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Abstract—Time-domain Wavelength Interleaved Networking [6]. Source nodes collect data units from various clientd an
(TWIN) is a new optical network architecture which achievesa assemble data units for the same destination into one burst.
good balance between scheduling flexibility and deploymerdost. When sending the burst, the source changes its fast-tunable

In this paper, we solve the wavelength assignment problem ifo . . L.
TWIN networks using topology sharing approach. We show that laser to the wavelength uniquely assigned to that destimati

determining the wavelength assignment that use the minimum The intermediate nodes route optical bursts based purely on
number of wavelengths is a NP-Complete problem. Four greedy the wavelength of the burst. When the burst is received at
heuristics are presented to compute the approximated solidn jts destination, it is disassembled and forwarded to the cor
within reasonable time. The evaluation results show that porm- — eg5nding clients. As current optical switches cannotusep
ing sorting on destlnatlon_trees and wavelen_gths improveshe the bursts that share the same wavelength, only traffic Wwih t
assignment results, especially under low traffic loads. Hoewver, e ' . .
performing sorting brings some extra overheads to the sort Same destination may share a wavelength in the time-domain.
heuristics’ running time, but overall computation costs ar still This constraint leads to tree-like routes in the networkefeery
acceptable. destination, where the destination is the root and the ssurc
are the leaves.

In this paper, we discuss the wavelength assignment problem

Time-domain Wavelength Interleaved NetworkifgNIN) is  for TWIN networks TWIN-WA. We solve this problem using
an optics-based transport network architecture that ampsd- a two-phase proces3ree Constructiorand Tree-Wavelength
vide cost effective optical grooming [1]-[3]. Traditiongptical AssignmentTree-Constructiomgroups the traffic demands with
networks work in one of the following two modes: opticathe same destination together and constructs the corrdsmpn
circuit switching (OCS) or optical packet switching (OPS)destination treesTree-Wavelength Assignmepriocess assigns
In OCS networks, the finest bandwidth granularity offeredlavelengths to the destination trees constructed in thequre
by an optical switch is at a wavelength level, i.e. one singiep. The goal of th@ree-Wavelength assignmepitase is to
wavelength on a fiber can be used by only one end-to-end traffiinimize the total number of wavelengths needed to accom-
and cannot be shared with other traffic. This is not effectivaodate the traffic demands.
when the traffic demand is much lower than the wavelengthin this paper, we show that the minimum number of des-
capacity. At the other extreme, OPS networks permit shaxfngtination trees can be constructed using a greedy approach in
optical links by traffic with different sources and destioas. the Tree Constructiorphase. For th@ree-Wavelength Assign-
These networks, which are enabled by optical-electropigzal mentproblem, we prove its NP-Completeness by reducing the
(OEO) conversion at each node in the network, tend to incGraph-Coloringproblem to it. We propose a greedy strategy
a relatively high system cost and transmission delay, as OE@t matches destination trees and wavelengths one by one.
converters are generally expensive and the conversioregsodNe also proposed two tree sorting methods and two wave-
is time-consuming comparing to direct circuit switchingn® length sorting methods to regulate the order of tree-wangtte
techniques have been introduced to improve the utilizatibn matching. When different tree sorting and wavelength sgrti
optical links by simulating OPS over OCS, such as opticasbumethods are applied to the tree-wavelength assignmentngghe
switching (OBS) [4]. However, OBS still needs high-speefbur heuristics are presenteC-BF, MC-MF, MP-BF and
optical switches and a contention algorithm at each switch. MP-MF. Extensive simulations are conducted to evaluate the

Widjja et al. etc. proposed TWIN to overcome link utilizatio performances of these heuristics. The results show that per
problems in OCS but avoid the high cost and delays resultifirming sorting on destination trees and wavelengths iwvgso
from OEO converters being deployed at all the optical svaischthe assignment results, especially under low traffic loads.
[1] . TWIN performs optical grooming only at its edge switsheHowever, performing sorting brings some extra overhead to
and the network core is purely based on passive wavelengthe sort heuristics’ running time, but overall computattasts
selective switches (WSS) that route the wavelengths frair thremain acceptable. In large topologies with heavy workload
ingress ports to the appropriate egress ports [5]. In a TWIKNe heuristic without any sorting becomes competitive as it
network, the edge nodes can be either sources or destigati@an provide similar scheduling performance with much less
A transmitter with a multi-frequency laser is located atheaccomputational cost.
source node. With this transmitter, source nodes can chang@&he rest of this paper is organized as follows. In Section II,
the wavelength of their optical signal in sub-nanoseconde discuss related work. In Section Ill, we explain the TWIN

|. INTRODUCTION



architecture in detail and define the TWIN-WA problem forwavelength assignment problem are normally equivalent to
mally. In Section 1V, a greedy algorithm fdiree-Construction the Bin-Packing problem [12]. However, TWIN networks’
is presented. In Section V, we prove the NP-Completenessvedvelength assignment problem is a variation of G@ph-
Tree-Wavelength assignmeptoblem and four heuristics areColoring problem [13], as shown in Section V-A.
discussed. Section VI presents an experimental evaluafion [14]-[16] together provide a summary on the existing
the four heuristics fofree-Wavelength assignme8ection VIl  wavelength assignment strategies. The most popular wave-
gives the conclusions. length assignment strategies dfiest-Fit and Best-Fit where
the wavelengths are matched with the request according to a
II. RELATED WORK random order or to their remaining capacities. [14] propase

Optical Circuit Switching (OCS) with wavelength-dimensio déferred wavelength assignmesttategy for optical networks
multiplexing (WDM) [7] provides the most economical sobuti with wavelength converter provm!es.Thls strategy |mpwls_lr&3
for high speed optical networks. However, the inflexibletrou’®dUest accepting rate by deferring the wavelength assghm

ing scheme and coarse multiplexing granularity make it onf{P™M scheduling time to actual job start time. [17] propotiesl
suitable for the long-lived large bulk data transfers. Om tHeast-conversion assignmestheme that attempts to reduce the
other hand, Optical Packet Switching (OPS) [8] and Opticmavelength conversion overhead in sparse wavelength denve
Burst Switching (OBS) [9] have been proposed to provide suBEMWOTks. _ _
wavelength scheduling granularity and the capability of dy " TWIN networks, the simplest wavelength assignment
namic routing. However, the ultra-high speed optical-etedc- strategy is to assign each destlnatlon tree an individuakwa
optical switches that are required in the OPS/OBS netwanks &€Ngth. However, this strategy requires that the number of
normally expensive and difficult to maintain. The high cast javailable wavelengths be equal to the number of destination

deployment and maintenance inhibit the use of OPS and OB8&€S; the internal switches are unable to separate thfeesraf
in modern networks. to different destination trees on the same wavelength. When
Time-domain Wavelength Interleaved Networking (TWIN}he number of destination trees.are more than thg available
has been proposed to fill the gaps between OCS and OPS/OW&elengths, we need to establish some mechanism so that
The architecture of TWIN is introduced in [1]. The gOa(n.ulnple de_syna‘uoni trees can share one single wavelength
of TWIN is to provide sub-wavelength granularity for traffi¢Vithout collision. This process is denotedwavelength reuse
scheduling without using expensive high speed opticalchei Mosf[ ems_tmg wavelength reuse algorithms are_Tlme D|_rmmnS|
in the networks. TWIN achieves this by only allowing lightultiplexing based [2], [18]. However, the traffic flows inetin
paths with the same destination to share a wavelength. #€narios cannot be transmitted at the max rate as the link
the traffic on the same wavelength will not be split again, tHR2Pacity is shared by different destination tree in diffitténe
economical switches used in OCS networks are able to rogtses: This constraint may not be necessary in many sfienti
the bursts in TWIN networks. TWIN brings new challenges t8"d commercial applications, where the job finish time is
traditional optical scheduling approaches. [10] presaoise critical for t_he workflow. Mo_reover,_TDM based Wavglength
basic ideas in the routing the burst scheduling in TWIN nef€Use requires comprehensive optical burst scheduling-alg
works and proposed a performance measurement framewdfiims. especially when the network delay is considered. Ou
[3] investigated the optical burst scheduling problem in Ry &lgorithm considers the wavelength reuse problem in areiffe
networks. They show that achieving the maximum througfirection: multiple destination trees share one wavelernift
put with zero propagation delay is equivalent to the optim#i€ir topologies are compatible. In our approach, once the
matching problem in bipartite graphs. They also demorestrayavelength is a§5|gned fqr the destination ftrees, the sourc
that even when propagation delay is non-negligible, a factdrodes _of aII. a55|gned.traff|c flowg can work in a full .Io.ad to
2 approximate scheduling algorithm exists to maximize tHEANSMit their bursts without worrying about the flow cabiss
throughput. Meanwhile, [11] focused on the providing bett@n the optical links that shared by different destinaticres;
QoS in TWIN networks. They introduced an Integer Lineai’hich greatly simplifies the burst scheduling.
Programming formulation that minimize the queueing delfy o
the optical bursts. They also proposed the Destination St
(DSS) algorithm to approximately solve the problem within On the spectrum of optical networks, TWIN networks reside
reasonable time. between the OCS and OPS networks. Compared to these
In this paper, we focus on the wavelength assignment prdfditional optical networks, the TWIN poses following new
lem for TWIN networks. Traditional wavelength assignmerfgatures:
strategies take the available wavelength nhumber as the maid) Similar to traditional OCS networks, TWIN’s data bursts

IIl. NETWORK MODEL AND PROBLEM DEFINITION

constraint. However, as fractional wavelength is alloweol] travel along the light path using a pre-assigned wave-
the general traffic flow is assumed in sub-wavelength level, length. However, a wavelength can be shared by multiple
TWIN wavelength assignment (TWIN-WA) is relaxed from the traffic flows from different sources, only if their total flow
integer capacity constraint in traditional networks. Thaim size does not exceed the wavelength capacity.

concern in TWIN-WA is the conflict on topologies among 2) As current optical switches cannot separate the bursts
multiple destination trees when they share one wavelength. that share the same wavelength, traffic on one optical
Moreover, instead of assigning wavelength to each lighh,pat link has to be routed to the same destination if they are
TWIN assigns wavelengths to a destination tree. Traditiona  using the same wavelength. So TWIN light paths with



same destination are grouped together as a tree strucfpiase, we perform the wavelength assignment. During the
where the destination is the root and the sources are ffree-Constructiorphase, the traffic demands i are grouped
leaves. Wavelengths are assigned to each of these tréegether by their destination. In each group, the corredimgn
rather than to a single light path. light paths are merged together to form a destination tree. A
Figure 1 shows a simple TWIN network. Two source nodeactional job assignment is allowed, a simple greedy atlgor
1 and S, are sending traffic to two destination nodéx, and will generate the destination tree set with minimum sibee-
D,. A 5-node communication network connects the sourc¥éavelength assignmealgorithms assign each destination tree
and the destinations. In the network, there are 4 diffeight| a wavelength. We show that finding an optimal assignment
paths:(Sy, D1), (S2, D1), (S1,D2) and (S2, D2). Before the that uses the fewest number of wavelength is NP-Hard. Severa
wavelengths are assigned, these light paths are groupe@ inheuristics are then proposed for wavelength assignment.
tree structures according to their destination, denotéf as<
(51, 52), D1 > andTy =< (51, S2), D2 >, respectivelyD; is
the root of 7} while Ds is the root ofT,. The network contains  In @ TWIN networkG < V, E >, a destination tree for node
two wavelengthsi¥; and W». Each destination tree has to beDi is denoted ad’(D;) = (< S >,D;), where< S > is
assigned to a wavelength before the transmission can btartthe set of all source nodes ifi(D;). Given the set of traffic
the simplest casel} is assigned wavelengti, and 75 is demandsR, we need to first construct destination trees from the
assigned wavelength’,. During the transmissions; and S, light paths before we can actually assign the wavelengtis Th
interleave their traffic toD; and D, by tuning the color of Process is calledree-ConstructionThe goal of this process
their laser to the corresponding wavelength. For each nodel§ to minimize the total number of the destination trees i th
the communication network, a routing table is maintained t€sult setl'(D).
indicate the outgoing port for different wavelengths. Whiea
traffic arrive at the internal switches, routing is perfothusing
only the rules in the routing table and the color of the inaogni
bursts. This guarantees that optical bursts of a given waggh
will be routed to the intended destination. For example, in
Figure 1, nodex must combine the traffic from nodg, andd
on wavelengthi¥; and forward is to the link that connects to
nodeb, according to the routing table. Node after receiving
the bursts on wavelengttV;, will forward them to nodeD,,
which is their destination.

IV. TREECONSTRUCTION

a b o1 S1T1=<1s,1,saz),m>inw1 Fig. 2.  An example of TWIN Tree Construction.
b o
. = . <y o In this paper, we allow the traffic requegt, d, bw) to be
B g .- partitioned into multiple sub-requests that can be assigoe
o - te— T different destination trees. This is reasonable as mostenmod
02 -0 optical switches are capable of transmitting/receivingada
d e Tensen s b bursts on different wavelengths simultaneously. As long as
the destination nodes are capable of package ordering and
Fig. 1. An example of TWIN network. re-assembly, fulfilling one request with multiple data flows
is totally feasible. On the other hand, if we simply merging
For traffic whose required bandwidth is fraction to the waveall the light paths with the same destination, the resulting
length capacity, TWIN networks will greatly facilitate the destination tree may not be admissible to the network, as the
scheduling by providing more flexible and finer-grained iyt total flow size for one destination may exceed the wavelength
and wavelength assignment scheme. Most optical netwatks stapacity. Figure 2 shows an example of tree constructiored’h
use static routing in the high speed mode as changing thesowgource nodessS;, S2 and S;, are to send data to nodP
on-the-fly incurs very high overheads. Therefore, in thisgsga simultaneously. The data rate at each source node is 0.@ If w
we also assume that the path for each source/destination paérge all 3 light paths into one destination tree, the tosdfic
as pre-computed, and focus our research on the wavelengthlink (a, D) would exceed the wavelength capacity. So the
assignment problem for TWIN network3\W/IN-WA. Given a demands have to be split into two separate destination, rees
TWIN network G =< V, E >, a traffic demand is defined asTy(D) = (< 51,52 >,D) andT1(D) = (< 52,53 >, D).
r = (s,d,bw), wheres,d € V is the source and destinationMoreover, when composing the destination trees, we should
node of the traffic flow, andw € (0,1] is the fraction of try to use up all the wavelength capacities, as the unutilize
the wavelength capacity requiredWIN-WA takes a set of capacity cannot be shared by other destination trees. Based
traffic demandsk as input. The goal is to accommodate the atin the above observations, we proposed the folloing greedy
demands € R using a minimum number of wavelengths. algorithm to compute the minimum destination tree set, as
As described in Section ITWIN-WAIs solved using a 2- shown in Figure 3
step process. In thdree-Constructionphase, we construct Our Tree-Constructioralgorithm first groups the traffic de-
the destination trees and in thigee-Wavelength assignmentmands according to their destination. This can be done by



TreeConstruction(G R to accommodate all the trees. In Section V-A, we introduee th

{ results = [} generii:hfcirm of trlqre?r—]wavetl_engltrt] assignmleptotalem %T
. . . .. prove that computing the optimal tree-wavelength assigrime

?(;(:u?e:; t;ig;?ﬂgﬁ?nagfju%cé?g';g to their destinatio |§‘NP—Har_d. In Section V-B, four greer heuristics are foli1:110]

{ g to approximately solve the problem in reasonable time.
Initialize a new destination tre®; (D;). A. Generic Form of th@ree-Wavelength AssignmeRtoblem
T;(D;).capcity = wavlength_capacity. ] S
curTree = Tj(D;). We note that in TWIN netwo_rks, two destination trees that
for+ (each traffic demandsin DG(D;)) share some I|_nks cannot be assigned to_th_e same Wayeleegth, a

{ the TWIN switches will not be able to distinguish their traffi
Merge the light path from-.s to r.d into So, trees that hgve common links are considerezbirflict for
T;(D;). wavelength _aSS|gnment. Oq the other hand, trees that dcnn_ot n
if(r.bw < curTree.capacity) _share any link can be aSS|gne(_j the same_wavelength without

curTree.capacity -= .bw. interference. Such trees are said todoenpatible
else Another observation fotree-wavelength assignmeist that
{ a destination tree may be assigned more than one wavelength.
if(r.bw > curTree.capacity) Thgt is, some source—destinaﬁon paths may use one wawbleng
Insert a new demantk, d, while the qther paths use a dlfferen_t Wavelengths._ In paeic
r.bw — capacity) into DG(D;). we can divide a destination tree into a compatible part and
Add curTree into results. a conflict part with respect to a current wavelengths that has
Initialize a new destination treg;; (D;). already. been assigned to some other trees, and assign the
curTree = Tjy1(D;). compatible part to the current wavelength. Note that thé spl
} always starts from the source nodes (leaf nodes), and etfus at

} destination (root). Since the destination nodes is abledeive

} data flow from multiple wavelengths simultaneously, sipigt

returnresults: destination tree as described does not affect the coriestne

} of the data transmission. However, it provides more fleijbil

when we resolve the conflicts among destination trees.
Based on the above observations, the generic form of the
Fig. 3. The greedy algorithm ffree-Construction tree-wavelength assignmeptoblem is as follow: Given a set
of destination treeDT = (to,- - -, t;) on a TWIN network

) ) G < V,E >, minimize the total number of wavelengths
simply scanning the demand set once. For each group, {i&t are needed to accommodate all the tree®ih without

corresponding destination trees are constructed greeily yislating the following constraints: 1). Destination tsethat
adding the current light path to the current destinatiom® trgpare 5 wavelength should be compatible with each other. 2).
would exceed its wavelength capacity, we split the currefegtination tree obtained from theee constructiorphase is
request into two sub-requests. The first part joins the oty jiher assigned a single wavelength, or split into seveagtisp
tree and uses all its remaining capacity. The second pats stdiin each part being assigned to different wavelengths.

a new destination tree into which we attempt to merge thethaorem 1:The aboveree-wavelength assignmepitoblem
remaining paths in the current group. The optimality of thig Np-Hard.

grgt_edy algorithm is obv_iou; as the number of result trees is . Jof We prove this by reducing th&raph-Coloring
m!nlmlzed for each destlnapon n_odes. The time compIexity Broblem to the tree assignment proble@raph-Coloring is
this tr_ee constructlon algorithm ©@(|V| * |R|), where|R| is a well-known NP-Complete problem. Given a graph <
the size of the traffic demand set afid| is the number of ' "\ye want to color all the vertices with a minimum
nodes in the network, which bounds length of all possiblatlig ,;per of colors such that no two adjacent vertices have the
paths. same color.
We first construct a corresponding TWIN-WA instance based
on aGraph-ColoringinstanceG < V, E >. For each node; in
When a data burst is ready to be sent out, the source nd@dewe initialize a corresponding treg which only contains its
need to know which wavelength it will use to transmit the bursoot noder;. For each link ¢;, v;) in G, we insert a new edge
for its intended destination. In TWIN network, this is demid (n;;_1, n:;_2) to both trees; and¢;. We append this new edge
by the tree-wavelength assignmeptocess. In traditional op- to the last inserted node in the tree, so the tree has a dkain-I
tical networks, wavelengths are assigned to specific ligtthigo  structure. Figure 4 gives a simple example. Nadeand v,
However, in TWIN networks each destination tree is assignage adjacent inG. So we have edgen(s_1, n12_2) appended
a wavelength. In this section, we discuss different stiategto nodesr; and r, for treest; and ¢, respectively. For the
of assigning wavelengths to destination trees. The de&tina same reason, edge _1, n13_2) is appended to node; 5 2 in
trees are constructed in the previdmse constructingohase. ¢; and noders in t3. After we finish the above steps for all
Our goal is to minimize the number of wavelengths that we u$iaks in £, we have a destination tree 981" = (¢, ta, -+, ts).

V. TREE-WAVELENGTH ASSIGNMENT



We construct a TWIN networks; from DT by merging the time. These heuristics have a similar main process when
topology of all the trees ifDT'. In the example, we obtain acomputing the wavelength assignment. However, they differ

7-node graphG, by merging trees, t; andts in DT.

T1 T2 T3

n® r2 r3
# Nyip 4 :/I Niz 3 Ny, N3 4
Ny, 5 Ny 5 Np; Ny,

vig———@ V2

vi@

from each other in the order the input destination trees and
the existing wavelengths are assigned.

The main idea of our greedy heuristics is as follows. The
destination trees iDT are checked one by one according to
the tree sorting order A destination tree is matched against
already assigned wavelengths according to wevelength
sorting order For treet; and wavelengthiV;, if part of ¢;

Tree Set

can fit into wavelength¥;, ¢; is divided and a part of it is
assigned thdV;. The rest oft; is then matched against the
wavelengthsiV;;; and so on. If all the in-use wavelengths
together cannot accommodate a new wavelength is opened
for the unassigned part @f.

We propose 2 different approaches to sort the destination
trees.

1) Most Conflicts Tree First (MC): The trees are sorted

Fig. 4. Reduction fronGraph-Coloring problem totree-wavelength assign-
mentproblem.

From the construction aDT" andG,; , we can see that if two
verticesv; andv; are adjacent irz, treet; and¢; must have
a common linkn;; 1 andn;; 2, which meang; andt; are in
conflict in thetree-wavelength assignmeptocess for network

G¢. On the other hand, if two treg¢s and¢; are in conflict for 2)

wavelength assignment, they must share the edge firgm to
n;;_o and that edge is the only link that is common to both trees.
From the construction, there must be a link between vertices
v; andv; in G. Meanwhile, if the trees are all in the shape of a
chain, as in our construction, splitting a tree brings nodfi¢io
the wavelength assignment process. Therefore, in the aptim
assignment fotDT' on Gy, every tree inDT is assigned to a
single wavelength.

Now, let £ be the minimum number of colors we need to
color G andm be the minimum number of wavelengths we
need to accommodate all the treeslii’. Based on the above
observation, we claim that = m. First, we show thatk
wavelengths is sufficient, if we can coldf using at most

in decreasing order of to the number other trees in
DT with which they have a conflict, denoted &8V;.
This is sorting criterion is based on the idea that if we
assign trees with more conflicts first, we may reach the
minimum number of required wavelengths very quickly.
Then, for those trees with less conflicts, there is a higher
chance that they will fit into the existing wavelengths.
Most Processed Tree First (MP):Let P; be the number

of conflicted trees of; that have already been assigned
wavelengths. Instead of choosing trees with largey;
values, we pick up trees that has highBr values.
Each time after a tree is assigned, tRevalues of all

the unassigned trees are updated and the one with the
largestP; value is chosen as the next tree to be assigned
wavelengths. When multiple trees have the same
the tie breaker will be the value of the@® N; value.
The thought behind this ordering is similar to tMC
ordering. Moreover)M P order is hoped to improve the
MC order by keeping the priorities synchronized with
the result of the existing assignments.

We also propose two sorting orders for wavelengths.

colors. Our wavelength assignment scheme is to assignttree 1) Best-Fit Wavelength First (BF): The in-use wavelengths

the wavelength¥V;, j < k if the corresponding vertey; in G
is colored using coloC;. Sincet; will not be split, and all
the vertices inG that are colored withC; cannot be adjacent
to each other, we can guarantee thatvill be compatible to

any other trees that are assigned the wavelefigthNow, we 2)

show thatG also can be colored without conflict using at most
m different colors, whenevern wavelengths are sufficient for
the constructed tree sdd7T. For each nodey; in G, if its
corresponding tree; is assigned to wavelengdly;, it will be
colored withC;. Since there is no conflict ifil;, nodes with
color C; will not be adjacent to each other {i. Therefore the
color of v; is valid.

From the above statementSraph-Coloringcan be reduced
to thetree-wavelength assignmeprtoblem in polynomial steps.
So tree-wavelength assignmeista NP-Hard problem. [ ]

B. Greedy Heuristics

In this section, we propose a set of greedy heuristics to
compute an approximately optimal assignment in reasonable

are sorted in the decreasing order of the number of links
in the network that do not use this wavelength. This order
is updated every time a tree-wavelength assignment is
completed.

Most-Fit Wavelength First (MF): Every time before

a destination tree is being assigned, the existing wave-
lengths are sorted by the size of the subtree they can
accommodate for the current tree. We measure the subtree
size by counting the number of source nodes that can be
contained in the current wavelength. If one wavelength
can hold a larger number of the source nodes and their
corresponding light paths, it will have higher priority
during the matching. The wavelengths re-ordering is
triggered at runtime whenever the current tree is changed.
Either a split on the current tree, or a new tree is taken
out from DT for assignment. We also note that there is
no need to completely sort all the wavelengths during the
updates. The only wavelength we are interested in is the
one that can accommodate the largest subtree. Therefore



we only need to find the Most-Fit wavelengths, rather
than sort all wavelengths.

Combining the different tree sorting and wavelength sgrtin
methods together, we obtain 4 different heuristics fiee-
wavelength assignmeiIC-BF, MC-MF, MP-BF andMP-MF.
The complexity of each of our heuristics is as follows:

1) MC-BF: Let |V| be the number of vertices in the TWIN
network and|7’| be the number of destination trees in
DT. When we determine the conflicts between each pair
of trees, it take$)(|V|) time as each tree may contain at g ey W g B B
most |V| — 1 edges. Since every pair of trees T
is checked, counting the conflicts for the whaleT Ll ol gy K
set takesO(|V| x |T|?) time. The sorting takes another
O(|T|log(|T|)) time. Therefore computing th&/C or-
der takesO(|V| x |T|?) time. During the assignment
process, the maximum number of wavelength needed is
|T|. So the number of matches for each destination tree (b) Mesh
is O(|T|). For each tree wavelength pair, it takeg|V|) Fig. 5. Network Topologies.
time to match them. So the processing time for one single
destination tree is bounded I6)(|V'| x |T|). To maintain
theBF order, we need to update the wavelength capacitibsuristic with the ones we proposed in Section V-B, we can
and sort them. It takes anothéX|T'|log(|T])) time. So investigate the impact of the sorting steps. For every taséc
the overall processing time for one destination tree e also provide a lower-bound for the optimal solutidnH).
O(|V|x|T|+|T|log(|T])). The total complexity foMC- The lower-bound is computed by counting the occurrences of
BF algorithm isO(|V| x |T |2+ (|V | x |T|+|T|log(|T|)x  each network links in all destination trees. The maximurmtou
IT|) =O(|V| x |T?). among all the links is the lower bound for the minimum number

2) MC-MF: To find the Most-Fit wavelengths to the currenpf wavelengths we need. With this bound, we can estimate how
tree, we need to match the tree against all the wavelengttgll our heuristics can do in the experiments.

This takesO(|V| x |T|) time. A destination tree will  To simulate a optical network, we use a 25-node mesh-torus
split at most|V| — 1 times during the assignment, saopology, a real world 19-node MCI network (Figure 5) and
O(|[V|? x |T]) time is taken to process one destinatioseveral randomly generated topologies. For randomly géeer
tree. The overall complexity falC-MF is O(|V|x|T|?*+ topologies, we set the out-degree of each node to be a random
V|2 x [T|?) = O(|[V]? x |T|?)), whereO(|V| x |T|?) integers between 5 and 7. To ensure network connectivity, th
is the MC sorting time andO(|V|? x |T'|?) is the tree- random network has bidirectional links between nodesd
wavelength matching time. i+ 1 for everyl < i < n, wheren is the number of nodes.

3) MP-BF: If the tree order is updated dynamically, exSince the test results from MCI and Mesh topology are very
tra O(T') operations are added to the processing sfmilar to each other, in this paper we only present the tesul
each destination tree. However, these extra operatidnam MCI and Random topologies.
do not changed the asymptotic complexity for the tree- The traffic demands are also synthetically generated. Each r
wavelength matching process. The oveMP-BF com- quest is described by a 3-tuple d, BW'). We first identify the
plexity is the same as faviC-MF: O(|V| x |T|?). sets of source nodes and destination nodes from the all graph

4) MP-MF: Similar toMP-BF, the extra operations requiredverticesV. In the experiments, we mark 40% of the vertices
to maintain theMP order is dominated by the otherin V' as source nodes and another 20% nodes as destination
tree-wavelength assignment operations. Thus, these extoales. The remaining 40% nodes are served as communication
operations do not affect the asymptotic complexity afiodes in the network. The process of marking nodes is totally
MP-MF, which is still O(|V|? x |T|?). random. The source and destinatiod are then selected using

a uniform random number generator from the respective sets

so that the workload is distributed uniformly among difietre

A. Experimental Framework node pairs. The required flow siZ8W is generated using a

In this section, we measure the performance of the wavghopped Normal DistributiooV'(0.1,2.5 x 10~3). Using this
length assignment heuristics described in Section V antl ewdistribution, about 96% of the flows sizes are in the interval
uate how different sorting schemes affect the performairces(0,0.2). Generated flow size are discarded if its value is outside
various scenarios. Besides comparison on the optimalithef the range(0, 1). As the expectation of traffic demands is only
their assignments, we also measure the execution time bf eficl, most admissible destination trees generated will corapris
heuristic and study how execution time varies with networkultiple light paths.

size and workloads. We implementedha-sortversion of the  For each test case, the maximum number of traffic demands

greedy heuristics that does not do the sorting steps fogrdtle is bounded by the number of source-destination pairs. This

destination trees or the wavelengths. By comparingiittsort number is denoted aslaxLoad For example, in a 100-node

VI. EVALUATION



random network, if we mark 40% of the nodes as source nodes
and 20% nodes as destination nodes, we will have at most 800
different source-destination pairs. That would be the mmaxn
number of light paths that we need to handle in the test case.
During the experiments, our workloads are varied from 20% of
MaxLoadto 100% ofMaxLoad

B. Evaluation Results

3)

Number of Wavelengths

Traffic Load (% of the MaxLoad)

4)

Fig. 6. The performances of wavelength assignment hetsistder different
number of requests in MCI network.
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50— m-ME-MF e 1
u MP-BF
B MP-MF
No-Sort N
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Number of Wavelengths

20 a0 60 80
Traffic Load (% of the MaxLoad)
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Fig. 7. The performances of wavelength assignment hetsistider different
number of requests in 100-node random topologies.

Figures 6 and 7 present the evaluation results for our
wavelength assignment heuristics under various traffiddaa

traffic loads that are 20%, 40%, 60%, 80% and 100% of

. Fig. 8.
MCI and random networks. In the experiments, we produgégtworks

means adjusting the tree order dynamically provides more
reasonable matching orders during the tree-wavelength
assignment. On the other hand, & heuristics outper-
form the BF heuristics when the workload is high (more
than 80%). However, when the workload is less than
40%, the performances ®fF heuristics andBF heuris-

tics are comparable. This shows that when the traffic load
is high, a more careful choice on the wavelength, like
MF, is necessary to provide a better assignment. When
there are plenty of resources available, a relatively crude
sorting, like BF, is sufficient.

When the traffic load is light, the sorted heuristics pdevi

a results close to the lower bound, i.e. a very good
approximation on the optimal solution. When traffic load
is high, the assignments from the heuristics are relatively
far away from the lower bound. However, this does not
necessarily mean that the heuristics cannot approximate
the optimal solutions under high workloads, as the lower
bounds may not tightly bound the optimal solutions when
traffic load is high.

The number of wavelengths needed increased with the
traffic load. In small networks like MCI and Mesh, the
need for extra wavelengths increases faster than in large
random networks. The reason is that it is less likely to
find disjoint light paths for different source-destination
pairs. When traffic load increases, conflicts are more
frequent in small networks than in large networks.

ELB
MC-BF
£ BMC-MF
I H MP-BF
B MP-MF
No-Sort

Number of Wavelengths

200

300

Network Size (number of nodes)

The performances of wavelength assignment hexgisti random
with various sizes.

the MaxLoad From the experimental results, we make the Figure 8 presents the performance of the heuristics on

following observations:

random topologies of various sizes when the number of traffic

1) All 4 heuristics that we propose in Section V-B generaemands is 800. We can see that with the increase of the net-
better assignments than tme-sort heuristic in all test work capacity, fewer wavelengths are required to accommeoda

scenarios. These heuristics outperformnbesortheuris-

the request set. However, when the network size is more than

tic with more obvious margins in the light traffic loads#00 nodes, the improvements are almost negligible. Reuai! t
(less than 60%) than in heavy traffic loads. This showturing thetree constructiophase, multiple destination trees are

that the sorting the trees and wavelengths provides mdailt

if the total traffic size exceeds the wavelength catyaci

help to the wavelength assignment when the network § when the network topology is large enough to resolve
less occupied. When the networks links are saturatedpst conflicts in the tree topologies, the minimum number of
rearrange the order of match will not be able to improwvavelengths needed in such networks is heavily influenced by

the scheduling much.
2)

the maximum number of admissible trees that share the same
Among the four greed heuristids|P-MF heuristic gives destination, i.e. the capacity of the wavelength again tmeso

the best performance in all test cases. Regarding the séhe main constraint.

ing methods for the destination trees, @& heuristics

Figure 9 presents the running time of our wavelength as-

provides better assignments than M€ heuristics. This signment heuristics under different workloads and Figube 1
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Fig. 9. The algorithm running time of wavelength assignnientristics under
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different number of requests in 100 node networks.

assignment that use the minimum number of wavelengths. We
show that this wavelength assignment problem is NP-Complet
by reducing theGraph Coloring problem to it. Four greedy
heuristics are presented to compute an approximated aoluti
within reasonable time. Extensive experiments are peidrio
evaluate the optimality and the running time of the heuwssti
The results show that sorting the destination trees by their
degree of conflicts and sorting the wavelengths according to
their available resources are effective approaches toawepr
the heuristics performance. However, certain overheadt®n
Heuristics’ running times are introduced by the sortingoess.

We also notice that in some extreme scenarios, rthesort
heuristic can provide competitive results using much senall

25000

m MC-BF
MC-MF
20000 m MP-BF

I
u MP-MF
No-Sort I [1]
15000
1
I
10000 . [2]
5000 ! [3]
- 10
0
100 200 300 400 500
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Network Size (number of nods) [5]

Algorithms' Running Time(seconds)

Fig. 10. The algorithm running time of wavelength assigniteuristics in
random networks with various sizes. [6]

[71
gives the running time as a function of the network size. W'fs]
see that theno-sort heuristic is always the fastest algorithms.
The difference in the running time increase as the netwa si [€]
grows, as well as the traffic loads increase. Heuristicsgutia
same tree sorting algorithms generally have the same rgnnjiy;
time, which means the overhead brought by the two wavelength
sorting methods are similar to each other. For heuristiasgus [11]
different tree sorting scheme, we note that M€ sorting is
faster than theMP sorting. However, their performance gap is
much smaller than the gap with tin@-sortheuristic. Although [ig}
the sorted heuristics are relatively slow compared tontheort  [14]
heuristics, their overall computational costs are stitlegatable.

In best cases, the average scheduling time for one reques[tlg
less than 5 seconds. In the worst case, the average schgedulin
time is less than 30 seconds for the slowest heuristic.

As a summary, the sorting schemes provide considerabi®
benefits to the TWIN wavelength assignments. The improve-
ment is more with relatively low workload. However, the
sort heuristics’ running time is affected by the extra oeeth
brought by the sorting process. Nevertheless, the runiimggst
are still reasonable even in the worst case. itxesortheuristic
is competitive when the networks are large and traffic deral
are heavy. It provides much faster scheduling speed while
yielding little in the assignment optimality.

VII. CONCLUSION

In this paper, we discuss the wavelength assignment for
TWIN networks. We propose a 2-step process to compute
the wavelength assignment for a given set of the traffic de-
mands. The goal of our scheduling algorithm is to find the

running time.
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