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This thesis studies two designing schemes with single link failure protection capability for
wavelength division multiplexed (WDM) mesh networks, namely, single light-ring (SLR) and
multi light-ring (MLR) that have three sharing methods, non-sharing; partial sharing and full
sharing. Key aspects that are taken into consideration and comparison of the designs include a total
capacity requirement, ease of operation and practical feasibility. Moreover, in this thesis, the
number of wavelengths multiplexed in a fiber on the system designs is also analyzed. First, the
mathematical models based on integer linear programming (ILP) are using as a solution technique
for obtaining the total capacity requirement of each designing schemes. Since the ILP formulations
are computational expensive even for the small size networks, heuristic algorithms have been
designed and developed to perform in large-scale networks. Finally, in this thesis, a lower bound

on network cost is discussed.

Based on the simulation results, the single light-ring with sharing method as partial sharing
and full sharing designing schemes can accomplish the lowest total cost requirement, but the full
sharing method has very much more complexity than the other one with total cost equal. Thus the
single light-ring with partial-sharing-method is the best scheme but in the large-scale networks it
has the problem that the ring in one session cannot be larger than a specific number. So the multi
light-ring with partial sharing-method-is the practical scheme and-in the large-scale networks it has
the total cost very similar with the single light-ring with partial sharing method one and has a better

chance to protect the network with more than one link failure.
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Select session by
order

4
Determine number of ring session use by divide
required traffic of current session by number of
channel per fiber (M) ,If have the remain plus
number of ring session use by 1

A
Check for the
smallest ring to
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session

Multiply number of
ring session use
by size of the
selected ring

4

( Determine fiber use by adding
\ all session required fiber
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Check number of ring to use by divide
total traffic by number of channel per fiber
(M) ,If have the remain plus number of
ring to use by 1

y

Select session by
order

y

Calculate fiber used by all
session by add all fiber used
by each session

Determine number of ring session use by divide

required traffic of current session by number of

channel per fiber (M) ,Decrease number of ring
to use by number of ring session use

Check for the ™ 0
remain

Add the session to the list of
session that must share ring
with other session

4
Check for the
smallest ring to
used by current
session

Multiply number of
ring session use
by size of the
selected ring

Check number session in list of session
that must share ring with other session

Group the remain session by

number of ring to use excess

from previous process for all
combination

4

Check for the
smallest ring for
each group

4

Calculate fiber
used by each
group

A

Check for the least
use combination

etermine total fiber used by adding the session
fiber use and fiber used by least combination
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1. Tasaviegdl 5.1 () 1ulasauiendsnnu Tuanaina (node) 8 Tua uazlisiuiuaie
1 Y 1 1
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M15199 5.1 : N 1NpvoIlaamIaasaFU

BT nawmln
1 3
2 1
3 2
4 5
5 4

M9 5.2 : MNFAveTanmadsatuvesn ilnnaaeuvedlnsavie SN_13L

pguafaamanlualunnazfadmadrady
1B % 4 node 6 node
1 0,3,6,7 0,1,2,4,5,7
2 1,2,4,5 1,2,3,4,6,7
3 6,1, 2457 0,3,4,5,6,7
4 84,5 0,1,3,4,5,6
5 0,2,5,6 0,1,2,3,5,6

M99 5.3 : ANFNVoITafMAAI AT U NI AN AT UVDI NFSNet
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1. A 3 1 v A d o
ﬂ's]%l‘llﬁﬂﬂ1ﬁﬂiuﬂ1ul!ﬂﬁ$uaﬂﬂ1ﬁﬂ!°ﬂﬁ‘lﬁu

5i13]
o 4 node 6 node 8 node 10 node 12 node
B¥U
0,1,2,3 0,1,2,3,4 0,1,2,4,6,7,8
1 3,4,6,7 0,2,4,6,7,8
5,8,11,13 6,7,9,10, 11 9,10, 11, 12,13
1,6,8,9,11, 0,1,2,3 1,2,3,4,5 0,1,2,3,5,7,8
2 1,6,8,10
12 4,6,7,10 7,9,10, 11, 13 9,10,11,12,13
2,4, 10, 0,1,3,4 1,2,5,6,7 0,1,2,3,4,5,6,
3 0,1,2,3,6,9
12 7,8,9,12 8,9,10,11, 12 7,8,10,11, 12
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4 a v A o v a
VniNﬁ 5.3 : guFnveINaam A dsUYeIn MW Anade U9 NFSNet

v A & v A J o
ngataamanlualuunazlafmanvaty

513}
4 node 6 node 8 node 10 node 12 node

2,3,5,6 1,2,3,5,6 1,2,3,4,5,6,7,
4 0,5,7,12 | 1,3,4,7,8,10
7,8,9,13 7,8,9,10, 12 8,9,10,12,13

3,5, 11, 0,3,6,8 0,2,4,5,6 0,1,2,3,5,6,7,
5 0,1,2,3,4,5
13 9,10, 11,12 | 7,8,10,11,13 8,9,10,11, 12
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Designing Non-Sharing Partial Sharing Full Sharing
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13197 55: nmm%}iumsmwamaﬂ (run time) VOIUVVIIADINNAUANTATVDI 1ATIVY

& g = ) 9 i = =~
8N _13L LTJEI"I‘VIL‘]J‘L! 0 Glumsnwmam%namafme 0.01 sec (N) N3l SLR (V) Nt MLR

Run time (sec)
4 node 6 node
M Non- Partial Full Non- Partial Full
Sharing Sharing Sharing Sharing Sharing Sharing
1 0 0 0.01 0 0.01 0.01
2 0 0.1 0.27 0.1 0.19 0.27
3 0 0.01 0.02 0 0.01 0.02
4 0.01 0.02 0.02 0 0.02 0.03

Q)
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v ' ¥ . ° a 4 )
M35199 5.5 : NN 1FIUMTHINARAY (run time) VOILLLLIIAOINNAUAFNAATVDI 1ATIVY

A = 9 Y J = ~
8N_13L a1y 0 Tlumisranuenalsiaiiosndi 0.01 sec (n) 58 SLR (¥) N5 MLR

(#19)
Run time (sec)
4 node 6 node

M

Non- Partial Full Non- Partial Full
Sharing Sharing Sharing Sharing Sharing Sharing

5 0 0.01 0.03 0.17 0.01 0.03
6 0 0.03 0.06 0 0.03 0.06
7 0 0.03 0.1 0 0.04 0.11
8 0 0.01 0.04 0 0.02 0.04
9 0 0.01 0.05 0 0.01 0.05
10 0 0.01 0.05 0 0.01 0.04
11 0 0.02 0.05 0 0.01 0.06
12 0 0.01 0.05 0 0.01 0.05
13 0 0.02 0.05 0 0.01 0.05
14 0 0.01 0.05 0 0.01 0.05
15 0 0 0.02 0 0.01 0.02

(n)
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v ' ¥ . ° a 4 )
M35199 5.5 : NN 1FIUMTHINARAY (run time) VOILLLLIIAOINNAUAFNAATVDI 1ATIVY

A = Y Y J = ~
8N 13L narmiu 0 luaisravuiedeldnaiiesndn 0.01 sec (n) N3 SLR () N5l MLR

(710)
Run time (sec)
M 4 node 6 node
Non-Sharing Partial Sharing Non-Sharing Partial Sharing

1 0.03 0.09 0.09 0.06

2 0.02 758.28 0.01 1243.66
3 0.02 2.07 0.02 1.12
4 0.02 0.96 0.02 1.04

5 0.02 0.36 0.02 0.45

6 0.02 44.04 0.01 112.05
7 0.02 57.90 0.01 156.33
8 0.02 0.56 0.01 0.16
9 0.02 1.27 0.01 1.36
10 0.02 1.24 0.01 0.9
11 0.02 1.65 0.01 7.71
12 0.02 2.69 0.01 1.84
13 0.02 12.82 0.01 1.52
14 0.02 1.93 0.01 2.33
15 0.02 0.11 0.01 0.08
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M1519% 5.6 : SuauilanFudetsny (N,) ragsuaududs (N,) AlFlunisad

o a J 1
HUUT 00N NANARTATVOI 1T 9018 NFSNet

Designing Non-Sharing Partial Sharing Full Sharing
Schemes N, N, N, N, N, N,
SLR 695 5 834 144 927269 839
MLR 24590 5 29508 4923 - -

13191 5.7 : a1 1Flunsvramas (run time) Vo duUui1a0IN At aas vo1Insiuie
A 3 = v ) ' ' A d

NFSNet a1 u 0 Tuais1avivreadlymaitosnii 0.01 sec @3ua191d]u 12 hours 1

M319Ae vgavmamaoi 12 ¥11us vazl¥min Idiusgaiie (n) nsdl SLR (Non-Sharing)

(v) nsal SLR (Partial Sharing) (1) A58l SLR (Full Sharing) (3) A58l MLR (Non-Sharing) (9)

nsal MLR (Partial Sharing)

Runtime (sec)
M 4 Node 6 Node 8 Node 10 Node 12 Node
1 0 0 0 0.01 0.01
2 0 0 0 0.12 0.2
3 0 0 0 0.1 0.12
4 0 0 0 0.1 0.15
5 0 0 0 0.13 0.17

)
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13191 5.7 : AN 1FUMINIHAIRAY (run time) VOV TIADINNABAM AN VDI TATIVIY
A d = ] ] ' ' A g

NFSNet 132171114 0 TuarsavuiedelFiiaiosndn 0.01 sec a@213a193) 1 12 hours 11

aM319Ae ngamwamasi 12 %211 uaz1¥mi Idifluargaiie (n) n3dl SLR (Non-Sharing)

(¥) N59 SLR (Partial Sharing) () A59l SLR (Full Sharing) (3) A58 MLR (Non-Sharing) (9)

A58 MLR (Partial Sharing) (919)

Run time (sec)
M 4 Node 6 Node 8 Node 10 Node 12 Node
1 0.01 0.01 0.01 0.01 0.01
2 0.07 0.12 0.2 0.53 2.06
3 0.01 0.02 0.03 0.11 0.24
4 0.01 0.02 0.04 0.13 0.37
5 0.01 0.02 0.02 0.09 0.22
6 0.05 0.08 0.17 0.21 1.59
7 0.06 0.09 0.15 0.32 1.78
8 0.01 0.04 0.07 0.15 0.21
9 0.01 0.03 0.03 0.13 0.19
10 0.01 0.01 0.02 0.09 0.15
11 0.01 0.01 0.02 0.07 0.17
12 0.01 0.01 0.02 0.08 0.18
13 0.01 0.01 0.02 0.05 0.15
14 0.01 0.01 0.02 0.03 0.16
15 0.01 0.01 0.01 0.01 0.01

(V)
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MR 5.7 : DA 1FIUMIMIHARAY (run time) VOULLT 1@ IMIATIAAATYD TATIU10
NFSNet a1t 0 Tuars1ananedalfinartosndt 0.01 sec daunarfitdiu 12 hours Ju
A1319AD wqﬂmwamaﬂ‘ﬁ 12 $2 734 Lmﬂ%’ﬁwﬁ“lé’gﬂumq@ﬁw (n) N8l SLR (Non-Sharing)
() A58 SLR (Partial Sharing) () n5al SLR (Full Sharing) (3) A58 MLR (Non-Sharing) ()

A58l MLR (Partial Sharing) (919)

Run time (sec)
M 4 Node 6 Node 8 Node 10 Node 12 Node
1 0.02 0.02 0.02 0.03 0.05
2 0.15 0.31 0.45 1.21 2.78
3 0.04 0.11 0.21 0.31 0.49
4 0.06 0.24 0.22 0.42 0.58
5 0.02 0.06 0.16 0.21 0.26
6 0.09 0.27 0.37 0.55 1.89
7 0.07 0.22 0.4 0.68 1.78
8 0.02 0:11 0.12 0.19 0.31
9 0.02 0.12 0.11 0.17 0.29
10 0.02 0.1 0.09 0.11 0.28
11 0.02 0.13 0.09 0.12 0.27
12 0.02 0.09 0.07 0.1 0.25
13 0.02 0.08 0.08 0.09 0.24
14 0.02 0.08 0.06 0.09 0.23
15 0.02 0.02 0.02 0.03 0.05

(A1)



36

MR 5.7 : DA 1FIUMIMIHARAY (run time) VOULLT 1@ IMIATIAAATYD TATIU10
NFSNet a1t 0 Tuars1ananedalfinartosndt 0.01 sec daunarfitdiu 12 hours Ju
A1319AD wqﬂmwamaﬂ‘ﬁ 12 $2 734 Lmﬂ%’ﬁwﬁ“léjgﬂumq@ﬁw (n) N8l SLR (Non-Sharing)
() n5al SLR (Partial Sharing) (f) n5al SLR (Full Sharing) (3) A58 MLR (Non-Sharing) ()

A58l MLR (Partial Sharing) (919)

Runtime (sec)
M 4 Node 6 Node 8 Node 10 Node 12 Node
1 0 0 0 0.01 0.01
2 0 0 0 0.12 0.2
3 0 0 0 0.1 0.12
4 0 0 0 0.1 0.15
5 0 0 0 0.13 0.17
()
Run time (sec)
M 4 Node 6 Node 8 Node 10 Node 12 Node
1 24.89 10.68 3.76 3.93 1.49
2 12 hours 12 hours 12 hours 12 hours 12 hours
3 449.90 125.71 5.14 120.70 591
4 12 hours 12 hours 12 hours 12 hours 12 hours
5 42.17 30.17 49.31 7.69 1.84
6 12 hours 12 hours 12 hours 12 hours 12 hours
7 12 hours 12 hours 12 hours 12 hours 12 hours
8 639.27 378.45 205.37 5.06 116.13
9 12 hours 18309.48 4538.28 240.76 6969.68
10 12 hours 4769.30 1457.37 363.99 238.93
11 12 hours 12 hours 12 hours 8738.76 5192.58

Q)
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MR 5.7 : DA 1FIUMIMIHARAY (run time) VOULLT 1@ IMIATIAAATYD TATIU10
NFSNet a1t 0 Tuars1ananedalfinartosndt 0.01 sec daunarfitdiu 12 hours Ju
A1319AD wqﬂmwamaﬂ‘ﬁ 12 $2 734 Lmﬂ%’ﬁwﬁ"lé’gﬂumq@ﬁw (n) N8l SLR (Non-Sharing)
() A58 SLR (Partial Sharing) (f) n5al SLR (Full Sharing) (3) A58 MLR (Non-Sharing) ()

A58l MLR (Partial Sharing) (919)

Run time (sec)
M 4 Node 6 Node 8 Node 10 Node 12 Node
12 12 hours 12 hours 27856.37 4756.73 2463.82
13 12 hours 29467.13 19567.23 5397.45 1349.17
14 12 hours 17345.83 8590.64 3649.28 1889.31
15 95.19 19.27 5.98 5.62 1.28
()

{ < 1 o o
‘t]”lﬂ@ﬂﬁ%iﬁ 57(0) (v) (A) (V) ag (2) Wiullﬁj’JTﬂ’NN"]f‘]J"]ng@HGIJ’E’JQLLUII%TEI?NVHQ

a S A d?l I 9y Y] =} J I~] 1 9 d%’
ﬂmﬁmﬁm!,wmmLﬂuuuﬂumﬂEnmJﬂimTﬂN"lanuJu 8N _13L Lm%ﬂ%nammﬂmum Iﬂﬂ

A [ A 1 ) a o 1 A Y] 1 9
MuNanuaInaan M uaz%1u3uau1%ﬂ1ut°ﬁﬁ%uL%utﬂu U ainaI1 MLR i]g(lslfﬂﬁ']

e =D

unlanann

2}

a o Y o Ay o a 4 =
M1319N 5.8 : ﬁ]']u:]ulﬁuglﬂuﬂjuulﬁq (no. fiber) NABINITUDIULUUINADINNAUAAIAATNIT AU

SLR v041A59918 8N_13L

No. Fiber
M 4 node 6 node
Non- Partial Full Non- Partial Full
Sharing Sharing Sharing Sharing Sharing Sharing

1 82 82 82 92 92 92

2 49 45 45 56 50 50

3 39 30 30 44 33 33

4 33 23 23 38 26 26
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a o Y Y o Ay o A s~
1319 N 5.8 ¢ flnu’Julﬁuelﬂllﬂ')u’lllﬁ\? (IlO. ﬁber) NADINTITUDILUVUINDININAUNFITNTNI U

SLR v041A59%18 8N_13L

No. Fiber
M 4 node 6 node
Non- Partial Full Non- Partial Full
Sharing Sharing Sharing Sharing Sharing Sharing

5 28 19 19 32 22 22
6 28 19 19 32 20 20
7 28 17 17 32 20 20
8 28 13 13 32 15 15
9 28 13 13 52 15 15
10 28 13 13 32 14 14
11 28 13 13 32 14 14
12 28 13 13 32 14 14
13 28 13 13 32 14 14
14 28 13 13 32 14 14
15 28 8 8 32 8 8

a o Y Y o Ay 13 a J =
AT 1NN 5.9 : mmumu%umumm (no. fiber) NABINITUBDIULUUINADINNAUAFIAATNTA

MLR v041n539918 8N_13L

No. Fiber
M 4 node 6 node
Non-Sharing Partial Sharing Non-Sharing Partial Sharing

1 97 97 107 107

2 58 53 65 58

3 46 35 51 38

4 39 27 44 30

5 33 22 37 25

6 33 22 37 23




39

a o v Y o A o a s
M15191 5.9 : udu loundtiiues (no. fiber) NADINITUDILUUINQADINWNAUAFAITATNIT DY

MLR v041n53918 8N_13L

No. Fiber
M 4 node 6 node
Non-Sharing Partial Sharing Non-Sharing Partial Sharing

7 33 20 37 23
8 33 15 37 17
9 33 15 37 17
10 33 15 37 16
11 33 15 37 16
12 33 15 37 16
13 33 15 37 16
14 33 15 37 16
15 33 9 37 9

M3197 5.10 : 110du leud1iuaa (no. fiber) NdoIns VoL VT I@INANAMAAT VDY
1759918 NFSNet (7) N58 SLR (Non-Sharing) (V) N59 SLR (Partial Sharing) (1) N5l SLR

(Full Sharing) () nsal MLR (Non-Sharing) (3) N3 2 MLR (Partial Sharing)

No. Fiber
M 4 Node 6 Node 8 Node 10 Node 12 Node
1 121 139 177 191 205
2 73 86 105 113 123
3 59 66 83 89 96
4 51 60 70 75 82
5 43 49 59 62 69

)
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Y o o { o a J
ﬂ1§1\1ﬁ 5.10: %WH’JHL%HGI)EJLHQI}’JHWLL’G'Q (no. fiber) ﬁﬂg]}'ﬂﬂﬂ’li‘U?NL!’]J“]Jiﬂa’t’NﬂNﬂﬂ!G]ﬁ1ﬁﬁ§6UE]Q

TA59%18 NFSNet (1) N5l SLR (Non-Sharing) (¥) N8l SLR (Partial Sharing) (A1) N3&l SLR

(Full Sharing) (1) A58l MLR (Non-Sharing) (9) A58l MLR (Partial Sharing) (919)

No Fiber

M 4 Node 6 Node 8 Node 10 Node 12 Node
1 121 139 177 191 205
2 67 75 95 102 109
3 46 49 60 65 69
4 36 40 49 51 55
5 31 35 38 41 41
6 29 29 36 38 41
7 27 29 36 38 41
8 23 24 28 27 28
9 23 23 26 27 28
10 21 23 25 27 27
11 21 20 25 27 27
12 20 20 25 25 27
13 20 20 25 25 27
14 20 20 25 25 27
15 14 14 14 14 14

(V)
No Fiber

M 4 Node 6 Node 8 Node 10 Node 12 Node
1 121 139 177 191 205
2 67 75 95 102 109
3 46 49 60 65 69

(A)
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A13199 5.10 : $1du e e (no. fiber) NADINTVDIUVTIADINWIATAFAAT VD
TA59%18 NFSNet (1) N5l SLR (Non-Sharing) (¥) N8l SLR (Partial Sharing) (A1) N3&l SLR

(Full Sharing) (1) A58l MLR (Non-Sharing) (9) A58l MLR (Partial Sharing) (919)

No Fiber
M 4 Node 6 Node 8 Node 10 Node 12 Node
4 36 40 49 51 55
5 31 35 38 41 41
6 29 29 36 38 41
7 27 29 36 38 41
8 23 24 28 27 28
9 23 23 26 27 28
10 21 23 25 27 27
11 21 20 25 27 27
12 20 20 25 25 27
13 20 20 28 25 27
14 20 20 25 25 27
15 14 14 14 14 14
Q)
No Fiber

M 4 Node 6 Node 8 Node 10 Node 12 Node
1 131 147 178 191 207
2 80 90 106 113 124
3 63 69 83 89 96
4 55 62 70 75 82
5 46 51 58 62 69
6 46 51 58 62 69

()
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Y o o { o a J
msnﬁ 5.10: mmmﬁ'uiﬂuﬁaumm (no. fiber) ﬁﬂg]}'ﬂﬂﬂ’li‘llﬂ\il,!fﬂﬂﬂWaﬁlﬂﬂNﬂmﬁﬁ1ﬁﬁiﬂlﬂﬁ

TA59%18 NFSNet (1) N5l SLR (Non-Sharing) (¥) N8l SLR (Partial Sharing) (A1) N3&l SLR

(Full Sharing) (1) A58l MLR (Non-Sharing) (9) A58l MLR (Partial Sharing) (919)

No Fiber
M 4 Node 6 Node 8 Node 10 Node 12 Node
7 46 51 58 62 69
8 46 51 58 62 69
9 46 51 58 62 69
10 46 51 58 62 69
11 46 51 58 62 69
12 46 51 58 62 69
13 46 51 58 62 69
14 46 51 58 62 69
15 46 51 58 62 69
()
No Fiber
M 4 Node 6 Node 8 Node 10 Node 12 Node
1 131 147 178 191 207
2 72 80 96 103 111
3 49 52 62 67 71
4 39 42 50 52 57
5 33 35 40 41 43
6 30 31 37 40 42
7 30 31 37 38 42
8 25 25 28 27 30
9 24 24 27 27 29

Q)
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31399 5.10 : S111dulen e (no. fiber) Md0INTVOWLUIIABINAAAMTAT VO
TA59%18 NFSNet (1) N5l SLR (Non-Sharing) (¥) N8l SLR (Partial Sharing) (A1) N3&l SLR

(Full Sharing) (1) A58l MLR (Non-Sharing) (9) A58l MLR (Partial Sharing) (919)

No Fiber
M 4 Node 6 Node 8 Node 10 Node 12 Node
10 23 24 27 27 28
11 22 21 27 27 28
12 22 21 26 26 28
13 22 21 26 26 28
14 22 21 26 26 28
15 15 14 15 15 15

(@)

A [ ~ o a A a o 9 Y ) &’;’ ~
150960 1Nz RiINITAnI1IzrAD Maaiizuduleudniaanavuan
Tn59918@99013 (total number of fibers requirement) M5 UINTM 159918 8N_13L F9'l@
Y A B — <3 Y1 o 9 2 ) ~
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9 A A d? A a A 1 [ 1 Y Y o
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