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KEY WORD: SPAN RESTORATION/ RESTORABILITY/ NETWORK AVAILABILITY/ TABU

SEARCH.
KWANTA TERMSAENGSIRISAK : SPARE CAPACITY PLACEMENT FOR LOGICAL
SPAN RESTORATION UNDER PHYSICAL SPAN FAILURE ENVIRONMENT. THESIS
ADVISOR: ASST. PROF. CHAIYACHET SAIVICHIT, Ph.D., 64 pp. ISBN: 974-17-
3752-1.

In this thesis, capacity placement algorithm has been proposed in order to provide
network having enough working capacity to support traffic demand in normal situation and spare
capacity to construct restoration path for effected traffic in failure situation. This algorithm
is used for span-restorable network when physical conduit failure is considered. Network
availability used as performance index has been taken into account in the design. The aim is
to study trade-off between capacity cost and network availability.

In problem analysis, mathematical representation was formulated in order to approximate
availability of a span-restorable network and was used in mathematical model which has been
presented to find the optimum solution. The objective function of the model is to minimize total
capacity cost while the constraint guarantees that network availability will not be greater than the
acceptable value. To solve this problem, heuristic algorithm based on Tabu search is adapted to
prevent the local optimum. Among the search procedure, iterative technique plays an important
role. Working Path Adjustment Algorithm (WPAA) is applied during each iteration to improve
spare capacity utilization. The main finding is that the correlation between capacity cost and
network availability has a non-linear pattern. Futhermore,. the proposed algorithm results in

lower total cost than the conventional design which assigns working path as the shortest path.

. T i s Cme e e c b
Department Electrical Engineering Student's signature . [ WUWOL .t.‘i.r."‘,’i:g?;y.s."‘ Lsek

y )
Field of study  Electrical Engineering Advisor’s signature . . . %//' LK% S

Academic year 2005



AaAnsINsena

fmdhmonnureunszame we.es.Fowe] @833 01sIMISnw wazue.as.Eniida daana

v s £ a v v o o Y _a @ ' A g (3 au ' vy
vl,ﬂﬂizamﬂizmmmmmg 1‘1/m1ﬂ<1(1ﬂ LASUDANLNUAN ) ﬂLﬂ%ﬂiﬁIﬂﬁuﬁl%ﬂTi]"\ﬂﬂEﬂ\ﬂﬂﬂﬁﬂ 1DUBUA W

v

¢ o a o o o o o ' ad o I v o
E]'l'”l'ﬁilﬂ“l/li?i'mﬂ'l‘l/ﬁ‘]_lﬂ'lLtugu']a”] TJN‘VNLWE]‘H ‘) ﬂquﬁ'uuml,ﬁﬂniﬂnﬂﬂu VLN'JTQ&'iLﬂuﬂE]EJ I‘U ‘VeENIE] LLan

v 123 a ¢ o < a v v '3 v 8 a o v 1% o v ° awy

UONLAS 618 WA Iﬂﬂ gn W99 1Wa U 1Y AN UBNAN 9191 NBY W HNG UdNNE 1/1‘1/]111/‘]ﬂ'131/]13'°]8
T v F 4 (9} 1 v

Lﬂulﬂﬁ]ﬂ’lﬁﬁ%ﬂﬁu’lu LA IaUAMUBNUN LA LN ﬁ'l‘VITLIﬂ'ﬂN“ﬁ'JfJLWaE]ﬂW%Tﬂ“JLLﬂiN WDUNWWNIY LS

< ' a dg oo v o
TIE]”ZIEI‘]JQMLWE]%G]ﬂij?rlﬁNﬂﬂmLﬂ%ﬂ'lﬁ\ﬁﬁlﬂiﬁﬂ%NWﬂaaﬂ

v
] 8 v v

gavhoit fwihrennuseunszqmqaive qounl Laznnawluasouas) Selimsavayudiums

q Q

< dl ° o d’ b= o v d‘d U Y v
AN ASNAINAUNFN ABNITNDUANNIN Ltﬁgﬂ'J"INL"lIﬂ"W]NGLWTHWLﬂ’]LﬂNBNT

o



a5y

undadennlne ...
UNAASDMEISINDN . . . . . .
AAANTINUTEMA . . . L
GUPIT[3T S . LS S
Jisligmane L. SE— | g | T,
GRES DTN I ™ SN I, e, R
IR PO R > /TR RN N N T
L1 enudluwanuwagannadamaifon . . . L
1.2 WONNIBOMIANUE . . . .
1.3 Yaqissan@neenInninus . . ... L
L4 weu@Iendwus . . ...
1.5 FUAOUAMRIWN . . oo
16 Usslomdiimataeldsu . o
17 Ussmn@menfiwwd . . ..o
2 WANMITUASVOME . o o o o o e e e e
2.1 AAMNAANH. oo
2.2 Emsahaduwnedrediodinanuegseanedlaside . . L. L L L. L.
2.3 ﬂf’l’:]'ﬂﬁﬁNa@iamﬂNﬂNNﬂﬁfﬁaﬁ ..........................
2.4 wENMITANNNBYIDABIIATING . & o e e
2.4.1 MIsmasanNanTalumysMgaEsY L. L L
2.4.2 mamwamanNamwnsoNlENunealasng . . oL e L
2421 winmsvasaanunionlfnuuazsamamwhinsenlénu . .
2.4.22  emamwnenlfnuueslasaie (Network Availability) .
243 ‘ffnymmim@muﬁgﬁﬁmuﬁaim%’umwmﬁﬂmﬁgmm‘umm ..........

2.4.3.1  myeanuwuuanNidTeniiainTanuiledmsiiondatia
anuLdemY (SCA) . . . .. ...
2.43.2  myoanuuuANKNY nuINFIANNaITesHD AT

fmsiBonaaiaanudymey JCA) . . . . . .

10

11

12

12

12

13

15

17

18



]
!

2.4.3.3  mssanuuuaNNiIdITeiiaseeFunTiide temsidonde

lagiananadoms leidasysaugasy 100 wefidud (DFMC)

2.4.3.4  mysanuuuaNNIdITeiiaTeNTunTide M ionde

lagiaanudsms Wiilsanysauginniiga (DFMR)

q

2.4.3.5  MI2NWULANNIATDUNDTOFUNTUNADNENMIBoandD

S d‘ ! (%) a = Yo
NHANHLAUITINNULNANNNLA YUY Elwuammimzﬂsu 100

WaSiud (SLRG=SCA) . . . . . . . .

2.4.4 FEMITNANIANUWAND . . . . 0 oo

3 mynaeuasud loTapsnmsIeamRiiIaue . ..

a

3.1 aamunienlfnwdmsulaseiheiinsonanudsmowny SRLG . . . . . . . . . . .

3.2 mynassifgmueediagdaasdmiis SRLG-JCA-DCA . . . . . . . ... ... ..

3.2.1 whimemswnfaymuedds SRLG-JCA-DCA . . . . . . . .. ...

3.2.2 WanIenuued ﬂ?iﬁlﬂﬂiiLﬁ%Vﬂ\ﬂ%mu@iE]ﬂ”lilNﬂTl W’!Ef”liﬁN ............

v
o

3.2.3 fueewdsmaSuwaowidwnaldaon . . .. L

3.3 fuaeuitdrzadnlumauileifopmmsnneenuyds SRLG-JICA-DCA . . . . . . . . ..

3.3.1 WANMITAWWIMUUAN  « o v v v v e e e

v

3.3.2 #ANMIAUWMUUUMYEINTUNTOBNUIUAINAGIEIE SRLG-JCA-DCA . . . . .

4 HAMINATOUMAEIATIEN .+ © o o oo o

4.1 M5 Bavy do6

lasathy . .

foudn seuie e lu ms 19 anuquag aanu li wien 1 i meq

4.2 Nﬂmﬂﬂ?iﬁ”lﬂ%(ﬂﬂ'ﬂNUTJ“IIENLE?%V]NGWMH .......................

5 unajgduasiioiduan
51 wnagy . ..
5.2 fiolananug

FINMTONDY . . . .

W . o s e e e e e e

UNANHIMOTIMINDINGANIS . . L

UssIagdoninofinug

18

19

20

21

22

22

23

26

26

31

38

38

40

44

44

52

54

54

55

56

59

64



GURSTQTUPRR

i 3.1 alfnslumsneenaguesdd SCA wssmiouf Jca ... ... L

MINN 3.2 @ K; o 199M3000UUNANNRETaNIIEIs SCA . . L L L

-
-
X
[0

K

4

AONUUINYUINNS )
ANRINITUNINEAE



&aN
=

ea) €an ) €an ) ) €an ) ) €an
o S S S S S S =S S See

&N
=p.

&an ) ) ) €an
=n. =n. =n. =n. =n. =n.

&aN

&aN
=n.

GRPSTLTENEY

5gnasntMyasdunediseaiasasuanudgmerosiamsiionNds . . . . . .
matlesiuuasmsysszanudomslussfusramaiondeiioufussddums
nanlwrisouaMudomenresssuunimMsdoNuENaNNE WY . . . . . .. . L ...

‘ﬂ’ﬂjuﬁ’] MIBDNWUUNMITINANINY . . . o oL oo

BHUMWLEAIN TN ED9D SRLGJCA-DCA . . . o o v o oo e

G Y
lasatedldlumsnaaos . ... L
MIMANNFAGNNTE SCA ulFomitonMAd JCA . . . . .. .. ... ... ...
amsliilseloniansydsasluudashmaiondenesis SCA wisouiouiis JCA .

fuaowdisnalSudomdwnaldan WPAA . . . . ...

Msud nifyimsnganngip SRLG-JCA-DCA laslfmsdwmuwumeny . . . . . . .

=y}
=0
g
v
2]
]

alinglumaeanualagsiunedis SRLG-JCA-DCA iaulSuuniivuy

Wagdd WPICA . B @ — 0 N .

=y}
=)
g
v
2]
s~

Ao lumaneanuglfnmsesis SRLG-ICA-DCA Wsul3ouitau iy

WAZID WPICA . . o

5 WP:SP

)

Ao 11un3119a3d159919935 SRLG-JCA-DCA iaul3suiisn iy

WAZID WPIJCA o e

amslfszlosianuadisesnestiamsidondelasiaaouedis WP:SP ulSouiiouiy
Mwdwmeiiisanmbiwfexlfnwindinmunanouszimananuydises ain
msnuduwmalfnuisis WP:SP nlfvudioufAs WPJCA oL . ... ... L.
alfnsnnminianuylasnnliudassoumiwddeis SRLG-JCA-DCA iif

Ug = 0 \Hamuuannauoamanmyenu 3 . . . o oL o

alfnomnmaneanuylfauluudasseumsmwmdivdd SRLG-JICA-DCA fif
Ug = 0 @WomuuanwiauaansnNeyuwnm 3 . . ... ..o
alihsmnmineanuydisesluudasseumswmdiudd SRLG-JCA-DCA fim

Ug = 0 @WomuuazmiauaansnNemyuwinm 3 . . . .. ..o

mamunfonlinulasindsluudazseummugdigds SRLG-JCA-DCA i Ug =

0 HAMUUANMIADIMINIYWNAY 3 . . .



aa

ﬂﬁ 4.10 ﬂ?ﬂ?ii“ﬁﬂi"‘[ﬂ”ﬁ%ﬂﬂuﬂEﬂiEN“lIEN“ﬁ’NfﬂiLﬁ@N@]@IﬂULﬂﬂﬂi%LLﬂﬂ”i@Ufﬂ‘i’)u?ﬂﬂ]ﬂ i

SRLG-JCA-DCA fith Ug = 0 iflaruuanmiazesnswauiniu 3 . . . . . . . .

Ui 4.11 éranw i wien 18 i Tasads @ 16 ma myneanuqdio 3% SRLG-JCA-SCA

Wsudounuds WP:SP wagds WPIJCA . . . . . . . . . .

ﬂﬁ 4.12 mlfhsnnmsneanuilasnunesis SRLG-JCA-DCA dlefimruaamnuone
unmaldaulasliar m = 2 wSsuisuifumsimvuaanuemzeadumalinu

ﬂﬁ 4.13 sl nnmaneanua lEauae35 SRLG-JCA-DCA dle A mmuaanuenm e
umalfanlasliar m = 2 wisudouiumsbimvuaanuemzeadumalinu

Ui 4.14 e nmsneANNgd190920935 SRLGICA DCA (o fimvuaanuenues

duvmalinulasliddn m = 2 wssudisuiumsimuwaannonoeadumaliag

50

51

52

53

53



UNUI

oy v
a4 a <« '

anudoamylumsfnde doansioyafiintinagelingada denalims e dnonmuealaseie

]

P
14 COC)

o @ o Al v [l a a I3 ) 1 & dNy o aa
domyifluindoildsuannanhodinn Inodiwugaifuiiduwdmuieild e uwimanasisms
wannszuulasshedemsliiiannihdetesnnin lasdiem wumitldnanfsanuiiwinuasanudrn
{ o O N v a = ¢ v ¢ a a ¢
goatfymitihmndn naiuldianeuamaseinmiiuus  Saguszasdveainminus neuwanes

a a 3 =< & o o ¢ ' Yo
MMNTTUNUD 5']3~lvl,ﬂﬂ\‘]?lu(ﬂﬂ%ﬂ15ﬂ%u%\ﬂ% LLaSﬂizIUﬁuVlﬂ'lﬂTﬁgvl,ﬂ‘iﬂ

11 enudumnuasanuardsetiom

'
= %] o

anndesmslumsiadedamsfoyanmnntinluifRaiiu uaganudnwihmanaluladiiamwinedie

nasin demalilasshedemsiiunumddalumsduiniianowyed mssonuuulaseielianse

(YY) °

soefufulSinaanudeosmsveglinsmyagadissadiunihizesdesnuunlasie uadsdidndnds

'
a4«

QJ d‘i’ U o [<f v a A\ 14 <~ 1 14 U 4‘ Vo v
ﬂuw@aammﬂﬂﬁmﬂmmummwmimm‘u@,vlﬂmﬂ ﬂammmmanaimaﬂmwwaami L‘IN?IW@GI&

uSmsdesmsanudeiiiesroamafedededsioya duwilunsdingunsaineslaseioiiaaadoms

o

wSothgatu Afvansaliusnsdeldlasngamumsuimslildanas annawnsalumsliusmsldnes
Tasatheudanniiaanudomeilisoni mwaz_jsaﬂvlé’ﬂaﬂﬂwﬁm (network survivability) [1]
GLHIﬂNﬂWﬂNNL%)QQ (high speed network) Lﬁaﬁqﬂmcﬁwaﬂawﬂwﬂﬁ%’ummtﬁww Az {4

nansenudeUsafioyauwinn dutumsesnuuulassheiadoinlilasahofianumumudeans

' v
a a <

Womeiaaw  (fault-tolerant network) Tﬂmawwasm?mﬁamﬂﬂuﬁau”nLngﬂﬁﬂmﬂ%uﬂumm

' v
= o

Womeinutesga [1]1 MMamsgameauuasNnAusssnma d0sTanmsfuanudometiuainsa
V‘hlﬁTﬂﬂmsa%mé’umwims (restoration ‘path) dusunslilnfidumaliau (working path) an

b= v 4 o 4 a ! dy v ° d’ ! 1 ! q‘
NANITNUANANNLA EJ‘I/‘H?J?I@\‘ILﬂ%Gl?JLLﬂ’JuMLﬂ\T I@] fJTVi“V]ﬁWWﬂL‘W ﬂ?uvlﬂﬁlﬁﬂ'ﬂ NﬂﬁTiﬂQ‘WJNﬂQi%?ﬂSJL“ﬁﬂNTEN

'
o

aunbildsunanssnumnanudome dutumseanuunlanieiivesesfuanudsmeiuiiudesingon
funszuiumsahatdunmaiysae (restoration process) Aifllszansmu-muglifumyneannydises
(spare capacity placement) fiwsnzan g dudlasaeasinssinumsaiudunaysos g ud

wnanmy@sesgniavedimingas lassiod liannsasessumsiiiniignuanssnuldianng

v v
o Ao 1 P a a

aifeluedminimdwsesmsssnuunnssinumsanadwmaysasiilssaninm [21-18] uas
« (9] = a a ¢ o v ] ]
MIPBNHUUNMITINANNAWDIDITUAINLA YUY [8]-[27] blmmmuwuﬁauuuvlmgﬂLuumﬂmymﬁlumuﬂm

MseanuUIMTINANNY s lilassisamnsaahadumaysagseusnmsidondemiaanudsmsld



wwmemIsanuuuMsMaNIamsulanhoiiesesuanudsmeiu aunsawieldiiin

1. MyBDAULL AW MIMANNYdTesiiie afdumeysoe nsdudaanuidoms  lasmuua i

v
o

Lé"mmﬂﬁmﬂmmwﬂﬂﬁtﬂmé"mmqﬁauﬁqﬂ (shortest path)

2. miaammumsawmm{lﬁqm (working capacity) asoe¥uanudesmsiinuluannizing

augllfumanuenudseaiieanudwmaysaslunsdiiaanudome

Fannnwiio [10]-[14] wohmsneansglinuaughifumsnsansyaisesin dawdinduwmalion

o
o

Tuannzindaglilsidumeiiduiaa udnfinavi lidl#slaonulumsnanuianas esnnanulk

v ' '
K a0 <

) \ v & PN a4 o = a =
QW%ﬁTlﬂiﬂﬂigmﬂvlﬂﬂﬁIﬂi\Wnﬂ @N%uﬂﬁWWﬂﬂQﬂNaﬂi&ﬁ‘ﬂ‘ﬂmﬂﬂﬂﬁ”mtﬂﬂﬂ?ﬂtﬂﬂﬂ%ﬂﬁ?ﬂtﬁﬂuTﬂﬁi(ﬂ“}ﬂ\"IN

v

Tisnaianly Sntsslduadnamslianuadseshusudmsugiuunanudsmen bildiRnaaunsoudu

<< [

domgiinniwusatiuiiudeniinsandsmssenuuuiinmseanylinuuazanuqdisesmnugin

Q

1Y)

au & & v o | ) o v I3
AT iiReiies fumseanuunmineanug i fulasahe i Sufludesssyaalssasduas anu
v ! 9 Q’ (9] =) o o IS %Y 79 v a
dosmyzeamyoanuuy Wi fidhusneiesessuanudomslugluuniinmue lasiifaglszadliids
aliolumaanuaiesitge Nuidsy [7]-[14] insandsanudomelugluunifdemsdenderiiog

wiiuRaanudsmewiiy wagiiforuuensdesinanuaarsesiisawe Wlasshofianuansaln

'
a

mIysme (restorability) a3y 100 wedtfua nissesfunailniignuanssnunnmyiinietems

U

P v

Bondonanudome ldianne  wditn it ldmnsanuilaseneasiidanmmnsenlfau (availabili-

G ¢ 4 d  a

I3 v o = = a A o I} !
ty) asu 100 oI dnnniy L%ENQ”IT]NIE)ﬂ'Iﬂ‘VI"\%LﬂﬂL‘lf‘i@ﬂ?fim’i/]“ﬁ]\?ﬂ?it“ﬁﬂﬂ@lﬂ?ﬂﬂﬂﬁ?ﬂu\??ﬂ\ﬂﬂﬂﬂﬂu

]
o a < a

Fumnoiuniontn wiontmdondedwiaaNdsme lusmeiitiemsiondousniitiaanuidsme

—

o

Hadonunnliiasa dwmalianuqdrsesiiillulaseoiubiviows daiuluanise (161, (171 W&
o o < 9] P < q N o '
WnanemNANNIdsaiiesessumsilnmsafignwanssnunanudsmelunsdindrmaionde

1 d‘ ' 1 a = Qy 1 [ ! av ° ad
ﬂ’fNTi]\‘]ﬂTiLﬁ@Nﬂaﬁlﬂ""]GL%Iﬂi\??ﬂﬂLﬂ(ﬂﬂ'ﬂNLﬂﬂ‘l/‘i”lﬂ“ﬂ%WiﬁNﬂ% AU [18], [19] WidnaInn1sIN

° « o = e Y 1 | P ) ) U a q
ﬂ'ﬂNf’!ﬁ’ﬁﬁ\?LW@ﬁ'aﬁﬁJﬂ'ﬂNLﬁEJ‘W]U&luﬂimwﬁﬂ\‘iﬂ?ilfﬁ@ﬂ@lﬁ]ﬂ@\‘lﬁ]ﬁ‘ﬂL‘ﬁaNﬂaﬂUTﬂﬂLﬂﬂﬁﬂuLﬂ@]ﬂ]TNLﬁEJ‘VI’lEJ

!
v o ' v

Qy 4 ! ! Q‘ ! d’ B 8 v d‘ ! b=} ! o
TUNWIBDHNU I@]EJGL’HWW}Nﬂ’NﬁEN‘IHQﬂWfIL?ié]N@]é)VILTiE)N@]E)ﬂ‘UI%ﬂLﬂﬂ)ﬂuNﬂTmLﬁUﬂﬂﬂﬂ’ﬂﬂtﬁﬂﬂ”lﬂiluﬂ%

BN M5 AN Ad15991118 90951 JUuLUY aNX Ld81e 1 H 310 N30 e 529013 BN 1ha AN

o
o v

b= Y o 7 L 6"; ° ﬂ' 4 1 IS
LMY NIBRN U UUNN LTNYADUIINEN [16], [17] ﬂﬂuuﬂ?iaammﬂﬂ’ﬂu’ﬁﬂ”ﬁaﬂLWEﬂﬁTﬂ‘i\??ﬂﬂNﬂ'ﬂN

awnsalumsysmzasy 100 wefidudsin lumaljifienaas biguardemsasu lloamnnsdiiaes

1 Q‘ Qj IS a (=) [<f a 1 o a =) v o :3 IS @) v t‘)
ieidenlolag deiilomaiiaanudsmediudasededu asfaanudsmenfensuinianudulyldm
Fuiuluguneenduiu mssanuuumynaniyd@sesiuiiuliludnumzin asneamnuqdrisesetnalsli
| 3 a y 1 a & a a4 o o o a '
Tasaiwansnsavinmsysosanadome ldedniss@nsamw eilanlssinadia lasdefiarnsnisen
falseansnwaeslasiioiude mamwnionlinuneslaseine (network availability) laslvifenanilu

o

amanugifluilassheansainimsld niesgluannzwionliusmsninalas [1] dadludsinl

=Re



é’y ' ! ! Q‘ [y (=) d‘q v a 4 1 S Al
#iaanuegreanatlasaie lumssenuuulasuhsiiiasesfuaudomond desiimsanlilasnsiia
anmnwienldnusnniiga luawise [17], [20] w@ueitmsmmmmmamunionlfnuneslasioi

fimsysmzanudoms oilaosioBenloelagiiaenuidsmewioniu deaziiuldhdanmmunionld

! [ YY)

aulasethosin Wuantinegiudananudoms mnmilasshslflumsysaeanudsme uazanu
ansalumsysasanudsmonodlasiig
lumatgifdeesmsduasloumihuasin . sramsidendenarsg frdniludesfonasuumaiu

auiieniu esmnmsaadeaslousninalulasioiialioge uasdehfamadiugimand daiu

'
LV

sluuanudsmeimsinsontumsiuguuniasmaanea e §id Wude suuuanmdoms

L}

!
I a

¢ a a Yy o . < a v ! v 1
TIENQ‘]Jﬂim‘ﬂL”iJ‘LWINL@]‘HTIE]\‘]H']UGLEJLLﬂ'J%'ILLﬁ\‘i (cablmg paths) °ZNLNE]Lﬂ(ﬂﬂ'ﬂNLﬁEJ‘I/‘HEJLLﬁ'J”Ié‘ﬁﬁ\TNﬁiﬁ“ﬁ'J\?ﬂTE

v
a o

\Hondaiannaiiaglumaduaeiuidomeniontu agulsAdnuwifoidwminlildansongiuunans

'
' v ooa

¢ { o a a a ¢ o & v o o ¢
LaEJ‘VI'lEJ“f.IENq‘lJﬂim‘Vl'NﬂTEJﬂ'lWﬁLﬂHVINLﬂuﬁWEI 'JVI‘EH%W%ﬁ%‘U‘Uﬁ?NNQL%%VW%ZLLﬂﬂmﬂWﬁWﬂiUmﬂﬂ’lim

Q

danan lasmseenuuumsmaniylinuaugiuanuydsesiiulasahoiiiosossuanudsmedau

[9] 1 . 1 o ¢ o 1 [y}
sedulaseasimamenuw (physical structure) sodlasving wasiifagilszasduiie WMlaseihoannsnsessy
mmﬁamnmm@'iﬁlﬁasmﬁﬂigﬁw%mwﬁlmmmamww%aualﬁmﬂmqﬂwEJ Bz nmsresnwiIay [17],
[20] sdluduuulunmsaaaamunsonlfnuuaclasaie

ms uitle Tapn M3 e ann@sedin - las dunn iu ms as Tapn ma adaeans wu

]
' d

MuwaMIBaLEw (linear programming) [8]-[17] %ﬁ%’uﬂizﬁ’mwNamaﬂmﬁLﬂummmsmqm (opti-

a4 a o v

mum) udifaidsde anududenlunsmuamasiumlsmurmanedlasiie ddaslfnaiwulums
aumKNaWRay 9laNOwITe [15], [21], [22], [23], [24] MakemMIanimualRagmoiuaawidaIsaan

(heuristic algorithm) Aisusinamasildiilwiissmalssmnalilndifoifudnngign udftvanany

o 2,
o [ =4 )

vtenmeaifapnasld edrelsimunuisoiliiuaeuwisdisadnmadililddmitsdsmamnwionlinuly

B
o o

NMIBNLUUNITINAIINY sﬂ‘VNEl\‘lL‘ﬂ%ﬂ'l‘ié]ﬁ]ﬂl,m‘]_lLﬂW']é'iﬂWi’J'Nﬂ’J']Nﬂﬁ?iE]\‘I IﬂﬂﬁWWuﬂtﬁu%Ni?ﬂi’\ﬂ%l}j

1y
o

mawhlfifwduwmeiiduige wasnnitldnaninedun Sueriwusaiuitldaifemanmnianliom
wedlasamoiludadida lunmssenuuudis. nagimsanmsseniiiiani lnuuasanuqdisesiniu

! o ° 1% é’j <t e 174 . << 14 g’} ada a a Q‘ %
ENNﬂﬁlﬁLLTJ‘]JMaﬂﬁiuﬂﬁiuﬂlﬂﬂmﬂﬁT%%L‘]JHLL‘U‘]JVI,NL?NLﬁu (nonlinear) Qﬂvl,ﬂl,ﬂ%é)?l%@]ﬂ%’lﬁ‘z’niﬂﬂﬂ noelY

!
1% <

winmsduwmuiuany (Tabu search) siolumsdwmnaman Tananmscumuunanpinlimaiiams
W1 (iterative technique) tiolsulgnamanlifanu lasssnianssinumsdumualaasiuaziiuioya

19eg1 Butesnlfifluummedmsumsduimuseudali wazudasseumyigiiwansnsonsunanag

fudniwamaniyiiuld distlevinlilinanasiildanasgdimmnsiigaameii (ocal optimum) [25],

[26] nanmsvasmyitldsinuslafymludmnesmsusunasudunaliaudie liuannuesd iy

1
o

4’ [y =) ISl d’ 1 g 4
ele‘nNﬂﬂN’jLWE]‘JN‘S‘LI@]]WNLHU“VHEJN@]WIWIH@LVH‘V]L“]JHVL‘]JVI,@]

q



12 wINenadInminus

Snerfiwus 8o i iawe annmsadiaaans lwnmsisznmaramwnion lfnuneelaseie fnding

yrusanudsmouuniimadends deagilulilumyhassumeadiamaniiiisssnuuumnneany

ISTEA

aTﬂﬂﬁﬁaﬁﬁw}ﬂﬂismﬁﬁaﬁﬂﬁ@iﬂﬁﬁwfﬂmman?llLﬁmmmnmmmaﬁm@%wﬁqﬂ waglidomuuanaanu
wienlfnuneslasaodesdiarlia nhdiivensuld Gl,uﬂﬁuﬁﬂcgmﬁfuelﬁmsﬂﬁﬂm‘nu%Lﬁamwamaﬂ
luudagsounasmeudniu lndnmsdwnumaylumsssudsudumdinuaesglua oaamss
nosudarfremadendetinfumslillsunss CPLEX diomwamaszesmaneanuydisesndanni
Auuadumaliauuaganinlinuliud uwasinamasilinnmsiu CPLEX sulfsuiouiu o

o Ao & @ ] o— ) ' o % e
LaaﬂNaLﬂaﬂ‘V]ﬂ‘V]qﬂﬁluiauuu N']LﬂuNaL‘ﬂaEJW\W]uvlﬂﬂ'ﬁVl'Vﬁ'ﬁ@Uﬂﬂvlﬂ AUNIAEATUIDUNITMITINNIWUN

< o o g v aaa & I P o | aad o v v
"INNﬂL‘ﬂﬁﬂmﬂﬂﬂﬂmLﬂuvlﬂvl@]ﬂ@\?']ﬁmLﬂuﬂu%bl‘ﬂﬂﬂ,ﬁ"ﬂUT@]U?’JNi%ﬂTiT\\Tﬂ)TN"}WTﬂjqjﬁmﬂqﬂuﬂiﬂlﬂuﬂ%ﬂ

Q

v
[

linwilwduwmeniduige laghifimsuSoudowduwmalfon

o

13 Jagilssasdnesniwingiiung

« aa o v o ' o % ' o P
LWE]E]E]ﬂllfﬂﬂ]ﬁﬂ'ﬁ)']ﬁﬂ]']“'ﬂmLw“’]ﬁﬂuiwwﬂtﬂiﬂﬂ’]ﬂ LW@iﬂTﬂiﬁ?ﬂﬂﬁ']N']iﬂﬂ']ﬂ']iuimgﬂi']WWﬂmgﬂ

]

nanssMUMnaNIdsmemememnaogUnsdiifumaudusosasloudniuas wu viedesaslouih

o
0

° . < a QJ = v d’ ! 14 o
ey (conduit) wSamaidinaty (cable tray) deanidomeiidinalitimsiiondonasaslouiiia
nasrasHIRaaNNIEoNSaNH lagnannseanuuuik o e i iAaiuaudsumann

EY

wonliamlasedne dialdanuginsaslilulasueiugalinuasidue

14  1oUAINIANUS

nenfinud aifu fliaue msoanuunmyneanuy lulaseie  dielilaseie ansasessu ana
doamsliauluannzin® uagmansoanudumeysasimdusossunawiln luaameiiaanudoms G

1 maysmsunuinmaiends uazinyangluuanudsmeluszdulassafmemomunodlasaig

o ' '
[

& o a [l < ] oy o 1 1 6 a -:{ ¢ o o
wiodme g mInadetimadonso lagilfarimuahhitugmsaiiaziiaannidomonesginsaiiiiiu
mudnasinnnimiiduniantu misenuuumeanEPiudmiiiialszanimunedlasasluudnes
aamuwionlinusadlasie Wommualilasheilssnamialumaeenug vasimsaniems

v v (=) ! ! v ! v v U
saspiofioidsssniealihouasmanmwwionlfnunodas

o
()

15  fuaauamiuan

)

o v v ay oo o v ) v ad o o v aw
1. AN AUAINNIUWIFYNLNYIVD WiE]NVI\‘lﬂ'ﬂNELLﬂ%V]E]HJ;]W%§1HVF’HL1JHVIENT°EQHWH'JQEJ



2. Amwapuuuneeapn uasuouassililumsudlodoym

]
ada

3. @eullsunsunaaaudsnldiane
4. S@TEH wasssNuNamMINaaal

a ¢ % ) o O U o a a o ¢
5. ﬂﬁ;‘ﬂ AT LASTIVIINTDHAVNUNG ‘WiﬂNWN"]ﬂVI']'JV]U']%W%%ﬂUUﬁNyﬁm

16  iszlasrifinainazlasy

°

o I N V) ag
L%B\]Mﬂ\i‘ﬂﬂigﬂﬂm‘ﬂNE)QEIEJNW'I 0 1/]111/‘]Nﬂ@ﬂLLUUIﬂSQﬂTUMLﬂ%W@\?ﬂ‘STvﬂ ﬁVlLﬂNWﬁNi%ﬂ?i

INANHY el lasaie ansnsn seesunnliln it tduma 18 0 e ms dende 10 Mo anu sy
< a a ¢ & o =1 < 3 2| [y = 1

mmmuwuﬁmmmumﬂssTﬂﬁumnmiaamm‘umﬁnwmmmwaiaﬁummLaﬂmmmTﬂNast
mumuasmsaasaduloudniuas LWiwuLﬂuiﬂLmummLaﬂmﬂmnmmw wannitilselonii lés
fvnﬂm‘saamm‘iﬂﬂﬂﬂaﬁzmﬁwhslﬁﬂhsﬂumsawm1m:—iﬁmmmivlﬂﬁ’u@hamww%aﬂﬁmmaﬂﬂﬂﬂwEJ Ao

VhﬁlﬁIﬂiQ?thﬂ?N”IiﬂEl%VI%JWEnﬂiﬁ N ﬂvl,(ﬂE]EJNLﬂﬂﬂi;[ﬂﬁ%ﬂﬁ]Ni“ljﬂiﬂ?iu?ﬂﬂﬁﬂ Bl%LNTIEJ\?ﬂWiS‘U‘USuﬂ%

VoA« '
anutedenealaseig

17  UsguiaIneniwus

o
=

a a ¢ o & ' =) @ o
INNUNRTATUURLINTISazRoAaNLHW 5 UN ANl

< o
unn 1 unm

' < < ° 19 '3 a a 3 7
ﬂa13ﬂﬁﬂ31NLﬂuN1LLa$ﬂ]1NﬁWﬂﬂJ?.lE]*]“ﬂ’ﬂJ‘ﬂ"l maﬂizmﬂwammmwuﬁ whuagag s uLun 199

ammuwuﬁ ﬂumauuauaﬁmimmmm ‘]JiuIEJTi ﬁvl Fu

P

uni 2 naNMITUASNgM ]
! < o QN’ d’ v Qj 14 ad v v Q‘ (2 =

naniamanMstasn ) Netiod B1lszneudis ITMIasNdUN YT IANNLTYMY

Iugtunudieg udnmatamamunianlinunedasang Gufudulsddnlumssenuuumsng

anwqasedliinlaseie uagitneannidisesdeg ignitaniindmsumssesiuglunuans

= o ° a <
Led8y1Y IC"IEﬂ“ﬁLLUHQWﬁ@Qﬂi}I}VHMNﬂm@]ﬂWﬂWi

il 3 mynassuazud lnfgmmyneanagiinaue
| e aa o ] ) v | da q YY)
nan daivms o a ammw e 14 0w vea lasete il fimson anudoms lu seduiu monm
aa ° a ¢ a ' v v 1 ' LY v
Fmyhasatfymmeadiamaniiimsinsanaanmunienlfnueslasahehindumlinelu
& as ) a v v 9 o | v
Myeanag laneiunewds lumstsun@oudwmalfauilflussnienssumsdumwainan

wasiunewItMIMuamasnaFondnmMIaumuuLaY



A

UNil 4 HAMINAFOLUALIATIEH

! < d’ v Qdﬂ‘ ° < d v ad N‘ﬂ ° v
ﬂanmwawvlmmn”mwm”mammwmmua L‘]JSEI‘]JL‘VIU‘]_Iﬂ‘]J’)ﬁﬂWilNﬂ)ﬁJ"}‘ﬂNﬂWiﬂ”muﬂLﬁ'LW]N

Taulsarami Taslisiimsusualasudumalfam

uni 5 unagduasiiolanaung

Fle

nandiunan) wastiolauaunsranuiToatiy

AONUUINYUINNS )
ANRINITNINENAY



unii 2
NANNITUATNG 14

Tudwmilaznanimguejuasudnmyiinoies wazumdalumsudloifgm lasdmdusiuaznan
<X ada ¥ 4 ﬂ' o =) ' < o o ! ]
fadimyahadumaysagiiio sessuanuidome lugluuudg wllfandnmsfamanuegseanes
Tasaie Tagfimsanmamanmmwionlinuseslaseie dafludulsdaidnlumsesnuunmsneanug

dedlifulasaie wasludundagnananiinianuqdisesdeg igniiamindmsumssessugiuuy

ANNLFYIMY

21  ennaany

luinnfwufaifuiidimue livie3avans (conduit) wiuginsatiidumeshunesioidonlos (link)

£ '3 'Y )

faminaieFosas lwlasuhoiiuiiuogiudugulumsfiad wagiaiomagiimans vefesauiiuazgn

wnson Wiilulassasenedlasaelussiuiunmonim (physical layer) Faiflussdufuangn dimwio

4 a_ - , q il » oo dd C

\Bonlos fedesmamsdoayszninlue uazisonnduneshoidenlosimuaiidondassninglua (node
. L) v 11 o } < a a (3 = v 1 o ] ] 1 ' '

pair) @muhdmadends (span) Gelwineduusatfviiimue iimadondeudasiiszniag

Tualag Wluseduduassng (logical layer) Gudiumerhmnosesaoniniensamnanild wagimuali

W@ (path) deisanoshuoidenlusiiiondoiunaluadumaliglualasmenesgluadoas

22 Emrahudumedirefiofinanuegyonteslasiing

4‘ IS 4‘ o | Y v v Q‘ 1 a o = 4 [<f
Woithodenlvagndama demaliinudumaliaumamadends nauilniignuansgnuiaiuilu
downdumalua (reroute) wia llfidumaedises (backup path) SEmsahadumedrsenininarsis

1 v ¢ 9 o a < v 0]
annyawildaunaililumsiinsan seldun
o Wdumedresazanuydsesgiaion aremhdewdaanudsmonso i
o idumedsostugnaitinialalulaseie

o Q’ 1 g’} v L ° [y ! (=) d‘ 1 v a Qj! v %)
. ﬂ’NN’ﬁEHSEN‘V]]NaﬂvlﬂeluTﬂiﬂﬂWﬁu%ﬂ1ﬂ1iﬂ1ﬁi’lﬂﬂ%ﬂ11ﬂ‘5ﬂLL(ﬂﬂEﬁﬂ’ﬂNLﬂﬂﬁ?ﬂﬂlulﬂmﬂﬂ%WiﬂNﬂ%

nyoly

Q‘ < 1 aal 4 v ° 1 V@) o =)
Tuusmnmui 2.1 waaaieanuuandnzadimyanadumedises wialdifu 2 woumuudnaesmaason
wunedises As nistlesiuannideme (protection) wagMIysMeANNFBNY (restoration) lums

flosiuanadsmesiu yadumaliauasimaesoudumedises wazassanayarseslimemihdowia



Survivability Enhancement Mechanisms

v v
Protection Restoration
v v ¥ v
Path Span Path Span
Pratection Protection Restoration Restoration

719 21 UsginnzedismaaNudunId1909iie 89 uaANNE 8N 109E NN TN D

v '
o A )

anudsmeiimamsntld duiwieflianudsmoidain idwmedisesiesonliegluannswionlinn
(ready-to-use state) laglidiouinmaidonde na LLazlm”imdﬂé’iyigwm (signaling) 5$WINN® WoES1N
Wumedise [1] dwdsmaysaeanudomoiuag iimsesondunedisoc3arani deiwieiany

= a & | o v ° a5 ' A \ P
LdyrIuINN TN Tﬂimnmz‘vnmfnmLaumNmimmwazﬂmmzumwal,%aumamw\lv\lﬂwgniumu

v v ' '
a8 o 1 S

wannnit ssmstloafiutazmaysasanmdome fanioeon lddnmunadnosmuniaiimaionde

! '
LY

goannilnfignwansenunnanaLEsme Wndsdumedisesannsaaaiuldivlussdudimaionds
(span protection, span restoration) Lagazauldwna (path protection, path restoration) [1], [6]
msafdumedrso lussindumain  dumedsotas gnafeiusznieg lua fiduluwa duma

(source node) wasluailarema (destination node) ?JENLé'umﬂ'ﬁmuﬁgnNamwumnmmLﬁﬂvnﬂ

wudadlumsasndumedisesludneaeilarsialats (end-to-end) dammsasradumaedisaslussd

P
09 v o

trmaendoin dunediseazgnaetuluusnaseu) tmaiendoiiioanudsmy gluaiiegie

'
a a

fudrmaidendefiiaanudsmeaziimaiamaiionda (switch) n5uilniianaliFadumedises lag

=Y ! o < v Y o v v v dl
leNﬂWiﬂ\‘lﬁiUuiUuﬁ%ﬂﬁﬂﬂ"DHWi (message) 1‘1JLLﬂ\ﬂ‘lf‘iﬂUTﬂﬂ@]%ﬂNLLaZT%ﬂUﬂWfJV]NZIENLﬁuﬂ%ﬂ?ﬁﬂuﬂQﬂ

Vo

sumulisuiienudoms dwuwaaaluglii 2.2

qy Sy 1Y)

luudasdsnsasrnduwmedrseninifodiodoriain deamsouwanuaslaeail

Working path Waorking path

—

NAF {8)
S il
Backup path Backup path
Path Protection/Restoration Span Protection/Restoration

it 22 mstfleaunasmsysaanudsmslussfudrmadendeiivuiussfuduma



o maflasiuanudsmessdudunie (Path protection)

'
a

nadumalfnuiimaessndumediseld wasudazidumedisesiignnIonlidnildingaes

annydsodld uasliansagn s fussnhadumedsesnasydums myileaiuwana

!
< 1 aq

= ng = =y ' v L d! ! d! . dwdﬂl P~ v
WHOMIDH ITINDNBYNUHINMTUDNNUULLNINADUU (1+1 protection) I0UHNUDAAD LAWNI

v o

drsvansolfldiunfiianudsmoiiotn udiiodode waswanugdseann [1]

. miy,mwm”mLﬁﬂmﬁizﬁmﬁumq (path restoration)
ﬁ' 1 S v o v P v v o v Qddy v < <t Qdd‘
desnn limaassadumadiseeidranh msasradunedisesmodsilinann Jadluisi

Tivngan mnglomangiomaudeiulinnuqdsenoudasgluaiidrge [13]

[y P

« mstlasiuanudomesgduiiansBondaUaeeAN1d1399 (span protection)

!
< Y

e itdeaiimseTondumedisesuazassanuyanes Famsunnimsidonds GetulFouiion

v

vismsilesfuanud@omessidumand oiagiilssansmulumsliauanuydrsosiinh

wngmaanuBangulums¥amiduna Jaidsnlimmnzanludsesmslinuansgdises [12]

o MIYTULANNEFEIMNYILAUTIINTIBONGD (span restoration)

o

osnnliimawiodunedseciaimh msahaduwmedsesiuiniiogluaiiaginfugig

mIiendefiiaanudomeainsaasiaiy (detect) anudsmeld @:Tuﬂmﬂdnawhmsnimw

] ]
° ' °

(flooding) ﬁagavlﬂﬁﬂmwhmﬁamﬂwEJL?jauTmﬁﬁmmamimﬁdNaﬂ WaEMINMIIBIANNIEITDY

Q a

manisiiea Nudundives nasnniwIuihmsiamadendennuinianne lfduwnmedises

v

fignafieiiu. maysaganudomesiutmsidenderubliimsusetulianuadizes mnzms

EY

widwmedrsesgninlaogluaiilosgidor (8]

| a v y o ¢ o e ' e & P o
wnuidTmsahadundisosmaunadfiseequunmslianugdses enmdrseninannsalisuiu
sswihegluuuanudomonanspluuuiimaiag iinatuwioniuniald fuindmsismsahaudums
o aaadl M oa o v ' a v ° ' 'y) « Q)
d1v0anadn i lild i msresaningdises | wdaggumman@swioannsalianuydisesiniuiioiu
msanllTinmannydisosiidesneaclilulasehe 18 Suflumsaadugu Seazdiuldnmsiiastuana
= ) I v (3 o o ' o v
Womeinhissnsalilsslosiamnmslianuqdsessnduld

fulSsniousenieddmstlesfuanuidsmouas myysasanudome lundygndunanmitemnms
lianuqdaises aziinldfahiednosmsilesiuanuidoms de froananugunnsesmsaiaduma

d15ov uanddaidsfemaanudangu (flexibility) dmsuanudemeluinansdia i ldimsaamsd

v ! L v v ° a L) Y a I= o ad '
VL'J [6], [13] 5w L‘VWJﬂ'ﬁmwLﬂuﬂNi“ﬁmuLLagLﬂ%ﬂNﬂﬁ'EN'i/]LWSEJNVl]LﬂﬂﬂQWNLﬂEJW"IEJﬂﬂﬂ Tunimﬂmww

LY

aglifdannana lumsmidumeduiusessumaidondoiinldan wennnidsmsilesiuanuidsme

!
S

Fa lmmngandulasede nivsnansinuwasuulasties i eile imstsuwasunenelad (topolo-

o

gy) maslanaiie [23] egnlsAmudmsuitmsysosanuidemoAiidadoduiu Aodianugennlu



10

P
v

NFLINWMTaFNEUNeEITee aartudnmudsnuikflu msnaunaI s 2 Asdhme i W
=) 1 S o 2 o U a = ! 1 v dl 1 = v 1 v

felasatoinmaes oadunedisosnewiaanuidome udldldinisdendewsonls LLaﬂﬂmmmm'ﬂ
dvouold dudlefianudsmoiiatin lasshoazidsna lwmsasafuanudsmes dednaisiiouieeny

q . . . o o | o o o o P v v O
LdyIey (fallure nOtlﬁCﬂthl’l) LLagﬂﬂlﬂ']imaNWavlﬂﬂ\‘lﬂ’nNﬂﬁ']if]\‘iﬁlul,auﬂ'mﬂ'ﬁﬂﬁﬂlﬁﬁﬂuvhuﬁ]l;ﬂ']uu

o

wagdi i lduselomilumsliannydrsesimiuedniilssansmumiiowdsysoganadomode 1]

a

Fnodwnsaifuiiudaninsanmyasuduned1seamsIsmsdanan Hdadsiasidmiuandean
ad a U . 1 Y [y 1 v o <
FFmaysganadsmolaoudt (pure restoration) udiianulnaddsaiuluudzosmslianaqdises Jee

b= Vo8, ad =) ! &
Liﬂﬂl']Lﬂ%'lﬁﬂ'ﬁuuimgﬂ'l'mLﬂEJVi']fJLﬁ%ﬂH

v
a a o o)

1 =3 = d o &9 v =) ° o [ aa v
amﬂsnmu ‘]j’EUWWTVI'J‘VIUW%WHE%UU%&W@]’J'\NG%GLQWIGﬂ'I‘S'J'Nﬂ’J']N?!ﬁ']‘JEN AU NN WITNMTEIN

dumedrsesuuumsysagansdomelooud usemsysaanuidsmeuuniidumedisesaranth B

—

v ”
o aaa

e 2 SFduunuifinslianuadrestiniu Sedesmaeaindisealimedu sinlimsmuuagiuu

'

#eafapnmMIonUUDMIINANNRda iwmionil Wide mamsahadumediseslunszinums
P @ i = a a o ° v g o ° v
ysaganudomeodlullegeiilsgand i vazasnsalfnuaragarseslddni anwgdrsesiildnnms
@ a (73 = v
panuuniagfiiiisana lumssassuanudsmuld
NNNNAMIIUEINMTYITHEANN TN OHTIMTYTUE AU LdUN Az zaUEIMTBoNde Fams
yrasluszduidumaiudosmsanuaaiseslumssesfuanudsmeesnh udedlsimu funeums

yImzazgannuasimsugeiulianudinesmesmaisgglua (21, [6], [23] vnliflasaivasdealinmln

v
d ek 1 v

MaYseaIn wazfianumumudeniailasuulaimss. (load) Mnn guinlwingfinusidanninms

a

WaueIhmanidsasdmiulasshoninmsysmsanudome lwssiudimadondewiniu

23 fhAgiiNadan13919A1H3d15 89

ihivfifinadelsinmanudsesiidesmsiiiotiinanuegsealiiulaseie ldud

aa a | a
. 'Jﬁﬂ'ﬁﬂrﬂi\‘]?ﬂ ﬂlﬂiﬂuﬂﬂliy‘imgﬂa’lulﬂ JnUY

fait 1§ nansnudrnIEmaysaue anuidomsiide iudesmsanugdiseameiu. uaginoninus

<

'
A a

AfUANN TN TYTULILRUENM T NGO

o Mmanmmndenlinuivensuld
sluuzssmyusmsudazssianiisamwnionliaunvensuldmaiu myysasanudomels
G ¢

asu 100 Wostdudwwlisniudmsunmuiinualssnn udlwinofinnsasuiagdidamnuiiin

15z eIty

. VlE]WE]Tﬂﬁ?JENIﬂiQ“IhEJ

o 4’ ! . . 1 IS ! a ° d‘ v <
ANWIHENITLTANAD (connectivity) TIE]\‘]IﬂiNTI'IEJNNa(ﬂaﬂiﬂ'lmﬂ’l’l&lﬂﬂ’ﬁa\‘ﬂ/lﬂa\‘]ﬂ’ﬁ GL‘H [14] eini



11

USinaanuydsesiidesmydmunaeg lassiedifia connectivity feiu wadilduaaslifiiui

lasethoffimsBendeduuuummiuiu (3slaseteiifian connectivity g4) dasmsnnuqdrses

o

vesnlasseiiimsidendeiuuuuinnun (13elasaiediian connectivity )

= S a
. gﬂLL“]J‘LIﬂ'J"INLﬁfJﬂWEJVIWMiMW

' P
v ¢ o

Usmnaanuydsesiidesina ulaseiodielilassie i sanmsysasasy 100 wlafifiudiin

a d

=< 1 ! 1 d’ =) L) a ° dlﬂl
1% ey mnz‘wmsmmmLaﬂmﬂﬁlugmmuﬁlm LA LNBLU?HULMHUU?NWMWNN?EﬂiﬁN‘ﬂ(ﬂ@Nfﬂi

=n

Twmssessupluunandome i aoadens lende lag iaanuidomewioniu  fugiuuy

o

filsaua tamyiBende oniaanuidsmy waisnghlaseiefisonuuniiie sea¥unnnsi

=n.

#emsiiendo aeedralag ifiaanudomewianiutudoimsSnaanuydrsessnnninnadii

a S 1 ﬂl ! P~ a b= < 1
NI UWYALATINNIILEINADLAILNAANNLADWIYAY 3 11 [17]

« Emydenidumaudn itumnuilnlulaseie

aginldnniFinaanmlasuianasesmsanuuuiinsaniimneansqlinuhnioans

o

3d150e ieuSouiiouiumisenuuniamgMINANNAaesaiade laonudunaliou

o {
o o

TWiilwdwmefiduiige sunmsanunliinaanuglossiniianasiuiinasnnnmsanasno
USinoanuadises iiSInamsanasnanlSnaidinansesanuyldan Jeanlldnisms
<~ v v <t o ° Y U ! ! a o d‘
@entdumaldamiludhmmuaanualinululasihe uazasdwwalasasedelinaanugdisesi

Tasemediaansiiesessuannidsme

24 wdnmsiaannagreanaslaseie

anwegsanuadlaeie Ao annansafilasahofiliuimde liilieiianudsmofaiululaseie

U

anuagsaminaniaialdlumennos menuansalumsysazanuidoms (restorability) (luénil

a

o Vo a aa 1 o o P P a = o = v 1
Wi“ﬁ]ﬂﬂiﬁﬁ“ﬂﬁﬂ'lwﬂﬂﬂ?ﬁﬂTiyimgTﬂiﬁﬂﬂﬂiuaﬂHmgVI'ﬂ LNBENAANHLAYWTIINATANTITU T LLAD Iﬂiﬂ?ﬂﬂ

%

azansaysasniin ldilulSinasnndesiiioals” deasdanademamnwionlinunedaseioiniin

YY)

Yaanurwagiiugesmsiiaanudsnevedlasaig ww <Iuscognar 1 iu dlomawilanduman
\ondesziinglualulasaheas liawnsalfaulflussesnmitmwua 1]
aamuwnsanlfnuiniianuuandudumanuidedald (reliability) manudsieldnosssuuiinm
& 1 ) o [} v 1% 1l za a &£ 1 & | 6 o
lag Aeanminzidluiiszunazegluanslinuldlaslifianudomoifagwasludrenaniu Wuildiu
lsivfin (non-increasing function) 79I Lwi@hamww%aﬂﬁmuﬁmﬂuﬁwmmmqmﬂuﬁszumsagj
Tuamzlinuldinmlay Wuafanannzasiizesssuy (steady-state) daudluananegiudasnany
o . 9 . ) .o 44 A o v 4
wWuuy (failure rate) wagdNsIMIBONWGN (repair rate) [1] dmsuszuuiieiaanudomeuds b

fmydenusn myfamenudedsldagimiontumsfamanmudonlian uddmsulasiodoasnie



12

[y

Waanaudsmouasimydenuanin maazshmamunionliaunifiudsii iaanuegseaveilasaie

o v
GRGERIRL]

'
1T oa a <! [

Tulaseiho @i msysos ramyBondo e anuidomein  aanmwionlf auasiwegfuana

kY

MINTDIBNMI YT I Wnmnsann I myahindumedises uazUSnaanuydseaiinglu

o
a

lassefdluihioinosdostoamamunienlinulasas dagldnanlunvasdeadelil

241  MIMWIMAIANNE mmlumiysmsmmtﬁ g1y

fanuansalumsysae WIouasuSend1 §asmsysme (restoration ratio) iuddandin
woaSinansmiiniiansaysas luduinanudsnedels mamsiiniusaiignuanssnumnany
=1
BHIGH

danmaysmsdmSuauuanudsmne © (Ry) ansadwsldnn

R, =% 2.1)

'
P

o a e = v & a a &
lagit T, dorssnamsilniiansnsaysaldiiofianudome = haiu
wag W, dsuTnamnuilnngananssnumnanudems
danmaysmsaslaniie (Ry) fAedimdosasdanmsysognesanudsmenngluiy

Amualifion Q hwsasesplumanudsmonmueiilulaseie

e () B )

zeQ x zeQ
242  msmwimamenuamundonlinuneelaseiig
fawiagnaniumyimenuanmunsonlinwnlifulasaioin agnanaadnmanesamunsonld
auluszuulagdou
2421 wanmynesmamwwienlinuuazaamulinionliam

nannirnavmanwuson i

]
° 5

amundenliau fe manuhazduissuuagynauldnna ¢ lag lasanudhszousavauiinm

Ty o 1
o o

t = 0 lundagminsdamanmwionlinuluanizai (steady-state availability) wihiin Wndad
anNzEnfiszuuaginwing ¢ — oo TNENITAMWIMIINNMENTIEINBEIENNANTI UL
. 1 1 d‘a q' 1 q'Q :3 v a }73 v o1 ) 4 . _—_— 1
(uptime) @ofNIMNNNTW (Thps) Tagiidrnmiinsanudesiianinlndaeud (infinity) uglu
44 o 3 “ L . L
seuuilaiaanuanudsmstivuasimydenuniniu m (Thys) aeflumuzeanaily 1 seuasudssuy

Fuvihnu udiieanudsins awnssiaiimydenuniaaan dgui 2.3 1] deiumammndenliam



13

(A) JtnagMIARas109tNnMTEnINTTUINANNEsNsUAasase (Mean Time To Failure: MTTF)

wazdnadsnosdrnanlilumsdenusnanuidoms (Mean Time To Repair: MTTR) ¢Raumy 2.3

uptime MTTF o
Typs  MTTF+MTTR A+pu

A= (2.3)

< _ 1 A v a ) .
Tagft A = wrTE A99anmanaanudsmy (failure rate)

wag g = WlTR AednNMItoNIEN

- t=or
: MTTE — ol
: ' N MTTR
: 7. :

7 23 nalwnissouanudsmenesuuiimdenusnaNudsmy

ndnmsvevmanwlywsonliou (unavailability)

aamulinsenlion (U) iimduasulianysol (complement) nasmamuwionliamu siuio

U=1-— A datunnanms 2.3 aglan

MTTR A

U'= Wrr + MTTR = »+ 1

(2.4)

g

lussunihg lisiu @ MTTF Wuagiidnani MTTR in Jannsaidssinadn U laeail

__ MTTR

- MTTF

=AX MTTR (2.5)

2422  mamwnieulinuveslaseing (Network Availability)
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! d‘ 4 U v d‘ 4‘ ! U . .y
. mmaUﬂmﬁmwmaﬂmmmamﬂLaumnmmmﬂﬂmww (average path unavailability)

mamuwwsonltaugenduny (path availability) 7uTﬂ:thyﬁfﬁﬁmiyimmmmﬁaww

o
T Y] = ¢ 1 &

msdamamunianlfnusendumainiiuinmsmilowssuuifignsaldo Muuunoynsn Wnde
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waz U; do amwlinfonlfnunaesnmadonde ¢ d9agldi aanmwlinsonlinusoudumalszanm
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lafineannaesmamuluinfenlfnnuoiudasdramadondefidumasinein faaums (2.7)
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iw wagaziSonamamwnionldnuin aanmwiex lfvuneesumsifondoanya (equivalent span

availability) Tatrmsidendeazagluanizliuims (up state) Woi liiAaanudoms wsaiinany

Y o

Womsuddannsaysaenadiinld (201 Wumafawasansaliauldiuinmsysmsaiaaw Taoli
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P
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Ur=U;- Z p(statef — 1) | (restoration time exposure) - Ry + 1-(1 — Ry)

f=12,3 . . ) - -
physical unavailability time exposure (restorable fraction) capacity  exposure

of others span (unrestorable fraction) |

exposure function

(2.8)
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udazdmadendeifludassdain uaziioannnalumsysausidunaiisiossnn weounanililu
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Tudedanmaysasinalasassdomanimmienlinunestiumstondo
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Upreh Z Uy (2.11)
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« MysonUAMEMIINANNEI0L Wildldholumaneeanngdisesmiiga laommualii

¢ A e |

Sanysoigasy 100 nlefiiud Weninsanaesiredonlvaiinanuidomslaguioniu deluam

33y [16], [17] S9nM3I0enuULii Dual-Failure Minimum Capacity Design (DFMC)

« MyvBAUULIRMEMIINANNIETEY lsmikiamanunsenlinulumsssnuun Feimualis

! '
<< ! [S)

[y ¢ g ¢ o [y ¢ < a =) vl o

a3 TtHe ATl 100 LﬂﬂiLﬁ%ﬂﬂﬂ/ﬁULﬁ@lﬂ1imﬂ1ﬂ%ﬂﬂﬁﬂt“ﬂﬂﬂ<[ﬂ\1LﬂﬂﬂﬂNLﬂﬂ‘Vﬂﬂ Ltﬂﬁsl‘lr‘i}l 31113
a4 - a = v U o a4 ay o

“]JJJRL%LNE]NHEN?HEJL‘ﬁﬁNTﬁJ\‘iLﬂﬂﬂ'ﬂNLﬂEl“l/‘i']iﬂﬂ"’]WiﬂNﬂ%Nﬂ?N?ﬂVIi!ﬂ LN@Nﬂ%n%ﬂﬂﬂﬂ&luﬂﬂi’JNﬂﬂN

EGARGN #alunudde [16], [17] Ssnmseenuuuiii Dual-Failure Maximum Restorability
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« MIPENUIUAMINEMTINANNAET0Y WilalEhslumeaindisesnigs lasmvua iiisan



17

¢ A a L4

J o a’ 1 o = 1 [ ) [ a
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Capacity Design (SLRG-SCA)

2431  mIysanuuuaNNjdITauiaR Ui NmsiBandaiiaanudsms (SCA)

Soilauolas Herzberg wag Bye [9] ilumioanuuumamsmsineanuydisesnnlasaioiims

P
o

nwenmlinulinen lTasmsneanglinwindenamsmuualiidumadfomiudumeiduige 3
anaqliauludrmsidends lagasuhiunanumeslfmnamanniiniaueiiieeg luiramsidondariu

a ¢ 9 v
WT?”INLW@?VﬂTi :

S wavesinmsiandevianalulasie
C;  aliedaniombemisnuosdimsdenda j
w;  VFnaenlinuludimstiondo j

P, dareudunndiseaianuad minysaednmsiends

oF, Tswniy 1 dudumedisesin p lumsysoediimsiionde i iutmaionsio j

1 1 & ISP 1
VliNLﬁ%%% Hawnnu 0

D a P GL o o o 1 o ] .
£ mnowmnudnngnysoee IEWnNE1999% p 199MIYIHSTNNIBINGAD @

s;  snamesanwudsasiingddugimaidonds j

Minimize ) ~ Cj - s; (2.12)
JES
7 o I3 . . . aa P o v a9y v A
Wanfujniseasn (objective function) Ao mewmm'«gmsaﬂmaﬂﬂﬂmwuawqﬂ MANaNNy (2.12)

!
ey

o o o . 14 3%
LLaSNNE]‘HVLTlUQﬂU (constraints) 91199 A%

3 el vies (2.13)
peP;

s;> ) o0 fF V(i,j)€S%i#j (2.14)
PEP;
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< IS}

ﬂ' Lo v IS} ! a a = ! dl !
Lﬁﬂuvlﬂﬂﬂﬂﬂbluﬂﬂﬂﬂi (2.13) N‘lf‘i%ﬂEJﬂQWN’NV]TIWWﬂVIQﬂNﬂﬂigWULNE]Lﬂ(ﬂﬂ’ﬂﬂLﬂfJ‘I/‘i"IEJYIEN“ﬁJQﬂWiL“ﬁE]NC‘IE]

o 1 v Py

azﬁaﬂﬁ%‘ummimsﬁwm gananms (2.14) ﬁwmmmawmm@ﬁfﬁmLﬁmwaimwiasﬁwmiﬁjawia

'
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dmfusessuidundrreanidunandininmadendain dmsumsysmeaNdomaseanms
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2432 myeanuuy ANy g i u$InFuanuq d1sesiie AnTon nik 42 ms dende tin anu

Wore (JCA)

! o
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iosmnidumalinuideiuiuiinalasasedelSinaanugdrsotiidoams Fatumsinsanmn

anmalinuintumsneanuadsesmugiwinagih liusnaanualasnnanas 35 JCA gniinaue

[

Tag Clouqueur uag Grover [16] & ldmuuamnineTiiudnnnisnmsiass SCA il

4

D wavesgluaiiianudosmydansuilnannanigud
d,  USmnaenudesmannulilnaesglue -
v ¥ d‘ =f ' gj ° %) o v i\
Q, wavsndumalinuidulilitwsadmsusessuamudeamsnosglua r
r,q P [y v v Gly d‘ II 1 ! o ' .
¢ fimwniu 1 dwdumelinui g vosglua » dudnmadonds j
g PSnoamawiinlwd@malfaui ¢ dusuanudesmsuosglua r

[

Waddumlszasdnaesmasanuutl JCA islidlidelumsneanuaianuelulasshsiidiooiiga
anms (2.15)
Minimize Y ~ C; (w; + s;) (2.15)
JjES

P
=~

wagiRonloadumuannms (2.13), (2.14) uagiton lndimdndait

Z gl =d, Vre D (2.16)
(]GQ?"
D) G grt = w; Vi€ S (2.17)

reD qur

Qoulutfafuluanms (2.16) wnota duwmalinuesglua  agdassossuamnudesmmsliinzoaglue
r ldiana duluanms 2.17) Lﬂumiﬁ'ﬂﬁmm%mmmm%ﬂﬁmﬂuﬂwmsﬁiamiﬂm AoNNLNgINan

agseasulSinamanlilnneuiiaanudsmorewmngluefithuimaiandeiiu

2433  mssenuuuanNyaTedtiiasesfunsaifidestiems dende lag iamudoms 16il

307113 MeAT 100 Wafidua (DFMC)

aa q o « o = < o ' '
1%115 SCA Lﬂ%ﬂ’liﬂﬁ]ﬂtmﬂﬂﬂﬂ"}ﬂ"IiENLWE]iENTUﬂ)’lNLﬂEJ%?SJ?.IEN“I/‘iMQ“ﬁ)QfﬂiL‘ﬁEJZWIEJ Lmﬁlumm

o

Winasaimdanadull ldidemsdonde s dnlulasioaziiaanudsms lnameisramsdondod

<A |

Waanuidsmeneunh fadonusn liasa wiednannquilsdie temsiBondedsstiiuenagiiany
o ' a o ' o Y) . o < o a ~ I o '
Woedamaiiaanudomeniu deduanuydsesiinuiiesesiuanudsmeiisaa iiemsiondo
W (R = 100%) Sebivisawalumsysmensmliiniausa Saagvinliten biamumionlianuiiage lu

e [16], [17] IdinaueismamenlEnefitesiigalumyneanqdises wislilassiwannsoysoe
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) ] a ¢ ! o ' 1 a = v o o
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v
[

e bidumalfawiudumeiduiga

Y oa a

° ISt a v ° aa =)
61%?1157'\1aB\?ﬂﬂJWﬁWNWTﬁNLWBiW@]E’JﬂmWNL(ﬂNMﬂﬂTfIQWﬁQ\nﬁ SCA fd

D = o d o 61 % ° = ! o ' .
i ﬂiN’lm‘Vﬁ’lWWﬂﬂﬂ’lﬂ"ﬁgim% UL UNWETITN P UDINITUYTUSTINNTLBINAD ¢

AT NMIBONGD 4 Uag j WNAANNFINITUNTONY

Minimizez Cj-s; (2.18)
JES

!
IS IS}

Waniuanissadueemyssnuumsiwmiionds SCA fe @omlislumaanudsesioviian uasi
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each pair «  \Working _ﬂows for each pair
= Al possible restoration paths «  Restoration flows for each
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: Working Path 4 each pair )
: | Adjustment Algorithm  |efe——— )+ VWorking capacity
' Working flows WP AA "
' ; 1 ]
i Wiarking capacity ¥
]
H "
H ]
' ]

SRLG-JCA-DCA Algorithm

{b) Problem decompaosition for SRLG-JCA-DCA Algorithm

il 31 uwmMNIEAINSNUEIF SRLG-JCA-DCA

Physical conduit layer Logical span layer

Ui 32 Tasstheilflumanaaes
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(a) SCA design (working pathis shortest path) (b} JCA design

XY i Z =link number S working capacily : spare capacity

1#i 33 Mmanuainldnnid SCA ulssuilsuiis JCA

nnme 3.1 azdinldhdliselosrnlumsninnuiuesis JCA vesnid SCA fawih
amanualinueedds JCA asmnniuftosnndumalinuaasmnidendeinegluaiubilidumaiidu
figa uaffinavlilasaiodeamsanuadiseslasmmionasiis 19.61 % Wuvnsanuhanuduelu
mamandsesinuaclulassieluis jca dufinnninig sca desinliifaanududnaamsld
ﬂmmmaéﬁaﬂﬁmﬁﬂiumamlaﬁmﬂ%’ﬂiﬂﬂﬁﬁmmaéﬁm (spare capacity utilization) 709uAazHI9
mydendalulasetig

mﬂﬁﬂiﬂﬂﬁﬁﬂmmmaﬁiﬁaﬂmj’wmﬂ%mia i (Ut;) awnsamldnnanms (3.16) [23]
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myi 31 alfnelumaneanugpedis SCA wWisuitsuifu JCA

design method | working capacity cost | spare capacity cost | total cost | network redundancy
SCA 1680 1152 2832 68.57%
JCA 1738 926 2664 53.28%
%difference 3.45% -19.61% -5.93%
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Algorithm WPAA
Input: w; ¥iel
Output: w! ¥ic [

1.  Select improved span im
2. Find set FC(im)

3. for Ye < FC(im)

4. Find set W P{e)
A, for ¥pc WH(e)
6.

T.

8.

9.

10.

11.

12.

13.

14.

15.

16,

17.

158,

19, end

20, Function Caleul
21. if (|[FC(im)| >
22.  then set wy,_y 7
23. else Calculate ez o JZ S 77
24. Wy = min
o reburn o

. return &wzﬂi

20, Function cuiate Ascost,_
a0, .ﬁsm.stp_.p- =Wpgy

=

ﬁﬁiﬁmmmmmﬁ

[* find w!, for all i which pat]%p pass thrnugg

E;iaw*i%iﬂﬁmum’m e TRE

, ™ manCS’EGS{-Hﬂi dny ) EJGFS' SJ -

38. enid
39, “—" = mn]l"n’chMia 1) {wt,‘}
40, end

Al wfp e = minggiepyr=1y {w]}
42, return wf,_

it 35 fumeuitmaSunldomdumalinu wpaa
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ANy (3.19)

im:i’(Uti<Utj Viel, j#i) (3.19)
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Abstract

This paper investigates a spare capacity
placement design problem when the span restoration
mechanism is activated to handle traffic interrupted by
physical conduit failures. The failure scenario that can
cause simultaneous failures of many logical spans is
particularly considered here because it often occurs in
real situations. The main goal of this design is to
construct a cost-effective network while maximizing the
network availability. The main finding is that the trade-off
between network cost and network availability is in non-linear
pattern. Moreover, their correlations depend on network
topology as well.
Keywords: Spare capacity placement, Network
availability, Span restoration

1. GENERAL INFORMATION

In current telecommunication technology, full
services that are transparent to the failure are extremely
desired. Hence, in the event of failure, interrupted traffic
must be rerouted via restoration paths. The existing
restoration techniques can be classified as path
restoration and span restoration. Path restoration restores
the end-to-end channel whereas span restoration restores
all affected traffic carried by a failed span facility, as
shown in Figure.1. Compared with span restoration, path
restoration needs less spare capacity since the restored
path in case of path restoration is generally shorter than
those of span restoration, but the restoration speed of path
restoration mechanism is much slower and more
complex. In this paper, as a reason, span restoration is
deployed instead of path restoration.

Original path

Barlop path
[path restoration)

Figure 1. Span and Path Restoration

In fault-tolerant network design problem, spare
capacity allocation cooperated with restoration algorithm
is the foremost concern. But the question about how
much spare capacity should be needed to guarantee the
desired level of network dependability under specified
failure scenarios is still an open issue. In this paper, the

dependability value is measured in term of “network
availability”, which is defined as the probability of network
that being found in the operating state at a random time in
the future [1]. Many researchers [2], [3] took this definition
into account in the design from both customers and network
providers’ point of views so as to construct the cost-
effective survivable network.

Besides the restoration techniques, failure scenario
considered in the design also effect on the amount of spare
capacity requirement. In the past research, many different
failure scenarios, such as single link failure [4], [5] dual
link failure [6], node failure [5], have been considered. But
it is important to focus on the “Share Risk Span Group”
(SRSG) which is a situation in practice of real networks [1].
In this situation, multiple different logical spans allocated
on the same physical conduit or cable tray share the risk of
simultaneous disruption. As shown in figure 2, the failure of
conduit A can cause the multiple logical span a, b, ¢, d and
e to fail simultaneously.

Overall aim of the study in this paper is to study
trade-off between an improvement of network availability
and the cost of spare capacity assignment when span
restorable network is designed and physical conduit failure
scenario is considered. The rest of this paper is organized as
follows: In section 2, the calculation of network availability
is explained. Spare capacity design problems are proposed in
section 3. The results are discussed in section 4. The
conclusion is finally presented in section 5.

2. NETWORK AVAILABILITY

2.1. Physical Conduit Availability
Availability-of any conduit in the network is the
function of the conduit failure rate and its repair time. It can
be calculated by a well known equation [1].
Ph MTTF
A S T MTIR @
where AP is the physical availability of conduit e, mTTF
and mTTR represent the mean time to failure and mean time

to repair respectively. Related to AePhy , the physical

unavailability of conduit e (Uephy) is approximated to
MTTR/MTTF because of the fact that mTTrR is much smaller
than the mTTE [2].

2.2. Physical Span Availability



As stated, we focus on the model of physical
layout related to logical span layer, so there are two
consequent actions. The first one is that a physical
conduit failure always results in the simultaneous failure
of all logical spans lying in it. The other is that the logical
spans traversing more than one conduit can be found in
operation if none of conduit traversed by this span fails.
Hence, physical availability of a logical span can be
formulated in the same way as availability of components
in series system [2], [3]. This can be formed by the
following equation

AiPhy _ HAePhy ~ 1— tePhy )
eeL(i) ecL(i)
where L(i) is the set of all conduits by which logical

span i traverses, AePhy is the physical availability of

logical span i and Uephy is the corresponding physical
unavailability of conduite, U™ =1-A"Y.

2.3. Equivalent Span Availability

When the action of restoration is considered, the
span availability could be greater than physical
availability. The restoration mechanism that recovers the
span failure can continue to service as if there is no
failure occurs. The logical span can be in “up” state by
either being physically down or being physically down
but later rerouted via restoration path [2]. However, there
may be some affected traffic that cannot be rerouted
because of spare resource limitation. This means that the
ability of restoration, which is called “restorability”,
significantly affect the equivalent span availability.

Restorability of logical span i affected by the

failure of conduit e, denoted by R; . , is defined as
W, - N

Rie = T 3)

I
where , represents the affected working channel of span

i and N;, is the total number of unrestorable working

channel under failure of span i caused by failure .of
conduit e.

Now the equivalent unavailability of logical
span can be calculated by the following equation.

N

Us = Z u [T/vi] @)
ecL (i) 1

where U7 represents the equivalent availability of

logical span i when span restoration is considered.

2.4. Path Availability

End-to-end path is constructed by multiple
spans connected in series, so it is available only when all
spans along this path are found in up state. So the
calculation of path availability is not different from the
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availability calculation of a logical span that traverses many
conduits. In span restorable network, availability of any
path g, denoted by A, , can be computed by

A= A ~1- YU ®)
ies(q) ies(a)

where S(q) is the set of all logical spans used by path q .

Based on equation (4) and (5), we can rewrite the path
unavailability as

D YULED o MU I

ieS(q) i€S(q) eeL(i)

2.5. Network Availability

It seems meaningless to discuss about the network
availability as a whole because all services provided by
network are neither entirely up nor entirely down [3]. To
achieve the availability characteristic of network, two
metrics based on the overall paths unavailability are
proposed. The first metric is the maximum path
unavailability guarantee. This metric, which is meaningful
for the users’ perspective, ensure that the worst path
unavailability does not exceed this guarantee value. The
other one related to network providers’ perspective is the
number of users that meets with the availability requirement.
In this paper, these two metrics are both used in the design
with the cost of spare capacity placement.

3. PROBLEM FORMULATION

In this section, mathematic model is formulated in
order to optimize the spare capacity placement when
working demands are already routed on the shortest path
between each O-D pair. The IP formulation employs the
following notations:

o E . Set of all physical conduits in the network

| . Set of all logical spans in the network

U . Physical unavailability of conduit e

e Q : Set of all'working paths supporting O-D pairs
W

i 2 Number of working capacity on span i

[ ]
Phy
e

e 1, : Equals 1if logical span-i traversing physical
conduit e, 0 otherwise

e 7 ' :'Equals 1 if working path g uses logical spani,
0 otherwise

e P, : Setofall possible paths for restoration of span i

when conduit e fails. These paths must not use
any span that share the common conduite .

o f.8 : Restoration flow assigned to restoration path p
for span i when conduit e fails



. 5if’k . Equals 1 if restoration path p for span i use
span k, 0 otherwise

e C, : Unitcost of spare capacity on span k

e S, : Number of spare capacity placed on span k

e U; : Maximum Path Unavailability in the network

* A : Pathavailability requirement, U ., =1- A,

e X : Number of users that cannot meet the
availability requirement

Problem 1: Minimize the maximum path unavailability

The objective function is

Minimize Ug

Subject to:
Z fig SW; 45 Viel,VeeE (7)
peP ¢
Nie =Wt — > fil Viel,vecE = (8)
peR
phy Nie a
ZZUe “Av. | tie <Ug - VqeEQ  (9)
iel ecE !
> fhshuie <8  VkelvecE (10)
iel peP,,

D" Cy(Sk < Budget vk el (11)
The set of constraints in (7) force that the restoration
flows for any span must not exceed the working capacity
affected by the failure of that span. Constraints in (8)
determine unrestorable channels for any span i failure
caused by failure of conduit e . The left term of
constraint (9) represents the availability of any path g
which is not worse than the guaranteed level.-Constraint
sets (10) ensure enough spare capacity on each span for
supporting the traffic affected by simultaneous other
multiple span failures. The last-constraint (11) limits-the
budget of spare capacity placement.

Problem 2: Minimize the number of users that cannot
meet the availability requirement

The objective function is
Minimize X = Z Xq
9eQ

Subject to constraint (7), (8), (10), (11) and the
following additional constraints
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Ureq _[Zzuephy[Ni%)niqﬂi,eJ"' Xq 20 Vq EQ (12)

iel ecE

X, €(01) vqeQ (13)

Constraint (12) force X, equal to one if availability of path
q is more thanU ., . This means that path q does not meet
the availability requirement.

4. EXPERIMENTAL RESULTS

In this experiment, two problems in the previous
section are solved. Both of them are formulated to optimum
only spare capacity placement when each demand pair uses
the shortest path as its working path. The objective of the
first problem is to minimize the maximum path
unavailability when limiting the budget. Two different
networks, A and B, shown in figure 2 and figure 3 are
tested. The demand patterns of all node pairs are uniform.
To investigate the trend of the worst path unavailability, the
budget for spare capacity placement is varied. The budget is
similarly represented in term of Spare Capacity
Requirement, which is here defined as the ratio of total
spare capacity cost used in the design to meet the
availability requirement and the total working capacity cost.
According to the result shown in figure 4, these two
different network topologies require spare capacity
differently to achieve the same level of availability
requirement. Connectivity of network A, which is equal to
4.2, is more than 3.5 of network B. Consequently,
restoration paths in network A are generally shorter.
Moreover, network A can bear the advantage in spare
capacity sharing because it seems to be more symmetric
than network B. This can be noted that network topology is
a prime factor of spare capacity requirement.

Another conclusion obtained from this experiment
is that spare capacity cost nonlinearly and rapidly increases
when the design is trying to achieve very high value of
availability (>99.9%).

The goal of second experiment is to study the
trade-off between number of users that satisfied the
availability service and spare . capacity requirement.
Network A is tested and six availability levels, 98%, 98.5%,
99%, 99.5, 99.9%, 99.999%, -are analyzed. The result
shown' in 'Figure 5 clearly 'indicates that all users can
achieve availability requirement in all cases with reasonable
cost even though there is some failure scenario that cause
five logical spans to fail and they must be restored
simultaneously.



Physical
conduit layout
of network A

Logical
topology of
network A

O node
[ Physical conduit

= Logical span

Figure 2. Network A
(10 nodes, 17 physical conduits, 21 logical spans)

Physical conduit layout
of network B

Figure 3. Network B
(12 nodes, 18 physical conduits, 21 logical spans)

Logical topology of
network B

Mnimum Path Aailabdity ()

' i " 8 180 120
Bpare Copadly Regurement (%)

Figure 4. Minimum path Availability vs. Spare
Capacity requirement

5. CONCLUSION

This paper presents an IP formulation for spare
capacity assignment problem by using span restoration
when physical conduit failure is considered. Network

63

availability metric is taken into account in the design in
order to provide not only the user satisfactions, but also the
economical budget for network providers. We have found
that the increment in expenditure of implementing spare
capacity in order to raise the availability of the network is in
a non linear pattern — at some points, the costs is high
however the availability improvement is finely adjustable.
Therefore, it is not always worthwhile to do that. The
important means in order to make a design model is to find
the good amount of increasing expenses that make the
availability value as an acceptable indicator. This
correlation does depend on the network topology as well.

# - huselabalty Recuusmanseiifs
— vy AT L
= - hualaluity B enents e,

*  Avalabilly Requitment=Te I
=+ Rvalibsity Reguirsmens=i B
#— huselabalty Bequiemanteit B0

Percentage of the waers ihal meet
e avallab 1y gequitament

40 L)
Sipate Capacity Hequiremant [%)]

Figure 5. Percentage of users that meet the availability
requirement vs. Spare Capacity requirement
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