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Abstract—One promising approach to the effective utilization utilize. For instance, Internet traffic varies substantially during
of wavelength division multiplexing networks is to transfer data work hours but decreases late at night. Therefore, even if we
on an on-demand basis. That is, when a data transfer request prepare one lightpath between nodes (e.g., for transporting the

arises at a source node, one wavelength is dynamically reserved . . . .
between the source and destination nodes, and a lightpath is 9@ {raffic), traffic may decrease and not require the lightpath

configured between the nodes. Setting up a lightpath consists (€-9-, for transporting the night traffic). Considering the bursty
of three phases: (1) routing, (2) wavelength assignment, and nature of the traffic, one promising approach to utilize WDM
(3) wavelength reservation. In this paper, we focus on wave- networks effectively is to transfer the data on an on-demand
length assignment. In a distributed wavelength-routed network, pagis That is, when a data transfer request arises at the source

a lightpath request is blocked when its assigned wavelength is . .

already occupied by another lightpath request due to a prop- node, avyavglength is dynammglly reser_ved bereen the source
agation delay between the nodes. Conventional studies assumeéand destination nodes, and a lightpath is configured. After the
that a wavelength for the lightpath is selected randomly in data transmission finishes using the lightpath, the lightpath

the distributed lightpath setup method. However, this random g immediate|y torn down. This dynamic establishment of

selection method causes unnecessary blocks of lightpath requeStSIightpaths increases the bandwidth efficiency for transporting
even when the arrival rate of requests is low. In this paper, the Internet's traffic

we develop a novel method for assigning wavelengths, based . .
on the first-fit algorithm. In our proposed method, the inter- There are two approaches to setting up lightpaths: cen-
mediate nodes forecast the wavelength that will be selected attralized and distributed. In the centralized approach, one
the destination node, so that the subsequent lightpath requests management node controls the setup or release of lightpaths.
avoid the forecasted wavelengths. The forecasted wavelength is5, the other hand, in the distributed approach, each node
thus kept available until the corresponding request reserves it, . . I

which prevents wavelength conflicts with other lightpath requests. works independently. The Cerlt_rallzed approach can Ut_'l'ze the
Computer-simulated performance comparison showed that our Network resources more efficiently because a special node
method reduces the blocking probability by more than one order manages all of the lightpath requests. However, it has two
of magnitude compared to random selection. problems. One is low scalability: the processing capability
of the management node limits the network size. Another is
poor survivability: when the management node breaks down,

Demands on optical networks that use wavelength divisiave cannot establish new lightpaths. Unlike the centralized
multiplexing (WDM) technology have increased with thepproach, the distributed approach has high scalability and
growing volume of Internet traffic, and these networks hawebust survivability. In this study, we focused on the distributed
been the subject of much research [1], [2]. wavelength-routed WDM networks.

Two main types of networks, opaque and all-optical, are In the distributed approach, setting up a lightpath consists
widely considered. A main drawback of opaque networksf three phases: (1) routing, (2) wavelength assignment, and
which require optical-electronic-optical (O-E-O) conversion qi3) wavelength reservation. The first and second phases are
regeneration at every intermediate node, is the high cost of #leo known asrouting and wavelength assignme(RWA)
additional O-E-O converters at the intermediate nodes. Morgroblem, which determines which route the lightpath goes
over, data transmission is delayed by the processing speedhobugh and which wavelength is assigned for the lightpath.
these converters. Therefore, all-optical networks that do Hextensive research has been done on this problem [3]-[6]. For
require electronic processing in the network are expectedthe third phase, two wavelength reservation methods have been
be used in the infrastructure of the next-generation Internetleveloped to set up the lightpath in a distributed manner [7].

However, the bursty nature of Internet traffic makes the lardgie both methods, the lightpaths are established by exchanging
bandwidth provided by WDM technology difficult to fully control packets between source and destination nodes. The

I. INTRODUCTION



actual reservation of the link resources is performed whi _
the control packet is traveling from either the source node N1 I% N4| | Request at
the destination node (i.e., in a forward direction), or from th S
destination node to the source node (i.e., in a backward dirt| Request at
tion). Several studies have been done on reservation sche | ¢ =g+A
to reduce the blocking probability for lightpath requests [8]
[12].

Several algorithms have been proposed for wavelenc
assignment problem (For example, SPREAD or MAX-SULI
algorithms. See details for [5].) However, conventional stuu-
ies on wavelength assignment problem do not consider tﬂﬁ 1. Distributed wavelength-routed WDM networks: blocking occurs
blocking during wavelength reservation process. Without thigen two or more lightpath requests arrive almost at the same time.
blocking, how to spread lightpath requests on links is an
essential for wavelength assignment problem [13], [14].

In the distributed networks, the end node does not kngwpntrol packet), and the control packet sets up and/or tears
which wavelength should be assigned to the lightpath. THewn the lightpath. The control channel carries the control
selected wavelength may already be occupied by other nédgnal (or control packet), and the control packet sets up
pairs. In such a case, the reservation is blocked at the interragd/or tears down the lightpath. Distributed networks do not
diate node (Figure 1). This is because the node does not knd@¥e a central controller; each node controls routing and
when and where other lightpath requests arrive. Conventioffé@velength assignment in cooperation with the neighboring
studies assume that a wavelength for the lightpath is seleci@gles. Our research focuses on the wavelength assignment
randomly in the distributed lightpath setup method [7]-[12pnd wavelength reservation, but not on the routing problem.
However, this random selection causes unnecessary blockSice the wavelength assignment is closely related to the wave-
lightpath requests, even when the arrival rate of requests is I8agth reservation method, we first describe the wavelength
[15], [16]. Therefore, a more efficient wavelength assignmefgservation method in the distributed wavelength-routed WDM
method for distributed wavelength—routed networks is needé@tworks.

In this paper, we propose a novel wavelength assignmeimt
method that is based on the first-fit algorithm to reduce thée
blocking probability during wavelength reservation process. The distributed wavelength reservation method is mainly
In this method, wavelengths are put in order of their indexe&ategorized into two reservation schemfesward reservation
This wavelength list can be reordered according to informati@d backward reservatianFigures 2 and 3 illustratéorward
from the intermediate nodes. The wavelength at the top of tiservationand backward reservatiomespectively.
list is selected for lightpath establishment. The intermediates Forward reservation method
nodes forecast the wavelength that will be selected at the In the forward reservation method, the source node sends
destination node so that the subsequent lightpath requests a reserve—request (RESV) packet when a lightpath setup
avoid using the forecasted wavelengths. By doing this, the request arises. The RESV packet reserves a wavelength
forecasted wavelength is kept available until the corresponding from the source node to the destination node. More
request reserves it, which prevents wavelength conflicts with specifically, it reserves a wavelength at every interme-
other lightpath requests. We used computer simulation to diate node that is in the source-destination path. First,
evaluate our method, and confirmed that it can be used to the source node selects a wavelength for reservation
select wavelengths more efficiently than the random selection from an available wavelength group in the next link
method, reducing the blocking probability. and sends a RESV packet toward the destination node.

The rest of the paper is organized as follows. In Section When an intermediate node receives the RESV packet,
2, we outline wavelength-routed WDM networks and the it extracts a candidate wavelength for the lightpath from
conventional wavelength assignment method. In Section 3, we the wavelength information in the control packet. Then, it
present a new wavelength assignment method, and evaluate checks the next link to determine whether the candidate
our proposed method by computer simulation in Section 4. wavelength is available. If it is available, the intermediate
Finally, we conclude our discussion in Section 5. node reserves the wavelength and forwards the RESV

packet to the next node. The lightpath is established as

soon as the RESV packet reaches the destination node.
« Backward reservation method

The physical topology of our network model consists of The backward reservation method reserves network re-
optical cross-connects (OXCs) that are connected by optical sources more accurately. The source node sends a PROBE
fibers. An optical fiber had?¥ + 1 wavelength channels: packet before reserving a wavelength. This PROBE
one used as a control channel and the others used as data packet collects information on usage of wavelengths
channels. The control channel carries the control signal (or along the forward path, but does not reserve wavelengths

Distributed wavelength reservation method

Il. DISTRIBUTED WAVELENGTH-ROUTED WDM
NETWORKS
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Fig. 2. Distributed lightpath establishment: Forward reservation
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Fig. 3. Distributed lightpath establishment: Backward reservation

at this time. Every intermediate node that receives \When the reservation fails, an intermediate node discards the
PROBE packet determines whether each wavelength wiRESV packet and sends back a NACK packet immediately.
ten in the packet is available in the next link. If arhis packet informs the source node that reservation failed at
wavelength is unavailable or in use, that wavelength & intermediate node. In this case, the source node must send
removed from the available list in the PROBE packet RLS packet to tear down the partially-finished lightpath. The
When the destination node receives the PROBE packttiled case is illustrated in Figure 2(b).
it will know which wavelengths are currently available |n the backward reservation, although the reservation is
in the source-destination path. Based on this informatiomyore precise due to the PROBE-based reservation, reservation
the destination node determines a wavelength for resgfijure is still unavoidable in two instances. The first one
vation and then sends a RESV packet toward the soujgepROBE failure. If no wavelength is available through the
node. entire path, the PROBE packet carries an empty set, so the
In the forward reservation, since the source node ondlestination node cannot find a wavelength for reservation. In
knows which wavelength is currently available in the firghis case, the destination node returns a NACK packet and the
intermediate link, there is no guarantee that the selectsdurce node recognizes that the reservation was failed. In this
wavelength will be also available in each subsequent linkpaper, we do not consider wavelength conversion facilities.



That is, a lightpath uses the same wavelength along the entire
path, which is known athe wavelength continuity constraint
[17].

The second instance of failure is congestion between RESV 2
packets. Because of the propagation delay, the information -§
collected by a PROBE packet may be different from the &
current link state. There is no guarantee that a wavelength that &0
was free a few minutes ago is still available. In dynamic WDM
networks, the link state changes from moment to moment. It
is impossible for edge nodes to know the current link state M
exactly. If the destination node sends a RESV packet based §
on outdated information, the reservation may fail because &
the wavelength has been already reserved by another source-
destination pair. Figure 3(b) shows this instance of reservation
failure.
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a
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Fig. 4. Wavelength Assignment

B. Approaches for wavelength assignment in distributed WDM
networks

Unlike centralized networks, distributed networks do ndfd Probability, B, as:
have a central controller. All the nodes in the distributed B=B"+(1-B") x BB, (1)
network have to work autonomously. Therefore, the source and P ) 5
destination nodes do not know which wavelength is availapfgere B” is caused by forward blocking ani” is caused
along their corresponding route. The backward reservati@) Packward blocking. Figure 4 indicates an outline of the
solves this problem by using PROBE packets that colleRlocking probability. In the figure, backward blocking makes
the information on currently available wavelengths along tH8€ blocking probability relatively high even when the traffic
forward path. With the PROBE packet, the destination nod@d is quite low. Forward blocking is inevitable since the
knows which wavelength is available along the path, and ciavelength resources are insufficient: only using a wavelength
choose it. However. even if we use the PROBE-based inspgenverter or selecting an alternative route would improve the
tion, a possibility remains of requests being blocked becau¥g/ation. L
the information collected by PROBE packets is outdated due' "€ téchnology of wavelength conversion is still immature
to the link propagation delay or processing delay at each no§8d €xpensive. Backward blocking can be reduced without
According to K. Lu et al. and Arakawa et al., the meaH1Is expensive technology if we prevent the PROBE infor-

blocking probability of the backward reservation is analyzeri'i'a‘tion becoming out-of-date. Moreover, backward blocking

numerically [15], [16]. Two kinds of blocking have beenhas a large influence when traffic is lower load, which is

observed: the operational range of practical use. Consequently, reduc-
forward blocking  Blocking in the forward direction, due ing backward blocking is critically important for high-speed

to insufficient network capacity. This“ghtpalth communications.

kind of blocking occurs when the des-  |Il. WAVELENGTH ASSIGNMENTMETHOD USING
tination node finds (from the informa- CIRCULAR WAVELENGTH LIST

tion collected by a PROBE packet) thaty - prgnosal for the Wavelength Assignment Method

no wavelength is available between the . . o
source and destination nodes. In the conventional backward reservation, the destination
backward blocking Blocking in the backward direction, node selects an available wavelength for a lightpath randomly.
due to a “vulnerable period” [18] Here, “available” means “available when the PROBE packet
between the PROBE packet passinfprwarded”. At that time, there is no guarantee that the selected
an intermediate node and the RESWvavelength will still be available when the corresponding
packet reaching that node (See FigurESV packet arrives at the intermediate node. If we can
3(a)). This kind of blocking occurs prevent the other connection requests reserving the selected
when a RESV packet arrives at an inwavelength during the vulnerable period, this “available” will
termediate node and the node finds thanean “available until the RESV packet reaches the inter-
the wavelength written in the packetmediate node”. In such a case, backward blocking would
has already been reserved by anothawt occur. To reduce the backward blocking, we propose a
lightpath request that has arrived earnovel wavelength assignment method in which the connection
lier. requests generated later avoid the wavelengths that have been
According to these observations, we can calculate the blodelected by the connection requests generated earlier. The
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features of our proposal are a first-fit-like algorithm adapted &p. 7.  Update the wavelength ring (When the wavelength is set to
the link state and forecasting wavelengths used for reservatigpfiesirable”)
at the intermediate nodes. First, our proposal removes the

reservation initiative from the destination node. In the existing /wxz \A i /m\

methods, the reservation wavelength is selected randomly o' { Select- Window ol Select-A Window
the destination node, a process that causes unnecessary blog!'s f:--l Sl HHE> xf l_x _'

In our proposed method, the wavelength for the reservation | g R‘”@ Ly Y L JZ: .
determined automatically based on the link state by wh|ch Dot oer

the PROBE packet passed. The destination node has no need T\ o '"T\-’.%.'-‘/

to select a wavelength, but only pick up the wavelength
from the PROBE packet. Each PROBE packet has a cycli¢ay. 8.  update the wavelength ring (When the top wavelength is set to
wavelength list that is arranged in order of wavelength indexyndesirable”)
e, Aw = Aw—_1 — - = X2 = A = Ay — Aw_g — -+
). We call it a circular wavelength list (Figure 5). While the
PROBE packet travels from source to destination nodes, thelhe details of our proposal are described as follows.
circular wavelength list is produced according to its probedl) Behavior of the source node
information. When the PROBE packet reaches the destination (S1) Receive connection request.
node, the wavelength at the selection window in the list is se- (S2) Create a PROBE packet.
lected for the RESV packet. By using the circular wavelength  (S3) Check the wavelength availability in the next link.
list, it becomes easier to find a wavelength for reservation (S4) Determine the initial wavelength of the wavelength
because calculating the random algorithm at the destination ring. Randomly determine the initial wavelength of
node is unnecessary. Furthermore, the intermediate node can the wavelength list.
forecast wavelengths that will be selected by incoming PROBE  (S5) Forward the PROBE packet.
pa_lczke;s. C which enaths will b 4 when 2) Behavior of the intermediate node

o forecast which wavelengths will be used, when the :
intermediate node forwards the PROBE packet, it checksE ; Receive the PROBE packet.
the selection window in the circular wavelength list, and (13)
knows which wavelength this PROBE packet will select. After
forecasting, the intermediate node writes the result in its Wave-
length Forecast Table. A PROBE packet that arrives afterward
can refer to the table and know which wavelengths the earlier
PROBE packets want to use. At that time, the PROBE packet
compares the wavelengths with its own selection window. If (14) Update the wavelength ring.

Probe the wavelength availability.

Check the Wavelength Forecast Table in the previous

link and the next link.

« If the forecasted wavelength is found: Set the wave-
length “undesirable”.

« Otherwise: Proceed to the next step.

the same wavelength is found in its own selection window, « If a wavelength has been reserved by the other
the PROBE packet rotates the wavelength list until it finds requests: Delete the wavelength from the ring. If the
a different wavelength from those in the wavelength forecast wavelength is at the select-window, circulate the
table. By using these circular wavelength lists and forecasting ring (Figure 6).

wavelengths, our proposed method can prevent the selected « If a wavelenth is set to “undesirable”: Reorder the
wavelength being reserved by other connection requests. ring. Insert the wavelength at bottom of the cyclical



list (Figure 7). If the wavelength is at the selekt—
window, circulate the ring (Figure 8).

o If the wavelength at the select—window has
changed:Send update message towards the sot
node. The update message updates the wavelen
forecast table of the intermediate node which th
PROBE packet passed through.

(I5) Update the Wavelength Forecast Table by checking t
wavelength ring of the packet.

(I6) Forward the PROBE packet toward downstream node
3) Behavior of the destination node

(D1) Receive the PROBE packet.

(D2) Probe the wavelength availability in the previou

link.
(D3) Check the Wavelength Forecast Table. Fig. 9. NSFnet

« If the forecasted wavelength is found: Set the
wavelength “undesirable”.

« Otherwise: Proceed to the next step. table is out-of-date, the lightpath requests cannot avoid wave-
(D4) Update the wavelength ring (Same as (14)). length conflict.
(D5) Pick up the reservation wavelength that is at the Figure 11 shows the result wheli’ was set to 32. By
select-\ window in the wavelength ring. increasing the number of wavelengths, the performance of

(D6) Return the RESV packet toward the source nodethe random selection was improved. The performance of our
proposed method also improved because in our method, the

IV. SIMULATION EVALUATION initial wavelength of the circular wavelength list is selected

A. Simulation Model randomly. Our proposal is very effective regardless of the

To evaluate the performance of the proposed method, {YeMPer of the wavelength.

compared it with random assignment in the backward reservafigure 12 shows the result whelh, was set to 1.0 ms.

tion method. We used the NSFNET (Figure 9) as a simulatid¥hen the link propagation delay is long, the influence of the
topology. The number of wavelengths on each link was daackward blocking becomes clearer since the PROBE infor-
to W + 1. Each link had the same propagation deldy,. Mation is outdated by the long propagation delay. In this case,
The route between a node—pair is prepared by the minimdf¢ update of the wavelength forecast table in our proposed
hop routing algorithm. Data transfer requests arrived accordiftgthod was also delayed. As a result, the performance of both
to the Poisson process, and the lightpath holding time w#¥ random and proposed methods worsened compared to the
assumed to be exponentially distributed with medp [ms]. results in Figure 10. However, our proposed method is still ef-
In this simulation, we did not consider the reservation retridgctive even when the link propagation delay becomes longer.

and we evaluated our proposal in terms of the blockingj3 see this more clearly, we show the blocking probability
probability. ependent oL p in Figure 13. Here, we set arrival rate 1.0e-

06, and the results whely is set to 16 and 32 are presented

B. Results of NSFNET Network in the figure. The difference between the random and proposed
Figure 10 shows the result when W=18,,=100ms and Mmethod is still significant.

Lp=0.1ms. The upper bound is the result when link propa- When we concentrate on the resultsigf = 16, the result
gation delay was set to 0 [ms]. Without the link propagatioaf proposed method show a similar curve with that of random
delay, backward blocking did not occur. Our proposed methaodethod. However, by comparing the resultsi®f = 32 and
reduces the blocking probability by more than one order & = 16 for each method, we observe that its difference
magnitude compared to random selection. In our methaaf, proposed method is larger than the difference of random
lightpath requests that arrive later can avoid the wavelengttethod. The reason is explained as follows. In our method,
that have been selected by earlier requests. Consequelttig, blocking, more specifically backward blocking, at a node
the selected wavelengths are still available when the RE®¥¢cur only when the information in the wavelength forecast
packets of earlier requests reach the intermediate nodes. @ile at the node became outdatewd subsequent lightpath
proposed assignment method therefore greatly improves tegquest circulates the wavelength-list, and its resulting select—
blocking probability when the arrival rate is low. HoweverA window matches the outdated wavelength. As the length
compared to the upper bound, backward blocking was stif the list increases, the probability that the resulting sebect—
observed. This is because the link propagation delay delaygithdow matches to the outdated wavelengths decreases. Thus,
the update of the wavelength forecast table and the informatitbre difference becomes large as the number of wavelengths
in the table became outdated. When the wavelength forecstreases in our proposed method.
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random assignment. The results confirmed that our proposed
) ) ) ) method can greatly reduce the reservation blocking when the
Lightpath establishment consists of routing, wavelengitiaj rate is low. Some research issues remain. First, in this
assignment, and wavelength reservation phases. In this Pap§per, we have assumed that the routes for lightpaths are
we have proposed a novel wavelength assignment method f0k yetermined. Although our method can be applied to any
distributed wavelength-routed WDM networks. Conventiong), ting algorithm, we should evaluate the distributed routing
studies assume that a vyavelength for the. lightpath is Selec%ﬁ&orithms and clarify which algorithm is suitable for our
randomly. However, this random selection method causggnosed method. Second, our wavelength assignment method
unnecessary blocks of lightpath requests, due to the vulnerablgnioys a new data structure: a circular wavelength list.
period. In other words, when the end node selects a wavelengils may introduce an additional computational complexity
randomly, the reservation may be blocked because lightpgthihe intermediate node because the circular wavelength list

requests that pass through the same link may select {8 qated at every intermediate node. We have to evaluate the
same wavelength. To reduce these unnecessary blocks, in Qilihead of this control.
proposed method, the intermediate node forecasts which wave-
length will be selected by the incoming PROBE packet. The REFERENCES
result is then Commun'cat?d to Sl‘fbsequent _PRQBE paquﬁ R. Dutta and G. N. Rouskas, “A survey of virtual topology design
pass through the node. Owing to this communication of wave- algorithms for wavelength routed optical network@ptical Networks
length information, the lightpath requests that pass through the Magazine vol. 1, pp. 73-89, Jan. 2000. _ _

link istently select different wavelenaths ] R. Ramaswami and K: N. Sivarajan, “Design of logical topologies for
same link can Con_SIS ently - gtns. wavelength-routed optical networkdEEE Journal on Selected Areas
evaluated the blocking probability of our method compared to  in Communicationsvol. 14, pp. 840-851, June 1996.

V. CONCLUSION
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