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Abstract—A problem of many distributed lightpath provi-  ever, in next-generation optical networks, especially in the op-
sioning schemes is wavelength contention, which occurs whentjcal Internet, data traffic is expected to be more dynamic. In
a connection request attempts to reserve a wavelength channelthe extreme case, such as in optical burst switched (OBS) net-
that is no longer available. This situation results from the lack of L ’ . . .
updated global link-state information at every node. In networks works [4]_’ itis expected that the connection r_equests will arrive
with highly dynamic traffic loads, wavelength contention may atvery highrates, and that the average duration of each connec-
seriously degrade the network performance. To overcome this tion will only be several tens or hundreds of milliseconds [5].
problem, we propose a new framework for distributed signaling To cope with these new data traffic loads, the development of

and introduce a class of schemes referred to as intermediate-nodedynamiC lightpath provisioning schemes will become increas-
initiated reservation. In the new scheme, reservations may be ini- . .
ingly important [1]—[3].

tiated at any set of nodes along the route; in contrast, reservations e o )
can only be initiated by the destination node in the classic destina- ~Dynamic lightpath provisioning can be handled inemtral-
tion initiated reservation (DIR) scheme. As a result, the possibility izedmanner, in which every decision is made by a central con-
of having outdated information due to propagation delay will be trgjler, or it can be handled indistributedmanner, in which de-
significantly lowered. Specifically, we consider two schemes Within ¢« are distributed to different network nodes. While central-
this framework, for networks with no wavelength conversion and . - :
for networks with sparse wavelength conversion, respectively. 'Z?d SChemes may perfor_m more efficiently for small networks
Theoretical and simulation results show that, compared with the With static traffic loads, distributed schemes may be more ap-
classic DIR scheme, the new schemes can significantly improvepropriate for large optical networks with bursty Internet traffic
the network blocking performance. The accuracy of the analytical  |pads. Distributed schemes have been proposed and are now
models is also confirmed by extensive numerical simulations. being standardized within the framework of generalized mul-
Index  Terms—Blocking probability, distributed lightpath  tiprotocol label switching (GMPLS) [6]. In this paper, we focus
provisioning, signaling, wavelength-division multiplexing (WDM), on distributed control schemes
wavelength-routed network. ’ .
In a GMPLS-based network, routing protocols such as open
shortest path first with traffic engineering (OSPF-TE) are used
I. INTRODUCTION to exchange routing information, including topology and re-

AVELENGTH-DIVISION multiplexing (WDM) tech- Source availability among nodes. Based on the global link-state

nology has been progressing steadily, with existing Sy'glformation, a route is calculated by using a constraint-based
tems capable of providing more than 1-Th/s bandwidth on'quting algorithm when a cor_mec'gion request i_s received_. Once
single optical fiber. To fully utilize these high data rates, all-ogh€ route is determined, a signaling scheme is responsible for
tical connections, olightpath [1], can be established betweer{establl_sh_mg the lightpath. Cand|dgtes for the signaling proto-
source and destination nodes. Lightpath-based optical netwofR Within the GMPLS framework include Resource reServa-
are generally referred to amvelength-routed networké/ave- tion Protocol with Traffic Engineering (RSVP-TE) [7] and con-

length-routed networks are expected to provide better erxibiIig}rai"‘t'b"j‘sed routing label distribution protocol (CR-LDP) [8].
and better network resource efficiency than existing point-t6i€gardless of which signaling protocol is used, there is no guar-
point WDM networks. antee that thepdated global informatiowith respect to wave-

In legacy backbone networks, traffic is generally static, witW”ch avallablll_ty on eac_h link W|I_I be available in a distributed

connections remaining in the network semipermanently. Hoffvironment. Link-state information may become outdated be-
cause the update messages are broadcasted only periodically
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gi/a%\%alg\fe ;‘Laéfag‘f‘e avﬁhi‘ﬁle tion is available to every _node along the pa_lth. When the source

@ node has the complete link-state information, it may try to re-
e . serve only a single available wavelength along the path. How-

! azilil)gble: ever, for most of the dynamic traffic conditions where up-to-date
| \Avarlable { global information is not available, the source node may reserve

vulnerable \_;\. all the available wavelengths along the route [9] or a group of
period e eserve M wavelengths on each hop of the route [12]. Generally, the DIR
- "7 Teserve M scheme will outperform the SIR scheme in networks with no
w wavelength conversion [9].

\ It has been shown that, for the DIR scheme under bursty

traffic loads, connection blocking is primarily caused by

data transmiSSion\ outdated information [15], [16] (i.e., wavelength contention).
Specifically, when a reservation request reaches a link intending
V\W to reserve a wavelength, it may find that the wavelength has

@) been reserved by another reservation request that arrived earlier.
R Nk M % M It also has been shown that this kind of blocking increases
available available = available significantly with respect to theulnerable periogdwhich is the
@ o delay between the moment that the link-state information is
L3 3 collected and the moment that the reservation request arrives
I— \ available; (see Fig. 1). In the SIR scheme, on the other hand, reserving a
vulnerable \\\; greater amount of resources for the current connection request
period P can increase the probability that the current request will be
- reserve 3 accepted; however, reserving too many network resources may
T reserve A - \ block some other simultaneous connection requests, causing an
- -~ Teserve Al X 2o . '
\ ' available! over-reservatiorproblem.
\ Ik To deal with the outdated-information problem of the DIR
_ \ scheme and the over-reservation problem of the SIR scheme,
data transmission . . . .
we present a new framework for distributed signaling schemes
WW\/\ and a new signaling approach referred to as intermediate-node
initiated reservation (IIR). The main idea is to allow the reserva-

(b) tion to be initiated by a set of intermediate nodes before the con-
Fig. 1. Examples of the DIR scheme. (a) Networks with no wavelengfA€Ction request arrives to the destination node. This technique
conversion. (b) Networks with sparse wavelength conversion. will reduce the amount of over-reservation and will reduce the

blocking caused by outdated information due to a shorter vul-

is available) and sendraservation requedtack to the source nerable period. We first investigate two signaling schemes, one
node to reserve the selected wavelength. for networks with no wavelength conversion and the other for

Fig. 1(a) shows an example of the DIR method in a networletworks with sparse wavelength conversion. Studies of these
with no wavelength conversion. In a network without wavesases demonstrate the benefits of the new schemes, and also pro-
length conversion, a connection request will be rejected ifvide some insight into the new framework.
common wavelength cannot be found along the route. ThisWe study the performance of the simple cases by extensive
constraint is known as thevavelength continuity constraint numerical simulations and theoretical analysis. A key measure-
[1]. From Fig. 1(a), we can also observe that, if the wavelengthent of performance in these studies is the connection blocking
continuity constraint does not exist, a connection may havepeobability, the probability that an arriving connection request
greater chance of being successfully established. Eliminatiaiil be rejected. Blocking probability in wavelength-routed op-
of the wavelength continuity constraint can be realized hical networks has been studied analytically in a number of pre-
installing wavelength converters on every node. However, fromous works. While most previous research (e.g., [11], [13], and
a practical point of view, this approach is difficult to implemenfl14]) considers only centralized cases, distributed schemes are
due to the high cost of wavelength converters [10]. Anothstudied in[15]and [16].In[15], analytical models are developed
solution is to install wavelength converters only on a subset tof evaluate the blocking probability characteristics of various
nodes, namely theparse conversiofil1] solution. Fig. 1(b) SIR and DIR schemes. The models consider blocking of con-
shows an example of the DIR method in networks with sparsections due ténsufficient resourcesas well as blocking due
wavelength conversion, where only node has wavelength to outdated informationMore accurate models are developed
conversion capability. in [16] to measure the blocking probability in networks with no

Another well-known signaling scheme is the source initiatedavelength conversion. In this paper, we further extend the an-
reservation (SIR) method [9], where wavelength resources algtical model to handle the case in which reservations could be
reserved as a control messages traverses along the forward pratiated by intermediate nodes, and the case of networks with
to the destination. In the SIR scheme, the number of wawer without sparse wavelength conversion. We also analyze the
lengths to be reserved generally depends on how much infornesantrol complexity of the new methods, since control overhead
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is an important concern of virtually all distributed lightpath prothe reservations and the algorithms for determining the best
visioning schemes. number of wavelengths to reserve. The choice of the param-

The rest of this paper is organized as follows. In Section kters in the optimization process could be based on various
we provide the general framework for the IIR scheme. Wequirements and properties of the specific connection request,
then propose two simple schemes within the framework, fesuch as quality of service requirements, priorities, hop dis-
networks with no conversion and with sparse conversiotance, and other constraints. Therefore, by connection-specific
Analytical models are developed in Section Ill to evaluaterovisioning and proper optimization, the protocol can provide
the blocking performance of the proposed scheme. Numericifferentiated levels of service and also ensure fairness for
results and discussions are presented in Section IV. Sectiodhnections of different lengths. We now propose two static IIR
concludes the paper. implementations for networks with no wavelength conversion

and for networks with sparse wavelength conversion.
[I. INTERMEDIATE-NODE INITIATED RESERVATION SCHEME

. . . A. IR for Networks With No Wavelength Conversion
In this section, we first propose the general framework for

the IIR scheme. We then describe two simple signaling methodsT0 design an appropriate IIR method, one important issue is
within the framework for networks with no conversion and fofo determine the” for each route. The choice 6f* may vary
networks with sparse conversion. The control complexity éfepending on the route. For single-hop routes, the destination
each of the two methods is also discussed in this section. nhode can be selected to initiate the reservation request because
We now provide a formal definition of the IIR scheme. Supthe vulnerable period is always zero. Therefore, only one wave-
pose routeR consists of a sequence of nodes, from source |@ﬁgth is needed since there is no blocking due to outdated in-
destination formation.
For multihop routes, the wavelength continuity constraint
{alt d¥. ... dR. must be satisfied in networks with no wavelength conversion.
In other words, the same wavelength must be reserved along
where NE denotes the total number of nodes in rofkeWe the route. Intuitively, if the reservation is initiated at a node that

define the following parameters. does not have sufficient link-state information on the path, then
TR number of nodes on routg from which reservations multiple wavelengths must be reserved. For example, in the
can be initiated] < I < NT: SIR scheme, multiple wavelengths must be reserved in order

SE  set of nodes on rout® from which reservations can to0 ensure the successful lightpath establishment. However,
be initiated reserving too many wavelengths may block other simultaneous
connections, causing an over-reservation problem. On the

St = (sTt sB . sT) other hand, in the DIR scheme, only a single wavelength

is reserved. While reserving only a single wavelength may
cause blocking due to outdated information, generally the DIR

6 for each nodes® € S%, we defines? as the direc- _ _ _
scheme still outperforms the SIR scheme since blocking caused

tion of the reservation initiated by the nodé& can be

“forward” (i.e., direction from the source to the desti—by over-rgservatlon IS more §|gn|f|cant. ) i
nation), “backward” (i.e., direction from the destina- To aymd the over-reservation problem, a simple approa}ch 'S
tion to the source), or “bidirectional:” to design an IR _method SL_Jch _th_at _only one wavelength is re-
WE atany nodes® € S7, WR denotes the set of Wave_.served. Given this constraint, it is important to choose n0(_jes
! lengths to bel reserved. ’ in S® that haveT adequa_te ImIg-state qurma_ltlon of the entire
For a given route®, I%, S%, ands® andW R for eachs? ¢ path. One possible cand|d.ate is the destination node. However,
SE can be specified in a static manner, in a dynamic man i We can observe from F'g' (@), a_t the upstr_ean_1 node of e_ach
by the source node, or in a dynamic manner as the connectigf’ the wavele_ng_th usage information of the link is also avail-
request is traversing route. able, though this information may not always be accurate be-

Note that, if 7% = 1, s/ = d®, ands® = “forward,” then a cause of the propagation delay between the two end nodes of

reservation message will be sent in the forward direction by tmee link? Consequently, when a forward Mmessage arves atthe
source node, which is equivalent to SIRdn the other hand, if upstream node of the last link, the wavelength availability infor-
I® =1, 5% = qR . §F = “backward,” andW{| = 1, then mation of the entire route is available, though the information of

nNE last link could be slightly outdated. Based on this observa-

a reservation message will be sent in the backward direction devel ol h ithin the IR f Ki
the destination, which is equivalent to DIR. Thus, the propos n, we develop a simple scheme within e ramework in
ich the upstream node of the last link initiates a reservation

signaling scheme will perform at least as good as SIR and D ¢ referred t st i ¢ back o th
if the parameters of IIR are allowed to adapt to various traﬁ@%‘iss Hg?jsrre 0 as reservatiorrequest, back to the

conditions. A le for this IIR implementation is shown in Fig. 2
The generalized protocols may include algorithms for n example for this IR implementation is shown in Fig. 2(a).

determining the optimal selection of the nodes for initiatingOmpalring this example with Fig. 1(a), we observe that, if the

2In GMPLS context, the downstream node of a link is responsible for the re-
source assignment for the ingress link. Ingress or any upstream node can restrict
W [E depends on different SIR implementations. For example, the greethe labels that may be selected by downstream node by usisggigested label
SIR may reserve all available wavelengths. object.
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reservation on the destination node is successful, then the vul-
nerable period at nodé andds; can be reduced by the round
trip propagation delay on the last link. From Fig. 2(b), we can
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o If NB > 2, we let
IR =2
sft=din_,
6ft = “bidirectional
sht = dﬁ,{
65t = “pbackward

and we letW [ be a randomly selected available wave-
length. If W is still available when the connection re-
quest reaches the destination node, tefh = WE; oth-
erwise, W.£ will be another randomly selected available
wavelength.

Although the vulnerable period is reduced by only the propa-
gation delay on the last link, this reduction can nevertheless sig-
nificantly improve the network performance in typical medium-
sized optical networks, especially under highly dynamic and
bursty traffic loads.

To support the proposed IIR scheme in networks with no
wavelength conversion, current signaling protocols need to be
extended. Compared with the DIR scheme, the IIR scheme has
the following requirements.

1) Each node maintains the link-state information of its

egress links.

2) The fast reservation message must be distinguished from
the normal reservation message initiated by the destina-
tion node. Specifically,

e once a fast reservation message is received, the
source node will update the link state of the egress
link. However, the source node will not begin the
data transmission until it receives a confirmation
from the destination node;

e once a normal reservation message is received, and
if the wavelength indicated in this message is not
the same as that indicated by the fast reservation
message, then the node must release the wavelength
previously reserved.

also observe that the selected wavelength may have been '€3) |f a normal reservation request reservirgjféerentwave-

served by another reservation request that arrives at the desti-
nation node earlier. To handle thést link conflictproblem, the
destination node is allowed to initiate another reservation, pro-

length also fails at any intermediate node, then two release
requests may have to be sent out (one in the forward di-
rection and the other in the backward direction) to release

vided that there exists another available wavelength along the . different reserved wavelengths, respectively.

path. Note that, if the destination reserves another wavelengtri:
in the backward direction, the wavelength previously select%g

must be released [see Fig. 2(b)].

We naw provide a formal description of the above static IIF%/vithin the GMPLS framework by extending signaling protocols

« If N7 = 2, which means the connection has only one hogych as CR-LDP and RSVP-TE. The detailed implementations
we let

It =1
sttt = qft

6f = “backward

rom the discussions above, we see that the proposed sig-
ling scheme needs more control intelligence than the classic
DIR scheme. However, the extra control can still be realized

are beyond the scope of this paper. The additional control over-
head is caused by the fast reservation requests, as well as the
release process that are required when a conflict occurs on the
last link (to release the previously reserved wavelength). In our
simulation, we will show that the extra control overhead is gen-
erally not significant.

and we etV ¥ be a single wavelength which is randomly i )
selected from the available wavelengths (if any) along tife IR for Networks With Sparse Wavelength Conversion

path. In this case, the IIR scheme performs the same as thén networks with sparse wavelength conversion, the wave-
DIR scheme.

length continuity constraint is relaxed. We observe from
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bilities in the forward direction. To evaluate the performance of
the IIR framework, we develop accurate analytical models by
taking both of the above effects into consideration. We develop
a model for the DIR scheme and another the simple IIR scheme.
Since a network with no wavelength conversion can be

viewed as a special case of a network with sparse wavelength
conversion, we only consider the sparse conversion cases. To
simplify the analysis, we make the following assumptions.

¢ The network is composed dflinks connected in an arbi-

trary topology.
e Each link is composed af' wavelength channels.

* Wavelength conversion is available only at a certain given

V\W set of nodes.
« The connection requests for each pair of source-destina-

tion nodes arrive from a Poisson process with an arrival
rate g, whereR denotes the fixed route between the two
nodes.
« Connection holding time is exponentially distributed with
a parametef..
" Random wavelength assignment policy is adopted.

Fig. 3. Example of the IIR scheme for network with sparse wavelength
conversion.

Fig. 1(b) that a route can be separated into severgments
such that the end nodes of each segment are the source node
the destination node, or the intermediate nodes with conversion
capabilities. On different segments, we may reserve differe&t
wavelengths, as shown in Fig. 1(b). '
Since the wavelength continuity constraint only holds within The framework of the analytical models is similar to that
one segment, the reservations within each segment, referreft16]. Specifically, we define thdink stateas the state of
assegment reservatiom$7], can be viewed as |arge|y indepenlhe Wa.VElength channels on a link when a connection request
dent from each other. Therefore, the simple scheme we propo&aches the downstream node of the link. A wavelength channel
can be further extended such that a fast segment reservatiofigny link can be in one of the following three states: 1) free;
initiated at the upstream node of the last link of each segmenglfreserved, yet with no data transmission; and 3) occupied by
the segment consists of two or more links, and a segment re$Ea transmission. We further denote that a chanrieldgif it
vation message is initiated at the downstream node of each d&dD state 3); otherwise, it iislle.
ment except the last segment. Finally, the normal reservatiori-€t X; be the number of idle wavelength channels on link
message initiated in the last segment, i.e., by the destinatiorfnd letg;(m) be the probability thaX; = m. We further
node, will go through the entire route to inform the source nod@ssume that when there areidle wavelength channels on link
to start the data transmission. If the reservation is not successfulthe interarrival time of connection requests is exponentially
then the normal reservation message will reach the intermedigigtributed with a parametey; (m). Therefore, the state of each
node where backward blocking occurred and then trigger prop8k can be characterized by a state-dependent M/M/C/C model
release operations. (as shown in Fig. 4)
Fig. 3 illustrates the proposed IIR scheme for networks with

Framework

sparse wavelength conversion. We observe that, by exploiting; () = ¢;(0) - u™ - H C-k+l m=1,2,...,C
the sparse conversion capability, the vulnerable period can be el Aj(k)

drastically reduced. For example, comparing Fig. 1(b) with c m -1

Fig. 3, we see that the vulnerable period on ndgés reduced  ;;(0) = |1+ Z ym H C-k+1 (1)
from the round-trip propagation delay betwegrto d to zero, =1 i MR

if there is no conflict on the last link. Consequently, blocking ) ] ) )
due to outdated information is significantly lowered. Using the reduced-load approximation algorithm, the frame-
To support the proposed IIR scheme in networks with spar&@rk could be described as follows.
conversion, the control intelligence required at each node re-1) Initiate\;(m), j =1, 2, ..., J as follows: Let\;(0) =
mains nearly the same as that in the nonconversion networks, 0andA;(m)=> g ;cpAr.m=1,2,...,C.
except that each node must be able to distinguish the segment) Calculatez;(m), j =1, 2, ..., J through (1).
reservation messages from other reservation messages. 3) Calculate the blocking probability dt as
ll. THEORETICAL ANALYSIS Br=1-Vag=1-Vg xVg )
Compared with the classic DIR scheme, IIR schemes are ex-
pected to have lower blocking probability in the backward direc-
tion, since the vulnerable period is reduced. However, network
capacity would be reserved for longer time before the transmis-
sion actually begins, which may increase the blocking proba-

whereVg denotes the probability that a reservation is suc-
cessful along the rout&, V" denotes the probability that

a reservation is successful along the forward direction,
andV 2 denotes the conditional probability that a reserva-
tion is successful along the backward direction given that
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Cp  (CDh (©2m a notblocked atj given that the downstream link is not on the

0’0‘@ _____________ &) route of the interfering reservation request. Therefore
ws (), Ly=1

A1) M2) M3) AO)
vE =

Ls—1
s (6)
Fig. 4. State dependent link-state model. ws(t) X H wj,j(t), Ls>1
j=1
where parametérdenotes the vulnerable period for a given link
herwi %ndLs denotes the number of links in the current segment. For
Otherwisgye classic DIR scheme, the vulnerable period on fidquals
the round trip propagation delay of the downstream node of link
j and the destination node. For calculationsugfandw;, ;,
A refer to [17].
Aj(m) = Z AR, j(m) = Z Ak VRix;=m (3) For the IIR scheme, obviously, If, = 1, thenV.Z = 1 since
RijeR RijeR the vulnerable period is always 0. To calculat€ for L, > 1,
we define two variables:

whereAg, ;(m) denotes the arrival rate of those connec- .
tion requests for rout& which are finally successfully ¥ probability that the wavelength selected at upstream
node of linkj3, (the last link of segment) is not oc-

accepted, given that the state of liflls m. Go to Step 2. ) . :
P g i m P cupied by another connection when the connection re-

i i B

We next discuss the calculation U andVyy' quest forR arrives at the downstream node;gf;

zs  conditional probability that at least one channel is
available when the forward message arrives at the

it was successful on the forward direction. If, for ever
route R, Br has been convergent, then stop;
go to Step 4.

4) Calculate\j(m), j =1, 2, ..., J as follows:

B. Blocking in the Forward Direction

A connection request can successfully reach the destination downstream node of%, given that the connection
node if and only if, in all segments of the route, there is at least request successfully reaches the upstream noglg of
one available wavelength. Therefore but the wavelength selected by that node has been

reserved by another reservation request when the
Sr
VF _ H VF @) forward message reaches the downstream noglg.of
R = s Therefore
s=1 5.1
whereSy denotes the number of segments in the rdutelere  V.° = ys(t1) x H wj, 7 (t2)
we assume that successful probabilities on different segments j=1

are independent. Within each segment, we use the model L.—1
developed in [16], while the calculations of the following +(1=ya(t1) x 2a x [ wjjults) (7)
two steady-state probabilities must be modified to reflect the j=1
blocking caused by channels in the reserved state: where vulnerable periods are defined as
fii denotes the conditional probability that a given set ¢, round trip propagation delay between the two end
of i channels are free on link given that these nodes of linkjZ;
channels are idle; to round trip propagation delay between the downstream
fi.ji,;7 denotes the conditional probability that a given set node of linkj and the upstream node of lipk’;
of 4 wavelength channels are free on lifikgiven t3 round trip propagation delay between the downstream
thatthese channels are idle and that they were free node of linkj and the downstream node of ligk.
on the upstream link’ when the forward message We can observe from (7) that the last link conflict is reflected
arrived. in the analytical model. The calculationsf can be found in

Appendix B and the calculation ef is similar to the calculation
The calculations off; ; and f; ;; ; can be found in of w..
Appendix A. .
D. State-Dependent Arrival Rate
C. Blocking in the Backward Direction The calculations of thé/g v, —,, remains unchanged from

Similar to the forward blocking analysis, a reservation reque[§{7]-
is successful if and only if it is successful in all segments. There-

fore, based on the same independent assumption as (4), we have IV. NUMERICAL RESULTS
We verify the blocking performance of the simple signaling
SR L
VB = H VB ®) methods within the IR framework, as well as the accuracy of
L e} s the proposed analytical models by extensive simulations. In our

simulations, we assume that
For the DIR scheme, we lat, denote the probability thatthe < the traffic pattern is uniform, i.e., the arrival rate of con-
reservation request for roufeis notblocked at the downstream nection requests between each pair of source-destination
node of segmend; andw; ;» denote the probability thak is nodes is identical;
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0.01 Fig. 7. Blocking of different signaling schemes in NSFNet parse
= wavelength conversior{ = 8 andD = 0.1 s). (a) DIR. (b) IIR.
8
8 . N .
& 0.001 2) A 12-node ring topology where each link is 10 km in
__‘5” length. For the sparse conversion case, we assume that
8 four wavelength-conversion nodes are evenly distributed
@ in the network.
0.0001 4
] 3) A 25-node randomly generated network topology where
«! the average nodal degree is 4 and the average length of
i each link is 200 km. For the sparse conversion case, we as-
102 o1 sume that five randomly selected nodes have wavelength
Erlang conversion capability.

®) For all three topologies, we assume that each link consists of
_ . _ o . . two directional fibers with opposite directions, with the same
Fig. 6. Blocking of different signaling schemes in NSFNet with nowavelengtﬁumber of Wavelength channels per fiber. In all the simulation
conversionC = 32,D =1 s). (a) DIR. (b) lIR. . .
results, the traffic load, measured in Erlang, denotes the normal-
. o _ ized traffic loads originating from each node; ald D = 1/)
- fixed shortest-path routing is used between each pair @notes the average holding time of every connection.

source-destination nodes. . Figs. 6 and 7 show the high accuracy of our analytical models
We conduct our simulations on three different networfor hoth the classic DIR scheme and the new IIR scheme, with
topologies. and without sparse wavelength conversion. These results con-

1) The NSFNet topology, shown in Fig. 5, where the nunfirm that the analytical model correctly reflects the effect of pa-
bers next to each link denote the physical length in 100rameters such as a shorter vulnerable period and a longer dura-
of kilometers. For the sparse conversion case, we assutios in the reserved state on network performance. We observe
that wavelength conversion is available on nodes 3, 5,that, under light traffic loads, traffic blocking primarily takes
and 9. place in the backward direction, and is caused by outdated in-
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Fig. 8. DIR versus IIR scheme in NSFNef' (= 16, D = 1 s). (a) No Fig. 9. DIR versus IIR scheme in other topologies with sparse wavelength
conversion. (b) Sparse conversion. conversionC = 16, D = 0.1 s). (a) 12-node-ring. (b) 25-node network.

formation; whereas under heavy traffic loads, blocking occurs

primarily in ?he forward direction and is due to insufficient nety, ., g0 that, although sparse wavelength conversion helps to re-
work capacity. duce the blocking on both the forward and the backward di-
Fig. 8 compares the performance of DIR and IIR schemgsctions (and actually helps the DIR scheme to achieve better
under different network scenarios. We observe that, althouggrformance than the IIR scheme in the forward direction), the
the IIR scheme slightly increases the forward blocking, it signipyerall performance of the IIR scheme is still better. This inter-
icantly reduces the backward blocking. As a result, the overgling result shows that we may expect to achieve better perfor-
blocking probability is significantly lowered, especially undefance by using the new IIR scheme instead of expensive wave-
light traffic loads. Under very heavy traffic loads, the forwargength converters.
blocking is dominant, thus, the blocking probabilities of the two  Finajly, in Table I, we compare the control overhead of the IIR
cases is nearly the same. By comparing Fig. 8(a) and (b), we algfeme and the DIR scheme, respectively. Specifically, when-
see that, with sparse wavelength conversion, the improvemeggr a control message arrives at, or is initiated by a node, we
that could be achieved by using the IIR scheme become Mei&e that a message processing operation is needed at this node.
significant. Whenever a control messages passes through a link, we note
In Fig. 9, we compare the performance of the DIR and thRat we have one more unit of control traffic loads. We record
IIR schemes for the 12-node ring topology and the 25-node rafe total number of message processing operations, as well as all
domly generated network topology, respectively. Hétes 16 control traffic load, and we take into consideration all the con-
for both networks, and sparse conversion is used. We obsefegtion, reservation, and release requests (including those for
that, for both cases, the IIR scheme significantly outperfornigsuccessful connections). Simulation results show that since
the DIR scheme, and for both cases our analytical model t@e extra control overhead only comes from the fast reservation
mains accurate. requests and the release requests when (and only when) the con-
The performance of the DIR scheme with sparse conversiflist occurs on the last link, the IR scheme does not lead to
and the IIR scheme with no conversion is compared in Fig. 18ignificantly heavier control overhead compared with the DIR
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01 APPENDIX
A. Calculation of Parametef; ; and f; jj; ;v
. oo 7 To calculatef;, ;, we first define the following time parame-
Z ters:
§ | tr denotes the round trip propagation delay between
i 0.001 . ] the source and the destination node of ralte
-_<;=; SCDRSMT 4 7r(j) denotes the round trip propagation delay between
2 SCDIR A;]ma(Tg the source node aR and the downstream node of
0.0001 | SCDIRSIm(F) X | link 5;
‘ SC DIR Ana(F) . I . .
NC IR Sim(T) % tr(j) denotes the round trip propagation delay between
NG IR Snatf o the downstream node of linkand the destination
16.05 L__NC IR Ana(F) -~ B node ofR. Thereforetr = tr(j) + mr(j), V 7;
0.01 0.1 or(j) denotes the round trip propagation delay between

Erlang the downstream node of the ligkto the upstream

. . . ) - node of the last link of segmegt provided that link
Fig. 10. DIR with sparse conversion versus IIR with no conversion in NSFNet PR
(C=32,D=0.15) . 71sins. _ . -
We define theeservation duration’, (j) as the duration from
the moment that a channel on liriks reserved to the moment

TABLE | that it becomes busy. In the classic DIR scheme, the reservation
AVERAGE CONTROL OVERHEAD OF EACH CONNECTION.

(a) No CONVERSION (NSFNet,C' = 16, D = 1 S). duration is
(b) SPARSECONVERSION(NSFNet,C' = 16, D =1 S) .. )
tr(4) = Tr(J) 8)
Load (Erlang) ]| DIR(P*) [ IIR(P) ]| DIR(TY) | IIR(T) ) _
01 0.9 11.6 79 96 [see Fig. 1(a) and (b)]. On the other hand, in the IIR scheme,
0.5 8.6 10.1 6.7 8.2 this duration becomes
1.0 6.9 8.3 52 6.6 ) tR, j=1i%
) = { o ©
(@) tr —or(s), J#ig
Load (Erlang) || DIR(P) [ IIR(P) || DIR(T) | IIR(T) wheres is the segment that includes linkandj ¥, is the last link
0.1 9.9 119 79 9.9 of segment (see Figs. 2 and 3). From the definition 6f;, we
0.5 8.9 10.8 7.0 8.9 then have
1.0 7.1 8.8 54 7.1 c ;
*: Number of messages processing operations; fij= Z qjl’i(m) H <1 - AR’J(m? th (5)) X E)
t: Number of units of control traffic loads. m=i R': jER
(10)

b
®) where R’ represents the route of any interfering lightpath;

qj)i(m) denotes the probability that channels are idle on link
scheme. Considering the significant performance improvementgiven that a specific set afchannels{ < m) are idle on this
we could achieve by using the IIR scheme, the additional caink (see [16] for details); and
trol overhead may well be Justlfled_. Flnal[y, we found that th.e A i(m, ) = 1 — e w0t (11)
extra control overhead becomes slightly higher in networks with Y ] .
sparse wavelength conversion. This increase is caused by dggotes the probability that there is one connection request for

extra segment reservation messages. R’ arriving at link j during timet.
The calculation off; j;, ;- is nearly the same as that §f ;

except thaty, (j) = 2 x t; if R’ also passes through link.
V. CONCLUSION

In this paper, we proposed a new framework for signalirfg: C@lculation of Parameteg,
schemes in distributed lightpath provisioning. By shortening Parametey, can be calculated as

the vulnerable period, we can significantly lower the blocking c
probabilities caused by outdated information, and reduce or ys(t1) =1 — Z g;(m) (1 = ys)x, =m (1)) (12)
even eliminate any over-reservation as well. As a first step m=1

of our research, we discussed two simple signaling cas¥yd

within the framework, for networks with and without sparse o|X,=m(t1) = H (1 — (Agr_j(m, t1)) x _) . (13)
wavelength conversion, respectively. Highly accurate analytical RIjER’ m

models were also developed to evaluate and confirm the most
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