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##4270526621 : MAJOR ELECTRICAL ENGINEERING
KEYWORD : ROUTING AND WAVELENGTH ALLOCATION / MULTI-RING NETWORK DESIGN /
PATH PROTECTION / LINE PROTECTION / FIBER COST / PORT COST
WASAN TIRASIRIKUL: MATHEMATICAL MODELS FOR DESIGNING MULTI-RING WDM
NETWORK WITH LINK FAILURE PROTECTION. THESIS ADVISOR: ASSIT PROF.
LUNCHAKORN WUTTISITTIKULKIJ. Ph.D. 107 pp. ISBN 974-03-0671-3.

This thesis presents mathematical models for routing and wavelength allocation problems in
single-ring and multi-ring WDM networks for normal operation and all single-link failure scenarios. The
mathematical formulations based on the integer lincar programming (ILP) are developed to determine the
optimal network resource requirements measured in terms of fiber and port costs. These two cost models
adopted in this study are almost the same. The fiber costs are defined as the number of ports interconnecting
optical nodes, i.e. fiber ports whereas the port costs include both fiber ports as well as add-drop ports. In the
single-ring network, this research proposes a new lower bound on the fiber cost for network protections. This
lower bound is extensively used as a benchmark for comparison with line and path protection network systems.
It is shown that in most cases the fiber cost of 4-9 node network with wavelength conversion using path
protection technique is the same as that of the derived lower bound. However, when line protection is employed

on the same network situation the fiber costs are either equal or more expensive than the lower bound.

For the multi-ring network design, this thesis presents the comparison of the fiber cost models with
the port cost models in order to design the network that has minimum total cost. It appears that the total cost of
4-node-and-3-possible-ring network designed by considering the cost of port is better than the design
considering cost of fiber because it can minimize both fiber and port while the fiber cost design can minimize
only the number of fiber. So the port cost design is more suitable for WDM networks. However, it is more
complex in term of computational time. From simulation results, it is shown that the computational time of the
multi-ring network design appears to be excessive even with a small network. For example, in the case of the
protection network without wavelength conversion, with 5 nodes-and 6 total pessible rings, it is impossible to

solve model within one and a half day.

Department of Electrical Engineering Student’s signature...............coeeuennenen.
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3.4.2 Jointly optimized working and spare fiber assignment
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Path Protection Line Protection
M Shared Wavelength Shared Fiber Shared Wavelength Shared Fiber
NWC wC NWC wC NWC wC NWC wC

1 60 (100%) | 60 (100%) | 60 (100%) | 60 (100%) | 60 (100%) | 60.(100%) | 60 (100%) | 60 (100%)

2 30 (100%) [ 30.(100%) | 30.(100%) {30.(100%) | 30-(100%) | 30 (100%) | 30 (100%) | 30 (100%)
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Jointly optimized working and spare fiber assignment
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4 20 (100%) | 15 (50%) |20 (100%) | 20 (100%) |20 (100%) | 15 (50%) |20 (100%) |20 (100%)

8 10 (100%) | 10 (100%) | 10 (100%) | 10 (100%) | 10 (100%) | 10 (100%) | 10 (100%) | 10 (100%)

(a)
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JPSW.,JPSF (2M+1)Z j 35S _l_zj i +Z i
JLSW,JLSF =2 M @ 2 A 2 2 = 2
€ n; (n;—1) R o (n, 1) € 0 (n, 1) C 10, —1)
+MY ———+2C +> +2¢ +MZH MY ——— +Zn +>—
=1 2 = 2 I=! = 2 =1 =1 2
C
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9
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TagTaseunenno1sadl 2 uuia (n) 1a59018 6N 7R (V) 1as9u1e 4N 3R

(V)

s 41 Taseenlylunmsdinged (m) Tasehe 6N_7R (1) Tasaine 4N 3R

] A I T Ao ng =\ A
1. Taseviezaln 4.1 (0) dulasenenuiuluaniavue 6 Tua tagiiaumiun
I :/} ] 8 ] o a a 4 {
Wl 1 dneanuauTaseane 7 2aumu dalaseiesessunsilngiwesund
[ Y
YA Traffic Volume 10U 1 1iieanndzadnlumsiuausdeveson insaiedl
7 1A59918 6N_7R
] ] ~ I 1 A < J ] A o
2. Iasuieineg i 4.0 ) dluTasanendvuiadnnilasadieusn Taaldmuou
;’f A o o :JI
Tuasiarya 4 Tuanazisuraruidu 1) 189 ruae 3 29uniu Taelas
1 @ a a J . v A 1 J =
185935 UNIU AU BUO Uy 05 (non—uniform) uAD HAazg TUATAIY
Y a a2 | Y A ) = ~
aoamsdsuunsila lumidu uesieanuazalnlumsinausdsvesen

4
Tn599181171 1A59918 4N_3R
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maad 4.3 2uruindu ) 1dvanualulasevie (n) Tasene 6N 7R (v) Tnsavie 4N 3R

Ring Number of nodes Description
1 3 4-5-6
2 4 2-3-4-6
3 5 2-3-4-5-6
4 4 1-2-6-5
5 5 1-2-6-4-5
6 6 1-2-3-4-6-5
7 5 1-2-3-4-5
(M)
Ring Number of nodes Description
1 3 123
2 3 1-3-4
3 4 1-2-3-4

(V)

H a = 1 1 a a P
M99 4.4 Usuanudesnsnililnvesuaazd Tua (n) niinuungiiesunil Traffic

Volume 1M1 1 ¥041A53910 6N 7R (W) nawlilnuougiivesuveslngeine 4N 3R

Node| 1 2 3 4 5 6
1 - 1 1 1 1 1
2 1 = 1 1 1 1
3 1 1 - 1 1 1
4 1 1 1 - 1 1
5 1 1 1 1 - 1
6 1 1 1 1 1 -

(n)
Node| 1 2 3 4
1 - 2 1 1
2 2 - 1 5
3 1 1 - 3
4 1 5 3 -

(V)
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1 1 A =2 o Y Y o A 1 9 091' A =<
ﬁ'?u@l@llﬂﬁ"li%‘]‘ﬂ 4.4 Llﬁﬂ\iﬂ\ﬁ]'lu')ulﬁuﬁlflllﬂ'lu'lllﬁﬂﬂIﬂﬁ\ﬂﬂﬂﬁ’ﬂ\ifﬂﬁ NINATUN

1o = =K £ A = ' = =
Llﬁgulllﬂ']u\‘]fNWasll’t’)\iﬁu\1‘U"IEJ!‘D'@?JIﬂﬂlﬁﬂﬁ?ﬂﬂ]@ﬂiﬂﬁ\‘]ﬂﬂﬂ 6N_7R aZAN1T 1NN 4.5 LA

@ 9 ] & ] o o o . qu/ )
mmm‘uc]faumaﬂmwwmagiugﬂmmmuaumuﬂmazmuau constraint NN T U
Optimized spare fiber assignment Ay Jointly optimized working and spare fiber assignment Tag

fsananuFutouvedlns e 6N 7R

v A v 1
A15197 4.5 duleudniuaanavuan 1nsavie 6N_7R @83 (1) A58 Taseven
Yo = KX = £ A . = 1 Ao =2
Iamiiadennudemevearilsvieionled (No Protection Network) (V) 3@ 1A59U18NR1114

=2 =

4! 1 d' 4 [] 9 an
mmmmwweuawuwwwaﬂm (Protection Network) Iﬂﬂﬂ@ﬂllﬂﬂiﬂiﬂ%Wﬂﬂ’Jﬂ’J‘ﬁ
. . . = 1 d’ o =R K = d! 1 d‘
Optimized spare fiber assignment () N591 139N AIHIDIA NN T IY18U0 I 9N Tag
(Protection Network) 1ag0onuu Ins 191893875 Jointly optimized working and spare fiber
. sl o = o Y Y o o g Y = o o Y
assignment ; 1osIFUA e mmumu“lmmaummmmmmaﬂ% maunummmﬁu%

Y o 1 A M Yo K| =K £ A =
L!ﬂ’)u%kﬁﬁﬂl’ﬂﬁjﬂiﬂﬂl1fJ“I/]llilulﬂﬂWMQ‘ENTiuQ‘lﬂfJLGH’f)iJTENLﬁEJﬁ”IEJ

No Protection Network
M
NWC wC
1 25 25
2 13 13
4 10 10
8 6 6
(M)
Optimized spare fiber assignment
Path Protection Line Protection
M Shared Wavelength Shared Fiber Shared Wavelength Shared Fiber
NWC WC NWC WC NWC wC NWC wC
1 50 50 50 50 50 50 50 50
(100%) (100%) (100%) (100%) (100%) (100%) (100%) (100%)
2 26 26 26 26 26 26 26 26
(100%) (100%) (100%) (100%) (100%) (100%) (100%) (100%)
4 20 16 20 20 20 20 20 20
(100%) (60%) (100%) (100%) (100%) (100%) (100%) (100%)
8 12 12 12 12 12 12 12 12
(100%) | (100%) (100%) (100%) (100%) (100%) (100%) (100%)

(V)



Jointly optimized working and spare fiber assignment
Path Protection Line Protection
M Shared Wavelength Shared Fiber Shared Wavelength Shared Fiber
NWC wC NWC wC NWC wC NWC wC

1 45 45 50 50 49 49 50 50
(80%) (80%) (100%) (100%) (96%) (96%) (100%) | (100%)

2 26 23(76.92% 26 26 26 25 26 26
(100%) ) (100%) (100%) (100%) | (92.3%) | (100%) (100%)

4 16 13 20 20 16 13 20 20
(60%) (30%) (100%) (100%) (60%) (30%) (100%) (100%)

8 11 10 12 12 12 10 12 12
(83.33%) | (66.66%) | (100%) | (100%) (100%) | (66.67%) | (100%) | (100%)

(a)
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d' o & [ o ! IS
13199 4.6 31UIU constraint (Nc) HaZIIUAIUAI S (Nv) 104 1A5 9918 6N_7R (D) FITRGEN

1 M Yo KX K =~ &£ A Y ] '
"lﬂﬂhlllulﬂ‘?nu\iﬂﬁﬂ’NiJLET‘(’J‘VHfJ"UfJQWH\?SIHEJLGI)'QNTEN (No Protection Network) (V) ﬂiﬂ‘liﬂ‘ﬂ"lﬂﬂ

d‘o < K = £ 1 A 3 ] 9 ax
‘VlﬂTUQﬂQﬂ’J"IiJLﬁEJ‘VHEJ‘U?NﬁuQGUTEJLGD"&‘)JJIEN (Protection Network) Iﬂﬂﬂ@ﬂlmﬂiﬂﬁﬂﬂlmﬂ’m’l‘ﬁ

. . 4 = 1 Ao = = = =& ] A
Optimized spare fiber assignment (f1) N30l 1AFIUENATHIDIANUTI110UDIH 1918301 Tog

(Protection Network) 1agoanuyy lasivu1e A873% J ointly optimized working and spare fiber

assignment

No Protection Network

NwWC WC

Nc Nv Nc Nv

107 187 107 187

139 307 107 187

203 547 107 187

331 1027 107 187

()



Optimized spare fiber assignment
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Path Protection Line Protection
M Shared Wavelength Shared Fiber Shared Wavelength Shared Fiber
NWC wC NWC wC NWC wC NWC wC
Nc | Nv [ Nc [ Nv | Nc | Nv | Nc | Nv | Nc | Nv | Nc | Nv | Nc | Nv | Nc | Nv
1 417 | 304 | 417 | 304 | 417 | 304 | 417 | 304 | 417 | 304 | 417 | 304 | 417 | 304 | 417 | 304
2 8341601 | 417|304 | 834 | 601 | 417 | 304 | 834 | 601 | 417 | 304 | 834 | 601 | 417 | 304
4 1668|1195| 417 | 304 [1668|1195| 417 | 304 |1668(1195| 417 | 304 [1668|1195| 417 | 304
8 3336|2383 | 417 | 304 |3336|2383| 417 | 304 (3336|2383| 417 | 304 |3336|2383| 417 | 304
V)

Jointly optimized working and spare fiber assignment

Path Protection Line Protection
M Shared Wavelength Shared Fiber Shared Wavelength Shared Fiber
NwWC WC NwWC WC NWC WwC NwWC WwC
Nc | Nv [ Nc | Nv | Ne | Nv [ Ne [ Nv | Nc | Nv | Nc | Nv | Nc | Nv | Nc | Nv
1 524|491 | 524 | 491 | 524 | 491 | 524 | 491 | 524 | 491 | 524 | 491 | 524 | 491 | 524 | 491
2 973 1 908 | 524 | 491 | 973 | 908 | 524 | 491 | 973 | 908 | 524 | 491 | 973 | 908 | 524 | 491
4 1871|1742| 524 | 491 1871|1742 524 | 491 |1871(1742| 524 | 491 |1871|1742| 524 | 491
8 3667|3410 524 | 491 |3667(3410| 524 | 491 |3667|3410| 524 | 491 (3667|3410 524 | 491
Q)]

A Aq v o 4 ' £~ 1 I
M1319N 4.7 L’Ja1%1%1uﬂ15ﬂ1u3mﬂ1watﬂaﬂ (run time) "Ui’:]\jiﬂi\i"lnﬂ 6N_7R Gﬁﬂuwujﬂlﬂu

a ~ =~ ' 1) Yo KR = = £ & .
AUIN (D) ﬂiﬂ!Iﬂi\i"“']Elllllllﬂﬂ']uQﬂ\?ﬂ')’]lllﬁﬂﬁ'lﬂella\iﬁu\?"lﬂﬂlsﬁﬂwiﬂq (No Protection

Network) (¥) 0591 1A53U18NA119D9A N T oM 18D 9M1199181%0 0 Teq (Protection Network)

Tageenuuy1n59U18A2875 Optimized spare fiber assignment (1) N39 1ATIVIWARTIDIANY

= 2 A | 1 Y ag .
@eN18UDINUIVIT U 189 (Protection Network) Tageonuul IATIU180287F Jointly

optimized working and spare fiber assignment

No Protection Network

M
NWC wC
1 0.25 0.94
2 2.04 0.33
4 33.03 0.22
8 12.26 0.15

()
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Optimized spare fiber assignment
Path Protection Line Protection
M Shared Wavelength Shared Fiber Shared Wavelength Shared Fiber
NWC wC NWC wC NWC wC NWC wC
1 0.01 0.01 0.01 0.01 0.15 0.01 0.01 0.03
2 0.02 0.01 0.02 0.01 0.01 0.01 0.01 0.03
4 0.02 0.01 0.08 0.01 0.02 0.01 0.02 0.03
8 0.22 0.01 0.27 0.01 0.04 0.01 0.04 0.03
(V)
Jointly optimized working and spare fiber assignment
Path Protection Line Protection
M Shared Wavelength Shared Fiber Shared Wavelength Shared Fiber
NWC wC NWC wC NWC wC NWC wC
1 0.14 0.16 1.24 L) 0.94 0.5 0.45 0.03
2 72.78 0.37 249.34 1.33 8.3 0.77 3.1 0.03
4 10186.13 0.53 2636.58 1.24 380.19 0.66 7236.66 0.03
8 8600.71 0.52 86341.97 0.84 5252.25 0.35 41.56 0.03

()

v v v
5191 4.8 S11uduleud niaaiaruan 1ns e 4N 3R deems (n) nyai Inseviella

o ==

= = £ A . = 1 Ao = =
ﬂ’]uQﬂ\iﬂ'ﬂﬂlﬁﬂﬁ']'(’JEUENWHQGU'IEJL%@NI&N (No Protection Network) (V) ﬂﬁﬂ‘liﬂﬁ\iﬂnﬂﬂﬂ']u\‘]ﬂ\‘]

= & A . ! Y adg ..
ANUFIMIBVe I LI Feu Tog (Protection NetWOI‘k)Tﬂﬂﬂaﬂllﬂﬂiﬂﬁ\ﬂnﬂﬂjﬂ?ﬁ Optimized

. = = I = = £ 0 A .
spare fiber assignment Q) ﬂ’imjﬂ’i\i‘lﬂﬂ‘lﬂmuqmﬂ?mLﬁfJ“VHEJ‘lJ?N?i“LNEIJTc’JLGB’E]iJTEN (Protection

Network) Iagoaniuy laseuie A28375 J ointly optimized working and spare fiber assignment ;

S 3 4 o ] o { % o o
oS idud vuiede S1udulondniuasdsoandes s meuduswdulondniwag

] ~ MM Yo K K £ [ A =
GU’ENIﬂiQGUTEJ‘VIllllllﬂﬂ"I‘LN‘ENWUQ"IHEJL%’E)?JIENL?(?JW"IEJ

No Protection Network

NWC wC
21 21
11 11
7 7
4 4

(M)
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d’ o ) o U ! =
1351971 4.9 91U constraint (N¢) BagIuIUAIl5 (Nv) LR IGERRAE, 4N 3R (D) METRGER

Ao = = = £ A . Y aa

PRI NUFHI8UDIH T 981N 184 (Protection Network) 1ageontiul In5U1892873
L. . ~ ) a & A

Optimized spare fiber assignment (f) N9 IATIUIBNATHIDIANUTI118UD M L9V 10FU Tog

(Protection Network) 1ag0onuuy IasIvu1e A1835 J ointly optimized working and spare fiber

assignment

Optimized spare fiber assignment
Path Protection Line Protection
M Shared Wavelength Shared Fiber Shared Wavelength Shared Fiber
NWC wC NWC wC NWC wC NWC wC
1 42 42 42 42 42 42 42 42
(100%) | (100%) (100%) (100%) | (100%) (100%) (100%) (100%)
2 22 22 22 22 22 22 22 22
(100%) (100%) (100%) (100%) (100%) (100%) (100%) (100%)
4 11 11 14 14 11 11 14 14
(57.14%) | (57.14%) | (100%) (100%) | (57.14%) | (57.14%) | (100%) (100%)
8 8 8 8 8 8 8 8 8
(100%) (100%) (100%) (100%) (100%) (100%) (100%) (100%)
(V)
Jointly optimized working and spare fiber assignment
Path Protection Line Protection
M Shared Wavelength Shared Fiber Shared Wavelength Shared Fiber
NWC WwC NWC wC NWC WwC NWC wC
1 41 41 42 42 41 41 42 42
(95.24%) | (95.24%) | (100%) (100%) | (95.24%) | (95.24%) | (100%) (100%)
2 21 21 22 22 22 21 22 22
(90.91%) |(90.91%) | (100%) (100%) (100%) | (90.91%) | (100%) (100%)
4 11 11 14 14 11 11 14 14
(57.14%) | (57.14%) | (100%) (100%) | (57.14%) | (57.14%) | (100%) (100%)
8 7 7 8 8 8 7 8 8
(75%) (75%) (100%) (100%) (100%) (75%) (100%) (100%)
Q)

N Yo [ K = & A . ~ ]
W18l 1dA1H a9 9n N erevoarilau1ede i Teq (No Protection Network) (V) A3 1A5 3918



No Protection Network

M NwWC wC
Nc Nv Nc Nv
28 39 28 39
38 63 28 39
58 111 28 39
98 207 28 39

(M

62

Optimized spare fiber assignment

Path Protection Line Protection

Shared Wavelength Shared Fiber Shared Wavelength Shared Fiber

NWC wC NWC WC NWC wC NWC wC
Nc | Nv [ Ne | Nv | Nc | Nv [ Ne | Nv | Nc | Nv | Nc | Nv | Nc | Nv | Nc | Nv
54 |33 | 54 [ 33|54 |33 |54 |33 |54 |33 |54|33|54|33]|54]33
108 | 63 | 54 | 33 | 108 | 63 | 54 | 33 | 108 | 63 | 54 | 33 | 108 | 63 | 54 | 33
216 (123 | 54 | 33 | 216|123 | 54 | 33 [216| 123 | 54 | 33 | 216|123 | 54 | 33
4321243 | 54 | 33 432243 | 54 | 33 | 432|243 | 54 | 33 432|243 | 54 | 33

(V)

Jointly optimized working and spare fiber assignment

Path Protection

Line Protection

Shared Wavelength Shared Fiber Shared Wavelength Shared Fiber

NWC wWC NWC wC NwWC WC NwC WwC
Nc | Nv.| Nc | Nv | Nc | Nv | Nc [ Nv | Nc [ Nv | Nc |Nv | Nc|Nv|Nc|Nv
82 | 72| 82 | 72 | 82 | 72482 | 72 | 82472 | 82 | 72 | 82| 72 | 82 | 72
146 [ 126 | 82 | 72 | 146 | 126 | 82 | 72 | 146 | 126 | 82| 72 | 146 | 126 | 82 | 72
274 1234 | 82 | 72 | 274|234 | 82 | 72 | 274|234 | 82 | 72 | 274|234 | 82 | 72
530|450 | 82 | 72 | 530450 | 82 | 72 | 530|450 | 82 | 72 | 530|450 | 82 | 72

(a)
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d’ Aq ¥ o . Il £ A | <3|
19199 4.10 AN 1F TUMIAIUIVNIHAINAY (run time) VY9I TATIUIY AN 3R 911U U
a =1 ~ 1 M Yo KX K = d! ] d' .

i (sl Tasevie b lagrilesdennudeneveanilsvioson Tog (No Protection Network)

~ 1 Ao & = = £ 0 A .

() N5l 1T 9918NAHIDIANUTO1I10UD 911199101503 169 (Protection Network) Iagooniuy
Tn59918#283F Optimized spare fiber assignment (A1) N3 1ATIVIEARHIDIANUTON1BVD
Wi199101%01 164 (Protection Network) Tagoonuuy Insev1ea2e73 Jointly optimized working

and spare fiber assignment

No Protection Network
M
NWC WC
1 0.05 0.16
% 0.07 0.05
4 0.11 0.06
8 0.31 0.05
(n)
Optimized spare fiber assignment
Path Protection Line Protection
M Shared Wavelength Shared Fiber Shared Wavelength Shared Fiber
NWC wWC NWC wC NWC wC NWC wC
1 0.01 0.05 0.01 0.01 0.01 0.01 0.03 0.01
2 0.01 0.01 0.02 0.01 0.02 0.01 0.02 0.01
4 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
8 0.01 0.01 0.01 0.01 0.02 0.01 0.04 0.01
V)
Jointly optimized working and spare fiber assignment
Path Protection Line Protection
M Shared Wavelength Shared Fiber Shared Wavelength Shared Fiber
NWC WC NWC wC NWC wC NWC wC
1 0.01 0.01 0.01 0.02 0.05 0.02 0.03 0.01
2 0.04 0.02 0.03 0.03 0.09 0.02 0.07 0.01
4 0.1 0.01 0.05 0.03 0.27 0.01 0.1 0.03
8 1.04 0.01 1 0.02 0.95 0.02 0.8 0.02

(a)
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v
v =K 9

9 [ 9 a a [ [ 9o k) Y o
7095095 UANNARINM ST nunn Auiudsaeslgswduloudniweaaun
1111A59918 4N_3R

d‘ A ] ~ d‘ [ a
15197 4.11 11518009 IUVBI]ATIVI18 6N TR nTal NWC 105095 udTu1nw

Y a 1 d' 1 1 1 = A 1
G]ﬂ\iﬂﬁ‘]/]iWWV\lﬂﬂJ@\inﬂ@jumﬂﬂ'l M AN 9 TagA1 1 LE@AIDINITRABNILMINUDI IATIUY

Number of
Ring Description M=1 M=2 M=4 M=8
nodes

1 3 4-5-6 1 - - -
2 4 2-3-4-6 1 1 1 -
3 5 2-3-4-5-6 1 - - -
4 4 1-2-6-5 1 1 - -
5 5 1-2-6-4-5 e - - -
6 6 1-2-3-4-6-5 9 - 1 1
7 5 1-2-3-4-5 1 1 - -
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Total Port = Wa33Y (Inter-office Port + Add Port + Drop Port )suml,wiaﬂuﬂ (5.9)
o a d o Y] H o &
53.2  HUUDIADINNAAAMAATTIHSUIATIVIMNAINIDINNTL YV K

DA
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o a Jd o o ' o { @
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v
o

] YA 1 d‘ d! = - 4 - v dy
voa1asaelnimaINga &30 objective function AT
N rC
Min : z Z(Ninterp i Naddpj + Ndropp j) (5.10)
p=L1j=l1
=
NI NWC
A f ¥
Tawil constraint 714 9 AL
° s A 9 ~ A v o 9 Y o o
1. 31uIUNesAvesluan p Avuieanenazsessuduwdu lounniueaaiiau
9 Y o o A A Vo A
sazauloun1ad150390900 9 N IVNFoaNY TUAN p
C
Ninter, +22,(W, +5)=0 Vp=12,.,N (5.11)
=
A A A /9 J A 9 ~ A 1 a
2. HANNTUIIMHIUN | NUINNDITAVDI TuaN p AouisanaNIzaalSTumuns W
a ~ o { 4 ~ o Jd o 1
WnN1RINI5 Add 88 Tuadh p taziinainednaui m lagduiunesaaenain e
° e Y A 1 a vy
Snuasangal¥anugnaauauaus 1a
=
NI PSW

D 2 D '
[
Nadd, ;= M > Diidoadd o= ZYi,j,m aadd .
i=1k=1 =1

D 2
+2. Z(Xi,j,k,mo‘addp,i,j )61,',k,l' 20
i=1k=1
VJ — 1’2’".’ C’ vl, = 1’2,..., nJ,V p = 1’2,..., nj 5 Vm - 1,2"-"’ M (512)

n59l PSF
D 2 D l'
Naddp’j — z in,j,k,maaddp,i,j — Zyi’j’maaddp’i’j >0

i=1k=l1 i=1
Vi=12,..¢, V' =120 ;Vp=12,..n.;:Vm=12,..M (5.13)
J ] ]
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Nyl LSWiag LSF

D 2
— >
Nadd > X, jxm®add ;20
i=1 k=1

Vi=12,..C; Vp=12,., n :Vm=12,..M (5.14)
a [ ) . [ v
WMTUIANNT (5.12) uaz (5.13) M3dadun19d13991U Path Protection 1Hun13ia
Y [ a v 9 @ Y ady Yo & A =
idunndrsesluiiemeasenudmiudunalnan lasusansznuvesnilaiiason Toude
Y
e asiulumsdaduniadises Tuadunisiedesiins Add Usinamsmlinluiiemieas
v Y @ Y a & LY oA [ [
AutuAUdUN YA Feaunsanaad I luneiia 3 veeduns (5.12) 1ag (5.13) Ha991099
a a { @ ] 4 I3 ] 1
assdsuansmilain Idsunansenuvesiiaenloudomeasuudunisdrsos wiulaa
a 1 [] [ 9 Aa o qg: o 2K A [ 1 dgl
namsianlaosresdyniaveaaunalng auiunesa Add 1uresdygaanilaosiu
4! ] ] 1% 9 al Y o’d‘ 1
Faansonaasmianiaesvosdyaiuve uduniaing 1a lumein 4 vesaums (5.12) ua
~ I o A ) Y Y o = & o 09.: = 12 4
n3dl PSF 1iflumsiadssanuenaaudisosuduloudatihuasdnyaniic asiuva bifina
Yanddosrosdyiaasauniin (5.13) @IUnsain1sIad 531 UN19d15091D Y Line
. ~ A4 A = =T | Y 'y 0
Protection MNANNIN (5.14) Woinannudonisvosnilsniedonlos Tuadunialidesi
a v 9 X 1 @ 1 a
M3 Add Feyaluiemiensainuduidounsal Path Protection 1A Tuadun1edensalsuim
niwdnmilounsal Tnsstneluanignmisiinulnd esaiimsulSunanswinn 185y
d! ] d‘ =S o 1 ] zﬂ' d‘ 2 QaJJ = (=
HansznuvoInieweyToudenionsid s eron Toanvia aaiudeluling Add
9 1 1 [ a d?’ A 9 091' =~
Toyarazilandosvosdyarannai i luadunI Nansdl LSW uag LSF
4 it P 4y o v
3. WONTNUNIUN j TIUIUNDIAVDI TUAN p AouiisansNazsoaTulTIw
a A =i =+ A A o J v J A
N3N drop & THATN p HASNANVEIIAAUN m TABTIUIUNDIAGINGT) AD
o g A 9 A 1A 2’ 9
Swuassnamnsolganuenaauaaus 1

N3l PSW

D 2 D ’

/
Ndrop ;T 2 2% i.jum @ADL 35 T 2 icj.m OdrOP 5 5
i=1k=1 i=1

D 2
+2 Z(Xi,j,k,m(xdr()pp,i,j )Si,j,k I 20

i=1k=1 ’
Vi=12,..¢;Vi'=12,..,0 ;Vp=12,..n;Vm=12,.,M (5.15)
J ] ]

A5al PSF
D 2 D

1
! >
Ndrop  , 2. 2x i.j.k,m OUdTOP 5 .Y ijmadrop ;=0
i=l1 k=1 i=1

Vi=12,.,¢c; Vi'= 12,0 Vp=12..n:Vm=12._.M (516
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A5l LSW, LSF

D 2
— >
Ndropp,j Z Z:xi,j,k’mocdropp‘i’j 20
i=1k=1

Vi=12,..C; Vp=12...,N;Vm=12,..M (5.17)

4

A I o 3 ~ [ A 1 o
4. Tagh Ninter,, Nadd ;,Ndrop uJummumumﬂmmmmiam”mugrusj
Ninter , Naddp’j,Ndropp,j 6{0,1,2,...}
Vp=12..N;Vj=12,.C (5.18)
FAINANMT (5.11)-(5.18) FTUauMIsLULTI@eInadlamans amsuniseenuuuInsa
' Y] Y o Ao & = & A ~ ~ v IA ~
vedulounniwaanaitaderieneden loauaetineg nsal NWC "unfe aumsi (4.2)-(4.6)
1a (4.14)-(4.20) Tuunin 4
N5 WC
o 4 3 1 dd’o =R =K = d! ] d'
AITHITIUIUNDIANINUAVD I LATIVIENT U NAIUIDIANUTIN 19U LIV FO Y

] a < 1 1 1
Tog gwnsoudamsnasa i 2 dau ﬁf) aIUUBN Inter-office Port AZTIUVDY Intra-office

1 = o 1 ~ To =& £ 1 A = Aam o 4 1
Port !,“D"L!LﬂEJ?ﬂ‘]JTﬂﬁQ“lﬂﬂ‘ﬂthﬂTLNENGIJ"IEJLGD"mJIENLﬁEJﬁ'IfJ IﬂEJJJ’J‘ﬁﬂ']iﬁ"lﬁ]ﬂHuW’f)iﬂGluu@lﬁz

E4
v A

AIUAIY
1 = [ Y Y v A a = a =
1. sonuuuIaseinenausodaassdundla luidiemaanudsnaaudeviig
4 A a ] ° A s A
voanilainewenTaansds WC laslduuudiaoanasiamaasaiuaunisn
(4.8)-(4.12) uag (4.22)-(4.27) Fam lins1udamssaassidunanazaNueInay
Y
v011A59318 nounIuduleudniueaairnuuazsduloudnivasdises
d‘ Y U (] d‘
Pasangluuaazineyon log

2. §mMSUEIUUDA Inter-office Port YA aE lUAd1MT0H1 14 Tasaums (5.19)

C
Inter-office Port =2 (W, +S ) (5.19)

=
& o 1 A I & o
Tag W, ,sjnJum’Juﬂiﬁmmmgﬁamumumuﬁ 1 unae whusiuuduloudd
o o Y Y o ) A . A A 1w ~
Wnaahnuagidu a1 asd1599w0UHIUA | Misauaeny Tuaf p
5 o = B s Aqy 1y
3. @113 UAIUVD Intra-office Port FUT U 1UIUNDTANIF I UNITdIUDYya
1< o 4 { o a A A ay
(Add Port) taziluswmunesan 14 lunssessvlsuans il nlinaugaves
Tuadl p (Drop Port) @150 lagaunis (5.20) wag (5.21)
Y ' 1
Add Port = (Usumnanswidnievivan Add o TuanpyM  (5.20)
v I v
Drop Port = (Usunauns1Wlnisviuai Drop &t Tual pyM  (5.21)

<3| o <3
1Ay Add Port 182 Drop Port 111NN
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Total Port = WA33U (Inter-office Port + Add Port + Drop Port )Gumussiaﬂuﬂ

a0 l1a15199 5.1 uarasdadunlsuazwsime

ADINTNUA

o
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(5.22)
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Atlaeaas

Y @ 4 o [ o a J
ﬂ]i1~3ﬁ 51 Llﬁﬂ\‘iﬁﬂﬁ'Jllﬂiﬁgl}@\‘iﬂ?ﬁuﬂﬁlﬁ}ﬂﬂﬁgﬂﬂLlﬁgﬂalﬂaﬂﬂl@ﬂllﬂﬂﬂ?ﬁ@ﬂﬂWﬁﬂﬂ!@]ﬁWﬁﬁi

N5l NWC
Schemes Input Output
ti’Si,j,k,l’M Wiz X e me Xk

No Protection

- T A
Otaddp’u, od P, i

N inter Nadd i’ Ndrop B

PSW,PSF

LSW,LSF

!
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.8 Py M
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p.i.j p.isJ

WisSiZin X, jim
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yi,j,m , Nlnterp

Nadd _ ., Ndrop _ .
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M3197 5.2 Suamls (number of variables, Nv) Ua291UIU constraint (number of constraints, Nc) UDILUUIADINWNAUAANTAINITU
v Y Y o a 9 o J 1 AA o = To R K = 2K A
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5.4 NANITNARDULAZNITILATIZI

FSnTumIMIHamagyeuUUTIaeInnsiamansnna1nluite 5.3.1 waz 5.3.2
#1501 INaRas 1@ 18 Integer Linear Programing %419 CPLEX 6.60 [14] lumsninaney

wazl¥nouiinnos Pentium 700 MHz Tast RAM 4110 512 MB lumssuTilsunsu

541 mdmangransasnswlinlugduunaig

a L v 9 dy =2 Y Aa o Y Y o o 4
fni'JLﬂ3181’1Glu1’?'JGU@L!’1]$ﬁﬂ‘]9lWlH‘V!uiut%ﬂ%WUﬁu&ﬁuGlEJLLﬂ'Ju1LLﬁQLLﬂ$%1u3uW®3ﬂ
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NanuaveeIngeine Tasfnyinmseanuuy Insaheinasaummzaunuimwduloudnh

Y

@ 1 Aa o J qs.:} 1 1 %
UEINUNTENLUD IATIUINNITUITIUIUND AT INTIHUAYDS 1ATIVIY 1NITOONLUUNY

v o Y ) o J ] 1 @ ]
ﬁmaﬂymzclﬁ’éfuwuinu’Jumuiﬂuﬁjmmmuazmuauwaiwummewummaﬂu@mﬂi

q

TagnslinnldmaaenTns el 3 JUuuuasgli 5.4 uaznageunulnseieagdi 5.3

Ring Number of nodes Description
1 4 4-5-6-7
2 4 2-3-4-7
3 6 2-3-4-5-6-7
4 4 1-2-7-6
5 6 1-2-7-4-5-6
6 6 1-2-3-4-7-6
7 6 1-2-3-4-5-6

5UN 5.3 TA59989019 7 1A 7 10N A15199 5.3 LAAID THAVD LN IULAAZ I

U

2xT % 2xT . 2xT
o ARG q@(/{‘\* o %X N
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=\ I @ a PN ] {
M N3 A ADY Single-star i udnvazvoanslnnden ¥ lulasavreniilng
s o { a a
a$egihaiau Taedi Tuaiidu Hub vudhisawdSunamslin
() n3WWALDY Dual-star HANHULIFUIAGINUAY Single-star A19AUATIN Hub Y
A o = A a = ' [ 9 A 9
avTua otloanunsdi Tuaidu Hub Hanudeve liawnsadminlumssiudoya
[ 3 a\ =f A 1 [ "9 1 ~
AN AN Dual-star 190NN TUMITUAIU0YANINAIINTA Single-star
a a J g Y a { ' ' 1 a a
(m niwlinuuvgiwesuiludnvaznsiniudazg TualimsdealFuamswilnda
nululSmanmiiu
a = 1 J o3| 1 [
Tae T Ao Ysmmanudosmaniinvesuaazs Tua angihilumsdetoyalindu
a d! v 9 .dy a a 9 a 1
@09NANN (Full Duplex) &4 Tuiiavotz nasanvuialinannudesmsniiilnvesg Tua

(T) Wi 2, 4, 6, 8, 10, 12 Taedigiluuunswliln Single-star, Dual-star t1az giivosu

= o s & "y o s A
M9197 5.4 NUIUNBIANIHNAN 1ATIU18ADINS (Total Port) HAZIUIUNDIAUNAEAD TUA
&~ a A 1 Ao A A
(Node Scale) “]Nllfﬂﬁﬂi%ﬁ]']ﬂ‘ﬂiJJTmVIS"IWWﬂElILL‘U‘]J@N il TagiduIuaNueNIAAUNTINITD
v A 4 ) & ' @ 2 . a
vadmandgasuwduloudninaaniladuming 2 (n) nsWauuy Single-star (v) n51¥#n
a a 4 = [] A A 9
411 Dual-star () Tli?WV\IﬂLL‘]J‘UQHV\IE’)ﬁJ ﬂiiuﬂ1§ﬂ@ﬂLL“]J‘]JTﬂi\‘IBU”IEJ‘I/]WiHiiI!”ILﬂWT%G]‘L!‘IQH
o o g 1 { A o 4 ]
mmmﬁ’u”lﬂuﬁ’aumm ﬂ”]Jﬂﬁ@@ﬂLl‘U‘]JIﬂiQEU"IEJﬁWi]ﬁﬂHg])UVJHiﬂu’)uWﬂiﬂﬂl@ﬂIﬂidﬁlﬂﬂ

o [ 1 d‘d = 4 v d‘
ﬁmiumemmmmz"lmqﬂﬂimLgﬂmwummm’mau

Network Design
Lower Bound
Traffic | Ainandunudmaudulondni | Ansandunusmaunesaves .
Volume| ta9weelnsaunenssl NWC Taseviensal NWC e
Total Port Node Scale Total Port Node Scale Total Port | Node Scale

2 50 7.14 44 6.29 44 6.29

4 88 12.57 84 12 84 12

6 150 21.43 132 18.86 132 18.86

8 184 26.29 168 24 168 24

10 250 35.71 220 31.43 220 3143

12 276 3943 252 36 252 36

(M) Single-star
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Network Design
Lower Bound
Traffic | Ainandunuiaudulondni|  dAnsandunuswaunesaves .
Volume!| “a@sweelnsauienssl NWC Taseviensal NWC e
Total Port Node Scale Total Port Node Scale Total Port | Node Scale
2 80 11.43 72 10.29 72 10.29
4 148 21.14 136 19.43 136 19.43
6 228 32.57 212 30.29 212 30.29
8 288 41.14 272 38.86 272 38.86
10 372 53.14 348 49.71 348 49.71
12 432 61.71 408 58.29 408 58.29
(V) Dual-star
Network Design
Lower Bound
Traffic | Ainandunuiwawdulondimni| dAnsandunuimaunesaves .
Volume!| ta@svee1lnsiensal NWC Taseviensal NWC I we
Total Port Node Scale Total Port Node Scale Total Port | Node Scale
2 130 18.57 114 16.29 114 16.29
4 252 36 228 32.57 228 32.57
6 408 58.29 342 48.86 342 48.86
8 456 65.14 456 65.14 456 65.14
10 680 97.14 570 81.43 570 81.43
12 804 114.86 684 97.71 684 97.71

a 4
(®) guvlosy

13199 5.5 910 21du Teud 21111069 911429 Inter-office Port 1182 §119Y Intra-office Port 1

TasaeAeanis Feiinsnsgnelsuansiilngiuuuais 9 Tasidmauanmeaauin

v A 4 9 Y o = 9 " o = .
gusaNaamangasuiduloun Mg Hadwn1ny 2 (0) N5 AnUUY Single-star (V)

a a a 4 1 { A
N31MANUDY Dual-star (7) N3 Wauuvgtiesy nsainseenuUD TATIVIBNNIITUURIE

o ) @ ] {a o J
aunuinudulaudniuas dumsesnuunIassienwnsandunuiuiunesauesInsg

1 o o ] A 1= J @ A
V1Y mmﬂﬂiwwmuazhlmqﬂﬂimuﬂmwummanﬂau




88

Network Design

Lower Bound

Traffic |finandunusawdulouds |Ansandunuimauneiaves .
Volume | #Huteaveslasevionsal NWC Tasavienssl NWC e
Fiber | Inter-office | Intra-office | Fiber | Inter-office | Intra-office | Fiber | Inter-office |Intra-office
2 16 32 18 16 32 12 16 32 12
4 30 60 28 30 60 24 30 60 24
6 48 96 54 48 96 36 48 96 36
8 60 120 64 60 120 48 60 120 48
10 80 160 90 80 160 60 80 160 60
12 90 180 96 90 180 72 90 180 72
(M) Single-star
Network Design
Lower Bound
Traffic [fnandunuinaudulouda |finsandunuiniunesaves .
Volume | #¥uerveslasevionsal NWC lasavians sl NWC e
Fiber | Inter-office | Intra-office | Fiber | Inter-office | Intra-office | Fiber | Inter-office |Intra-office
2 24 48 32 24 48 24 24 48 24
4 44 88 60 44 88 48 44 88 48
6 70 140 88 70 140 72 70 140 72
8 88 176 112 88 176 96 88 176 96
10 | 114 228 144 114 2 120 114 228 120
12 | 132 264 168 132 264 144 132 264 144
(%) Dual-star
Network Design
Lower Bound
Traffic [fnandunuinaudulonds |Ansandunuiaunesaves .
Volume | #Huesveslasevionsal NWC TAsaU8nId NWC e
Fiber | Inter-office | Intra-office | Fiber | Inter-office | Intra-office | Fiber | Inter-office |Intra-office
2 36 72 58 36 72 42 36 72 42
4 72 144 108 72 144 84 72 144 84
6 108 216 192 108 216 126 108 216 126
8 144 288 168 144 288 168 144 288 168
10 | 180 360 320 180 360 210 180 360 210
12 | 216 432 372 216 432 252 216 432 252

(n) giivlosy
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(oMUY UIA Node Scale Y9I 1ATINIENTA NWC t1ag WC 310A15199 5.4 111D
4 [ 4 1 1 o Y]
AnywaveIglnsaintasiunnuenaulinansyuIAYe9 Node scale A1M5UNTODNUDL
1 { o o 4 ] 4 1 [ a

Tassvenmiiadedunuimunesalunsdl Nwe wie li e Tnseiesessulsumns il
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a 9 o 4 4 [ d’ @ d‘ [ 1
Ansandunuiunesa gunsaindasduanuenaauiunnueaau hidiwanovuia
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Node scale 1H0491N1590NUUUAIEIT U AINIT00ALLL 1ATIU18nTal NWC I ivu1a Node
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VAN 9 dmsuMsoenuuy IATIIIENAIHIAUNUURINDTA AUNTERNIDL IATIUIY
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oW 15U 11UV Inter-office Port YDIN1T0DNUVUNIAD923 9% 181 Inter-office Port 1911
% % ] ] ) = d’ (% a af . d’d
AU gNAIRE1UTY 1ATI91enTal NWC 1005095 UUSuans 1AW nuuy Single-star NTv119
anudsamanimilnmidy 2 mseenuuuIassiendidunmzduloud niwaedold
(Y =& 1w [ ] Ao =R =< 9 4 A
Inter-office Port iN 1A 1 32 HunnufU n150ontuuIAs1918NATHNDIAUNUUBINDTA 11199
3 S Aq Y o o 9 Y o ' Ao =&
910 Inter-office Port 1UNBTAN 1¥5095 U 111dU loun11iueas uaaadnn1sesnuuuNAI1
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N MIUNEIAVDITATIVBNT A NWC msneanuuy Ias e Inuaunuimadulouns
o ., Vo 1A R 9 9 o ~ ' a 9 o
Wasduniny mseonuuy Iassuienmtanmzdulounniaaissedauned nsounian
v 1 = o A
AUNUVUIA Node scale Y01 1ATI08 I HLVIAR N A
4 a 1 { < 1

(1o N1TUI1AIY Intra-office Port 910N1519N 5.5 NTH NWC 921H U1 A0

Tagaiignnnsanduummizdulondniueg9zismuiu ntra-office Port §4031 N15000
[ Aa Y 4 [ 1 o = <3
nuuTassiteinnsandunuyesnesa ludlaseieazsessunsmilouuulana Taens
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1111 Dual-star NUMITBI5UNTMANINAY 8 iipoonuuy TnTaiensal NWC Taghaisandu

nummzdwdulondniuag 1zdeeld31u9u Intra-office Port 11171 112 a0 NILY
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[ a J o 4 4 o 4
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1nu Iaganensal WC

(n) Total Port =44 (v) Total Port =50
Inter-office Port = 32 Inter-office Port = 32
Intra-office Port = 18 Intra-office Port =12

510 5.5 Tnsesnredulounniudania 7 Tua 350950n5 1 AnuUY Single-star Taoli Tua 1

I~/ d’ a a A = [ A o Y

Wy Hub e m5unamauilnainTuady 9 (1) nsains9aassANNEIAAUTEIMTUNT
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Traffic Fiber Traffic Fiber

1 4 4-5-6-7 - 1 - -
2 4 2-3-4-7 - - - -
3 6 2-3-4-5-6-7 3 ¥ - I
4 4 1-2-7-6 - - - -
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M Run Time

1 0.02 sec

2 0.05 sec

3 * 1 3un3q
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Ring #1

Ring #2

4 . =
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No Protection Network
M
NWC wC
1 20 20
2 14 14
4 8 8
8 8 8
(M
Protection Scheme
M PSW LSW
NWC wWC NWC wC
1 30 30 34 34
2 16 16 22 20
4 16 8 16 14
8 8 8 16 8

(V)
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No Protection Network
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NWC WC
1 12 12
2 8 8
4 4 4
8 4 4
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Protection Scheme
M PSW LSW
NWC wWC NWC wC
1 12 12 12 12
2 8 8 8 8
4 4 4 4 4
8 4 4 4 4
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a o Y S)rno o 4 3 ' A
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Protection Scheme
PSW LSW
M
NWC wC NWC WwC
Fiber | Port | Fiber | Port | Fiber| Port | Fiber| Port

1 15 42 15 42 17 46 17 46
2 8 24 24 11 31 10 28
4 8 23 12 8 25 7 18
8 4 12 4 12 8 20 4 12

()



Protection Scheme
PSW LSW
NWC wC NwWC wC
Fiber | Port | Fiber | Port | Fiber | Port | Fiber | Port
15 42 15 42 17 46 17 46
8 24 8 24 11 30 10 28
8 20 4 12 8 20 7 18
4 12 -+ 12 8 20 4 12
(V)
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£ A oA =
niavson Tog (v) Iﬂ'ﬁ\‘iﬂﬂﬂﬂﬂﬂﬂﬁ)\‘iﬂ’ﬂwlﬁﬂﬁ181LL°]J°1J PSWilag LSW

No Protection Network
M
NWC WC
1 0.05 0.02
? 0.1 0.1
4 1 0.5
8 2 1
Q)
Protection Scheme
M PSW LSW
NWC wC NWC wC
1 0.1 0.1 0.1 0.1
2 0.5 0.2 0.8 0.1
4 1.5 0.2 1 0.2
8 1.67 0.7 1.34 0.5

(V)
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