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WavelengthAssignmentin WDM Ringsto
Minimize SONETADMs

Liwu Liu XiangyangLi Peng-JunWan OphirFrieder

Abstract— We study wavelength assignmentfor lightpaths over WDM
rings to minimize the SONET ADMs used. This problem has attracted
much attention recently. However, its computation complexity remainsun-
known, and the only known heuristic [6] which doesnot allow the splitting
of lightpaths is problematicin both the algorithm itself and its performance
analysis. We first prove the NP-completenessof this problem, followed by
a nontri vial randomized

���������� -approximation scheme.We then presenta
tighter lower bound on the minimum number of ADMs required. After
that, we show the incorrectnessof the known heuristic and then modify it
to make it correct. We alsoproposethreeadditional heuristics. Their per-
formancesare compared throughextensive simulation studies.

Keywords— Wavelength assignment,wavelength division multiplexing
(WDM), optical networks, SONET, add-drop multiplexer (ADM).

I . INTRODUCTION

WDM ringnetworksarebeingdeployedbyagrowingnumber
of telecomcarriersto supportmultiple high-level SONET/SDH
self-healingringsover a singlephysicalfiber optical ring. One
of the most fundamentalnetwork designproblemsfor WDM
networksis theassignmentof wavelengthstoagivensetof light-
paths.Whilemostof thepreviousworkattemptstominimizethe
numberof wavelengthsrequiredfor a givensetof lightpaths,or
if givena fixed numberof wavelengths,to minimize the num-
ber of blocked lightpaths[1], [2], [4], [7], [8], [9], it was ar-
guedin [5], [6] that unlessthe wavelengthlimit is exceeded,
thefirst-orderoptimizationgoalshouldbeto minimizetheover-
all network costwhich is dominatedby thenumberof required
SONETadd/dropmultiplexers(ADMs) andnot the numberof
wavelengths.It wasalsoshown in [6] thatthesetwo minimiza-
tion problemsare intrinsically different, and thereexist cases
wherethetwo minimacannotbesimultaneouslyachieved.

In [6], a simplelower boundof thenumberof ADMs is de-
rived. In addition, two heuristicsto minimize the numberof
ADMs weredeveloped:Cut-First , andAssign-First. Thefor-
merallows splitting of lightpathswhile the latterdoesnot. We
further thesestudiesandassumethat the lightpathsarenot al-
lowedto besplit. First of all, despiteof efforts in [6] in devel-
opingtheheuristics,thecomputationcomplexity of theproblem
remainsunknown. Thus,the first part of our effort provesthe
NP-completenessof thisproblemanddiscusstheapproximality
issues.Second,theperformanceanalysisto Assign-First is in-
correctandwe presenta counter-exampleto illustratethis. We
modify the algorithmandprovide a correctperformanceanal-
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ysis. After that, we presentthreeadditionalgreedyheuristics:
Iterati ve Merging, Iterati ve Matching, andEuler Cycle De-
composition. Due to the difficulty of the theoreticalanalysis,
we conductextensive simulationsto comparethe performance
of thethreeheuristics.

I I . PROBLEM FORMULATION

Assumea Wavelength Division Multiplexed (WDM) ring
network consisting of

�
optical nodes labeled from � to�
	��

in clockwise order. Let 
 be a set of lightpaths����������������� ����� �"! 
 !$# where the lightpath
�������%�����

is the arc
from

���
to
���

in clockwisedirectionoverthering. For simplicity,
wecall

� �
theorigin nodeand

� �
thetermination node.A wave-

lengthassignmentto a setof lightpathsis valid if any two over-
lappinglightpathsareassigneddifferentwavelengths.A valid
wavelengthassignmentto a setof lightpaths
 correspondsto
a vertex coloringof thecircular arc graph determinedby 
 as
follows: the vertex setis 
 andthereis an edgebetweentwo
lightpathsif only if thesetwo lightpathsoverlapwith eachother.

It is easierto think of eachwavelengtharoundthering aspro-
viding theconnectivity for asingleSONETring. Eachlightpath
within a SONET ring usestwo ADMs, one at the origin, the
otherat the termination. However, two adjacentlightpathsin
thesameSONETring, i.e.,with thesamewavelength,canshare
oneADM atthecommonnode.Ourfocusis to addressthemin-
imum ADM problem: assignwavelengthschannelsto a given
setof lightpathssuchthat the numberof ADMs usedis mini-
mized.A closelyrelatedproblemis themaximum ADM sharing
problem: assignwavelengthschannelsto a given setof light-
pathssuchthat the numberof ADMs sharedby the lightpaths
is maximized.It’s obviousthat thesetwo problemsaddressthe
samequestion,indeed,for any wavelengthassignment,thesum
of thenumberof ADMs usedandthenumberof ADMs shared
is alwaysequalto twice thenumberof lightpaths.

We definea segment to bea sequenceof lightpathsin which
theterminationof alightpath(exceptthelastone)is theoriginof
thesubsequentlightpath,andany two lightpathsin thesequence
do not overlapwith eachother. A segmentis saidto bea circle
segment if theterminationof thelastlightpathis alsotheorigin
of the first lightpath, in other words, a circle segmentcovers
theentirering. A segmentwhich is not a circle segmentis said
to be a noncircle segment. The numberof ADMs to be used
by a circle segmentis equalto thenumberof lightpathsinside
the segment. The numberof ADMs to be usedby a noncircle
segmentis onemore than the numberof lightpathsinside the
segment. Thusthe total numberof ADMs usedis the number
of noncirclesegmentsplusthetotal numberof lightpaths.Thus
theminimumADM problemcanbesolvedin two phases:in the
first phase,the lightpathsaregroupedinto segmentssuchthat



thenumberof noncirclesegmentsis assmallaspossible,in the
secondphase,assignthewavelengthchannelsto thesegments.
Note that thesecondphaseis exactly thewell-studiedcircular-
arccoloringproblem.It only affectsthenumberof wavelengths
used,but hasno impacton thenumberof ADMs used.

I I I . COMPUTATIONAL COMPLEXITY

Althoughsomeheuristicswerepresentedin [6] to themini-
mumADM problem,thecomputationalcomplexity of this op-
timizationproblemremainsopen.In this section,we show that
theproblemis NP-complete.

Let 
 beany setof lightpaths. 
 is saidto beuniform if the
numberof lightpathspassingthrougheachlink is thesame.In
particular, if thereareexactly & lightpathsin 
 passingthrough
eachlink, 
 is said to be & -uniform. We have the following
resulton theNP-completenessof theminimumADM problem.

Lemma 1: The minimum ADM problem is NP-complete
evenif thesetof lightpathsis restrictedto beuniform.

Proof. We reducethecircular-graphcoloringproblemto the
minimumADM problem.Thecircular-arccoloringproblemhas
beenprovento beNP-completein [3]. Theproof in [3] actually
impliesthefollowing strongerresult:

Given an & -uniform lightpath set 
 , to decidewhetherits
correspondingcirculararcgraphis & -colorableis NP-Complete.

Let 
 be any & -uniform lightpathset. Note that the chro-
maticnumberof thecircular-arcgraphcorrespondingto 
 , de-
notedby ' � 
 � , is at least& , and ' � 
 � ( & if andonly if 
 can
bepartitionedinto & subsetswith the lightpathsin eachsubset
form a ring. On the otherhand,theminimumADMs required
by any &*),+ �-� 
 �.( ! 
 ! if andonly if 
 canbepartitionedinto& subsetswith the lightpathsin eachsubsetform a ring. Thus),+ �-� 
 �/( ! 
 ! if andonly if ' � 
 ��( & . This implies that the
minimum ADM problemis NP-completeeven if the lightpath
setis constraintedto beuniform.

In the next section,we provide a tighter lower boundand
heuristicalgorithmsfor theminimumADM problem.

IV. 021435 143 	 APPROXI M ATI NG SCHEM E

We exploit integral multicommodityflow model. By & we
denotethemaximallink load(assuming)atlink � , 
 576 
 is the
setof lightpathscontaininglink � , 
98 �:( 
�;<
 5 . Thenumber
of wavelengthsusedfor optimalsolutionis between& and

! 
 ! .
Assumeit is = . Weadd = 	 & one-hop“f ake” lightpathsatlink� andcut the = lightpathscontaininglink � at its midpointand
thenwire thering toaline. Assume> (?��@ � !$����� � = #

is the
setof all right halvesof cutlightpathsand A (B��CD� !E���F�*� = #
is the set of left halves. By > 5 �$(G�H@I� ! &KJ �L�M�N� = #

,A 5 �$(O��C � ! &LJ �P�Q�R� = #
we denoteall “f ake” right and

left halves. We build anacyclic digraph S with unitaryvertex
capacityandedgecostfunction T asfollows. S (U��V �2WX�

, whereVY( 
78�ZR>[Z\A . For any ] 5�^ V � ]H8 ^ V_� if ] 5 and ]H8 do not
overlapand

� ] 5 � ] 8 #a` > 5 ZbA 5 and ] 5 is at the left of ] 8 then
weaddanedge

� ] 5 � ] 8 � .
Now defineT , c � ] 5 � ]H8 � ^ Wa�
Case1. ] 5 � ]H8 sharesomeendpoint.Assigncost

�
.

Case2. ] 5 � ]H8 donotshareendpoint,wehavetwo subcases.
Case2.1

� ] 5 � ]H8 #*d � > 5 ZeA 5 �*(gf7�
assigncost h .

Case2.2
� ] 5 � ] 8 #*d � > 5 ZeA 5 �ji(gf7�

assigncost
�
.
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Fig. 1. Cutting. kmlonqpsrtlRu . vwp�x are“f ake” lightpaths.
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Any feasiblesolutionis viewedasa setof = vertex disjoint

pathsin S that links all = pairs
����@ � ��C � � !E�F�Q�e� = #

and
containsall verticesandeachpathis correspondingto a unique
wavelength. Thus, the two halvesof any cut lightpathareas-
signedthesamewavelength,andour approachfinally doesnot
cut lightpaths.For any feasiblesolution,if walkingfrom all

@ �
’s

to arrive at all
C �

’s alongsuch = paths,the total edgecostwe
collect is exactly thenumberof ADMs needed.Sothe integral
multicommoditymodel(Pleaserefer to textbooksfor this ILP
formulation)is:

To minimize � (B� 3 �5,� � ���K� �3 T 3 (1)

Subjectto: ���� 3�� 3s����� � ��� �
�3 ( � � cI] ^ 
98 (2)

���� 3�� 3s��� ��� � � �
�3 ( � � c�] ^ 
 8 (3)

�3�� 3s������� � ��� ���3 (�� ��� � � � ����( � �w������� = (4)



�3�� 3s��� ��� � � � � �3 (g� � � � � � ���X( � �H������� = (5)

� �3 ^ � � � �<# � � ( � �w������� = ��� c¢¡ � (6)

Here �}� � � ( � � � (L�¤£%�}��� � ( � � � i(L�D� (7)

By relaxingtheconstraints(6) as� � � �3 �g� � � ( � �w������� = � c¢¡ � (6’)

andsolvingthe relaxed linearprogrammingproblem,we geta
feasiblefractional= -commoditiesflow ¥�¦ with objectivevalue� ¦ . Wedecomposethe

�
-th commodityflow into § � pathsfrom@¤�

to
CD�

. Assumeits
�
-th pathis ¨ � � � andit carriesflow � � � � .We manafacture= dice. The

�
-th die has § � faces,andits�

-th face is assignedprobability � ��� � of being selected. We
flip all these = dice. If we get

�
-th faceselectedon the

�
-

th die, we selectpath ¨ � � � � Use ¨ � to denotethe
�
-th suchse-

lectedpath. We get a “coarse” integral multicommodityflow©¥ ("� ©� �3 � 5�� � �¢� � 3,ªD« consistingof = paths̈ 5 � ¨¬8 �w������� ¨ � with
objective value

©� . Here
W

[
©�q­ ( � ¦-® Easyto check,

©¥ satisfies
constraintsin (4)(5)(6)but maynotsatisfiesconstraints(2)(3).

By ¯ 6 
 wedenote
V°� ¨ 5 � Z Ve� ¨ 8 � Z ����� Z VR� ¨ � � Z�
 5 ; � >±ZA � , here

Va� ¨ � � is thesetof verticesof thepath ¨ � . We assign
the

�
-th wavelengthto thelightpathsin ¨ � . Thisassignmentuses©� ADMs for thelightpathset ¯ .cI] ^ 
 8 � (2)(3)arebothsatisfiedor neitheris satisfiedby our

coarsesolution
� ©� �3 � , sincetheleft of two constraintsarealways

equal.Whenflipping the
�
-th die, cm] ^ 
78 , with probability+ � � � �$( �

� � �wªD²D�´³ µ �
��� �] ^ ¨ ��� Furthermorewehave�5,� � ��� + � � � ( �

(8)

Sinceall = flipping experimentsareindependent,using(8) one
canprove ¨j] � ]b¶^ ¯ � (·� �¸	 + � � 5 �������¹� �º	 + � � � ��» �¡
So W°¼ ! 
/;½¯ ! ­ » �¡ � ! 
 8 ! �
For any requestnot in ¯ , we assignan individual wavelength
and h ADMs. Assumetotally weused¾ ADMs andtheoptimal
solutionusesOptADMs. We haveWo¼ ¾ ­ � W°¼ ©�}­ JFh W°¼ ! 
98 ! ­» � ¦ J h¡ � ! 
 !}	 & ��K¿ + � J h¡ � ! 
 !}	 & ��K¿ + � J h¡ � ¿ + � 	 & �

Combinedwith the trivial result (Pleaserefer to sectionVI)¾ ��¿ + � J?h<& , we get a probability algorithmwith solution¾ satisfying W°¼ ¾ ­ »ÁÀ JF¡� JF¡ ¿ + �
This ratio is betterthanthe trivial ratio of h (eachrequestuses
oneindividualwavelengthandtwo ADMs).

The randomizedapproachin fact givesa solutionspace,for
which the averageworst caseratio is 021435 143 . But we may have
discardedmany termswhenestimatingthe worst ratio, for ex-
ample, Â Ã � ]·¶^ ¯ � may be far lessthan

53 when + � � 5 �H������� + � � Ä
arenot equallydistributed. Sofor certaininstances,we cando
theexperimentsseveral timesandselectthebestresultswhich
mightgiveratiobetterthantheworstratio.

Anotherremainingproblemis thatwe assumewe know = ,
thenumberof wavelengthsthat theoptimalsolutionuses.It is
not a problemif we call the above procedureseveral timesby
setting = ( & � &ÅJ � �H������� ! 
 ! andselectthebestresultwe get,
sincethe valueof = that the optimal solutionusedshouldbe
in the interval

¼ & � ! 
 ! ­ . So finally we get the polynomialtime
probabilityalgorithmwith worstexpectedratio 0%1¬35 1¬3 .

V. TIGHTER LOWER BOUND

Let Æ � , Ç � and
@I�

denotethetotal numberof lightpathsorigi-
natingat, terminatingat, andcrossingover node

�
respectively.

Let È � denotethe load on the link betweennode
�

and node� J �
. A simpleandstraightforward lower boundon the min-

imumnumberof ADMs is givenin [6]:

É¬Ê�Ë (�ÌÎÍ 5� � �¢Ï ÐaÑ}Ò � Æ � � Ç � �
Thecalculationof this lowerboundignoresthefactthatthetwo
lightpathscanbematchedonly if they do notoverlapwith each
other. In this section,we provide a strongerlower boundbased
on themaximummatching.

At each node
�
, we construct a bipartite graph Ó �Ô(� ¯ � �,V � �%W � � , whereÕ ¯ � is thesetof lightpathsendingatnode

�
;Õ V¤� is thesetof lightpathsstartingfrom node
�
;Õ for any Ö ^ ¯ � and × ^ V¤� , � Ö � × � ^ WÎ� if andonly if Ö and ×

donotoverlapwith eachother.Õ\Ø � is thesizeof themaximalmatchingof Ó � .
Thenafterconsideringtheconstraintthatany two lightpaths

cannot overlapif they sharean ADM, we have the following
lowerboundfor thenumberof SONETADMs weneed:ÉÚÙÊ�Ë ( Ì7Í 5� � ��Ï � Æ � JPÇ � 	 Ø ���( Ì7Í 5� � ��Ï � Æ � JPÇ ��� 	 ÌÎÍ

5� � �¢Ï Ø �( h ! 
 !q	 Ì7Í 5� � �¢Ï Ø � �



It shouldbe notedthat the above lower boundis strongerthan
thelowerboundÉ¬Ê�Ë � becauseÉ Ê�Ë ( Ì7Í 5� � �¢Ï ÐaÑ<Ò � Æ ��� Ç ���( Ì7Í 5� � �¢Ï � Æ � JÛÇ � 	 ÐmÜ�Ý � Æ � � Ç � ���
and ÐmÜ�Ý � Æ �%� Ç ����Þ Ø � .

VI . ASSI GN FI RST: REVI SI TED

If all lightpathsdo not crossover somelink, thenthe light-
pathsform an interval graph,andtheminimumADM problem
for suchinstancehasa greedysolutionwith polynomial time
complexity. Basedonthisconclusion,theAssignFirst heuristic
presentedin [6] initially assignall lightpathsthatpassthrough
a carefullyselectedlink with uniquewavelengths,andthenuse
theabovegreedyapproachto assignwavelengthsto theremain-
ing lightpaths.Wefoundsomeerrorin its analysisandmodified
it to avoid theerror.

TheAssignFirst heuristicpresentedin [6] initially assignall
lightpathsthatpassthroughacarefullyselectedlink with unique
wavelengths,andthengreedilyassignwavelengthsasabove to
the remaininglightpaths,which form an interval graph. It was
shown in [6] thatthenumberof ADMs usedby AssignFirst is
atmost ß Ì7Í 5� �¢Ï ÐmÑ<Ò ��à � � Ç � # J ÐmÜ�Ý Ì7Í 5� �¢Ï �H@ � J ÐmÜ�Ý �Hà � � Ç � #½#Beforewe explain why the analysisandthe algorithmitself
areincorrect,wefirst show by acounter-examplethataboveex-
pressionis incorrecteven asan upperbound. Considera ring
network with

� (gá½â
nodes,numberedfrom � to

�ã	K�
in the

clockwisedirection. A setof ä ( �
lightpathsis definedas

follows: å ([��� � ��� � JKh â J � � Ðmæèç � � ! � �?� » �±#
Each

lightpathtraversesh â J �
links, which is morethanhalf way

aroundthering. Thus,all theselightpathsmustbeassigneddif-
ferentwavelengths.This meansno ADMs canbeshared.Each
lightpathrequiresh ADMs, andthetotalnumberof ADMs used
is h½ä (êé<â

. On the otherhand, Æ � ( Ç � ( �
and

@ � ( h â .
Accordingto theaboveupperbound,thetotalnumberof ADMs
usedby Assign-Firstis atmost

� JPh â J � (�ëDâ J �
, which is

impossible.Thustheperformanceanalysisof theAssign-First
givenin [6] mustbeincorrect.

Considerany � �M� » �
. Let 
 � denotethe set of links

passingthrough the link
�
. We first greedily assignwave-

lengthsto the lightpathsnot in 
 � and assumewe have used= � wavelengths.After that we constructa weightedbipartite
graph S � (·� 
 � � = � �%W � � : Thereis anedgebetweena lightpath���½�%��� ^ 
 � anda wavelengthì ^ = � if andonly ifÕ the lightpath

���D�%���
doesnot overlap with any lightpath as-

signedwith ì ,Õ either
�

is the terminationnodeof somelightpathassigned
with ì , or

�
is theorigin nodeof somelightpathassignedwithì .

Supposethereis anedgebetween
���½�%��� ^ 
 � and ì ^ = � . If�

is theterminationnodeof somelightpathassignedwith ì and�
is theorigin nodeof somelightpathassignedwith ì , thenthe

weightof theedgeis setto h , otherwise
�
. Theweightdefined

thisway representsthenumberof ADMs sharedif thelightpath

���½�%���
is assignedwith ì . Find a maximum-weightedmatching

in S � . Eachedgein thematchinginducesa wavelengthassign-
ment to a lightpath in å � . If thereare more lightpathsin 
 �
not assigndeby thematching,we assigneachof thema unique
wavelength. We do thisprocedurefor all � �K� » �

, andselet
thebest.Easyto check,thenumberof ADMs usedis atmostÌ7Í 5� � ��Ï ÐaÑ}Ò � Æ ��� Ç � # JLh ÐmÜ�Ý � È ��� � �F� » �P#� ¿ + � JLh<&

VII . GREEDY SEGMENTING APPROACHES

As indicatedin SectionII, theminimumADM problemcan
be solved in two phases:in the first phase,the lightpathsare
groupedinto segmentssuchthat the numberof noncircleseg-
mentsis assmall aspossible;in the secondphase,assignthe
wavelengthchannelsto the segments. The first phasecom-
pletelydeterminesthenumberof ADMs used,which is equalto
thenumberof noncirclesegmentsplusthetotalnumberof light-
paths.Thesecondphaseintendsto minimizethewavelengthus-
age.In thissection,wepresentthreegeneralgreedyapproaches
for thefirst phase,Iterati veMerging, Iterati veMatching, and
Euler CycleDecomposition.

A. Iterative Merging

Initially we have
! 
 ! segments,with eachsegmentconsist-

ing of onelightpath. At eachstep,oneof the following three
possibleoperationsis performedin decreasingpriority:
Operation 1. Merge two noncirclesegmentsinto a circle seg-
ment.
Operation 2. Split a noncirclesegmentinto two noncircleseg-
mentandthenmerge oneof themwith anothernoncircleseg-
mentinto acirclesegment.
Operation 3. Merge two noncirclesegmentsinto a largernon-
circlesegment.

Operation
�

decreasesthe numberof noncirclesegmentsby
two, andOperationh andOperationÀ bothdecreasethenumber
of noncirclesegmentsby one. Thus, the algorithmterminates
afteratmost

! 
 !q	L� steps
�

B. Iterative Matching

The Iterati ve Matching is inspiredby the approachto de-
rive the tighter lower boundin SectionV. Initially we have! 
 ! segments,with eachsegmentconsistingof one lightpath.
At eachstep, at eachnode

�
we constructa bipartite graphS �¬(·� ¯ ���2V¤�%�%Wº��� , whereÕ ¯ � is thesetof segmentsendingatnode

�
;Õ V � is thesetof segmentsstartingfrom node
�
;Õ for any Ö ^ ¯ � and × ^ V � , � Ö � × � ^ W � if andonly if Ö and ×

donotoverlapwith eachother.
We find the maximummatchingof S � . Then we pick the

nodeat which thesizeof themaximummatchingis thelargest,
andmergethesegmentsaccordingto themaximummatchingat
this node.This procedureis repeateduntil no matchingcanbe
foundany more.It’sobviousthatthisalgorithmhaspolynomial
run-time.



C. Eulerian Circuit Decomposition

We first show that Æ �Î( Ç � at any node
�

if andonly if 
 is
uniform. Thesufficient part is intuitice andthuswe only need
to show thenecessarypart. Supposethat Æ � ( Ç � at any node�
. constructa directedmultigraph S�í asfollows: S�í hasthe

samenodesetasthering andcorrespondsto a lightpath
���½�����

,
thereis alink from

�
to
�
in S í . Then S í is anEuleriandigraph

andeachof its connectedcomponentis alsoEulerian.Accord-
ing to Euler’sTheorem,eachconnectedcomponentcontainsan
Euleriancircuit. Let 
 5 � 
78 �wîwîHî�� 
9ï bethepartitionof 
 cor-
respondingto theconnectedcomponentsof S í . Theneach
9ð
is uniformandsois 
 ( 
 5 ZR
78_Z îwîHî Ze
7ï .

Now let 
 be any uniform set of lightpaths and
 5 � 
98 �wîwîHî¢� 
9ï bethepartitionof 
 correspondingto thecon-
nectedcomponentsof S í . If a 
jð is

�
-uniform, thenthe total

numberof ADMs usedrequiredby 
jð is exactly
! 
jð ! . Now

we assumethat 
 ð is & -uniform for some&Bñ �
. An Eulerian

circuit over 
jð canbefoundin polynomialtime. ThisEulerian
circuit canbefurtherdecomposedinto anumberof segmentsby
walking from anarbitrarynodein this circuit andgeneratinga
segmentwhenthereis anoverlap. To minimize thenumberof
noncirclesegments,we canfind thebeststartingpoint by enu-
meratingall possiblestartingpoints. If all lightpathsin 
9ð are
shortin thesensethatno òmð of themcover theentirering, then
any Euleriancircuit over 
 ð canbe decomposedinto at mostóõô í�ö ô÷ öÎø segments,andthuswe have thefollowing boundon the

total numberof ADMs used.
Lemma 2: Supposethat 
 is uniform. Let 
 5 � 
 8 �wîwîHî¢� 
 ï

be the partition of 
 correspondingto the connectedcompo-
nentsof S í andletù (?� �j�ûúo� § � 
jð is not

�
-uniform

# �
Supposethatfor any

ú ^ ù , nosetof ò ð lightpathsin 
 ð cover
the entire ring. Then the total numberof ADMs usedby the
Euleriancircuit decompositionheuristicis atmost! 
 ! J � ð ªDü

ý ! 
 ð !òaðÿþ �
If 
 is notuniform,wecanadd�h Ì7Í 5� � �¢Ï ! Æ � 	 Ç � !

lightpathsto 
 to form a uniform setof lightpaths,denotedby
�� . Then ! 
 � ! ( ! 
 ! J �h Ì7Í 5� � ��Ï ! Æ � 	 Ç � !( Ì7Í 5� � �¢Ï ÐaÑ<Ò � Æ �%� Ç � # ( É Ê�Ë �
TheEuler Cycle Decompositionheuristiccanthenbeapplied
to 
�� .

VI I I . SIMULATION OF HEURISTICS

It is hardto obtainthetight performanceanalysisof thepro-
posedheuristics. Even thoughwe have provided someupper

boundsonthenumberof ADMs by someheuristicsin theworst
case,theirpracticalandaveragebehaviorsarestill unknown. In
this section,we comparetheir performancethroughsimulation
studies.Theunderlyingring network consistsof

� ( � ë
node

(
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is recommendedto be the maximal numberof nodesfor
SONETrings).Thenumberof lightpaths,

! 
 ! , is randomlygen-
eratedbetween

� ë
and h � ë . Theorigin of eachlightpathis also

randomlygeneratedbetween� and
� ë

, andsois thetermination
of eachlightpath.For eachinstance,we runall threeheuristics:
Modified AssignFirst (MAF), Iterati veMatching (IMat) and
Iterati ve Merging (IMer) . TableI lists the

� é
outputsof ran-

domly generatednon-trivial experiments.Thelastrow in Table
I summarizesthecumulative ADM sharingsof the200experi-
mentsweconducted.

MAF IMat IMer
30 37 43
13 16 18
25 29 35
43 54 67
39 45 54
27 33 35
15 19 19
10 10 11
48 67 74
39 48 60
31 38 44
26 34 30
48 66 74
47 60 63
16 22 21
35 39 49
44 61 70
35 41 49

4950 6184 6922

TABLE I

ADM SAVINGS IN 18 EXPERIMENTS.

As demonstratedby Table I, in general,Iterati ve Merging
(IMer) outperformsIterati ve Matching which furtheroutper-
formsModified AssignFirst. However this is not alwaystrue.
For eachheuristic,theredoesexist someinstancein which it
outperformstheothertwo.

IX. CONCLUSION

We studiedthe minimum ADM problem which addresses
wavelengthassignmentfor lightpathsover WDM ringsto min-
imize theSONETADMs. We first provedits NP-completeness
andgave a randomizedsolution. We thenpresenttighter lower
boundson theminimumnumberof ADMs requiredby any in-
stanceof lightpaths.After that,we modifiedtheapproachAs-
sign First , which is originally presentedin [6]. We alsopro-
posedthreenew heuristics. Their performancesarecompared
throughextensivesimulationstudies.



Recently we found the techniqueto prove: (1) Iterati ve
Merging givesapproximatingratio 1.75; (2)Iterati ve Match-
ing givesratio �0 ; (3) TheCir cleSegmentFirst , modifiedfrom
iterativematching,in whichwegreedilyfind any possiblecircle
segmentby depth-firstor width-firstsearching,givesratio

� � �
.
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