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Survivability Performance Evaluation of Slotted Multi-fiber Optical Packet
Switching Networks With and Without Wavelength Conversion
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Abstract-Network survivability is defined as the ability of a network 10 maintain an acceptable
level of network performance in the presence of failures. Quantifying network survivability

through pure network
resources of the

tends 10 be oplinustic
10 be too conservative since performance considerations are nod tiken

into account. In this paper, &

compasite model 1o accurately measure the sur-vivability of slotted multi-fiber optical

MIuﬁumllwmm

of multi-fiber slotted optical packet

performance
switched networks as well as the steady-state avinlability of the network are modeled These two
models are combined 1o construct a hierarchical netwark survivability model. The study shows that
the use of a multiple-fiber network configuration provides additional network capacity and in-
creases network survivability. Also, it shaws that (he use of wavelength conversion increases
survivability by resolving the wavelength contention problem,

I. Introduction
An all-optical network based on WDM
iechnology becomes the technology of choice
for use as a transport network due to s
massive capacity, reliability, cosi, and
scalability. Using the conventional circuit-
switched metworks  (wavelength-routed
network), where a connection (lighi-path)
between  sowrce-destination  pair s
established on top of the WDM muitiplexing
before data ransmission begns,
will result in ineffective use of the bandwidth
provided by such technology. To overcome

on demand, is introduced.

The OPS architecture combines the massive
bandwidth of the fiber cable provided by
WOM with ughspeed operation switching
eglements 1o allow fast  allocation of
wavelengths in an on-demand fashion [5].
Using multiple fibers an each link in OPS
networks will enhance network performance
by unilizing the space dimension of the same
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wavelength on different fibers 1o resolve the
packets contention problem This network
environment can  potentially  transfer
hundreds of terabits-persecond of data on
each fiber link in the network, which results
in better performance in the case of no
failure. However, a single link failure in the
mulu-fiber OPS network may fail all fibers
between the nodes simultaneously. The in-
termuption of service for even short periods of
time in the multi-fiber environment may
have  catastrophic  and  far-reaching
consequences since a severe service loss as
wel] as massive wraffic interruption wall oc-
cur. Thus, network survivabiiity s
considered a fundamentz! design factor for
optical packet switching networks. In
general, network survivability is defined as
the ability of a network (o maintain or
restore an acceptable level of network
performance in the event of failure scenanos
to support a committed quality of service
(QoS). By the use of passive ccnnections and
appropriate design of netwark topology, it is
possible to provide multu-fiber connections
among pairs of nodes via strands running in
different cables. Such a design will carty
with 1t the improved performance associated
with multi-fiber design while also enhanaing
the survivability of the network. Wavelength
conversion, if avalable, provides another
mechanism for enhancing the end-io-end
performance.

Wavelength converuble swrches (WCS),
optical  switches (OSW) employing
wavelength converters (WC), offer flexible
hght-path switching, contention resolution,
and network interoperabiity as well as
transparency of the optical layer An
important feature of WCSs is that they atlow
optical networks to be reconfigurable on a
wavelength-by-wavelength basis to match
chanping traffic demands and to restore the
network in case of faillures The major
categories of WCSs are reviewed below.

The dedicated WCS offers a wavelength
converter for each outgoing wavelength
allowing any incoming wavelength to be
switched at a desired wavelength to the
deswred link [2], [3]. More cost-effective
architectures use different converter-shanng
mecharisms [3]. A share-per-node WCS
offers all outgoing links a shared collection
of converters that can be used by any channel
on any link [2], [3]In the share-per-iink
WCS, the converters at the switching node
are divided into a number of conversion
banks. Each conversion bank is dedicated 1o
one of the oulgoing fiber links. The
converters in a specific conversion bank can
be accessed only by the incoming wavelengths
that are destined for any wavelengths in the
outgoing link that this conversion bank 15
associated with [1}

The assessment of network survivability
performance has two facets' The assessment
of the frequency of occurrence of abnormal
conditions and the assessment of the impact of
these conditions.  Therefore, network
survivability can be cenltered on 1) the
frequency of fallure events, 2) the dumation of
the outages, and 3) the impact of failure on the
sysiem The first two 1tems may be resolved
by avadability analysis when the system
failure mechanisms are knawn. The third item
can be handled by system failure impact
analysis to find out the transient performance
degradation when failure occurs. A
quantitabve approach for evaluating network
survivability is proposed in f[4], which
analyzed wireless ad-hoc networks and 15 an
example of a network survivability perfor-
mance evaluation.

Both availability and performance are
mtegral  components  of  survivability.
Therefore, a hierarchical sur-vivability model
for mulu-fiber OPS netwosks that cansists of
availabibity and performance analysis 1s
proposed in this paper. A survivability
comparison study between single-fiber and
multi-fber OPS environments is conducted in
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this research. The improvements in end-te-end
blocking performance and survivabilty n
multi-fiber OPS networks employing mulb-
fiber multi-hop architecture under different
wavelength  conversion  scenarios  are
investigated.

Mult-Ober  connectivity  topology 8
proposed for the survivable mulu-fiber WDM
networks in Section 2. The performance
analysis of the multi-fiber OPS network is
presented in Section 3. In Section 4, the
steady-state availlability of the network is
detailed. These two models are combined to
construct @  hiesarchical  survivability
evaluation model in Section 5. Numerical
iesults are discussed in Section €. Section 7
concludes the paper.

2. Survivable Multi-Fiber OPS Ner-
works Configuration
Our study i1s focused on a homogeneous
multi-fiber network in which the number of
fibers n each link is the same and the
number of wavelengths in each fiber is the
same. An easy extension and a sumilar
analysis can be applied to more general
multi-fiber networks Having F panallel
fibers on the same physical link that i
connected by a pair of nodes m the mult-
fiber WDM network provides a high
blocking performance, but the survivability
of this multi-fiber configuration is very low
due to the failure of all fibers when a link
failure occurs Therefore, in survivable
mults-iber WDM networks, the multiple
fibers between nodes have to be in different
physical cables even though the fiber
connectivity topology is shown as a direct
connection between nodes. This may mean
having a passive connection at the
intermediate nodes between source and
destination. Figure la shows a sample
physical topology that provides two fibers
between nodes. The fibers between nodes |
and 4 are from two different cables, while
nodes 2, 3, 5 and 6 could be passive

connectors between these two nodes [fa link
between nodes 1 and 4 fails, the traffic on this
tink can be restored using available fibers in
other cables that connect these two nodes.
Figure 1b illustrates the fiber connectivity
between nodes | and 4 as three direct
connections between these two nodes, The
fiber connectivity topology 15 considered in
the transient performance evaluaton and
availlability analysis. OQur results show that
the multi-fiber connectivity topology
provides better performance and higher
surviv-ability  for  multi-iber  WDM
networks

Figure | Fiber conneclivity in survivable multi-fiber
0OPS nelworks a) Multi-Fiber Physical Tepology, b)
Maulh-["ber Connecuvily Topology between S and D,

3. Multi-fiber OPS Networks Perfor-
mance Analysis
In this section, a performance model [5], [1]
for a multi-fiber OPS switch that operates in
a slotted mode will be presented, In a slotted
system, the icoming packels are
synchronized at the nputs before they are
processed. The developed model 1s a com-
prehensive model that can be used to
gvaluate the slotted OPS switch under
different conditions and operation parameters
such a3 number of wavelengths, number of
fibers, number of converters, and different
swiich configurations A symmetric OPS
with N inputs, coming from different
sources, and destined 1o N ouiputs links,
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each consisting of F parallel fibers, as shown
in Figure 2, is considered.

Figure 2 Slotted mult-fiber OPS switch architeclure

The switch supports a WDM signal with w
wavelengths per fiber and a conversion bank
of C converters in case of convertible switch
configuration. The packet length is assumed
to be fixed for one time slot. The full
derivation of this performance model was
presented in [5], [1]. The aim is to use such
a switch model to evaluate the degradation
performance of the multi-fiber slotted OPS
network under link failure condition. The
network fiber connectivity topology, which
15 shown in Figure 1b, 1s considered to
evaluate the end-to-end blocking probability
of the network.

Also, the traffic at the input of the switch
is assumed to be equally likely to be
destined to any output port. Therefore, the
number of packets competing for an output
per wavelength in a given time slot and
destined to the output link under
consideration  follows  the  binomial
distribution for x=0..NF, i.e.

rxms)="7) (5 (-8 o

Where X; is a random variable representing
the number of packets present at an output
on A; in a given time slot. The probability
that a packet arrives at an input in a given
time slot is denoted by p, which corresponds
to the normalized offered load. For a given
time slot, if the number of arrivals per wave-

length that are destined to the considered
output is more than F packets, contention
among them will occur. F packets out of the
contending ones leave the switch directly
using wavelength of interest X, one on each
fiber. Note that direct refers to packets that
are directly routed from nputs to outputs
without going through converters, The rest
of these packets are forwarded to the
conversion bank that belongs to the output
port under consideration. The number of
packets that are forwarded to the conversion
bank from a single wavelength was derived
in (5], (1] as follows:

P(Y.= ujXe > F) = P‘KF&G;EH'FJ o
oA
rov=ur> = () (B)
(L~ i

1-5  PR=9)

Let Ny be a random variable representing the
number of wavelengths that are competing
for conversion resources. Ny could take any
value between zero to w. So the distribution
of Ny forn, = 0...w is as follows:

"yl g Pex= )

(‘f PX= "!) , @

The number of packets that can utilize
conversion resources and leave the swatch
depends on the minimum of the total
available wavelengths on all fibers at the
output and the number of available convert-
ers. Since the packet Jength is fixed, all
converters are available at the beginning of
the time slot. Accordingly, the total number
of wavelengths that are available on the
output link after all direct packets are
assigned to outgoing wavelengths has to be
found. To find the available wavelengths on
the output link for a given NY, B is defined
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as the random vanable representing the total
number of free wavelengths on the output
link under consideration at any given time
slot. The random variable B is simply the
sum of the number of fibers in the port that
have no direct packet on A, The mandom
vanable B could ke any value between zero
and F (w-ny). Therefore, for a given NY, the
distribution of B s given by

iy
P~ A8y s { :
fmliptall

where HB (z) 15 the probability genemting
function of B Packet loss takes place when
all A's are busy on all outgong F fibers and
the total number of packets forwarded to the
conversion bank 15 greater than the minimum
number of available converters and free
wavelengths on the output On the other
hand, some of the rejected packets from the
direct connection can be served by utihzing
the available wavelengths and leave the
swiich by getting converied to one of the
available channels on the output, provided
there wre free A,s on the output port under
consideration. Accordingly, the average
number of packeis forwarded 1o the
conversion bank, E [T}, which is equal 10!

‘:-Il ' " E P Ny e ""J! _inu ,'-i“l'g; E[:_t
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where E(Y}, 15 the average number of
packets that are forwarded to the conversion
bank per wavelength, Then, the average
number of packets that wiil be dropped,
E{d}, is calculated as the difference between
the average of total forwarded packeis to
conversion bank, E(T}. and the average
accepted packets for conversion, E{A], as
given by

Eld) = LT} - ElA) s

The average number of packet armvals per
wavelength on the output  under
consideration is equal 0 F p Thus, the total
expectzd ammval 1o the output link, shown in
the denominator of equation 9, 15 given by

ke

Elel=w F-p i)

The switch-blocking prebability, Pb, 15 then
defined as the ratio of expecied number of
packets lost, E {d}, to the 1otal number of
armvals of the output port, E {{)
o Bl

FTEg
Afer obtaining the blocking probability for
each idividual swich on the path, the end-
to-end packel loss probability of the fiber
connectivity topology of a sunivable mulu-
fiber slowed OPS network can be calculated
as follows.
Pa s d =y {1
where H denotes the number of hops along a
path in fiber connectivity topology. In this
model, all nodes along the path are assumed
o have simmlar  mput aflic  These
condinons descnibe the symmetnic traffic
nature of the optical packet switch in the
network

(0)

4, Multi-fiber OPS Networks Availability

Analysis

In this sechon, the availability model that
counts for failure-repair behavior of the path
between paus of nodes in the network Giber
connectivily topology 15 developed This
model assumes the same number of fibers in
all hops in the path between the source-
destination pair of interest (S, D) Assume
that there are F fibers available between
nodes and the ume to hink failure and repasr
are exponentially distributed wath mean 1 and
i, respectively Also assume that a singie
repair facility 15 shared by all the links The
availability model is then a homogenous
CTMC wath the state diagram shown in
Figure 3.
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Figure 3 General availability model.

Here, the state index denotes the number
of non-failed fibers o the network The
steady-state probability for the number of
non-failed fibers in the network 15 given by:

Fl -
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where the steady-state system unavailability
t3
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5. Hierarchical Survivability Model
Studying the optical network survivability
ssues by quanufying the performance
degradation of the network when different
failures occur or by evaluating the resources
availability for restoration after failure does
not reflect the comect measure of the optical
network survivability Thus, as previously
mentioned, network resources availability
analysis and network failure impact analysis
have 10 be considered as integral components
of the survivability performance evaluation
In this section an accurate network sur-
vivability measure, which includes both
performance and availability analysis of the
network, is developed.

A gracefully degrading network may be
able to survive the failure of one or more of
its acbve components and continue fo
provide service at a reduced level The
hierarchical model is one of the most
commonly used techmiques for modeling of
gracefully degradable networks. In this
model, the availability model developed in
the previous section 1s umed into a Markov
reward model (MRM) (8]

The Markov Reward Model 15 a Markov
chain with a reward rate assigned 10 each
state. It 15 assumed that the system can be
in one of 2 specified set of states. Each
slate is associated with a specific per-
formance level as a reward rate. Therefore,
for the peneral network survivabihity

model, path availability between pairs of
nodes i the network s modeled as general
behavior of the network and the model 15
solved for the steady state probability that
the path 1s up (B8] The steady state
probability that there are 1 non-failed paths
in the network 1s denoted by mi.
Py (Pl)y (F-2ry 25

O@E- eIe

Figure 4 Hmduul nc'watk survivability snodd

The reward rate for each state can be
found using performance analysis of the
network using Expression 10. The
performance model depends on the number
of fibers, routing algorithm, and number of
converiers 1 the system. This analysis
could be camed as a Markov chain,
analytical model, or as simulation
modeling Figure 4 illustrates the proposed
general model of network survivability for
multi-fiber slotted OPS networks

By combining the availab:lity model and
performance of the network in the presence
of faillure as an MRM, we can find Ihe
survivability of the newwork Atach a
reward rate n to the state ) of the availabil-
ity model and find the total loss due 10
unava:lability of path(s) and also due 1o
capacity constramnts on the altemative F
paths between nodes. Thus, the total loss of
traffic at time of failure, susceptibility, s
given by:

Swanhilality = we+ Y P, om0 18
s

In stateQ, there is no path available between
the nodes, therefore, all the traflic i1s lost
and the reward mte s 1 (O = 1) The
network survivability can be calculated as
follows
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Surcicobildty = | - Sneorplhility g

6. Results

In this seciion, we discuss the network
survivability improvements of an OPS
network m the multi-fiber emvironment over
the single-fiber case considenng all network
paramelers, The survivability for the single
fiber network environment, & sngle fiber in
all hops between source and destination, 15
not rero because the network is not down all
the time since filure-repair behavior of the
network is considered, even though the down
time of the network = laken mio account
when the survivability is evaluated There-
fore the network survivability should include
system availability analysis to determine the
cost due to system downtime, and system
fallure impact wnalysis to find out the
teansient performance degradavon  when
failure ocours.

All results i this section considered the
fiber connectivity topolopy of the OPS
nerwork shown in Figure 1b. Il we assume
there ave 4 fibers available between the
source-destination pair under consideration,
the blocking probability for this case can be
found wsing the expression 10 tha was

in Section 3 Uswing the same
procedure, blocking probability for cases of
3 fibers to | can also be calculated These
resulls are used as the reward raie in expres-
gion 13 7T, 7Ty, 712, 773 and TT4 can be
found using expression 12 and 11, These
esults mre combined 10 find the
suscepubility and survivatility of the net-
work using expresmion 13 and 14 We
sssuhe @ general network topology and
single source-destination pair with a fixed
routing algorithm  between source  and
desunation,

In Figure §, the effect of availability on the
survivability of the network is studied by
changing the repar rate In ths figure
network survivability is plotied as a function
of offered load per wavelength for the multi-
fiber case with 4 fibers, 4 wavelengths per

fiber, 15 hops path lengthe, and for different

repair mles In the first scenano, the
performance of
_l.-- § - aq-l-h--..a.-.---. --unlr--r .
.4-1-\-- e " " R
“"1. \ I
; .
e - A g,
|| Sy oot 44 A |
N B
by n L S

Figare S Steady whate pwadabliny offect

the network is used as 3 messure of network
survivability withoul considering falare-
repmr behawvior n the network, which
indicates an svailamality of 100% This
scenanc shows that using the performance
mensure as  an  indicator of network
survivabibity 15 log optimisic. In scenanos 2
and 1, different repair rates (.0 1 and 003)
are considered, with T = 001 In these
scenarios, the hiemrchieal survivabilicy
model is used 10 accurately calcolate
network survivability. As explaned above,
this survivabilty measure nes the
performance and availability analysis at the
time of failure to correctly measurs network
survivability. As the steady state availabulfy
decreases by decreasing the repair ate, the
survivability of the network decreases
These results  show  that  nerwork
survivability performance evaluation should
inglude both network resources availabiliny
analysis and performance evaluation of the
network

In Figure 6. the source-destination
survivability 18 plotted as a funcuon of the
offered load for differemt numbers of fibers
assuming same network  performance

for all cases (H= 15T =001

and =01, C =2 w=4) Having one fiber
15 denoted
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as F =1, and F = 4 corresponds o four
parallel fibers. More fibers between source
and destination can provide additonal routes
between the nodes and increases the
survivability of the network in case of
filure. The survivability of the network can
be significantly improved just by adding one
additional  fiber to the single-fiber
enviconmenl, The significance of adding
more and more fibers to the OPS network
environment decreases as the number of
added fibers increases due to the abundance
of bandwidth that is introduced wath every
added fiber. This survivability behavior of
the network will continue wnnul 1t reach
survivability saturation, where adding more
fiber will not increase network survivability.
In Figure 7, the effect of wavelength
conversion on the survivability of the
network is explored Using the wavelength
conversion, the OPS network increases
network survivability by resolving the
wavelength contention As can be
seen 1n Figure 7, at 0.6 offered -load, the
survivability improvement for conversion
case can reach 30%. This result shows the
effect of the wavelength conversion on
network  survivability. However, using
wavelength  conversion  increases  cost,
hardware complexity, and space require-
ments fo the network, 1mplying potential
radeoffs between survivability performance

and the number of wavelength converters
necded.
InFupul,ﬂnm:ofdwwwku
ncreased by increasing the number of hops
1o study the effect of network reach on
survivability Increasing the number of hops
decreases network survivability, as ex-

e
-
i
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150 dni ovtricimnar

Figwe 7.5univalslinv o offead load

-‘_‘...

-
L] F -
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Fogure B.Survivobility v aurbu of hops.

pected But using wavelength conversion or
adding more fibers can improve nelwork
survivability. This result shows the effect of
multi-fiber network  configuration on
survivability and network size

7. Conclusions

A herarchical model to evalvate system
surviv-ability performance was developed.
The end-to-end performance of mulu-fiber
OPS networks i multi-hop environments
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modeled and evaluated with and withowt
wavelength conversion These models were
utilized 1o evaluate performance degradation
when a failure occurs. The performance
degradation model and the availability
annlysis model were combined 10 construct a
hietarchical network survivability evaluation
model. We dofine network survivability as a
composiie measure that includes both failure
duration and failure impact on the network
The survivability of the OPS nemwork
decreases s steady state  availability
decreases This result proves the hypothesis
of this research that is, the accurale
survivability measure of the optical network
has to consider both performance degradation
during the time of faulure and resources
availability at the time of failure A new
approach for a more survivable optical
network was preseanted and cvaluated Thes
new approach provides multiple fibers
between the nodes, but these fibers are not
on the same physical link and have the
intermediate nodes behaving as pasuve
conneclors

The study showed that the use of muluple
fibers at the connectuvity topology level of
OPS networks provides addibonal network
capacity and wncreases network survivability
by reusing the same set of wavelengths
muluple fibers in case of link failure. The
use of wavelength conversion mcreases the
survivabel-ity by resolving the wavelength
contention  problem. However,  using
wavelength Conversion can increase cosl,
hardwere  complexity, and  space
requirements to the network, mplying
potential tradeoffs between the parformance
and the number of wavelength converiers
needed
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