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Abstract. In this paper, we propose a stochastic failure and optical network topo-
logy (SFONT) model that can be used to comprehensively analyze the resilience of
optical networks against a large number of possible earthquakes. We study an op-
tical network densification problem, where dense network topologies are generated
using the proposed SFONT model. Further, a seismic-risk aware optical network
densification (SRA-OND) scheme is proposed with a view to design the future op-
tical networks robust against earthquakes. The proposed SFONT model has been
evaluated at various stages of network densification. To validate the capability of
the proposed SFONT model to emulate real-world networking and failure scenario,
we also perform a similar analysis based on RailTel optical network topology, seis-
mic hazard maps, and real past earthquake data from India. Simulations indicate
that the proposed SFONT model can be used to estimate and analyze the impact
of network-resilience schemes on optical networks for a large number of possible
earthquakes.

1 Introduction

Earthquakes have been a major cause of optical fiber cable (OFC) destruction in the past.
For instance, the 2008 China Sichuan earthquake of magnitude 8.0 destroyed around
30,000 km of OFCs [1]. In a telecom-cloud infrastructure (TCI) supported by optical
network, various nodes interconnect datacenters (DCs), multiprotocol label switching
(MPLS) areas, and cable landing stations (CLS) through OFCs [2,3]. A rapid increase in
the number of DC and OFC deployment has been observed in the recent past, and many
more DCs and OFCs are planned to be deployed in future to enable beyond 5G telecom-
munication, and cloud services [4]. Moreover, to realize the maximum benefits of wireless
network densification, backhaul optical networks also need to be densified [4,5]. Thus,
with a view to make the future TCI resilient against earthquakes, the optical network
components (nodes/links) should be physically located in the low seismic-risk regions.

To design robust future optical networks, a method for comprehensive and long-term
analysis of various network-resilience schemes is required to assess optical networks against
a large number of possible earthquakes. Thus, in this work, we propose a stochastic failure
and optical network topology (SFONT) model that can be used to estimate and analyze
the impact of various network-resilience schemes on optical networks.

Since large-scale natural disasters such as earthquakes affect a large geographical re-
gion, all the fiber cables lying in that region may fail simultaneously. Such a large-scale
failure caused due to a common disaster occurrence is referred to as geographically corre-
lated multi-link failure (GCMF). In the studies [1,6-9] that address the problem of robust
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Fig. 1: Possibility of GCMFs in a mesh-connected optical network due to earthquakes at different
epicenter locations around the network.

physical network design, most of the works propose physical fiber route modification as
a solution to achieve network robustness. However, in Fig. 1, we show that GCMFs are
highly dependent on the physical location of nodes.

In Fig. 1, an example mesh-connected 6-node optical network is shown. Here, two
earthquakes causing disaster in a circular area of radius r from their epicenters are shown.
It can be observed that the earthquake that occur in the vicinity of node is vulnerable
to a GCMF affecting three fiber links. However, the earthquake that occur far away
from nodes is vulnerable to single-link failure that can be survived using the conventional
dedicated path protection (DPP), or shared path protection (SPP) methods. Thus, for
resilient network design against GCMFs, the locations of nodes are of utmost concern.
For simulations, we consider GCMFs caused due to earthquakes having epicenters in the
vicinity of nodes.

In this work, we study an optical network densification (OND) scenario with a view
to design the future dense optical networks resilient against earthquakes. We propose a
seismic-risk aware optical network densification (SRA-OND) scheme for robust physical
network topology design that finds the low seismic-risk regions to locate the new nodes.
We evaluate the proposed SFONT model by analyzing various OND stages using the
proposed SRA-OND as well as a seismic-risk unaware (SRU)-OND approach (where nodes
are randomly located without considering seismic risk). To verify the capability of the
proposed SFONT model to emulate real-world network topologies and failure scenarios,
we compare the proposed SFONT model with a real-world case considering past real
earthquakes [10], and real Indian RailTel optical network topology [11].

Related Work: The failure modeling and resilience analyses done by majority of the
studies [6-8, 12-15] are based on one/two network topology, arbitrary disaster zones,
and few instances of disaster occurrence. However, for a comprehensive and rigorous
assessment of any resilience-improvement scheme, they should be analyzed for a number
of randomly obtained networks, since the performance may vary with changes in network
topologies. In the proposed SFONT model, random network topologies of varying size
and connectivity are obtained in each iteration. In [8,9], spatially uniform occurrence of
disasters has been assumed in a given geographical region. However, practically, in a large
geographical region, the probability of occurrence of natural disasters varies with different
geographical locations. We incorporate this characteristic of spatially non-uniform disaster
probability in the proposed SFONT model to generate earthquake epicenters. Moreover,
we leverage the spatially non-uniform disaster probability in the proposed SRA-OND to
locate the nodes in low seismic-risk regions. In [12], four arbitrary sample disaster zones
have been assumed for resilience-analysis. Random disaster zones have been assumed
in [14] without considering any disaster risk model. However, for a comprehensive and
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Fig. 2: Seismic Hazard map of India [16] subdivided into sectors.
long-term assessment of any resilience-improvement scheme, it should be tested for a large
number of possible disaster occurrences.

For the first time in the literature, in the proposed SFONT model, we perform optical
network densification in a given geographical region using Matérn hard core point process
(MHCPP) and Gabriel graphs (GGs). To generate large number of spatially non-uniformly
distributed earthquakes as per seismic-risk, we employ Poisson point process (PPP). The
proposed SFONT model is described in the next section. The notations used in this paper
are summarized in Table 1.

2 Proposed Stochastic Failure and Optical Network Topology
(SFONT) Model

To obtain network topology, and to generate failures in a geographical region, we consider
a bounded set G C R? representing the geographical region of interest. In this paper, we
consider a bounded region G of 3240 km x 3240 km representing India and the neig-
hboring regions. The region lying outside the border of India is included in a set |G
representing non-feasible regions for node placement. The objective is to obtain random
network topology within the Indian terrestrial region (G N ,G), and to generate spati-
ally non-uniformly distributed earthquakes as per the seismic-risk. To obtain seismic-risk
information, we consider the seismic hazard map of India [16] (shown in Fig. 2), which
is classified in to four types of zones on the basis of maximum Modified Mercalli (MM)
intensity of seismic shaking. In this work, to describe the proposed SFONT model and
to validate the hypothesis, we consider the seismic hazard map of India. However, the
proposed model is generic in the sense that it can be used to obtain failures and network
topologies in any geographical region, given its seismic hazard map.

It can be observed from seismic hazard maps of various countries/continents [10, 16]
that seismicity does not change for small distances, and thus seismic-risk of a small local
region can be considered as uniform throughout that region. We convert the geographical
region G provided as an input into a grid-structure, as shown in Fig. 2, where the grid
contains square shaped bounded regions of small area, which we refer as ‘sectors’. The
whole geographical region is subdivided into n number of sectors, where each sector of area
/B represents a bounded region in R?, and the seismic risk (i.e., seismic zone type) does
not change within a sector. We obtain the locations and density of earthquake epicenters
in each B; € B using the poisson point process (PPP) [17]. As per the definition of



Table 1: Notations

Symbol Description

33 point process (PP)

R' =R field of real number

R™ n-dimensional Euclidean space

N set of natural numbers

E expectation

P probability

dist(a, b) Egclidean distance between points a and b, where a,b €
R

G a bounded set representing the geographical region of in-
terest, G C R?

G set of bounded regions non-feasible for node placement,
.G C R?, »G C G, index g (here, n is prescript)

B a bounded set representing the geographical region of sec-

tors, B C G, B C RQ, index ¢ (i.e., B; denotes the boun-
ded region of it sector)

o/Gl, 4| Blarea of bounded regions represented by set G, H, respecti-
vely (here, a is prescript)

la length of the area of G

be breadth of the area of G

a; length of the edge of sector B;

?(B) number of points of PP in a bounded set B

S set of types of seismic zones, index s

A density of poisson point process (PPP)

A° density of poisson point process (PPP) for zone type s

Am density of MHCPP

2/G|A  mean number of points of PP in a bounded region G

Th hard core parameter of MHCPP

X set of points denoting epicenter coordinates, X C R%, X C
G

\% set of points representing node locations in original topo-
logy, VCR?, VCG

v’ set of points representing locations of nodes in the SRA-
OND topology

1% set of nodes, index v, V C N

w set of links, index w, V C N

D set of link lengths, index w, V C N

D’ set of link lengths in the SRA-OND topology, index w,
VCN

K set of sectors, index k, K C N

K sector of type s seismic zone

K(v) set of sectors to be searched for shifting of v*" node (V,,),
K(v) C K, index p

K(n) set of sectors non-feasible for node placement, K(n) C K

K(r)k set of sectors used to calculate SRy, K(r)r C K

SRy seismic-risk associated with sector Ky

2 set of weights assigned to each sector as per their seis-

mic zone type, index k (more weight is assigned to higher
seismic zones)

(V) set of weights of sectors in which nodes are located, index
v

n number of sectors in the region G, n = |K|

ny, number of sectors on the either sides of sector K used to
calculate SRy, of sector Ky

n{ number of sectors on the either sides of sector K (having

earthquake epicenter) where if a node is located, multi-
link failure will occur

Ck center of sector Ky

M magnitude of earthquake (on moment magnitude scale)

PPP & of density A, the number of points (g) in the bounded set B C R? has a poisson
distribution with mean ,|BJA, i.e.,
B|)\)¢
P(8(B) = g) = exp (- BN B, )
where the density A is given by
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Fig. 3: Network topology and epicenters obtained using the proposed SFONT model. Link lengths
are in km. (inset shows the epicenters obtained using PPP in different sectors).

E[o(B)]

A=——
a Bl

2)

In PPP, the number of points (epicenters) in a given bounded area is given by (1),
and the location of points (X) is uniformly distributed in each B; € B. Since earthquakes
are more frequent in high seismic zones [10], we generate different number of earthquake
epicenters using different values of density (A*), as given in Table 2. Large number of
earthquake epicenters obtained in the given geographical region are shown in Fig. 3. It
can be observed from Fig. 3 that the number of earthquakes per unit area decreases with
seismic-risk in the order: Zone V— Zone IV— Zone 11— Zone II [16].

We consider significant earthquakes [10] (M > 5) for optical network resilience eva-
luation. To assign magnitude to the earthquake epicenters obtained in Fig. 3, we con-
sider real statistics from the United States Geological Survey (USGS) [18], where the
approximate percentage distribution of earthquakes of different range of magnitudes
is: (M > 8) = 0.0624%; (7 < M < 8) = 0.8737%; (6 < M < 7) = 8.3717%; and
(5 < M < 6) =90.6922%. We denote the above ranges of magnitudes by Mgy, My7_s,
Msgs_7, and Ms_g, respectively.

To design the physical network topology in the given geographical region, we gene-
rate random Gabriel graphs (GGs) [19,20], modified by Matérn hard core point process
(MHCPP) [17]. In the literature [19,20], random GGs have been generated to design the
network topologies, where a fixed number of nodes are located with uniform spatial dis-
tribution in a given geographical area. However, using uniform spatial distribution, it is
possible that two or more nodes may get placed in the same location, which is impractical.
Hence, we modify the GGs by MHCPP, that eliminates the impractical probability of two
or more nodes being located at the same location, or very close to each other.

MHCPP is obtained from PPP, where points are first generated using PPP [17]. Then,
some of the points are deleted such that no two points (nodes) with a separation less
than r, coexist in the constructed MHCPP. An instance of the proposed SFONT model
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Fig. 4: Seismic risk unaware optical network densification (SRU-OND) of the network topology
shown in Fig. 3. Here, the nodes of existing/initial network are represented by yellow color, and
the new nodes (initially placed in the center of the desired region) to be deployed for network
densification are shown in green color.

Table 2: Parameters values used to obtain earthquake epicenters in Fig. 2-3

Parameter Value
Dimensions of bounded region G, g, ba 3240 km
Length of edge of sectors H C G, ay, 32.4 km
Set of types of seismic zones, S {I1,I11,IV,V}
PPP density for KV, AV 0.02
PPP density for KTV, XV 0.01
PPP density for KT, N1 0.004
PPP density for K1, X1 0.001
Range of M for KV, [5,10)
Range of M for K'Y, [5,8)
Range of M for K11, [5,7)
Range of M for K1, [5,7)
Hard core parameter, rp 200 km

is shown in Fig. 3, where r;, = 200 km, and _|G|\,,, = 25. It can be seen from Fig. 3 that
there is at least a distance of r, km amongst different nodes. The fiber-links amongst
various node-pairs are considered to be of shortest physical route. To rigorously assess
various network-resilience schemes for physical network design, logical topology design,
protection, restoration, early warning data backup, survivable routing, etc., networks of
different size and topology can be obtained by tuning different parameters, and evaluated
for a large number of possible failures using the proposed SFONT model.

3 Proposed Seismic Risk Aware Optical Network Densification
(SRA-OND) Scheme

The proposed SRA-OND scheme can be used to perform OND so as to make the future
TCI robust against earthquake induced GCMFs. We assume that the desired region for



each new node to be deployed is a square area of size 5 x 5 sectors. The randomly obtained
node locations in the proposed SFONT model are assumed as the center of the desired
regions for node deployment. Node shifting is then performed to calculate the seismic-
risk (SR) for all the nodes to be placed within their desired regions. In the proposed
SRA-OND, a bounded geographical region G C R? (square or rectangular) subdivided
into sectors B, and a network topology with locations of all the nodes, are provided as
input. The current locations V of all the nodes are also provided as input. The proposed
SRA-OND is described in the following steps as follows:

Step 1: The set of non-feasible sectors K(n) is found, where all the sectors having a
common region to that specified in |G, are included in the set K(n).

Step 2: For each V,, € V| node shifting is performed from the current (i.e., central)
sector to all other sectors lying within the desired region (of size 5 x 5 sectors) for node
deployment.

Step 3: The SR, corresponding to each sector K, is calculated. The SRy, for k" sector
is calculated using the seismic zone type of nearby nj, sectors, and the Euclidean distance
of these sectors from the k' sector. We calculate SRy using (3) as

SRy = Z 2 - diSt(Ck,Cl), VK € K(T‘)k, (3)

where, ¢; represents the center of sectors in K (r)y.

Step 4: Amongst all the sectors in K (v) for the node V, € V, the sector with minimum
value of SRy, is chosen for node placement (provided a sector of lower seismic zone type
is found in the desired region).

Step 5: The modified node locations (V'), and link distances (D’) are returned by the
proposed SRA-OND scheme.

4 Performance Evaluation

In this section, resilience-evaluation of network topologies has been performed considering
network densification in various stages. We consider four stages of network densification,
namely, Stage 1 (S7), Stage 2 (S2), Stage 3 (S3), and Stage 4 (S4). At each stage, the
number of nodes is gradually increased by varying the value of \,,. We generate 100 in-
stances of the proposed SFONT model for the parameter values given in Table 2, except
rh, which is considered as 180 km, 150 km, 120 km, and 100 km for Sy, S5, S3, and Sy, re-
spectively. The decreasing values of r, indicate the decrease in minimum link-length with
increased network densification. The effect of generated earthquakes on various random
network topologies is then calculated.

To compare the proposed SRA-OND, we study another scheme, namely, SRU-OND,
where network densification is seismic-risk unaware (SRU). To realize SRU-OND, the
nodes have been located in the central sector of the desired regions for each node to be
deployed. To evaluate the proposed SRA-OND scheme under real-world network scenario,
all the significant past earthquakes that occurred since the year 1900 in India [10] have
been simulated. We use the Richter logarithmic scale to generate GCMF's based on the
distance between epicenter and node [21]. Accordingly, we use the distance ratio ni :
3n£ : 6n£ : 10n£ to generate GCMFs due to various earthquakes of magnitude Mj_g,
Mg_7, M7_g, and Mg, respectively. The average number of nodes corresponding to Sy,
Sa, Sz, and Sy are |G|\, = 40, |G|\, = 60, |G|\, = 80, and ,|G|\,;, = 100, which
shows gradual network densification.

Fig. 3 shows the initial network topology (which represents the existing network to
be densified) obtained using the proposed SFONT model, and Fig. 4 shows the dense
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Fig. 5: 19-node RailTel network topology [11]. Link lengths are in km.

network obtained at S; by adding nodes in the initial topology shown in Fig. 3. The
19-node RailTel network topology is shown in Fig. 5, and the dense network at S; for
the topology shown in Fig. 5 is shown in Fig. 6. The SRA-OND topology corresponding
to Fig. 6 is shown in Fig. 7, where the nodes interconnected by blue solid lines represent
the SRA-OND topology obtained by seismic-risk aware node shifting, whereas the initial
randomly obtained nodes interconnected by black dashed lines represent the part of SRU-
OND topology which has been modified in the SRA-OND topology. Here, the nodes which
are either already located in the lowest seismic zone, or could not be relocated in a lower
seismic zone within the desired region (of size 5 x 5 sectors) for that node are kept at their
original locations. Similar to Fig. 7, SRA-OND is performed for each of the 100 generated
instances of the proposed SFONT model.

We perform routing, modulation, and spectrum allocation (RMSA) for each request in
a set of 1000 randomly generated connection requests (in each topology) having heteroge-
neous bandwidth requirements uniformly selected from the set {40,200, 500, 1000} Gbps.
We perform distance adaptive modulation, first-fit spectrum allocation, and k-shortest
paths routing. After establishing all the requests, the spectrum state is freezed, and the
effect of earthquakes is obtained (using n£ = 1) in terms of cumulative bandwidth loss
(BL) in Tbps, and connection drop ratio (CDR). CDR is defined as the ratio of the num-
ber of connections dropped due to earthquake to the number of connections established
before the earthquake arrival.

Fig. 8-11 show the simulation results in terms of BL and CDR. In Fig. 8, BL due
to a large number of earthquakes (18000) generated using the proposed SFONT model is
shown. Simulations at the first (S7) and the fourth (S4) stage of network densification are
shown to compare the proposed SRA-OND with the SRU-OND. It can be observed from
Fig. 8 that at both the S; and S, stages, significant reduction in BL due to earthquakes
has been achieved. An average reduction of 14.3%, and 29.9% in BL at Si, and Sy,
respectively, has been achieved using the proposed SRA-OND, which demonstrates the
advantage of seismic-risk aware physical network design. Besides, it is observed that with
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Fig. 7: Seismic risk aware optical network densification (SRA-OND) of the 19-node RailTel net-
work topology (here, the location of new nodes are identified as the sector with minimum seismic
risk (SRy) within the desired region of node placement)

increased network densification, the imrovement in BL using the proposed SRA-OND
increases, which shows the long-term advantage of the proposed SRA-OND scheme.

Fig. 9 shows the BL obtained due to the 87 past earthquakes occurred since the
year 1900 in India at different locations. The initial topology considered in this case is
the 19-node Indian RailTel network topology [11]. The earthquakes have been simulated
randomly from the set of 87 earthquakes at each of the 100 iterations for every densifica-
tion stage. Simulation results obtained in Fig. 9 show a similar trend with that obtained
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under the proposed SFONT model in Fig. 8. As the size of earthquake data set is smaller
in Fig. 9, the amount of BL is also smaller as compared to that in Fig. 8. However,
the average improvement in BL using the proposed SRA-OND is 17.1% and 38.2% at
S1 and Sy, respectively, which highlights the advantage of considering seismic-risk while
densifying optical networks.

In Fig. 10-11, C DR has been evaluated at S, So, S3, and Sy after simulating all the
earthquakes. In Fig. 10, C DR under the proposed SFONT model has been evaluated. It is
observed from Fig. 10 that C DR decreases with increased network densification, since the
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percentage amount of traffic per unit node/link decreases with network densification (i.e.,
the number of connections dropped per unit node/link-failure decreases with network
densification). It is also observed that at all the four stages, the proposed SRA-OND
performs better than the SRU-OND. In Fig. 11, C DR for past real earthquakes in India
for densification of 19-node RailTel network has been evaluated, where a similar trend of
results has been observed as that obtained under the proposed SFONT model in Fig. 10.

The similarity observed in the trend of results obtained under the proposed SFONT
model and that obtained for the RailTel network densification and real past earthquakes
show that the proposed SFONT model can be used to emulate earthquake failures and
network topologies, given the seismic hazard map any region. Thus, the proposed SFONT
model can be used to estimate the impact of various network-resilience schemes on optical
networks for a large number of possible earthquakes.

5 Conclusion

We proposed an SFONT model using PPP, MHCPP, and GGs that can be used to com-
prehensively evaluate various network-resilience schemes for optical networks. Further, we
proposed an SRA-OND scheme that can significantly reduce the BL due to earthquake
induced GCMF's. The proposed SRA-OND scheme has been evaluated and compared with
the SRU-OND scheme under the proposed SFONT model as well as for a real-world case
from India. The similarity observed in the trend of results obtained under both the cases
validates the capability of the proposed SFONT model to emulate real-world networks
and failure scenarios. In future, we plan to design resilient DC interconnection network
with a content-centric approach.
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