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Abstract

This research presents a study and development of traffic planning techniques for energy
efficiency in IP over WDM networks under traffic uncertainty consideration. The aim is to
improve the traffic transmission in the IP over WDM networks in term of the energy
consumption and the traffic balancing across the network’s links. The proposed traffic planning
techniques applied the Integer Linear Programming that specifically takes into account the traffic
uncertainty characteristics.

Our key contribution is that the proposed traffic planning techniques can yield the
efficient traffic transmission paths that reduce the energy consumption of the IP over WDM
equipment and provide sufficient bandwidth to accommodate the variation of the amount of
traffic at the specified traffic uncertainty guarantee.

Experimental results show that the proposed traffic planning techniques outperform the
other technique in literature in term of the energy consumption, the traffic balancing and the

traffic uncertainty guarantee.
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ﬂ‘UtW]ﬁZ’J@lQﬂiZﬁ\‘]ﬂ Iﬂ&m wtw,=1 %QﬁMﬂTiﬂﬂQﬂiZﬁ\‘lﬂlﬂElﬂlﬂltluhlﬂﬂﬂﬁuﬂﬁ‘ﬂ (3.3) uay

T ¥eaun1sH31 MOO Model (Milti-objective optimization Model)
Minimixe z=w/k(x)+w,F,(x) (3.3)

o A = A=A
VA
Fy=LW9=L A (3.4)

ﬁ max _ 2mm
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H 1 Jd o { y
£m e aweslentu £, Mrleenga

q

A
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£ Qe mweslansu f, Mnige (W)
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X min X min
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fl - fl 2 fz
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ZPLC 'Vm +ZPRP 'Ym +2'ZPrr 'ﬂk +ZP0 "0,
min meN meN keD jed —f‘zmin
ot
|+ By -MD,+ Y (B, - EA, + B, - EG,)- Nf,
jed jed
+W2 max min (35)
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w, fio Morsiiminveslenduiaguszasan 2 Taoh w, =[0,1]
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9 1
3. e i landauaeleudriwe iy (fiber optic) HifigaNoAdIILINYBIANNEIIAAY
Hq 9 oA .
AFavuuuviedwonlog
<W.. '
o, <W, -Nf, Vje A (3.8)
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A Y ] 1o t4 J o . . g
4. o v laniuauginsalswdyiauayguniaiendaynias (multi/demultiplexers) 1

==t 1 o A A 9 1 A
NiiganedaiLIUANNIIAIUR IF M IUsAoN Tod )
@, <W,.,-MD, VjeA (3.9)
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A 9 o A Y] a a ~ [ ] 1
FuNIIN (3.13) Gl“lfﬁluﬂ'lﬁﬂ'lu’Jﬂ!ﬂ’NiJﬁﬂiﬂ\?ﬁ‘ﬂ‘ﬂﬁiJ'lleT]i'W‘lV‘lﬂ‘ﬂsUuﬁQWWH‘Uuslﬂﬂ
A I ) a ~ 9 [ ~ = A 9
wouToe Taalunmsmurndsuausivvesnnuynldsessvlefinsmilnilinnudonis

YuFIUHIFouTeq
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keD peP*

aumsn 1 lumsmuusiuIumaesaugums Inavesns il (line card) 146911
{ @ { 3 a { ]
NTua muaaeasauns (3.14) Wuwasawanuguesnnnailn £ 1 lvaduTuadunia m
k) Ia 4 a
WITMBUUURIANVOIWHIITAIANMNT Inaveans iln
25T
Vv o=|*L— VmeN (3.14)
" B

LC

ﬁumsﬁi%’“lumiﬁmmﬁ’mmeumcﬁmﬁ’igﬂpmmmm’méu (Wavelength channels) ﬁ
IFoudmsunamndoya £ nansdaanmsi ¢.15) FuiuanuguenSuamswlia ks
Srenuusiniuestesdyanunueaay

B, = % YkeD (3.15)

(2]
Aq o o o Y Aq v A
aunsnlFlunsiuradiuauginisilszuranaidunig (route processor) 1411
@ { X o J {
Tua m ugaaasdunsn (3.16) Fenotuaruvesglnisilszuranadumenldaululua m

Y o A Y Y1 %
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SATRIRR
Y = d VmeN (3.16)
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T1J51n53 IBM ILOG CPLEX Optimization Studio Taggj3ve lavinisutlasaunsadiasans
k4 @ a a <3 : <3|

I unwuiveeldsunsy 1IBM ILOG CPLEX TaeTisunsuil148anessudumand suilu
QY v a 9 o A v Y

nszuaumsnlslumsundymivesns Idsunsusadulumsmmaouidoans niag

¥9411)51A51 IBM ILOG CPLEX Optimization Studio a@3A9317 3.2
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[ B
-

b IBM 1LOG CPLEX Optimization Studio L . -
File Edit Na\rlgate Search Run  Window Help

= =
-
] | ‘

T & R SRR @
FHo #p| =0 @ "M 208 mod 97 B MC20bjdat | & MC20bjops | = (5 outline Mm=a
| s ” e @ - | @ using CPLEX o |
B @ Tl )

| ok Internal data (4 Ti |
> @3 Run Cnnf\guratl il Ei hid c.iemand : range
[E) 20bj.mod : <> link: rar
T 20bj.ops
(5] 20bj.dat
& 1‘70 05239 gint nblink=...; //{number of links in network
» (2 Run Configurati G range link=1,.nblink:
[@ CO523%.mod: C 10int nbdemand=...;
(g COS5239.0ps
[E cosz39.dat
n

<> node:r

<> path:r

Constant parameters ————————————————=

{/number of demands in network

number of nodes in nectwork

Pl ) 1 3

= — //number of path set in network
W S H]  15range 1 T r @ K i
B =, 5 ; = S =5
| 17 fftloat Cost—: . i f/cost bound ,E Properties i3 <
Solution with ohjective 1,0¢ ~ | 18 g |
Mame  Value = 1% float CLC=...:; //Gear of line card T - L
T El F i : i Property Value 1
@p Data = = = E = = = = <
o BL4O [l Problems | Scripting log [F= Solutions 52 2 Conflicts| = Relaxations | £, . Engine log | I Statistics| %, Profiler Ex gE = 0O
@ Bvls // MILP cbjective 1.04 00024003
@ CE277 // MILP soluti . 1x] {Total, Max) 2.8 2 1.29200e+002 @
o CL7.24 /{ MILP solut r (Ax=b) (Total, Max) 0.00000 " 0.00000+000
o Cl917 // MILE x bou (Total, Max) 2.220452-016 2.22045e-016
o Cr1083 // MILP = integrality error (Total, Max) 6.861342-016 2,22045e-016
a Crnée {/ MILE slack pound error (Total. Max) 2.220452-016 2.22045e-016 =
E:D 1 items selected 00:00:03:98
- —

9

51t 3.2 e 151031 IBM ILOG CPLEX Optimization Studio

1. nw1etay 1 (opl project) e a9l a Insan15 (project) M1llang Usznon 11l
' 7 s L 7
#1183 dau Ae Tuaa 1nd (*.mod) mdn 1@ (*.dat) taz aaa lWa (*.ops)
2. WH9aY 2 (model file editing area) taaerthaadmsulamden ¥muraai
A o W v Ay v a o a 9 o s X
ange Taomdunaril ldulasnninaumsagiamanivesns IsunsuFadusuiwdy
@ v A dou o 7 4
Usgnovulidae dutlsaaduly Mensuingiseasd uazaumsion’ly

.. ' 9 [ ! { < @ Yy A
3. 1W19IaY 3 (data file editing area) taasvihgdmivladoyandudiuls Nifieg
@ = a 4 . 9 U dy = Y o
Tuzdvesdmlsanfeinaz lugveuuaindg (matrix) Yoyamaiazgnizen 1o lunismiuia
o W 4
TagmaaluTuaalia
[ o [ g‘u J a 4
4. ¥iN1Y1QY 4 (setting file editing arca) A AIH U 1A 1A 1M TUAIAINITITIADS
Mol inouNaNgali 1asIn15 1HU NITTINAMATUVDINALALHUIGATNT
I
(memory) Fludu
y 1 1 4
5. mueaw 5 (outline view) taas InseaivvesdoyanogluniarwesTuaa lild
¢ L s o L 4
aan llduazimanalia daissetoyaliuaaslugiuuusemsiedisaenmsasiaaou
6. MUY 6 (solutions log area) LaAIA 1B UM 1Y sUNTURINITAIUIM N LA
a T & o Ao A Y, . . & 9 v X o = YA
nsanIzilufmaeunanga’la (feasible solution) HdoyamartivzgniiuiinliGes o

nseN lsunsuimsaanumaoUNaNga (final solution)
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A15199 3.1 uaaan1d9vee1150n5Y IBM ILOG CPLEX Optimization Studio 11 1@91n
A 4 a Y o <] o 4 Y3
msuwlasgumsagiamaasuesns lsunsuFuduinuduunuaesiaglseasa Thilu
tﬂ'dd

muwedlilsunsuinommaouiangadimiunsnamunsmilnluaied1s 1P over WDM

FaluauvesTisunsutlsznoudae dulsaadule Wedduingiszasd nazaumstou'ly

13199 3.1 Mmsudasaumsadiamansvesns lsunsudaduiiuziuuudmdaluTdsunsy

IBM ILOG CPLEX Optimization Studio

aumsadiaenaans | srdelulsunsu ILOG OPL IDE

audsaaaule Decision Variable

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

Nf; dvar int fj[link];

MD; dvar int MD[link];

Jou  w J
WanFuingilszeaad | Objective function

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]) +

fqun13(3.5)
2*sum(k in demand)(PTR*beta[k]) + sum(j in link)(PO*w([j]) + sum(j in
link)(PMD*MDI[j]) + sum(j in link)(PE*EA[j]*fj[j] + PG*EGI[j]1*fj[j]) )-
f2_min)/( f2_max — f2_min));
L‘gau"lm subject to {
auN13(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][jI*flk][p]
auN13(3.7)
<= Bw*wl[j];
auN13(3.8) ct3 : forall (j in link) w[j] <= W*{j[j];
aunN135(3.9) ct4 : forall (j in link) w[j] <= WMD*MDj];
aunN13(3.10) ct5 : forall (j in link) w[j] >=0;
aunN1s(3.11) ct6 : forall (j in link) fj[j] >=0;

aunN13(3.12) ct7 : forall (j in link) MD[j] >=0;
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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
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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
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M 44 (A0)

wl w2 Z fl1(x) 2(x) (WAh) Fl1(x) F2(x)
0.5 0.5 3248.699 23.335 61312 0.311343386 | 0.338396349
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
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0.62 0.38 3138.484 18.899 68294 0.159321453 | 0.565971317
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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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