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This thesis studies two significant problems of optical WDM networks on which
multicast traffic is supported. Firstly, the multicast routing and wavelength assignment
(MC-RWA) problem that refers to as the problem of routing multicast traffic and
assigning wavelengths to it on WDM networks is analyzed. Secondly, the problem of
multicast optical protection, which refers as the problem of provisioning protection
systems to multicast traffic on WOM mesh networks, is investigated. In this thesis, three
protection schemes are proposed: Minimal Cost approach (MC), One way Light Ring

approach (OLR), and Two way Light Ring approach (TLR).

To consider and compare those two problems, the key aspects include fiber
requirement, fiber utilization, and complexity of network operation and management are
investigated. Moreaver, the influences of the maxlma;ﬂ wavelengths multiplexed per fiber
and wavelength conversion on fiber requirements are also shown in this thesis. Integer
linear programming, ILP are served as the baseline for evaluating the problem and used
as a solution technique to obtain the fiber requirement of each studied approach. The

objective is to minimize the total of resources used, like the number of fiber requirement.

Based on the numerical results, the MC is the most appropriate protection
scheme that can accomplish the lowest total fiber requirement. Based on ring-based
protection schemes, the total fiber requirement from TLR and OLR protection schemes

depends on the the characteristics of routing pattern at normal operation.
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3.5.1.3 N9l VLT
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3.5.2 38 LA9UMRIUNRANI9LAEQ (One way Light Ring Approach, OLR)
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3.5.3 38 LU MIUARINANIG (Two way Light Ring Approach, TLR)
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ql a = dl o o a &
A1519N 4.1 1981 (IUN) N TUNTATUIIMN AL AU TAS UL LA ABININATIAAN A AT TR

Tazedne 5N-7L visluaninzilasedtadiunsn wazldarunsoudlatliywiniieinadenies

185U Ndadad ilanswilnlulazetnaddunsnWin luafuniadas

(n) TAseaing VLT

Aselnduletnuaasuylianmnmg A3t LALLLANNNAT
natilassanaanunsou bty nacilassgna@nunsoulatioun
M 4, ) 'L 44 e . o
NO (VLT) || wiladnedenlasldfumudades || NO (VLT) || wilthamenlaeldsuniudndes
MC OLR TLR MC OLR TLR
1 0.30 6.38 0.06 0.24 0.05 1.28 0.17 0.57
2 0.06 9.83 0.09 0.24 Ok L 0.08 0.39
3 0.27 48.1 0.06 0.18 0.28 6.77 0.08 0.24
4 0.05 9.13 0.05 0.15 0.24 0.1 0.27
5 0.45 4.55 0.05 0.18 0.22 1.61 0.06 0.15
6 0.08 2.25 0.06 0.18 0.138 1.00 0.05 0.15
7 0.03 2.28 0.02 0.09 0.19 1.20 0.02 0.09
8 0.31 1.94 0.02 0.03 0.08 1.38 0.05 0.15
16 0.13 0.67 0.03 0.09 0.11 0.34 0.02 0.06
32 0.16 0.59 0.03 0.09 0.45 0.39 0.02 0.06
64 0.06 0.66 0.03 0.09 0.22 0.38 0.02 0.03
128 0.08 0.70 0.05 0.09 0.24 0.33 0.02 0.06
0FNT 13WT 5FUT B0FUT 1uW 5uW 20T 1 dalug 5alug 10dalue 1A 584
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(1) TAg9anel PVLT

nseladulednnaanuyligansmg nscduletnnasuuuaNNNmT
natilasednaanunsoudlailym natilasetnaanunsoudlailoym
M 44 Yo . o 44 v .
NO (PVLT)|| wisdnedenlasldfumnudadas ||NO (PVLT)|| witsdnadeniaeldfuainudndes
MC OLR TLR MC OLR TLR
1 0.03 8.78 0.13 0.33 0.06 1.16 0.19 0.84
2 0.09 0.59 1.02 0.13 5.56 0.34 0.75
3 1.58 0.66 1.92 0.55 38.19 0.95 2.94
4 1.52 0.19 1.08 0.48 416.36 0.86 2.73
5 121.45 0.56 2.19 %747 14.58 2.20 6.66
6 - 1.02 1.35 2.06 576
7 59.81 0.39 1.02 0.94 2.40
8 74.75 0.44 0.99 0.94 2.40
16 295.50 0.30 0.18 2.78 6.51
32 430.06 0.31 0.24 0.06 0.24
64 0.36 0.42 0.11 0.33
128 0.45 0.66 0.22 0.69
(m) TAseang LT
nselnduletinuganus lidusnamng nscnduletnnasuuaNNNmT
natilassana@mnsnu lagfoua natilassdnaaunsouslatioywl
M T Yo i <4 v .
NO (LT) || wisdendenlasldfumnudadas || NO (LT) || viteinadenlaelsfuainudndes
MC OLR TLR MC OLR TLR
1 0.02 5.72 0.13 0.33 0.03 1.1 0.20 0.75
2 0.69 0.06 0.15 0.84 346.59 0.55 1.26
3 2.36 0.02 0.24 6.26 0.97 2.34
4 9.28 0.63 1 1 27.55 1.30 2.97
5 279.22 0.44 0.69 1.33 3.0
6 0.03 0.03 1.13 3.48
7 0.48 1.08 1.16 3.42
8 0.51 1.02 1.13 3.48
16 0.50 1.17 117 3.48
32 0.53 1.23 1.19 3.66
64 0.63 1.47 1.27 4.02
128 0.75 1.83 1.42 4.41

0% 19 597 303A 1w 5w 20WR 1 dalne 5dalug 10 Falue 15U 5
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AM5719% 4.2 1987 (A7) N IUN1IANUIUUIHALAATBILL LR ABIN NATIAAIR A FUD
Tazedne 5N-7L visluaninzilasedtadiunsn wazldarunsoudlatliywiniieinadenies

1a5umNdadaq ilansnilnlulazednenddunswWintuasiuniguen

(n) TAseaing VLT

natlnaduladuganuylianunms naclnaduladugauuuanunng

natulasetnagunsowi iy natilasetnaanunoudlailoywn

M NO (VLT) wiktna@euladldiuanudadas || NO (VLT) visinendenlaeldFunnudnde
MC OLR TLR MC OLR TLR
1 0.03 773 0.33 0.81 019 | o020 0.42
2 0.08 6.97 0.09 0.48 0.19 1.72 0.14 0.39
3 0.06 5.02 0.11 0.39 0.13 1.45 0.08 0.27
4 0.49 28.09 0.09 0.27 0.44 4.16 0.1 0.27
5 0.80 7.92 0.1 0.33 0.14 1.94 0.16 0.39
6 0.20 2.45 0.06 0.27 0.06 0.97 0.03 0.15
7 0.16 5.34 0.03 0.18 0.06 1.75 0.05 0.18
8 0.33 3.66 0.06 0.15 0.08 1.78 0.05 0.15
16 0.26 0.75 0.05 0.15 0.08 0.36 0.03 0.09
32 0.16 0.69 0.05 0.15 0.09 0.33 0.05 0.15
64 0.20 0.70 0.03 0.15 0.20 0.31 0.03 0.09
128 0.34 0.66 0.05 0.15 0.22 0.27 0.02 0.09

0% 19?59 303A 1w 5w 20uR 1 dalne 5dalug 10 Falue 15U 5
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(1) TAg9anel PVLT

nseladulednnaanuyligansmg nscduletnnasuuuaNNNmT
natilasednaanunsoudlailym natilasetnaanunsoudlailoym
M 44 Yo . o 44 v .
NO (PVLT)|| wisdnedenlasldfumnudadas ||NO (PVLT)|| witsdnadeniaeldfuainudndes
MC OLR TLR MC OLR TLR
1 0.05 10.06 0.25 0.51 0.05 23.02 0.20 0.42
2 0.17 166.64 0.50 1.23 0.44 7.86 0.45 1.08
3 1.00 83.03 0.83 2.01 0.64 416.36 0.83 1.89
4 2.69 379.56 0.38 2.31 0.86 2.25
5 193.20 1.19 1.89 1.36 3.15
6 322.50 s 3.39 1.27 3.39
7 288.17 3.48 ' 6.99 1.50 3.09
8 3.24 | 7.82 0.94 2.94
16 0.05 0.18 2.50 6.09
32 0.09 0.27 2.58 714
64 0.14 0.48 2.66 7.23
128 0.27 0.90 2.73 7.56
(m) TAseang LT
nselnduletinuganus lidusnamng nscnduletnnasuuaNNNmT
natilassana@mnsnu lagfoua natilassdnaaunsouslatioywl
M T Yo i <4 v .
NO (LT) || wisdendenlasldfumnudadas || NO (LT) || vitsiradenlaelsfuainudndes
MC OLR TLR MC OLR TLR
1 0.01 6.99 0.25 0.57 0.03 65.06 0.19 0.42
2 0.42 0.28 0.81 2.03 213.55 0.59 1.17
3 4.05 0.39 0.93 10.41 1.02 3.18
4 23.61 0.34 1.50 58.00 1.52 3.24
5 46519 0.02 0.09 1.00 3.27
6 0.03 0.09 1.16 2.67
7 0.02 0.09 [ .48 2.85
8 0.03 0.09 1.14 2.67
16 0.03 0.15 1.14 2.82
32 0.06 0.24 1.20 2.85
64 0.11 0.42 1.27 3.09
128 0.25 0.75 1.45 3.69

0% 19 597 303A 1w 5w 20WR 1 dalne 5dalug 10 Falue 15U 5
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ql a = dl o o a &
A159N 4.3 19a1 (VUN) N TUNTATUIIMN AL AU TAS UL LA ABININATIAAN A AT TR

Taseane 7N-10L ieluaniasiiasednaatunan wazldanunsoudlasymviisdnadenTes

a5upndadas ilanswidnlulazeaadlunsnilnluasiuniedau

(n) TAsgaing VLT

natlnadularugenuyldanunms natlnadulaiuaauuuanunng

nacilassdnagnunsouilasiom natdlasetnaanunsoudlailoym

M NO (VLT) ke @eulael@suanadades | NO (VLT) wikinedenTlasldunnudndes
MC OLR TLR MC OLR TLR
1 0.25 2 214 4.85 0.06 385.70 2.09 4.60
2 0.95 1 2.56 9.85 0.38 1.80 11.70
3 0.58 0.80 4.05 1.20 1.74 5.10
4 2.06 .98 0.81 2.50 1.05 20.27 1.64 5.30
5 0.75 0.86 1.80 0.45 316.14 1.48 4.05
6 0.73 11.64 0.95 3.75 0.38 . 115.84 1.38 3.80
7 0.28 20.91 1.16 1.80 0.17 3.97 1.26 2.50
8 0.25 4.72 0.64 3.05 0.14 1.58 0.81 1.43
16 0.08 1.30 0.22 0.65 0. 1§ 0.41 0.13 0.24
32 0.06 0.80 0.22 0.70 0.13 0.34 0.09 0.30
64 0.06 1.00 0.16 0.70 0.16 0.39 0.09 0.35
128 0.06 1.00 0.16 0.70 0.16 0.41 0.06 0.25
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(1) TAg9anel PVLT

nstiaduleinaanuyliauunmg nselad Ul LAULANNRT
natilpsetnaanunoudlailoym natilpsednaanunsoudlatlym

M 4 e . 4 v . .

NO (PVLT)|| wilsthed@enleelsfuaanudndes || NO (PVLT)|| wilsthad@enlaeldfuaanudndas
1 0.03 0.06
2 1.09 1.05
3 2.02 4.16
4 14.08 9.55
5 16.50
6 31.36
7 2217
8
16
32
64
128

(p) TAg92e LT
neeionaduleniussuuyidg@nnnmng N9 Ul LAILLILANNRT
nacilaseana@mnsoulasigma natilassana@nunsoudlasiogyw

M w e o < 4 - . .

NO (LT) || uilsthentenieslsfupaudades || NO (LT) || witeinedenlaeldFumnudndas
1 283 | 674
:
3
y .
5
6
7
8
16
32
64
128

0%H 197 557 3037 1w 5uW 20u: 19alne 54alua 1094Tue 158 55U
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i a = all [J o a &
FAIFI9N 4.4 1931 (IUN) A IUNIIANUIUNNINALRAELBILLLANABIN NATUAAN AR YD

Taseane 7N-10L eluaniaeilasednaaiunan uazldanunsoudlasiymviiednedenTes

a5upndadas iWanswinlulasatendunswinluafuniaen

(n) TAseaing VLT

natlnadularugenuyldanunms natlnadulaiuaauuuanunng

nacilassdnagnunsouilasiom natdlasetnaanunsoudlailoym

M NO (VLT) ke @eulael@suanadades | NO (VLT) wikinedenTlasldunnudndes
MC OLR TLR MC OLR TLR
1 0.02 4.64 T14.75 0.06 72.39 2.97 9.20
2 2.23 427 2015 023 |[H0GEE 267 15.55
3 3.50 5.64 4.75 0.14 27.56 1.91 3.45
4 9.63 .78 4.00 3.90 0.78 21.14 1.13 3.05
5 1.14 11.94 1.26 2.35 0.27 33.56 1.70 4.60
6 3.25 3.86 55 | o2 |B 0.80 2.20
7 0.33 10.’1,6 1.63 885 0.20 1.39 0.94 1.24
8 1.13 3.70 0.72 1.35 0.14 0.86 1.03 1.20
16 0.42 1.08 0.59 1.02 0. 18 0.52 0.28 0.48
32 0.38 0.70 0.55 0.68 0.17 0.27 0.16 0.17
64 0.44 1.47 0.48 1.25 0.19 0.30 0.19 0.25
128 0.45 1.47 0.42 1.50 0.17 0.28 0.14 0.26

0 3

130 530 30 3w

1979

19U
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51 20w % 1 99Tue 5dalug 10 dalue



(1) TAg9anel PVLT
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nstiaduleinaanuyliauunmg nselad Ul LAULANNRT
natilpsetnaanunoudlailoym natilpsednaanunsoudlatlym

M 4 e . 4 v . .

NO (PVLT)|| wilsthed@enleelsfuaanudndes || NO (PVLT)|| wilsthad@enlaeldfuaanudndas

OLR TLR
1 0.03 3.39 73.13
2 23.59 17.13 238.96
3 12.39 367.71
4 21.58 369.26
5 26.25 449.60
6 15.45 508.82
7 25.67
8 31.20
16 141.63
>
64
128
(A) TAg9dine LT
neeionaduleniussuuyidg@nnnmng N9 Ul LAILLILANNRT
nacilaseana@mnsoulasigma natilassana@nunsoudlasiogyw

M w e o < 4 - . .

NO (LT) || uilsthentenieslsfupaudades || NO (LT) || witeinedenlaeldFumnudndas
1
2
3
4
5
6
7
8
16
32
64
128

1% 5w7 20uM 1 dalua 5dalug 109aTne 150
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1 v 1
=

A19199 N.1 AUUANNT (N, ) wazanuaudauds (N, ) Alda¥viuuataaamieatinAianfaasinsedne 5N-7L visluan1oznlasedtaanune

wazldarunsoudlatiygmuilradeniacldfunnudades ilensninlulassdedunamninlunsuniedon

(n) WAgeang VLT

nacianeruenneadulatinuaslulaseeduuuldauning nattanmoiznrndulaiiuaslulasdadunuuannins
Trsstneansnsoutletiyguntiiedeslodldiunudndes Tsstneansnsaudlatiymvilene deslasldsunnudade
M NO (VLT) > NO (VLT) -
MC OLR TLR MC OLR TLR
Nc Nv Nc Nv Nc Nv Nc Nv Nc Nv Nc Nv Nc Nv Nc Nv

1 100 447 602 1865 297 309 373 405 107 447 609 1865 304 309 380 405

2 100 447 602 1865 286 77292 i 77367527 390 B 77170777 447 609 1865 304 309 380 405

3 100 447 602 1865 275 279 351 375 107 447 609 1865 304 309 380 405

4 100 447 602 1865 275 v é797 1 73*517 Z -3757 77;07 447 609 1865 282 279 358 375

5 100 447 602 1865 275 279 351 375 107 447 609 1865 282 279 358 375

6 100 447 602 1865 275 279 351 375 a 107 447 609 1865 282 279 358 375

7 100 447 602 1865 264 264 340 360 107 447 609 1865 271 264 347 360

8 100 447 602 1865 '264 264 340 360 107 :147 609 1865 271 264 347 360
16 100 447 602 1865 266 267 342 363 107 447 609 1865 273 267 349 363
32 100 447 602 1865 266 267 342 363 107 447 609 1865 273 267 349 363
64 100 447 602 1865 266 267 342 363 107 447 609 1865 273 267 349 363
128 100 447 602 1865 266 267 342 363 107 447 609 1865 273 267 349 363

LEL



(1) TAg9anel PVLT
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nsdianeaiznizatdulenuaclulasadnendunuyldanuing

nsaldnmauznisnaduleinnaclulastinedluluusannnmng

Tassdnaanunsaudladywuwianadenialdsunnudadas

lassgnaanunsoudlatiywvileinedenlaldfunnudndas

M NO (PVLT) NO (PVLT)
MC OLR TLR MC OLR TLR
Nc Nv Nc Nv Nc Nv Nc Nv Nc Nv Nc Nv Nc Nv Nc Nv

1 100 447 602 1865 297 309 373 405 107 447 609 1865 304 309 380 405

2 114 843 686 3457 552 p 55 14 7770;17 ‘"7773&;77 N 71271 N 843 693 3457 559 546 711 738

3 128 1239 770 5049 818 798 1046 1086 135 1239 77 5049 825 798 1053 1086
4 142 1635 854 6641 1043 7(0(% 1 1347 1389 77714797 1635 861 6641 1050 1005 1354 1389
5 156 2031 938 8233 1350 1302 1730 1782 163 2031 945 8233 1306 1247 1686 1727
6 170 2427 1022 9825 1555 —h71 459 ’ 720 1717 2065 177 2427 1029 9825 1562 1489 2018 2065
7 184 2823 1106 11417 1740 1656 2272 2328 191 2823 1113 11417 1747 1656 2279 2328
8 198 3219 1190 13009 1986 771 888 v2§9;1 2656 2057 3219 1197 13009 1993 1888 2601 2656
16 310 6387 1862 25745 3986 3777 5202 v o] 317 6387 1869 25745 3993 3777 5209 5313
32 534 12723 3206 51217 7954 7521 10386 10593 541 12723 3213 51217 7961 7521 10393 10593
64 982 25395 5894 102161 15890 15009 20754 211563 989 25395 5901 102161 15897 15009 20761 21153
128 1878 50739 11270 | 204049 31762 29985 41490 42273 1885 50739 11277 | 204049 31769 29985 41497 42273

cel




(A) TAsedng LT
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nsdianeniznizatdulenuadlulpsarnendunuuldanumng

nsaldnmauznisnaduleinnaclulastinedluluusannnmng

Tassdnaanunsaudladywuwianadenialdsunnudadas

lassgnaanunsoudlatiywvileinedenlaldfunnudndas

M NO (LT) NO (LT)
MC OLR TLR MC OLR TLR
Nc Nv Nc Nv Nc Nv Nc Nv Nc Nv Nc Nv Nc Nv Nc Nv
1 501 452 2199 1870 297 309 373 405 508 452 2206 1870 304 309 380 405
2 911 853 3875 3467 531 p 52T 14 758?37 ‘”7771577 751787* 853 3882 3467 580 571 732 763
3 1321 1254 5551 5064 756 728 984 1016 1328 1254 5558 5064 856 833 1084 1121
4 1731 1655 7227 6661 1084 717056 1 1388 1434 77177g87 1655 7234 6661 1132 1095 1436 1479
5 2141 2056 8903 8258 1309 1258 1689 1738 2148 2056 8910 8258 1408 1357 1788 1837
6 2551 2457 10579 9855 1506 —k71 437 ’ 7196727 4 2013 2558 2457 10586 9855 1684 1619 2140 2195
7 2961 2858 12255 11452 1882 1806 2414 2478 2968 2858 12262 11452 1960 1881 2492 2553
8 3371 3259 13931 13049 2148 772058 v2;5767 2826 337é 3259 13938 13049 2236 2143 2844 2911
16 6651 6467 27339 25825 4276 4074 5492 5610 6658 6467 27346 25825 4444 4239 5660 5775
32 13211 12883 54155 51377 8532 8106 10964 i i 4) 13218 12883 54162 51377 8860 8431 11292 11503
64 26331 25715 107787 | 102481 17044 16170 21908 22314 26338 25715 107794 | 102481 17692 16815 22556 22959
128 52571 51379 215051 | 204689 | 34068 32298 43796 44586 52578 51379 215058 | 204689 | 35356 33583 45084 45871

eel
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1 v 1
=

A19199 N.2 AUIUANNT (N, ) wazanuaudauds (N, ) Alda¥viuuataaamieatinAianfaasinsedne 5N-7L visluaniaznlasedraanune

uazldanunsoudlatlymvilsinadenlaeldfuanudadas Wansmdlnlulassdredunsminluasunisuan

(n) TAgaaine VLT

nacianeruenadulatinuaslulaseaduioullauuimg nattanmoiznrndulaiiuaslulasdadunuuannins
Tsstneansnsoudletiognnidne den leglisuaudndes Tsstneansnsaudlatiymvilene deslasldsunnudade
M NO (VLT) > NO (VLT) -
MC OLR TLR MC OLR TLR
Nc Nv Nc Nv Nc Nv Ne Nv Nc Nv Nc Nv Nc Nv Nc Nv

1 100 450 602 1855 286 294 362 390 107 450 609 1855 293 294 369 390

2 100 450 602 1855 275 772779 ] 73&17 : -6%” 7716777 450 609 1855 293 294 369 390

3 100 450 602 1855 286 294 362 390 107 450 609 1855 282 279 358 375

4 100 450 602 1855 286 - 7291 T éé2 7 77507 771677 450 609 1855 282 279 358 375

5 100 450 602 1855 297 309 343 405 107 450 609 1855 282 279 358 375

6 100 450 602 1855 275 279 o7 73751 e 375 107 450 609 1855 271 264 347 360

7 100 450 602 1855 275 279 245l 2WL5, 107 450 609 1855 271 264 347 360

8 100 450 602 1855 575- 279 351 315 107 ;150 609 1855 271 264 347 360
16 100 450 602 1855 275 279 354 i) 107 450 609 1855 271 264 347 360
32 100 450 602 1855 275 279 351 375 107 450 609 1855 273 267 349 363
64 100 450 602 1855 275 279 351 375 107 450 609 1855 271 264 347 360
128 100 450 602 1855 275 279 351 375 107 450 609 1855 273 267 349 363

vel



(1) TAg9anel PVLT
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nsdianeaiznizatdulenuaclulasadnendunuyldanuing

nsaldnmauznisnaduleinnaclulastinedluluusannnmng

Tassdnaanunsaudladywuwianadenialdsunnudadas

lassgnaanunsoudlatiywvileinedenlaldfunnudndas

M NO (PVLT) NO (PVLT)
MC OLR TLR MC OLR TLR
Nc Nv Nc Nv Nc Nv Nc Nv Nc Nv Nc Nv Nc Nv Nc Nv
1 100 450 602 1855 286 294 362 390 107 450 609 1855 293 294 369 390
2 114 849 686 3437 531 p 5QT 14 7678?37 ‘"7771577 771271 N 849 693 3437 559 546 711 738
3 128 1248 770 5019 818 798 1046 1086 135 1248 77 5019 794 763 1022 1051
4 142 1647 854 6601 1084 717056 1 1388 1434 77714797 1647 861 6601 1050 1005 1354 1389
5 156 2046 938 8183 1350 1302 1730 1782 163 2046 945 8183 1306 1247 1686 1727
6 170 2445 1022 9765 1616 —k71 5?4 ’ 7207727 2130 177 2445 1029 9765 1501 1424 1957 2000
7 184 2844 1106 11347 1811 1731 2343 2403 191 2844 1113 11347 1747 1656 2279 2328
8 198 3243 1190 12929 2067 771 973 v25’7*5' 2741 2057 3243 1197 12929 1993 1888 2601 2656
16 310 6435 1862 25585 4115 3909 SR 5445 317 6435 1869 25585 3993 3777 5209 5313
32 534 12819 3206 50897 8211 7781 10643 10853 541 12819 3213 50897 7961 7521 10393 10593
64 982 25587 5894 101521 16403 16525 21267 21669 989 25587 5901 101521 15897 15009 20761 21153
128 1878 51123 11270 | 202769 32787 31013 42515 43301 1885 51123 11277 | 202769 31769 29985 41497 42273

Gel




(A) TAsedng LT

136

nsdianeniznizatdulenuadlulpsarnendunuuldanumng

nsaldnmauznisnaduleinnaclulastinedluluusannnmng

Tassdnaanunsaudladywuwianadenialdsunnudadas

lassgnaanunsoudlatiywvileinedenlaldfunnudndas

M NO (LT) NO (LT)
MC OLR TLR MC OLR TLR
Nc Nv Nc Nv Nc Nv Nc Nv Nc Nv Nc Nv Nc Nv Nc Nv

1 504 455 2189 1860 286 294 362 390 511 455 2196 1860 293 294 369 390

2 917 859 3855 3447 573 p 57T 14 7772757 ‘”7776577 752747* 859 3862 3447 559 546 711 738

3 1330 1263 5521 5034 824 805 1052 1093 1337 1263 5528 5034 856 833 1084 1121
4 1743 1667 7187 6621 1125 717092 1 1429 1479 77177g07 1667 7194 6621 1132 1095 1436 1479
5 2156 2071 8853 8208 1299 1247 1679 1727 2163 2071 8860 8208 1408 1357 1788 1837
6 2569 2475 10519 9795 1555 —k71 459 ’ 7201717 4 2065 2576 2475 10526 9795 1684 1619 2140 2195
7 2982 2879 12185 11382 1811 1731 2343 2403 2989 2879 12192 11382 1960 1881 2492 2553
8 3395 3283 13851 12969 2067 771 973 v2é77757 2741 340é 3283 13858 12969 2236 2143 2844 2911
16 6699 6515 27179 25665 4115 3909 5331 5445 6706 6515 27186 25665 4444 4239 5660 5775
32 13307 12979 53835 51057 8211 7781 10643 10853 13314 12979 53842 51057 8860 8431 11292 11503
64 26523 25907 107147 | 101841 16403 16525 21267 21669 26530 25907 107154 | 101841 17692 16815 22556 22959
128 52955 51763 213771 | 203409 | 32787 31013 42515 43301 52962 51763 213778 | 203409 | 35356 33583 45084 45871

oct
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1 v 1

A191990 1.3 a7RuaNng (N,) kazarwausauis (N,) dlda¥auuudanasmisatinAransansiasedna 7N-10L feluaniazilasednaaiuns

wazldarunsoutlatiymuiinadenlaclfiumnudades ilensninlulassdedunamninluasuniedon

(n) Tmseaine VLT

nacianeruenadulatinuaslulaseaduioullauuimg nattanmoiznrndulaiiuaslulasdadunuuannins
Tsstneansnsoudletiognnidne den leglisuaudndes Tsstneansnsaudlatiymvilene deslasldsunnudade
M NO (VLT) > NO (VLT) -
MC OLR TLR MC OLR TLR
Nc Nv Nc Nv Nc Nv Ne Nv Nc Nv Nc Nv Nc Nv Nc Nv

1 109 563 890 3296 622 678 820 928 119 563 900 3296 632 678 830 928

2 109 563 890 3296 607 776577 ] 78657 : -9077” 771?557 563 900 3296 632 678 830 928

3 109 563 890 3296 622 678 820 928 119 563 900 3296 632 678 830 928

4 109 563 890 3296 588 - 7636 T 7%6 7 777@07 771?97 563 900 3296 613 651 811 901

5 109 563 890 3296 588 630 786 880 119 563 900 3296 613 651 811 901

6 109 563 890 3296 607 657 o7 78705 e 907 119 563 900 3296 594 624 792 874

7 109 563 890 3296 584 624 782 874 119 563 900 3296 579 603 7T 853

8 109 563 890 3296 g84- 624 782 874 119 '563 900 3296 579 603 7T 853
16 109 563 890 3296 546 570 744 820 119 563 900 3296 556 570 754 820
32 109 563 890 3296 550 576 748 826 119 563 900 3296 560 576 758 826
64 109 563 890 3296 550 576 748 826 119 563 900 3296 556 570 754 820
128 109 563 890 3296 550 576 748 826 119 563 900 3296 556 570 754 820

LEL



(1) TAg9anel PVLT

138

nsdianeaiznizatdulenuaclulasadnendunuyldanuing

nsaldnmauznisnaduleinnaclulastinedluluusannnmng

Tassdnaanunsaudladywuwianadenialdsunnudadas

lassgnaanunsoudlatiywvileinedenlaldfunnudndas

M NO (PVLT) NO (PVLT)
MC OLR TLR MC OLR TLR
Nc Nv Nc Nv Nc Nv Nc Nv Nc Nv Nc Nv Nc Nv Nc Nv
1 109 563 890 3296 622 678 820 928 119 563 900 3296 632 678 830 928
2 129 1071 1070 6222 1177 712& 14 7’]237737 ‘"717707577 771(;97* 1071 1080 6222 1187 1205 1583 1705
3 149 1579 1250 9148 1806 1822 2400 2572 159 1579 1260 9148 1816 1822 2410 2572
4 169 2087 1430 12074 2268 727256 1 3060 3250 77717797 2087 1440 12074 2335 2313 3127 3313
5 189 2595 1610 15000 2717 2669 3707 3919 199 2595 1620 15000 2909 2867 3899 4117
6 209 3103 1790 17926 3388 —h73320 ’ 7457767 7 4830 219 3103 1800 17926 3374 3304 4562 4804
7 229 3611 1970 20852 3920 3840 5306 5590 239 3611 1980 20852 3803 3705 5189 5455
8 249 4119 2150 23778 4331 774223 v55?57 6223 2597 4119 2160 23778 4341 4223 5925 6223
16 409 8183 3590 47186 8410 8136 11578 12136 419 8183 3600 47186 8356 8070 11524 12070
32 729 16311 6470 94002 16794 16200 23130 24200 739 16311 6480 94002 16804 16200 23140 24200
64 1369 32567 12230 | 187634 | 33562 32328 46234 48328 1379 32567 12240 | 187634 | 33572 32328 46244 48328
128 2649 65079 23750 | 374898 | 67098 64584 92442 96584 2659 65079 23760 | 374898 | 67108 64584 92452 96584
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M NO (LT) NO (LT)
MC OLR TLR MC OLR TLR
Nc Nv Nc Nv Nc Nv Nc Nv Nc Nv Nc Nv Nc Nv Nc Nv

1 622 568 3821 3301 622 678 820 928 632 568 3831 3301 632 678 830 928

2 1150 1081 6927 6232 1 148v* 71 170 4 7’]23247 w”716777077 N 17%07* 1081 6937 6232 1187 1205 1583 1705
3 1678 1594 10033 9163 1708 1710 2302 2460 1688 1594 10043 9163 1816 1822 2410 2572
4 2206 2107 13139 12094 2195 727165 1 2*9877?3977 77272767 2107 13149 12094 2335 2313 3127 3313
5 2734 2620 16245 15025 2626 2570 3616 3820 2744 2620 16255 15025 3000 2966 3990 4216
6 3262 3133 19351 17956 3255 —**3'g7 ’ 744437 V468777 752772 3133 19361 17956 3374 3304 4562 4804
7 3790 3646 22457 20887 3666 3570 5052 5320 3800 3646 22467 20887 3930 3840 5316 5590
8 4318 4159 25563 23818 4186 7 74070 v5%7b 6070 723728 4159 25573 23818 4486 4376 6070 6376
16 8542 8263 50411 47266 8346 8070 11514 12070 8552 8263 50421 47266 8934 8664 12102 12664
32 16990 16471 100107 94162 16666 16070 23002 24070 17000 16471 100117 94162 17830 17240 24166 25240
64 33886 32887 199499 | 187954 | 33306 32070 45978 48070 33896 32887 199509 | 187954 | 35622 34392 48294 50392
128 67678 65719 398283 | 375538 | 66586 64070 91930 96070 67688 65719 398293 | 375538 | 71206 68696 96550 | 100696
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wazldanunsaudlatlymuilsina@enlacldfuanudndes Wansmdnlulassredunsinlunsunisuan

(n) Tmseaines VLT

nacianeruenadulatinuaslulaseaduioullauuimg nattanmoiznrndulaiiuaslulasdadunuuannins
Tsstneansnsoudletiognnidne den leglisuaudndes Tsstneansnsaudlatiymvilene deslasldsunnudade
M NO (VLT) > NO (VLT) -
MC OLR TLR MC OLR TLR
Nc Nv Nc Nv Nc Nv Ne Nv Nc Nv Nc Nv Nc Nv Nc Nv

1 109 556 890 3301 603 651 801 901 119 556 900 3301 594 624 792 874

2 109 556 890 3301 622 776778 ] 782707 : -Qﬁ 771?557 556 900 3301 594 624 792 874

3 109 556 890 3301 588 630 786 880 119 556 900 3301 594 624 792 874

4 109 556 890 3301 607 - 7657 T é(v)5 7 WE?* 771?97 556 900 3301 594 624 792 874

5 109 556 890 3301 603 651 801 901 119 556 900 3301 579 603 7T 853

6 109 556 890 3301 603 651 o7 78701 e 901 119 556 900 3301 556 570 754 820

7 109 556 890 3301 584 624 782 874 119 556 900 3301 560 576 758 826

8 109 556 890 3301 g84- 624 782 874 119 '556 900 3301 560 576 758 826
16 109 556 890 3301 569 603 767 853 119 556 900 3301 556 570 754 820
32 109 556 890 3301 569 603 767 853 119 556 900 3301 560 576 758 826
64 109 556 890 3301 569 603 767 853 119 556 900 3301 556 570 754 820
128 109 556 890 3301 569 603 767 853 119 556 900 3301 556 570 754 820

orl
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M NO (PVLT) NO (PVLT)
MC OLR TLR MC OLR TLR
Nc Nv Nc Nv Nc Nv Nc Nv Nc Nv Nc Nv Nc Nv Nc Nv
1 109 556 890 3301 603 651 801 901 119 556 900 3301 594 624 792 874
2 129 1057 1070 6232 1177 712& 14 7’]237737 ‘”717707577 7713797* 1057 1080 6232 1150 1160 1546 1660
3 149 1558 1250 9163 1696 1696 2290 2446 159 1558 1260 9163 1706 1696 2300 2446
4 169 2059 1430 12094 2179 7271 57 1 2971 3151 77717797 2059 1440 12094 2205 2169 2997 3169
5 189 2560 1610 15025 2990 2966 3980 4216 199 2560 1620 15025 2727 2669 3717 3919
6 209 3061 1790 17956 3388 —h73320 ’ 7457767 4830 219 3061 1800 17956 3156 3070 4344 4570
7 229 3562 1970 20887 3948 3870 5334 5620 239 3562 1980 20887 3676 3570 5062 5320
8 249 4063 2150 23818 4621 774529 v65657 6529 2597 4063 2160 23818 4228 4104 5812 6104
16 409 8071 3590 47266 8699 8433 11867 12433 419 8071 3600 47266 8420 8136 11588 12136
32 729 16087 6470 94162 17371 16785 23707 24785 739 16087 6480 94162 16804 16200 23140 24200
64 1369 32119 12230 | 187954 | 34715 33489 47387 49489 1379 32119 12240 | 187954 | 33572 32328 46244 48328
128 2649 64183 23750 | 375538 | 69403 66897 94747 98897 2659 64183 23760 | 375538 | 67108 64584 92452 96584
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nsdianeniznizatdulenuadlulpsarnendunuuldanumng
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M NO (LT) NO (LT)
MC OLR TLR MC OLR TLR
Nc Nv Nc Nv Nc Nv Nc Nv Nc Nv Nc Nv Nc Nv Nc Nv

1 615 561 3826 3306 603 651 801 901 625 561 3836 3306 594 624 792 874

2 1136 1067 6937 6242 1 140v* 71 1& 4 7’]233767 w”716767077 7171167* 1067 6947 6242 1113 1115 1509 1615
3 1657 1573 10048 9178 1696 1696 2290 2446 1667 1573 10058 9178 1651 1633 2245 2383
4 2178 2079 13159 12114 2195 727165 1 2*9877?3977 77271587 2079 13169 12114 2189 2151 2981 3151
5 2699 2585 16270 15050 2737 2691 3727 3941 2709 2585 16280 15050 2727 2669 3717 3919
6 3220 3091 19381 17986 3279 —ﬁ732713 ’ 7446777 Vél%i 752730 3091 19391 17986 3265 3187 4453 4687
7 3741 3597 22492 20922 3821 3735 5207 5485 3751 3597 22502 20922 3803 3705 5189 5455
8 4262 4103 25603 23858 4363 74257 v5§4} 6257 722772 4103 25613 23858 4341 4223 5925 6223
16 8430 8151 50491 47346 8699 8433 11867 12433 8440 8151 50501 47346 8645 8367 11813 12367
32 16766 16247 100267 94322 17371 16785 23707 24785 16776 16247 100277 94322 17253 16655 23589 24655
64 33438 32439 199819 | 188274 | 34715 33489 47387 49489 33448 32439 199829 | 188274 | 34469 33231 47141 49231
128 66782 64823 398923 | 376178 | 69403 66897 94747 98897 66792 64823 398933 | 376178 | 68901 66383 94245 98383
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Abstract

This paper proposes new mathematical formulations for
solving the multicast routing and wavelength assignment (MC-RWA)
in multifiber WDM mesh networks for asymmetric  traffics. We
investigated MC-RWA problems in three different MC-RWA network
design approaches namely Light-Tree (LT), Partial Virtual Light-Tree
(PVLT), and Virtual Light-Tree (VLT) meshed network. The objective
is to minimize the number of fiber requirements. Numerical results on a
small test network demonstrate that in most cases PVLT and VLT
networks require fewer fibers than LT network, signifying that
wavelength conversions can be useful for reducing fiber requirements
in asymmetrical multicast environments using mesh design approaches.

Nonetheless, conversion is not always needed, as partial wavelength

converter allocation appears to be as effective as full allocation with

respect to capacity requirement under certain network

environments.

Keywords: Multicast routing and wavelength assignment,
multifiber, wavelength division multiplexing
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Abstract—This paper proposes new mathematical formulations
for solving the multicast routing and wavelength assignment
(MC-RWA) in multifiber WDM mesh networks for asymmetric
traffics. We investigated MC-RWA problems in three different
MC-RWA network design approaches namely Light-Tree (LT),
Partial Virtual Light-Tree (PVLT), and Virtual Light-Tree
(VLT) meshed network. Given a static multicast asymmetric
traffic set, the number of wavelengths a fiber can support, and
the network design approach (LT, PVLT, or VLT), we seek to
realize the minimal number of fiber requirements. Numerical
results on a small test network are given for highlighting the key
characteristics of each MC-RWA strategies. Based on the test
network, the numerical results demonstrate that in most cases
PVLT and VLT networks require fewer fibers than LT network,
signifying that wavelength conversions can be useful for reducing
fiber requirements in asymmetrical multicast environments using
mesh design approaches. Nonetheless, conversion is not always
needed, as partial wavelength converter allocation appears to be
as effective as full allocation with respect to capacity requirement
under certain network environments.

l. INTRODUCTION

Demand for network bandwidth has been increasing
dramatically in recent years. Wavelength Division
Multiplexing (WDM) is a promising technology that is capable
of satisfying this explosive bandwidth demands as it provides
an economical and practical way of utilizing the huge
bandwidth of a fiber. WDM networks offer large capacities to
support broadband and high-quality services, among which
multicast services such as distance learning and video
conferencing are becoming more and more prevalent. Multicast
is a transport of data information from a source node to a set of
destination nodes in a network. In-optical networks, multicast
can be theoretically supported by using the concept of
Yightpath, a widely used transmission in unicast system. When
adopting the concept of lightpath to multicast environment, the
source node creates a dedicated connection to each multicast
destination node separately. However, such approach poses a
serious drawback, as excessive number of transmitters and
receivers are required across the multicast area. As a result, a
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light-tree concept was proposed in [1] in order to resolve this
problem. A light-tree, which is a tree in virtual topology,
enables communications between a source node and a set of
destination nodes. It is a point-to-multipoint all optical channel
which may span multiple fiber links. Each fork node of the tree
is a multicast-capable optical switch, where a power splitter
[2]-[3] is used to replicate and split an input optical signal into
multiple signals which are then forwarded to output ports
without electrical conversions. Hence, light-trees facilitate
point to multipoint communications (i.e., multicast).

In literature, there are numerous research papers [4]-[9] in
the area of efficient multicast routing and wavelength
assignment (MC-RWA). However, most works are rather
diverse, as they look and aim at distinct design aspects for
different purposes and system assumptions. For instance,
references [4]-[5] propose algorithms for MC-RWA in single-
hop system in which no wavelength conversion is allowed. The
objective of [4] is to maximize the number of multicast
connections (this will be termed as the Max MC-RWA) that
may be established in a WDM network. On the contrary, the
objective of [5] is the minimization of the number of
wavelengths used in establishing multicast connections (called
Min MC-RWA) with end-to-end delay bounded. It also
assumes a bidirectional communication, where data
information is transmitted in two directions, i.e. from the
source node to the destination nodes and vice versa.
Algorithms for finding multicast trees with the objective of
minimizing number of wavelengths are also discussed in [6]-
[7]. However, these researches are for multi-hop systems,
where wavelength conversion is permitted. In [6], four
heuristic. algorithms-are-proposed to construct a source-based
multicast light-forest consisting of one or more multicast trees
in“WDM networks with sparse splitting. The performance
indicators of these algorithms are compared in terms of the
number-of -wavelengths used,the-bandwidth consumed per
forest, and number of hops from a source node to multicast
members.” The multicast routing problem in sparse splitting
network is also presented in [7]. However, the objective of [7]
aims to minimize the total number of fibers used in establishing
the multicast sessions with the assumption that the multicast
capable nodes are evenly distributed throughout the network.
Heuristic algorithms based on Tabu Search are applied.
Although the numerical results indicate that the proposed
heuristic algorithms can reduce the number of fibers used for



routing a multicast session, we note that using heuristic
methods give sub-optimal solutions.

In all the above papers, although there are many problem
formulations and solution methodologies that get efficient
multicast routing and wavelength assignment, these algorithms
consider only single-fiber systems where only a pair of fibers
one of each direction is placed in each physical link. Therefore,
these algorithms may not be applied to network with multifiber
networks. The concepts of MC-RWA for multifiber networks
have only recently been pursued [8]-[9]. However, it appears
that most of papers that deal with multifiber networks consider
only symmetric traffic which may not suitable for some
applications such as WEB/WAP or video on demand which is
asymmetrical in natural traffic. Moreover, there objectives aim
to find the Max MC-RWA, which is finding maximal number
of multicast traffic that the networks can support, in stead of
minimizing the number of fibers need to support multicast
traffic, which is finding minimal network resources to support
all multicast traffic. Since MC-RWA in multifiber networks is
a complex problem, and being essential in practical
environment, yet research progress in this area remains limited
as compared to that for single-fiber networks.

In this paper, we propose MC-RWA problem formulations
in multifiber network environment with the objective of
minimizing total number of fibers needed to support multicast
asymmetric traffic. Three different wavelength assignment
strategies namely Light-Tree (LT) strategy, Partial Virtual
Light-Tree (PVLT) strategy, and Virtual Light-Tree (VLT)
strategy [10] are examined.

The remainder of this paper is organized as follows. In
Section 11, the concepts and strategies of MC-RWA in three
kinds of WDM network are introduced. The formulation to
solve the MC-RWA based on ILP formulation will be
presented in Section I1l. In Section IV, numerical examples and
results will be shown. Finally, we conclude this paper in
Section V.

[l.  MULTICAST ROUTING AND WAVELENGTH ASSIGNMENT
(MC-RWA)

In this paper, a concept of light-tree applied to serve
multicast sessions is defined as a combination of optical
branches. An optical branch is defined as a lightpath provided
to connect between two nodes that are members of the same
multicast session and allows data information to pass through it
only in one direction. Therefore, in-order to reach all members
of the multicast session, the optical branches to form the light-
tree must cover all members of the multicast session and the
root node of a light-tree is the source node, while the end nodes
of each optical branch are the destination nodes of the light-
tree. It is clear that an optical branch defined in this paper is
similar to those in [11] except that this paper assumed
unidirectional branch whereas [11] assumed bidirectional
branch. Fig. 1 shows an example of a light-tree in accordance
with the definition.

As illustrated, Fig. 1 shows a multicast session with a
source node 1 and a set of destination nodes 3, 4, and 6.
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Figure 1. An example of a light-tree spanning on the network for
unidirectional communications.

Therefore, one possible light-tree composes of three optical
branches; 1-3, 3-4, and 3-6. We assume that the nodes of light-
tree which are capable of replicating and splitting the data
information must be the members of multicast session. Hence,
in this example, optical power splitter must be attached at node
3. From Fig. 1, the sample light-tree is created on the logical
topology of the optical network. Thus, there exist choices to
accommodate the light-tree on the physical topology. Four
different routing patterns for accommodating the light-tree are
given as the examples.

A. Wavelength allocation strategy

From the wavelength assignment perspective, there are
several distinct assignment policies that can be employed. In
this paper, three different wavelength allocations are classified
according to the wavelength conversion capability of each
node.

1) Light-Tree (LT) strategy:

When setting up a light-tree on an optical network, only a
single light of the same wavelength is assigned to every optical
branch concatenated to form the light-tree. Such a strategy
requires least complicated node configuration as no wavelength
converter is needed.

2) Partial Virtual Light-Tree (PVLT) strategy:

An optical network using the PVLT strategy has an ability
to assign wavelengths to a light-tree based on a branch-by-
branch fashion, i.e., a wavelength on a branch serving the light-
tree can differ from that of other branches, but the wavelength
along the links of a branch cannot be changed. With this
scheme, optical networks must therefore include wavelength
converters.at the multicast member nodes.

3) * Virtual Light-Tree (VLT) strategy:

For this strategy, optical networks are able to assign several
wavelengths to a light-tree as. with the PVLT strategy.
However, optical networks using this strategy will allocate the
wavelengths based on a link-by-link fashion instead, which is
less stringent than the PVLT! strategy. Namely, a wavelength of
a physical link of a light-tree can differ from that of other
physical links. In effect, the number of wavelength converters
used for the VLT strategy would be more than that for the
PVLT strategy.
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Figure 2. Multicast wavelength assignment strategy: (a) network
topology, (b) a light-tree composed of three optical branches, (c) LT
strategy, (d) PVLT strategy, and (e) VLT strategy. Different styles of line
refer to different wavelengths allocated for the sample light-tree.

To clearly understand the mechanism of each wavelength
assignment strategy, an illustrative example of allocating
wavelengths for a light-tree is given in Fig. 2.

IIl.  LIGHTPATH ALLOCATION: ILP FORMULATIONS

In this section, we will give integer linear program (ILP)
formulations of the MC-RWA problem for multifiber networks
with the objective of minimizing the total number of fibers.
Table | introduces the network parameters and network
variables used to form the proposed ILP formulations.

A. Network Model

The WDM network is modeled by an directed graph
G=(N,L), where N denotes a set of optical nodes,

i ={1,23,..N}, with |N|=N . Meanwhile, the physical links

are represented by a set of directed links, L « Nx N , where a
physical link ij is in the set L if there exists a link from nodes

i to node j. Each link may consist of a bundle carrying

unidirectional fibers for data transmissions in one direction of
the link. Moreover, each optical fiber is limited to multiplexing
the number of wavelengthsup to M .

B. Light-Tree Creation Formulation

To determine an optimal light-tree T, for supporting
multicast request, r, (s,,D,), we construct a directed graph
Gy = (N, A) corresponding to 1, (Sx, D) . The set of nodes
N, has elements consisting of s, and the set of
destinations, D, , Ny ={i e NJi=s, vie D}
Meanwhile, the set of logical directed arcs A, ‘is. defined
mathematically as A, ={ij € AlJi, j € Ny ni = 3.

namely

Based on the graph, G, = (N, A), we develop the light-
tree formulation by employing a concept of transforming the
graph G, to the optimal light-tree T, . Since the light-tree
should have |Nk|—l optical branches, the first two constraints
of the formulation are
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TABLE I. NETWORK PARAMETERS AND NETWORK VARIABLES

Symbol DESCRIPTION

N total number of nodes of the network;

L total number of physical links of the network;

K = |R| total number of multicast traffic requests of the network;

r (sk, Dk) multicast traffic request r, from source s, to set of
destinations D, ;

t, total traffic demand of the multicast traffic request r, in
units of wavelength channels;

A the fanout of optical splitters;

M a maximal number of wavelengths per fiber;

cfsTp takes the value of one if route p of node pair mn can be
used as an optical branch of node pair sd, and zero,
otherwise;

55% takes the value of one if route p of node pair sd passes
through link ij , and zero, otherwise;

B a set of candidate routes of node pair sd ;

£, total number of optical fibers on physical link ij ;

xi{( a Boolean variable, an optical branch between nodes i and
J to form a light-tree for carrying multicast demand r, ;

axjp a candidate physical route p of node pair sd for multicast
demand r, (for the VLT system);

arrzrjw a candidate physical route p of node pair sd occupying
wavelength A for multicast demand r, (for the LT and
PVLT system);

I, an arbitrarily high constant integer;

W, a Boolean variable, a wavelength channel A occupied by

A

multicast demand r, (only for the LT system);

D oxd =[Ny |1 v eR (1)
Heh
X; e {0,1}, VijeA,vr eR ()

Next, based on the definition of a tree, all member nodes of
the light-tree T, should be connected. However, due to the

limitation of the performance of the optical splitters which is
characterized by the fanout A, the summation of all outgoing
arcs of each member node of the light-tree T, should satisfy

this limit by using the constraints:

1< > xJ <A, VieN,,vr eR 3)
jijA,

Moreover; to ensure that the optimal light-tree T, should
not contain looping lightpaths involving either the source node
or the set of destination nodes of the connections, we express
the limitation of an incoming arc of each member node of the
light-tree T, in terms of the constraints:



, j =source

, VjeN,,VvVr R 4
,otherwise 1 ko Tk @

)
> {7

ijeA,

Finally, to ensure that the optimal light-tree T, should not

contain a cycle and to avoid selecting two optical branches
which connect the same node pairs, two counter direction
optical branches can not be selected simultaneously.

XE +xrjki <1, VijeA,Vr R 5)

C. Mesh Network Design Formulation

For the MC-RWA problem definition of the mesh network
design, we can describe the corresponding ILP formulation
based on an optical network G =(N,L) and the light-tree

constraints introduced above as follows:

1) LT wavelength assignment strategy
The objective is to minimize the total number of fiber
requirements:

min: " f; (6)

ijeL

Subject to the constraints (1) to (5), and:

ZZa,kpl Elo =t xx, Vsde A,V eR (7)

peP,, A=1
ZZ Zark p.A sd p(gsdp —0'
reR sd pePy,
Vi={2,..,M}Vijel (8)
M
ZWW -1, Vr,eR (9
rk pﬂ‘fsrgnp < Ioo Xer,ﬂv
VAi={.2,...,M} vsd e A, Vr, eR (10)
W, , {01, vi={2..,M}vr eR (11)
a2 eZ , VA={2,..,M},VpeP,,, Vr, R (12)
f” S Z+, VU el (13)

As formulated for the LT wavelength allocation strategy,
the objective function (6) is the minimization of the total
number of optical fibers needed to support the multicast
demand set, R. Constraint sets (1)-(5) as introduced in the
pervious subsection are contained in the formulation to find the
optimal light-trees. Constraint (7) ensures that exactly physical
routes are selected and wavelengths must be assigned to them.
Constraint set (8) ensures that for any physical link, the channel
capacity of each wavelength can accommodate the traffic
routed on it. Constraint (9) states that only a single wavelength
must be selected to support each multicast session. Constraint
(10) enforces that no physical path selected from constraint (7)
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is permitted to route on wavelength A, unless the multicast
session selects wavelength A . Finally, constraints (11)-(13)
limit the network variables of the wavelength variables, the
physical routes and optical fibers to be in the nonnegative

integer set, Z™ .

2) PVLT wavelength assignment strategy
The objective is to minimize the total number of fiber
requirements:

min : Z fij (14)

ijelL

Subject to the constraints (1) to (5), and:

sd
Z zark pzégsd p_t XX

VSd S Ak ' Vl’k eR (15)

pePmy 4=1
ZZ Zark p.A S5d, pfgl?dp 0,
reR sd pePy,
Vi={2,.. M} VijeL (16)
ay, €2t VA=12,..,M}VpeP,, Vi R (17)
fjeZ® Vijel (18)

As we can see, the constraints of the PVLT system
resemble those of the LT system, except the constraints (9)-
(17) that do not exist in PVLT strategy.

3) VLT wavelength assignment strategy
The objective is to minimize the total number of fiber
requirements:

min : Z fi (19)
ijeL
Subject to the constraints (1) to (5), and:

sd
Z:ark p sdp_t XX

pePm,

Mo fy = 3 D aledihy 20, vijel (1)

reR sd pePy,
mn +
arkyp e’ !

VSd S Ak , Vrk eR (20)

vpePy, VI eR (22)
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Figure 3. Experimental network topology and their multicast traffic
demand. (a) the small test network, (b) multicast traffic pattern.
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f” €Z+,

Vijel (23)

The objective function (19) is to minimize the total number
of optical fibers needed to support the multicast demand set,
R . Constraint sets (1)-(5) are used to determine the optimal
light-trees. Constraint (20) expresses that exactly physical
routes are selected for optical branches of the light-trees. Due
to the link-by-link wavelength assignment of VLT, constraint
set (21) states that the wavelength capacity of each physical
link should be sufficient to meet the multicast traffic load
crossing to it. Finally, constraints (22) and (23) ensure that the
variables representing the physical routes and optical fibers are
nonnegative integer.

IV.  NUMERICAL EXAMPLES AND RESULTS

In this section, we present the numerical results obtained
from the ILP formulations by using a small test network of 7
nodes and 13 links. The simulation network topology and their
multicast traffic demand are shown in Fig. 3 (a) and (b),

respectively. All the

ILP models implemented for the
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Figure 5. System capacity and its utilization versus the number of
wavelengths per fiber, M in the case of VLT.

Figure 6. Ratios of fiber requirements among the LT, PVLT, and VLT
wavelength assignment techniques. (a) LT to VLT fiber requirement ratio
and (b) PVLT to VLT fiber requirement ratio.

discussion are solved by the CPLEX optimization package
[12]. Throughout these simulations, we let the parameter
fanout, A equal to 3. Moreover, the number of destination
nodes of each multicast session is varied from 2 to 4. By the
optimization process, the goal is to find minimal number of
fiber requirements.

Let us now investigate the results for three network design
approaches. Fig. 4 plots the total number of fibers required
versus the number of wavelengths per fiber (M ). It is clear
that graph characteristics of three different design approaches
exhibits similar trend. Fiber requirements tend to decrease as
the values of M increase. This is as expected because when
M increases the channel capacity per fiber is increased and
thus more multicast sessions can be simultaneously supported
in the same fiber, exemplifying the key advantage of WDM
technology. For example, if the network employs fibers with
M =2, the total number of fibers can be reduced to
approximately half of that of M =1. Nevertheless, when the
number of wavelengths multiplexed is further increased say up
to 6 the number of fibers is no longer proportionally reduced.
Indeed, at M >11 no further fiber reduction is observed. Such
behavior can be explained clearly by measuring the utilization
of system resources and the available total system capacity; this
is shown in Fig. 5. As we can see, for large values of M the
utilization gets deteriorated. For example, the network resource
utilization could be as low as 50% of its total available capacity
at M =20.

When comparing between three wavelength allocation

[ LT design approach ] [PVLTdesignapproach] [ VLT design approach ]

Figure 7. Fiber requirements for LT, PVLT, and VLT design approach.
(a)-(c) Fiber requirements for M =1, (d)-(f) Fiber requirements for
M =2, and (g)-(i) Fiber requirements for M =1,
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Figure 8. Examples of routing pattern for M = 6. (a)-(c) routing pattern
of multicast session 1, and (d)-(f) routing pattern of multicast session 2.

schemes. The results in terms of the LT to VLT fiber
requirement ratio and the PVLT to VLT fiber requirement ratio
are shown in Fig. 6 () and (b), respectively. At M =1, the
number of fibers required by the LT, PVLT and VLT are equal.
In principle when M =1, all three systems are effectively
identical, hence resulting in exactly the same network design
outcome. For larger values of M , the LT become less effective
with respect to network resource allocation. For example, fiber
requirement for the LT case is 2.33 times more than that is
required by the VLT technique for M =1. This simulation
results suggest that in multicast environment with asymmetric
traffic the flexibility in assigning wavelengths offered by the
conversion devices could potentially enable network design
and optimization to be more efficient.

To further understand how routing and wavelength
assignment actually behaves for different network design
approaches, we have investigated the details of their resource
allocation and a few results are highlighted in Fig. 7. First, for
M =1 design outcomes of LT, PVLT and VLT are all the
same. Most links are placed with unidirectional fibers, except
for one link between nodes 4 and 7. Note that the number
placed adjacent to each link represent the number of fibers.
These results exemplify that the mathematical formulation
derived here can be used to design multicast optical networks
without assumption that fibers must be placed in pair,
accordingly providing a highly effective way to accommodate
asymmetric traffic. For M =2, it appears that the number of
fibers required on each link in most cases is reduced with a few
links no longer used. It is observed that not only the number of
fibers required is different in each design but also the patterns
of unused links vary. It is interesting to understand why these
design approaches give rather different results. ‘For the VLT,
which is the most flexible and effective-method, it appears-by
examining the average number of links required per session
that the VLT is most frequently able to find very effective tree
to accommodate the multicast traffic. For the PVLT which is
less flexible in terms of conversion-capability it-turns-out-that
tree selected by the PVLT s slightly longer, implying less
effective allocation. The LT 'is most limited 'in resource
allocation as it has no wavelength conversion at all. It is found
that wavelength conflicts occur rather often, causing the LT to
increase the number of fibers whilst aiming for short tree.
These scenarios can be clearly seen in the case when M =6.
Moreover, when consider routing and wavelength in more
details, the examples of routing pattern for M =6 with
multicast session 1 and 4 are considered. Figure 8 illustrates
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that to achieve the optimal network resources, multicast traffic
is sometimes splits their traffics into more than one path. These
scenarios most occur in LT and PVLT case where wavelength
continuity is concerned. Thus, more number of fibers is
needed.

V. CONCLUSION

In this paper, we have presented mathematical formulations
for solving the MC-RWA problem with the objective of
minimizing total number of fibers required to support multicast
asymmetric traffic in multifiber WDM mesh networks. Three
network design approaches namely Light-tree (LT), Partial
Virtual Light-tree (PVLT), and Virtual Light-tree (VLT) mesh
network are considered. Based on the small test network, the
numerical results demonstrate that for multicast WDM
networks, LT network requires more fibers than PVLT and
VLT network, implying that having wavelength conversions
can help reduce the number of fiber requirements. When
comparing between PVLT and VLT, it appears that they both
offer very similar results. Consequently, it is useful to consider
wavelength conversions as a possible means to assist in
network fiber saving for multifiber mesh design approaches.
However, the extra cost that shall be considered is the
wavelength conversion cost.
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