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ENERGY CONSUMPTION. THESIS ADVISOR : ASST. PROF. CHUTIMA
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IP OVER WDM/LOAD BALANCING/SHORTEST PATH

TRAFFIC PLANNING/TRAFFIC UNCERTAINTY/MULTI-OBJECTIVE

The core network for IP over Wavelength Division Multiplexing (IP over WDM)
is a network where the data are transmitted through the optical fiber. The optical fiber
permits transmission of the light with different wavelengths in each channel. It enables
more massive data transmission than the traditional cable wire does. At present, this
type of network is widespread. For this reason, it needs to plan a good provision and
management in traffic demand in order to serve the consumer needs. Traffic of the
network, IP over WDM has the characteristics of uncertainty and variability. It results
in the uncertain planning of traffic transmission routes. The traffic planners do not have
to ignore this issue. Moreover, traffic demand in the network has the direct effect on the
energy consumption of the network devices. For the reason, the researcher highlights
the importance of traffic planning for IP over WDM network where the problems of
traffic uncertainty and the problems of energy consumption of network devices are
present.

This thesis introduced the balanced traffic planning under traffic uncertainty in IP
over WDM with efficient energy consumption. We proposed a mathematic equation using

two objectives in traffic planning in order to provide the suitable routes in traffic transmission for



the IP over WDM networks. The objectives are to balance the traffic and enabled efficient
energy consumption in the network. The researcher used the Integer Linear Programing
(ILP) model in solving the problems and IBM ILOG CPLEX Optimization Studio
program in finding the solutions. It was found that the guaranteed levels of traffic
uncertainty highly affected the imbalance rate of the traffic. Moreover, it affected the bandwidth
provision to serve the volume of traffic which was varied by the guaranteed level. Finally, the
researcher gave the guidelines in choosing the suitable routes for transport traffic, which
introduced the most balanced traffic planning and the most efficient energy consumption.
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 uncertainty

could affect the reliability of the logical connectivity in IP over WDM networks.
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MD, >0 VieA (3.12)

A Y o A Aq ¥ o ' a Jd A
uonanaumMsteu lvudrdaliaunsilglunisdiuiuamsimesaig o e
o o do @ J y 1 v 1 Y
Wl 1 umsudilymvesiladduiaglsyasd nazaumsouluae o asaeliil
A 9 o A [ a a ~ 1 1 1
aumsh 3.13) FlumsdnnauanugisessulSans il ndvudsiuouiie
A I o a Aq ¥ @ = A Aa 9
wouTos TaidlumsiuiulSnasivvesnnuyildsesiu leinsmianlinnudesnis

vudsuuveyonlod

=Xy 5J_kvp flrx, VieA (3.13)

keD peP*
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aumsnlglumsdiadiuiunmeaesaruauns Ivaveansiln (line card) 19
. @ . I = { Il
unTua m ugasasaunsi (3.14) Wurasiwanugueannniwiln £ 1lvariuTuadunig

Y Ia 4 =
m W15@'JfJLHJ1!ﬂ')ﬂ‘ﬂ‘ll@%mﬁ')ﬂ*ﬂiﬂ')‘ﬂﬂﬂﬂ?ﬁllﬁa‘ll@\iﬂ'iWV‘lwﬂ

2 XTy
Vo =k vmeN (3.14)
BLC

{q ¥ o o 1 @ 4
aunsnlFlunisdiurmduiuvesresdyyiun21Me1IA0 U (Wavelength
{q ¥ [ o a Y { ¢ g a
channels) ﬁi‘]ﬁﬂl&ﬁ?ﬂ‘iﬂ%ﬁﬂﬂﬂ%’@ga kllﬁﬂ\iﬂ\jﬁuﬂ']iﬁ (3.15) cﬁ\uﬂUﬂj'uJﬂel]@\‘lﬂﬁgJ']m

o 9 I 4 1 [ A
n31ln & HITAWUUUAIANUDIFOIFAYUIUANNYIINAU

b= =~ vk e D (3.15)

A ° ° 2 A
aumsn1Flumsdnusuauginsailszuianaidunis (route processor) 19911

~ o P &£ A, i3 Y Hq
NTua muaaIdadun1sn 3.16) ¥aned1uIuveIglnsallszuranardunia nlyaulu
o a 1 1 J
Tua m 1158203 1U UV IHINITAIVANNIS IraveanT A n Nawsold 1ddeginsal

Uszuramardunia

Y =M VYme N (3.16)

a d o (Y] a
34 ﬂ1§'J!ﬂi'lZﬂﬂ?]ﬂ“ﬂﬂ“ﬁjﬂumﬂﬁﬂaﬂﬂiﬁﬁl

a 4 Aa A A @ 9 @ a R a 9 9
ﬂ'l‘i')l,‘ﬂi']z?‘iﬂ'58ﬁﬂﬁﬂ?WWi@ﬂ?TNcﬂﬂcﬁﬂuﬂl@Qﬂﬁﬂ’f)'i‘i/]l]ﬁ'lﬂﬂiﬂWﬂ'ﬁmflﬂﬂ1ﬂ 2 ﬂTﬁGl‘]f

] o A A . A k4 Y
UAUIIAIUTT (Memory) T3 52UIANATITONDITUIINAT (time) Nozda 1T luns

1Jsunana

o o aw Y 4 a o < & @
dmiuluauideiildadsggndldms TdsunsuFaduduaum@ndsamisoanau
v Y (% a R Y zﬂy A 1 o Aq .
Fudeuvssdanasiu ldoniiuinirennudnldlunsiszutana (Space Complexity) Taw
Y v
Jaldvns1uiudndsnisdadula (Decision variables) WUNN1TAUN (Search space) LAy

, 4 .
$1uuou 1 (Constraints)
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a 4 1 o ~ 9 9 [ af I a S Y
MsAATIEHHUIEANUINA ¥ Iunsdseuianavesdanos suduns BATIZHIIN0Y

9 9 [
T¥ineanudmanuam s lunisdszuianadaneisuiy auaNdeans1us MUV

E4
v A

! o Ay aJos/‘ =
wiheanuiidesldiulianasail
o 9 [ AR o’/’ ] o 9 A 9
1. sldismswndanessuiuamisosessuduiudeyandudmnlszuiana
[ 1 Y
(Input Data) launiigamla e 1¥oanes suiudeamnsalszuana’la
AAY A A Saq Y ' o A
2. nsdindedszunanavunTesnouiinaesnlsaususunatoaulumieie
o & Ay ' o A Y ] Y a=
suiluideanswvuiavesnitsanusinzdesldlunislszuianadanessy
A 19 Y [ o A
o lildnsgnuiumsiauvesaudu
A A [ a P IJa qg/l A o dgl Y 1
3. edenaudnyuzvesneuiunesnaz l¥aadsTdsunsuiwauniuldodns
Y o a :j A A A 1 o (= I ]
mimgau ani laadsiinTeanlimiseanui lidisawe Tosunsunee liemnse

wau'ld

a 4 [ o d’ Y 9 [ asR =
MsAnTIzHnUIeauINaelslunisdseuianavosdanassu mammmmﬁltym

(Problem size) taaaaadnalail

3.4.1 nwuamsmsaaaula (Decision variables)
a o o v A o) [ asxl Qddy .
M3AnsIEHIINdlsmsdaduladmsutuneudsi (Algorithm) Ysznov'ly

1 Y
a1e 4 awilsmsdadula fe @, N7, /7, MD, Fawazdnlsmsdadulaiuiidium

Y
fane 1Tl
] 2 P U ng A o Q/ U a 1 U U
o= M wiu BHwnudanlsmsaadule sy [x||p| &
4
0 = 0,0,0,.. 0 iy Bswaudulsmsdadula @iy |J] 6
Y
Nf = Nfy Nfy Nfys ., Nf, Jatiu Iswaudlsmsaadula Nroiny g @

MD, = MD,, MD,, MD,, ..., MD, #a1iu I8 audauilsmadadula Mp oy [J] @9

9
v

o @ v A 09// o Yo 1 dy
JUU ﬁ]"ll!?]u@'nlL‘]Jiﬂ15@ﬂﬁuclﬁ]VIQWNﬂﬁTN"IiﬂﬂWH’JmllﬂﬂQ@Ii’)ll‘]_]u

SausunlsmsdaduTarianua I&l|P| + ] + ] + |1

3 7+ |x]||P| (3.17)

< . <3|
sunvvaumMsuuuNY UL (Polynomial) Taalugiuuvveaaunisnyuiy
& o [ o @ Y ~ o 9 A @ ~ & 2=
Famognsuaudulsmsaadulandnnalannaunsi (3.17) naasdsnisen 3.3 &9ldd

1 Y tﬂ' d' o (% v A td'
Msunumvesa)simegmsilasunlasvesirudunlsmsaaduls Tugin 3.3 uas 3.4



= d' o % v A d' 1 Q' d? o a =t
uaasnenmsiasunlasvesdriwruanlsmsandulonnos INHUYUATUITIUIUDUNN
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PN | = A 2
WY “]NLLﬁﬂ\1ﬂ\‘lﬂ']ilWiJ“lllM']llE‘]Jl!‘]J‘]J“ll@\iﬁiJﬂ"liW“lf!u”lll

Number of decision variables

Number of decision variables

10

450

400

350

300

250

200

150

100

50

17 3.3 Saudmlsmsdadule e J=10

Qan

600

500

400

300

200

100

107 3.4 Sudulsmsdadule tie J =44

Qo
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34.2 NUNM AU (Search space)

o { 09: ) [ a 09.1’ %
Search space Ao gavoIimouMilu 1l Idnamuadmsudanesiunsellynniu &
Y 1

ak A 9 o A g 9)3 o v A &
9ane3NuHeE 11501 Search space lavnfmaeuiiu il ldnsuavesdsmsdadule &

o A o 9y 3 ' o v a @ A = a
A UN ﬂu"lﬂ"lﬂmwmmaumammﬂsmmﬂﬁu“lmmmmmﬁw 3.1 agUILUING

Y
faae llil

PJul'18de o uaz 1 uazdwlsmsdadule A7 Bd1mu

dvisuauls £ Inmevi

E4
v o %

1 4
daulsmsdadulasiiny [K||p| §2 daiu dudsmsdadule 4 daeufiduly 1dianus

Wy 257

dmsuds o dfeeundull1daednuduuin Taesmualfmiiuaaei
Y
X wagdwlimsdmdule @ innudulsmsdadulomiiu 1] @ daiudulsmsdrduly
v Y
o figmeuidiu ) IdWanuamiiy x’
dmsudunls 7 Bimeundu il Idfaed uduuin Tasimualimidiuaing
2 v A A o % v A 1T W % 2 09/’ U v A
Y sazdwlsmsdaduls a7 iswoudunlsmsdadulamiiu 3] @ duiudunlsnsddula
1 Y
N7, Bifamoudiniiu Tl 1&famuamimy v/
) [ @ A o A g YA o < o Y 1w
dmsudws vp ddmevindullldfes i@y uan Tasdiualiminy
1 d‘ Q % a =~ o U Q =) 1 Q 2 - :’I U
Aaed z nazalsmadrdula up, dhandanlsmsdadulasid 1) @ daiudaunls

[ E4
msduls mp, dmeuinilull1ddeanin 2/

a19d 3.1 agiieevidullIduewdazdunlsmsdadula

fautlsn1smndula Amauflulg
j/ﬂp 21( P
1) X
Nf, Y
MD, z
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° S g vy ! o A o o v A o A
%Tﬂﬂ"lﬁﬂ‘ﬂVllﬂuvlﬂllﬂ‘ll@\‘lllﬁﬁgﬂﬁllﬂi WU VN ATHNTIHIYAATADUN

F4 b4
Wl 1dRenuavesilamannsasiunalddede 1

Search space =2X"x.yY-7

= x-r2z -2 (3.18)

NTUNITN (3.18) ANUAIRAIAINUDITIUIUSDIT U U IUAIINYIIAA Y

g o

' v J { o o ' v J { o t4
0 vy 2, sasiaesdiunwdulondniwes (v M1y 1 Ansivessuiuglnsalsaw
o 4 o [ Y [ @ 1 4
dyaranazginsainendyin (2) My 1 azlinisdsvvmnavesdinilsaig q iegnis
= o = = =

wWasuudasvesvuia Search space LAANAIAITINN 3.6 Lngﬂ‘n 3.5 AN UUIAUDY Search

A o Y A 1T o £ <3 Y @ ) o v o 7 o
space lﬂJ@ﬂﬁlﬂu@{lﬁ JuUNNY 44 Cl)'\iﬁﬁlinﬁﬂlﬂuulﬂ'[’)ﬂﬁl\iG]fﬂ!fi]uﬁ’]ﬁﬁﬂﬂ?’]uﬁﬂwu‘ﬁllﬂﬂlﬂﬂcﬁ

TwiuFea1uu1Av4 Search space ga11n 9 tlodunnn i & Jawnidu 20 uaz idunis

1w

a T o A o A g 913 103 o =& J
p UAUNINY 15 TﬂﬂﬂJﬂWﬂ@UﬂlﬂuklﬂqﬂﬂﬂﬂNﬂL“I/nﬂ‘]J 35x 10 7 1901 FILANANNITNVUIA

IS

a A Ao A a A = < Y o dy
Search space VOIDUNNDUA) V]ﬁ’lll’]ﬂ"]lllﬂ'f]uwmilﬂuﬂaﬂuklﬂlWﬂﬂmﬂu@ﬂ ANHUSHUUULTA

=} a

] o ! v o J
Idwunan1sN1nsz Taaueauuia Search space tlolis1uaudunmilasu luamanuduiiug

YOIAUNTULLDNE IWUITa

J=44
—— 40EH103 — B
1E+16 — |
oz-1s - M5 - 3.5E+103 | I
gE+HS +—— M- 3.0E+103 r--'""
- o |
] TEHD 1 g 25E+103 |
3 5+ * |
Z SED = 20E+103
§ SEHS - z
= & LSE+103
4E+15 4 B
IE+15 4 _ - 1.0E+103 +
2E+5 ¢ N 5.0E+102 +
LE+13 1 - ' 0.0E+00
OE+00 = o W g
1 {"'-3-‘-'!"1'1 3 |
K P

A L 4 v
?JTJ‘V] 3.5 YHIAVDINUNNITAUH
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3.4.3 313y ly (Constraints)
a 7o A A o Y o w 22 Vo
msuaziuIuteulunieduiudesinavesilyniil Yusgiugiuuvves

A [ a s Qsj 4 aw dy o A Y v A
ﬁummau"lwmaaﬂmmuuu ‘ﬂfNTLJ’Jﬁ]fJGI,‘L!TJ‘VI‘L!E"HllWiﬂLlﬁﬂ\‘]iﬂu’J‘LJN’E]uUlGUqﬂﬂW]ﬁN‘V]

[ [} ~ I A ~ SR A Yo A
3.2 9YNFU aUNITN (3.19) Lﬂu!ﬂﬂullsll'ﬂllﬁﬂﬂﬂﬂfﬂ msmaﬂ%mu’mmmmmammmﬂj

Y
v @

doaihu lawaumsiten luiidmua Taeh j=1,2, 3, ..., J dausanhldeusariusiuou
dou'luldnTsvnumny 7 Qou'ly
7 3 o d' 3 = [ % o d‘ 1

iy Su@eu luanuadumduras e s uutou luvosuaaz aums
A ! o 0 A Yo <
Fou'ly Fagumsmuasiuiu@eu lvaansanaadldasne 11l

. 4

swaw@ouly = g+ ||+ ]+ ] + ] + ] + |K]

= 6:|J] + |K] (3.19)

= ° A
AT NN 3.2 Fl]TL!’(]‘L!l,\iﬁl‘l'!ulsll

aunnsiewle suauiteuls

> fhr=1 vkeD (3.6) X
peP"

k;)p;?}“p feP.x <B, o; VjeA 3.7) ;
w; <W, - Nf, VieA (3.8) J
@, <W,, - MD, VieA (3.9) J
;>0 VieA .o J
Nf; >0 VieA G.11) J
MD, >0 VjeA (3.12) J

= Y I S o o A A
aun1In (3.19) Llﬁﬂ\‘l‘lﬁLWH')']L‘]JuﬁﬂJﬂ"ﬁﬂTU'Jmﬁ]']u?uN'ﬂull“U‘ﬂﬁJE‘]JL!‘]J‘]JﬁiJﬂii
1< . l Y 1 o o A
L‘]JHLL‘]J‘]JWTZH'UJ (Polynomial) Iﬂﬂllﬁﬂﬂﬂg‘lugﬂﬂlﬂﬂ ax+b G]N@YJ@EJ"Nﬂ"lﬁﬂ”luilmilﬁlu')u!ﬂ@u]lsll

Y < £ Y ya ' o A < o A
HEANANANTIT NN 3.3 cm"lﬂumﬁgmuﬂwmmuﬂimaﬂﬂmﬂaﬂuuﬂmmmmmumau"lm 1ugﬂ

v Y 1
a R =

< = < o A A 4 2 0 A =
3.6 uammmmJaﬂuuﬂmmmmmumﬂu”lwmﬂ NN UVUATHITHIUDUNNIUWNUU Y

IS = P 4
HJ1!ﬂTiL!ﬁﬂ\‘]ﬂQﬂ”lﬁlW?Jﬂlu@nllg’]J!L‘UUsUﬂﬂﬁ?JﬂTiWﬂunJ
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120

100

80

60

40

Number of constraint

20 13

I
23456789

16 11 %2 12
13
K 1415 16 17

511 3.6 91U U 1

U

a g

3.4.4 agdanugudouvesdanasii

]
AR

) [ aA I Aa Y o 3
vavedllymidmsudanesnunugluuudlunis Tdsunsudadusruanlu
Y 9 v
NuIvetiszae lidred1muudiuilsnsdadule (Decision variables) WHNNIAUH (Search
space) 11aE 314101 v (Constraints) FIFUNITAITATUIMNONITIUIUNTOVUIAVDIA
' dy I A A 4 @ @ 3 =
marthuaunisniesalszneuvesdinls  Kuaz Pavivvuiaveilyviazinig
d' o d' d' 4! o 3 £ a o
asunlasnusiuan g, K waz P nwasu 'l dedruaudmilsnsdadulanazsiuau
1 v 4
Rouluiinsvuamudulugiluuuvesaunis wyuIn (Polynomial) @IUYUIAVDY Search
= A d? o = . <
space Dunaivudu luguuvvesannisons Inuwdea (Exponential) Taga 113 amiua1

uanandmivvavesym Idluasen 3.3 Welimsunusmdunnuaazai
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J | K| P | swvdwlsdadule Size search space snuidenly
510513 30 1.05E+06 35
s 5|4 35 3.36E+07 35
5| 5|5 40 1.07E+09 35
s |6 |3 30 1.05E+06 36
s | 7|3 33 8.39E+06 37
s | g |3 36 6.71E+07 38
s 110l 3 39 5.37E+08 40
s 15| 3 45 3.44E+10 45
s 120 3 60 1.13E+15 50
wls |3 75 3.69E+19 65
w0l s | 4 45 3.36E+07 65
wls|s 50 1.07E-+09 65
wls e 55 3.44E+10 65
w0l s |7 60 1.10E+12 65
wls s 65 3.52E+13 65
wlslo 70 1.13E+15 65
wl s |10 75 3.60E+16 65
wls s 80 1.15E+18 65




tﬂ' % 1
$1TNN 3.3 mummmﬂmum (919)
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J | K Snudlsdaaula Size search space c‘{innuﬁ;gu"[eu
10| 6 70 1.13E+15 66
10| 7 78 2.88E+17 67
10| 8 86 7.38E+19 68
10| 9 94 1.89E+22 69
10 | 10 102 4.84E+24 70
10115 110 1.24E+27 75
10 | 20 150 1.36E+39 80
s |10 190 1.50E+51 40
6 |10 95 3.87E+25 46
7 110 98 7.74E+25 52
8 [ 10 101 1.55E+26 58
9 | 10 104 3.09E+26 64
101 10 107 6.19E+26 70
151 10 110 1.24E+27 100
20| 10 125 3.96E+28 130
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3.5 TilsunsurievmimneudnsumsUsunsndaduduay

Y a 9 A o A A :al Ao dy Y A 9
iuﬂ1mﬂi’]mwﬂﬂmﬂsmmmuLwawmammau‘nﬂ gauu luauideillamenly
) a L
Ta/511n53 IBM ILOG CPLEX Optimization Studio Taeg3ve lasmsutlasaumsadiamans 1%
Y @ Aa a < ¢ = I
Wuniwvesldsunsy 1IBM ILOG CPLEX TaeTisunsuil 146aneSsudumand iy
Aq Y Yo ) ° Ay Y
nszuaumsn s lumsudiaivesms Tsunsudadulumsnimneunaeims niaNUes

T151n53 IBM ILOG CPLEX Optimization Studio #tera36931/91 3.7

b
b [BM ILOG CPLEX Optimization Studic -e . - - . o 5
File Edit MNavigate Search Run Window Help
Bl ltE®m iz #ss-@vsiii}-qw | Fvita e @
Ho i3 %o | = O|@E*MCc20bimed 52 je 5= Outling %= 08
T - 1y @ using CPLEX -
4 122 20 P 2 o Internal data (4
. [ Run Configuratil 9" * demand: range 2
20bj.mod : CPLE _ - <+ link: range L4
i 3 - de: range
(& 20bj.ops ) > no g
gzﬂbj.dat f <> path:range
4 .bo cos239 2int nblink=...; //number of links in network é.s Bxtemal data (22)
» 3 Run Configuratii S range link=1l..nblink: ¢ BLC flost
C i . T 0 Bw:float
CO5230.med: C 10 int nbdema .i //numker of demands in network * C"EV ”c>
g CO5239.0ps 11 range de .nbdemand; © oat
[ cos239.dat < 12 int nbn //number of nodes in w0 CG:float
q L e 8 13 range no bnode o CLC:float
14 int nbpa //mumber of path set in tw -0 CMD: float
e o * =0 15 range path=1..nbpath; -0 CO:float i
. . FOn .o
@B = = =
17 //float Cost=...; / / costy bound, = Properties &3 8
Solutien with chjective 1,0¢ = 18 }::> =
MName Value o 12 float CLC=...; g of line card -
= El < I o r Property Value
4 gg Data | - = B
.o BL40 [ Problems Esmptingig (5 solutions 32 72 Conflicts| & Relaxations| 7,7 Engine log| @ Statistics| % Profiler x BE = O
@ Bu 23 // MILP objective 1.0461200000e+003
o CE2TI // MILE sclution mozm |x| (Total, Max) 24024002 1.29200e+002 B
o C(7.24 // MILP solution error (Ax=b) (Total, Max) 0e+000 0.00000e+000
o 917 /{ MILE % bound error (Total, Max) 5e-016 2.22045e-016
« Cr1083 // MILP ® integrality error (Total, Max) 6.661342-016 2.,22045e-016
- Cr N AR /# MILP slack bound error (Total. Max) 2.22045e-016 2.22045e-016 Z
‘
122 1 items selected 00:00:03:98
=

‘ﬂﬁ 3.7 w19 11/51A53 IBM ILOG CPLEX Optimization Studio

1. nw1etav 1 (oplproject) uaadlWd Iasan1s (projec Nilaog Usznon Tl
Y
#1283 au Ao Twaa 1Wd (x.mod) M@ W8 (*.dat) naz wada 1nd (*.ops)
2. WIEEY 2 (model file editing arca) taaantadminlamdilddnammia
~ o o v dy 9 A o Aa 9 o < £
Nga Tasmduvaril laudasunnnaumsadiamansveans lsunsuFadu 1uuan 49

Usznoulildae duilsdaduly Hedduingiszasd vazaumatouly

N o [ 1 { g @ 09/1 i
3. MUY 3 (data file editing area) naraesntharedm sy lddoyandludnls naneg

[ = a d . Y ' dy ~ Y o
Tugtvesdlsandeinaz lugiveuuaing (matix) Yeyamartlazgnizenlylunisfiuim

Tasfdaluluaalva
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Y
1 o [ % 1 a 4
4. MU101AY 4 (setting file editing area) LT AN U 1A 1A 1M TVAIATINII 10 1A DS
ModiudIneunangald Insan1s 1HuU MISIINANAIUVDINA WAL HHITAIU T
<
(memory) wudu
{ 1 1 4
5. 1N1918% 5 (outline view) uaaalasea s wvesdoyanodluniaisves Tumald
4 Qy Jd o 4 ] 1
ad Iduazisadslia aesdoyalduaaslugluunsienmsiodiieaemansiaaon
6. WUBIAY 6 (solutions log area) AAIR MO LN TSHUATURIMTAUIUNDLAZNIITA
" S o Aad v . . 4 v A o = yyd o
Tminziludnounanga’la (feasible solution) Fdoyamartivzgniiuiin1iTes qaunszna
Tsunsuinmsmuunufneunanga (final solution)
o W A A o &
Mdevuee11/5un51 IBM ILOG CPLEX Optimization Studio fuaadlua1s1en 3.4 dwilu

o <

a J a 9 o 4 9
ﬂ’lillﬂa\iﬁnﬂ’lﬁﬂmGIﬁ’]ﬁﬁjmﬂ\jﬂ’]iiﬂiuﬂiﬂl%\uﬁ iﬂH’JHW]iJLHJ‘]Jﬁ@Q’JG]Q‘]Ji%ﬁ‘Qﬂ le

U

IS A o A A ) @ a
nateunivivesldsunsueviAameunangadinsunisnaununslilnly
A A Yy 1 a Y oA ! Y Y o oA
1A30410 TP over WDM 1o T#tinw luaugavesnsmlilnidosigasiunums ldwasauedied
Uszdnsaminganioldnuhiviueuveansiln Usznovlddredrulsznouaiy

1 A @ v A Jo v 4 A
dau Ao dulsaaduly fenduiagilsean vazaumsitou'ly

~ a Aa I o w
A13197 3.4 msulasaumsagiamansvesns lsunsuFadwiugduoosidaduTsunsy

IBM ILOG CPLEX Optimization Studio

aumsadiarnani | fdalulasunsy ILOG OPL IDE
aulsdaaula Decision Variable

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

N f] dvar int fj[link];

MD; dvar int MD[link];

fadduiaguszasd

Objective function

auN13(3.5)

Minimize w1*((((sum(j in link)(abs(r[j] - (sum(j in
link)r[j])/nblink)))/nblink)- f1_min)/( f1_max — f1_min)) +
w2*(((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 link)(PO*wl[j]) + sum(j in
link)(PMD*MDIj]) + sum(j in link)(PE*EA[j]*£j[j] + PG*EGI[j]1*£j[j]) )-

f2_min)/( f2_max — f2_min));
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M3199 3.4 manasaumsadiamaasveens sunsuFaduiugluuudrdaluTdsunsy

IBM ILOG CPLEX Optimization Studio (Gl' 9)

ﬁ'au"l,m subject to {
aunN13(3.6) 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(3.7)
<= Bw*wljl;
auN3(3.8) ct3 : forall (j in link) w[j] <= W*fj[j];
aunN13(3.9) ct4 : forall (j in link) w[j] <= WMD*MDIj];
aun13(3.10) ct5 : forall (j in link) w[j] >= 0;
"qUN15(3.11) ct6 : forall (j in link) fj[j] >= 0;
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Jagiszasnlumienne

wl w2 Z fl1(x) 2(x) (WAh) Fl1(x) F2(x)

0 1 0 43.43 50930 1 0
0.02 0.98 200 43.43 50930 1 0
0.04 0.96 400 43.43 50930 1 0
0.06 0.94 600 43.43 50930 1 0
0.08 0.92 918.8023 39.385 51696 0.861377656 | 0.024967405
0.1 0.9 1086.084 39.385 51696 0.861377656 | 0.024967405
0.12 0.88 1253.366 39.385 51696 0.861377656 | 0.024967405
0.14 0.86 1420.648 39.385 51696 0.861377656 | 0.024967405
0.16 0.84 1564.541 34.794 52530 0.704043866 | 0.052151239
0.18 0.82 1694.919 34.794 52530 0.704043866 | 0.052151239
0.2 0.8 1825.298 34.794 52530 0.704043866 | 0.052151239
0.22 0.78 1955.676 34.794 52530 0.704043866 | 0.052151239
0.24 0.76 2073.579 32.272 53317 0.617614805 | 0.077803129
0.26 0.74 2181.542 32.272 53317 0.617614805 | 0.077803129
0.28 0.72 2490.068 31.036 54677 0.575257025 | 0.122131682
0.3 0.7 2580.693 31.036 54677 0.575257025 | 0.122131682
0.32 0.68 2547.764 30.643 54314 0.561788897 | 0.11029987
0.34 0.66 2842.406 28.815 56254 0.499143249 | 0.173533246
0.36 0.64 2914.014 29.62 55809 0.526730637 | 0.159028683
0.38 0.62 2936.946 29.25 55797 0.51405072 | 0.158637549
0.4 0.6 3137.988 25.968 58762 0.401576422 | 0.255280313
0.42 0.58 3075.673 24.943 59058 0.366449623 | 0.264928292
0.44 0.56 3243.745 24.566 60179 0.353529815 | 0.301466754
0.46 0.54 3280.391 23.684 61118 0.323303633 | 0.332073012
0.48 0.52 3254.109 23.335 61312 0.311343386 | 0.338396349
0.5 0.5 3248.699 23.335 61312 0.311343386 | 0.338396349
0.52 0.48 3182.028 22.511 61859 0.283104866 | 0.356225554
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[

J 1 1
Tagiszasalunionis (ao)

wl w2 Z fl1(x) 2(x) (WAh) Fl1(x) F2(x)
0.54 0.46 3189.975 22.159 62444 0.271041809 | 0.375293351
0.56 0.44 3161.078 22.067 62511 0.267888965 | 0.377477184
0.58 0.42 3184.991 21.697 63383 0.255209047 | 0.405899609
0.6 0.4 3119.811 21.058 64122 0.233310487 | 0.429986962
0.62 0.38 3138.484 18.899 68294 0.159321453 | 0.565971317
0.64 0.36 3083.046 17.587 70967 0.11435915 | 0.65309648
0.66 0.34 2945.63 17.716 70436 0.118779986 | 0.635788787
0.68 0.32 2754.126 16.633 72011 0.081665524 | 0.687125163
0.7 0.3 2652.921 15.694 74518 0.049485949 | 0.768839635
0.72 0.28 2608.833 14.458 78953 0.00712817 | 0.913396349
0.74 0.26 2406.627 14.356 79011 0.003632625 | 0.915286832
0.76 0.24 2224.296 14.356 79011 0.003632625 | 0.915286832
0.78 0.22 2041.966 14.356 79011 0.003632625 | 0.915286832
0.8 0.2 1859.635 14.356 79011 0.003632625 | 0.915286832
0.82 0.18 1677.304 14.356 79011 0.003632625 | 0.915286832
0.84 0.16 1494.973 14.356 79011 0.003632625 | 0.915286832
0.86 0.14 1312.642 14.356 79011 0.003632625 | 0.915286832
0.88 0.12 1130.311 14.356 79011 0.003632625 | 0.915286832
0.9 0.1 947.9805 14.356 79011 0.003632625 | 0.915286832
0.92 0.08 800 14.25 81610 0 1
0.94 0.06 600 14.25 81610 0 1
0.96 0.04 400 14.25 81610 0 1
0.98 0.02 200 14.25 81610 0 1

1 0 0 14.25 81610 0 1
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Cost Unbalance Improvement
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Abstract

In this paper, we propose an analysis of balanced
traffic planning for IP over WDM (Internet Protocol over
Wavelength-Division  Multiplexing) under  traffic
uncertainty. The integer linear programming is used to
solve this problem. In the experiment, we analyzed a
large network called Nation Science Foundation
Network (NSFNET). Then we planned traffic to balance
under traffic uncertainty. The results show that using
balanced traffic planning obtained by our proposed
technique can improve the balanced traffic in NSENET
up to 30%.
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TRAFFIC PLANNING FOR ENERGY EFFICIENCY IN IP OVER
WDM NETWORKS WITH LOAD BALANCING UNDER TRAFFIC
UNCERTAINTY

Patidja Sangdanuch and Chutima Prommak

School of Telecommunication Engineering
Institute of Engineering, Suranaree University of Technology

ABSTRACT

Traffic internet volume tends to increase every year.
This will result in increasing the energy used on the
core network. Nowadays the core networks that
have been deployed most is the Internet Protocol
(IP) over Wavelength-Division Multiplexing (WDM).
The uncertainty of traffic volume caused by
variations of traffic demand could affect the reliability
of the logical connectivity in IP over WDM network.
In this research, the Multi-Objective Optimization
using weighted sum approach is applied to achieve
traffic load balancing and energy consumption
efficiency in IP over WDM networks. Specifically, the
integer linear programming is used to solve this
problem. In particular, we studied the tradeoff
between two objective functions, including
maximizing traffic balance across the network and
minimizing energy consumption of the core network
equipments. The results show that as the traffic
balancing increases, the traffic tends to distributed
widely across the network links. This results in high
network energy consumption.

1. INTRODUCTION

The usage of electrical power in the related field of
Information and Communication Technology (ICT) tend
to increase every year. It is predicted that the electrical
power consumption in ICT will increase up to 14% of
global electricity consumption. From the situation that
greatly increased in power consumption of the network,
we should consider to plan the uses of electric power in the
network for effectively used. The reason for increasing of
this power consumption is the increase of internet traffic.
This will have direct impacts on the usability of network
devices. Especially, in the core networks that have high
energy consumption. Therefore, it is necessary to plan the
use of network resources appropriately in order to
optimize the power consumption of the network's devices.

Several works have paid attention to investigate the
network planning problems to improve the efficiency of
the network energy consumption. (F. Musumeci, et al,
2012) analyzed the energy consumption of IP over WDM
networks with  different network  architectures.

This analysis examines the energy used to operate the
network by evaluating the energy consumption of devices
in the transport layer with the objective to minimize the
energy consumption. The aim to analyze the energy
consumption of different network architecture is to be able
to choose the most appropriate network architecture.
While the above research studies are important and show
interesting results, but the main issue of traffic uncertainty
didnot considered. However, some researchers that have
been focused on planning the uncertainty of traffic
network. (K. Meesublak, 2009) discussed about the
uncertainty caused by the dynamic nature of the IP-based
traffic. The main aims of this research is to determine the
transit traffic in the network with the objective to minimize
the cost within the network by considering the capacity
that used to support traffic transportation within the
network. They considered the uncertainty of traffic in two
layers of the network. (P. Keeratichairitnara and C.
Prommak, 2012) considers traffic balancing in the IP over
WDM networks. They measured the traffic balancing by
using the Mean Absolute Deviation of IP traffic that
transported onto optical link of WDM. Small value of this
indicator means that traffic tends to distribute evenly
across the network. Whereas high value of this indicator
means that traffic transportation in the network is
unbalance.

In this study, we present an analysis of the impact of
the values of weights used in the proposed multi-objective
optimization model. In particular, we consider two
objective functions. The first objective function is to
minimize the mean absolute deviation of IP traffic volume
transported onto optical links of the WDM layer (P.
Keeratichairitnara and C. Prommak, 2012) and another
objective function is to minimize energy consumption to
transport traffic in IP over WDM networks.

The rest of this paper is organized as followed.
Section 2 presents the definition and describes the
problem formulation. Section 3 presents experiment setup
and shows results. Finally, section 4 concludes this paper.

2. PROBLEM DEFINITION AND FORMULATION
2.1 TRAFFIC UNCERTAINTY

Chance-Constrained Programming (CCP) is usually
applied in order to manage the variables to generate the
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optimal answer (B. Liu, 2009). When considering traffic

uncertainty, amount of traffic cannot be absolutely defined.

We need to estimate probability that traffic volume will
exceed a certain threshold as written in equation (1).
Px>8>a 2))

where  {is arandom variable (traffic volume)

x is a capacity reserved on a link to support
traffic volume ¢

a is probability that x will be greater than ¢,
0<a<l

In equation (1), random variable ¢ has a cumulative
distribution function ®(.) in which an inverse transform is
O(). Define &'(a) =K. value of K will be defined from
probability of random variable, so the equation can be
written as P(K > ¢) > a where x > K. In this case, we
assume that traffic demand ¢ is a normal distribution with
mean (g), and the variance (¢%). Standardizing the
equation (1) using the unit normal random variable (z),
then the equation can be written as P(C—£ > 2) > a
Obtaining == > @"(a), so the equationgof x can be
written in angequation 2).
>p+ o 2

Considering the chance constraint, it can be ensured that
bandwidth allocation on the network will be more than or

equal to the amount of traffic uncertainty (¢ = + @ {(@)o).

Therefore, it is guaranteed that the network can handle the
uncertainty of traffic volume up to 100(a) %.

2.2 PROBLEM FORMULATION

To achieve traffic balancing in IP over WDM networks
under the traffic uncertainty with efficient energy
consumption, we propose a novel approach based on the
Multi-Objective  Optimization using weighted sum.
Specifically, we apply an integer linear programming
method. In particular, we studied the tradeoff between two
objective functions, including maximizing traffic balance
across the network and minimizing energy consumption of
the core network equipments. Table 1 defines the notations
used in the mathematical formulations.

Table 1: Notations used in the mathematical formulations

Notations  Definitions

Sets:

A Asset of links in WDM layer

D Aset of traffic demands

Pr Aset of predetermined paths for demand &, vke D

N A set of nodes

Decision variables:

~ Abinary {0, 1} variable that equals equals to 1 if the
demand k selects path p from the predetermined path set
P50 otherwise

w; An integer indicating number of wavelength channels
that are requested for traffic transport on physical link j,
Vjed

Nf; An integer indicating number of fibers that are used on
physical link j, VjeA

MD; An integer indicating number of multi/demultiplexers
that are used at source — destination node of physical
link j, Vjed

Constant parameters:

Va The number of line cards that used by each node m,
VYmeN

T The number of route processor that used by each node
m, YmeN

Bx The number of wavelength channels that were requested
for use by traffic & that wants to transport through
link, YkeD

X The number of traffic data k (traffic demand &), YiksD

e Abinary {0, 1} parameter that equals to 1 if traffic
demand k flowed from source node m; 0 otherwise,
VkeD, YmeN

il Abinary {0, 1} parameter that equalsto 1 if path pe P*
for demand & using link j; 0 otherwise, ¥jed

N The number of physical links in set A

] The capacity requested for link j, Vjed

L The length of the physical link j

E4; The number of EDFAs on physical link j, which can be

obtained from E4; = |L;/S —1] +2 (G. Shen andR.
S. Tucker, 2009), where § is the distance between two

neighboring EDFAs
EG, The number of regenerators on physical network link j,
‘ which can be obtained EG; = |L;/55 — 1| (M. Yagi. et
al., 2005)
B, Bandwidth of wavelength channel
Bie Bandwidth of line card
N The number of slot (line card) that can be used by each
route processor
Wy The number of wavelength per fiber
Wip The number of wavelength per multi/demultiplexers
Pic The power consumption of line card
Pep The power consumption of route processor
D The power consumption of transponder
Py The power consumption of amplifier (EDFA)
Pe The power consumption of regenerator
Py The power consumption of optical switch
Py The power consumption of multiplexer/demultiplexer
i The unbalance index of traffic load in the network
f The sum of power consumption of all devices for
: transport traffic demands in the network
F The value of the first objective function is normalize
F The value of the second objective function is normalize
Fn Minimum of the first objective function
SN Maximum of the first objective function
4 Minimum of the second objective function
1 el Maximum of the second objective function
wr Weight values for first objective function
W Weight values for second objective function
Objective functions:

The First objective: Minimize the mean absolute deviation
of IP traffic volume transported onto optical links of the
WDM layer (P. Keeratichairitnara and C. Prommak,
2012).

1 jed
h=_ 3 m= " @

The Second objective: Minimize energy consumption to
transport traffic in IP over WDM network which can be
written in the mathematical equations as following.

f2: ZPLC sx ZPRP'YM+2' ZPu'ﬂk+ZPo'mj
mel mel kD JeA
+Y Ry MD,+ Y (B, -E4 +P,-EG,)-Nf,
JeA JeA ! 5
Both objective functions in equation (4) and (5) are
normalized by using an equation (6) as follows.

Fl:—fl’ﬁm, and Fzz—ffflm O]
R =1" i A
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multiplying the objective function by weights
Minimize z=w.F+w.F, 7

The proposed problem consists of constraints (8) — (14)
which specify the optical capacity limitation and the
network specification.

Pl VkeD ®
KZDPE?;-J‘*"’%SB&,-@J Vied ©)
@, W, -MD, Vied (10)

o, <W,-Nf, Vied an
20 Yied 12)
M=t Vied (13)

MD >0 Vied 14

Constraint (8) prevents duplication of a route selection
in the network by indicating that traffic & can select only
one path from the paths defined in set P*. Constraint (9)
ensures that the sufficient number of wavelengths is
provided for an optical link j, so that link ;j can
accommodate the fluctuation of traffic volume transported
through a link j. Parameter x; incorporates the variation of
traffic demand in order to guarantee that the network can
support the traffic uncertainty. Constraint (10} ensures that
the fiber optic is sufficient for the number of wavelength
that used on link j. Constraint (11} ensures that the
multi/demultiplexers  have sufficient number for
wavelengths on link j. Constraint (12) — (14) specify that
w;, Nfj, and MD; are non-negative number.

The following equations are used to calculate essential
parameters which are applied in the constraints.

Equation (15) calculates the amount of traffic that flow
on link j. It is the sum of all traffic & that flow on link j in
the selected route p.

n=Y X8 x Yied (5
keDpeP*
Equation (16) calculates the number of line card that
used on node mz. Tt is the sum of all traffic demand & that

flows from source node m divided by the bandwidth of line

card. .
Zkak
y —=| kD

B, VYmeN (16)

Equation (17) calculates the number of wavelengths for
traffic demand & It is the amount of traffic demand &
divided by bandwidth of wavelength.

xk
ﬂfH

Lastly, equation (18) calculates the number of route
processors that needed on node m. It is the number of line
cards that used in node m divided by the number of line
cards that each route processor can support.

174
Ym =" 3 ]
N;.

YkeD an

YmeN (18)

3. NUMERICAL EXPERIMENTS AND ANALYSIS
3.1 EXPERIMENTS SETUP

In this section we present numerical evaluations of the
proposed Multi-Objective Optimization model. In our
experiment, we adopted the IP over WDM network of the
NSFNET which consist of 14 nodes and 44 physical links
(Y. Miyao and H. Saito, 1998).

The constant parameters used in our experiments are
given in table 2 and table 3. We considered 100, 140 and
180 IP traffic demands between 100, 140 and 180
source-destination node-pairs, respectively (randomly
selected). We consider the traffic uncertainty based on the
normal distribution with a value of mean and standard
deviation of 2 Gbps and 0.19 Gbps, respectively (P.
Nualmuenwai and C. Prommak, 2011). Specifically, we
consider 90% traffic uncertainty guarantee. So, we
obtained the traffic volume & equals to 2.24 Gbps.

The weight coefficient w; and w, were applied in the
experiments. The relationship between the weight
coefficients is that, given w;, w, = 1 — w;. Solving the
multi-objective problem, the maximum point found is a
particular point on the Pareto front corresponding to the
weight coefficients used. An approximated Pareto front
can be generated by solving the multi-objective model
many times using different weight sets. In particular, our
experiments vary w; from 0 to 1, with a step size of 0.02.

The traffic planning for energy efficient in NSFNET IP
over WDM network was solved by implementing the
mathematical ~ formulations with the ILOG-OPL
development studio and inputting a set of predetermined
paths for each traffic demand (P") to the model. Then it
was solved with IBM ILOG CPLEX Optimization Studio
version 12.4. Computations were performed on Intel®
Core™ 2 Duo CPU speed 2.1 GHz RAM 3 GB DDR2.

Table 2: Input data for model and simulation

Input Value

The distance between two neighboring 80 km

EDFAs (S)

The distance between two neighboring 400 km
regenerators

Bandwidth of wavelength channel 2.5 Gbps

The number of wavelength per fiber 40 wavelengths
The number of wavelength per multiplexers 80 wavelengths
and demultiplexers

Bandwidth of line card 40 Gbps
The number of slot {line card) per route 16 slot card
processor

Uncertainty guarantee levels 90%

Amount of Traffic demand between 100,140, 180
node-pair

Table 3: The power consumption of devices

Devices Power (W)
Line card 415

Route processor 166
Transponder 345

EDFA 25
Regenerator 100
Optical switch {OXC) 15
Multiplexer/demultiplexer 811
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3.2 NUMERICAL RESULT AND DISCUSSION

Figure 1 plots the results of traffic planning for 100,
140 and 180 traffic demands over the NFSNET network.
The graph compares the network performances in term of
the unbalance index representing how evenly traffic is
distributed across the network and the amount of total
energy consumption to transport all traffic demands of
each case.

The points in figure 1 are the minimum points found
with different weight sets. It can be observed that as the w
increases from 0 to 1 (from left to right of the X axes), for
the case of 100 traffic demands, the amount of total energy
consumption increases about 2.1 times (from 38,000 WAh
to 78,000 WAh) whereas the unbalance index decreases
about 3.5 times, 1.e. the load balancing increases about 3.5
times. For the case of 140 and 180 demands, the amount of
total energy consumption increases about 1.6 and 1.4
times whereas the load balancing increases about 3.5 and
3.0 times, respectively. We can see that as the number of
traffic demands increases, the proposed model can achieve
about the same ratio of load balancing at lower ratio of the
energy consumption.
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Fig. 1. Compare the energy consumption and the
unbalance index using weighted sum approach at traffic
uncertainty guarantee 90%.

4 CONCLUSION

This study presents the Multi-Objective Optimization
using weights sum approach. We formulate the problem as
an integer linear programming problem aiming to select
the optimal path and the sufficient capacity for traffic
demands, based on its uncertainty with consideration of
two opposite objectives which are to minimize unbalance
index of traffic on links in IP over WDM networks and to
minimize energy consumption to transport traffic. In
particular, we use weighted sum approach to transform
two objectives to single objective and compare effect of
weighting value in each one. The numerical results show
that when compared the case of low traffic demands with
the case of high traffic demands, the proposed
multi-objective model can achieve about the same ratio of
load balancing while the case of high traffic demands has
lower ratio of the total energy consumption. This means
that the proposed model can improve the energy
efficiency of the networks that carry high traffic volume.
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