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Abstract— Interesting and promising recovery techniques sted

for the Next Generation Internet are studied: tradtional

protection rings and the novel, preconfigured protetion cycles
(p-cycles) technique. We show that althouglp-cycles are better
than traditional protection rings in terms of cost-effectiveness
(redundancy), the latter surpass the former when th reliability

measures are taken into account. We suggest thatishfact be
considered during network planning.
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. INTRODUCTION

Currently, the optical networks are without doubtqeived
as the basis of the Next Generation Internet. i¢lsted to the
fact that the optical technology of today, DWDM pierfectly
suitable for carrying large amounts of traffic. Téslution of
network concepts developed by standardization spdgtated
to ASON[1] as well as GMPLS [2] for the common control
plane for optical networks, can serve as a confionaf such
atrend.

However, there are two sides to the optical teahmol
advantages related to the possibility of meetirg rieeds of
highly demanding clients and, on the other handjlehges
related to the necessity of the network resilieassurance.
Both result from the fact that large amounts ofadare
transported over an optical link. Thus, the guaantf the
efficient and robust recovery methods is also jpelisable in
the Next Generation Internet.

The NGI core network will consist of very long spauilt
using the optical technology. An optical fiber tmé can be
caused by many reasons, e.g., fibers can be brdigen
construction workers or bitten through by rodenfber
failures are quite common. Some estimates saythkgtoccur
as often as one per year per every 300 km of the §4].
Failures of other optical devices, e.g., transposdeptical
amplifiers or regenerators, optical add-drop mildsiprs
(OADMS), optical cross-connects (OXCs), are aldatireely
frequent [5]. If one realizes that the networks ahhwill form
the structure of the NGI will be built on the basfshousands
of kilometers of fibers, it will be easier to undind that
multiple failures should be taken into account andt
overlooked in the recovery planning.

Although we agree that cost-effectiveness shouldrgeof
the objectives of the network design, we emphagieefact
that in the case of the recovery planning the fisl must be
related to the reliability because this is the malijective of
such activities. In this paper we show that a vemymising
new techniquep-cycles, often compared to traditional rings
and considered as better, can be evaluated a®oinfdren the
most important factor, i.e., the reliability, iskéan into account.

Section |l presents the concept of traditional getbn
rings for optical networks. Section Il is devotemp-cycles
built in the context of optical networks. In thebsequent
section we derive the formulas describing the djeraof
protection rings ang-cycles from the reliability standpoint.
Section V is devoted to the comparison of rings @aagicles. It

Since the moment when the classical methods weré based on the steady-state availability and tisesresults

successfully introduced in SDH/SONET networks, Ugua
built in the ring topology, the researchers havaged on the
recovery methods related to mesh networks. There is
common agreement that the Next Generation IntgiiNéll)
will be based on such networks. They enable efftcieuting
and resource usage. Carriers try to take advarahgbese
features and this is the reason why they strivdeqoloy new
recovery methods which are, first of all, fast @odt-effective.
The cost-effectiveness is related to the sharingspére
resources that are reserved to meet the recovedsrud traffic
transported on more than one working path. If thariag is
taken into account, such working paths are disj@nt single
failures do not usually cause problems. However,stvauld
also pay heed to multiple failures. There are atber reasons
to deal with such failures, e.g., maintainabilggues [3].

derived in Section IV. In the last section we prgseur
conclusions concerning the usage of the studiduhiques.

II.  PROTECTIONRINGS

The idea to base protection techniques on ringstisiew.
In the mid eighties in the USA the concept of SONEfer
adopted as SDH in many other countries, was born.
Simultaneously to developing the synchronous optica
networks, a lot of effort was devoted to designhsnetworks
as resilient to failures. The culmination of it wthe series of
ANSI and ITU-T recommendations which describe the
protection methods based on the ring topology. &hase
Unidirectional or Bidirectional Self-Healing Ring¢there are
differences in terminology, for example in the SDH
recommendations, the latter are calllb-SPRings These
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concepts have been adapted for all-optical netwéf48]). |
in the case of protection rings the ‘nodes’ ref@rie will
always be OADMs. We give here only a short overvigw
protection rings as they are well-known and undeikt

A. Unidirectional Path-Switched Ring (UPSR)

In UPSR each pair of nodes is connected by tworaepa
paths. These paths do not share any common nodiasker
with the exception of the source and sink nodeaffi€rfrom
the source node is transmitted simultaneously irth bo
directions: clockwise on the working path and
counterclockwise on the protecting path. The warkpath is
located on a fiber which is different from the filmarrying the
protection path. In the case of any working patbmant
failure, the sink node starts to receive signalsmfrthe
protecting path. From the reliability standpoinP&R can be
described as the dedicated (1+1) protection. Thectstre of
such aring is shown in Fig. 1.

B. Bidirectional Line-Switched Ring (BLSR)

In BLSR, the nodes are connected by four fibererdtare
also 2-fiber BLSRs, but we do not consider themeher
Working traffic in a BLSR can be carried on bothedtions
along the ring, usually on the shorter of the twagible paths.
The working connection as well as the protectingneetion

use separate pairs of fibers. The BLSR topology #sd
behavior during failures are presented in Figt & Important
to note that in the case of a failure the BLSR ted&t two

ways. Span switching (Fig. 2c) consists in reraytiraffic

from the working fiber to the corresponding proiegtfiber,

i.e., between the same nodes.

Figure 1. Unidirectional Pat-Switched Rinc

Figure 2. 4-fiber Bidirectional Line-Switched Ring: a) scheffhased on [8]), b) simplified scheme: normal m@ukfore failure), ¢) simplified scheme:
span switching, d) simplified scheme: ring switchin
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It is possible that only one of the correspondibgrs will
fail. Since the working and protecting fibers a@ disjoint,
this usually concerns the situation where onlydpamders fail.
However, in our analyses we assume that the camelsmg
working and protecting fibers are statistically epéndent. In
the case of ring switching (Fig. 2d) which is rethto a fault of
all four fibers between two nodes, the data isute around
the ring on the protecting fibers. From the religbipoint of
view, BLSR represents the shared method.

UPSRs as well as BLSRs can be created on the difetbis
whole fibers or optical channels/wavelengths. Far sake of
simplicity we will not deal with distinguishing shic
approaches. Our analysis can be easily adaptdtetahosen
protection granularity. Usually, the failures ofweéengths and
fibers are strongly correlated. Therefore, we
interchangeably about a failure related to a flimdrinstead of
the failure of a wavelength. In the casepafycles, it could be
more justified to deal with wavelengths. We do oee this
distinction for the sake of clarity. Neverthelesthis
simplification does not limit the generality of camalysis.

[ll.  PRECONFIGUREDPROTECTIONCYCLES (P-CYCLES)

This section is mostly based on [9-Cycle is the
abbreviation of the technique callpdeconfigured protection
cycle The idea was introduced in 1998 [10]. Analogously

rings, p-cycles can be treated as protection schemes, $eca

the resources are reserved and allocated befaitigefoccurs.

p-Cycles are very flexible. First, they can be agplin
combination with different transmission technol@gidrom
packet-switching (e.g., Internet Protocol), througirtual
connection oriented ones (GMPLS) to circuit oriente
(DWDM). Secondly, they can be used in multi-layetworks
(the most typical scenario: IP-over-DWDM) and apgliin
many layers simultaneously. Thus, they are a véracdive
solution for the NGI. In this paper, we elaboratdyoon the
DWDM-basedp-cycles.

This technique is generally independent of the lagpo of
a network in which it is applied. Networks charaized by a
high average nodal degree are the ones in whirytles show
their best effectiveness. Therefopegycles are best suited to
mesh topologies.

talk p-Cycles can be constructed on the basis of add-drop

multiplexers (typically of ring topologies) as welt of optical
cross-connects (typically of mesh topologies). Thimsthe
reliability analysis ofp-cycles, ‘node’ refers to OADM as well
as to OXC.

p-Cycles can be cost-effectively designed beforailare
occurs, when working paths are set up. It doesmesn that
there are special requirements concerning theskimngppaths.
This is one of the most important differences twsi which
obviously demand that primary paths be routed gpecified
way. This constraint is dropped in the case of gheycles-

hased protection. Working paths can be routed yrwaay, i.e.,

Figure 3. Data flow in ap-cycle: a) data flow traversing an on-cycle spa@-obdep-cycle (a green line) before failure, b) feycle reaction to an on-
cycle span failure, a) data flow traversing a sttad) span of 9-nodp-cycle before failure, d) the-cycle reaction to a straddling span failure (ohthe
two possibilities). Dash/dotted lines indicate fgsical routes of protecting paths.

NGI2005 f' Conference on Next Generation Internet Networksfitr Engineering, Rome, April 18-22 2005



the best one in particular (e.g., provided by ssbripath

algorithms). After this step, thgcycle at the next stage of the

design is suited to the chosen working paths. Ehjzossible

because @-cycle, unlike a ring, is a structure wholly formed

up by spare resources. It is the closed path wisicket up
before a failure occurs, in the way illustratedrig. 3a,b where

reliability R,(t) is calculated for the selected source nede

and termination (sink) nodg and equals the probability that
these nodes are connected (therefore, it is aldedcat

reliability) for a given period of time(0,t). Nodes are
connected, if there is an operational path betwthem, on

backup capacity allocation fqu-cycle purposes is indicated which traffic can be transported. Perceived fromuser

with a green line. The working resources can a&sallocated

perspective two-terminal reliability can be usedas of QoS

in the physical link traversed bypacycle. They are protected indicators.

by the cycle, too. If such a link (called on-cysfean) fails, the
p-cycle behaves like BLSR, when it performs ring tehing

(cf. Fig. 3b). In this respect thecycle does not present its new

features. They are related to the handling of thdt$ of so-
called straddling spansSuch a span is identical with a lin

which does not belong tomcycle, but two nodes incident to

this link form ap-cycle. The behavior of p-cycle in the case
of a straddling span failure is shown in Fig. 3dt us note that
the data can be rerouted in two directions, becthesg-cycle

can use its two complementing parts. The trafficicivh
normally is transmitted from nodketo nodeB in Fig. 3c can be
now routed by two distinct routes, indicated wittsbed/dotted
lines in Fig. 3d. To use the advantagespalfycles the data
from the faulty link are divided in two cycle “has”. Thus, in

the context op-cycles, for one spare wavelength reserved in

p-cycle there are up to two working wavelengthscalted in a
straddling span. It is paid by a longer route tragd by the
restored signal. Spare and working capacity cacopsidered
on the level of all fibers/links or even any lewddl capacity
(e.g., in IP-over-DWDM networks). And similarly diswas
assumed in the case of rings, we do not differenfiber from
links in a reliability analysis.

IV. THERELIABILITY OF CONNECTIONSPROTECTED BY
RINGS AND P-CYCLES

The methodology of reliability assessment is simitathe
one presented, for example, in [11]. Some basiometelated
to the availability analysis can be found in [12].

First we derive formulas for the reliability funati. It is the
most generalized formula. Then, we apply the aviitiab
models in the next section, where the numericahtas will
be presented. Both types of formulas are univetbaly are
useful not only in the case of single failures, blgo in the
case of multiple failures. It will be interestingom the
comparisons point of view.

For simplicity, in all cases we assume that thétssdling
operates well, i.e., we do not take into accouatpfobability
that backup switching systems fail. Additionallye eal only

K with failures of fibers/links. Taking into considgion node

failures would also unnecessarily complicate foamsuhnd do
not add many new facts to our analysis. Therefeeeassume

that node reliabilityr, . (t)° 1, and we do not take it into
account in the reminder of the paper.

In our analysis we assume that failures of twodiféven
located between the same nodes) are statisticallypiendent.
This is not always the case, but it considerahiyptifies the
analysis and does not significantly influence tle@egality of

Qur results.

We use the following notatiolN is the number of nodes in
a ringp-cycle;L is the number of straddling spans ip-aycle;

k is the distance betweemt nodes;r(t) is the reliability

function of a fiber/link;A is the steady-state availability of a
fiber/link.

A. UPSR

All-terminal reliability for UPSR is related to the
probability that every node can receive/transmitadaom/to
any other node by using the working fiber or in dase of a
failure(s), by using the protecting fiber. All nadeare
connected when one of the following statementsiis t

(@) all working fibers are operational (there a®@ n
failures on the working path) or all protectingdib are
operational (there are no failures on the protgctin
path), or

(b) only one pair of corresponding fibers (workizgd
protection) is faulty, but all other fibers are og@nal,

Therefore, we can derive the all-terminal reliapiformula

Reliability R(t) can be defined as the probability that thefor UPSR as

system operates successfully for a given perioting (O,t)

under environmental conditions [13]. We assumeithéime 0
the system is operational.

For each structure we derive two types of religbili
all-terminal reliability, and
two-terminal reliability.

If a network consists dfl nodes, the all-terminal reliability
R, (t) is defined as the probability that al nodes are

connected for a given period of timgd,t). Two-terminal

RaII_UPSR( N’ t) = rN (t)+ rN (t) - r2N (t)
(a)
+N7 1 r(t) > rNE) PV ()
(b)
=2r™ (t) +Nr2V2(t)
-2NP )+ (N- DN () )

The formula for the two-terminal reliability for @R will
be dependent dk the distance betweest pair. It is measured
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as the number of spans on the working path betwhesmn (cf.
Fig. 1). To derive the formula we take advantagehef fact
that a two-terminal connection in UPSR is an exangfla 1+1
protection and from the reliability point of vieworfins a
parallel-serial structure. Thus, the two-termineliability is
given by

Rurse(N D=1 2 ()7 2 ()

OO

B. BLSR

Although we analyze 4-fiber BLSRs, we do not tak® i
account the direction of the fibers in the painafrking fibers.
We assume that the failure of the clockwise/coutdekwise
working fiber is always related to the failure ohet
corresponding working fiber, although they are istiaally
independent of the failures of the protecting pEirfibers.
Also, the latter pair is treated as fully corretafeom a failure
point of view. This is shown in the simplified pices
presenting the operation of BLSR (Fig. 2b-d).

All nodes of BLSR are connected if there are ntufas or
if failures occur but span or ring switching perfarwell, i.e.,
the set of failures do not exclude the successinkport. Such
a situation can be disassembled into the folloveinents:

(a) all pairs of corresponding working-protectinigefs
are operational (there are 0 up Nosuccessful span
switchings),

(b) exactly one pair of corresponding fibers isltiau
and all other fibers are operational (there is gxamne
ring switching and no span switchings).

Therefore, the all-terminal reliability for BLSR @btained
as

RaII_BLSR(Nxt):{l' i I’(t) 2}N+ N 41 r(t)’z rZN-Z(t)
@ (b)

= (t)” 2-r(t) "+ Nr2N-2(t)

- 2Nr# () NN (t) .3)

Similarly as in the case of UPSR, two-terminal aellity
for BLSR will be dependent on the distance betwsémpair
(cf. Fig. 2a). There is only one difference: iassumed that the
traffic in the normal mode is transmitted on thersst path.
The two-terminal reliability for BLSR is related tthe
alternative of the following probabilistic events:

(a) all fibers of the working path are operational,

(c) there is at least one successful span switdhitige
working path (up td\ span switchings), and there are
no ring switchings in the working path.

After summing up the probabilities of the aboveragewe
obtain the following formula for the two-terminalliability for
BLSR:

Reasa(N k)= F()+Kk 2 1() = PRO(g re(y)
(a) (b)
Lt e g
()
= 0¥ (1) ke VR (1) - 2k )+

koK

k(1) +r(t)” L)'

= |
- krN+k-2(t)_ 2krN+k-1(t)+krN+k(t)

+r4(t) 2 r(t) " @

During calculation of (4) we take advantage offtit, that

k k' ’ k k'

1) @)

CLr()t () 1

ko k
i=o |

=L-rrl-E 200)7 1 ©)

Here and below, fop-cycles, we take into account the
advantageous situation in which a working pathwbich the
formula is derived does not lack shared spare ressui.e., it
is affected by failures before other paths beccamityf.

C. p-Cycles

In a p-cycle all nodes are connected when one of the
following statements is true:

(a) all working fibers are operational,

(b) exactly one of the on-cycle fibers is faultydan
other working fibers are operational and pdtycle
fibers (except for the one that is co-located with
faulty one) are operational,

(c) exactly one of the straddling spans is faulty a
other working fibers are operational and pdtycle
fibers are operational.

We have to focus for a while on the last eventhédigh in

(b) exactly one pair of corresponding fibers in thethe case of the straddling span only one of thévésa of the
working path is faulty and all other fibers of the P-cycle could be used, we demand that in such at®tuthe
working path are operational and all protectingeffib whole p.-cycle is operat|onal._ This is related to the m we
in the protecting path are operational (there ig onWwould like to draw all possible advantages froongsihep-

successful ring switching in the working path), or cycle. During the calculation of the all-terminaliability for a
p-cycle we assume that it is used in a maximalliciefit way.
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That means that we assume that there are two pedtec . all p-cycle spans on one side of tipecycle are

channels on the straddling span and, after a &iture of them operational, or

will be rerouted on one “half’ (side) and the setan the ,

other. Additionally, these two channels on thedklliag span - al p-cycle spans on the other side of fheycle are

are  100%  statistically ~dependent, ie., they are operational.

operational/faulty at the same time. This is the case of 2:1 protection. We can usepthallel-
The formula for the all-terminal reliability of prcycle is ~ Serial reliability structure which is shown in Fig. Now we

also dependent as follows on the number of stagdipand:  @ke the most advantageous case where there is amdy

channel on the straddling span and it can be redooh one of
the operational paths formed by theycle. The two-terminal

Ry (N L= () +N" 2 r(t)" ™) (1) reliability calculated on such a basis is equal to

@ (b)

LT r(t) M) o) R, (NKk)=1- T r() 1 r() -1 ¥y

(© _ K K+l N- k

. N R =r(t)+ri@)-r )+ Vo)

=r" L(t)+Nr2N Lz(t)+(L'N) re Ll(t) _rN-k+1(t)_ rN(t)'_ rwl(t)

L) © . ®)

~ N’ (N- 1) V. RINGS AND P-CYCLES. A COMPARISON
whereLl 0.1, 2 N The advocates of-cycles eagerly stress their prevalence

over protection rings. For example, [14] enumeraties
Similarly as in the case of the two-terminal reliapfor ~ advantages from the standpoint of: modularity, qution
UPSR or BLSR, the two-terminal reliability forpacycle will ~ Yield, protection flexibility, routing and provisiing of
be dependent on the distance param&teHere, k is the ~ Wworking paths, network redundancy and average herugt
number of on-cycle spans on which the signal isgmeon the Protection paths. We agree with all these pointswvéter, we
p-cycle or the minimum number of such spans betwien Would like to pay heed to the one feature thaiismentioned
nodes adjacent to the straddling span on whichsitpeal is in it. In the previous section we derived formubaich
present. Such a parameter can be identified witmtimber of ~ describe the reliability functions for UPSR, BLSRdap-
spans between the source and sink nodes in UPERSR.  cycles. Now, we would like to present numerical repées
We do not take into consideration the situationnatige signal which prove that, from the reliability point of vie the
is present simultaneously on on-cycle and stragdijpans, or superiority ofp-cycles can be contested.

on more than one straddling span. For examplejgn3a we We apply the availability models to the reliabilftyrmulas
have k=2. The two-terminal reliability should be calculated yq(iyeq iﬁgr?/e previous sec)t/ion. We use steadga—sl\;?{ilability
in the case op-cycles separately for an on-cycle span and ga). The exact definition of it is given in [15]. Four purposes
straddling span. it could be understood as the probability that t@mi (link,
Two nodes, characterized by a working path tramgrki Network) is up (in the operational state) at aninpm time
on-cycle spans, are connected when one of thewfoitp [13]. Therefore, in contrast to the reliabilityjsta number. The
statements is true: operation consists in the substitution of ur(e) function byA

(a) all k on-cycle spans between the nodes ard’allformulas.

operational, At first, we present the comparison of all-terminal
rgvailabilities. It can be seen in Fig. 5 thatycles can be
escribed by numbers inferior to those characterifbr
protection rings. It is apparent that BLSR is redbto the large

(b) exactly one on-cycle span between the nodes
faulty and otherk - 1 on-cycle spans are operational as
well as N - 1 spans of thg-cycle.

Therefore, the two-terminal reliability will be

R, o(Nk)=r()+k 2 r(f)" ri(f) r**(1)
(@) (b)
rk(t)+krN+k-2(t)_ kerl(t)

(7)

On the other hand, two nodes are connected byddiing
span in the case of the following events:

Figure 4. Reliability block diagram for a two-terminal conriec

the straddling span is operational, or traversing the straddling span ipaycle.
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resilience, while UPSR andp-cycle is much worse. do nottake into account the standard restrictiod®nodes for
Additionally, p-cycle is far less reliable than UPSR. Obviously,BLSR and UPSR rings.

the availability decreases with the growing numbgmnodes .
and straddling spans. We consider the theoretasd,cso we In Fig. 5 we can see that although the large nunater

Figure 5. All-terminal availability of protection rings armcycles.

Figure 6. All-terminal availability of ap-cycle with N=20.

Figure 7. The relationship between two-terminal availabi$itef protection rings angicycles.
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straddling spans is attractive, each next stragdigpan
considerably decreases the all-terminal availgbilir a p-
cycle. Fig. 6 presents the all-terminal availapilitf p-cycles
consisting of 20 nodes. The availability decredasswith the
growing number of straddling spans.

The presented values are related to a quite laegy@ork.
But one should take into account that NGI netwovkil
consist of such a large number of nodes, e.gt-auetinental
backbone networks of global operators. We can lsaieeven
for representative values of fiber availabilith € 99,5%), the
all-terminal reliability decreases very fast ancmevor small
numbers of straddling spans it reaches unsatisfalegieels. On
the other hand, the all-terminal availability cam fecognized
as satisfactory in a quite large rangeld$ in the case of
relatively large link availability valuesA=99,9%). A three
9's level of link availability means that the fibeis
approximately 100 km long. Such a short length afpan is
obviously possible, but rather in metropolitan retes, not in
wide area networks. It would suggest thatycles could be a

good solution for MANs. This can also be a chanoe f[2]

introducing this new technique in the NGI. On tlieeo hand,
it would be neither necessary nor possible to kagdsling
spans in MANSs.

The comparison of the two-terminal reliabilities asso
interesting. The end-to-end perspective seems toelter for
p-cycles than the all-terminal reliability. The exalmis shown
in Fig. 7.

The picture shows that the two-terminal availapitf an
on-cycle span is worse than the analogous avaiiabil both
rings. This is related to the fact that the protecpath in go-
cycle is longer than its ring equivalents. The nmstprising
can be the fact that it is also true in the casthep-cycle to
UPSR relation. On the other hand, the two-terménailability
of p-cycles is better than two-terminal availability mriigs (it
could be not visible in the picture, but it is ttese also for the
p-cycle to BLSR relationship). The reason is thamnfrthe

straddling span standpoing;cycle protection constitutes a 2:1[9]
connection. This proves the fact that@ttycle advantages are

related to straddling spans.

The results suggest that the prevalence of p-cywles
traditional protection rings can be contested. Témson for
this lies in the fact that both types of technigaes quite rigid.
We can see this feature especially in the caskeoBt SR and
p-cycles comparison. Although both schemes enaldeirgh
their behavior after a failure is fully determinadd does not
leave any room for flexibility needed in the cas@a secondary
failure. And then the fact that is the greatestaatizge ofp-
cycles (the existence of straddling spans) appeatse also
their greatest disadvantage: the secondary fasumeore likely
to occur, since the more spans, the greater prittiyatfi faults.
As p-cycles are designed to be resilient to singleifad only,
the secondary failure must incur a fault which cinbe
recovered.

VI. CONCLUSION

We showed the importance of reliability assessrfmnthe
evaluation and comparison of different recovery hods

which are investigated as a potential techniquettier NGI.
The derivation of the formulas describing the ahd 2-
terminal reliability and the numerical examplesyardhat the
dominance ofp-cycles over protection rings is doubtful. The
reader should note that we omit node reliabilitgn§idering of
node reliability would make the reliability functis for p-
cycles far more inferior because this techniquanas well
suited for treatment of node failures.

We propose to use such an analysis at the stage of

preparation of network recovery procedures forN&. The
speed of the method and cost-effectiveness relaiethe
redundancy can be insufficient to make a satisfaatboice p-
Cycles can be very attractive, but they are satisfdy reliable
only for quite large values of fiber availabilitfhis would
restrict their usage to metropolitan area networks.
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