based EONs. Ih X. Chen etlal. (2015), Chen et al. took the dadgas of failure-independent
pre-configured cycles (FIPP p-cycles) for path protectiot imvestigated the methods of real-
izing spectrum-fficient resilience design based on the above idea. In adgiliofizcano et al.
(2012) analyzed the energtfieiency of the flexi-grid OFDM-based solution in the dynamét-n
work considering time-varying connections. J. Wang et2013) designed an overlay general
multi-protocol label switching model to collect global metrk information based on SDN archi-
tecture, which could improve the energ§ieiency of the wider areas’ network. However, these
studies do not consider the scenario of heterogeneous-gratiularity optical networks among
DCs.

L. Liu et all (2013b) presented the dynamic end-to-end figtit provisioning and IP tfac
offloading scheme in spectrum sliced EONs. Then, in L. Liu et20118a), they reported an
OpenFlow-based control plane in software-defined and rayér optical networks, and they
verified the overall feasibility, ficiency, and the end-to-end latency for lightpath creatiod a
restoration.|_M. Channegowda et al. (2013) reported the IfOpenFlow-based control plane,
which could implement the seamless operation betweenad@titd packet transport domains.
Moreover, Zhang et al. proposed and implemented a novel B&séd enhanced SDN archi-
tecture for the DC application in J. Zhang et al. (2013) and&hg et al. [(2015), respectively.
These studies are helpful to our work because they haveacttifie feasibility of deploying
the SDN in inter-DC optical networks from the experimentain of view. As shown in Fig.
1, different spectrum granularities, modulation formats and dathiplexing techniques exist
together in the future inter-DC optical network, which msitee multi-granularity routing ap-
plication of the SDN controller very necessary. Howeveg, ¢ixisting works mentioned in this
paragraph do not perform the fii@ scheduling from the multi-granularity routing applicats
perspective.

3. Network Architecture and Problem Description

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

3.1. Network Architecture

Figure[2 shows the architecture of software-defined muéiglarity inter-DC optical net-
works, which includes data plane, control plane and managépiane.

In the data plane, the switching granularities are wavelengub-wavelength and super-
wavelength for fixed-grid WDM and flexi-grid OFDM networkshé fixed-grid BV-OXCs and
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Figure 3: Optical flow tables.

flexi-grid BV-WSSs can respectively switch wavelengths aadtiguous spectrum slots to the
correct destination port. Leveraging bandwidth-variabdesponders (BV-Ts) and spectrum
(de)multiplexer (MUXDEMUX), ERs have the ability to (un)load client ffi@. For instance,
ERs sent tric from IP networks, sensor networks, passive optical nésv(fPONs) and wire-
less networks to the DC. The data transfer among DCs is atzorgulished by ERs.

The extended OpenFlow 1.3 protocol is exploited to supgwtdommunication between
control and data planes. More specifically, we add optidabates to the existing flow table,
and the extended optical flow table consists of match fieltt&rafields, and associated counter
fields (L. Liu et al. (20111, 2013b)). Unlike the standard Oflem protocol, our extended optical
flow tables are for heterogeneous multi-granularity optieawork scenarios. Figufd 3 shows
the matching and associated action fields for the flow tabédeaddterizing the rules of operating
BV-OXCs and BV-WSSs, respectively. Because some currdiadjglevices do not well support
the extended OpenFlow protocol above, the controller conmeates with the OpenFlow agent
(OF-AG) attached to BV-WSS and BV-OXC. The OF-AG configuttes dptical equipment ac-
cording to the controller’s instructions, and it colledtg tstatus information of optical devices
to inform the controller. When a service requirement agigethe ER, the related OF-AG sends
the Packet-In message to the controller. The controller tiedculates a proper route based on
the multi-granularity routing application deployed in theanagement plane, and it distributes
Flow-Mod messages to related OF-AGs for the lightpath distalbent. Note that, since the

6




multi-granularity routing applications we developed aréhe management plane layer, then the
management plane is sitting at the application layer.

3.2. Network Model

In software-defined multi-granularity inter-DC opticaltwerks, there are transparent flexi-
grid and opaque fixed-grid optical networks modeled sepbrat the following.

The transparent flexi-grid optical network (EON) can be nedey a directed grapB(V, E),
whereV is the set of BV-WSSs, anB is the set of bidirectional fiber links. Each fiber link
e(u,v) € E,Yu,v € V accommodatesl frequency slots, an® is the set of all possible link
lengthde € D, Ye € E. The subcarrier bandwidth Brs = 125 GHz, and there is the bandwidth
of B GHz on each fiber link. Therefore, the initial number of fregay slots on every fiber link
is N = |B/Bgs]. The subcarrier capacity Sgpsk = 2 X Brs = 25 Gbps based on the Nyquist
first criterion when using BPSK modulation format (i.e., mtation levelm = 1). For diferent
modulation levels, a single subcarrier transmission b eguals torti- Cgpsk) Gbps. We also
define a bit-maskm, j that containdN bits to describe the utilization status of frequency slots o
the fiber linke. bmej = 1 represents thi" frequency slot on the fiber linkis used, otherwise it
is 0.

The opaque fixed-grid (WDM) optical network is denoted bytarodirected grap®&’(V’, E’)
whereV’ represents a set of BV-OXCs, aid is the set of bidirectional fiber links. Each fiber
link can accommodate the bandwidthBfin GHz at most, while the spectrum is divided into
W wavelengths. For instance, the fixed granularity of WDM cies isB’, = 50 GHz, we can

deriveW = [B’/B;J. To support highly dynamic tfac, O/E/O conversion is required to forward
the optical data to electrical layer. It isfifirent from the transparent domain. Moreover, the
wavelength conversion can be performed at the intermedate between two fferent links in
the lightpath.

A service requirement is represented by a 4-tuple moget, x, by), Vr € R, wheres s
the source node, ardlis the destination node. Variabledenotes the type index of the multi-
granularity service requesk = 0 for the flexible granularity in the transparent domain whil
x = 1 for the fixed granularity in the opaque domain. Varidiyeepresents the capacity require-
ment of the flexi-grid service request in the transparentalopwhileb; denotes the capacity
requirement of the fixed-grid service request in the opagumeain. According to Eq.[{1), we
can derive the number of contiguous spectrum siafiocated to the service requeswith the
assigned modulation leveh. Here,g represents the guard bandwidth usually set to one spec-
trum slot. All service requests have the same requiremdimtlobandwidth in opaque fixed-grid
optical networks (W. Hou et al. (2017a)), i.b;,= OC_1.

+0. ()

0
n {m- Cepsk
In addition, the lightpath can select its modulation le\ddgtively according to the transmis-

sion distance. We assign the modulation lavek {1,2, 3,4} for BPSK, QPSK, 8-QAM, and
16-QAM, respectively. When the transmission distance eflightpathp is known, the modu-
lation levelmis shown in Eq.[(2) wherélml (-) returns the highest modulation level according
to the relationship between modulation level and maximwandamission reach (X. Zhang et al.
(20174)).

m:HmI(ZIe),\/ee p, ¥l € D. )

e
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3.3. Problem Formulation

Based on the network models above, we investigate the gameing dynamic service provi-
sioning problem. Some important notations and variabledisted TableEl1 arid 2, respectively.
First, we define the capacity of the fiber link&s, v), Yu, v € V, and the flow value of a link
is the bandwidth capacity consumed by theficgpassing through this link, i.ef(u,v). Then,
the residual capacity of the link (u, v) = c(u,v) — f(u,Vv), Yu,v € V. Given the network graph
G and flow f, the residual network grapB; consists of edges that still have space to adjust
traffic requests. Therefore, the residual netw@riknduced by the flowf is Gy = (V, E¢), where
={(u,v) e VxV:ci(u,v) > 0}.

MinR—ZZZZaL%i. A3)
r p e i

Next, we design a mix of algorithms application to enhaneeitielligence of the control
plane. The goal of our algorithms is to minimize thefi@blocking rate with Eq.[{3). Next, con-
sidering the respective characteristics officain EON and WDM networks, we further give the
different optimization strategies for two types of networkg.tFansparent EONs, since the num-
ber of spectrum slots for service requests is varied, we mizrithe connectivity of all available
spectrum slots to satisfy subsequent service requestsrasangossible, which is shown in Eq.
(4); For opaque WDM networks, since theffra demand is a single wavelength, we minimize
the index number of the used wavelength to minimize th&¢ralocking rate, which is shown
in Eqg. (23). In summary, we solve the EQRged-grid optical network cases independently by
using aforementioned two strategies in Algorithm 1 but with same optimization objective,
i.e., to minimize the tréiic blocking rate.

MaXZ Z (Ngoints . Ngots)/ (Nglocks . N) , (4)
reR ecE
N
N = 37 (1- bmyj), Ve e E, (5)
=1
N-1
NE™® = 3" (1-bmgj) - (1 - bmeja), Ve € E, (6)
=1
Nblocks NSlOtS NSOimS’ vec E. (7)

We obtain the values dfig°'s, NP and NPk according to Eqs[{5)[16) andl(7), respec-
tively. Here,NS°s denotes the number of available spectrum slots on the fiblerli N2
indicates the number of connection points between freeispaelots on the fiber link. N2'ocks
represents the number of available spectrum blocks on theliiti e. A larger objective function
value means the higher contiguity of frequency slots, thee more available spectrum resources
for service requests to arrive. Therefore, the network is tbprovide more services by using
optimization guidelines.

The above-mentioned objective should satisfy some cdngras follows:

Dla<1vreRr (8)

peP
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Zﬁog,i:ﬂregl,erR,VeG E. 9)
i

Equations[(B) and{9) ensure that each service request leant gely one lightpath and only
one spectrum block on the fiber link.

r bO
Zr—V\/r'I'l:Zp:a’p"VWBPSK“,VrER (10)

Equation [(ID) ensures that the number of frequency slotgrass to each service request
must satisfy the corresponding capacity requirement.

W > W, - (85 + b — 1), Vr € R Ve e E, Vi, (11)

Z -z <N-(2-p—¢h;).Vr e R Ve e E, Vi, (12)
Equations[(I11) and_(12) guarantee that the spectrum slgtsregl by the service request
should be located in th&' spectrum block on the fiber link.
o2 4 g2l = 1, Yry,Io € R (13)

Equation[(IB) determines the order of service requesiadr, on the common fiber link.

Z2-Wi'+1<N-(L+0o™2—7v"72) vryr,eR (14)

Z'-wW2+1<N-(2- 0" — 22 Vri 1, eR (15)

Equations[(T4) and[{15) mean that the spectrum assignedioesesquests; andr; satisfies
the spectrum non-overlapping constraint (Z. Zhu et al. £2p1

a2 > ol + o —1,Vr, 12 € RVpy, p2 € Pe. (16)

Equation [I6) represents that the lightpaihserving the request and p, servingr, have
common fiber links.

0< f(uv) <c(u,v),vYu,ve V. a7

Equation[[IF) ensures that the number of flows through the lfitieis less than or equal to
the link capacity.

DUty =) f(vu),vueV-(sd). (18)

veV veV

Equation[[IB) ensures that the numbers of input and outpus flwe equal on each interme-
diate node.

Z f(u, 9 = 0. (19)

ueV



Equation[(I) ensures that the number of input flows to theceouode equals to 0.

> fdv=o0. (20)
veV
Equation[(ZD) ensures that the number of output flows frondéstination node equals to 0.
> f(sv) = ) by Vser, (21)
veV reR
Dofud) =) bvder. (22)
ueV reR

Equations[(2l1) and(22) guarantee that the number of outpwsffrom the source node
equals to the number of input flows to the destination node.

For opaque fixed-grid optical networks, due to the introducbf O/E/O conversions, we
ignore the constraint of the wavelength contiguousnessréftre, the corresponding objective
of the service provisioning is to minimize the blocking pabidity of services. The first term in
the objective function (Eq[{23)) minimizes the total ind#xhe used wavelength. The second
term reduces the total number offf)O conversions.

Min > -+ > ul (23)

reR reR

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

W
DY e, <WVecE. (24)
reR 1=1
Equation[(2#) is the bandwidth capacity constraint. It dadés that the maximal number of
service requirements on the fiber link is constrained bydts humber of wavelengths.

W
Dlé, <1LVreRVecE. (25)
=1

Equation[(Zb) is the wavelength continuity constraint,ehhineans that only one wavelength
Ain the fiber linke can be allocated for the service requirement

The lightpath routing and resource allocation in the flesdtgptical network is NP-hard,
which has been proved in our previous work (X. Zhang et all7#)). The problem here is
more complex since it also includes the fixed-grid domairer€fore, our problem is NP-hard.

4. Heuristic algorithms and routing applications

Since our SPTS-SDMGON problem is NP-hard by nature, we m®beuristic algorithms
to solve it. Furthermore, we develop the software-definetfirgtanularity routing application
by extending the SDN controller.
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Algorithm 1: Main Body

Input: Substrate networkS andG’, service request
Output: Lightpath, central frequengyavelength, slot widtlspectrum grid, modulation
level.

1 for eachrequest r(s, d, x, by) in Rdo
2 guery the access table to determgendd
3 if s=null or d = null then

4 | blockr

5 else

6 if x=0then

7 | applyAlgorithm 2

8 end

9 if x=1then

10 | applyAlgorithm 3

11 end

12 end

13 end

4.1. Heuristic Algorithms

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

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

Algorithm 2 is designed to improve the spectrélieéency and the connectivity of all avail-
able spectrum slots. Lines 2-6 calcul&teandidate lightpaths for each flexi-grid request based
on the underlying residual network graph, and store pathsisetP. In line 2, the edge weight
of the network graph is deliberately set to search availeddeurces as many as possible. Lines
7-25 are the process of spectrum allocation for candidatespdlo satisfy the spectrum con-
tiguousness constraint in the transparent flexi-grid aptietwork, line 9 makes a bitwise AND
operation for all the fiber links in a lightpath with Ed._{2@®ased on the path length, the mod-
ulation format is determined in line 10. After knowing the dodation format, we calculate the
number of frequency slots required by a service requestrdicgpto Eq. [1). Line 12 checks
whether the block oh contiguous frequency slots is available or not in the ligititp If yes,
we store thédlock in the setblocks. By the end of line 12, all available frequency blocks in the
lightpath are stored in the sbltocks. We then pre-allocata spectrum slots to each spectrum
block, and compute the objective function value in lines196-Of course, we will block the
service request if there are no available spectrum blockf tandidate lightpaths. Finally, we
choose the spectrum block with the largest objective fonctialue and determine the central
frequency, and meanwhile, optical flow entries are gendriménsert related OF-AGs for the

11



Algorithm 2: MSECML

Input: Substrate networts, service request

Output: Lightpathp, central frequency, slot width, modulation levem.
1 for eachrequest r(s, d, bp) do
set edgaveight = Ie/Ng'OtS, Yee E
for 1tok do
p = Dijkstra(s, d, weight) in the substrate network gra@{V, E)
P={p}

end
if P # 0then
for each path pin P do
compute path status with E¢._(26)
select modulation leveh with Eq. (2)
calculate the number of spectrum slatwith Eq. (1)
search the available spectrumocks for n spectrum slots
if blocksisempty then
| blockr
else
for each block in blocks do
pre-allocaten to the spectrunblock
select Maxblock) based on Eq[{4)
end
end
end
select lightpath and spectrum block
determine the central frequency
insert flow entries to related OF-AGs
end
if P =0then
| blockr
end
end

© O N o g b~ W N

I N e T i < s =
o © 0O N o o W N PP O

N NN
w N P

N NN NN
o N o o b

N
(e}

lightpath establishment.
bm,; = ﬂ bme;, Ve e p. (26)
e

Algorithm 3 shows the detailed procedure of the service provision ®otaque fixed-grid
request. Since optical switching nodes hay&/O conversion capabilities in an opaque WDM
optical network, we can use wavelengths oftedent fiber links along the lightpath. However,
O/E/O conversions can increase the end-to-end latency. Hercmimimize the tréfic conges-
tion with slight QE/O conversions. Dierent from transparent optical networks, we construct the
layer of the auxiliary graph with source and destinationesftr each service request, and trans-
form this process into the minimum-cost maximum-flow (MCMiFpblem (P. Lu et al! (2017)).

12



Algorithm 3: MCHF

Input: Substrate networ&’, service request

Output: Lightpathp’, wavelengthl, spectrum grid, modulation levei.
1 for eachrequest r(s, d, b;) do

2 P =0
3 P=executeAlgorithm 4 for request
4 for each path pin P do
5 if by < c¢(p) then
6 | P ={p}
7 end
8 end
9 if P’ =0then
10 | blockr
11 else
12 p = Max(cf(p’),Vp' € P’),or
13 p = Max(cf(p’)/hop(p’),Vp’ € P’),or
14 p = Mm(ZIe,Vee p’,Vp’eP’,IeeD)
e
15 m:HmI(ZIe),Vee p’,VYlee D
e
16 for eachlink ein p’ do
17 search the available wavelengthvith the smallest index in the fiber lird
18 if thereisno available wavelength then
19 | block request
20 else
21 determine the wavelength, spectrum grid and modulatiaom&br
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 invocafdgorithm 4 to build the auxiliary graph
based on the sourestination nodes of a service request, and stores thegmath of the max-
imum flow in the seP. Lines 4-8 select lightpaths with the residual bandwid#meger than the
service request bandwidth from the &etlf there is no available lightpath, we block the service
requestin lines 9-11. We design the lightpath selectioitpolamed as maximize capacity-over-
hops first (MCHF), and contrast it with other two common metsas, i.e., maximize capacity
first (MCF) and shortest distance first (SDE)_(W. Hou etlal.1(24)). Note that, since optical
switching nodes have /&/O conversion capabilities in an opagque WDM optical netwovk,
can use wavelengths onfitirent fiber links along the lightpath. However/EBD conversions
can increase the end-to-end latency. Hence, we design M@JdFtam to minimize the tréic
congestion with slight (/O conversions. We define aforementioned three mechanisthg of
path selection as follows:

13



e Shortest distance first (SDF):

Min [Zle,\/ee p,VYpePleeDJ. 27)
e

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

e Maximize capacity first (MCF):

Max(cf(p), Ype P). (28)

We select the lightpath with the largest residual capadised on Eq.[{28). The residual
capacity of the path is the minimum residual capacity offad! fiber links along the path,

i.e.,ci(p) = Min(cf(u,v) ce(u,v) e p).

e Maximize capacity-over-hops first (MCHF):
Max(ci(p)/hop(p), Yp € P). (29)

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

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

Algorithm 4 constructs the virtual network graph for the service regjbgscontinuously
increasing the flow value. At the beginning, the initial vafgiven for all links is zero in lines
2-4. During each iteration, increase the flow value of th@(@ by finding an augmented path
in the associated residual network gragh Once we obtain the edge of an augmented path in
the graphG’, specific edges can be easily identifieddh Next, modify the flow on these edges
to increase the flow value. However, for a particular edgéetiraphG’, its trafic may increase
or decrease. It is necessary to reduce the flow of some edgbsitsthe algorithm can send
more flows from the source node to the destination node. &dirBreadth-First-Search (BFS)
is utilized to calculate the path based on the residual m&t@®¢. Each residual edge of the path
p is either the edge of the original netwd& or the opposite edge. Lines 9-17 of the algorithm
accordingly update the flow for each case. If the residuatésithe edge of the original network
G’, increase the flow value, otherwise reduce the flow value.\¥here is no more augmenting
path, the flow is the maximum flow. Finally, we set the flag toozarthe end of the while loop,
and return the result of the st

4.2. Time Complexity
As the main bodyAlgorithm 1 consists ofAlgorithm 2 MSECML and Algorithm 3

MCHF . Dijkstra’s algorithm has the worst-case time complexft@t(vz). We makeK calls to
14



Algorithm 4: Find Maximum Flow Paths forsd

Input: Substrate networ&’, sourcg¢destination nodesandd.
Output: Lightpaths seP.

1P=0

2 for each edgee(u,v) € E’ do

3 | fluvy)=0

4 end

5 while flag=1do

6 calculate the patp from sto d based orBFS(G/, s, d) in the residual networks’;
7 if p#0then

8 ci(p) = Min(cf(u,v) te(u,v) e p)
9 for each edge e(u, V) in pdo

10 if e(u,v) € E’ then

11 f(u,v) = f(u,v) + ce(p)
12 P ={p}

13 end

14 if e(u,v) ¢ E’ then

15 | f(v,u) = f(v,u) - c(p)
16 end

17 end

18 end

19 if p=0then

20 | flag=0

21 end

22 returnP

23 end

Dijkstra’s algorithm in lines 3-6, hence the time complgxiecomesK V2. The worst time com-
plexity occurs in lines 7-25, which i€V + KN? + N. Hence, the time complexity aflgorithm
2is O(KV2 + KV + KN? + N). We use the BFS algorithm to find the augmented path in line 6

of Algorithm 4, which has the time complexity @ (E'2). Since the total number of executions

of the flow increment operation 9 (V'E’), the time complexity ofAlgorithm 4 is O(V’E?).
In addition, lines 16-24 oflgorithm 3 consumeE’W time at the worst case. Thus, the time
complexity of Algorithm 3 is O(V'E2 + E'W). In summary, the total time complexity of the

main body is approximat@(KV2 +KN? + V'E? + KV + E'W + N), which is polynomial.
5. Experimental demonstration and results discussion

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

5.1. Smulation Setup

The simulation topology NSFNET is shown in Figl 4. The numberthe link indicates
the distance. Both the feasibility of the overall solutiamdahe éfectiveness of algorithms
are performed in NSFNET including 14 nodes and 22 bidirectidiber links. The testbed of
software-defined multi-granularity optical networks (3M3ON) is built with RYU controller
and Mininet. The Mininet simulates OF-AGs attached to @tsevitching devices, and the more
detailed OF-AG structure can be found in our previous work4Aiang et al.[(2017a)). Though
there is no real expensive BV-OXC or BV-WSS, we assign virhaadware resources (i.e., 2
processors, 4 GB memory and 1 network adapter) to each naddiminet running on Ubuntu
operating system. The software-defined and multi-graitylesuting application is developed
on the extended RYU controller.

The network parameters in transparent and opaque domaisstseparately. For the trans-
parent domain, the total bandwidth for each link is 4000 Gair each link occupies the fre-
guency band of 192.1 THz to 196.1 THz. A single fiber link asr820 frequency slots each
with the size of 12.5 GHz. The bandwidth requirement of figi@ service requests includes
five types: 10 Gbps, 50 Gbps, 100 Gbps, 400 Gbps, and 1000 &lypsr(wavelength). Service
requests are randomly distributed with the equal proligiblior the opaque domain, the initial
bandwidth provisioning of the wavelength is OC-96, i.e. 0@fical carriers. Each fiber link has
16 wavelengths each with 50 GHz spectrum grid. All servicpiests have the same bandwidth
requirement, i.e., one wavelength. Moreover, our systgrpaus four modulation levels: BPSK,
QPSK, 8-QAM and 16-QAM. The maximum reach of the lowest matiah level BPSK is 3000
km, while the one of the highest modulation level 16-QAM i &dn.

5.2. Experimental Demonstration

First, we show the internal functional components of sofeadefined multi-granularity rout-
ing application in Fig[b, mainly including the modules otwerk awareness, resource discov-
ery, request analysis, route computation, spectrum ditotaoptical flow delivery and tiffic
engineering database.

Network awareness and resource discovery modules (i.eV] AiAd RDM) collect the infor-
mation of network topology and element resource, respagtivihey discover network nodes
and resource information through communicating with thécapagent using extended Open-
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OpenFlow AgeniI

134 54, 500642000 192.168.100.10 0 2 IN

8135 54.813203000 192.168.100.100 192. 168. 1 OpenFlow 166 rype OFPT_FLOW MOD BV-WSS 7 |
8136 54.813500000 192.168.100.10 TP 60 54512-6633 [ACK] Seq=5120 Ack=3592406591 Win=525056 Len=0)
8137 54.813569000 192.168.160.100 OpenFlow 166 Type: OFPT FLOW MOD BV-WSS 8 |
8138 54.813646000 192.168.100.100 OpenFlow 166 Type: OFPT_FLOW MOD BV-WSS 9

8139 54.813778000 192.168.100.100 OpenFlow 166 Type: OFPT FLOW MOD BV-WSS 13 :
8140 54.813777000 192.168.100.10 00 TP 60 54514-6633 [ACK] Seq=6765 Ack=1593182685 Win=525568 Len=t)
| 8141 54.813849000 192.168.100.100 192.168.100.10  OpenFlow 166 Type: OFPT_FLOW MOD BV-WSS 14

IbFrame 8134: 194 bytes on wire (1552 bits), 194 bytes captured (1552 bits) on interface @
pEthernet II, Src: Bc:16:45:67:9a:02 (8c:16:45:67:9a:02), Dst: Vmware 3d:ac:04 (00:0c:29:3d:ac:04)
P> Internet Protocol Version 4, Src:|192.168.100.10 (192.168.100.10), Dst:|192.168.100.160 (192.168.100.160)|
Transmission Control Protocol, Src Port: 54517 (5#517), Dst Port: 6633 (6633), Seq: 5204] Ack: 3698008634, Len: 140
» \—ﬂ—)—ﬁ‘ l—)—!—ﬁe—lw
v OpenFlow 1.3 I I
Version: 1.3 (8x04) I I
| Type: OFPT_PACKET IN (10) v v
| Length: 148 Mininet IP Controller IP
| Transaction ID: 0
| Buffer ID: 257
| Total length: 98
| Reason: OFPR NO MATCH (8)
| Table 10: 0
Cookie: 8x0980008000000000
| yhatch
|
|
|
|
|

Type: OFPMT OXM (1)
Length: 12

|
|
I
I
I
|
|
|
|
|
|
|
|
|
|
|
|
»Ou tield Source ER 7 Destination ER 14 ‘
Pad: 00800000 A A |
Pad: 0000 | | |

[voota ___ ___ ]
| pEthernet II, Src: b6:ed:68:0b:95:07 (b6:ed:68:00:95:07), Dst: 62:ed5f:e8:ce:0c (62:e4:5f:e8:ce:0c) |
| bInternet Protocol Version 4,[Src: 10.0.0.7 (10.0.0.7)], [Dst: 10.0.0.14 (10.0.0.14)| |

Figure 6: Wireshark capture for establishing a lightpatthmtransparent domain.

Flow protocol. They also sense the inter-node link conoedtiformation by sending messages
to all the nodes interconnected with them.
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| 7470 54.078393000 192.168.160.100 192.168.106.16  OpenFlow 166 Type: OFPT FLOw M0 BV-OXC 1

Length: 12
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v openFlow 1.3 ] I |
| Version: 1.3 (0x04) | | |
| Type: OFPT PACKET IN (10) \ v |
| Length: 148 Mininet IP Controller IP !
| Transaction ID: 8 |
| Buffer ID: 257 |
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| Cookie: ©x0000009600060000 |

whatch . . ettt
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! I
! I
I’ |
! |
! I
! 1

Figure 7: Wireshark capture for establishing a lightpatthemopaque domain.

The service request analysis module (RAM) analyzes thesaddress, destination address,
and communication capacity according to the received sergquest, and reporting them to the
route computation module (RCM). The requests dfedéent granularity types are also distin-
guished here. The RCM performs the above-mentioned pathlatibn algorithm to determine
eligible candidate lightpaths according to the serviceiestjinformation provided by RAM and
the network topology resource information provided by tafit engineering database module
(TED). After that, RCM transmits the routing information tiwe spectrum allocation module
(SAM) where the optimal spectral distribution scheme cambeked.

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

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

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

e Step I A service request arrives at the ER.

e Step 2 The OF-AG on the ER sends an extended Packet-In messagedoritroller.
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e Step 3 RAM receives the Packet-In message and analyzes the tythe eérvice request.

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

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

e Step 6 If a feasible solution can be obtained, FDM generates spmeding optical flow
entries, and insert them to related OF-AGs along the lightpg utilizing extended Flow-
Mod messages.

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

e Step 8 If the lightpath is successfully established, FDM upd#tesresource status infor-
mation for TED.

Finally, we experimentally demonstrate the feasibilitypefforming software-defined multi-
granularity routing applications on our semi-practicadteyn platform. Based on the NSFNET
topology, we make experiments to establish lightpaths MBECML and MCHF algorithms,
which can verify basic system functionalities. Figures @@rshow the wireshark captures for
establishing lightpaths in transparent and opaque donma&isigectively, in the manner of record-
ing related OpenFlow messages. As shown in[Big. 6, a lightpattaining 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. Figurd] shows that a three-hop lightpath (i.e., BVBOX>BV-OXC 3—BV-OXC 6) is
built into the opaque domain. Furthermore, Flow-Mod meesage captured in FigEl 8 9.
In Fig.[8, we can observe that the central frequency, slotwathd modulation format fields are
extended to set up the optical flow entry in the transparemtadio. The central frequency used
by the service request is 192.15 Thz, and 8 spectrum slotscargied when using the QPSK
modulation format. The wavelength, spectrum grid and matituh format are also found for the
opaque domain in Fidg.]9. The wavelength assigned to the setyehe 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 peesit and opaque domains,
respectively.

5.3.1. Performance for transparent domain

To evaluate theféect of the proposed algorithm MSECML, the comparison athors and
abbreviations used in this paper are as follows: (1) Mineniie spectrum slot number (MSSN)
(K._Christodoulopoulos et al. (2010)) based on first fit spentallocation without considering
adaptive modulation format. (2) Minimize the spectrum siatmber with modulation level
(MSSNML) (Z. Zhu et al.|(2013)). The appropriate modulatiormat is automatically selected
according to the path length.

Figure[10 shows the average spectruficency versus the service request. The spectrum
efficiency of MSECML is not much dierent 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 thesprarent domain.

bpgHz, but it is 1.8 times the spectrafieiency of MSSN. This is because that both MSECML
and MSSNML can automatically select the modulation fornzestdal on the path distance, which
increases the channel capacity of each subcarrier. Moreaten the number of services ex-
ceeds 350, the increase of MSECML algorithm is higher tharSMBL, so it is more suitable
for large trdfic scenarios.

Figure[I1 shows thefkect of the number of service requests on the network throughp
With the increasing number of service requests, the netttwdughput follows an upward trend.
When the number of requests is in the range of 50 to 150, tieaigiwput of three algorithms is
similar because the network can satisfy the small bandwieltfuirement of services. When
the range is 150-350, the throughput of MSSNML and MSSN iy w&mnilar, but MSECML
still well accepts services with the corresponding thrqugtsignificantly greater than other
two algorithms. The reason for this result is that MSSNML &n8SN have some blocked
connections as the number of services rises, leading tovdrstoease of the network throughput.
When the number of services is greater than 350, the thrauginpwth of MSSN becomes slow,
while MSSNML remains basically linear, because the netwejkcts service requests when
using MSSN. As the number of services continues to increhseyetwork throughput gradually
approaches the limit of the network capacity. The MSECMLagleymaintains a high value, so
it has an obvious advantage in improving the network thrpugh

Figure[I2 shows the impact of the number of services on theklrig probability. As the
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Figure 9: Wireshark capture of a Flow-Mod message in the apagpmain.
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Figure 10: Spectrumficiency in the transparent domain.
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Figure 11: Network throughput in the transparent domain.

increasing number of requests arriving at the network, dlienited resource provisioning, there
will be more refused services without establishing coninestin a short period of time. When
the number of service requests exceeds 300, the blockinzapility of MSSN shows a sharp
increase, even 10%. In addition, for MSSNML line, there ig@pdat the request number 450,
and the blocking probability seem to be saturated from 3B®kithout any further obvious
increasing. The reason for this phenomenon is related toratie of 450 randomly generated
requests. Due to random and dynamidficathere is a slight drop at this point. However, from
a statistical point of view, the blocking rate still showswgward trend because the redundant
bandwidth is gradually consumed. In three algorithms, MBEG@chieves the lowest blocking
probability because it uses a flexible modulation formagc&n method to better utilize network
resources for the lightpath establishment.

FiguredIB and14 show the blocking probability and netwbrkughput with diferentk
values, respectively. It is obvious that a largean achieve the lower blocking probability or the
higher network throughput. The network throughput wkeb is approximately 13.36% higher
than that wherk=2. The reason for this result is that the more candidate paitisspectrum
blocks are available whda-5, which improves the network ability to carry services. Hoer, a
largek inevitably leads to a long processing delay, shown in[Ei§.V¥& can see that the average
latency wherk=5 is reduced from 35 milliseconds to 25 milliseconds, whighhe result of
repeatedly using the flow table. The average delay whaghis maintained at more than ten
milliseconds, which is about 20 milliseconds shorter tHanadverage delay whda=5 because
the corresponding RCM performs fewer cycles.

5.3.2. Performance for opaque domain

In the opaque domain, we evaluate the performance of theopeapMCHF algorithm, SDF
and MCF (W. Hou et al! (2017a)). Figurel16 shows the blockirupability versus the number
of requests. Three curves have the same variation trend RQIHAVhas the lowest blocking
probability. We can also observe that the blocking prolitghif 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 dierent k values in the transparent domain.

SDF when the number of requests is in the range of 400-50G i$tiecause that the number
of service requests has exceeds the limit of the networkaitgparhe network throughput is
shown in Fig[IlF where MCF has the lowest value. The MCHF thpuit is slightly lower than
SDF when there are 50-250 requests, which is caused bytpriiogi short distance paths using
high modulation levels at the scenario of light network loddwever, as the tfic continues to
increase, the advantage of MCHF gradually becomes obvamasiMCHF throughput is 18.64%
higher than MCF when there are 400 requests.

Figure[18 shows the total transmission distance wiffecént numbers of service requests.
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Figure 15: Average delay with filerentk values in the transparent domain.

The total transmission distance of SDF is the shortest secéwalways chooses the shortest
lightpath, but MCF has the longest distance because MCHFachieve a desirable distance
while ensuring a larger network throughput. Furthermahe, total transmission distance in-
creases approximately linearly when the number of reque$tsm 50 to 250, and after 250, it
tends to be flat due to the gradual saturation of the netwqriaity.

In Fig. [19, the spectrumficiency of the wavelength using BPSK modulation format is 2
bpgHz, and obviously 4, 6 and 8 bfptz for QPSK, 8-QAM and 16-QAM, respectively. When
the number of services is in the range of 50-300, SDF has titeebt spectrumficiency, but
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Figure 17: Network throughput in the opaque domain.

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

Finally, we analyze the end-to-end delay in the opaque dosfraim the perspectives of aver-
age number of (&/O conversions and average transmission distance becaysarthpositively
related to the transmission delay. Figliré 20 shows the geatamber of ¢E/O conversions.
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Figure 19: Spectrumficiency in the opaque domain.

MCHF has the fewest &/O conversions, and its peaks and troughs are 1.21 and 0.@8,tim
respectively. However, MCF has the highest average nunfb@fE€)O conversions, which in-
evitably increases the transmission latency because tB#Q@onversion takes more time to
complete. In addition, the average frequency @E/ conversions in MCHF is decreased by
3.13% compared to SDF. Moreover, from Higl 21, the averagestnission distance of MCHF is
slightly higher than SDF. It is noteworthy that the speedgtitl transmission in the optical fiber

is very fast, and a small distancefdrence does not bring a large transmission delay. On the
contrary, the ¢&/O conversion consumes a large part of the transmission.d€kerefore, the
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Figure 20: Average number of/B/O conversions in the opaque domain.
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Figure 21: Average transmission distance in the opaque itoma

effect of QE/O conversions on transmission delay plays a decisive mlsuinmary, our MCHF
has the better performance.

6. Conclusion and future work

Cleaner production will be an important means of implenmensustainable development.
For a large number of population problems in the future,dwg smart and sustainable cities
will be able to dfectively use urban resources to reduce or eliminate thaisiple harm to the
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environment, while fully satisfying human needs and maxing social and economic benefits.
The dfective data delivery mechanism proposed in this paper wiliqote the city to develop
in a more intelligent direction. It will also encourage thepodinated and sustainable develop-
ment of the city’s economy, society, and environment, whidhaccelerate the goal of cleaner
production and improve the quality of urbanization.

In this paper, we have investigated the SPTS-SDMGON proltemansparent and opaque
domains, respectively, based on the overall software-el@fimd multi-granularity inter-DC net-
work architecture. Especially, we developed softwarergefimulti-granularity routing appli-
cations on the RYU controller, and implemented seamlessatipe between control and data
planes by extending the OpenFlow protocol. However, usiaditional path planning algo-
rithms, it is dificult to give an optimal tréiic scheduling solution based on the dynamic status of
link load in real time. In the future, based on historical sies trafic data, we will use artificial
intelligence technology (Al) to actively predict anffextively schedule the tfiac carried on the
link. It also has the ability to collect the massive amountlafa from the data plane in real
time. In the future, through the introduction of Al techngypapplications can use the big data
collected by controllers for deep learning, which is abledalize 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 ofshiestrate
network.

E The set of bidirectional fiber links used to connect BV-WS8the trans-
parent flexi-grid domain.

A4 The set of BV-OXCs in the opaque fixed-grid domain of the swalbst
network.

E’ The set of bidirectional fiber links used to connect BV-OX@stlie
opaque fixed-grid domain.

e(u,v) The linke € E or E’ fromutov, whereYu,ve VorV’.

B The total spectrum bandwidth of each fiber link in the transptflexi-
grid optical network.

Brs The bandwidth of a frequency slot in the transparent fleid-gptical
network.

B The total bandwidth provisioning of all wavelengths degdyn a fiber
link.

B, The bandwidth of a wavelength in the opaque fixed-grid optieawork.

N Total number of frequency slots on each fiber link in the tpament flexi-
grid domain.

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

Capsk The capacity of a frequency slot when using BPSK modulatiomét.

D The set of all possible lengths of fiber links in the transptog opaque
domain.

le The length of the fiber linle in the transparent or opaque domain.

w The total number of wavelengths deployed in a fiber link.

m The index of the modulation level.

A The wavelength index, YA € [1,W] on a fiber link in the fixed-grid
domain.

Wei The starting frequency slot index of tif€ spectrum block on the fiber
link e.

Zej The ending frequency slot index of tfif& 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.

by The capacity requirement aftype service requests.

p The lightpath fromsto d.

P The set of lightpaths fromsto d, and¥p € P.

P The set of lightpaths that use the fiber ligkandPe € P.

(0]
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Table 2: List of variables

Variable

Definition

il

o'l

bmej

T
el

A binary variable. Itis equal to 1 if the service requiremerg mapped
onto the substrate lightpath otherwise it is 0.

A binary variable. It is equal to 1 if the service requiremestibscribes
the substrate fiber link, otherwise it is 0.

A binary variable. Itis equal to 1 if the service requiremenses thé™"
frequency block on the link, otherwise it is 0.

A binary variable. It is equal to 1 if two requestsandr;, select the
common fiber link, otherwise it is 0.

A binary variable. It is equal to 1 if the starting frequendyt$ndex of
the spectrum block occupied by the service requegstsmaller than that
of rp, otherwise it is 0.

A binary variable. It is equal to 1 if th¢" frequency slot on the fiber
link eis used, otherwise it is 0.

A binary variable. It is equal to 1 if the service requiremenbnsumes
the wavelengthl on the substrate fiber ling otherwise it is O.

A binary variable. It is equal to 1 if the service requiremestibscribes
the substrate fiber linkin the opaque fixed-grid domain, otherwise it is
0.

An integer variable that is the index of the starting frequyeslot allo-
cated to the request

An integer variable that is the index of the ending frequesloy allo-
cated to the request
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