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ABSTRACT

In this paper, a logical topology design algorithm is proposed for high speed packet switching multihop wavel-
ength division multiplexing(WDM) network. Recently, there have been many researches on a logical topology design.
Most of them use the multicommodity flow algorithm for traffic routing in their design algorithms. However, their
traffic routing algorithm can not bound the end-to-end packet delay. To remedy such problem, a hop limited traffic
routing is used in our logical topology design algorithm. In this paper, we formulate a logical topology design as
an optimization problem with the objective of minimization of maximum link congestion. An efficient heuristic
algorithm based on simulated annealing and linear programing is proposed to solve such an optimization problem.
To analyze and compare the performance of our algorithm, we run our algorithm with various network configurations

and traffic patterns.
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AL FE37] 4 oz AA"Hn e FHol
S gclEs(wavelength division multiplexing)
Holth. AR TF WE sty BHFel A
2 O& A3E e 599 FZE AR
ol E HFdte Ao 7 BN Huy HAANFH
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3ME += 5 access node Thol| d¥ gl opto-electronic
conversion) §lo] H3& AL 4 = Fald(optical
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T 1. () REEYTE ENZ] E2H EEEx
Fig. 1 (a) Physical topology of WDM network

]

Iy 1. b) FFEEEs MEAY] =2F EE2x)9 o
Fig. 2 (b) Logical topology of WDM network

@Edy a7y met 54 4% ¥ ¥4 A
Aot A7e Qoo el 2@z 47 340
et d-18](21]

Tl ol dFEL 3T 542 2 regular
graph-shufflenet, de bruijin graph, kautz digraph, hyper-
cube, torus E59 EAE =L o2t regular
graphEE FE|F AU WEHAY =l
EERAZ A" ool e =&sAvh ey
AA wrelel ggdAe nEskA] v wEo)
A MEH S Egdy EX¥ tis] 2 A3do] U
7] 9aiMe= oA regular graphE B3 EE 7R
od W&A7lE wWde] mctelolol v gk olefd
7 FE dAFEe] @ AFEelth QW
o] ATEL oﬂ*@% B 84%E d¥Her 5
%M 4% Wt e HHe ot wmed EEEX
o s 1*]?}0}51 Atk Ak ez ol2d &
X EEzAze Wee 1 A% 7 YEYD w
S Nelgh B9 N olgen kel dge

E Q77 heuristic dnFE Ags Utk @

2

iﬂ

‘?j FEo] AFEc] 54 HeH regular graphE =
2y BEEEX li AHEEE olf e 1) 2eEZe) B4
oy E3 Aozt &4 i) A EdY

www.dbpia.co.kr



EEO0EE $3EEUEs UEYAE 91§ Minimum Congestion& 28 w23 EZ2x)9] H4)

E¥o 3L H3 #53AE 44 ol F Uthe ©
Atk 23y o o] oY¥i k= 2 FoZ Q)
T EE2A WAA A gf"e] uf e ¢
o] gtk ol2i§ olf= HIo| BdE Psim
 OH 29 d7EL 53 Yo Y=g &
A EEZgAd tgAl7e dile] FolA =gy g
Fao) Wl o "elr}l deAe 2 Z(EEY 7
2o regular graph)E F3h= WHE Atz Uk
o] Rl Ad7EL VEYA A& Hu, H
AN 2D T& A4 D) L& Hd P2 con-
gestion?] HA23E 1 A% Wt 2 ARG

B =Rdie @W3 28 H e Asgd
olg} & WMy =2ld EE2X HAE HF
3 242 Fosln 3} EAE F 4 e heur-
stic &1ug)EFS AAEA "ok J1EY AFdAe
Egye @9H ¢3eEl$2E multicommodity flow
& AHRsln ok o, 4058 A4S
Alol9] pathg A meskx] &st7] wWEel o3 A
F£A] 23t AA H& access nodes] FE AT
Qe 9dE 2an Qo 93 F2e Mg 8
EAHL AR Af =25 ARIA He ¢ ==
EdA HAAA Agr) gadithe otk wepA 1
o e AxA HUZ AP AE AL Zol7] 9
A $A2 $£415 Alole] WA AFE A
pathE2] hop +& A|¥sle Hel YaF Aok £
=R A 71Ee AREIHE 28 =gd EERA
AAE A% HH3 EAo] 29 ZE hop 7o AY
2z WA Adsn Uk

B =R AL o2y ok A 2 oM =g
A EE2A HAE AT HH3 ZAE HelFd A
3 Aoxe Ao A3l FAE F F U heuristic
gz Fdl tiala ARk A 4 Foe AdE
dnz|Eel 4% HE 9 AT 49 ARE A
B3in np e A 5 FolA AEE derh

I1. 28 3

ol AME =2|H EEgx HAE AT AH
3} BEAE Aot =2ld EFR2A| = directed-graph
& AMREA BAE = 3len slEe ApEdAAY
regular graph MElE 7} %) M3 EAle] 27 3
+& A7) e wA g & FHe g Itk

Ae] 2.1 : Congestion Cy
=84 €32 (,HE Avte BE pathel #FE £

ol 2 =813 A (ij)2] congestione]ety H-=
W CiE EAIRCh

A 2.2 Crax
Cumax = max{C;; : for all logical link (i,j)}

A9 2.3: HHe =2lF EEZEXA
Coax @°) 71 A2 =813 EEZAE FH3FH9
EFgXegln Fjt

o] HoE uigoer B =EdMe =dd E
E2x gl A% A3 EAE B A AY
Z270& NEAINBA Cone & H2ZA7E mixed
integer problemo.2 o3¢t HA3 FAME A9
817] 98l AHER BlE WA Holm 1 Ho &
oA Hod HH3} A Poincongesions ABITH

Notation
M : node number
D : node degree(= transmitter/receiver number)
source-destination pair (i,j):ij=1~M, i *j
(i) * G,
R; : source-destination pair (i,j) Alole] By g3
H: ¥& path®] maximum hop number
G(N,L) : logical topology
N :node set, {1~M]
L : logical link set, {(m,n):m, n & N}
Imn = 1, logical link (m,n) & L1 7%
0, 2eje] A¢-
Cmax : maximum congestion
NP;; : source-destination pair (ij) A1°}¢} & path number
Py : source-destination pair (ij) Ato]e} k#s) path
Py: {Pi* 1k = 1 ~NPy)
P: (P*:for all source-destination pair (ij), k=1~
NP;)

Hi*: Pi*9] hop &
PC;*: path Py'ol] &3¢ &%
P™ = 1, Pyi*7} logical link (m,n)& A& 3$

0, 191¢] 75

Pmin—congestion

min Crax
subject to
lom =0, m=1~M 1
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2 dm=D n=1~M @
2 lm=D m=1~M (3)
lom=10,1 @)

NP =1, for all source— destination pair(i,7) (5)
HY <H, for all PP )
ka.Mu,, PCt =R, for all source~ destination(i, /) (7)

P}:P (PCY - PTY < Crax, for all (m,m)el  (8)

Crax, PCE20 ®

919] Ao A constraint (1)-)7ARA = =28 BEEZ
27} D-regular graph7} Eojo} & uepdt} o7
o HsldA =23 EZEZA):= strongly-connected graph
7} sojot 3t oA FA FoolA] Al
Constraint (5)+= % E source-destination Alo]ol] Holg
Bli} o)de] pathr} EAFci= AE ofnjsiy o|&
source-destination Alo]2] E#jj#lo] o] pathEol 2s)
A AdE £ 9SS UERdnh 2 =dddMe EY
8F%& source-destinationel] @& ojol & tHZ o
2 7Pg%c) oA e BEEUEE YEYA ATM
e W2E HALshe ZFol +83th. ATM 4 A
+2 9siAx 2t access node Zte] virtual path(VP)ZE
AFd Fv= Aol T oY AL d9 #e
A Zert festA Eok v 7l8He g con-
straint (7),(8)-2 source-destination A}e]9] Egj¥ g}¢-
g8 9|3 multicommodity flow 2118]%4-8 path-arc
formulation®. 2 ¥A% o EHY Q-pde £F
& efnighe F#3ick Constraint (6)& path®] hop
Z Agsl7] 1% A2 pathe] hop =+ path7l R
A He =2y #g3e gk oleh g pathe)
hop 47} A& +£ source-destination Alojel Zzt
koA HAAQ] A7t o] "astA "ol wet
A, 29 #2e Azkd Xelz A dAde AL
23] flalM o]9h o) pathe] hop +& | @A
# Fojr}

III. Mot etnzlE

o HelM Ao wEH EEIA AHA FA
Prin congestion = 1 A 88 | & F& 4~ §1cH20]. whebA]
heuristic ¢312]&S A&l HzA o) 7}7}-&(subopt-
imal) solutiong€ AT}t ¥ EFolr= simulated

annealing(SA)[23]& o] &3l%t}. Simulated annealing
2 e EAE 2= 29 P4¥(local search) heuristic
© 2 YRFAQl heuristic algorithmo] 29 %4 Zklocal
optimum)-g& 786 W] genetic algorithm[23]3} ¢
Ho] M9 H23Hglobal optimization)d)] ©] 88 F ¢l
+ dmElgolth ©]32 simulated annealing?] wayut
o] 7)elehe= Ao g A solution gt¥}t L neighbor
solution #t-S MY|iEle] neighbor solution gto] &zl
solution ZtE T} AU 739 neighbor solutiond & x|
solution2.2 3la] ThA] g4 Fich e ukdle) A
T+ 71#9] PAXY A solutiond N2 {31
%31 4 FEE 7P neighbor solutiond &)
solution®. 2 AfEigic}, o)zig EAo g Qs 7o
Aol "Heoly g8 o] U2 HAAHYE &g F 9l
Al At

SA algorithm& 483}7] 98 o 22 3o g
Cid=g

49 3-1

X : feasible solution set of Princongesion = {GN,L)}

z(x) : objective function defined over X

neighbor(x) : randomly selected feasible solution in the
neighborhood of x
neighbor(x) *+ x, neighbor(x) € X

T : current temperature

NeguiLisrium : max equilibrium  iteration number

Nanneaune © max annealing iteration number

o]% o]% Pmimcongmiun'% Sl”]?} SA algOﬁthm% L‘}E}LH
W ke gk

SA algorithm fOI' Pmin—congestion (SA_Pmin-congestion)

Step 1. Select a initial feasible solution X at random
Set Xopr = XCURRENT = X0
Set Zorr = Zcurrent = Z(X0)
i=1
Step 2. j=1
Step 3. Set xnew = neighbor(Xcurrent)
Set Znew = Z(Xngw)
If Znew < Zopr then
set Zopr = Znpw
SEt XOPT = XNEW
end if

If Znew > Zcurrent then

3266 www.dbpia.co.kr
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set xcurrent Such that
Znpw with probability exp(— —Z—"Eﬂ—_—f—@w—%

Xcurrent With probability 1— ext{— __ZML;;QE&M)

XCURRENT =

Step 4. If j < Nequiirium then
set j=j+1
goto step 3
end if
Step 5. If i < NANNEALING then
set i=i+1
change curmrent temperature T
goto step 2
end if

theoll&= SA_Pmincongestion GLE]F-& Z7]3l, neighbor
x), 2(x) o} Bys £o2 43t

3.1 =7\

RE heuristic algorithme]] o1 Z7|&je] HAB &
olF Zgslth 1 olfE oW ZUslelA 2UsA
Yol otet HF Fate] M) €k + Wl dE
otk vt F& 2UIAE Vg & S itk o
A 74 e 2788 ol daElEe o W+
ol 1 FeA M} F& EHAE HEe P
@o] Alggcth B eFME o7 X7HE °l&
SA_Pmincongetion FT2AEE FHAA 71 FE& 23
£ 93qrct

SA_Princongesion®] 271812 el At GIN,L)
& strongly connected D-regular graphojojo} B2
2718] AJAJA) strongly connected of¥-E ¥Q)&tcdo}
gt} strongly connected D-regular graph® ¢2}2 A
HA7E gnedEe g Ze] vk B =EelM
= #A D-regular graph& O-1 integer feasibility pro-
blem[23]12.2 AAJA|F| AL strong connectivity check &
18 Z[24]% £31d strong connectivityZ} THEE o
7}2) random change - link £-& node exchange& 3}
A z2718E IR

3.2 Neighbor(x)

SA @xElE 282 e Fekaat sk GINL)
9] neighbor® A 2]3la 2 neighbor® Y2 Tdhe
walo] A Eolol g} B =FolA SA_Princongesion
S 98] 7% % neighbore] Fele that Zrt

Ae] 3-2 : Neighbor(x)
2 solution xofjA] doje] F ==& Adsld 1
out-going ¥ in-going n-edged B3l AAPEE

strongly connected D-regular graph (n=2 or 2D)

71&e] @Fofjr] o]f=Y HH 2 branch-exchange
[19] && out-going n-edge exchange[20] B¢ 3U=Hl
B e=Rori 29 8o} in-going n-edge exchange
2 o m2sgth a9 29 (2,2)-Shufflenet e}
GIN,Lyoll A 2t kel & BRith 19 2(), ()
oelz Meg T wxrt 24zt 12 a3 56 9 W
9] 2-edge exchange®] <7} ®rh o|2|& oA &
4 g)%o] ¢lojel & w3t edge-exchangew 1 A
2 AYASE neighbor] regularity® 238 Frh
ey} 34 strong connectivity & WEA AT &
ol =8 z217] £X(self loop)t} UHE edgest A
4 % gtk 2 & ¥ 39) ®Ack ¥ 30), ©
o] 7%= MelE T xE Alo]9] edge exchange A
o 21 E§E4de uzE #ad & ok e @9l

(a) out-going 2-edge exchange (b) in-going 2-edge exchange

%] 2. (2,2)-Shufflenetol} A 2-edge exchange2] ol
Fig. 2 2-edge exchange for (2,2)-Shufflenet

(c) 2-edge exchange  § multipleedge Jt M= O

a8 3. Invalid n-edge exchange?] o
Fig. 3 Invalid n-edge exchange
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A4e A e ZoA HAPStdok LR edge ex-
change ¥ A4 ¥ neighbor(x)ol|A] strong connectivity
check d32]&E o83t 11 grFAHE AABIAC

B E=Fox AlE-¥ random n-edge exchange 2]
< Thee] 471x)0ltt.

1. Out-going 2D-edge exchange
2. In-going 2D-edge exchange
3. Out-going 2-edge exchange
4. In-going 2-edge exchange

2} wkAje G(N,L)e| adjacency matrix AE o] &3}
TEEt & =FollA AtE in-going edge exchange
gdunelFE Bold g 2o

In-going 2D-edge exchange

G(N,L)9] adjacency matrix& t}2-3} o] 3 el%ict

a;
. ap
A=1la), ay, an], a;= ith column vector = .

an

Step 1. Set k=0
Step 2. Select two column pair (i,j) with probability

1
v+ G

without replacement

Step 3. If a,;,=1 or a;=1 then
set k=k+1
if k< C; then
g0 to step 2
else
go to step 5
End if
Else
Swap column g;, a;
End if
Step 4. check strong connectivity of A
If failure then
swap column a;, a;
k=k+1
if k<, C, then
go to step 2
End if
End if

Step 5. End

In-going 2-edge exchange

m—edge(i) = {j: a; = 1}
Step 1. Set k = 0

Step 2. Select two pair (ij) with probability ——LC—
N—k 2

without replacement
Step 3. Set n=0
Step 4. Select two in-edge pair (in-edge(i), in-edge(j))

with probability '(?ZL:K without replacement

Step 5. If in-edge(i) == in-edge(j) or i == in-edge(j) or
j == in-edge(i)
O @jn—atge(n,j = | OF @in—odge(.i = 1 then
n=n+1
if n<D’ then
go to step 4
else
go to step 7
End if

else
Set @i dgeln).i =0, Qin—odgetiy.; =1

@in~edget),; =0 Qin—eaget i = 1
End if
Step 6. check strong connectivity
If failure then
SE @in—edgeti).i =1, @in- odpetn,j =0
@in— edget),; = | Qin- aget i = 0
set n=n+1
if n<D’ then
g0 to step 4
End if
End if
Step 7. Set k=k+1
if k< C, then
go to step 2
End if
Step 8. End

3.3 z(x) Eo| ¥y
(e @A JY9d =83 EZaAe 53 ¢
g velick 71E9] d7EoME R multicommod
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ity flow BAE EoJA o] & FEHIAT & =F
M source-destination Ale]9] path®] hop 48 A
37 wEe e A2 dnEE AMSsiA
z(x) & Tt

Step 1. 2 source-destination Ato]ollA] hop 4°7} H
°]3l9] 2E elementary pathS-& T}
Step 2. &3 22 linear program$& ¥t}

min Cpax

subject to

k=$NP‘ PC% =Ry, for all source— destination(i, )
FZP (PCt - P )Y<Crax, for all (m,n) L

Cmax,» PCE20 ©

Step 12 RE source-destination (i,j)¢] Py& F-3h=
Hog B =Fdi elementary path enumeration
algorithm[25]& A}&8t%th Step 1o &4 NPy,
Py Fol AAEY step 20 e 19 2L #EFH
EY 27% RyE Y 2E linear programg £o]
A Coax - &, 2(x) & 734 €oh

IV. 845 Wt

Atd gnegjEe AL AFstn 45E HWukE
71 &AM ® 13 2 4 B4EE dFsn Atd
due]|EE HLA =23 EE2Ae] HAE 3
itk zt AE fAvict 4 R Edg A"
of dalN dnelEFE AW ed EY Hde 7
access node®] E@|¥ o] tl& access nodeE FAME &
Hel & YePATE 2 =8dA Aed EYY dye
o3 2t

R;; = total traffic demand of access node i X scaling;;

> scaling; = 1.0, scaling; = 0.0
i

- Uniform type
scaling; = , 1F)
d access node number — 1
- Ring type
i 1y = o 0.5
scalingiiv1y = 0.5, scaling; = docess node nwmber —3

JFi+1
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- Centralized type

0.4
access node number —2°

7*0

scaling0 = 0.6, scaling; =

- Random type

access node 3te] Ezjy] E¥7} <jgle] HEE s}
A9, A5 melde F access node Thol] H4o]
o|foixA] & T Utk

E 1 449 ¥3
AER3 | Access Node /i | $3FA7] AS
1 8 2
2 10 2
3 10 3
4 20 4
5 20 5

o4z #2 EY HHES ¥ 19 4 4 @
el A48 AAE H 20 293 FUh E 194
Kol lower boundi= Minimum Flow Tree(MFT)[26)
walo g Atd Aoz Add <dnmlEe AHse
Br1er] fslixl AA g Rolch B 29 AME F§)
A AtE dae]Fe] lower boundo] BlsiA B3
o2 174% A%x %2 minimum congestion gt2 %t
v A& & Uk 2y, Add gmelEe H%
2 o] FEE FE Aoz JdEHed 1 ofE
AR Z MFT w2 o} 2%t lower bound glo] AlA|
lower bound B} 2 gh& JER|7] mjeln] T ¥
A2e Ajbd dniFdMe hop 9 AL FA
7] o Eelch

R 29 AN I 59 A3l sk FA4
eSS ¢ F Uk 2 o]H+= access node F=¢} node
degree(Z, &4/5417] )7 & £ access node IF
9} path7} BolRl=dl £ =FA A3 pathe] hop 4
E APk e 2384 942 A5l vlEA minimum
congestion gto] F7kehe wl&o] AR wjgolch.
o] & wHro] <78t hop FE MEEA] @e 7|
F9| A7E2e AP access node F2 node degree
7b & B B = A ety dngFEc
2 & congestion §h& e w3 EEIZXE Y
e AT 2 o) By 2lfHe] hop 7}
pathE& FalA o]foAA A% xde] #AX e Fd7
& 7R A gz & 4 st

AQrd gmeElEe 4%E 7|E9 A7) vnd
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71 HsiA (2003 EL§ @A daiAM Aijkd dn
&S ddsdnt ¥ 39 ASE dnelEH (2019
AsS vind EUth ¥ 39 AA}E 29 Aot
du)Fe] Azt 12019 Aol wlaja oz
30% A= =2 @& Zede AL & 4 Utk 9
A3 28 *1]01'%]_ 28] &o] access node 719
path®] hop & A3t Q7] wjiZo|ty. ¥ 39 2
I}E FaAM Xﬂ“’l’% gme]Fol 2013 A fAtet
minimum congestion #&-& 7HAH HEA|HAo] e

w=2lA EZEAE dAdde A& 9% + vk

2 %1 49834 A dxnF 74 A%

AY973 | Exly e | Minimum Congestion | 8}§HgE | sHakakate] jo)(%)
1 Uniform 5707.8 55743 24
Ring 5920.5 5223.0 134
Centralized 6427.7 51388 251
Random 5301.4 4276.7 24.0
2 Uniform 7948.4 7751.9 2.5
Ring 7961.4 7205.4 10.5
Centralized 8203.9 7071.0 16.0
Random 7400.0 64399 14.9
3 Uniform 43269 4078.0 6.1
Ring 41659 3819.1 9.1
Centralized 4298.0 37509 14.6
Random 4009.5 3505.8 144
4 Uniform 6902.2 6081.4 13.5
Ring 6306.7 56454 1.7
Centralized 6540.8 5526.8 18.3
Random 6412.3 5607.1 144
5 Uniform 6317.3 4726.0 33.7
Ring 5905.7 43904 34.5
Centralized 5632.2 4298.6 31.0
Random 5996.8 4336.1 383

E 3. 7|&d 979 vlu A

R CR PR PESIE ki
Aol%)
Uniform 66.7 66.6 02
Quasi-Uniform2 69.6 66.5 4.7
Ring 133 127 47
Quasi-Uniform1 632 60.8 39
Disconnected 290.3 278 44
Central 335 335 0
3270

v.d &

2 =RedMe 2nd f7 AEYoR {UF o
F AR ‘Q‘?hri} UEAIE T =old EER
A A daeEE ARl 718e] AFETe €
2] & =EeAe H7le] AR sHe #3 xuEY

& AR F de EdY geE e AHgse
Mz A FaelEE AAEEh AAE gn
52 4% H7he fdA VEYAY x=get 7 v
ro] FYFAT] & AIATIUAN 2o AEE A
ettt zel HY AHNE B ALY dnelF
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