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PATTARIN LEELARUSMEE: DESIGN OF WDM NETWORKS SUPPORTING MULTICAST
TRAFFIC WITH SINGLE LINK FAILURE PROTECTION. THESIS ADVISOR: ASSOC.
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This thesis studies four designing schemes with single link failure protection capability
for WDM networks, namely one ring for one multicast-session (OFO), one ring for all multicast-
session (OFA), multi ring for all multicast-session (MFA) and joined part recovery (JPR). Key
aspects that are taken into consideration and comparison of the designs include a total fiber
requirement, ease of operation and practical feasibility. Moreover, in this thesis, the influence of
wavelength conversion and a number of wavelengths are multiplexed in a fiber on the system
designs is also analyzed. The mathematical models based on integer linear programming (ILP)
are used as a solution technique for obtaining the total fiber requirement of each designing
schemes. Since the ILP formulations are computational expensive even for the small size

networks, heuristic algorithms are also proposed and applied to large-scale networks.

Based on the simulation results, the JPR is the most appropriate protection scheme that
can accomplish the lowest total fiber requirement. Based on ring-based protection schemes,
the MFA is the most complicate scheme that requires the lowest number of fiber on the system.
In addition, unlike other ring-based protection schemes, the MFA has no limitations on the

applicable size of ring.
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A9199 5.1 Aauauannig (N,) uazaruausouils (N, ) Aldafreutuansesnapndinriansaasiassae 5N_7L (n) nsddlassdnaanunsouaslianungm
wAlatToyvnuiletnadenlaadamalfdeniieradanlaslulnsedna NWC Tifuaaudamea (2) nadilasednaanunsouas liaunsndnassdunielud 18

Wanitnemanlaalulagatine WC ld5umnudane

Protection Schemes (NWC)

NO (NWC)
M OFO OFA MFA JPR JOFO JOFA JMFA JJPR

N, | N, N, | N, N, | N, Ny N, N, | N, N, | N, N, | N, N, | N, N, | N,
1 69 12 26 96 14 54 38822 | 1394 726 476 95 65 83 73 38891 1406 795 488
2 69 12 26 96 14 54 38822 | 1394 726 476 95 65 83 73 38891 1406 795 488
3 69 12 26 96 14 54 38822 | 1394 726 476 95 65 83 73 38891 1406 795 488
4 69 12 26 96 14 54 38822 | 1394 726 476 95 65 83 73 38891 1406 795 488
5 69 12 26 96 14 54 38822 | 1394 726 476 95 65 83 73 38891 1406 795 488
6 69 12 26 96 14 54 38822 | 1394 726 476 95 65 83 73 38891 1406 795 488
7 69 12 26 96 14 54 38822 | 1394 726 476 95 65 83 73 38891 1406 795 488
8 69 12 26 96 14 54 38822 | 1394 | 726 476 95 65 83 73 | 38891 | 1406 | 795 488




Protection Schemes (WC)
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NO (WC)
OFO OFA MFA JPR JOFO JOFA JMFA JJPR
N, N, N, N ¢ N, N ¢ Ny N ¢ N, N N, N, N, N, N, N N, N
69 12 26 96 14 54 38822 | 1394 502 476 5 65 83 73 | 38891 1406 | 571 488
131 19 26 187 14 103 | 77630 | 2787 | 997 952 157 107 145 129 | 77761 2806 | 1128 | 971
193 26 26 278 14 152 [ 116438 | 4180 | 1492 | 1428 219 149 207 185 [116631| 4206 | 1685 | 1454
255 33 26 369 14 201 | 185246 | 8573 | 1987 | 1904 281 191 269 241 |155501| 5606 | 2242 | 1937
317 40 26 460 14 250 | 194054 | 6966 | 2482 | 2380 343 233 331 297 [194371| 7006 | 2799 | 2420
379 47 26 551 14 2909 | 232862 | 8359 | 2977 | 2856 405 275 393 353 |233241] 8406 | 3356 | 2903
441 54 26 642 14 348 | 271670 [ 9752 | 3472 | 3332 467 317 455 409 |272111| 9806 | 3913 | 3386
503 61 26 733 14 397 | 310478 | 11145 | 3967 | 3808 529 359 517 465 |310981( 11206 | 4470 | 3869
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AN519N 5.2 108 M 1NN MNHA LR AL AR LIS AN N AR AN AR FIa9lATIENE 5N_7L

(n) necilasednaanunsauazldarunsaudladymnitednedenloa@ama lfdeuieine

wanlaalulazedng NWC Ti5uau@aung (@) namlasetnadnisonas i@ n10dnass

W lvdlsdanilatnadanlaalulaseting WC Tasuaiuidssneg

Protection Schemes (NWC)

. NO OFO OFA MFA JPR JOFO JOFA JMFA JJPR

1 90 ms. 0 0 90 ms. 10 ms. 0.3sec. | 50ms. | 3.25sec. | 0.26 sec.
2 20 ms. 0 0 70 ms. 10ms. || 0.38sec.| 60ms. |6.64 sec.|0.26 sec.
3 10 ms. 0 0 04sec. | 10ms. ||0.59sec.| 90ms. | 1.85sec.| 1.41 sec.
4 10 ms. 0 10 ms. 60 ms. 10 ms. || 0.53sec.| 50ms. |3.06sec.| 1.77 sec.
5 10 ms. 0 0 0.2sec. | 20ms. || 0.66sec.| 30ms. |2.38sec.|3.44 sec.
6 10 ms. 10 ms. 0 0.29sec.| 20ms. || 0.77sec.| 40ms. |2.38sec.| 1.23 sec.
7 10 ms. 0 0 0.183sec.| 20ms. || 1.03sec.| 50ms. |2.15sec.| 2.4 sec.
8 10 ms. 0 10ms. |0.16sec.| 20ms. || 1.57sec.| 50ms. | 1.96sec.|1.78 sec.

(n)
Protection Schemes (WC)

. NO OFO OFA MFA JPR JOFO JOFA JMFA JJPR

1 0 10 ms. 10 ms. 30 ms. 30 ms. 20ms. 50ms. | 6.3sec. [ 0.30sec.
2 30 ms. 10 ms. 0 80 ms. 0 0.24sec.| 0.11sec.| >10hr. | 7.44 sec.
3 50 ms. 0 10 ms. 50 ms. 10ms. || 0.65sec.|042sec.| >10hr. | 4.81 min.
4 70 ms. 0 0 50 ms. 10 ms. 1.8sec. [0.69sec.| >10hr. [10.11 min|
5 19 ms. 10 ms: 0 0.97 sec.| B0 ms: || 317 sec.| 1.3sec.-| >10hr. |10.28 min.
6 [[4.31sec.|| 10ms. 10 ms. 60 ms. 10 ms. |[17.94sec.|19.65sec.| >10hr. | 5.82hrs
7 26 ms. 0 0 0.72sec.| 10ms. [[2.64sec.|21.27 sec| >10hr. |19.83 min.
8 73 ms. 0 0 0.47sec.|0.11sec. || 7.34sec.| 8.1sec. | >10hr. |41.23 min.
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A9199 5.3 a1uauaunig (N, ) wazanuausauils (N, ) Aldafsuunsiaesnisatiamansaasiasetng 7N_13L (n) nsddlassdnaanunsouazlianungm

|
=

wAlatToyvnuiletnadenlaadamalfdevileradanlaslulnsedna NWC Tifuaaudaa (2) natilasednaanunsouas liaunsndnassdunielod s

Wanitnemanlaalulagatne WC ld5umnu@ane

Protection Schemes (NWC)

NO (NWC)
M OFO OFA MFA JPR JOFO JOFA JMFA JJPR
Ny | N Ny | Ne | Ny | N Ny Ne | Nv | N Ny Ne Ny | Ne Ny | Ne | Ny | N
1 58 22 416 | 334 | 124 | 815 | 92122 | 47048 | 1898 | 741 474 | 356 | 182 | 899 |92180| 5145 | 1956 | 763

2 58 22 416 334 124 815 | 92122 [ 47048 | 1898 741 474 356 182 899 | 92180 5145 | 1956 763

3 58 22 416 334 124 815 | 92122 [ 47048 | 1898 741 474 356 182 899 | 92180 5145 | 1956 763

4 58 22 416 334 124 815 | 92122 [ 47048 | 1898 741 474 356 182 899 | 92180 5145 | 1956 763

5 58 22 416 334 124 815 | 92122 | 47048 | 1898 741 474 356 182 899 | 92180 5145 | 1956 763

6 58 22 416 334 124 815 | 92122 | 47048 | 1898 741 474 356 182 899 | 92180 5145 | 1956 763

7 58 22 416 334 124 815 | 92122 [ 47048 | 1898 741 474 356 182 899 | 92180 5145 | 1956 763

8 58 22 416 334 124 815 | 92122 | 47048 | 1898 741 474 356 182 899 | 92180 5145 | 1956 763




Protection Schemes (WC)

NO (WC)
OFO OFA MFA JPR JOFO JOFA JMFA JJPR

N, N, N, N ¢ N, N ¢ Ny N ¢ N, N N, N, N, N, N, N N, N

58 22 416 334 124 815 | 92122 [ 47048 | 1898 | 741 474 356 182 899 | 92180 5145 | 1956 | 763
103 35 416 451 124 | 1621 | 184214 | 94095 | 3783 | 1482 519 486 227 | 1718 (184317 10280 | 3886 | 1517
148 48 416 568 124 | 2427 | 276306 |141142| 5668 | 2223 564 616 272 | 2537 |276454| 15415 | 5816 | 2271
193 61 416 685 124 | 3233 | 368398 |188189| 7553 | 2964 609 746 317 | 3356 [368591| 20550 ( 7746 | 3025
238 74 416 802 124 | 4039 [ 460490 |235236| 9438 | 3705 654 876 362 | 4175 |460728| 25685 | 9676 | 3779
283 87 416 919 124 | 4845 | 552582 |282283| 11323 | 4446 699 | 1006 | 407 | 4994 [552865| 30820 | 11606 | 4533
328 100 416 | 1036 124 | 5651 | 644674 |329330( 13208 | 5187 744 | 1136 | 452 | 5813 [645002| 35955 | 13536 | 5287
373 113 416 | 1153 124 | 6457 | 736766 |376377| 15093 | 5928 789 | 1266 | 497 | 6632 [737139| 41090 | 15466 | 6041

55
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AN5197 5.4 AN M NNIMNHARAEIAILLLRIAANN N AR AIAAT1a9IA9Ne 7N_13L
(n) necilasednaanunsauas ldarunsaud ladlymnitednedenloa@ama lfdauieine
wanlaalulazedng NWC T5uaqu@aung (1) nalasetnadnisounas i@ n104na39

Wunalvdlsaniltnadanlaalulaseting WC Tasuaduidsmieg

Protection Schemes (NWC)

. NO OFO OFA MFA JPR JOFO JOFA JMFA JJPR

1 80 ms. 0 70ms. [0.71sec.| 50 ms. 80 ms. [ 0.67 sec. | 2.83 min.| 2.66 sec.
2 60 ms. 0 10ms. |2.01sec.|0.15sec. || 0.32sec.| 0.68 sec. | 4.97 min.| 4.9 sec.

3 20 ms. 0 10ms. | 1.14sec.|0.15sec. || 0.1sec. | 1.05sec.| 5.5min. [20.74 sec.
4 0 10 ms. 10ms. |2.02sec.|0.17 sec. || 60ms. |0.86sec.|3.38 min.[11.22 sec.
5 0 0 10ms. | 1.8sec. | 0.39sec. || 0.19sec.| 0.77 sec. | 3.52 min. |[27.82 sec.
6 20 ms. 0 10 ms. 2sec. |047sec.|| 80ms. |1.25sec.| 2.1 min. | 8.74 sec.
7 20 ms. 10 ms. 30ms. [0.56 sec. | 0.16 sec. 30ms. [0.98sec.|2.38 min.| 6.01 sec.
8 20 ms. 0 20ms. | 0.76sec.|0.17sec. || 0.1sec. [ 1.61sec.| 2min. |6.22 sec.

(n)

Protection Schemes (WC)

NO OFO OFA MFA JPR JOFO JOFA JMFA JJPR

1 0 10 ms. 80 ms. | 0.73sec.| 10ms. 80ms. | 1.18sec.| 3.04 min.| 2.15 sec.

2 50 ms. 10 ms. 10ms. | 3.87 sec. | 1.26 sec. || 0.19 sec. | 6.84 sec. |40.58 min.| 1.35 min.

3 1.24 sec. 0 10ms. | 2.13sec.|0.78 sec. || 2.59 min.|38.26 sec.| 6.79 hrs. | 1.69 hrs.

4 0.44 sec.|| 10 ms. 30ms. [6.36sec.| 0.7sec. |[12.39sec.| 1.42min.| >10hr. [ >10hr.

5 2.25 sec. 0 20ms. | 5.78sec.| 3.4 sec. {[20.72 sec{15.96.min} >10hr. | >10hr.

6 1.92sec.|| 10 ms. 20 ms. | 7.93sec.| 2.84sec.||23.34sec.| 3.63hrs..[ >10hr. | >10hr.

7 2.31sec.|| 10ms. 20ms. | 1.12sec. | 1.37 sec. ||35.93 sec.[10.16 min,| >10hr. | >10hr.

8 1.05 min. 0 40ms. | 1.16sec. | 0.54 sec. || 14.4 min. (25.12min.{ >10hr. | > 10 hr.

(1)
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session demand | source | destination
1 2 2 57314
session | demand | source | destination 2 1 2 361
1 1 5 >3 3 2 2 435
2 2 5 132 4 3 2 75
3 3 s | a2 5 2 2 3147
4 1 5 4213 6 1 2 46
5 3 5 13 7 3 2 65
8 2 2 546
9 3 2 31

(n) (1)

gﬂﬁ 5.2 3 Anaaslasedng (n) Tassaag 5N_7L (a) TAgatne 7N_13L

HALRALITBIULIUANABINNANIAAARTAIN IAuanelunng1ei 5.1 D9 5.4 azgninan
a s a T a o Y o 1 d’l
WA iFauiisy TasutaRansanaiNiadefasalils

" AnsFaude s IS A N D LA ILLLAN AR NI AT AANE RS

" AnsuFaudeslu@ana i I lun1su Na DAL UBN LIS 1A DY

51.1  n1sudsauiaululEsAnNTUdaUIadt LU 1ADINISAAANEAS
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A1519% 5.5 anuaduleudatiuaaisunanlazeting 5N_7L fa9n13 WHanIn1suiLaLaat

AMNULLINAAINWNAAANERS (ILP) uazanndanasnunaanuuuld (Heu) (n) nacilaseaing

NWC (1) nseilaseane WC

Protection Schemes (NWC)

M OFO OFA MFA JPR

ILP Heu ILP Heu ILP Heu ILP Heu
1 67 67 54 54 48 48 43 43
2 42 42 s 27 25 28 22 22
3 31 31 19 19 17 21 17 17
4 29 29 17 17 15 15 13 14
5 28 28 11 1 11 1 11 11
6 27 27 10 10 10 10 9 10
7 26 26 9 9 9 9 8 9
8 26 26 9 9 9 9 8 9

(N)
Protection Schemes (WC)

M OFO OFA MFA JPR

ILP | Heu | ILP | Heu | ILP | Heu | ILP | Heu
1 67 67 54 54 48 48 43 43
2 47 47 27 27 25 29 23 24
3 35 35 24 24 21 24 17 18
4 29 29 17 17 15 16 13 14
5 28 28 1 11 11 13 11 11
6 28 28 11 11 11 11 10 11
7 26 26 9 9 9 9 8 9
8 26 26 9 9 9 9 8 8
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A5199 5.6  auuduleuisnnasiannanlazetng 7N_13L #a9n13 LHanInIsuINg

RALANNWULANRBININAAAIZAT (ILP)  wazandanasnufaanuuuld (Heu) (n) nacs

TA99ne NWC (1) ngeiimsedting WC

Protection Schemes (NWC)

M OFO OFA MFA JPR

ILP Heu ILP Heu ILP Heu ILP Heu
1 132 132 115 115 82 83 71 71
2 76 76 69 69 47 51 37 38
3 60 60 40 40 33 85 26 26
4 55 55 36 35 26 26 20 20
5 53 53 26 26 20 23 18 18
6 52 52 25 25 20 22 15 15
7 51 51 24 24 20 20 13 14
8 51 51 24 24 20 20 13 13

(n)
Protection Schemes (WC)

M OFO OFA MFA JPR

ILP Heu ILP Heu ILP Heu ILP Heu
1 132 132 115 115 82 83 71 71
2 76 76 69 69 50 53 38 39
3 60 60 40 40 33 31 27 28
4 55 55 35 35 26 26 21 21
5 53 53 26 26 20 24 18 18
6 52 52 25 25 20 22 16 18
7 51 51 24 24 20 20 14 16
8 51 51 24 24 20 20 14 14

(2)
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Abstract- This paper proposes five novel protection strategies
against single link failure in multicast multi-fiber WDM
networks. These strategies are able to provide rapid recovery
from failure by reserving sufficient preplanned spare capacity.
Mathematical formulations based on the integer linear
programming (ILP) are derived to determine optimal multicast
routing and wavelength assignment (MC-RWA) while achieving
100% restoration. Based on a sample network, it is shown that the
joined-path recovery (JPR) scheme is the most cost-effective,
whereas the ring-based protection strategies offer other
advantages, i.e. fast and reliable recovery.

I.  INTRODUCTION

Optical network with Wavelength Division Multiplexing
(WDM) technology is currently seen as a choice of promising
transport networks to meet the tremendous growth of
bandwidth demands and low latency in emerging multicast
applications such as Internet game, distance learning and video
on demand [1]-[3]. The structure of tree spanning all multicast
members is employed to establish point-to-multipoint
connection for supporting multicast traffic. With the intensive-
bandwidth in optical fibers, a network element failure such as a
fiber cut will be the cause disrupted destinations from severe
data loss. The impact will increase dramatically, if the failed
link of multicast tree carries the traffic for several destinations.
Therefore, to protect multicast traffic against the interruption,
survivability must be considered in designing WDM networks.
To achieve full protection and fast recovery times, backup
paths should be determined and centrally computed in advance
before failure occurs.

In the literature, many research studies on survivability in
WDM optical networks have focused on the recovery of point-
to-point (unicast) traffic [4]-[9]. Yet, few research studies have
focused on multicast traffic using concepts such as dedicated
paths [10]-[11] and shared backup paths [12]. To achieve full
protection and fast recovery time, backup paths should be
determined and centrally computed in advance before failure
occurs. Consequently, the five protection schemes for handling
on the physical layer of the network using concepts of ring-
based protection techniques and path-based protection
technique are propose in this paper. The optimal multicast
routing and the wavelength assignment (MC-RWA) in
multicast WDM networks are achieved by mathematical
formulations based on the Integer Linear Programming (ILP).

The remainder of this paper is organized as follows. Section
Il provides the description of five protection schemes. The
mathematical formulations based on ILP are proposed in
section Iil. Section 1V presents simulation results and the
comparison among protection techniques. Finally, the
conclusion is given in the Section V.

II. MULTICAST-TREE PROTECTION SCHEMES

A classification of all proposed protection strategies is
shown in Fig. 1. As illustrated, the protection schemes are
classified into two major techniques, namely ring-based
protection techniques and path-based protection technique.

Protection Shemes

Ring-based Protection Path-based Protection

Techrluques Technique
[
One ring for one One ring for all Joined part
Multicast-session Multicast-session recovery
(OFO0) (OFA) (JPR)
Routing-based Demand-based Routing-based Demand-based
approach approach approach approach
(OFOR) (OFOD) (OFAR) (OFAD)

Figure 1. Classification of multicast protection schemes

A. Path-based Protection Technique

In this scheme, the disrupted multicast trees are re-routed
along_alternative physical paths which provide the survivable
networks with minimal fiber requirements. In this paper, only
one protection scheme using path-based protection technique,
namely joined path recovery is proposed.

A.1 -Joined path recovery (JPR)

In the JPR scheme, when a link is cut, each affected
multicast tree is separated into two disconnected sections or
sub trees. After separation, each sub tree may contain some
nonmember nodes that are no longer needed for connecting
member nodes. Hence, these nodes are detached and their
associated links are released from the sub trees. Two sub trees
try to rejoin together by re-routing along alternative joined
paths. For clarity, Fig. 2 shows the mechanism of JPR
protection strategy. Inasmuch as each multicast tree can have
several different joined paths depending on the place of failure



along the multicast tree, so the selection of an inappropriate
joined path will result in ineffectively use of spare capacity.

<«—> Restore path
O Non-multicast member

«== \\orking path — Span

Multicast member

sub tree2

@@

(a) normal operation  (b) multicast tree is separated into
. sub tree2 WO sub trees due to link 3-5 failed

~

@‘@

(c) after failure, sub trees are detached (d) joined two sub trees
and their associated links are released with joined path
Figure 2. Joined part recovery (JPR) technique. Fig. 2(b) shows disrupted
multicast tree is separated into two disconnected sub trees. Fig. 2(c) illustrates

sub trees are trimmed by detached some non-member nodes and their
associated links. Two sub trees are rejoined by a protection path in Fig. 2(d).

B. Ring-based Protection Techniques

Using the ring-based design concept for protecting multicast
sessions, two protection schemes, namely one ring for one
multicast session and one ring for all multicast sessions are
proposed. In these schemes, the disrupted multicast trees are
re-routed upon a set of chosen protection rings that provide
100% survivability with the minimal number of fiber
requirements.

B.1 One ring for one multicast session (OFQ)

In OFO scheme, each multicast session is allocated in a
separated and dedicated ring. To restore the failure, the
disrupted traffics in the same session is rerouted on a single
predefined ring. No traffic is allowed to get across rings in
order to avoid the complicated control and management.
Consequently, the aim of this design is how to select the
optimal rings in order to minimize the spare capacity
requirements. Note that, this concept is rather easy to manage
and straight forward. However, networks using this protection
technique may suffer from low capacity utilization. To enhance
the understanding of OFO mechanism, Fig. 3 shows a network
with OFO protection strategy.

— Span
Protection ring

e \Norking path ~  ==e=== Restore path
[} Multicast member O Non-multicast member

R1 - ; .
/*K'\ /W'
i > At

(a) normal operation of
multicast sessionl

(b) protecting multicast sessionl
by using protection ring R1

= =5 ==

(d) normal operation of  (€) protecting multicast session2 ~ (f) protecting multicast session2
multicast session2 by using protection ring R2 by using protection ring R2

(c) protecting multicast sessionl
by using protection ring R1

Figure 3. One ring for one multicast session (OFO) strategy. (a) and (d)
are two multicast sessions and two dedicated protection rings.
(b)-(c), (e) and (f) show the restored path along the protection rings.
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In fact, we can further divide the OFO technique into two
sub-types according to the way in which the traffics are
restored, namely OFO with routing-based approach (OFOR)
and OFO with demand-based approach (OFOD). For the
OFOR scheme, only interrupted multicast trees are re-routed
along protection rings. Meanwhile, for the OFOD, all multicast
trees are re-routed even they may not be disturbed by the
failure.

B.2 One ring for all multicast session (OFA)

The restoration process of this scheme can be considered as
a modification technique from the OFO scheme. To achieve
efficient capacity utilization, all channel capacity upon a single
protection ring can be shared by several restoration paths from
different multicast sessions. However, only one ring is chosen
for handling all restored traffics; see Fig. 4 for the example.
Under the OFA mechanism, the size of the protection ring
must conceptually be large enough to cover all multicast
members of multicast sessions. In fact, this strategy can be
divided into two sub-types according to the way in which the
traffic are restored, namely OFA with routing-based approach
(OFAR) and OFA with demand-based approach (OFAD). As
demonstrated, Fig. 4 shows the OFA protection scheme on the
example mechanism.

«== \\/orking path
® Multicast member

----- Restore path
O Non-multicast member

— Span
Protection ring

Pt
X ~

(b) protecting multicast sessionl
by using protection ring RO

(a) normal operation of
multicast sessionl

—

(c) normal operation of
multicast session2

RO
T~
/
(d) protecting multicast session2
by using protection ring RO
Figure 4. One ring for all multicast session (OFA) strategy.

Fig. 4(a) and 4(c) illustrate two multicast tree. Fig. 4(b) and 4(d) present the
restored path upon single protection ring.

I1l. MULTICAST PROTECTION FORMULATIONS

In this section, the ILP formulations are developed for five
protection strategies as ‘described in the previous section. The
ILP models are used for accomplishing the optimal resource
allocation. The optical network. is modeled as an undirected
graph , where denotes a set of optical nodes, and denotes a
set of undirected links, . Each unidirectional link consists of
several optical fibers. Every optical node is equipped with full
wavelength converters capable of converting an incoming
wavelength to any other out coming wavelengths. The number
of wavelength channels carried by each fiber are equal to . For
serving multicast traffics, optical splitters are included in
OXCs so as to be multicast-capable OXCs (MC-OXCs). Since
some techniques are proposed by using the ring concept,
OADMs are equipped with optical nodes for providing ring
property. Let us introduce the parameters and variables that are
used in the ILP formulations as defined in Table 1.



TABLE |
NETWORK PARAMETERS AND VARIABLES USED
IN THE MATHEMATICAL FORMULATIONS

Network parameters (inputs)

number of nodes in the network takes the value of one if multicast tree n of
multicast session sg releases associated links of
detached nodes when a failure occurred on link j;
and zero, otherwise (JPR case)

takes the value of one if multicast tree n of

gysz"# multicast session sg releases link j when a failure
occurred on link j', and zero, otherwise (JPR case)
o0 | multicast session sg takes the value of one if route k of node pair sd is
total demand of multicast session sg in units of hiisan the shortest backup route that protect the failure on
9| wavelength channels sd.k | link j'along multicast tree n of multicast session sg
, and zero, otherwise (JPR case)

number of links in the network Wl o

N
L
M number of wavelengths multiplexed per fiber
m

a set of multicast requests of a network

traffic demand on selected multicast tree n of

ty, | total candidate multicast tree of multicast session sg . - _
— _ Q,, | asetof candidate rings of multicast session sg
N, | asetof node pair in a network, i.e., N(N-1)/2 -
: -
K,y | asetof candidate routes of node pair sd Network variables (OUtpUt'i) K‘-
N, | asetof possible rings in a network s number of spare fibers contained in link j (JPR

i |case)
R number of spare fibers on candidate smallest rings
99| q e Qy for multicast session sg (OFO case)
number of spare fibers on ring i (every link of ring

total number of physical links of ring q € Qg

[} total number of physical links of ring ie N,
takes the value of one if multicast tree n ety of

multicast session sg passing through link j*, and

has the same number of optical fibers) (OFA case)

zero, otherwise

takes the value of one if route k of node pair sd is

a Boolean variable, a candidate protection ring i
ieN, (OFA case)

the backup route for protecting the failure on link j’

a Boolean variable, a candidate smallest protection

Vs upon multicast tree n of multicast session sg , and Tyq
zero, otherwise (JPR case)

takes the value of one if route k of node pair sd
ﬁsld“k passing through link j’, and zero, otherwise (JPR
case) ] a candidate physical route k of node pair sd for

5 | takes the value of one if ring i cover all members of || P.§3®" | protecting the failure on link jupon multicast tree
multicast session sg (OFA case) n of multicast session sg (JPR case)

ring g € Q, for multicast session sg (OFO case)

I a candidate physical route k of node pair sd for
Ped protecting the failure on link j'(JPR case)

A. ILP formulations of path-based protection technique
A.1 JPR mathematical formulation

Minimizing the total spare fiber requirements:

min :{gsj} (1)

The constraints to be satisfied are:
S PIEN (-L) =Todh @

for 1<j'<L;1<sg<m;l<n<t
Pl = 23R ©

for 1< j'<L;1<sd <

Ngg Keg
M X Sj - zz psld,k sd,k + Zszgnngjjn s]g]n 2 0 (4)

sd=1k=1 sg=1n=1
<L;j=j
]’ psdk ' stiksgn € {011521} (5)
for 1< j'<L;l<js<lilssd <N, ;l<k<K,;
1<sg<m;l<ns<t,

Nsd;lsksK

for 1< j’

The objective function (1) is to minimize the total number of
spare fiber requirements. The constraints (2) state that
disrupted trees are rerouted through the shortest joined paths.
The constraints (3) ensure that the wavelength capacity for any
restored route is sufficient for supporting all joined paths given
by constraints (2). The constraints (4) ensure that the
wavelength capacity of each spare link should be sufficient to
support the joined path crossing. In addition, the third term of
constraints (4) means that released channels on link j can be
used as spare capacity of joined paths. The constraints (5)
assure thats,, pj, and P} are non-negative integers.
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B. ILP formulations of ring-based protection techniques
B.1 OFO mathematical formulation

Minimizing the total spare fiber requirements:

min: {E31, R, } (6)

sg=1¢g=1

The constraints to be satisfied are:

erg,q :1;

sg=1

Qg
(), 20

forl<sg<m (7)

OFOD case; M xR

®)
OFORcase; M xR, —(Zngnsz’gn g 20
for 1< j'<L;1<sg<m;1<q<Q,
R,,€1012,.}; r,, {05} 9)

fori<sg<m;1<q<Q,

The objective function (6) is to minimize the total number of
spare fibers to protect multicast sessions. The constraints (7)
enforce that each multicast session has only one protection
ring. The constraints (8) ensure that the spare fibers are
sufficient to meet the restored traffics carrying on them. In
addition, OFOD will reroute all traffic demands in this
multicast session, but OFOR will reroute only interrupted

active routes instead. The constraints (9) assure that s, is non-
negative integers and r,, is Boolean.
B.1 OFA mathematlcal formulation
Minimizing the total spare fiber requirements:
Ny
min:{> IR} (120)
i=1

The constraints to be satisfied are:

draf=1; fori<sg<m (11)
OFAD case; M xR, —(zm:d ), 20
Sg =1 (12)
OFAR case; M xR, —(ZZngn 5e.r =0

sg=1n=1

for 1<i<N ;1< j'<L
R €{012,.};r e {0 forl<i<N,

(13)

The objective function (10) is to minimize the total number
of spare fibers allocated on the single protection ring. The
constraints (11) enforce that all multicast sessions has only one
protection ring. The constraints (12) ensure that the channel
capacity of protection ring is sufficient to meet restored traffics
passing through 'it." Constraints (13) assure that R, is non-

negative integers and r is Boolean.

IV. SIMULATION RESULTS AND DISCUSSION

In this section, we analyze and compare the spare capacity
requirements among five proposed protection schemes on a
test network as shown in Fig. 5. Note that, all ILP
mathematical formulations are optimally solved by using the
CPLEX 6.6 program.
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Figure 5. Simulation results in the test network.

Fig. 5(a) shows the total fiber requirements of all five
protection schemes. The results indicate that the JPR technique
requires the minimum spare fibers, whereas the other four ring-
based protection strategies always require more the total fibers
than the JPR by at least 20% as illustrated in Fig. 5(c).
Therefore, it is clear that a path-based protection scheme is the
cheapest protection scheme with respect to ring-based
protection scheme in terms of total fiber requirements
implicitly. When examining the influence of number of
wavelengths per fiber on the fibers requirements, the total
number of fibers tends to decrease as the number of available
wavelengths per fiber, M increases. Moreover, when the
number of available wavelengths per fiber increases, the
dropping of fiber utilization can be observed. Thus, we can see
that the network will be cost-effective at a small number of
wavelengths per fiber.

Under ring-based scheme, Fig. 5(a) and Fig. 5(c) show that
the fiber requirements of routing-based and demand-based
approach in the OFO scheme are very comparable for all value
of M. However, in the OFA scheme, the routing-based
approach provides lower number of fiber requirements than the
demand-based approach. When comparing between OFO ‘and
OFA schemes, Fig. 5(a) demonstrates that the OFA scheme
requires lower fiber requirements-than-the OFO. scheme-at a
large value of M . Moreover, based on network design
outcomes, Fig. 5(c) shows.that the OFO is the worst protection
scheme as by far requires total fibers 3.5 times more than the
best protection technique (JPR) at a large value of M . This is
because the channel capacity upon a protection ring of OFA
scheme can be shared; whereas the channel capacity upon
protection rings of OFO scheme are dedicated. However, since
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the size of single protection ring of OFA strategy must be
large enough to cover all multicast sessions, the OFAD which
re-routes all traffics in the network would become the worst
protection scheme as requiring large total number of fibers at a
small value of M .

V. CONCLUSIONS

In this paper, we present five protection schemes to continue
the multicast services for a single link failure. As the
simulation results, the JPR is the best protection scheme among
all protection strategies in the terms of total fiber requirements
on a test network. However, the protection paths of JPR
scheme are allocated following the place of failure along the
multicast tree. Therefore, to select appropriate protection paths
in JPR scheme is more complicated than other protection
schemes that selecting appropriate rings for covering any
multicast sessions in networks.
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