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Abstract: Itis possible to offer a high speed data transfervariant of the RBP protocol is also considered, which we will
capability by employing a WDM technology. One promis- refer to as RBPDReservation along the Backward Path with
ing method is to transfer the data through a fast wavelengtBropping) protocol. RBPD is different from RBP in that the
assignment. However, the wavelength reservation time, imeptical node plays an active role in signaling. See the next
cluding the propagation delay between source and receiveection for more detailed description of protocols.
nodes, becomes large, which may lead to performance degra-To evaluate the above three protocols, we newly develop
dation. In this paper, we develop a new approximate anahe approximate analysis method. Our approach is based on
lytical method, which incorporates wavelength reservationthe Reduced Load Approximation (RLA) method which is
times. We consider two methods for wavelength reservatioroften used in analyzing the circuit-switched network. To
a forward method in which wavelength assignment is perapply the RLA method, however, we need to take account
formed along the forward path from source to receiver, an@f the wavelength continuity condition in the photonic net-
a backward method in which it is performed along the backwork. That is, we assume that the photonic network con-
ward path. Based on our approximate analysis, we investsists of wavelength inconvertible nodes only, and the same
gate the effects of propagation delays on both methods. wavelength should be reserved between source and destina-
) tion. Thus, we cannot directly apply the conventional RLA
1. Introduction method. Further, effects of the wavelength reservation time
An exponential growth of the Internet traffic has led to the casShould be considered since it much affects the performance
pacity demand for the backbone networks. A most promisin@f our network. We therefore extend the RLA method to de-
solution seems to use a WDM (Wavelength Division Multi- Ve the blocking probability, which is the probability that the
plexing) technology. For effectively utilizing WDM, we con- Féservation request of the source node is rejected by the net-
sider the fast wavelength assignment method on demand b#0rk due to the lack of the available wavelength. Since the
sis in this paper. Thatis, when the data transfer request arisé$ace is limited, we do not present the result, but by utiliz-
the wavelength is dynamically assigned between source ai@d the blocking probability, we can easily obtain the burst
destination nodes, and the data is transfered using the #&ata transfer delay, which is defined as the time from when
signed wavelength. The wavelength is immediately release@® data transfer request arrives at the source node to when
when the data transfer is successfully finished. In such H'€ datais successfully received by the destination node.
method, the influence of Wave|ength assignment time, in- The rest of the paper is Organized as follows. In Section 2.,
cluding the propagation delay between the source and de¥e presenta brief description of the protocols we will investi-
tination, becomes a key issue to achieve a high throughp@gate. We then present our approximate analysis in Section 3.
such that the large bandwidth provided by the WDM tech{n Section 4., we assess the accuracy of our approximate anal-
no'ogy can be enjoyed_ However‘7 a lot of papers so far havbsis and giVe some numerical discussions. In Section 5., we
ignored the influence as in [1, 2] except [3, 4]. conclude our paper.
In [3, 4], the authors proposed several methods for wave- .
length reservation. Those include the forward reservation 2. Wavelength Reservation Protocols
method and the backward reservation, where wavelength abz this section, we briefly illustrate three protocols. At the
signment is performed along the forward direction and théime when the source node has data to transmit, the reser-
backward direction, respectively. Those methods are comvation request is forwarded along the predefined path. In
pared through computer simulation. Following [3], we alsothe RFP protocol, the list of available wavelengths is passed
consider the above—mentioned two methods (see Fig. 1); linom the source node to the destination node. Each interme-
the first one, wavelength search and assignment is performeliaite node along the forward path removes wavelengths from
along the forward path from source to destination. If thethe list if those wavelengths are currently used by other re-
available wavelength is found on the forward path, the inquests. At the same time, the available wavelengths in the
formation is returned from the destination node to the sourchst are reserved. If the intermediate node finds that the list
node so that the source node can start the data transfer usings no available wavelengths, it returns the NACK signal
the notified wavelength. In the second one, on the other hanth the source node. When the destination node receives the
assignment is made in the opposite direction; i.e., the wavdist, it selects one wavelength from the list and notifies of the
length assignment is performed along the backward path. Isource node so that the source node can transfer the data on
what follows, we will call these two methods as RFeger-  the chosen wavelength. When the intermediate node detects
vation along the Forward Path) and RBP Reservationalong  the data tranmission, it releases the wavelengths which were
the Backward Path) protocols, respectively. In this paper, a temporarily reserved but not selected.



In the RBP protocol, on the other hand, only the informa-(4) Let m) represent the availability status of the wave-
tion on usage of the wavelengths is collected along the for- length)\,, on link 5. If wavelength\,, is used for trans-
ward path, and the wavelength reservation is not made at this - mjtting the data or reserved by some node palf) = 0,
time. Each intermediate node on the forward path only re-
moves the wavelengths from the list if those wavelengths ar
currently used. If the list contains no wavelengths, then th
node returns the NACK signal to the source node directly.
When the list of the available wavelengths is returned to the
source nhode by the destination, each intermediate node actu-
ally makes wavelength reservation. When the source node . o i
fin):;lly receives the list, one wavelength is selected from the .be exponenUaIIy distributed W'th medriyq. Note that
list. The wavelengths temporarily reserved at each node but it does' not include the propagation delays:
not used for data transfer are released as the data is actual) Each link prepares a channel for control signals.
transmitted. If the wavelength is not available, on the othef7) The processing delay at the node is assumed to be neg-
hand, the source node propagates the release signal (to show ligible for simplicity. However, it is possible to be in-
that the wavelength assignment fails) along the forward path. corporated in the propagation delay in our approximate

analysis.

otherwisem?) = 1.

) The arrivals of data transfer requests at every nodeipair
are assumed to be governed by a stationary Poisson pro-
cess with parametey,. The analysis itself does not limit
the homogeneous arrivals, but we assume it for simplic-
ity. The data transfer time for each request is assumed to

sre. Dest sre. Dest. sre. Dest.

3.2 AnalysisApproach

Let the steady state probability that the wavelengthis
available on linkj be qu)(mg)), m) =0,1. By assum-

ing that the wavelength for data transfer is randomly selected
from the available wavelengths, steady state probabilities of
availabilities on wavelengths at each link are identical, i.e.,
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™ qﬁj)(m):qéj)(m):...zqg,)(m), m=20orl.
Thus, we will useg?)(m) instead ofg$?’ (m) in the below.
Linka} Linke| Links Linka| Linke| Links Uk} Unka| Links We further introduce the assumption that each node behaves
[ Foserton e [ Foserton e [ Foserton e independently following the RLA method. That is, steady
state probabilitie§q?) (m)} can be determined regardless of
(a) RFP (b) RBP (c) RBPD the states of other nodes.

The wavelength on each link is modeled by a queueing sys-
tem as follows. The arrival of data transfer requests to each
In this paper, a variant of the RBP protocol is also considwavelength on linkj is governed by a Poisson process with

ered, which we call a RBPDRgservation along the Back-  parameten\ (/) when the wavelength is available. While we
ward Path with Dropping) protocol. Different from the have assumed that the data length follows the exponential
RBP protocol, the intermediate nodes actively propagate th@istribution, it does not directly mean that the service time
NACK signal to the downstream nodes in the RBPD proto-s given by the data transfer time at the link. It is because we
col, by which the faster release of the reserved wavelengtheed to take account of the reservation time of the wavelength
can be expected. A quantitative evaluation will be given ings a part of the service time received at the node. The reserva-
Section 4.. tion time is dependent on the position of the node on the path
Inall of the above protocols, the source node tries the rese(forward path in the case of RFP and backward path in RBP
vation request later if the wavelength assignment fails due tand RBPD). Further, the reservation may be rejected by an-
lack of available wavelengths. This process is repeated untdther node if the wavelength is not available at that node. In

Figure 1: Example behaviors of three protocols

the wavelength assignment succeeds. the latter case, the service time at the link is only determined
. by the propagation delays since the data transfer is not per-
3. Analysis formed. For example, if we consider the RFP protocol, node
31 Network Model and Assumptions reserves the wavelengths when it receives the reservation re-

guest. However, the reserved wavelengths may be rejected
by the other downstream node, and the reserved wavelength
is released when the notification arrives at noddt takes
two—way propagation delays between naedmd the desti-

We introduce the following notations and assumptions.
(1) The number of links within the network i8, and each
link has the numbéi” of wavelengths. The wavelengths nation node by our definition.

are represented as, Az, ..., Aw. Thus, we need to consider the various times (including the
(2) The route for every node pai, R, is assumed to be \ayelength reservation time and possibly actual data trans-
fixed. The number of hops of rout, is represented fer time) to model the service time at the link. Hereafter, we
by h,. Thus the link set along rout, from the source  c4| it aswavelength occupation time during which the wave-
node is{ai, as, ..., an, }- length is not available to other requests. We therefore model
(3) DY) denotes two-way propagation delay of ligk In  the wavelength on the link as the queueing system where the
this paper, we assume th&t?) = D for every linkjj. jobs (data transfer requests) arrive with the general service



time with meanl /7%) (we omit the wavelength index since Let o,...; be the probability that a certain wavelength that
wavelengths on the link can be treated identical). Its derivawe consider is selected among the available wavelength. Re-
tion will be described in the next subsection. calling that in the RBP protocol, the destination node chooses

By modeling each wavelength at the node as an M/G/1/bne wavelength randomly from the list, it can be represented
gueuing model, we can obtain the stationary probability ofas

each wavelength at linkas W1 W1 h (k)
dD0) + ¢V (1) =1, AD¢W (1) =TWe0)(0). Osoloot = Z (k+1)- ( k;_ > (H q(ai)(1)>
It follows that k=0 i=1
) AW ) T (W—k—1)
Oy = 2" ()= " ha
CO=tmrre Ve @ x (1 _ qu)(l))
From Eg. (1), we can determine the steady state probabili- i=1

ties once we knowA) andT') (see the next subsection for e thus have the arrival rate of reservation requests per
derivation). For this purpose, we extenBeatuced Load Ap-  wavelength at the final linky,, , v(®), as

proximation method often used in circuit-switched networks. (an.) '

L,, the blocking probability of the data transfer requestscan 7" ™" = Oa * Oselect-

then be determined as will be described in Subsection 3.4. The requests arriving at the final link are returned to the

The outline of our numerical algorithm is as follows. source node a|ong the backward path However, those re-
(i) Initialize L, for all the node pairga}, steady state quests may be rejected on some link if another request re-
probabilitiesq/) (1), ¢/)(0). In the numerical exam- serves the wavelength before the reservation request is re-
ples, we will useL, = 1, ¢¥)(1) = 1and¢'¥(0) = 0.  turned. Itis because in the RBP protocol, actual reservation

(i) Calculate the arrival rate for the wavelengt) (j =  is made on the backward path. Thatis, we need to derive the
1,---,J) (see Subsection 3.3). probability that on the forward path, the wavelength is avail-

(iii) Calculate the wavelength occupation timgT'9) (j =  able, and that on the backward path, that wavelength is still
1,---,J) (see also Subsection 3.3). not reserved by other requests. By assuming a Poisson ar-

(iv) Calculate the steady state probabiliti¢g’’)(m)}'s  rival of reservation requests, a corresponding probability can
from Eq. (1). be determined as A"’ (ha=k+3)-D on link ay,, . By collect-

(v) Derive the new blocking probability., (see Subsec- ing those probabilities for links,, —; throughay,, we ob-
tion 3.4). If new values of, are acceptably close to tain the arrival rates of wavelength reservation requests for
old ones, then finish the iteration. Otherwise, return toClass 1 as

Step.(ii) to begin next iteration. We will use the relative ha—1 )
value of10~° to obtain the numerical results shown in (%) = ~(@ra) H [e= A (ha—k+3)-D)], (3)
Section 4.. k=1

3.3 Determinationsof AY) and 70) Class 2 traffic is then given from Eq. (2) as

In what follows, we only describe the RBP protocol. The — B(ne) = Al@na) _ glana),
cases of the RFP and RBPD protocols are omitted due Bimilarly, we have at linki; (1 < i < hy — 1)
space limitation, but can be analyzed in a similar way to the ' T '

RBP protocol. Alai) — ,y(am)e—/&(”"'*““’/“""%)D
Request arrivals atth link for node pain are categorized i—1

into the next two classes; ala) = a0 H[e‘A(%)(h’°'_k+%)'D]
e Classl: The requests which will be eventually accepted he1

because the wavelength is available at all the links along Bl = yla) _ gla)
the path for the node pair. o
e Class2: The requests which will be rejected since aVVe finally have the arrival rate to request one of wavelengths
wavelength is already reserved or used at some ugn linkj as
stream link(s). Recall that the actual reservationis made  (5) — Z (@)
along the backward path in the RBP protocol.
Let the arrival rate at—th link for node paita be v(%), and

@) alas X )
bea<(ai>), f ( ()at())r Clazjies 1and 2, respectively. That is, ing those eventually failing to wavelength reservation). Note
P =t B (@) thatA)'s are not known a priori while those are included in
The probability that a certain wavelength is available on aliEq, (3). Itindicates that we need an iteration algorithm for the
the links along the node pairis given by]'[f’;'1 ¢\*)(1). By analysis as having been outlined in the previous subsection.
excluding that NACK is returned to the source node from the We next consider the wavelength occupation time. It is
intermediate node due to lack of the available wavelengthstarted at the time when the reservation request arrives at the
the arrival rate of the data transfer requests at the destinatigibde on the forward path. As before, we consider two cases

a;=j

which gives the arrival rate of requests on lifikinclud-

is represented as separately. For Class 1 traffic, the wavelength is released
ha w when the data transfer is finished. Its mean is denotedds
g =64 |1— (1 — H q<avi>(1)> for link i. For Class 2 traffic, on the other hand, the wave-
i=1 length temporarily reserved for possible future use is released



when NACK signal is passed, and is not used for data trans-
fer. We use (%) to represent its mean.
In the RBP protocol, we simply have the mean occupation
times for Classes 1 and 2 as
sle) —ip — 2 + i; tla) —;p—
2 e
The mean wavelength occupation timg7’"), is finally
determined as
1 Y, (@) 4 gania)
TG) Zaj,:j 'y(ai)
3.4 Derivation of Blocking Probability

Recall that the probability that the available wavelength is

found at the destinatiors.”’,, is given by
w

D

ha
Spwa =1 (1 - qun) (@)
=1

Then, since the probability that the wavelength is still avail-
able at linkk on the backward path is=A“"' (ha—k+3)-D

the probability that the source node successfully receives the
reservation acceptance is given by

ha

[[le 2 (rardrD) ©
k=1

Therefore, the blocking probability,, is derived as follows.
ha
0 | e ®
k=1

The throughput for given node—paiiis simply given by

o
o

o
o
=

0.001

Mean Blocking Probability

0.0001

RFP

RBP-ana ---j

RBPD-ana -----3

0.01

0.1
Arrival Rate

(@)D =0.02,W =5

001

0.001

RBP-ana ---j
RBPD-ana ------

Mean Blocking Probability

0.0001

0.01

0.1
Arrival Rate

(b)D=02,W =5

Figure 2: Performance comparisons of three protocols

5. Conclusion Remarks

(1— Lo)ea. @) In this paper, we have developed a new approximate ana-
e . . lytical method in order to evaluate wavelength reservation
4. Performance Results and Discussions protocols suitable for high speed burst data transfer in pho-

In this section, we compare three protocols in terms of blocktonic networks.. We have compared performances of RFP,
ing probabilities based on our approximate analysis. We ex?BP and RBPD protocols exploiting the analysis method.
amine 16-node mesh-torus network as the network topology.h€ results have shown that the backward reservation pro-
We assume that the mean arrival rate of burst transfer reque®col significantly improve the performance than RFP pro-
and the mean burst transmission time are identically set ticol. However, the effect of introducing the backward no-
e = e, and1/pu = 1/, for all the node pair, respectively. tification is very Iimltgd. We will extenq our approximate
The shortest path is used as a preassigned route for each ngdlytical method to incorporate the retrial request when the

pair.
Due to space limit, we only show one example of com-
parative results. Figure 2 compares the blocking probabili-
ties dependent on the arrival rate of the burst transfer requeéﬁg
are shown. We set the number of wavelength per link is 5.
In Figs. 2(a) and 2(a), two cases of propagation delays
(normalized by the mean burst transmission time) are showﬁz,]
D = 0.02andD = 0.2, respectively. In the figures, the
computer simulation results are also shown to assess the ac-
curacies of our analysis results. From the figures, we can oft3]
serve that RBP/RBPD protocols outperform the RFP proto-
col. Itis because the RFP protocol tries to reserve a certain

wavelength reservation request is blocked.
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