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Energy efficiency in core network for IP over Wavelength Division
Multiplexing (IP over WDM) network is receiving much attention because the
telecommunications network has a trend of increasing energy consumption every
year. The one reason for the power consumption of communication networks is
increasing because the use of the internet has increased continuously, resulting in a
volume of traffic on the network increases dramatically. Traffic demand on the
network is a factor that has a direct impact on the energy consumption of network
devices for transporting traffic. Traffic demand nature is uncertain with variance
depending on deployment behavior of the user. The uncertainty behavior of the IP
traffic brings challenges in provisioning and managing traffic demand to provide
energy efficiency in IP over WDM networks.

This research proposes the development of traffic planning techniques for
energy efficiency in IP over WDM network with consideration the characteristics of
the traffic uncertainty. This is a virtual topology design under guaranteed levels of
traffic uncertainty and routing suitable to transport traffic in IP over WDM network.

The proposed virtual topology design problem is formulated as Integer Linear



Programming (ILP) models and solved by the IBM ILOG CPLEX Optimization
Studio. Moreover, the researchers took into account the quality of service. Traffic
demand uncertainty could affect the reliability of the logical connectivity in IP over
WDM networks. This research also proposes traffic planning techniques with load
balancing in IP over WDM networks and investigates the effects of planning

techniques traffic for energy efficiency and load balancing under traffic uncertainty in

IP over WDM networks.
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4 < 1to50 of 576 = #l 2 Item Count
Date Time Sum (Volume) Sum (Speed) Traffic in (Volume} Traffic in (Speed) Traffic out (Volume) Traffic out (Speed} Coverage -
20.10.2008 16:30:00 - 16:35:00 42145 KByte 1.151 kbit/s 13.778 KByte 513 kbit/s 23.367 KByte 638 kbit/s 100 %
20.10.2008 16:25:00 - 16:30:00 58.066 KByte 1.586 kbit/s 34.380 KByte 939 kbit/s 23.686 KByte 647 kbit/s 100 %
20.10.2008 16:20:00 - 16:25:00 82.227 KByte  2.246 kbit/s 35.423 KByte 1.049 kbit/s 43.304 KByte 1.196 kbit/s 100 %
20.10.2008 16:15:00 - 16:20:00 62.939 KByte 1.720 kbit/s 20.136 KByte 550 kbit/s 42.354 KByte 1.170 kbit/s 100 %
20.10.2008 16:10:00 - 16:15:00 63.974 KByte 1.747 kbit/s 31.008 KByte 847 kbit/s 32.966 KByte 900 kbit/s 100 %
20.10.2008 16:05:00 - 16:10:00 46.634 KByte 1.274 kbit/s 23.737 KByte 643 kbit/s 22.897 KByte 625 kbit/s 100 %
20.10.2008 16:00:00 - 16:05:00 93.495 KByte | 2,553 kbit/s 68.858 KByte 1.880 kbit/s 24,637 KByte 673 kbit/s 100 %
20.10.2008 15:55:00 - 16:00:00 100,611 KByte 2748 kbit/s 76.546 KByte 2,090 kbit/s 24.085 KByte 657 kbit/s 100 %
20.10.2008 15:50:00 - 15:55:00 107.527 KByte | 2.936 kbit/s 81.630 KByte 2,229 kbit/s 25.897 KByte 707 kbit/s 100 %
20.10.2008 15:45:00 - 15:50:00 103.453 KByte 2825 kbit/s 78.271 KByte 2137 kbit/s 25,182 KByte 688 kbit/s 100 %
20.10.2008 15:40:00 - 15:45:00 107.761 KByte | 2.943 Kkbit/s 75.854 KByte 2071 kbit/s 31.907 KByte 871 kbit/s 100 %
20.10.2008 15:35:00 - 15:40:00 80,713 KByte 2.204 kbit/s 29.842 KByte 815 kbit/s 50.871 KByte 1.389 kbit/s 100 %
20.10.2008 15:30:00 - 15:35:00 22,848 KByte 624 kbit/s 15.236 KByte 498 kbit/s 4,611 KByte 126 kbit/s 100 %
20.10.2008 15:25:00 - 15:30:00 28,807 KByte 787 kbit/s 24.545 KByte 670 kbit/s 4.262 KByte 116 kbit/s 100 %
20.10.2008 15:20:00 - 15:25:00 64,322 KByte 1,757 kbit/s 58.629 KByte 1.601 kbit/s 5.692 KByte 155 kbit/s 100 %
20.10.2008 15:15:00 - 15:20:00 21.420 KByte 585 kbit/s 16.672 KByte 455 kbit/s 4.745 KByte 130 kbit/s 100 %
20.10.2008 15:10:00 - 15:15:00 36412 KByte 994 kbit/s 20.811 KByte 563 kbit/s 15.601 KByte 426 kbit/s 100 %
20.10.2008 15:05:00 - 15:10:00 §7.790 KByte 2397 kbit/s 60.001 KByte 1.639 kbit/s 27.789 KByte 758 kbit/s 100 %
20.10.2008 15:00:00 - 15:05:00 30.394 KByte 830 kbit/s 25.880 KByte 707 kbit/s 4.515 KByte 123 kbit/s 100 %
20.10.2008 14:55:00 - 15:00:00 23,605 KByte 645 kbit/s 15.122 KByte 485 kbit/s 5.453 KByte 150 kbit/s 100 %
20.10.2008 14:50:00 - 14:55:00 48.345 KBvte ' 1.405 kbit/s 17.192 KBvte 500 kbit/s 31.152 KBvte 906 kbit/s 94 % S
4 3

317 3.3 @1981911/510 50 PRTG Traffic Grapher

9
Aaw o <3 a a ]
el lasiimsinudeyalsuiansldaunsmilnlurieszezinat 1dou Tag

o A < 9 =y a c’;’z a 4 o a Jd = a v dy Y
ﬂ’lluuﬂ']3lﬂ‘Uell'E')ial,aﬂﬁﬂWﬂ!ﬂﬁWwwﬂm@Qﬂﬁﬁjﬂcﬁﬂaﬂllﬁgﬁjﬂ“b’ﬂﬂﬂ Gmslmmaimu"lmmm



52

(J 1 a Jd [ { a o 1 [
A081ToyaveIaInTHan (Switch S4) Awaaslugli 3.4 uazadaddos (Switch S13) fa
v v S
uaaslugih 3.5 Fensdesdreda lanaasms ldaufFnanswilnlugieszeznar 75 (1
o J < 2 a { < Y @ ' a
dlad) TaaidulSuamswinalimsmnutuiindeyalinn q 1w dunalaindsuw
2 a d @ 1 a a o ' 7 {
voansminluadaguansziunnniSnavemsminluadaggesedaganu tagluzin
a a { ' v o % ' o o
3.6 naasmsnfeuiovlsuamsmidnildanlusaas Sudwsuuaaz dlad Taouaas
@ ] @ @ add v o o o @ a oA d @ @ A
ared19veriungHauaniluiudmiumamhautaziuenadniluiuvgaasgili 3.6 (n)
nag 3.6 (¥) Awd ey Fedwisaduna laniuansdilntvudediiuaiovieluty
) A o o ] @ 2 ¥ a ] A a a o A A
wgHauadmiveaazdlaiuuiiuu ldumsiinaaveslsmansmila ludnuas g

s %

a = [ a\ d' 1 1 A [} [ a 7 o 1] [ ] =
namaneny uazdsuansilnnvuassunsevisluiuenaddvsuuaazalar il
9 A a ) A A a @ 1 ) 1 ) g
uud Tdumsmivanvealsuamsdn luanvasAinana@enusuny ua luiurmauniy
= 9 "9 Aa a U [ =< a 4 [
umsldnumsvuasteyaniismamsamidaunnnluiunga salunmsianzigauanyas
Y
a A 4 1 a
woans1ilni Iddnsigdianuauniasuazdoyanenngy (Outlier) uaz TdWa1sa1ns 19
2 . 9 9 L& = =
e Inunsy (Histogram) vo3yavoya Iag 15 11/51n53 EasyFit 3981015070 Y13190200AU03
{ a 4 [
Tdsunsuldnnamuan n. uaz hitp:/www.mathwave.com/ 1agNin15 AT 1z HAMAN UL
M3n3218a2U8INT 1WA 1152 Tue Peak-load A8 % 1922100 UT M I WA n Tnaru
A ' ] . o A AA A a ' A 1 o
1A 1FIFA 11AH2 194 Light-load Fenesranarniisuans win lnarunsovisiiga
A1UN1TNATDUIINITNITNATDUNUAMIUUANANIPUDIAINIT 1dun MsnaasuLUL
Kolmogorov Smirnov NMINATDULIUY Anderson Darling {agN1TNATD ULV Chi-Squared L
Y o a 4 9 [ a 9 <
lashimsInTgiaugnAeveInmanyMeNTNIZNeYINT MTnaIeMsnasansIvlaw
' 3 ' 3 ) . 2 3 ax <
Wvetlu-n11u1192130u (Probability-Probability Plot : P-P Plot) ¥uiuisnmsnmisnasaniuy
1 I o [ a A % d.dy I =1 [
unziludmsumsdsziuanulndgevesdoyadesys s luniiilumsuFeuiienaianm

1 I Y o 1 1 I = [ a
uﬁ]&ﬂuﬂl@ﬂﬂl@y’ﬁﬂ“]Jﬂ1ﬂ'J'liJ‘Ll'li]$LﬂuﬂNﬂﬂH@]ﬂlﬂﬁﬂmﬁﬂngﬂ'liﬂigi]'lEJGU@QVIiTV‘IV\Iﬂ Iﬂﬂ

a < v 1 ] o v
mInadeutazMitnTIzHaIna lauaasegluidenal



Kbps

1,000,000
900,000
800,000
700,000
600,000
500,000
400,000
300,000
200,000
100,000

0

Switch S4 mmmm Downstream = Upstream

29 Jun 30 Jun 1 Jul 2 Jul 3 Jul

Time (1 min Averages - 7 Days)

51 3.4 naveanswlilni Inaruaiad s4

Kbps

500,000

400,000

300,000 - -- oo

200,000

100,000

Switch S13 | = Downstream = Upstream

29 Jun 30 Jun 1 Jul 2 Jul 3 Jul

Time (1 min Averages - 7 Days)

5107 3.5 WSuavosnimAdnn lvasuaiag s13




1100000
1000000
900000
800000
700000
600000
500000

400000

Traffic volume (kbps)

300000
200000
100000

0

L

s 3() June 2011

e 7 July 2011
w14 July 2011

21 July 2011

T T T

Time (hours)

1 23 45 6 7 8 910111213 141516 17 18 19 20 21 22 23 24

(M) TUNHAVA

1100000
1000000
900000
800000
700000
600000
500000

400000

Traffic volume (kbps)

300000
200000
100000

0

)

L

1

e 26 June 2011
s 3 July 2011
s 10 July 2011

e |7 July 2011

123 4 5 6 7 8 9 1011121314 1516 17 18 19 20 21 22 23 24

Time (hours)

]

1

=
N

[ a o
(¥) WU INNY

3.6 MafFeuneums lFnunsilnn Switch S4

54



55

a d LY a2
33 ﬂ"lﬁ'J!ﬂi"I%ﬁﬂmaﬂHmzﬂ"lﬁﬂiz‘i)"lﬂelli’)\‘l‘i’li"l‘i/‘l‘i/‘lﬂ

a 4 @ a Ao A 9 o Y o 9
lunmsdmsziguanyuzmanszasveans i luauiveil §iveldihdeya

a {3 o a s A ° a ¢ o v @
Psuansrilaimnuiuialanin Tdsunsuueiinesnsilauyinmsinszd dmsut Tug
Peak-load 149297 114 Light-load Tne ladaidondoyauenngu (Outlier) opnnow naziidoya
ANy a s Y . o A Y = X
nldnAnsganuaunsale Histogram LLET@N@NETJVI 3.7 uaz 3.8 lAuanasns Histogram

] a 4 @ o w {
11974 Peak-load 118 Light-load 484 Switch S4 (@3agvan) a1ua1ay uazluzi 3.9 uag
1 a 1
3.10 lAuanAsda Histogram 14%24 Peak-load 118 ¢ Light-load ¥04 Switch S13 (a3ndeoy)
AINAIRNY FIAIWITDAUNADIN Histogram 1831 115052918V 03a 114529 Peak-load i
o o 9 9 ' . A o
anyuznInszateand lnsdnenaznsnszateuesdoyalusig Light-load Hanymens
o 9 & = ' v & a ) Xy
n3z19a11 11UN19991 Fauaasdennu ludunias @a9iuannsuas1zvdeyaiinig

. 2K o 9y ' P o a dyd n Yy
Histogram Fl]\?‘]/l’lclﬂﬁ'lll'liﬂﬂﬁ'nvl@'J’lﬂmﬁﬂi&lﬂ!3fﬂiﬂ5$Fl]'lﬂsll'E]\W]ﬁ’l‘V\lV\lﬂUﬂulllulﬂllﬂ'liﬂiginﬂ

wuvilnd (Normal distribution)

Probability Density Function

0.164

0144 /

0124

0.084

0.064 /

0.044

0.02

L ’—‘
ol

500000 640000 630000 720000 760000 800000 840000 880000 920000
X

[ O Histogram — Beta

317 3.7 Histogram Y83 1Wn 1193919081 peak-load Y93 Switch S4



Probability Density Function

0114

0.094

0.08

0.074

0.06

0.054

0.044

0.034

0.02

0.014

270000

160000 170000 180000 190000 200000 210000 220000 230000 240000 250000 260000
X
[ Histogram — Johnson SB
li' . a\ Gl 1 . .
319 3.8 Histogram v¥@an3 W TuaI7a1 light-load ¥4 Switch S4
Probability Density Function
0.16-]
0.14 1\\‘\\\
0.12- \\\\\
rd
0.1
0.08- rd ‘\\\
0.06 ‘,ff,,f/‘
A J;’{
0.04] ",1”,’
0.02 ”—"d"‘,.—‘au/azt/
0 T T T
136000 144000 152000 160000 168000 176000 184000 192000 200000
X
[ Histogram — Gen. Extreme Yalue

1

A
N

3.9 Histogram U045 1WWn 1uw2919a1 peak-load Y04 Switch S13

56



57

Probability Density Function

014

0.13

0.12-

011

g,[;gz // —\

0.08]

¥ o007 N
n,us—f \
0,05—3

0.04—5 /
0.03]

0.02

0.0

40000 50000 50000 70000 30000 20000
X

[ Histogram =—Johnson SB

319 3.10 Histogram 2403 19WNn 114391901 light-load Y9 Switch S13

Iy o

A 9 o LY a o"dy ") Yy a =3 o
esnindeyavosnsmilniihindnsizditluldinmsnszaenuulnd FIdevai
a 4 4 v v W [
Foyau1 1A 1z¥ia10 1151050 Easy Fit 1i09a0UAUAUMANBUZNTNIZNIOAIENITNATOU
1YY Kolmogorov Smirnov N1TNAXDULUY Anderson Darling agn1INnAado VLYY Chi-
dyd o Yo [ A [ A 1 I
Squared 91NMsNATOUHTIN AT URUAN AT MINTZIBRANAAIAINITIN 1 D819 15N
WNIT0%3 0 19Ua NI TDANYIAUSNHULMINTZIBLUVAN 9 1A91NIUIIBVD4 Jain, R.
E4
(199D wazvnwanisnaaodia1u1sadana’lai1 Switch S4 1u%291981 Peak-load
AUANYULNITNTZIIOUUUIVAT (Beta Distribution) Switch S4 1u%291921 Light-load T
[ 4 %% 1 1
AMANHVLNITNTZVIYUVUIDVUTY 18a1) (Johnson SB Distribution) 94 Switch S13 T4
17081 Peak-load HAWMANHMUZNI1TNTZ18UVUAINGAN 11 (Generalized extreme value
distribution) ag Switch S13 1U%241981 Light-load UAMANYBENITNIL1811Y Johnson SB

1 a d o [ [ 1 a [
Distribution Iﬂﬂﬁﬂ1w151ﬂlﬁﬂiﬁ1ﬁiﬂﬂmﬁﬂﬂm$ﬂ1iﬂi$ﬂ1ﬂﬁ1\3 9 VoINS MANUEAIAINIT1

3.1



58

A13197 3.1 Mailaes i uguanEUZNINTZY

A %291287 AUANHULMTATLIY winiines
S4 peak-load Beta a, =36.612
a,= 1.6628

a=-1.4285 X% 10°

b=9.2046 X 10’

light-load Johnson SB v=0.21722
0 =0.74927
A=1.2320 X 10°

£=1.5313 X 10’

S13 peak-load Generalized extreme value k=-0.52069
distribution 06=17618.0

w=1.7224 X 10’

light-load Johnson SB v=-0.1054
0=1.0219
A =69493.0

£=30793.0

e AI 1z HANENBULAITNITZIWAIINTNATOY Kolmogorov Smirov N1SNATD

LU Anderson Darling 118215NATOULUY Chi-Squared a2 ¥971 1% lAundnuanyagns

ya o

) g’; =2 o v 2 P~ Yo
nsz1gveIng1viln Lm$iﬂﬂuuN’Ji]EJiNu1ﬂmaﬂ‘Hm3ﬂ1‘§ﬂi$%1ﬂﬂl@\i‘ﬂiﬂ/\l7\lﬂ‘Vlhlﬂi“lJﬂﬂ

U Q

a 4 @ 4 @ ~
3!ﬂi1$ﬂ§l53i}ﬁflﬂﬂ’ﬂl|gﬂﬁ@ﬂﬂl@ﬂﬂmﬁﬂﬂmgﬂ?iﬂi$ﬂ16uuﬁjﬂﬂ P-P Plotﬂﬁllﬁ@ﬁiugﬂﬂ
[ ) = 1 ] I 9 [ A Y A [ [
3.11-3.14 Mgmaz;sﬂ‘lmmmmmmmuwzLﬂumawayja{luaﬂymwmﬂﬂamﬂmummm
1 < =) @ o g’z = 1 ~ 9
‘LH%%L’]J'LJ‘V]N‘V]QH{]ﬂjﬂdﬂmﬁﬂHm$ﬂ1iﬂi$%1EJGUfNﬂi11/\h/\lﬂuu 9 G]f\iﬂiﬂf]ﬂ'ﬂll'nwa‘i/]hlﬂﬁﬂﬂ

[ ) dyd [ A Y 9 A
ﬂTﬁ“I/Iﬂﬁ’é]‘]Jﬂmaﬂ‘]ﬂm%ﬂﬁﬂiziﬂElGU’E]\WIiW\h/\IﬂuiJﬂmﬁﬂHmzﬂlﬁ]ﬁﬂ?iﬂi%%18ﬂﬂﬂ@]ﬂ\1!m’3 nio

a U
IS) [

1 Y = I o Ay v
ﬂa'I’JU]J@'J'IiJﬂmﬁﬂ‘Hﬂ!%ﬂ']iﬂ'ﬁ$ﬂ']fl"lJ’é]\W]'B"W\lT‘Iﬂlﬂuulﬂﬁ'luﬂmﬁﬂﬂmg“I/]hlﬂﬂ']ﬂﬂ'lﬁ‘ﬂﬂﬁ’f]ﬂ

q

A3ana



P (Model)

P (Model)

P-P Plot

0 01 0.2 03 04 05 06 07 0.3 09 1
P (Empirical)

* Beta |

317 3.11 P-P Plot 114 Peak-load U949 Switch S4

P-P Plot

05 08 07 08 09 1
P (Empirical)

0 01 02 03 04

= Johnson SB

317 3.12 P-P Plot 11924 Light-load 489 Switch S4

59



P (Model)

P (Model

P-P Plot

0.9
0.5

0.7

0.5—:
0.4—:
0 3
0.2

0.1

=}

0.2 03 04 05 06 07 0.3
P (Empirical)

* Gen. Extreme Value |

317 3.13 P-P Plot 1194 Peak-load U843 Switch S13

P-P Plot

ol

0.9
0.5

0.7

0.3
0.2

0.1

o

d

1

=
N

02 03 04 06 07 08

05
P (Empirical)

= Johnson SB

3.14 P-P Plot 14%74 Light-load Y04 Switch S13

-

60



61

34 azdwavesnuidaluunii
nudteluunitldiimsinszfaadnsazvemsilni ldnnnisasnaennie

a 4 a 9 a = Y a [ = =)
msuetimeiniilnvesmsldnudumeiiinvesronnmeluumimedoma Tulaggsuis

A o K

=2 o 9 o o . ° a o
Aftenadovten1s1FaruTud Tug Peak-load 11az %2 114 Light-load 1AW 1n1531A512 1
o a v . A =2 9 v 3y 1 Y
AWANHUZNITNTZ18909N5 1WA NAIY Histogram Nuaasdadoyan lulaimsnszarenu
Und udr9eiinmsmguanyuznIsnizaevensWilndren1snadeuuY Kolmogorov
Smirnov N1ITNATOULU U Anderson Darling 1 & N1TNAT O ULU Y Chi-Squared a1
AuanUzMINIzeven NN ldunageunNgNAoIveInUENHUZNITNTZI1BV0I
1 H v
n31WnA2e P-P Plot ieUsvoNIIAMAnEUENITNTZIeveIns WA nA Id5uriuTinam

9NADY



UNH 4
4
matamINwEnIneanuanaavessInamviln
% a v ' 2
maldmsiiosananaliniuenvaansuiln

§1M5UA30918 IP over WDM

ya o Yy 3 < 1 = A Aa ' ' 2 = 1 oA A
Q?’ﬂﬂulﬂmQLWL!’NUIFJWVI'iW\IWﬂ‘VIiJﬂ’NNUhJLLHHfJuuu‘JJNﬁ@]ﬂﬂ?ﬁJ‘HH“Bﬂﬂﬂﬂlﬂ\iﬂWi

4 1 1 v A <3 a 4
Wounon1eluAIeu1e leuuNTHaANanNBIAINe1IAAY (IP over Wavelength Division

. . a o dyd k) v =K Y Aa = =\
Multiplexing : IP over WDM) QTL!’ZH]EJGI,LHJVILHNhlﬂ95]3$ﬁUﬂﬂQﬂﬂlﬂ1W1uﬂﬁiﬂUiﬂﬁ PINTTY

v
A o o 1

Y a 3 A A A Y a A Y o
aumnlumsldusmadudndraguinaeanuinyenovesd IHUImsaTev1e Taggino
Y o a A Aa 9 Y A 9 < '
lahmsnnsannsmdnilinnudesmsvudsdoyanmelunioiienieldlsziaunaiu
[ a o A 1 v 9 A Yya o Y o a 1" o o
puvouveInsilnasinanluiaden 2.8 nazdive Iainavematalnidimiuns
1 A 9 a a 1 A
ponuuy lasevigtaloudlomatan1zneuruns iln Tasmwizesegslumseonuuy
Tasavneaiioud s unI o 18uAUNEN IP over WDM taz 1da1iiunsnstnaounanssny
woansintinu lduiveuaennuauqavesmssagansilnneludindonTeani
Y
MEANAIMTUIATEU8 IP over WDM Tasaiudse lunnillddutiumsud luilymidonis s
a o 3 o [ a o dy o
slsvvvesms TdsunsmBadusirway dmsunavesnuideluoniinonsiudue
° A o o 3 o w Y 3 A X d Y &
uuusraesiansodamsnuawlszaudian Taun dszunviiailumsadieniniule
4 1 H ~ [l 3 A I =
lumswouae lugulodl (Inssinaaiiow) dszauideuilumsainnuaugaveslium
a A ] 3 A I 9 o o [
ninmeluasevis WoM uaziszidunaunisasiaanuiulvdmsuanugues
A A v o Y} A v P Vo
wnseneiie ldauisasesTuanudesmsveanilnneldaoiunisaintany lusiuen
9 Y
voans1in drmsuitiem luuniidszneulldreiivears q 1dun 4.1 uuldaluns
poNUDULAZ LAY Inssiadioud M unTou10 IP over WDM 4.2 msmivuatfayriinis
Aa ) 3 o a 4 a o Y]
TUsunsumudusuway 4.3 mswennaumIadinenaas 4.4 MiiaseianusuFouvea
8ano33u 4.5 11/sunsusremmaoudmsuns 1Usunsumadu 4.6 MaiunINaad
o [ 1 a 4 1
dvsumsesnuuy InseneEiou 4.7 M5anszvRanseenuuy Iasenea o ag 4.8

a o dy
ajlnavesnuiveluuni



63

a A o Y] A
41  uuINAIUNITRNUUVLAZ NIUNUIATIVILaNOUTIHS VAT IP over

WDM
A ' = o ' ~ A (B
1A50918 TP over WDM Hunuindrdan lunisvuds lofinsidnvualvariunia
] @ a a I 3 a A
1309 18MAaNUOIR IR UTN150UADSITIA (Internet Service Provider : ISP) Y5z @NTA1MN1
a == o & 1 A [] I 1 A YA A A ]
Franssunsminiadinnusuiluaeszunveuniovisasnaruie 1HLaNuLIFeN 008 19ga
U ] ] a a ]
Tumsvudadoyarunioieveed IMUsMsduapsIia
a a ~ ) a o Aa 2 ¥ a 9
mssgat Taved lefinsilnuazuenndnsuais q ATunTMINTANABINS
AUFVTZAVVOIRUNIWNITUTMIHAzMITUUTZAUNIANAIAY FITZAVVDINUNINAT
a @ o g}/ Y =\ v A ) o 1 1 = 2 Y
Uimsuazmssulsznuiudesdiszavimmnzandimivanuy imiveuveslefins il 4
a 1 o < @ % [} 4 [} 1
IS manseveleduiludesiamsninensaiovioie ldaunsaldau ldedrauiisanone
mssossudTunansmiilnidesnisyudedoyaluaiedie uazamisoliuinis Idedall

] ] o w o

a a 9 o a 9 [} {
Usz@ninmdremsduiuanunieldnnugueuniodieiiogedniing ansuzued lofl
a d‘d 1 [ 3’; = o é Y 1Y =~ [} [
nsAnnTany luniuewiudahnaanummelunissawssuuazmssansnsnens

A 1 o [ A Aa Y 9 A ]
wypedmIunIMilnnuANUARINTYUEITRYan 18T UIATEUE TP over WDM
a v Jq v ] a
TunarsarudseldldarnuaulalumsdnuinisnaununIev18uazIAINT U
N3N 115 VAT 0918 IP over WDM 1¥1 914398U04 Ramamurthy, B., Ramakrishnan, K. K.

1]
A

. Y o a 4 1 9 ] d‘ A
and Sinha, R. K. (2011) 1471151351215 09a1 19918082 auuns00 0 lun1s00nuy L
1A3DV18NANVDY IP over WDM 1az1u398MneIveenun1seenuuy laseiteaiionly
1A58918 IP over WDM (¥U 91U398U04 Ling, W. and Peida, Y. (2003) lal@uonsoaniiuy
TassnealouiuingauaietoMuuavreIAUAINYBINT 1HLINT (QoS) NTiMITulTziu
1 o o o a <
A1UABINIT QoS LU end-to-end 15U N5 5 VUsEAUTATINTIAANITUADN Tasluns
o 1 A ] A g’/ Y g’/ 1 o 1Y 1 =Y A' 9 1 Y
MruamvounsoveEleuly laimsasmdmiuuaazmsusmaeaadunualdaieve
1A39U18 a1 149U IVeV0I Lin, T., Zhou, Z. and Thulasiraman, K. (2011) I&tauan1smrua
1dUN19 (lightpath) 1WAIUDET0AVDY IATINIIENOUE1MTUIATEAIE IP over WDM Tagi]
o P ) s ) A o o 1 o a Y
agilszasnlumslilszTorivesnnuylvmnnngadmsuneunaznainsnanuaumad
YoIM 51N Tean1amenIn
A = Aaov 1 9 dyd'd o o A 1
Tuvagnmsanu lunudtensuminunianudnguazidainaansnuruloue
< o a 1 ] ] < o 1 Aa Xt Ao
szipudrryvemsiilnniiany liuvveunda lildinsnasan Fantivreauidels
anuaulunernuany lisiusuveans ilnlunisnaunuaseane eg199u 1uITevea

Meesublak, K. (2008) lana1ndadnnazaiy iutueuimasndnyazved lefingnila



64

a ) axy A ] A o k) [ a

puv lawiin uaziiiaue s msMumunIedwRIMImvuadleanbuzvosns Winaelu
g’/ A [} = Av o 1 S Y A 9 A []
VUADUNTDDNUVLIATOUIY FINUITeaInanUihnnsieasndeuidumaluniovis
a & a v Yo @ ) AqYr1 o w Hq v
WeIFUAYI A2eM15 1 5Ingdszad lumsaaaununlsniedivivanugnlsanulums

o v A A R o Aq o Ay v ° Y
5995UAMNAeIMsvoInTIiilnaeluasovre Fansinilsluauilldimsdimuadie

o ] ] = a o 3 Y o
szauny hindueuveans1Wiln uazTuaruITeues Meesublak, K. (2009) 11411015
a 1 [ = 1 % [ a ) [ A ]
Ansannu lduiuenvesmswingunu uadlumsinsandmsuaoidaonssunionie

J

3‘; Y o d = (% a o A =
dosru Taslaingissasamru@einu1uauitovod Meesublak, K. (2008) A9 Uiagilszan

Q

=

A Y 9 o [ A 9 A 1
meaaauNunlFedmiuanugnlsanulunsovis
= Y a o =Y a [] 1 a g’/
aaiu1enudIve ldnmsiasanany liutveuveanswiln luduasuns
A 1 1 Aa o 1 g’; a9 v A [ 1 91 A [} < o
LR UATOYY AUV Ha1d Ul veranineInUann1 199189 9AT oV FIgIUI0
= A a = A A ' o o
mMsAnyINIimsnnsadinudugaveninaeluaieviesaunuaulumiveu
a A 1 g‘/ a A 1 o [ 1
voanI 1N WnlunTov1oa 09U 91MFU 1ATOUY IP over WDM d1¥Tudyrin lumisvuas
a { 1 Y a { o ] Y o =
niAndTinaseguninlums Ivusmsidnaznuwiu 1dun Tymanuuesavesnsiln
] d' . A d' [ J
VUV BN 1o (link) isaNV®VA (bottleneck) uazﬂtywwmmiwqmmﬂiumimum
a A a U A A Y Y A A A A Y 2’, =
nimnetnansalveden lequiarseantrial 918U 1e%sen leaNvIarsoauHaI v Ul
a { [ 1 =Y { < ° Y Aa @ [ a
Ysunamsmlilnnvuaseglualsuangaunn nesildinamsngarzinlunmsvudansiln

= v A A A ] Yo WY I & = 3 & A
%Qﬁﬁﬂﬁiﬁﬂj’]ﬂ“’]lﬂfﬂﬂf’)ﬂluﬂ'lﬁllﬁﬂ'lﬁﬁﬂﬁ\‘]@fﬂ\?ﬁ’]ﬂllﬁ\? Eﬁ%ﬂqﬂLﬁQLﬁuﬂQﬂﬁglﬂuﬁuﬁﬂ

o 1 Y

9 = 3 a ] A A '
ﬁ']ﬂﬂ]@]f’)ﬂ']ﬁl!ﬂ"lallﬂﬂluﬁ'] o ﬂiglﬂuﬂ’ﬂllﬁilﬁ]ﬁsllﬂﬂﬂiiwwﬂUum?ﬂl“ﬁ@uiﬂﬁﬂ’]ﬂshuﬂﬁﬂqﬂﬂ

o

o R 1 a 1 A Aa A a Y A
UAUKEN FIaI0enszensdnuuIronTeanNlsmansilnganin aalinis

)}

=1

) ] A Yy I o Y A [l A A
ﬂ§$%’]EW]3TV‘I1/\'ﬂTJuGU1leGIff’JllIﬂﬂllﬂ'Jﬂﬁ]g‘V]’]ﬂlﬁllﬂ’]ﬁqtylﬁﬂﬂﬁﬂaﬁlﬂ@m’]ﬂlﬂf@ﬂiﬂﬁﬂl’]ﬂﬁﬁ@
v & Y = A Yo EOSN A A
auran “INﬂ13ﬂﬂﬁﬁﬁﬂiﬁ/‘lV\IﬂGlULﬂ3f’JGU']fJGh’T3Jﬂ'3’]1lﬁl|SE]aullﬂﬁi']\iﬂ'J’]lluu%ﬂﬂ@uagﬂﬂ!ﬂ']w

A v A 2 ' v ¥ Ao N 1A 1 '
ﬂluﬂ'ﬁﬂﬁﬂ'ﬁﬂlﬁlWNﬂlu@ﬂT\ﬁJTﬂ ﬂ\iuuq']ujﬁ]ﬂclu‘llﬂuthLWfNLL@Wﬁ]’]ﬁﬂ!’]ﬂ'J’HJhllllluu@usl]@\i

a (Y o < ] a a
niwliln uadsldnnuaulenvlsziduanuaugaveuniovisluauisninssu niuin

9
aAav A

FMSUAT0UeNaNUDI IP over WDM Tasa1uideil lavinaueniseonuuy Iassvioaiiou
o o J = a ' A v Y Y
dmsunmsvuadlefiniilnr1uiaSea1e IP over WDM are3uuunsuniyninis
) ° I . . : o da a o
TdsunsuFadudiuiudy (Integer linear programming : ILP) Fapaansnuraulavesuive
dyd o o ~ [ S A o o 9 [ 2 A = &
luuniinemsinauenuusiassiaunsadamsawlszaundinn laun dszaunviiailu
9 @ A 1 o ' A 3 A < 9
msasennuiulalumsiyeuaeainyu 1P (assvaaiow) Uszaunasailumsadaany

augaveslsuaniilnneluniedis woM uazdsziduiauilumsadienniula



65

o @ A 1 A A [ Y a Y o
ﬁ1ﬁ3ﬂﬂ31u%ﬂl’é]\ilﬂﬁ’é]ﬂﬂﬂl‘l/‘lﬂ‘l’]ﬂ%ﬁﬁJﬁﬂ3’6\151Jﬂ’]11|$5|’é]\1ﬂﬁelJfNVI311/11/‘]ﬂﬂ181ﬂﬁf111!ﬂ15m1/1

Hanyluniueuveanswiln

o a Y o <
4.2 ﬂ1§ﬂ]ﬁuﬂﬂﬁyT’i1ﬂTﬁiﬂ‘illﬂ‘iﬁl!“ﬂﬁlﬁu%1u3u!ﬂﬂl
a = o [ A ] = s A YA a A
ANITUNNHHNAMTUIAT 18 IP over WDM Uiagilszavame Ivllssansniw
@ a 4 1A a a L~ 1
Tumstamsuwu lefinswilnifivinalngiuinnmared1dusnmssumesiiadoanis
[ ] ] [ (] ] 9 o a
yudatoyariu Tuamelunieieunuvdnedrunsotteloudniues Taomadinnisaunu
Y
= o T3 1
niflnrsensdaassidumaluauiiGen1duiumseenuuuIasesvieaiion (logical
. é d’ ] ] A 3’, = Y ~
topology design) ¥4n151¥ouaaN1Iaseveaiioulusy IP vuedenNudesnisveslod
a) 1 1 9 d' 9 d‘ 1 g’;
n31ANTE1I19g Tuadumanazlatems luvazgiidumamadeuaenianeninlugy
d 1 4 o H 4 1 -7
wDM Huviesen Toadu londniuaa (Optical link) NypuAaRUA8 TUAN LA
d' o ] A ] g’/ é g’/ A 4
JUN 4.1 1AAEIDE1UDUATDIEADIFY IP over WDM &3 Tuaueaty IP Ao gilnsal
v g A 7 2 A o ~ 2 A
FAUFUNIINIT BT INAB TV UATOVIULNUNAN (Core routers) IHVMLN TUAVDIFY WDM A0
4 Y ] [ { o
gilnssladusesdyaIanIauas (Optical Cross-Connects : OXCs) waglugii 4.1 Swaaald
< %] 1 o ~ A 1 A g’z Y A
MUAI9819UDINTHIHUNNITFN TeIN1TATIVIBTUDUYDIFY TP 191G 151301 TaaNn1g
g‘/ 1 d’ ] A 1 1 3’; Y
MENNYOIFY WDM 151 Maon Teana Inseaneidionsznaneg lua (A, B) voasu IP 18
[ Y
msﬁmumﬁumemuﬂnm%mI&Nmamﬂmwa‘zmngim (1,2) uag (2,4) ¥93%4 WDM
A ' A ] 1 2 [T ° 9
uazmronlean1alngaiiealousznaneg Tua (A, D) voaru 1P 1dlnsminuaduni
) Y
AueFon Tean1mennsznIng lua (1, 3), 3, 6) 11ag (6, 9) Yo% WDM
Ay v = ' A Aa ' A
TuunitdjadudlymlumsesniunIassnediouiiliyaaruaionnuauga
) [ a A 9 1 A ] g}/ Y 1 A o g}/
dmsunailananudeamsvuaalunieviennyy IP riguiewon Toarhaave a5y
wDM Tagmuizansazvoaniiviinniianyluutueuedralesingila 1d8a151iun
] Y ]
Hasauie 1imsdansounq (capacity) Y99%U WDM a1m130sosiumsnlasunlaues

9
Tosingwdniiuld



66

IP Layer

= o A
gﬂ‘l/] 4.1 UV IUATOUIY

) [ a a awv dy Y A am o I
dmumatdanmsnuwuninluauiteilldiaenismsmvuatyruiluns

a Y o < b . < a {9y o 1 1
TsunsuFaududiuaugu (Integer linear programming : ILP) Lﬂumﬂuﬂﬁgﬁ]ﬂﬂm\‘umiﬂaw

I ' & Ay o A . = Yy o Iq Y
uaziludIunilauean1sI9eautuNg (operation research) a4 latin1siimnlszgna 19 luns

A o o A @ A~ ' ' o w Y Y| A o 4
’JNLLW’H’E’JE]ﬂl!“]J‘]JLW’EJi]@ﬁ‘i‘iﬁi]i]EJ 1io ‘1/]5‘1/‘!Eﬂﬂi‘ﬂll’é]Q’EJEJNft]1ﬂﬂ1ﬁﬂii@tﬂ1ﬁh1ﬂﬂﬂ1’ﬂuﬂ1’)

2

a

[} 9
I@odreiidszansam Fams sunsudaduswanduiilsznenlidrsassarudidn Ao

LAY [ dy
WanFuingilszasd (objective function) uazaunseu'ly (constraint) luauiseiidhmne

A 4 ) A ]
19 @]@QﬂTiﬂlfViiJﬂ’J”IiJﬁiJﬁ]ﬁlei’]\‘Wli”IWWﬂ‘]J‘L!GU”IEJLGIfi’)MTﬂ\iﬂ?ﬁﬂTﬂﬂWWﬂTﬂiHLﬂiﬂ‘UWﬂ

~ A a 9 o S Aad A ¥ A
IP over WDM NN ga msTﬂmﬂimmmummumnuuNau”lwﬂi:ﬂau"lﬂmm@u'lm

9 2~

3 [ 9y N 9 Y A o @ ) 9
all’t’)ﬂTViLlﬂﬂ13ﬁ)ﬂﬁiilﬁuﬂNﬂJ@ﬂV]iWﬂWﬂﬂlﬂgﬁ “]NM%ﬂlﬁu%Nlﬂ@ﬂﬁTﬁiﬂﬂiTV\lwﬂ“ll’f)ll“ﬁ uag

o A )

= 9 @ [ 4 1 =< I Y o w o [ ~
aieuluduninernsas q vesginsaiinievies Fuiludedinavesdiuiunsnwensy
o [ [ a 1 4 o I
aunsadenldauladmiunmsvuamsilndeyaluaiette iWodmuatynuiuns
A Y o S a oy ¥ =2 o v A 9 °
TlsunsuFadusnuauseuiesudrdainfynunariidignszuiumsmimaouvens
A Y o < o ES Yt A P
TdsunsuFudusruawan Taglunszuaumsnidaeuiuldlinisidenidunisainya
o [ a 1 o o v v 4
Lé’umuﬁaﬂamsmns"n/h/dﬂﬁﬁ'auaﬁ‘nﬂﬁ’"l@’fﬂmem@aﬂm%mmﬂizmﬂﬁ?\ﬁm F9013

U Q

a y ¥ A a a vy s a X
T‘]JillﬂjlllslﬁlﬁuuuliuﬂJﬂTiﬂﬂﬂuTﬂﬂ 9939 U UAULN (George B Danzig) (1A lﬂﬁlﬁfa gl

dd

(Marshall Wood) IﬂEI‘VHﬂ1iwwu1ﬂﬂlﬂ11ﬁﬂﬁWEIIJJLlﬂ313Jﬁ3JWHﬁﬂl’E)\‘1ﬁ1]ﬂ1‘iﬂﬂWlﬁ1ﬁ@] TNy



67

Y a axsaa a 3

o a g =2 o A ! s . =2 g A AqUo o
ANHUSIVIUTUAT ﬁ]ﬂﬂ?clﬂlﬂﬂ'l NLIFYNIT FULNANY (s1mplex) %Q!ﬂulﬂﬂuﬂﬂi‘lﬂﬁ"lﬂﬁﬂ

Y a { a a [ (] 1
uadyminms IsunsuFuduniidseaniamuaz 1a5umsldauedisunivate Taod

k4 ' ' H v v
WANNITVOINITHIMABUAIINTHIIULDUF 9 dunszne ldmasunafiga Fedaoun
lasuanmanumunsilnielvanuauaavemsilnlwnsenenmniganislanis
AnsamAnaianeluwiveu Ae anuaugavesnsilnlwaSee uazda1dsy
o Y Aq Yo [ J a 2 o @ 1 A A Y
MaouvouduN NN lddmsumsvudansInin :9u031IUV0INTNEINTA 9 NUNT 14

A U a kS o a Y o 3 A
e msvuaIns ilniu Tasmsavvesmsdarims lsunsuFadusiuiu@u i

=

Y 1 ' Y
naminaaslddegla 4.2 edmualynuvariildeglugiuuuvealyvinis T sunsw

U

A Y o g o P ) g 3y vo v Aq v o
(FUTHUITUIUIAULTIUIDYLLAN fl]1ﬂu‘Llﬂulﬂ‘ﬂ1ﬂTﬂlﬂaiﬁiyﬂ’l!ﬁaWuleﬂa'lﬂlﬂuﬁNﬂ']i

A ¢S v A o= o Y
AtlaMans aanaznanaluritdoas i

Input —
Y Y o o I a d A 1
1. doyavadnaauniwe nsvegnsalinievie
2. ﬂfﬂmﬁﬂﬂﬂﬂnmﬂﬁmﬁﬁﬁ]1im1mm"l‘;im.'mau

voansliln
3. gardumaidenveamsvudansmilnluaseue

1 Al o A A
4. quilszanamlsue lumsduiiumsiaieuis

\— /

_-—_'_——-
=) ey a Y o =3
sz1llrn M3 Tlsunsudadus Ay
(Integer linear programming)
e

QOutput
1. amwaugaveansdnluaione

2. idumvudsnsmindeyalunsenie

3. S wunswensema q lFulwaieve

9
%

1 4.2 Supeumsinauvetlyrims Tsunsugaudu



68

d
43  MSWAINaNNTAMAAITNS
[ a d o [ a A ]
MInanaumIadiamaas iy dyninisnauwunsiinlunsieuis 1P over
WDM e ldianuauaavesnsmilnuiniganieldansilnndanu bimiven Tavaun
a 14 Y o a 9 o I =
aumsadiamaninieldismsmvuadyminuuns IdsunsuBududiuuay $eilsznoy
1 H o w o o 4 4 % v A o
Tdheamarundnnne Wenduinguszess, aumstouly uazdmilsdaguls dwaaslu
d
519 4.3 Tﬂﬂwﬁm%mmﬂi LA9A D ’c’fﬂJmiLLﬁﬂﬁHJTH‘?JWEJLWEJGl,%GluﬂHﬁlem‘Vlﬁﬂﬂiﬂﬁﬁ

ﬁqa davaumaidon'ly fie aumimmmawmﬁ’muﬂm@m@ﬁﬁmmﬂﬂgmﬂ’u ) 1azA?

v A (J ! o 4 (Y P
uilsdadule fe dalsndesmsmaeuive i lamwinglszasdndesns

Wanuingisvasn
(Objective function)

ﬁiJﬂﬁLLﬁﬂ\iL“ﬂTHiﬂﬂ

A VoA =) A
teHIMNgAnTogaNgna

danlsandule 13ouly
(Decision variable) (Constraint)
L Aulsidesmavisaey J L dosavostiai J

5N 4.3 awnlse 2NOVVDINTT JUTUATUFUFUT LA

[

Y v a Yy o < N { Y,
ﬂ”lﬁllﬂﬂfgﬁ”lﬂ?ﬂﬂ?iiﬂ5LLﬂ§3JL5]f\1Lﬁ'1!51]11!'3‘14!@]1]11&\1114'35] UANUUAAIYTAUNTITNI
a Jd o o 1 A ao dyd Y A Y Y
ﬂmﬁﬁiﬁ@ﬁﬁ”m3‘]Jﬂﬂ]uﬁ1ﬂ1§ﬂﬂﬂ!!,ﬂﬂIﬂi\ﬁﬂﬂlﬁuﬂu QWH?ﬂﬂquV]uNLﬂTWNTﬂ o @'I’l’NﬂWSGL‘Vi

a A A A = <
Mﬂ’ﬂuﬁﬂﬂﬁﬂ]@ﬁﬂﬁﬂﬂﬂﬂ‘L!GIJ”IfJL“If’E)lITfJ\i“VlNﬂTfJﬂTWﬂTfJﬂlulﬂiﬂalﬂfJ IP over WDM NUNINNEFA

9
(Y

ya v K Y o o a Jd o @ o w Jd A J o
@N‘Lll!Ej?ﬁ]flﬁ]\‘1]1@UTL?TH'EJLL‘]J‘]Jﬁ]']a’ﬂﬂ‘Vﬂﬂﬂﬂ!@]ﬁTﬁ@]iE‘T"Iﬁiﬂﬁﬂﬂsb'u:]@]@ﬂﬁgﬁﬂﬂ Ao WINTu
1 A 1 ~ o 4 =\ Al A 1 Y 1 A ?,‘,
ﬂ"llﬂaﬂﬁ?ﬂl‘].lﬂﬂlﬂuﬁuyjimmﬂQ]l@WVli11/\]V\Iﬂﬂﬂluﬁ\u"lﬂq"lﬂﬂl%ﬂﬂiﬂﬂﬂ'mLLﬁQEU'EN“Iﬂ! WDM

Y 1 9 A L. L. & 9 d v 1 A 1 A
mimizing mean solute evialion
1W3Jﬂ"ll!i’)fl°ﬂﬁjﬂ (M g Absolute D, t )mmﬂ%ﬁm%ummaﬂmummmu

[
A o

o o’dy = d v s A 9 [ 1 A 1
ﬁll‘]ajlﬁﬂl1!Llﬁﬂ\iﬂ\‘iﬁﬂﬂslﬁrﬁfl3J3@f!‘]J3$ﬁ\iﬂLW@@]f’)\iﬂTiﬂTﬂﬂquqﬂﬁuﬂaﬂlﬂﬂmﬁ']wwwﬂuﬂnﬂ
A A A9 A o = =
l“]f@iJIEJ\‘]ﬂ’l\‘]ﬂ’lflﬂ’lWﬂ’lflGlulﬂi@GU'IEJ IP over WDM NUBINGTALTAIAITUNIIN (4.1) ¥IMIANY
o 72 4 9 X o o y
"lmm@a"u@miﬁ/\h/\lﬂ‘l/l"lmnﬂﬁdﬂ%u @]Qﬂi mﬂu%mmﬁ’auaﬂﬂluagﬂumiﬂﬂﬁﬁmumﬂ

@ dy o S Y Y o
dmdunsiiln Fumiveunluaniseiilsnalse e ApaM 3 InuANuaNgaveIn 1NN

Q



v
o’d‘g}qw v A
U

A 1 A A A s o A P} ' R A
Glulﬂﬁ@ﬂnﬂﬂu’]ﬂﬂq@ Wﬁ@ﬂ?ﬂﬂQﬂWUQQQﬂﬁgﬁQﬂ 'Jﬂﬂlaﬂﬂal“]fﬁ']u']ﬁﬂﬂﬁ'nllﬂ')’]\ﬂll') gU
9

v ] ]
1 a2 = v % [

Y 1 ] a A 4 A
ﬂ@ﬂfﬂﬁfﬂﬂ’ﬂu"liJﬁiJﬂﬁﬂl@ﬂﬂﬁﬂﬂﬂiulﬂi@ﬂﬂﬂﬂu@‘t’J‘ﬂﬁﬂ aadulumstaassidunian

q

A 1 Ao =

R - 44 E .
mingauiihmnasanuaugavoansmilnluasovenunnnga Tuanidelizentuuiiaos
Y [l
HIwushaos MAD &egeu101n Minimizing mean Absolute Deviation

[ {3 o 4 ] o ] ] a o
Ja98a19 ) Mludemnuadu o wuanyazany luniuesuveansin, msdiia
1 Y A 1 wa F) ' o
wilszanamldievunions uazquaniiaves Tugamaas laudgaseglununsiaoans
a o 4 4 (] (] 4 o w 1 1
amarmaas luaumston lun 4.2) - 4.10) g1y Qou lvdpadidavesanlszuunlsie
Tumsdndivauumaievis uazioulunsdendunisvesnslindoya Tasliudas
& 9 A Y~ Ly v 2 ~ 7
nswndoyadunsaden Idisaniiaduniunniv uaz lumseonuuudumsadiasans
4 v 1 Q 5’ 4 g.’/ % 4 4 2=
ol ldungeavesingilszasnnaoansiu didesditou lvidsznoulidronuauiianie
Y o o 9 ' S A ¥y oA A Yo
FoTINAVDINTNYINTAN 9 vosgUnsalaIevte Taun Qeulumsidenldiuauluganiauds
A Y o w A 9 o ~ 1 a sa s 1 A I 9
nazReu ludotinanmsdonldiiuauTugamaueasd lifunuudlanvesiedon Toa iHudu
w 2 4 3 A s o o
msulasiagusyasd uazSeulaliilluaumsadlasnans i ldlasumsnamu

nswliln Ideehamngauigamennuaugavesnswilnlunients Taslumswauauns

a o’y o ] . o A v 1 g
aalamans i laumslgaualsana o Falidmiieuaaas 11/

¥AUDIA T

A 1 d' g’/ ) [ A 1
4 fe wavedneden Tealusu WDM d115uns 0118 IP over WDM
D o waved leiniin

P A wavesyadunedmiunswliln £ Taol Vi€D

amlsdaauls :
A @ v A A g o 3 I o A 3

y; fe awlsdaaulandludnuay dudaualsnszydiuvedluganiaues
(optical modules) Maan 1 I dmTunsAnRvudsriuuuedenTea
Taeh V€4

o awlsaaaulaidluluuds (o, 1} dudulsiszymadonlFiedonTog

S =)

A T o A A A 9 ' A A 1w A =
allaumny 1 welimsdenldauvieden e j uaziiauniny o e liting
denl¥nuvierenTos j Tagh v/ €4
o v A { g I @ { ) [
77 de dalsaaaulaiduluuis (o, 1} dludulshsgymsidenduniedmsy

niln £ Fdiauniny Lidensiln ridenldidunie p anisavesya



70

) A o PR v a1 A W YA P ) S
Lﬁu%’]\iﬂﬂ']ﬁu@ll?a?\iﬁu'] UAZUAUNINDY 0 Luﬂllullﬂlaﬂﬂﬂl%Q1ULﬁu1/]']ﬁuu

laeh VpE P 1tag VkED

A @ v a A g o I I (J A Aq o [
ri e awlsaaaulandudwnway dudwlsnssyanugnlsaudmsoms

v
= 1 U

i1 Y
yudansminuuirasouTes j Nyusgnusulsdadulomaaonldidunis

dmsunsiiln (*9) Taeh V€4

a Jd A
WD TAIAIN -
M Ao anuguedluganiaue
B, fe anuyuuieonTesj Tavh V€4

Ay Y A ] ' A . A
q o {51‘LJ‘I/;I‘L!ﬂﬂ“lﬁ]wellﬁ)ﬂimg]’d‘1/]NLL?(<I‘VI§JﬂﬁGl°]5\‘1Wuﬂu"lHEJL“]fEJIJIEN J Iﬂﬂﬂ

<

€A

F;  @o dunuasi (fixed cost) d1visums ldanuineyonles j Taoh V€4

A 1 Y o A A 1
C, Ao wwdszwamlyanelumsaniuaumnseuie

(% ~ ) %

A = v A = &
Xk o ﬂ’JHJi]Wi]ﬂmﬁﬂiJﬁ'WWiﬂﬁ’ENiiU‘Vli'IWWﬂ kIﬂfJ‘VI YkeD FIFINITORTY

= a

P A a v Y A
AZIDYAUDINTIITUIADT X LW?JLWJJhl@ﬁUﬁ'JGU@W 2.8

k, o < @ { [ 4 {
&7 fe dauals luuis {0, 1} HudulsiszyiedonTesniing ldauluduna p

gnsunsila kHauiiny Lierdunia p dmsuns e « 1dauaine
4 13 4 ] [} 4 g}/ 1

wouTeq j waziianilu o we'liu'ld lsauiewen Teaiu Taeh Vp P, VikED

ae VjEA

A ) 1 d‘
n Ao NuIUVDIV e Toa luwe 4

a v (3

] Y ] 1
esnnlunudseiislsaagulanlsenovulidredudlsaaaulanidlusiuiu

< 1w v a ~ ° ~ o @ a {
@ laun daunlsaadulanszyiauves Tugamauasiidon i ldaudmsunsminnvu

[] d’ (% d‘ d‘ 9 o 1Y a 1
?f\iN”I‘LHJ‘L!GIJTEJLGIf@MTEJ\‘]j LLﬁZ@]’JLLﬂ5‘1/15314?]’31%‘@‘1/]16]5\1TL!ﬁ?ﬁiﬂﬂ?iﬂ]l&ﬁﬂﬂﬁﬁ'\h’\lﬂﬂuﬂnﬂ

' '
A o (Y v A (Z A

Y v
wouTes j uonanidanaulsaaaulangluluus ude dwlsdadulanta 1diesaes

= Y 1w

A 1 g}/ v A A =) FUR) A (3 v A
1A 0 Y199 1 INI1UU llmlﬂ muﬂmﬂﬁuiﬁmszuﬂmaaﬂiwwwaﬂm wazausanaule

D.

9 [ = : o v Aa { g <3 I @
nszymsaemdunisdmiuns il rgedlsaaaulaiiiuluuisndedludauls

v A

{ o 1 [ X o v Aa o < [ g}/
aadulanvaegludiunilavesdnlsaadulasiuiuman aviulunisesnuuuaunis

a SAq Y Y Ao A= o Y a Y o
ﬂﬂ!@]?ﬂﬁ@iﬂ1%1uﬂ’]'§uﬂﬂiyﬁ1ﬂl@\1\ﬂu3 fJuiNmﬁuﬂﬂiymmstiT‘]Jiu,ﬂimmmumu’m

9

S Ax = o o 4 2 Yo A
Wwunvaulsenovune ﬁﬁﬂ%ul@]qﬂigﬁﬁﬂﬂ LLﬁ%ﬁﬂJﬂﬁN@uUlﬂJ ﬁuﬂ’imlﬁﬂdhlﬂﬂdu



71

43.1 WanFuTngiszasn

S A 9 ~ A
anilszeaad Ao ApIn1TANINANQANUINNYA
[ % [ 4 1 H 1 H
gaveveldlenduiagiszasnmsldaundediumbounu
Y A o Z YA 1y A
G1gn151Fon Tearnadavea¥u WDM lvdlia1isenga

dmsunsmilnnvuaslunsove

duysalvelofinslilnhyuda

Y

] a J [ -
awsadeulneglugdaumsndiamans laaail

r.

1 Z
min —>'|r, — = (4.1)

oo nichl’ n
jed
Tagn
ro= z z 5%,pfk,17x VjeAd 4.2)
/ keD peP* / g

aumsn 4.2) 1FlumssnannuisessulSuanswilnivuasdiuuu
] A I o Aq ¥ @ = A Aa 9
erouTes Taatlumsmuuiffmasmvesnnugnlssessulefinswdnnlinnudesns

vuagsuueyonlog

4
432 aumssouly
A Ao & v A Y o o 9
aunmsouluvesnuideluunildsznoudreaunision ludesiiadu
1 Q9 A Y o w o Y ' A
wlszanaa1ldiie aunsteu ludedinavesniweinsludueie q uazaunsidouluns
. v X I 4 o w a o { o .
onlHdunie Feaunmamaribilutou ludedinavesdlaymlunsite Megvi i lduaa
Y s Y v v oA < oo A
Tagilszasnnaeins Usznoudie 9 aums TasemnsautiaSou lveemilu 3 ngu dail
oA A r Y o A A [
nguil 1 Qoulyayyszunm1die lumsduiduauyunievie
Y o w 1 FIl A 1 =& Y
1. msszydedinavessulszmaaldiioumniotte ¥elsznonlldqe
1 Y Y A v < d 1 Y1 A = 1 FIA
mldnevesnisldnnugueaseinesuilualdssnasounguisIuganauaaagzai e

a g}./ 9 1 d‘ o [ 1 9 A 1
TumsaaaanmslsnuaiareuJeadmsumsvuateya lunsevie

2 (Cy;+Fz)<C, “3)

JjeAd



72

oA A Y o w Y o A 1
ngui 2 Qou lydediianNmuninensveuns e
A Y 1o Y A~ Y a '
2. e lduulyndwruvesTuganianasuy Wisawe lums1vusnisuuine
A L v g’/ 1 A . [ A 9 ~
wouTog j asuuviodonles j awsnsesiunsldsunilasvesnnanudssnisveslod
nswAnnvudiuaereuTog f Feglunuivainnatsvesnudesnisves ledingwin

] a 14
waageglugluunvesnsiines x,

>3 é‘j’f>1’f">1’xk <My, VjeAd (4.4)

keD peP*

o o a 4 g’/ ) 9 o ~ v Y A v A

dmsumnsimes x, nuamnsamuia ldasaunsn 2.3) luided 2.8 A

Liu, B. (2009) na1 1M 1dwnsanasgduunSenladesinauuuiiTon1e (Chance constraint)
d‘ 9 [ 1 [ A A 4 1 d‘ g’.: = 1 A v [

o ldmilanmstaassanugnsenuualIanuui1gron loauuLNINNIINT 01NN

Samswidlan lumiven

A Y ' ' A Yo kS = 9 1 a

3. e lduulanmsdenlgsiuauTuganiueaaiu iinisldaaug lunu

[ A d‘ dyd I o w o ~

YOUINAYDIANY (B) vueenTles j Hou lvtidudumstinavesdiuouTugamaued

ansaly lauuiieyonles
My <B vjed @.5)

9 [
4. dmSumadenldauluganiuaain e il Tugamauas1i'1ag
9 1] ] ] Y
msasm 1 g0 die lutimsvudamslilamunisiiesouTog j Soulviiveszyamnla
[ 1] 9 9
Hnswldnnvuasiuuuesen Toe j udr Tugamanaaiudes lifinisasa 191900 wie

nan l&nilumsieduli y; = 0 dio lifins il InarusieenTos

Y, <r Vied (4.6)

5. anugi e ulinansinhvudsiuuuiiedonTed j Ae ard 1w
vinmsmuluaumsi @.11) Fsnnughldsessulsmamsilnuuiiedon o j doadl
1 1A Y A 9 a Al AA 1 A 1A I o
AnnanimsenuaEudAuveTinamainileguuiieyenles j na1ife , 1udd

w5 lidluEean



73

7,20 Vjed 4.7)
o ~ 9 1 d’ = 3’1 1 9 d’ =)

6. 91U luganauasnldnuuuuieden To j 1n13A9A1013 193111001

a 1 ] 1 4' L v g’; o d' 9 [] d' . v =\
namlnvudsiuuuvIeren Toe/ Asuudiuiu Tugananaan lsnuuuieren Teq j doall

] H Y )
AININNIHIBNIN VAT NAUYEIT MU TuganauasniinisaenteguuateyonTog |

nanfe y, iudusi lidudeey

y;2 0 Vied (4.8)

oA A A Y Y A ' A
nquii 3 Qeu lylums@en lsdunemsideudenie luasey
0w A v A A 1q Yt A Y 43 9
7. dmsumaidendunnhuwaievis e luldimsidendunisigdon
1 F v 1
[oulvtiteszynmsmliln x Ifawnsoden Idfssniladunisnndumaniinsimua’ld

Tugardumaaon P*

ka,p =1 YkeD 4.9

pePA

A dy 91 A = [} o Y A
8. oulviinaaimslsviedeuTosuumsovis Tagmvualivieden e z;
9 Y )
udealinmsaan 1 ldau weons o £ Imsdenldduma p lumsvuaans o udn

Y 3’; =\ 9 1 A
UM p HUIMS Tsnunaou log j
5}1."Pfk”’ <z, Vje A, Yk e D,Vp e Pt (4.10)

[ [ 1] 9
9. dmfumslFnuniedenles e linileivewenles 2, luldtimsasm
] 1 1 £
18140 die lifimsvudamsilnriunisinesonTee j Moulviiteszyamn lilingwlin
[ 1 (] A . Y A 9 (=} g’; 1 vYq ¥ 1 A I
yugriuunnesenTod j udinierenTos z; dedlifimsasmldldou nandedluns

HsAvld z; = o e lulinniln Inaruvieden o

z <r VjeAd 4.11)



74

a 4 v Y LY AR
44  MIIATETHANNFUFOUVDIDANDITN
a 4 v Y @ a R . . ? = 9 A
MIAATIEHANNFUFOUYDIDANDINY (Complexity of Algorithm) Wuiiihwuetiie
a A o Ak & oA ' o Ao & Y P o '
mlszansnwvesdansiny sanemsszmaaminensnduiluaelslumsiiam wu
1181 ®30 MUAW sanesnudaulvaiinsesnuuunuie Ina1u1sasessusiuau
a YN 1o w ) a 4 a A A o Y o a SR
sunnla litina Taena limsinngdlsz@aninmvieanududouresoanss iuaiusm

A v ! o A a s A v Y} .
W%']im1ulﬂ%’]ﬂ 2a3Unan ¢ Ao ﬂh‘ﬁl,ﬂ313%‘!&1@1Wﬂﬁﬂﬂ“ﬂuﬂﬁﬂﬁzwﬂaWa (Time

o 1 o

Complexity) tagmIIATIzHHHIANNTINA0a1¥1uMIUseuIama (Space Complexity) Tag

Y] v A

2 A A 9 I o a a v a1 A Aa A Ay
V]Qﬁ@\‘]ﬁ'\jullﬂf]ﬂcl,slﬂﬂuﬁ'Jﬁﬂﬁuﬂﬁ$ﬁ”ﬂ°ﬁfl']WGUE]Q@aﬂi’)35”31Nﬂ3$ﬁﬂﬁﬂ1wu1ﬂﬁﬁﬂu@ﬂ

U

v
v 9 o

~ @ I 9 o A 9 ] A A a A @ aR 3
igala aviudisuiuezdesdutiunmsud lvlsulyunemiuilszannmuesdansity n
o a3 Y a 1 J o A Y o 1 PR v v

sutuvrzdoanasanneudzasoaniunsud lnudiulaldg uazdanansznuao

fundo li od1a'ls

aw = a I

o [ dy o = a 9 o g X o Y
dmiuluanndtsungduuuganesnuiunis T sunsuFuaudiuwau a1y

v
=

@ o Y [ a R 9y 1 o Aq
’G’f’lll'lfl'ﬂ'Jﬂﬂ'J'liJ"]SUG]fﬁ]ueU@\Tﬂaﬂ@iTliJUlﬂﬁ]1ﬂWH‘VIWu')f]ﬂ')’lﬂﬁ]’lﬂcl(’]fcluﬂ'ﬁﬂigﬂﬁﬁNa (Space

ke

9 [
. o [ Y o (J ¥ A .. .
Complexity) Tagausosiimsialaandiudulsmsdaaula (Decision variables) WU
Y ° 4 4
N13AUNT (Search space) uagt1uIuteu 'l (Constraints)
a s o A Y 9 o ax d a P
MIAATIEHHUIIANNIINAD I N5 seuranavesvanes sl umsInsIzHi

Y Y 1 o e ' @ a g Ay o
m’ad1°1mmﬂmmmmwmm1"lﬂum‘iﬂsgm’dwaaaﬂ@ﬁnuu FUNANADINTTIUIIUIUVD

[

' o A Y ¥ a 2
wmammmmmhuuum@wa 34U

AR E o 9 ~

1. ldismsiundanessuiuansnsessusiuudeyaidudiulszuiana

[ i 9
(Input Data) laxnniigamiila iieldoanesSuiudiamnsndszuionala

A a Y A a d 9 1 [ A [}
2. ﬂim‘ﬂ@]f’N‘1J583J’JﬁNaUutﬂiﬂﬂﬂﬂNW’Jm@iVIGlGD'QTU'E'HJﬂuﬁﬁWﬂﬂuclulﬂﬁﬂslﬂﬂ
o & ) ] o A Y 9J o af
%1L1Ju1/1mammmmmawmammmmmaﬂﬂumsﬂizmaWa@aﬂ@iﬁu
A’ ] 9 w o d’
LW@]’lllﬂlﬁﬂig‘VIUﬂ’]Jﬂ”Ii‘VINTH‘lI@\Tﬂu@u
A A [ a o A IJa g’/ A o éj 9 [}
3. LW@Lﬁ@ﬂﬂ‘mﬁﬂymgﬂlﬂﬁﬂ@NW’Jm@Tﬂﬁ]%GLGH@WWNTTJﬂ!ﬂﬂJVIWWM”I‘Uuulﬂf’JEﬂ\i
Y o a Y A A Aa 1 o (= <3 ]
(R NEA PV ﬂﬁrﬂ]l‘]J@ﬂGNﬂlﬂi@ﬂﬂNWU'JfJﬂ'JnJinllll!,WfNWf‘J T‘ﬂiuﬂﬁllﬂi]%“lll
aunsaaula
a S o Ay 9 o A= A
ﬂ'li’Jlﬂi13W“Hu’JElﬂ’J'lll*ﬂ1‘Vl§lf]\11‘]56luﬂ'liﬂ583J'JaNﬁ"U’ENfJﬁﬂ'E'Ji‘ﬁll HIDVUIAUDN

Y
Yyn1 (Problem size) uaaInIno lafil



75
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4.4.2 WUNMIAUM (Search space)

° { o v o [ a
Search space 1o gavosmiasuilullldnsnuadmsusanessunsetlyn

(43

=KX o

a g Y o { o v & @
11U H9oane3tuHa 15011 Search space lavinmineuiniduldIdanavuavesdndsms

v A

& o a g Y 7 ' o v A @ A =
mau“li) “INﬂT@]i’)‘]JVIL‘]Ju]l‘]J]lﬂVNﬁllﬂsllﬂﬂ!t@]agﬁjllﬂﬁﬂ'ﬁ@ﬂﬁu%l!ﬁﬂ\‘lﬂ\i@l'ﬁ'}ﬂ‘ﬂ 4.1 uazy

Y
HuIAaaane 11l

dmsudnls y Imasuindlull1daesunuduuin Tasimualifiminy
1 d‘ % v Aa S o v % a 1 % % % ?11} U
Aneh Y nagdumtlsmsaardule y, Bswaudumlsmadadulaminy [J] @3 daiudaudsms
v A o {3 y [
draule y Nhaouiudlulllansmuamiiy v

dnsudanals z idaeuiilu'lyl1dfe o naz 1 uazdamlsmadraule 2,3

9
[ Y o

Sauddsmsdadulamiiiy 4 @ duiu dudsmsdrdule z Tdaeuindull1d
9
NIvuAInY 2’

dmsudnls rideevindulyldfe o uaz 1 vazdulsmsdidula A7 3

9
v (2

Tudunlsmsdadulasiidy [k]|p| @ daiu dudsmsdduls 2 Tdmeviiiiulyld

kS .
navuaminy 2"



77

dnsuands » iameundluldlddesurmduuan Taommualiininy

9
[

A1nei R wazdudsmsdadule - TSwaudulsmadadulawiny [J] @3 daiudaudsms

(3

] Y
draular, Heeundu 'l dvanuamny &’

198 4.1 agdiweviidluly dvesaazdunlimsdadula

dulsmsaadule fmouiidiulylg
¥, Y
Z >
j},p 21<P
g R

° A 3 Y ' o A o o " A ° A
fﬂ']ﬂﬂ']@’t’)‘]_lcﬂlﬂullﬂllﬂsl]@\ul@lagﬂjllﬂi lll@u']ﬂ']@’ﬂ‘l]Lﬁa']uu']ﬁ']‘;]qfﬂﬂﬁlﬁﬂl]ﬂ

v P
il Idmanuavesaymannsasuia lddede 1i

Y]' 2J. 2K'P. RJ

(J+K °P)

Search space

(Y-R) -2 (4.13)

Y v
eNIINHSIGIEINTnangUda)sasd S uauns AUl Search space N
v Y )
e luaunsn (4.13) Tagaunsni laaaae 113 Wenasananaveadls
) Y
A 79 15aveav1eon To9 (link) 1191 WDM d141501A30918 IP over WDM
é A o a’/ 1T W L0 d‘ (% 3’, = 9 LY
FaRSmaunImuanng j Deden Tes aniulivinadoyaminy |J]

o I o ~ ] f
D fo waved laing1ln Wlunsdnndesnisvudalunioauie (traffic

9
v v A 9 1

v 9
demand) FHTWIUNIMUAIMNIAY & n5WTn daiulvinadeyaminy ||

Y

]
=1

o [ a < {
7 o avesgaduniadmsuns o  Taed viep luidunianly

9
Y

o [ 1 a d‘d o A 1 [ 9 (% = 9 1 [}
A1 UM svuaInsiln £ NTTIUIUNIUADNNINY p IFUNIE ATUNVUIATDYAININY
INid
d‘ o Y A é A o 1w d‘
wermualdgavesTuafio N = {1,2,3, ..., m} FelsrwauTuammny |[u] vive

9 Y
mmsangildmalsas aniuansadiou |7 uaz k] Tugiuovvesdanls i 1daaae il



78

Links Jvwaminy || = ———= = — — = (4.14)

Traffic demands HUIANIAL ‘K| =MM-1) = M? — M (4.15)

S
v o o

1 d a// ] I3
auiu MeeviilulyIdniuavealywininaunsi 4.13) Weunuauns

(4.14) vaz (4.15) a1l asameulnildasaelai

M2 M) . Z(MZ M)+(M2—M)-P

Search space = (Y'R)(z 2 2 2 (4.16)
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4.4.3 313301y (Constraints)
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aumsitouly S1umiten 1y (Constraints)
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4.4.4 aylvinavesifayrii (Problem size)

A Aa

. 9 v @ I A

Y11Av91]y 11 (Problem size) drvisusanesnunNgUuuiuns Tsunsuaa

o < a o ¥ o % v A .. . g i

Fusnuduluaudseiilsznou ludresmudilsmsaadule (Decision variables) Wi

A13AUN (Search space) a2 T1UIUTOU 1Y (Constraints) FITUNITAITAIUIUINDHITIUIY
A A v A g A s o o &

wovaveIauraiuaunmsnlesnlsznevvesals J, K tag P asuuvuavodtlym

~ A ° A (A 2 o @ v a
ziimsnlasuulasaiusiviu J, Kk uaz P anasull Faduaudnilsnsaadulavay
) ] Y
sauteu lvlinsvuanudulugUnuuvesdun1snyuiu (Polynomial) A9 UUUIAVD
a A 2 o ~ .
Search space DUy TugUnuuvesauniIstens InuGea (Exponential) Iasa 11130

< 1 o o { § a 1 @ {
wuanuuanandmsvvnavestym laluaisei 4.3 Wedunnuaazdnaou 'l

=
M1319N 4.3 "lJlHWU’E]x‘I‘]jﬂJuWW

J | K| P Snudulsaagula Size search space snnudenly
5 5 3 30 3.44E+15 106
5 5 4 35 1.10E+17 131
5 5 5 40 3.52E+18 156
5 5 3 30 3.44E+15 106
5 6 3 33 2.75E+16 122
5 7 3 36 2.20E+17 138
5 8 3 39 1.76E+18 154
5 10 3 45 1.13E+20 186
5 15 3 60 3.69E+24 266
5 20 3 75 1.21E+29 346
10 5 3 45 3.60E+26 206
10 5 4 50 1.15E+28 256
10 5 5 55 3.69E+29 306
10 5 6 60 1.18E+31 356
10 5 7 65 3.78E+32 406
10 5 8 70 1.21E+34 456
10 5 9 75 3.87E+35 506




a '
f1TNN 4.3 mummmﬁmum (919)

&3

J | K| P | swaumwsanaule | Size search space snuteuly
10| 5 | 10 80 1.24E+37 556
10| 5 | 8 70 1.21E+34 456
10| 6 | 8 78 3.09E+36 537
0| 7| 8 86 7.92E+38 618
10| 8 | 8 94 2.03E+41 699
0] 9 | 8 102 5.19E+43 780
10|10 | 8 110 1.33E+46 861
10| 15| 8 150 1.46E+58 1266
10| 20| 8 190 1.61E+70 1671
5 10| 8 95 1.27E+35 436
6 | 10 | 8 98 2.03E+37 521
7 ] 10| 8 101 3.25E+39 606
8 | 10| 8 104 5.19E+41 691
9 | 10 | 8 107 8.31E+43 776
10|10 | 8 110 1.33E+46 861
1510 | 8 125 1.39E+57 1286
20 | 10 | 8 140 1.46E+68 1711
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@ulumsmisineundednis nia1avea 11515y IBM ILOG CPLEX Optimization Studio

HaAnRazn 4.8

F BMILOG CPLEX Optimization Studio e @lu
file Edit Navigate Search Rur
r Academic

=g

@ OPLProjects i3 . %% Debug| 5 & ¥ = L b Nodes.mod & 8 dat 0)(3= Outline 52 T
12 Networkbalancel0Nodes
(@ Run Configurations
(@) NetworkbalancelONodes.mod
{§ NetworkbalancelONodes.ops

@ using A

&b Intermal data o
«+ demand &
s link

[ Networkbalancel0Nodes.dat
129 TwolayerMinCost

<+ path
&b External data (1

Bt
O c:float]
& Cost: float
0 F:f

i Proble 2 (9= Variabl | % Breakp

-

Solution with objective 162428

Name Value
o6 Data Bl
g 5000 5000 5000 5000 50/ | ||
e [150150150 150150 15¢ || ©
o Cost 8500
¥ demand X
or [1515151515151515
«# link 1.32
o M 155
« nbdemand 10
»_nblink 2

3191 4.8 vivheaT15unsu IBM ILOG CPLEX Optimization Studio

'
o o

' ' b4
fd9v031151n51 IBM ILOG CPLEX Optimization Studio NUa@adlua15199 4.4 1y
<3| a 4 a Y o < Y <
Wumsulasgumsnaiamanivonis lsunsudadusriumdy aawiunivives
Tsunsuiversaeunangadmsumsesnuuuasove Insaineaioud msuns0u1e IP
over WDM flauaadlugili 4.8
.. . . dyd s A A
Tisunsu IBM ILOG CPLEX Optimization Studio Hdouilungesiesislunism
° A g P o 7q ¥ ° aoyYa
mapunamsnldldie wazamsnihunlszgnaldaulumsmmaovvesnuive ldilu
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9 9 = a
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U
P

http://www.ibm.com lagdpafny1mulasaumsadiamaa’n lanannvyulinaiedunimn
woellsunsu dalszaeulUdreavilseneniididyauaiu e dulsaadule daddu
Jagisvasd nazaumsou lv el amsalFnuTdsunsulumsmmaeuiangaldnse
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ﬂ?ﬂ?@]fjﬂﬁgﬁ\iﬂﬂﬂﬂﬁﬂﬁ

A3 4.4 msuasaumsndiamansiveans TsunsududuilugiuuudmasluTysunsy

IBM ILOG CPLEX Optimization Studio

v
o o

aumsndiaenaai | srdeluldsunsu ILOG OPL IDE

adsaadula //Decision Variable

Vi dvar int+ y[link];

Z; dvar int z[link] in 0..1;

f kp dvar int fl[demand][path] in 0..1;
7 dvar int r[link];

o o s
Wanduingiszeasd | //Objective function

aun1sé4.1) Minimize (sum(j in link)(abs(r[j] - (sum(j in link)r[j])/nblink)))/nblink;
o ly subject to {
aun1s4.2) ctl : sum(j in link)(c[j]*y[j] + F[j]*z[j]) <= CL;
ct2 : forall (j in link) sum(k in demand, p in path)x[k]*s[k][p][j1*fIk][p]
qun13(4.3)
<= M*yljl;
aunN154.4) ct3 : forall (j in link) M*y[j] <= B[jl;
auNI4.5) ct4 : forall (j in link) y[j] <= r[j];
auN13(4.6) ct5 : forall (j in link) r[j] >=0;
quN13(4.7) ct6 : forall (j in link) y[j] >=0;
auN15(4.8) ct7 : forall (k in demand) sum(p in path)f[k][p]==1;
ct8 : forall (j in link) forall (k in demand) forall (p in path)
auN13(4.9)

s(k][p](jI*flk][pl<=z[j];

auN13(4.10) ct9 : forall (j in link) z[j] <= r[j];
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4.6  ManaasseenuULIATIVIEENDY
[ dyc:v’ ) asy a = o Aa A o A
TuarutidumsiueueIsmsdseiivnanenulssansnmwuewuudiaed MAD 9
Y o v 9 A o A Y v Y A A

lasinaueluiaded 4.3 lumsduiiums lanaassdions141n50919 IP over WDM fiierag

~ a A g}, 9 [ =
Tuzin 4.1 Tasiadulsznouns Tusu WDM 1szneuals OXC 31wy 10 Tua taziaig
A ' A 2 va ] v A '
onToananmenin 16 Veren e nisnaassil lanaisandlsanudesnslumsiyeudo
4 1 a9 A 1o A 1 A 3 =
mevuaanginveyalunsovigsiuiu 10 mawenlesveslasaneaiouluru 1P a9
weend lofinswliniiuau 10 nslinidesnsvudeszyang 10 g Tuadunis-datenis

v 9 9
Fa'lofins s 10 g UlddenuTaemsgu

U

a S A A Y dy [ ~ 9 "9 1 [
‘W'lfl"liJW’l@fl'ﬂ'lﬂil‘]/lﬂcl“]fsl,uﬂ'lﬁﬂﬂa@\‘lGluﬂﬂullﬁﬂﬁﬂﬂ@’li’]\?ﬂ 4.5 lJlﬁ!,l,'ﬂ AUNUADHIUIY
1 Y o A I @ A 1 dy o
ﬂlaﬂmg]amﬂmeazﬂﬂm1ﬂalumimmmmgﬂuzimmﬂﬂmaguuwugmﬂlmmimwml

2 A ] I . dy ya
51m€umqmmﬂiimﬁluﬂizmﬁ”lm 9112813 cost unit (c.u) TupInaaeeil ldnarsan

[

nsAnnTany luuuueounTanyarMInTzaeuVVUNA (normal distribution) A15ATLINY
¥ T . T v A
HUVILAT (beta distribution) 4ALN15NTLIBLUVT YD (poisson distribution) aanuaaalu
A = d o A Aa a ao
fM1919N 4.6 cmuJu@maﬂymmmmmWﬂﬂuﬂﬁaﬁmﬂ'ﬁ*’lumunﬂmm Telkamp, T. (2002)
a o d‘ L] % é a ad d‘ 1 d‘
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5.4.2 aumssouly
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[oulueomilu 2 ngu Asil
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doamsveslefingwliln lduaaseglusduuuvesmsiines x,
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o, <W, - Nf Vje A (5.4)

[

A ¥ 1o 7 4 o
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nafe Nf; Sl il
Nf,20 Vjie A (5.7)

° o o 3 o Aq ¥ ' A
7. mmuqﬂﬂsmiauﬁﬂjmwmLmz’oﬂﬂimuﬂﬂﬁﬂgﬂpmw1%&1uuum1&11%@ﬂaqj

g9 a

g}./ = g}./ 1 9 d‘ = a 1 1 [} 4' L v Z’, ) 4
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4 [ ~ 9 1 A .Y = 1 A " v A 9
’G’fﬂJuﬂJ'lmllﬁgQﬂﬂ‘im!lﬁlﬂﬁiyiy']ﬂ‘lﬂi%ﬁWHUuﬂﬂﬂL"]ﬂﬂNIﬂﬁ] FABDINATNINNIHIBDINTINUIALTNAY

' ] ' '
vass v Idaam BuuiieienTos j nade MD; dludualsi ludlugan

MD, >0 VjeA (5.8)
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]
ad A

0w a 7 g 0 v a Y v ¥ A
dmfumniees x, dususamuialdamisnesuie 13 luiden 2.8
799 Liu, B. 2009) na11 13 IdwasanaegduuniteouladesinaunuiiTon e (Chance
. 4' Y 1 1 [ A L) 4 d' =\ 1 A
constraint) 1o 1% la11MstaassANNUTouDuAIaNUUNSF o Teaaz iu1nn1 M3 o
mnudsnamsilng bimiveu
A Y oA ~Aq Y ° 1 A P A
wonnnaumiNou luudrdaliaumsnlFlumsmurammimoiaig q 1o
o Y Jo  w 4 4 1 [ 4
Tl lumsudTymveslesnsuinglszasd uazaumstonluais o dene il
A Y o o ) .
aumsnIFlumsmuuiiuIuueasmugums laveanswiln (line card)
{ { @ { I a { 1
NFunlua m uaasasgunsi (5.9) Wurasiwanuguesnnnsiln £ 2 lvariuTuadu

Ia J =\
NN m WT?%’JEJLL‘UH@'JQVIGUGQLLNQ’Nﬁ]iﬂ’J‘UﬁINﬂ']S‘lWﬁGIJ@QVISTV‘IV\Iﬂ

ZkalT
V. = —kEDB VmeN (5.9)

LC

{q 9 o o 1 (% 4
AdumsnlglumsduIut NV IToIT YA IUAINE1IAAY (Wavelength
{q ¥ o [ a 9 @ { X < a
channels) ﬁglf]f\ﬂuﬁ'lﬁiﬂﬂﬁ'W\IV\IﬂSUﬂg‘;!a kllﬁ@ﬁﬂ\‘lﬁﬂ\lﬂ'ﬁﬁ (5.10) G?QLTJUﬂ?WN@ﬂJ@Qﬂi?J']m

a 9 A I3 1 [ A
n51ln & HITAWLUUATIANUVDIFOIFT YU IUAINYIINAU

B, ==& YkeD (5.10)

q 9 ° ° 4 Y =
aumsnlalunsauiudiuiuginsailszutanadunig (route processor) N

1FunTua m uaasdadunsn (5.12) FIAoTUIUVBUAIIITAILANNT THaveans 1WTng
1FauluTua m msarediuruvesunareasaIuguns lnavesnsinidmnsaldlaae

t4 Y
ginsallszudanadunia

Y =| 2 VmeN (5.12)
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a d v Y (v aR
5.5 NIFAIUATIZHAITNBUBIHVOIANDINN
a 4 o 9 @ a L . . dyd v
NMITAATICHANVFUGDUVDIDANDINY (Complexity of Algorithm) Tuunulianyue
a g = o ~ = Y Y Y a 4 a A A o 9
MIAATEHFUALINULNT 4 F3 lanann 13udr msdnreilszaniamyseanusudeu
[ a @ a 1 [ a 4 {
vpadanesnu Iaend llasafinnsanldnn 2 aaundn 9 e Msdaszinandealdlu
) . a 4 ] o A Y Y
M5UseuIana (Time Complexity) 1aZN15 AT ITHYHIIANNT A0 1Flumsdseurana
. o [ ao dyd @ aK g a Y o
(Space Complexity) @115 U138 Tuunilgduvusanesnuilums lsunsuyadusuiu
I ' = % A 2K o Y @ v 9 @ a R 9 dy ~ ] o
WuFuReInUUNN 4 3 I e usataanududeuvessanss iy lannnunvilsanud
N1¥1lunsdszurana (Space Complexity) Taga1u15031n1sdalasinsiuaudiuilsas
9 H 1
andula (Decision variables) NUNMITAUN (Search space) wazduQouly (Constraints)
a 4 ] o d' Y 9 [ a K A
MIAATIHHUUIEANNTINADIF IUNMTUTZNIANAV0I0aNDTNN HIDVUIAVDY

2
a1 (Problem size) uaasnadoq 1l

5.5.1 31unulsmsaaaula (Decision variables)

a < o @ v A o [ g’/ ng .
msansenuIuadsmsaadulodmsuruaeuIsi (Algorithm) sznou
9

A o

) Y
ludae 3 dudsmadadula fe y, 2, /7 Fudazdudsmsdadulaiuiisiaudsae lui

£ = Yoy Ssnaudulsmsdadula sy [k]|p|
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= Y < v 3 ° o v A
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aumsidoula Suudouly

> =1 VkeD (5.2) X
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wasananu liuiveuveans i nwuny Tagluauidsues Addis, B., Capone, A., Carello,
. . , = Jou o I ' au A A <3|
G., Gianoli, L. G. and Sans6, B. (2013) Nilanduingilszasanuanaianinaulseil ae 1w
= Jo o s A A Y o ) .
galanduiaglseasnmon1saon 1F a1 Y0LKI995AIUANNT Iraueang il (line
4 [] ] g‘/ o 1 a [
card) tazIn59er319U099Un30liAT 019 (chassis) 11U wazdalimsutamsAandIIUaY
(] = Y [ 2’, Y o KR Y o @ 9 @ a R a v dy =
F1ADNAIY AIUUGIIE TAsIMIasIvdouANUTIFeuYeIdanos iuTunuITeilben
AUIUIBVOY Addis, B., Capone, A., Carello, G., Gianoli, L. G. and Sansé, B. (2013) Tag
F v
suiiumsfFoudieulumsldnuilumsdseuiana (Space Complexity) 1ata s1uudels
2 H 1
nisandaule (Decisionvariables),ﬁuﬁmaﬁ'um (Search space) HagsIuIuIou 1y
(Constraints) A8MINITUINUITEVD Addis, B., Capone, A., Carello, G., Gianoli, L. G. and
v H Y
Sansé, B. (2013) 1184 1 $293a M1 1azfisanmmie 1nsaas19ue i unmiloun uminiy

[ 1 9
o ldlianuanemanulumsuFeuiondoya Feamnsonaasldasne Tl
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5.5.4.1 avumudsmsaaaula (Decision variables)

@ @ ’ & a 4 @
dwdlsmadondunanazdndsmsldnuginsal dalunuiteiifedediuls /7 uar @
9y

[

Y H 9
MUBIAY AT UINITeN 5.5.1 TuaudTetdealnmsnasanduanlsnmsaagulanly

[

=} o 9 v Aa R dy
WSeumeuaNuFUFoUUYIDaNos NuAIT
uugmlsmsaaauls = K-P+J (5.16)

115019198909 Addis, B., Capone, A., Carello, G., Gianoli, L. G.

Y Y
and Sansé, B. (2013) 1u anwsanasansnudnalsmsdaaulasanai'ldaal
udmlsmsaaauls = ND+N (5.17)

~ Ay o 1 A o A o o g
TagnlunuIdsaananimiteuvesdlsasae i
A ) A 1
N ae 9uulualunsevie

D fe uunswiln

9
v K o a

NUUTIVIMTANTUNTIANAVA19715 1F1AT 0918 NSENET 1az
né ) d‘ (% d' o A 1 A o
COST239 auandluriiven 5.7 A1 5.7 wag 5.8 mua1an TaginT41e NSENET U111
Tuawny 14 Tua vazduadneden Teandasanuuy TUnduminy 44 aneaen Teq ag
A 1 S o \ U o ] d’ d‘ =) [

1A50%18 COST239 Ha1uu Tuamny 11 Tua uazdiuruaoaon Teannasanuuy ' lindw

1 [ ] d‘ a1l A o a\f a\f o A o [
N 52 Ve Tea aunanuIuns miln 8o nawln tazduiuganadend 1N

a [ A = a Aa o 1 ~ < Y o 1
F1ANIAY 10 MAUADN FINTNNITUUTIAUAVUTAIAIA1T19N 5.3 iU ldFanuasinlu

wd‘ = 1

a o 1 o o v a { @ a I
\ﬂuﬁﬂEJ‘VIu’l!ﬁu’f]ﬁflﬂ'lii%ﬁ]'lu’)uﬁ'Jllﬂiﬂ'li@]@ﬁuclﬁ]ﬂu@ﬂﬂﬂ'llﬂﬂ 9 azgaaIuIsoaailu

'
A o '

Fovazaoinmialdurudinlimsdagulavesnudseminausnodlsnsdaaulaves
UITYVDY Addis, B., Capone, A., Carello, G., Gianoli, L. G. and Sansé, B. (2013) 4015199

Y o 1 a o d' o dy 9 o v A 1R 9 a o
s4uaadldFanunauiIteniuaouillddiulsnisaagula idedosas 10 vo991UITY

fanan
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A13197 5.3 uuawlsmsaaaula

. Tnudlsmsdaauls
130918 —— —
NUVINUUTUD NUIVYUDY Addis, B. iazame (2013)
NSFNET 844 15876
COST239 852 9801

A1319% 5.4 ManfSeumeunslgsuiudulsmsdaguls

. Sovazvoemslgsnnudulsmsdadulivesandsefitiaue
e aoatlsmsaaau avesuIVeVed Addis, B. azame (2013)
NSFNET 5.32%

COST239 8.69%

P
5.5.4.2 NUNMIAUM (Search space)
)=} dy ~ 9 dy X ya o o [ (%
Eluﬂ1illﬁiﬂllmElllW“Ll‘ﬂfﬂﬁﬂ‘Ll’l/fTLlN’Ji]Elllﬂ’)minWﬁﬂ’fi‘]JGI’JLlﬂﬁﬂWi

A Y @ 9 S = aw dyd A @ P o w
ontduniaazaindlinisldaugilnsal Falunuidetinensauils /7 nag @ MUARLY

D.

9 [ g

@ g’/ @ a AR A a 49’ A F) A 9 =
AIUUINTATN 5.5.2 TuarudtedvalnmsnaIsaInuAmsaumn lsdseuneuniu

[

[ 9 (% a R dy
FUFDUUDIDANDINUAIU

Search space = 2Kty (5.18)

1150191198909 Addis, B., Capone, A., Carello, G., Gianoli, L. G.

[

9 9
and Sanso, B. (2013) 1Y mmmwmimm"m’mmuﬂimimau%mﬂmﬂﬁ} NU

Search space = 2D'N* L yN (5.18)



124

d' a W (%3 1 A o A U [ 1 dy
Tagnluanuidssananimideuvesdalsasas llil
A o A 1
N ae 9uulualuasevie
D a9 uruns il
A ) 4
Y fe uuginial
Y = o

NUUTIINMTANNTUUTIA N UA18015 1 F1AT 0918 NSENET 1as

Y A

COST239 1¥UASINUHIVON 5.5.4.1 TAstAT0U18 NSENET U31u2u Tuaminy 14 Tua uag
o 1 d‘ d‘ a % 1 w ] d‘ A ] =~
S1ueyen Teannasanuuy lunduminy 44 erenTee uazinIev1s COST239 1)
° 1w o ' A A A o [ 1 A
31U Tuamny 11 Tua tagsiuruviedey Teannasanuuy luagduminy 52 eien Teq
Al Ao a a ) A ) (% a\ [ A
auuaNUTUIUNIHHN 80 nailn, TdugamudendimiunsWnmIAY 10 Muden
o S 1w . a a o @ { <3 o U
pazs1uIugUnsalmny 5 FIMINNTUUTIANAUAAIAIAIT19N 5.5 1 u ladanumein 1y
Av A o t;ld 9 A Y 1 @ a I 9
NUIENUNaUNUNT1F Search space NT0ENIIWIN 9 Lazdidw1soAA UTouazY8INTS
14 Search space Y9991HIT8N 1T UDADN15 19 Search space YDIIT1UITEVD I Addis, B.,
Capone, A., Carello, G., Gianoli, L. G. and Sans6, B. (2013) AI913199 5.6 uaaa i FauN

'
v A

Y
AT naeuil 19 Search space M e¥aeaz 1 voaUITeRINa

= K 4 v
AITTIN 5.5 NUNNTITAUKN

" Search space
IATOUY U o
NMUAIVYNUUTUD MUYV Addis, B. uazaauy (2013)
NSFNET 3.79x10°" 8.63x10"""
COST239 1.48x10”" 4.56x10”"

A ~ aldy = Y
A1TNN 5.6 mmﬁmumaumﬂ%wummiﬂum

., Fooazu0an13 1% Search space YoIWITMINTUD
1950918 , .
M0 Search space Y9IIUITIVDI Addis, B. ttazamE (2013)
NSFNET 4.39x10""7%
COST239 3.25%10°"%
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5.5.4.3 91IM30U )Y (Constraints)

o 4 e [ Ia < o Iy 4
TumsfSeunsusriuruoulviidase lddn g dmsudou luns

U

[

A ¥ = Ao Aa A A 9 S = Au A
laﬂﬂlﬁuﬂ']\?cﬁ\iﬁluﬂ']ujﬂﬂuﬂ@ aun1In (5.2) llagl\‘]@uhhlﬂ'lialalf\ﬂu@ﬂﬂﬁﬂl “]5\‘][11:!\1’]1!'3 gUnD®
U

q

[

= d' d' [ g’z o 9 d‘ a dyd = a o
ADANNIIN (5.2) AUNITN (5.6) ANUUIINHIVDN 5.5.3 TuauITUINNITNIITUITIUIU

zﬂl d‘ 9 = [ 9 [ a KR 1Y dy
doulvnldFeumeuanusudouvosdanosnuaall

o Ad’

dwuFouly = 2J+K (5.19)

115019198909 Addis, B., Capone, A., Carello, G., Gianoli, L. G.

Y 1 Y
and Sansé, B. (2013) 11 awsanosansuden luaanain 1daail
dueuly = 22N +N-D (5.20)

~ Ay o 1 A o A o o g
TagnluanuIdsaananimitieuvesdlsasae i
A ) A 1
N ae 9uulualunsevie

D fo suuns il

g’/ =2 o

%Wﬂuu’ﬂﬂ‘ﬂiﬂ?iﬁiﬂiﬂ!H%Qﬁ’)kﬁﬂlﬁhﬂﬂWﬁi%Lﬂ%@ﬂhﬂ NSFNET uag

COST239 15UASINUKITON 5.5.4.1 Taetaioale NSFNET Ja1uau Tuaminy 14 Tua uag

Suu1eyeu Teannarsauuy ldnduminy 44 AnedonTee uazin3eu1s COST239 i
o 1 U o 1 d‘ d'Q (%] 1 (%3 1 d’
S1uuTuamny 11 Tua tazsauanadey Teannasauuy lnduminy 52 viedeu e

a A o a a\f o A ) [ a 1 v
ayuaNNUIUNIIWn 80 N3 1N wazTuIuganuaend muns W NmMINY 10

i 9
A o =)

% A A o o ~ < o J awv
VlNl,af]ﬂc?);\‘lﬂWiWi]TiﬂH!“]NWJLﬁ"UL!’L’fﬂ\iﬂ\?@ﬂ‘iN‘ﬂ 5.7 mullﬁjsmmmamﬂmmmﬂ UUFAUDU
A o A Ay 1 o a I Y A )=} Yo
mnmumau”lmnuaﬂﬂ’smm 9 uazmmmmﬂmﬂuiaaazmelﬁaumwmﬂ%mmu
d‘ Av A o J Yo d’
l\‘]@ullellsl,Uﬂ1iﬂ5$1]’JaWa"UﬁN\1TL!’J%EJ‘VI1.!1!1’{1.!?]{5]f]ﬂ1icl,°1ﬁ]1u3utﬂﬂullﬂlcluﬂ1‘iﬂi$ll’3ﬁNﬂ"lJfN
UITYVDY Addis, B., Capone, A., Carello, G., Gianoli, L. G. and Sansé, B. (2013) 4015199

Yo ' aw A o 2q vo A 1= Y
5.8 L!ﬁﬂ\‘lﬁlﬂ%ﬂlfi]'LJ’JNTLJ’J%EJ‘V]uﬂﬁﬂuuﬁl%ﬂWU’JuN@uqﬂﬂuﬂ1iﬂi$3J’JaNal13Jﬂ\1‘i’E]EJa$ 20 Y93

NUIVEAINA
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4 4
Q13199 5.7 uuiou'ly

., $ueuly
INT0UY o 3. .
UWYNUUTUD NUIVYVDY Addis, B. itazaue (2013)
NSENET 168 1512
COST239 184 1122

A1319% 5.8 MafSeumeunslgsuauden lvlumsdszuiana

. Fovazvoims s auton lvvesnIdeninane
IAT0U1Y . 4 .
Ao 1uIUReN vy InuITeve Addis, B. Hazamy (2013)
NSFNET 11.11%
COST239 16.40%

55.5 ayUanududouvesdanasiiu
5.5.5.1 viNavesilayril (Problem size) lua1u3dei
o [ [ a { I a
vinavesdaymdmsusanss nunizduuuiuns Tdsunsusadu

o I~ a o L4 o (Z v A .. . { {
uduluanudsetilsgaey ldresuuduilsnsdadula (Decision variables) WHuNN13
9 o & X = [ A o A
AUN (Search space) 1Az 1UIUEDU 14 (Constraints) FAeTHNITATAIUIBLNBHITIUIUNT D

A 1 dy I A 4 o o g}/ =1
vnavesaaiiudunsniosnisznouvesaiuils J, K nag P astiuauiavestayriiazll
mslasulasaudiuiu J, K uag P inlasu l $a51uudiusnsdaaulavazsivou
r v Y
Roulafinmsvuamviulugduuuvesdun1swyuIn (Polynomial) @31 YU 1AV Search

~ A X o = . 3

space Nvmaiuyuluguuuvesaunisend Inuudea (Exponential) Iaga1usaiiiuni

uanadmivvinaveslym 1aTuas i 5.9 ieduwnuaazamlaenly
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M1319% 5.9 vinaveIlayn
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J | K| P | swaumwsanaula | Size search space snuderly
51 5 | 3 30 3.44x10" 106
515 | 4 35 1.10x10" 131
51 5|5 40 3.52x10" 156
51 5 | 3 30 3.44x10" 106
516 | 3 33 2.75%10'° 122
51 7| 3 36 2.20x10" 138
5 |1 8 | 3 39 1.76x10" 154
5 |10 3 45 1.13x10” 186
5 | 15| 3 60 3.69x10™ 266
5 | 20| 3 75 1.21x10” 346
053 45 3.60x10” 206
0|5 | 4 50 1.15x10% 256
0|5 |5 55 3.69x10” 306
10| 5| 6 60 1.18x10" 356
105 | 7 65 3.78x10™ 406
0|5 | 8 70 1.21x10™ 456
0|5 |9 75 3.87x10” 506
10 5 |10 80 1.24x10” 556
0|5 | 8 70 1.21x10™ 456
10| 6 | 8 78 3.09x10™ 537
0|7 | 8 86 7.92x10™ 618
10| 8 | 8 94 2.03x10" 699
0] 9 | 8 102 5.19x10" 780
10|10 | 8 110 1.33x10" 861
10|15 | 8 150 1.46x10™ 1266
10 | 20| 8 190 1.61x10" 1671
5 |10 8 95 1.27x10” 436
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=~ '
M13197 5.9 VAol (7v)

J | K| P | swaumwsanaula | Size search space snuderly
6 | 10| 8 98 2.03x10” 521

7 | 10| 8 101 3.25%10" 606

8 | 10| 8 104 5.19x10" 691

9 | 10| 8 107 8.31x10" 776

10| 10| 8 110 1.33x10" 861

15| 10 | 8 125 1.39x10” 1286

20 | 10 | 8 140 1.46x10% 1711

5.5.52 mafSsueuanutudeuveisansnm
MINNIATITOUANNFFOUUDIT N3 TV INIADIUTTY WU
nuiTE R naue i anuFudeuvessanes nuoen I Teves Addis, B., Capone, A.,
Carello, G., Gianoli, L. G. and Sansé, B. (2013) 8819410 Feiseraaoafiilszansam

A o A ° v a A Y o vy 9
L‘Viilﬂuﬂu11!L’ifJQm’imﬁumﬁu‘VIN‘UmﬂﬂWWmW@mim'i“l‘b“waNTL!@EJNﬂiJmmecl@]mi

@

W13y udueusIn wWn uanauiaNuFUFo UV aN0 T NUNUANAIIAUNINA

=

HEAIlUA15197 5.10 1AZA15199 5.11 9147

o A o dy yd’} P~ ~
i) uuﬁuaui%wumiumiﬂizu’mmeEN
9

[ (% 1 [ v

3 9 A aw aw A o Fe A Aa
@NUeaMUINBINUNUIIUITEAINEG AU UIIUITeNU T U NN wmallan LAY
o 9 [ a KR d‘d 1 1 dy d‘ . ,é 9
FUFoUUDIoanoInuNAN N luaIuvesnuNn lumsiszurana (Space Complexity) H4n15 1%
o a KR d‘ddal ~ Aa = [ A v J Y
ganes nunlwunlumsiszuanamnnull e1vdesnumsdseuiranaiionimadntud?
" Yo v a d A SAq Y v [
Lildsunadwioonun msizaournaeinsognsainlglumsdszurana bismnsasesiy

@ a R Y
Gllu’lﬂ*ll'f]ﬁ@aﬂ’f]ﬁﬂﬂllﬂ
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A15°99 5.10 agms lgunlumsdszuiana
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sl lunsdszutana (Space Complexity)

Yszianveq . —
- ., RERINE no 4. UIVYVON Addis, B.
NIFAUANIIEH AMUAYNUUTUD
uazae (2013)
NUIUA WS NSFNET 844 15876
msaaaule COST239 852 9801
NSFNET 3.79x10”" 8.63x10""
Search space o o
COST239 1.48x10 4.56x10
U NSFNET 168 1512
qou'ly COST239 184 1122

v ) I H
M350 5.11 agmaSeuieunms Isnuinlumsiszuona

9 9}&' ~ Ao A
1JszInues . $98azU0IN5 I FNUN IUMTUsLuIaNavINUIeN
_ ) N30V | \ .
NI AATIZH HNFAUDADNUIVIVDY Addis, B. tazame (2013)
NUIUA WS NSFNET 5.32%
msaaau’le COST239 8.69%
NSFNET 4.39x10""0,
Search space o
COST239 3.25x107 "%
U NSFNET 11.11%
qou'ly COST239 16.40%




130

Y o <

5.6  lidsunsuriarimaeudnsumslusunsnBaauauI e

] v 1 9y Y
Tumsudtdym TsunsuFaduionmamaounangaiu it luunil laiaenld

Q

] @ a o { I
TUs5unsu IBM ILOG CPLEX Optimization Studio 13 U880 1uIve luunn 4 %011y
4 P a d o [ a y
ganausnasonlasaumsadiaeans amsuns 1dsunsusudunldsonuuu 1314
I 1 1 Aa a I { A Ao o o
amadlumeivesldsunsuldedade Hilszansam vazdlundeyldluadsedmsums
a [ 1 ¥ @ a a < P I {

Tsunsuraduesauniviats Tasldsunsuil @ 19oanes nudumans Fuilunszuiumsn
THlumsuddgmivesms Tdsunsudadulumsmdaeundoans Fadldauansofny

= A o 9 A a = o o 9 Y
s1eazdeaeiianuEn lanuaunenundnnsuaznszuIuns laanu Tdsunsu 18
manuan n. uaz Tugled 1158198990 hitp:/www.ibm.com

~ o & Aq .. . .

A1319% 5.2 udaeA1da 1% 1u 11 sunsu IBM ILOG CPLEX Optimization Studio
o [ a a A 9 (2 1 = a A Y a
dmsumananmsNaunI i awenslenasnuserailseansnimnielanisnaisan

[] 1 ) o @ A [] ] a 14
anu limivsuveaniindmsunIev1e IP over WDM Fadlumisulasaunisagiacans

a o <3 ¥ 1 1 %

voam5 Tsunsurudusivauay $asenou lldrearusznsuaiuaiu s dauals

daduly Wassuiagszasd uazaumsifonly Itnaeilunuveslisunsuiomdiaoy

ad
anga

=D.

M39i 5.12 manlasaumsadiamanivesms IsunsuFaduiiugiuudmdsluldsunsy

IBM ILOG CPLEX Optimization Studio

qumsntiaenaa; | srdaluldsunsy ILOG OPL IDE

alsaaaule //Decision Variable

f k.p dvar int fldemand][path] in 0..1;
w i dvar int w[link];

Nf; dvar int fj[link];

MD i dvar int MD[link];

Jo J
Wanduingiszeasd | //Objective function

minimize sum(m in node)(PLC*Vm[m]) + sum(m in
node)(PRP*Y[m]) + 2*sum(k in demand)(PTR*beta[k]) + sum(j in
aun1s(s.1) link)(PO*w[j]) +

sum(j in link)(PMD*MDj]) + sum(j in link)(PE*EA[j]*fj[j] +

PGHEGIj1*fj)):



http://www.ibm.com/
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a3 5.12 mswlasaumsadiamansvesms lUsunsudaduiugunumdsluTsunsw

IBM ILOG CPLEX Optimization Studio (¢19)

aumintiaenaa; | srdaluldsunsy 1ILOG OPL IDE

ou'ly subject to {
aun1ss.2) ctl : forall (k in demand) sum(p in path)f[k][p]==1;
ct2 : forall (j in link) sum(k in demand, p in path)x[k]*s[k][p][j]1*fIk][p]
qun13(5.3)
<= Bw*wl[j];
aun1sc.4) ct3 : forall (j in link) w[j] <= WF*fj[j];
auN13(5.5) ct4 : forall (j in link) w[j] <= WMD*MDIj];
auN13(5.6) ct5 : forall (j in link) w[j] >= 0;
quN13(5.7) ct6 : forall (j in link) fj[j] >=0;
auN13(5.8) ct7 : forall (j in link) MD[j] >= 0;

| =
5.7 mﬁ‘nﬂami’)ammlﬂﬂiaﬂnmauﬂu
%J_, Y o a Y A 1
luniseenuuunisnaasdiuldanuiunisnaasalasldinsevie NSENET uas
1A5018 COST239 Hanenazili 5.7 uaz 5.8 mwdny dimsunsilnnianudesnsvuds
Foyaszni19g Tuadune-Uarenia lun3ou1g NSFNET 81984910911909 Miyao, Y. and
Saito, H. (1998) HazIAseu18 COST239 $199991A I UYD I Somani, A. K. (2006) 1499910
A = < 9 o R Y o A ' A < VA Y I
1A30U18 COST239 Huwaman #9699 lavihmaiuanueedey Teuiluaeunune I
= A 9 o A 1 ] % A Y gi A [} = A 1
pamsaenlyanuginsal lwaTevisegaranutazime INNIdo AT 18N vUIAIATOV Y
[ v o I~ o 1 1 % ] 4 [l {
TadiReany Faazmliimudamsmamiaeuninauanaanuedelsieldasevienivina
1 [ = 9 = [} 1 [ Lé o A dy Y o a
1 9 AU ol Inssaiunseatea iy Famsautdumsnaaeslugdunuillagnsdudiung
luauiveves Musumeci, F., Tornatore, M. and Pattavina, A. (2012) drsunsmdnnldlums
I A =3 a 9 A 1 9 a [} [}
naass FPvennsanlimansmidndeyaluniedieneldmsnasananu luuiveuves

nswidn Tasnasandleszaumssulseiuany lumniveuveansiln
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51/ 5.7 Tnsea$ran3edie NSFNET (Anmenvesiioion Toaniaendlu km.)

51/ 5.8 Taseadrunsode COST239 (ANNETIVBIBFEN ToarieTlu km.)
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dmsumsnnsaszaumssulsznuanyluuiuenuvesmslindeyandeanis

Y
Aav A

yuaeluasonts luaisel ldnansaniszauaunae 90% 95% uaz 99% Taagive 1a819d9
1 d' af 1 d‘ = . .
ANURABVDINTINHN (Mean) taz a1 UV UNINTFIVVBINT 1WA (Standard deviation
o Y A A < 9 aa Ao ~ o Aa A
- sD) MM veyandantmsnudeyansadaluauiteuni 3 mautiunsi
H Y v H ]
dagrulsmans a1l nangusemsminludasauiminugansviln e ld
Pnamsmlinildmaaesdivmaiieuminonsmidniiiegluasevreununanlutlagiiu
o a & Jq ¥ ) A A [ a
Tagnisaniunisnaaosi ldlgniidniliqguansmen1snsza10uuulna (normal
distribution) ANRABHaz @I ToUVUNIATFIUVEINTIWTANAD 2.00 Gbps 1AL 0.19 Gbps
MUY MUIUIANNTeIT Y () Adedldiie ldamisasessudsuamsvlin
o (% [y [ ] 1 a d‘ [ J 9 as d‘ [} v 9 d'
dwisumssulszauanu duiveuvesmsmilniszauaie q Aresmsinaasegluiaden
2.8 Fennuyrosdganaud miumssulsenuany lumiveuvesnsminiszauais q udag
AR50 5.13
d' 1 a d d‘ 9 o [ a

M54 5.14 LAAIAIMNINNR03 AN 9 N1FTunsnaassd MSumaianITIHY
niwfniemsldwasnuedieilszaninmnelanisinsananu liuiveuvesnsmlin
1 ~ 9 [ d A ] = a 4 1 dy:: a
AIMUAITNN 515 uaaIns ldnasnuuesginiaiiniovts Famndmesiartiuduna v

° a ° <3
ﬂﬁ%‘U'J“Llﬂ1iWTﬂWIE]‘Uﬂ"lii‘l]illﬂiﬂ!sb'\u&)uﬂ”lu'J‘L!miJ

d’ (%3 U 1 1 =Y
A13199 5.13 Mssudsziuany lumiueuvens i

Guarantee level | Mean (i) | SD (o) P(x-w/o=>z)=a | x=p+ (D'l((x)cs (Gbps)
Mean 2.00 0.19 0.50 2.00
90% 2.00 0.19 0.90 2.24
95% 2.00 0.19 0.95 2.31
99% 2.00 0.19 0.99 2.44

{ a S =
A13199 5.14 5 imasnlFlunsnawuniiln

a J 1
WITTULODT 1
1 J 4 [ a
53831’“\1'58‘H’JNQ‘]JﬂiﬂHJEJ"IEJﬁiUuﬂﬁm ®) 80 n lawng
1 J 4 o 2
33EJZWNSSW’JNQTJﬂSﬂWI'JuﬂﬂJi}JJ"Im 400 N lawng
Ja o 1 4
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Rep., Telecommunication Networks Group (TKN), TU Berlin, Germany, 2009.

’ Musumeci, F., Tornatore, M. and Pattavina, A. “A power consumption analysis for [P-over-
WDM core network architectures,” IEEE/OSA Journal of Optical Communications and
Networking, vol. 4, February 2012, pp. 108—117.
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Welcome to the Add Sensor Wizard

*g This wizard wil guids you step-by-step through the sstup of new sensors for monitoring with PRTG Traffic
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Add Sensor Wizard
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Device Selection
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|
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14.
15.

1) PRTG Trathc Grapher - defauitprg

[File Edt View Tags bdras Help New Version avalable!
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TuguvesaausoaagnIai00n (Email & Export) 1aadsaglii n.3 (1)
< Yy ¥
HUMIAINIMIT51951891U (Report)
o I

@9 JUANT1891U (Save Report to file) 1HUMTTF19518974 (Report) LU
idonlaisAnes (Directory) Tumstiudinlnas1eau (Report)

A A . . A v <

wonlalsnnes (Directory) Directory N194015tNUI1891U (Report)

A s Y '
dongUuuvvesIWdndesns 1y PDF, HTML, RTF

dl 2 = 9 Y
1onAUTUAN (Save now) TUsunINaza$19518971 (Report) 11 131w

{ I o 3 £
la3nne3 (Directory) M3 1aden 13 Wuswadaaumsadiesiea

V6.1.1855 Enterprise Edition 288 refreshs 33% CPU Load
pa.

(M) VUAOUN 1-2

Edit Report [
Settings |Seﬂsor5 I Email & I_nportl /3\
\ >/
Report Name: |
ol ©
Reporting Perod [Momh '] from [1. '] to [\ast day ']
(period is full month) @
Accounted hours: [DD-DD v] to [23-59 ¥ N—"whole day}
Detail interval: 1 @ days -
Options: [¥] Include Details [#] Remove Empty Rows
[¥] Include Graphs
[ Include Percentile
[ Include Billing
Layout: @ Portrait
() Landscape

(V) VUADUN 3-8
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Edit Report @

-y
Settings | Senscs | Email & Export|

=1 All Sensors
£154

[ sUT

[ Port 100 (VI100) on 54 (172.16.1.19)

[ Port $7-Bon 54 {172.16.1.19)

-[” Port $4-10n 54 {172.16.1.19)

-[ Port no connect on 54 (172.16.1.19)

-[" Port 10104 (GiD/4) on 54 (172.16.1.19)

[ Port Trunk-51on 54 (172.16.1.15)
[ Port Trunk-52 on 54 (172.16.1.1)
[ Port Trunk-53 on 54 (172.16.1.19)
[ Port Trunk-55 on 54 (172.16.1.19)
[ Port Trunk-56 on 54 (172.16.1.19)
-] Port Trunk-514B on $4 {172.16.1.19)

m

(M) VUADUN 9-10

r = — . i
Edit Repart (it
[ setings [ Sensors| Emil & Expot
@
Create Report every [murﬂh VI onthe l1. ']
The report is generated at one o'clock
[7] Send Report via Email
Note: The SMTP server must be specified in the global options
porss: | ] [Sendow |
Template C\Program Files\PRTG Traffic Gmpher\maihemplaies\maiﬂem
Fomat: @ POF C@C) RTF
Save Report To File ~
Note: Make sure the service has access rights to @Nied folder 15
Folder C:\Users\Slippert Documents (=)
Format: @POF @XS @RTF @TFF @ HT
9 H
C% I3
) vunoUN 11-15
'
‘]J =~ Y
JUN N.3 MIATNITEIU (Report)

U
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a 5
.2 Iﬂi!!ﬂiu3!ﬂ§1$ﬁﬁﬂ1&lm$ﬂ1iﬂ§$§)1ﬂ

Tumsnaaeunisnszaievesdoyaniisiuiudoyanin  vin luli Tdsunsulums

U

FINATOVUAIVZIINTNATOUNTNTLIWUBIFATOYA IALINUIN INTIZNTNTZIPAIVD
9 = ] 2 a 1 H M Yo A Y A
‘ljﬂ"’l]'ﬁ]ﬂ;ljall@g‘ﬂa1ﬂﬂiglﬂﬂ Llagfﬂiﬁ\?ﬁ'llllG]:@W‘Lllmazﬂiﬂ'ﬁ]ﬁ]ﬂzquqﬂﬂ1ﬁﬂﬂﬂuﬂ31uiﬂamﬂﬂ

[

uyadoyasie1nr ldnavesmsnaaen liasanuanyuzMInszvURIgAtoYa

S 19y (Y

a Jd o gl.: X LN
Tsunsuanngdanyazmsnseneuuiiogaienurats lsunsuamdiguaniiauas

Y
nsldauareiu’ll lunisnaaevgadeyavesarsdveiilald1Usunsy EasyFit Tunis

a ¢ o F) X o q ¥ 9 o Y Y1
’Jl,ﬂ‘5181/7ﬂﬁﬂi%ﬁiﬂﬂ@]’ﬁlﬁ]ﬁijﬂ"UE)ll”aGTN“I/]ﬂ‘ﬁﬂﬁ“I/]ﬂﬁﬁ]‘]Jﬂ15ﬂi§5iﬂﬂﬂl€)\i°)§ﬂﬂ]E]isI,aTﬂhlﬂﬂﬂiﬂﬂ

'
A o

Y A 1o Y a [ 9
uaz ldwamsnadeunuiudwaz IndiResnumsnsznevesgadeyamihwmadeon Tusunsy
LA Y A an 9 9
EasyFit In3 15aundienazazadn uonanismsldaulumanuin n.2 vag dauleaunso
= A A Y = Ao Y} o X
qirwaziDeanuan 1AN hitp:/www.mathwave.com/ 4 11/5un5ui35ms 1Fnuaail
1. layadoyandesmanadovasluamsinveslsunsudszld n.4 (n)
a L4 . . . . v v 7 3 y
2. naloaou 3AT12HNITNTZ10 (Fit Distribution Hdgyanuaiilugilaredh) e

Furhmsinziyatoya

=1

3. nia1edoyaduna (Input Data) U510 a9317 0.4 (n) natdenyadoya
fpamInaaol
d' [ [ 4 d‘ 19
4. nandyanval <> e ldvoya
A @ aq Y A A 1 A [ A
5. enanyazNINITe Ul@Een 2 Uy Ae aetlied uaz luneiiod
o a 4 o
6. naanas (0K) uar llsunsuazimsinnziuazduinyadoyasonin lag
o/ = 1 A
arTisunsuazinisnaaeuog 3 Uy Ae mMIinaaouuuylaalyTnsow-
=1 4 J o A
dilesuoi (Kolmogorov-Smirnov), N1SNATOULUVLOUIADT T U-A153 4
i s A =
(Anderson-Darling) wazmsnaaeuuuy laaund (Chi-Squared) 3911 50n5W
o e an < A o A
MMINAAUNI 3 Ivudwaainasonuuiunsmndluilensunlndifes
AUMINTZNVBIEATOYANINTA
A Y 9 d‘ [
7. PARBNTINFUNITNTLBVDITDYAINDYANHULVDINTIN
[ d' d v 1 ] a
8. dnvazveinimaznlasullaunmsdenlansu ugunansmazmilowau
a 4
9. MIATIVADUAIINYNAOIUBINITAATIZHAINI509 1A0INNI51A0N PP QQ

iWoQanUzeINT1W PP-Plot Az QQ-Plot MUE 1AL

A A s do 1 A o Y 9
10. ﬂﬂﬁ?ﬂ (Summary) LW@%W1§11JLG]'€)T’U'E)\W1\1ﬂ“]fuﬁN”]VlﬂWLl’m‘lllﬂﬂ?ﬂﬂ)"ﬂ"lﬁ]lluﬁ
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11. nan1egUaing (Goodness of Fit) togziunumsnszarehIndifesnuyea

1 H Y
Foyauniigan laamsnageuna 3 uvulasarTsunsuvzsaduau131d

18"
— T
|#d EasyFit (Evaluation Version) - 6-7 - [Tablel] _ x
B File Edit View 1( 2) Options  Tools  Window Help [=[=]x]
DE|S8| £TF Fs h H| PP & &Q
Project Tree e L B [ E | o E F | G-
- =]
(53 Data Tables 1 {\9 i
- [Tablel] o 154az7E0
& il 3 | 154399.09
4 15847138
5 15524366
§ 15533095
7 | 15575303
o 5 | 15593055
g 15609448

0| 15615967

11| 15627119

12 | 15B33E.43

13| 1EB42EE2

14| 15649476

15 | 1GE59E.57

15| 156545.95

17| 15654353

1 | 15680116

13 | 15BE25.32

on | 15630751

1| 15709714

2z | 15720053 =
4 i »

(M) VUAOUN 1-2

Input Data I_ B
Specify the type and source of input data
Luvailable data tables:
@ Sample data:
(>] TableT:v arl
[] DEMSITY walues:
L2 |
[rata Domain
@ Continuous @
() Discrete
[] Analyze selected raws only
(6
—/
[ (5] 4 ’ Cancel ] ’ Help

(V) VUROUN 3-6
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il EasyFit (Evaluation Version) - 6-7 - [FItL]. s T o T et
i File Edit View Analyze Options Tools Window 9 _l&]x
ﬂj\ﬁﬁlli\FH}Ppu |la aaq
Project Tree Graphs | Sunnir—fioodnes; :
: Johnson SE R
£ Dats Tables o a i -
B Tabiet fon A Probability Density Function
& Results Gen Gamma [4P) 0.119 i
L?Z_FM_. Enar i —
g Fi2 Kumarsswary ] I
Uriform L T
Gen. Extreme Valus | = 0.09+ — L-..._\_
Kakagami ~T—
: 0.08
Reciprocal B [
Pert ]
Gamma 00
Gen. Gamma 1 < 0.08]
Rayleigh (2F) E
Normal B 0.05]
wieibull [37]
Fatique Lite i 0.04]
Log Fearson 3 :
Logromal | 0.03]
Log Gamma |
Pearson 5 (3P) 4 0.02]
Lagnarmal [37]
Log-Logistic [3P] 0.014
| Pearson & o
kcaron 160000 180000 200000 220000 240000 260000
Fatique Lite (37)
Gamma [3F) x
Inw. Gaussian -
\:Tnnls = O Histogram — Johnson SB

(M) VUADUN 7-11

19 n.4 msldFauTilsunsy BasyFit

u o o v a Vv o <
n.3 T1Jmnsmmmﬂmam’nmumﬂﬂsunsmmmummumu

Y Aa 4 1 ! ! kS Ao P
Tumsuddym TdsunsuFadumeommasinovnanganu luauivedl ldaen 1y

Q

4 s

11/51A53 IBM ILOG CPLEX Optimization Studio 15 ussenduisnauisaut/asaunis

amamans dmsuns Isunsudadun ldeenuuu ¥ naredlunusivesldsunsuldogs

1 ~ Aa a I A A Ao o o a [ [
e dlszansamwm vazdlunideulslunuided msuns TdsunsuFadusdraunivals Tag

dy @ < 4

A A X g i Y
Tsunsuilagldoanessugumand Fuilunszurumsildlumsuddamivesnis Tdsunsy
Fadulumsmidineundesnis nilarevesTdsunsy IBM ILOG CPLEX Optimization

Studio 9215z NEUMBAIUAI 9 Ae31lA 0.5



167

<} IBMILOG CPLEX Optimization Studio =R

File Edit Navigste Search Run Window Help
5= Outline &2 1% =]
@ using P\ -
ol Internal data=

<> demand : range [

aleyl tz2 $-0-Bl-Q-uls 2

IE) OPL Projects 52 wg| 5 S 7 T O||[E] Networkbalancy mod £3 [T Networkbalan,
3 1MinPowerl! e =02 v 74 LIXE =
2 IMinPowerdod s Il L7 Troatex O ATuci A

2 IMinPowed0demands

2 1Networkbalancel0Nodesl0demands
(3 Run Configurations E
[§) NetworkbalancelONodes.mod : CPLE
{3 NetwerkbalancelONodes.ops
[E] NetworkbalancelONodes.dat

(22 1Networkbalancel ONodesd0demands

2 1Networkbalancel0Nodesd0demands

=2 1Twola inCostl0demands

2 1Twola inCost40demands

22 1Twola inCo:

22 AssignmentLheuristic

&2 COST230MinPower

2 COST29MinPowerlddemands

8 Proble 3 _09= Variabl | ® Breakp

o

B[link]=...: // bandwidt!
[demand] [path] [1ink]=...;

(sum{j in link) (abs(r[j] - (sum{j in link)r[j])/mblink)))/nblink ;

(e[31*v[3] + F[31*2[3]) <= Cost:

[ Solution with objective 6426

Name Value
4 g Data (13

Bs [5000 5000 5000 5000 5... |=
Be [5F) (150150150150 150 1., g e e e e e L
0 Cost 10000 0 g£1111111101111];
«¥ demand 1.10

2F [151515151515151..,
¥ link 1.2

oM 155

w0 nbdemand 10

1o nblink 32
1o_nhnath 15

Writable Insert 1:1 00:01:00:78

519 n.5 miheeTasunswy IBM ILOG CPLEX Optimization Studio

. o . A A 1 o o o

1. ¥u181a% 1 (opl project) e 1Wd 1a59n13 (project) Miaog dmTuMTAILIUN
° ' Y o & 7 o P 2
Aaouuaazasasndudoet lddasuns 3 1Wd dsenovuldre Tuaa Ind (*.mod) a1én

s 2 P

198 (*.dat) uag sada 1nd (*.ops)

2. MINYAY 2 (model file editing area) taaaniaadmivlamaean lgmuiamain
a4

ana ﬂTﬂﬂmmmam”lmnmﬁuﬂaw1mﬂmjmsﬂmﬁmﬁmmmmﬂﬂmﬂimmmu

Samity Fadsznen ludre dausdadule Meddusaguszasd nazaumsiden'ly

]
=1

1 ) @ 1 I o
3. MN181aY 3 (data file editing area) taasv1a19d s ulavoyamiudiuys

U
v
o

1 A A ] @ =} a 4 . 9 U dy = 9
mnan naneglugivesdmlsafenazlugiveanaindg (matrix) Yoyariartiozgnizonld

Tumsuan TaomdsnogluTuealid naasdaglii ne
v

' ) o U J a 4
4. vuyLav 4(settingﬁleeditingarea) LLﬁﬂQWﬁW@WQﬁ'leﬂJGNﬂWW'liWiJL@E]i

'
S A

oA 1uIudInoUNANgali 1ATIN15 1Y NITTINANATUYDIIA AL HUIGATNT
(memory) N 1¥ lumMsAIUIN $11UMIIUEN (iteration) VoIT U UITHIUFUNE N Az
] ~ ) <3 A 9 o @ ~
tamsinenudoeyanen (log data) N ldanmamuln naasasgili n.7
{ 1 1 4
5. Me1a% 5 (outline view) naaeInssasisvesdoyaiioglunihaisves Tuaa s
9 L4 Qy S = v A Y Y A Y '
a Iduaziraaslid FazdaizesdoyaliuaadlugiuuvvessiemsiieIdiwaons

U

ATADVLUAZAUN
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6. HN1ULAY 6 (solutions log area) HAAIAIAOUN TUTUnTUTIMITAIUIUNDLAL

a ] [ I o
nosaNzumaey

aAa A

nanga

Y
=

14 (feasible solution) FatipyaMaILz gL

Y

awnseNna lsunsuimsaanumaeunanga (final solution)

L=

g

f@ Metworkbalancel ONodes.mod

* OPL 12.4 Data
* Author: ‘acer
* Creation Date: & W.n.
nbdemand=10;

nblink=32;

nbpath=15;

M=155;

Cost=10000;

R R T ]

oo

25

~ Iy NetworkbalancelONodes.ops ]

55 at ©0:13:17

R R R AR AR H R A A RA AR H A A RA AR AHR AR AR

L3

|

12 B=[5000, 5000, 5000, 5000, 5000, 5000, 5000, 5000, 5000, 5000, 5000, 5000, 5000, 5000, 5000, 5000, 5000,

14 c=[150,150,150,150,150,150,150,150,150,150,150,150,150,150,150,150,150,150,150,150,150, 1
15 F=[15,15,15,15,15,15,15,15,15,15,15,15,15,15,15,15,15,15,15,15,15,15,15,15,15,15,15,15, 1

1g

17x=[257.04,257.04,257.04,257.04,257.04,257.04,257.04,257.04,257.04,257.041~,

18 //guaruntee 90% Normal
10 //x=[266.12,266.12,266.
20 //guaruntee 895% Normal
21 //%=[283.16,283.16,283.1

11 F fmineintna GAS Mool

< | n

3 19 1.6 Data file editing area

P
n13i5e8 9

@ MNetworkbalancelONodes.mod

[ Ej Metworkbalancel 0Nodes.dat

Type parameter description filter

4 [= Mathematical pregramming
& General|
{2} Conflicts
{2t Emphasis
{2} Feasopt
{2} Preprocessing
{2} Read
12} Tune
4 [= Simplex
{&F General
{2} Limits
{&) Tolerances
4 [= Mixed Integer Programming
{2} General
{2} Strategy
{2} Limits
&} Telerances
{g} Cuts

< i | »

| »

m

G NetworkbalancelONodes.ops 13

Mathematical programming / General

Advanced start switch
Computation time reporting

Algorithm for continuous problems

Algerithm for continueus guadratic
optimization

Global default thread count

Global time limit
Directory for working files

Memory available for working storage
Parallel mode switch

Solution target

[Standard advanced start

[Wall clock time

[Antomatic

’Antomatic

0

1.0E75

128.0

’Ar..rkomatic

’Antomatic

»

m

310

.7 Setting file editing area
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namsi ldesueseazideavesldsunsy IBM ILOG CPLEX Optimization Studio
[ 1 1 4 T 2 & ) o ' .
mweduwll na1nldnTdsunsuiinendunsesiierrslumsmdiaeunaimnsaly lade
o Jq 9 o av Y = 1 < 9
pazawnsnihulszgnaldnulumsmimaeuvesnuite lailuedisd eg1alsnaug g

INI0ANEITEazBen o lamudune It UraNNTHaLNIZUIUMS 1FUB 14

9 [

= 1A Y a . Y =<
az10oa luANed 1M U91989910 http://www.ibm.com TagazaeaAnyIn1suYasdunis

Y

1] Y [}
asamaain lawannvulnaredlumuivesTlsunsy Felsznoulddredruilsznouay

dau fe dudsdadule Wedduinguszaed nazaunisouly e I ausnldau

9 [}

o { ! I
Tdsunsulumsmameunangalansiainglseasandoans

Q


http://www.ibm.com/
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Y d 3 a a d
MANNNF N UNUE

Y

a a 4 v A o o dy 9 = o W 4 Aa A
'J“I/I‘t’J'll!Wl!‘ﬁﬂ‘U‘Ul!%ﬂ‘ﬂﬁluiﬂﬂﬁl“ﬁgﬂllﬂﬂﬂl@ﬂﬂTﬂWq‘ﬂt’J FIATANNINAUAIAINTTY
J = =

o ~ 9 a a PR o o ' a A
mmmﬂqyﬂﬂumEnuwu‘ﬁﬂzgm fJ‘ULifNGI,WL‘]JUﬂ']ﬁWﬂLﬂﬂuﬂ']ﬁ')ﬂﬁﬁllﬂ']‘H"IllWﬂ Tﬂﬂ

9y o Yy Aa 1T Y A o/dy
W?ﬂﬂulﬂfJTQﬂQﬂWﬂllﬁa\?@WQ@\i JU

v A [ I3 a A Y zﬂ' a ]
- ‘Viu\‘lﬁ@ﬁW‘ﬂmﬂuﬂ’lﬁﬁﬂiiul‘],WWTﬁE)ﬁ"lﬁ ‘UfNﬁiJ"IﬂMﬁﬁﬁﬂiﬁilﬁﬂ']ullﬁ\iﬂﬁzmﬁ
1% 4 d[ Y] ) [ [ 4 a
Ine Tunszususiydana Fevailas anzeunsumsdiulyednimaiiania
Yenssu Inih luaazassumsdnmsenvidennssu Idih we. 2527-2534
Y] a [ o 1Y o
- Miiadeens1uaANy Insauuan lne (Thai Telecommunication Glossary) 3ANLAL
v A o a Y ad a o a 14
ﬁ]ﬂWﬂJWIﬂﬂ ﬁ"JﬂﬂM’J%”IﬂWill‘NWT DLANNIBDUNT ADUNUNDT I'i/liﬂi]l!"lﬂu IUag
A A 9 a oA a o A a @ .
AT UINA (E)Glfﬂul@) ﬁfNﬂ;]‘U@Ifﬂi’ﬁ]ﬂﬂ"lﬁﬁ@ﬁ"lil%\illﬁ\illagﬂ’mugm (Optlcal &
Quantum Communications Laboratory : OQC/ICCRU) UagFNT yiihdeans awau

v A

aoniudsng Wihuazdidnonseting (lensiilad) arndszmealne w.e. 2554

U @ a

- Ann wﬂjuﬂgﬂi 1B UMNAYTDUY (http://rirs3.royin.go.th/coinages/webcoinage.php)

~ o o P Y a a 4
Q151990 V.1 MANNN 1F I UINGIUNUS

fAnin Ing AN YIS
nsmaa Tnunsy Histogram
N3 Mﬁd grooming
M3ngzeved lafins IP traffic distribution
m3nszneuuuaiigasiali Gen. Extreme Value Distribution
MINTLNBUV VIO UFY 1oad) Johnson SB Distribution
MINTENBUVUFWAAUANI shifted gamma distribution
MINTLNBUVVILIM Beta Distribution
Msnszneuuulng Normal distribution
MInseNenuuUIve poisson distribution
MIMHUAFUN routing
ﬂ”liﬁ”lﬁuﬂLf‘s'f)u‘l/l”lﬂuaz5@655?131%813?1%1! routing and wavelength assignment (RWA)
Mo Toadonmsiton Tog hop-by-hop
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A o oA EY a a 4 1
A1319N V.1 MANNA 1% 1 UINUNUT (99)

o 14

fAnin Ine MANNNIBIOIN Y

4 [ 4
m3ldse Temivosineyon Tog Link utilization

a2 Jd .
msnagoutvy lnaluInson-alesuon | Kolmogorov-Smirnov Test

4
ﬂ?iﬂﬂﬁﬂﬂllﬂﬂllﬂﬁllﬂ’lﬁ Chi-Squared Test

Jd o oda
NITNATDULVULDUIADITU-ATTI Anderson-Darling Test

ag a J . .
MsdszurananaannIelnd Electronic Processing
a 9 o 3 I . .
M5 1Y SUNTUFATUTIUIUANIAY Integer linear programming (ILP)
M3 1Jsunsuaumsvesinaaulend Chance-Constrained Programming (CCP)
9
MIHANIUVD I Dispersion
3 ] I '
ﬂ'lfl'Wﬁ@Glﬂi'W\lﬂ’J'lllu'li]&ﬂu-ﬂ'ﬂlluﬁ]g Probability-Probability Plot : P-P Plot
I
i
a J a . .

Mmsvolmosns i Monitoring traffic

v A < Jd a 4
MINAANANFITINNNLINAULDVALIBEA | Dense Wavelength Division Multiplexing

(DWMD)
ﬂwiﬁaﬁgwﬁﬂcﬁuuuuﬁammﬁ Frequency-division multiplexing (FDM)
MITIWTY M multiplexing
MIIIANUUNIS operation research
meraudy I switching
m’u‘ﬁ?m%mjn%ga packet switching
MIAINFI03 circuit switching
MIaIn “];”’Nfl]ﬁéllﬂﬁslgljﬂuumﬁm circuit-switched voice

msdemsuuunIeeosnuuuyldate | Wireless Local Area Network (WLAN)

msmaga minimization
MINIAIgA maximization
TR RRIGTYR! Problem size
YBVIA bottleneck

9 o v W

o ¢ . ..
UBITINAVBDITYANHU s1gn restriction
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A1319N V.1 MANNA 1% 1 UINUNUT (99)
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o 14

fAnin Ine MANNNIBIOIN Y
JonnaFudu linear constraint
foyauonnguy Outlier
g}/ axy 4 .. .
TuneUITVed lafans Dijkstra's algorithm
LR RR I TR LI PR Wide Area Network (WAN)
Verou Tog link
Vieyou Toaruas optical fiber link
ABANITUUE traffic classes

Y .
ANUAAYAULD self-similar
7747 capacity

ANUFUFOUUDIOANDI NI

Complexity of Algorithm

AMNYINAY

wavelength

1 d'
ANUNDY

Mean

J A A o G4
mmaﬂfnummmuﬁnujm

Mean Absolute Deviation

'
ﬂ1ﬁhﬂi$ﬁﬂ‘ﬁﬂ’)1ﬂ1ﬂlﬁhﬂﬂ1ﬂ

Gini coefficient

MAoUFIU

Basic Solution

' Fl
Maovundlull gy

a3

Basic feasible solution

ﬂmﬂWWﬂJ'ﬁNﬂTﬁ’]ﬁ‘iﬂWi

Quality of Service (QoS)

A 1 A g’/ s
CERURG R B IE NG

U

Single layer network

Y
IA3 DU ADITY Two layer network
A I
N3N Iualounes transponder
TA59918N 198NN Physical topology
Tnsaneaiion Virtual topology
4 1
Tnseadeginsalinione chassis
2 .
Nﬂu]lﬁll constraint

douludodinaaiuToma

Chance constraint

997070

point-to-point
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o 14

fAnin Ine MANNNIBIOIN Y
ANYU Pivot Element
1 Yo .
Faa1vedfTnunslsdiige light load
1 9
B ueIlImauns logaga peak load

FOIFYYIUANVGIIAAY

Wavelength channel

9
FUNITUUEAN transport layer
g v A < Jd a A
FUUBINTUAAUNANFLIHIAINYIINAU WDM layer
9
BULBILE Optical layer
y ~
' low IP layer
14 14
oI Server
< =
Tasitin/ gAY Synchronous Optical Network/ Synchronous
Digital Hierarchy (SONET/SDH)
iiany e uga unbalance index

ABTAATIUNAINY

Energy Proportionality Index (EPI)

desktop

Regenerator

alsaaaule

decision variable

anlsyagiu

Basic Variable

a S A 9
ATT NBUINADHLINAU

Initial Simplex Table

UDILDUHYU Pivot Row
NINYINT resource

= 4 .
BNSIRREGN Erlangian theory

maTuTagasaumeauazmsasans

Information and Communication Technology

(ICT)
Tuaisudu initial node
a 4 4 .
UANDILTUR BitTorrent
A 14 .
LUUAIAN bandwidth
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o J
mannm ne
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Abstract— Traffic demand uncertainty could affect the reliability
of the logical connectivity in IP over WDM networks. In this
paper, we investigate the effects of traffic uncertainty and load
balancing in IP over WDM networks and propose new
techniques for logical topology design. In particular, we model
the logical topology design in IP over WDM networks as the
integer linear programming problems. Our key contribution is
that the proposed model can address three important issues
including (a) ensuring connectivity of the IP layer (logical
topology) (b) balancing traffic load in WDM networks and (c)
ensuring network capacity to acc date traffic d d under
traffic uncertainty scenarios. We observe that the proposed
logical topology design method with load balancing enables much
higher traffic distribution across the physical links allowing up to
63 % decreasing in unbalancing index and up to 8 % increasing
in the resource utilization needed to support IP traffic demand
with traffic uncertainty considerations,

Keywords- IP over WDM Networks; Logical Topology Design;
Network Optimization; Traffic Uncertainty

L INTRODUCTION

IP over Wavelength Division Multiplexing (WDM)
networks have played essential role in transporting large
volume of IP traffic across backbone networks of the Internet
Service Providers (ISP). Efficient traffic engineering in such
core networks is needed to achieve high reliability of data
transportation.

Growth of IP traffic and increase in variation of the
applications that require different levels of service quality and
guarantee contribute to higher degree of traffic uncertainty of
IP traffic. The network service providers need to manage the
available network resources to sufficiently accommodate
traffic demands and compromise between the limited network
capacity and the service performance. The uncertainty
behavior of the IP traffic brings challenges in provisioning and
managing traffic demand in [P over WDM networks.

Several works in literature have devoted to study the
network planning and traffic engineering in IP over WDM
networks. In [7], the authors analyzed the cost and reliability
issues in designing the IP over WDM backbone networks. [5]
- [6] involved the logical topology design in IP over WDM
networks. In [5], the authors proposed the optimal logical
topology design with QoS constraints that guarantees the end-
to-end QoS requirements such as call blocking rate. The

This work was supported in part by Suranaree University of Technology,
the Office of the Higher Education Commission under NRU project of
Thailand and the National Research Council of Thailand (NRCT).

*cunesponding author

978-1-4673-2054-2/12/$31.00 ©2012 IEEE

55

logical network configuration is assigned for each service
class to minimize the network cost. In [6], the authors
proposed the survivable lightpath routing of the logical
topology in IP over WDM networks with the objective to
maximize the logical capacity available before and after a
single physical link failure.

While the studies in those previous works are significant
and show interesting results, an important issue of the traftic
uncertainty is not considered. There have been some works
that paid attention on the traffic uncertainty in the network
planning. In [2], the authors discussed the uncertainty
characteristics caused by the dynamic nature of the IP-based
traffic and proposed the network planning method that
incorporated such nature of traffic in the network design
procedures. They aimed to determine routes in the single layer
networks with an objective to minimize cost of the network
capacity used to accommodate the traffic demand at the
specified level of traffic uncertainty. In [3], the authors
considered the traffic uncertainty for the two-layer network
architecture by using the same objective as in [2] to minimize
cost of the network capacity usage.

Although some works have considered the traffic
uncertainty in their network planning procedures, their main
focus was on minimizing the network cost. The literature lacks
of the study that considers load balancing and traffic
uncertainty in two-layer networks such as those in the IP over
WDM networks. In this paper, we not only consider the traffic
uncertainty but also incorporate the load balancing issues in
the traffic engineering for the backbone IP over WDM
networks, In particular, we present the study of the logical
topology design for IP traffic transported across IP over WDM
networks. We formulate the logical topology design as an
integer lincar programming (ILP) problem. Our key
contribution is that the proposed model can address three
important issues including (a) ensuring connectivity of the IP
layer (logical topology) (b) balancing traffic load in WDM
networks and (c) ensuring network capacity to accommodate
traffic demand under traffic uncertainty scenarios.

The remainder of this paper is organized as followed.
Section II provides the problem definition and describes the
problem formulation. Section III presents experiment setup
and shows results and analysis. Finally, section [V concludes
the paper.
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II.  PROBLEM DEFINITION AND FORMULATION

Traffic engineering in IP over WDM networks aims to
efficiently layout large amount of IP traffic from core ISPs
across backbone optical nodes. Specifically, this task is called
logical topology design in which a logical connectivity in an
IP layer represents IP traffic demand between a source-
destination node pair whereas a physical path in a WDM layer
is a set of optical fiber links connected by optical nodes.

Fig.1 shows an example of a two-layered IP-over-WDM
network in which nodes of the IP layer are core routers
whereas nodes of the WDM layer are optical cross connects
(OXC). Fig.1 also shows examples of mapping logical links of
the IP layer onto physical links of the WDM layer. The logical
link (A,D) of the IP layer is routed through the physical link
(1,3), (3.6) and (6,9) of the WDM layer.

This paper focuses on the logical topology design
problems that aim to balance traffic demand of the IP layer
onto the optical links of the WDM layer. Specially, traffic
uncertainty characteristics of IP traffic are taken into account
so that the provisioned capacity of the WDM layer can
accommodate the variation of IP traffic.

We apply an Integer Linear Programming (ILP) approach
to mathematically formulate the logical topology design
problem. The proposed model aims to maximize the balance
of IP traffic across optical links of the WDM layer. This
objective is mathematically realized by minimizing the mean
absolute deviation of IP traffic volume transported onto
optical links of the WDM layer as written in the objective
function, (1). (We denote the proposed model as MAD,
shorten from Minimizing mean Absolute Deviation.) Other
requirements such as traffic uncertainty characteristics, the
network budget limitation, and the optical module
specification are incorporated into the mathematical model
through a set of constraints (2)-(11) presented below. Table I
defines notations used in the proposed models.

IP Layer
Router

Figure 1. Network model
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Constraint (2) specifies budget limitation on the network
cost, including the cost of using network capacity and the
fixed cost which covers the optical modules and the
installation cost. Constraint (3) ensures that the sufficient
number of optical modules is provided for an optical link ; so
that link j can accommodate fluctuation of all 1P traffic
demands transported over link j. Variation of IP traffic
demand is incorporated into the parameter x, which can be
calculated as written in (12) [8]. Let us consider the following
form of chance constraint to ensure that capacity or bandwidth
allocated on link is greater than or equal to an uncertain traffic
volume (&) with probability can be written as P(x > ¢{) > a
where 0 < & < 1, and the traffic demand can be carried with a-
level of guarantce. Assume that the traffic is normally
distributed with mean (x) and variance (¢°). The random
variable (¢) has cumulative distribution function ®(.) and its
inverse transform @'(). Thus, the parameter x; can be written
as

xi =y + O ay)a (12)

Constraint (4) specifies capacity limitation (B;) on an
optical link /. Constraint (5) states that the traffic demand &
can select one path from the predetermined path set
Constraint (6) states that link j must be installed if the traffic
demand  uses path p that routes through link j. Constraint (7)
calculates total amount of IP traffic demand that is transported
over an optical link j. Constraint (8)-(9) specify that if no
traffic demand transported through an optical link j, the optical
module y; and the optical link z; are not installed, i.e. enforcing
¥70 and z=0. Constraint (10)-(11) state that r; and y; are non-
negative variables.
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TABLE L NOTATIONS

Sets:

A A set of optical links in IP over WDM networks
D A set of [P traffic demands

pr A set of predetermined paths for demand &, Yke D

Decision variables:
r; Real number indicating capacity required for link j, Vje A

An integer indicating number of optical modules required to
route traffic on link j, Vje A

. A binary {0, 1} variable that equals to 1 if link j is used ; 0

otherwise
fh A binary {0, 1} variable that equals to 1 if the demand k
selects path p from the predetermined path set ; 0 otherwise
Constant parameters:

M The capacity unit of an optical module
B, The capacity limitation on an optical link j, Vje 4
j The cost of an optical module used on an optical link , Vje 4
F; The fixed cost for an optical link j, Vje A
The network cost limitation
X The volume of traffic demand k, Vke D

shr A binary {0, 1} parameter that equals to 1 if path peP* for
d demand & uses link j ; 0 otherwise

" The number of optical links in set 4

TABLE 1L CONSTANT PARAMETERS USED IN THE EXPERIMENTS

Parameters Values

Capacity unit of an optical module STM1 (155.52 Mbps)

The capacity limitation on an optical link 5000 Mbps

The cost of an optical module 150k

The fixed cost for an optical link 15k

Required capacity (Mbps)

300.00

290.00

=
s
=
2

s (S T
g z 9 0=
g 2 & 2 &
= 2 = =
s g 8 2

nomaldistribution

230.00 ——~— betadistribution

220,00 T

7000% 7500% 8000% 8500% 9000% 9500% 10000%

Guarantee level

Figure 2. The traffic volume at different levels of traffic uncertainty
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In this section we present numerical evaluations on the
effectiveness of the proposed MAD model. In our experiment,
we adopted the IP over WDM network shown in Fig. 1 in
which the WDM layer consists of ten OXC nodes and sixteen
physical links. We considered ten logical links in an IP layer
which represents ten IP traffic demands between ten source-
destination node-pairs which were randomly selected.

NUMERICAL EXPERIMENTS AND ANALYSIS

The constant parameters used in our experiments are given
in table II. The unit cost of an optical module and fixed
operational cost are normalized based on the industrial pricing
in Thailand. We considered the traffic uncertainty based on
the normal and beta distribution which are the traffic
characteristic described in [1] and [4], respectively. The mean
and standard deviation of the traffic are 225 Mbps and 25
Mbps, respectively. Fig. 2 depicts the volume of traffic
demand at different level of traffic uncertainty. In particular,
we conducted experiments for three levels of uncertainty
guarantee, including 90%, 95%, and 99%. In case of the
normal distribution, the values of x; for each guarantee levels
are 257.04, 266.12, and 283.16 Mbps, respectively. In case of
the beta distribution, the values of x; for each guarantee levels
are 266.84, 271.75, and 280.01 Mbps, respectively.

First we compare our proposed MAD model with those
presented in [3] of which the objective function is to minimize
the network cost with constraints on the optical link capacity
and the amount of traffic demand. We denote this approach as
MC (Minimize Cost) model. Unlike MC model, MAD model
aims to minimize the mean absolute deviation of IP traffic
volume transported onto optical links of the WDM layer. The
logical topology design was solved by implementing the
mathematical formulations with the ILOG-OPL development
studio and inputting a set of predetermined paths for cach
traffic demand (P) to the model. Then it was solved with
CPLEX 5.2 optimization solver. Computations were
performed on an Intel Centrino Core2 Duo Processor 2.0 GHz
and 2GB of RAM.

Fig. 3 and 4 illustrate traffic distribution across the
network links for the case of traffic uncertainty guarantee at
90% and 99%, respectively. The figures compare traffic
volume on each link which was resulted from using MC and
MAD model. We can see using MC model some links carry
high amount of traffic demand whereas many links carry very
little or no traffic demand. Using the proposed MAD model,
on the other hands, load balancing could be achieved across
most of the physical links, except on the link 17" which was
unavoidable because it is a bottleneck of the physical
connectivity of the WDM layer. Note that the normal
distribution was applied in this comparison.

Next we further investigate the effects of the network cost
limitation on load balancing of the proposed MAD model. In
order to evaluate this factor, we define a performance measure
called an unbalance index which is the mean absolute
deviation of IP traffic volume transported onto optical links of
the WDM layer as written in (1). Fig. 5 and 6 compare load
balancing in the network when enforcing different network
cost limitation on the logical topology design. The normal and
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beta distribution were applied in experiments of Fig. 5 and 6,
respectively. We can see that in both figures unbalance index
decreases as the budget for the logical topology design
increases. However, there is limitation on the level of load
balancing regardless of how much we increase the budget
value. It appears that although the budget was increased higher
than 10,500 units, the load balancing did not improve. This
limitation may be caused by how optical links were layout in
the WDM layer.

Next let’s consider different level of traffic uncertainty
guarantee. Fig. 5 and 6 also shows results of 90%, 95% and
99% uncertainty guarantee. We can sce that at any value of the
network budget, a higher level of uncertainty guarantee results
in less load balancing, i.c. higher value of unbalance index.
Fig. 7 — 9 compare load balancing in the network when
applying different traffic distribution at 90%, 95% and 99%
uncertainty guarantee, respectively. Fig. 9 shows that at high
level of uncertainty guarantee (99%), using either normal or
beta distribution would yield similar level of load balancing at
any value of the network budget. Types of traffic distribution
affect level of load balancing when the traffic uncertainty
guarantee decreases as illustrated in Fig. 7 and 8. We can see
that using the normal distribution results in lower value of
unbalancing index, i.c. higher level of load balancing in the
network.

Finally, we analyze the utilization of the provisioned
capacity on optical links in the WDM layer. Link utilization is
defined as the percentage of traffic volume carried on an
optical link compared with the provisioned capacity on the
link. Table III reports link utilization when applying different
levels of traffic uncertainty guarantee at different values of the
network budget. The table also compares link utilization when
using the normal distribution versus the beta distribution. We
can sce that at 90% traffic uncertainty guarantee, the mean
link utilization is around 83% and 86% for the normal and
beta distribution, respectively. As the percentage of traffic
uncertainty guarantee increases, the mean link utilization
increases whereas the standard deviation decreases.

Traffic demand (Mbps)

I3 3

79 1113 15 17 19 21 23 25 27 29 31

Lk number

Figure 3. Traffic demand on network links for 90% uncertainty guarantee

Traffic demand (Mbps)

Figure 4. Traffic demand on network links for 99% uncertainty guarantee
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Figure 5. Unbalance index in case of normal distribution
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Figure 6. Unbalance index in case of beta distribution
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Figure 7. Unbalance index in case of 90% uncertainty guarantee
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Figure 8. Unbalance index in case of 95% uncertainty guarantee
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Figure 9. Unbalance index in case of 99% uncertainty guarantee
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TABLE IIL LINK UTILIZATION
Guarantee | Budget Dl:t:;;: :ilon Beta Distribution
Level A0 e sp | Mean D
8500 84.42% | 4.88% | 86.08% | 0.00%
90% 9500 82.49% | 643% | 86.08% | 0.00%
10500 | 83.47% | 3.03% | 86.49% | 2.25%
8500 85.85% | 0.00% | 87.66% | 0.00%
95% 9500 85.85% | 0.00% | 87.66% | 0.00%
10500 86.25% | 2.24% | 87.66% | 0.00%
8500 91.34% | 0.00% | 90.33% | 0.00%
99% 9500 91.34% | 0.00% | 90.33% | 0.00%
10500 | 91.34% | 0.00% | 89.29% | 5.59%

IV.  CONCLUSION

This paper has investigated the load balancing problems
with special consideration of traffic uncertainty for efficiently
transporting IP traffic across IP over WDM networks. We
propose a novel mathematical formulation as an integer linear
programming that can determine optimal paths and sufficient
optical capacity to accommodate traffic demand at a desired
level of traffic uncertainty guarantee. Numerical experiments
illustrate that the proposed method yield more efficient logical
connectivity of IP traffic demand compared with other
methods in term of load balancing and link utilization on the
optical links of the WDM layer. Our ongoing works further
investigate performance and effectiveness of the proposed
approach. Specially, we are interested in the diversity of traffic
transmission paths to enhance the quality of delivery in real
network deployment scenarios.
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On the Analysis of IP Traffic Distribution in the
Network of Suranaree University of Technology

Paramet Nualmuenwai and Chutima Prommak”

Abstract—This paper presents the IP traffic analysis. The traffic
was collected from the network of Suranaree University of
Technology using the software based on the Simple Network
Management Protocol (SNMP). In particular, we analyze the
distribution of the aggregated traffic during the hours of peak load
and light load. The traffic profiles including the parameters described
the traffic distributions were derived. From the statistical analysis
applying three different methods, including the Kolmogorov Smirnov
test, Anderson Darling test, and Chi-Squared test, we found that the
IP traffic distribution is a non-normal distribution and the
distributions during the peak load and the light load are different. The
experimental study and analysis show high uncertainty of the IP
traffic.

Keywords—IP traffic analysis, IP traffic distribution, Traffic
uncertainty

[. INTRODUCTION

NDERSTAND the IP traffic characteristics is essential to

manage the network resource utilization effectively.
Various applications transferred over IP networks require
different levels of service quality and guarantee. The network
service providers need to manage network resources available
to accommodate traffic demands and compromise between the
limited network capacity and the service performance. The
uncertainty behavior of IP traffic brings challenges to the IP
network provisioning and management.

Several works in literature have paid attention on the study
of the IP traffic characteristics. In [1], the authors present the
implementation of the network traffic supervision system by
using the method that analyzing traffic feature parameters
distribution. In [2], the internet traffic model with a linear-time
generation algorithm was proposed. The generated traffic trace
is long-range dependent and its rates are distributed with a
shified gamma distribution. In [3], the authors present the
internet aggregate traffic analysis at the flow level, in both
spatial and temporal dimensions. In [4], a close relationship
among network traffic, network user and network application
in the complex network environment were studies and
analyzed. The authors proposed a new network traffic model
based on the use of Gini coefficient. The proposed model takes
into consideration the network traffic profiles, user behaviors
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the Office of the Higher Education Commission under NRU project of
Thailand and the National Research Council of Thailand (NRCT).

P. Nualmuenwai and C. Prommak*, are with the School of
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and the network applications. In [5], the authors report the
growth of the internet traffic and bandwidth availability of
three major Internet service providers in Thailand.

Most existing works in literature focused on the study of
traffic applications and interested in management and analysis
of traffic network. While the results and finding reveal crucial
characteristics, the literature lacks of the study on the
aggregate traffic behaviors. Therefore, this paper presents the
study of the temporal characteristics of the aggregated traffic
that was collected from the network of Suranaree University of
Technology using the software based on the Simple Network
Management Protocol (SNMP). In particular, we analyze the
distribution of the aggregated traffic during the hours of peak
load and light load and derive the traffic profiles including the
parameters described the traffic distributions.

The rest of this paper is structured as follows. Section II
presents the network structure and the experiment setup.
Section III presents the IP traffic characteristic and the
distribution analysis. The parameters of the distribution are
derived. Finally, we conclude the paper in section IV.

IL.NETWORK STRUCTURE AND EXPERIMENT DESIGN

Network for the distribution feature analysis in this study is
network within Suranaree University of Technology. This is
internal network connected to external networks, which the
network spend Firewall between internal network and external
network to network security. Firewall is protected safety for
network by the traffic connect to multilayer switch of internal
network through optic cable size 10 Gbps and then distribute
to switch of building through optic cable size 10 Gbps and
forward to subswitch of the agency or organization through
optic cable size 1 Gbps and distribute to Access Point, which
Access Point is wireless local area network (WLAN) that
connect through Unshielded Twisted Pair cable (UTP) size 1
Gbps. We select feature analysis of traffic internet of
dormitories within campus. As shown in Figure 1, which
network of dormitories within campus use volume of traffic as
80 percent of all volume of traffic.

For analysis of traffic feature, we are operation using
monitor traffic program for traffic detection to save data of
traffic. The monitor traffic program will run in the application
layer of OpeSystem Interconnection Reference Model (OSI),
which protocol is Simple Network Management Protocol
(SNMP). But, some programs might use other protocols tohelp
for monitor traffic. In this research, we operate using PRTG
Traffic Grapher Program [8] to save data of traffic.

274
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We operate to save data of traffic in one month by
collection data on both main switch and subswitch. we are
show example of main switch (Switch S4) in Fig. 2 and
subswitch (Switch S13) in Fig, 3, which both shows an
example usage around traffic within 7 days (1 week) by this is
saved to every 1 minute. We observe that more volume of
traffic on main switch than volume of traffic on subswitch
explicitly. In Fig. 4 shows the comparison of traffic in each
day of each week, by show an example on Thursday which is
working day and Sunday which is a holiday. Both show that

Vol:60 2011-12-25

volume of traffic for each day of each week is used in the same
way, which working day will be running volume of traffic
rather than the holiday. For analysis of traffic feature, we have
analyzed symmetric and outlier and then consider histogram of
data. We operate using EasyFit program [9] to analyze the
distribution of traffic in Peak-load hour and Light-load hour
with Kolmogorov Smirnov test, Anderson Darling test and
Chi-Squared test. The results of these analysis show that
distribution feature and we check the accuracy of the
distribution feature of traffic with P-P Plot.
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HI.  ANALYSIS DISTRIBUTION FEATURE OF TRAFFIC

We obtained data of traffic from monitor traffic program.
We analyze of traffic feature during peak-load hour and Light-
load hour. First,the traffic data is outlier analysis, and select
devoid outlier data. We obtained data set into histogram to
symmetric analysis. In Fig. 5-6 show the histogram of Switch
S4 (main switch) for Peak-load hour and Light-load hour
respectively. In Fig. 7-8 show the histogram of Switch SI13
(subswitch) for Peak-load hour and Light-load hour
respectively. We found that distribution feature of data for
histogram in the Peak-load is left skewed and distribution
feature of data in the Light-load is right skewed which
represent is asymmetric, this means that traffic data feature is
non-normal distribution.

Due to traffic data is non-normal distribution. Thus, we
analyze traffic data using EasyFit program to rank distribution
with Goodness of fit tests by Kolmogorov Smirnov Test,
Anderson Darling Test and Chi-Squared Test, which we
obtained the distribution feature [6] as shown in table I. Switch
S4 in Peak-load hour is Beta distribution, Switch S4 in Light-
load hour is Johnson SB Distribution, Switch S13 in Peak-
load hour is Gen. Extreme Value Distribution and Switch S13
in Light-load hour is Johnson SB Distribution, by we show
parameter value for the distribution feature [6] of traffic data
in table I.
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We analyzed distribution feature of traffic using Goodness
of fit tests with Kolmogorov Smirnov Test, Anderson Darling
Test and Chi-Squared Test which we obtained distribution
feature of traffic, and then we check the accuracy of the
distribution with P-P Plot analysis, as shown in Fig. 9-10
which each figure represents that probability of data traffic for
the distribution feature is similar to probability of theory for
the distribution features. This means that traffic is the
distribution feature according to distribution features of traffic
that obtained from Goodness of fit tests.

TABLE1
DISTRIBUTION PARAMETERS
Switch Distribution P
S4 Beta a;=36.612
peak-load a;= 1.6628
a=-14285x 10°
b =9.2046 x 10°
S4 Johnson SB y=021722
light-load 6=0.74927
A=12320x 10°
£=1.5313x 10°
S13 Gen. Extreme Value k=-0.52069
peak-load o= 17618.0
u=1.7224 x 10°
S13 Johnson SB v=-0.1054
light-load 6= 1.0219
h=69493.0
£=30793.0
me P
—
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, .4,/
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Fig. 9 P-P Plot of the peak-load hour at Switch S4
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1V. CoNCLUSION

In this paper, we analyzed the distribution feature of traffic
with Monitor Traffic for Internet Traffic of dormitories within
Suranaree  University of Technology. Furthermore, we
consider used in the Peak-load hour and Light-load hour by
analysis the distribution feature of traffic with histogram that
represents the data that is non-normal distribution. Therefore,
we analyzed of feature of traffic using Goodness of fit tests
with Kolmogorov Smimov Test, Anderson Darling Test and
Chi-Squared Test, and check the accuracy of the distribution
feature of traffic with P-P Plot to indicate the traffic
distribution feature of property.
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