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Dynamic Wavelength Routing Using Congestion
and Neighborhood Information
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Abstract—In this paper, we present two dynamic routing Dynamic routing approaches are more efficient than static
algorithms based on path and neighborhood link congestion in routing methods. In [5], [6], [16], [17], simulation results show
all-optical networks. In such networks, a connection request that the dynamic routing method can significantly improve

encounters higher blocking probability than in circuit-switched
networks because of the wavelength-continuity constraint. Much the network performance compared to the SP and the ASP.

research has focused on the shortest-path routing and alternate Routing and wavelength assignments are considered jointly
shortest-path routing. We consider fixed-paths least-congestion and adaptively in [7], [16]. All feasible paths between a

(FPLC) routing in which the shortest path may not be preferred  source—destination pair are computed, and one of them is
to use. We then extend the algorithm to develop a new routing selected according to a specific criterion to set up a re-

method: dynamic routing using neighborhood information. It is . . .
shown by using both analysis and simulation methods that FPLC quest. Least-loaded routing (LLR) algorithms are introduced

routing with the first-fit wavelength-assignment method performs as dynamic routing methods in [3], [8]. However, only fully
much better than the alternate routing method in mesh-torus connected networks are investigated and no performance com-

networks (regular topology) and in the NSFnet T1 backbone parison is provided between LLR and static routing algorithms
network (irregular topology). Routing using neighborhood in- i, these papers. Dynamic routing methods are also discussed in
formation also achieves good performance when compared to . . . .
alternate shortest-path routing. [9]. The main problems with _these dynamic-routing methods
are longer setup delays and higher control overheads, including
the introduction of a central control node that keeps track of
the network’s global state.
In this paper, we consider alternate dynamic routing algo-
rithms in all-optical networks. We first introduce a dynamic
. INTRODUCTION routing algorithm, called fixed-paths least-congestion (FPLC)
E STUDY routing algorithms in all-optical networksrouting, and compare its performance to that of the SP and
using wavelength division multiplexing (WDM) andthe ASP. This algorithm routes a connection request on the
wavelength routing in WAN'’s. One of the main requirementi¢ast-congested path out of a set of predetermined paths. A set
in such networks is that the same wavelength must be géroutes connecting the source—destination pair are searched
signed to a connection on every link on a path if wavelength parallel, and the route with the maximum number of idle
converters are not available at the switching nodes. A cofavelengths is selected to set up the connection. If a request
nection request encounters higher blocking probability thanG@nnot be accommodated by any of the routes, it is blocked.
does in circuit-switched networks because of the wavelength-The FPLC still has higher setup delay and higher control
continuity constraint. Routing and wavelength assignme@yerhead. To overcome these shortcomings, a new routing
algorithms play a key role in improving the performance dhethod using neighborhood information is also proposed
WDM networks [1], [2]. Many researchers have proposed ti@d investigated in this paper. In this method, for each
use of the shortest-path (SP) routing and alternate shortest-gHrce—destination pair, a set of preferred paths are precom-
(ASP) routing. In [3]-[5], [17] the performance of the SP an@uted and stored at the source. Moreover, instead of searching
ASP routing methods are investigated through approximgﬁ& the links on the preferred routes for availability of free
analysis and simulation. Since the shortest paths are static#{gvelengths, only the firgt links on each path are searched. A
Computed and an attempt is made to set up a connectigyte is selected based on the availability of free Wavelengths
request on fixed paths without acquiring the information ¢ the firstk links on the preferred paths. If several free
current network status, it is not possible to further improwavelengths are available on the selected route, a wavelength
the network performance in terms of blocking probability bys selected according to a pre-specified wavelength assignment
using these routing approaches. algorithm. If no free wavelengths are available on the first
links of all the preferred routes, the request is blocked. An
Manuscript received March 16, 1998; revised April 19, 1999 and JurSsential observation here is that the parametdepends on
21, 1999; approved by IEEE/ACMRENSACTIONS ONNETWORKING Editor B.  the diameter and topology of the network and the network

Mukherjee. This work was supported by the National Science Foundati : : .
Under Crant NCR. 9628165 andl Grant NCR9796318. Berformance requirement. It is shown that a valuescf 2

The authors are with the Department of Electrical and Computer Enginei§- generally enough to ensure good network performance in
ing, lowa State University, Ames, IA 50011 USA (e-mail: lingli@iastate.edu;
arun@iastate.edu). 1The words “path” and “route” are used interchangeably throughout this
Publisher ltem Identifier S 1063-6692(99)08252-7. paper.

Index Terms—Alternate shortest-path routing, circuit switch-
ing, neighborhood-information-based routing, wavelength rout-

ing.

1063-6692/99$10.001 1999 IEEE



780 IEEE/ACM TRANSACTIONS ON NETWORKING, VOL. 7, NO. 5, OCTOBER 1999

a 4 x 4 mesh-torus network and in the NSFnet T1 backbomath [18], [19]. We also noticed that using more than two

network. paths do not significantly improve performance [6], [17]. The
Several approximate analytical methods on the blockingtailed rules of the routing algorithm are presented in [20].

probabilities of networks are proposed in the literature. lim this section, we analyze the FPLC routing algorithm, using

[4], [11], two models to compute the approximate blockingnd extending the link load correlation model presented in

probability are presented. However, these models are inappiih]. The numerical results and performance comparisons are

priate for networks with sparse topologies because they peesented in Section IV.

not consider the correlation among the use of wavelengths

between successive links of a path. An improved modal Analysis of the FPLC Routing

with the consideration of this dependence is proposed inWe assume that call requests arrive at each node according

[12]. A Markov-chain-based reduced-load model with a stat(?—

dependent arrival rate is presented in [3]. A more accurafe 2 Poisson process with rafe The destination of a call

model with modest complexity in [15] accounts for link-load® uniformly distributed to other nodes. Call holding time is

correlation. We use and extend the link-load correlation mod%fponentlally distributed with mea(l /). The number of

: : wavelengthd" is same on all links. Wavelengths are randomly
to analyze the approximate performances of our algorithms, :

. . . : .~assigned to a session from the set of free wavelengths on the
This paper is organized as follows. In Section Il, we in-

troduce a new analytical model to compute the bIockinaSSOCiated path.
y P 9 The basic idea of the link-load correlation model is that the

performance of the FPLC. To our knowledge, this is thglocking probability on a two-hop path can be computed with

first analytical model that can be used not only in regu'%e consideration of link-load correlation. Then the blocking

networks, but irregular networks with FPLC routing. Routin o .
using neighborhood information is introduced and analyzg)éob?b'“ty on al-hop path can be <_:0mputed recursively by
viewing the firstl — 1 hops as the first hop and thith hop

in Section Ill. Section IV presents numerical results of the
. . . . as the second hop of a two-hop path. For lack of space, we
routing algorithms. The routing algorithms are compared to the . . .
. . ; mit the details of the correlation model and refer the reader

SP and ASP with different wavelength assignment metho 03[15] The following steady-state probabilities are defined to
in both mesh-torus networks and the NSFnet T1 backbon g y P

network. Our conclusions are presented in Section V. OBtain the blocking probabilities in the correlation mogel.
o S(yslepy) = Pr {y; wavelengths are free on a link of
a path|z,; wavelengths are free on the previous link of
II. FIXED-PATHS LEAST-CONGESTION ROUTING a path}.

In FPLC routing, we first statically compute a set of routes * U(z:|y;, zp;) = Pr {z calls (wavelengths) continue to
to be used for each source—destination pair in a network and the current link from the previous link;; wavelengths
store the routes information at each source node. Upon arrival are free on the current link, ang,; wavelengths are free
of a connection setup request, the source node searches theon the previous link.
available number of wavelengths on the routes in parallel bys R(ng|xzss,yy,2.) = Pr {n; wavelengths are free on a
sendingneedle packefsrequesting a path setup toward the  two-hop path|z;; wavelengths are free on the first hop,
destination node. At the destination node, a route with the y; wavelengths are free on the second hop, andalls
maximum number of idle wavelengths is selected to set up use both hops
the connection. If no wavelength is available on any of the « T,(,l)(nf,yf) = Pr {n; wavelengths are free on drhop
routes, the request is blocked. In this paper, we only use two path P andy; wavelengths are free on hdp.
edge-disjoint shortest paths for the analysis and simulatije know from [15] that we get (1), found at the bottom of
We refer to these routes as the first and second route. Rg page. Let)»(w;) be the probability thaty; wavelengths

length of the first route is less than or equal to that of thge free on a pattP with lengthi(P). Qp(wy) becomes
second route. If two routes have the same number of idle

wavelengths, the first route is selected to set up the request.

i Qr(wy) = > 15wy yy) @)
We restrict the number of preferred routes to two because P\Wy r £ Ys)
network resources cannot be used efficiently if many longer ¥, =0

routes are aIIov_ved in the netwo_rk_. _On_e reason that the WO fundamental assumption made in the correlation model is
routes are_requwed to be edge—dm_omt IS th"’?‘ we try to seamt the path used by a call does not depend on the state of the
two paths in pgrallel. Another F:on3|derat|on is fault toIerancIE-;nks on the path. For a fixed shortest-path routing on regular
If one path fails, the connection can be rerouted to ano”ﬁétworks, it is possible to assume that the effect of blocking

2The needle packetgan be sent out through a control network, eitheProbability on Fhe (_:amed load can be n_egleCted* and t_he E_irrlval
out-of-band or inband, as proposed in [13]. rate on each link is the same for keeping the analysis simple.

min(F—xpp,F—ys)

F F
TO(ngyp)= > > > R(nglass, ze, yp)U (zelys @pr)SWeleps )TV (@4, wpp) (1)

Tpr=0 z;7=0 2.=0
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However, these assumptions become invalid when the FPLO_et J be the number of links in a network. The algorithm
is used. In this case, a path for a request is selected usingdghen below iteratively computes the approximate blocking
current network status. Thus, the arrival rate on each link ggobabilities for the traffic on all the routes. Lete a small
continuously changing. No steady state is reached in the stpaisitive number that is used as convergence criterion.

sense when the FPLC is used. We propose to use a techniqug) |njtialization. For each source—destination pairlet

based on the Erlang fixed-point method for alternate routing T, = 0. Choose p.(i),p.(i,5), and pi(i),i,5 =
[10] to solve this problem. We need the following further 1,---,J arbitrarily for all links.
notations. 2) Calculate Qp(wy) for every path of each source-

e Let REl) be the set of first-shortest routes that employ destination pair using (1) and (2).

link 4, and R]@ be the set of second-shortest routes that 3) Calculate the blocking probability,, for every source-
employ link 7. destination paie using (8). Ifmax,, |L. — La| < e then

« Let R{*) be the set of first-shortest routes that have a, th::rrlninla'ie. Otherwidse Ifeta = ﬁalv I%O to ”e)ét Stsp.th
’ _ alculatep,, p;, andp, for each link using (5)—(7), then
subset of route from link to j. Let R} be the set of ) Hiatepe, pr, andp ink using (5)-(7)

; go back to step 2.
second-shortest routes that have a subset of route from_. ) . o
link 4 to J. Since the arrival rate for each link can be computed individ-

« Let Pr(Pl) and Pr(P2) be the probabilities that a call ually, this method is suitable for analysis of irregular networks.
~ e d The method is also applicable to alternate routing approaches

for a source—destination pair is set up on the first an
P P with small modifications of (3) and (4).

second pathpt and P?, respectively.

In the FPLC, a call request is set up on the first—shorteét
path if the number of free wavelengths on the second-shortest
path is less than the number of free wavelengths on the first-The computational time complexity of the analytical
shortest path. Otherwise, it is set up on the second-short@del can be analyzed as follows. Given call arrival rates

path assuming that the path has at least one free wavelengtfé), p<(é, ), and p(j), the conditional probability matrices
Therefore R,U, andS in (1) can be computed i@(F3) time units [20].

Let H be the maximal number of links along a path over all

Time Complexity of the Analytical Model

F %
1N NG . possible paths, i.eH is the diameter of the network. We know
Pr(Py) = ; Qp: () <71§—:0 Qr (”)> (3) from (1) and (2) that the time needed to comp@g(w;y) is
- i1 O(HF*). Let N be the number of node in a network. The
Pr(P?) = e ) ) 4) total source-destination pairs in such a networkis(V —1).
rFa) ; Urz(9) <nz_:0 r; (n)> @ Hence, step 2 in the algorithm can be finishediiV2H F°)

time units. Given every element @} obtained in step 2, the
Recall that) is the call arrival rate at each node. The arrivadrrival rates of each link can be computed @{F3) units.
rate of calls that enter at linkand continue to linkj, p.(¢,j)  Therefore, the time complexity of the algorithm is dominated
becomes by the computation of the free wavelength distribution matrix,
. Q, which takesO(N2H ) time units in the worst case. In
peling) = Z APr () + Z APr(F;). (5) the implementati(()n, multi|)ole iterations are required to solve
PieR; PieR ; the Erlang fixed-point equation. We observed that most of the
results shown in the next section are obtained in less than
en iterations.

Note that the computational complexity mainly results from
the link-load correlation model, which is the best model
pi(i) = Z APr(F)+ Z APr (P) — p.(i.j). (6) available so far in the literature in terms of accuracy, while

PR Por? maintaining reasonable complexity. The reduced-load model in
’ ! [3] has also been extended to analyze the performance of the
The arrival rate of calls that enter at link p.(;j) includes FPLC in [20]. The results show that the reduced-load model
calls that use linkj as the first or second route, but do nois more complex and less accurate than the correlation model.
include calls that continue from linkto link j We should also point out that the complexity of the analytical

model does not affect the efficiency of the routing algorithms.
pe(i)= > APr(P)+ > APr(P)—pe(i,j). (7)

PjER; P;eR? I1l. ROUTING USING NEIGHBORHOOD INFORMATION

Given the arrival rates to each link, the conditional proba- We Wwill see in the next section that the FPLC routing
bilities S(ys|zps), Ulzelus zps), and R(ng|z s, 95, z:) can method improves network performance qomp_ared to static
be derived (see [20] for details). Let, be the blocking routing approaches. However, problems still exist when using

probability for source-destination pair. L, can be derived this dynamic routing method in a large network. The main
from (1) and (2) as difficulties remaining are the control overhead, setup delay,

and possible conflicts in wavelength usage when multiple paths
Lo = Qp1(0) x Qp2(0). (8) are being set up simultaneously on one link. In this section,

The arrival rate of calls that leave from link p;(¢) includes
calls that use link: as the first or second route, but do no
continue to linkj
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we propose a new routing algorithm using neighborhood
information that tries to achieve the setup efficiency and
lower control overhead of static routing with low blocking
probability. Using analytical and simulation methods, we show _)@ @ @
that routing using neighborhood information can achieve high

network performance, compared to static routing approaches
This approach also reduces the possible conflicts in wavelength

(DO~
In the neighborhood-information-based routing, a set of @

edge-disjoint shortest paths is statically computed and stored
at each node. Upon the arrival of a connection request, the
source node uses the route-selection process that is similar s
to the FPLC. However, instead of searching all the links on —>@ @ @<— 1
the preferred paths, only the neighborhood including the links
up to distancek are searched and the results are compared
to decide which route to select. There are two possibilities
for collecting the neighborhood information: it can be either @ @ @ fm
collected when needed or exchanged periodically. If no wave-

length is available on the selected route, the connection request 1‘ T T T

is blocked. This routing algorithm is called FPLGH.

he

Fig. 1. A 4 x 4 mesh-torus network.

of the path. Therefore

A. Analysis of the FPLC-{¥) Z Qpl <Z sz ) (l k)( 0,4))
We extend the approximate analytical models discussed in
the previous section to the FPLCO:. We use the same (10)

terminology as before. S N =i k)
Let Q% (w) present the probability that there amefree  Pr(£a) = Yo Qb D Qhi(n) (1= Vi ¥(0,0)).
i=1

wavelengths available on rout& up to neighborhood distance n=0
elengths av (11)
k. Q% (w) is given by
. F ‘ The arrival rate of calls that enter at linkand continue to
Qp.(w) = > T,(,’;)(w,yf). link j becomes
yr=0

Let Vi(ns,zps) be the probability that:, wavelengths are pelt-d) PZ}; AT (Fy) + PZ};Z APE(F). - (12)
free on ani-hop pathP, and x,; wavelengths are free on A A

the first link. Then we have (9), shown at the bottom of thghe arrival rate of calls that leave from linkbecomes
page. Considering the firéthops as the first hop as we do in o

the previous sectiory; ‘=*)(0, z,,;) is the probability that:,, ¢ Z AP ( Z APr ( pe(t, ). (13)
wavelengths are available on the fitshops of an-hop path, PicR} PicR?

but none of ther,,; wavelengths is available on the followingrna arrival rate of calls that enter at ligkbecomes
I — k hops.

Let Pr(Pl) be the probability that a call for a p.(j)= Y  APr(P)+ > APr(P)— pu(i,j).
source—destination paitv is set up on the first-shortest PR} P;cR?
path P, and Pr(P?) be the probability that a request is (14)

set up on the second-shortest pd#fj using neighborhood

information. In the FPLC-Kk), a call request is attemptedBlocking probability L., for the FPLC-Nk) consists of three
to be set up on the path that has more free wavelengthsterms: 1) the probability that the first route is selected using
the firstk links. The request is successfully set up if at leasteighborhood information (there ardree wavelengths on the
one wavelength is free on the firstlinks, and at least one first route up to neighborhood distane@and the corresponding
of the free wavelengths can continue on the following linkalternate route has less than or equal idle wavelengths up

F o omin(F—ap,F-ys)  ys

—
Vh(ng,apr) = > ST B(nglwps, zemp U (Zely g wpr) Suplp) )V (@rrup). 9)

yr=0 z:=0 xrr=0
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Fig. 2. The NSFnet T1 backbone network.

to neighborhood distande), but blocked at other links on the 10"
first route after distancé; 2) the probability that the second

route is selected using neighborhood information (there are

1 free wavelengths on the second route up to neighborhood
distancek and the corresponding alternate route has less than T
¢ idle wavelengths up to neighborhood distah¢ebut blocked
at other links on the second route after distahcand 3) the S
probability that no wavelength is available on any of the two %7
routes up to distancé. Thus

F 7 F
Lo =Y Qb (i) (Z Qb <n>> VAR, + Qha(i))
=1 n=0 =1

7—1
(Satm)vt 00+ ah0on0 a9
n=0

Blocking Probability
3

—— ana-FPLC (correlation model)
*——% sim-FPLC
"""""" ana-ASP(correlation model)

Using the same algorithm given in Section II-A, we can o
compute the blocking probabilities for the traffic on all the 107 %~

routes. F—% Sim-ASP
-—-- ana-SP{correlation model)
% - - % sim-SP
IV. NUMERICAL RESULTS AND ANALYSIS N
In this section, we assess the accuracy of the analytical
model by c_ompari_ng it with the simulation re_sults. The analyt- 10 ¢ 0.30 0.5 0.40
ical model is applied to two network topologies, a regular 4 s-d pair traffic load

4 mesh-torus network deplgte,d In _Flg' 1’, in which all a_djacep_yg. 3. Blocking probability versus source—destination pair traffic load. Per-
nodes are connected by bi-directional links, and an irreguigfmance comparison of different routing algorithms with random wavelength

NSFnet T1 backbone network shown in Fig. 2, with 14 nodessignment.
and 21 bi-directional links. We also compare the performance

of the FPLC to the ASP and SP. We show using analyticgly eement with simulation results for heavy to moderate traffic
and simulation results that one neighborhood information (g4t 10ad >0.30). However, the analytical results are not
sufficient to guaraptee high performance in the FPLGN very accurate when traffic load is light (traffic loat0.30).
compared to that in the ASP. We also observed that the FPLC improves the blocking
. probability when the traffic load is low. As the traffic load
A. Performance Analysis of the Mesh-Torus Networks increases, the performance of the FPLC gets closer to the
Fig. 3 shows the network blocking probability versus thASP. One of the reasons that the FPLC performs better than
traffic load per source-destination pair for eight wavelengtlise ASP and SP is that the FPLC distributes the traffic evenly
per link. In the approximate analysis, multiple iterations ari@ the network. Smooth traffic is carried on each link [20].
required and the convergence criteria is set tade® for the We also noticed that in the FPLC, the network performance
blocking probabilities. Each data point in the simulations wasan be significantly improved by using the first-fit wavelength
obtained using 0" call arrivals. The same criteria were set foassignment compared to the random wavelength assignment.
all the analysis and simulation results in this paper. From tlkég. 4 shows the performance of the ASP and the FPLC using
figure, we observed that the analytical results follow the trertifferent wavelength assignment methods through simulation.
of the simulation results. The analytical results are in godks reported in [5], the first-fit wavelength assignment strategy
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10* : . 10 * ‘
— ASP-R analysis - link correlation model
x—x ASP - FF * simulation (F=8)
------------ FPLC-R
XX FPLC - FF
10° 1
10°
> =
= 5
g g
e . a
o 10 b =3
o c
£ ¥
£ K
u% m
10° © ]
10° | B *
o
. 1()'4 | L
10 . L 0.25 0.30 0.35 0.40
0.25 0.30 0.35 0.40 s-d traffic load

s-d pair traffic load . . . . .
Fig. 5. Blocking probability versus traffic load using the FPLC-N(1).

Fig. 4. Blocking probability versus source—destination pair traffic load. Per-
formance comparison of different routing algorithms with first-fit wavelength

assignment. 10" Y .
. . . e —— FPLC-N(0)
can slightly improve the blocking probability in the ASP. -~ FPLC-N(1)
While using the FPLC, the first-fit wavelength assignment S Egtg:f;
——- -N@3

performs much better than the random strategy under light load
condition. The reason can be explained intuitively as follows.
Compact wavelength assignment methods (i.e., most-used)
perform better than spread wavelength assignments (i.e., least- 10?
used) as suggested in [6], [14]. In the FPLC, a request is sei.
up on the least-congested route. The wavelengths with |0Wéi:
index have more chances to be employed when compareﬂ
to the ASP. Using the first-fit wavelength assignment, th|so,
compact wavelength assignment effect is enhanced. x
Our simulation results also show that more soph|st|cate(ﬁ
wavelength assignment algorithms, such as using the most- ,,s
used wavelength assignment, do not significantly improve the
network performance in FPLC. Since accurate global state
of a large network is hard to obtain, we observed that the
first-fit wavelength assignment is a good candidate to assign
wavelengths in a distributed routing network.
Fig. 5 shows the blocking probability versus the traffic
load for ¥ = 8 using the FPLC-N(1). The route to set " l
up a connection request is determined by 1-neighborhood 10 0.25 0.30 035 0.40
information. Similar to the original observation for the FPLC, s-d traffic load
we again noticed that the analytical and the simulation resu{§. 6. Performance comparison using different neighborhood information.
match when the traffic load is heavy to moderate, but analytical
results are less accurate for light traffic. FPLC is the lower bound on the FPLC:N. It is observed
The performance of the FPLC-N(k) with different valuegrom the figure that the blocking probability is not linearly
of & is compared using analytical results shown in Fig. 6ecreasing with the increase of neighborhood distance. The
(F = 8). The diameter of our network topology is 4, so thelifference of the blocking probabilities betweén= 0 and
FPLC-N(3) is the same routing method as the FPLC. Thus, the= 1 is much higher than the difference betweges- 1 and
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e ASP
---- FPLC-N(1) LT
——- FPLC
3 Lo v
107 o 7 *
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e e
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e . /’ / e .
a 107 r 7 L, J o 10? ]
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~ ‘ Y. x
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L, ana-FPLC (link correlation model)
* sim-FPLC (F=8)
10° ; ] 10° : ; ‘
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s-d pair traffic load

Fig. 7. Performance comparison of using the ASP, the FPLC-N(1) and the
FPLC.

s-d pair traffic load

(@

T T T T

k = 2 and the difference betweeln = 2 and £ = 3 under
light traffic conditions.

From Fig. 4 we know that for the FPLC, the first-fit wave-
length assignment method performs much better than random 2
strategy under light traffic. The same is true for the FPLG-N
as shown by our simulation results depicted in FigL7= 8).

In comparison to the results of Fig. 5, we noted that the .
blocking probability is significantly improved when the first-fit

ity
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the performance similar to the ASP. Thus, we conclude that 1- o 10” | g
neighborhood information is sufficient to ensure good network .£
performance in terms of blocking probability in a 4 4

mesh-torus network.

Block

—— ASP

FPLC
—- - FPLC-N(1)

B. Performance Analysis of the NSFnet 107 | ——- FPLC-N{(2) 1

Since we analyze the blocking performance individually
for each s-d pair, our analytical model is also applicable
for irregular networks. The analytical results using the link
correlation model compared to simulation results in NSFnet
are shown in Fig. 8(a). We observed from the figure that
the link correlation model performs well on the NSFnet. The
analytical results are accurate under heavy and moderate traffic
Ioad_' It Is_nOt very accurate under Ilght traffic. Fig. 8. (a) Blocking probability versus traffic load in the NSFnet. (b)

Simulation results for the ASP, the FPLC, the FPLC-N(1gimulation results of the average blocking probability in the NSFnet.
and the FPLC-N(2) is shown in Fig. 8(b). The performance
of the FPLC is better than the ASP in the NSFnet when tlenploys 1-neighborhood information, is close to the ASP. By
traffic load is light and it gets closer to the ASP as the traffigsing 2-neighborhood information, the FPLC-N(2) can achieve
load increases. Routing using neighborhood information dogsilar performance to the ASP. Thus one can use the FPLC-
not perform as well in the NSFnet as it does in mesh-tord(1) or the FPLC-N(2) to achieve the similar performance as
network. However, the performance of the FPLC-N(1), whicthe ASP and keep the setup time and control overhead low.

0.24 0.26 0.28

s-d pair traffic load

(b)

0.20 0.22
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trunk reservation methods proposed in [3], [5], but this is OUfg] E. Karasan and E. Ayanoglu, “Effects of wavelength routing and

of the scope of this paper. selection algorithms on wavelength conversion gain in WDM optical
networks,” IEEE/ACM Trans. Networkingvol. 6, pp. 186-196, Apr.
1998.

[7] A. Mokhtar and M. Azizajiu, “Adaptive wavelength routing in all-
optical networks,"IEEE/ACM Trans. Networkingvol. 6, pp. 197-206,

In this paper, we proposed two new dynamic routing meth-_ APr. 1998.

. . . éB] K. Chan and T. P. Yum, “Analysis of least congested path routing in
ods in all-optical wavelength-routed networks. An approximate ~ wpm lightwave networks,” inProc. IEEE INFOCOM '94 vol. 2, pp.

analytical approach is developed for the FPLC routing and 962-969.

. . . . . . 9] E. D. Lowe and D. K. Hunter, “Performance of dynamic path optical
the routing using neighborhood information algorithms. Nu networks,”Proc. Inst. Elect. Eng.—Optoelectronol. 144, pp. 235239,

merical results show that the FPLC routing with the first-fit  aug. 1997.
wavelength assignment method significantly improves netwold®] A. Girard, Routing and Dimensioning in Circuit-Switched Networks

. Reading, MA: Addison-Wesley, 1990.
performance compared to the alternate paths routing a'q&)r] R. A. Barry and P. A. Humblet, “Models of blocking probability in

rithms. The reason is that more wavelengths are left free all-optical networks with and without wavelength changel&EE J.
n network when the FPLC with the first-fit wavelen Select. Areas Communol. 14, pp. 858-867, June 1996.

0 a etwo N .t € C with the first-it wavele gt?lZ] R. A. Barry and D. Marquis, “An improved model of blocking prob-

assignment method is used. _ _ " ability in all-optical networks,” inProc. LEOS 1995 Summer Topical
The routing using neighborhood information algorithm is  Meeting pp. 43-44.

_ 13] R. Ramaswami and A. Segall, “Distributed network control for wave-
employed as a trade-off between network performance [I:]13 length routed optical networks,” iRroc. IEEE INFOCOM '96 vol. 1,

terms of blocking probability versus setup delay and con- pp 138-147.
trol overhead when using dynamic routing algorithms. [{4] S. Subramaniam and R. Barry, “Dynamic wavelength assignment in

. . . . . . fixed routing WDM networks,” irProc. IEEE Int. Conf Communications
is shown that the routing using neighborhood information (ICC '97), Québec, Canada, pp. 406-410.

method achieves good performance when compared to Stgi&} S. Subramaniam, M. Azizpu, and A. K. Somani, “All-optical networks
routing approaches. 1-neighborhood information is sufficient with sparse wavelength conversiotEEE/ACM Trans. Networkingol.

) 4, pp. 544-557, Aug. 1996.
to ensure network performance in a44 mesh-torus network 16) p. Banerjee and B. Mukherjee, “Practical approaches for routing and

and in the NSFnet T1 backbone network. wavelength assignment in all-optical wavelength-routed networks,”

Since we take the link-load correlation into account in _!EEE J. Select. Areas Communol. 14, pp. 903-908, June 1996.
S. Ramamurthy and B. Mukherjee, “Fixed-alternate routing and wave-

. . ; |
our an‘?‘lyucal moqel, the time complgxny of the anal)’_t'_caq length conversion in wavelength-routed optical networkspPioc. IEEE
model isO(N2H F®). A concern remains on the scalability ~~ GLOBECOM '98 Sydney, Australia, pp. 2295-2303.
of the analytical model in large networks with large numbef8l ——— “Survivable WDM mesh networks, Part I—Protection,"fnoc.

) ) IEEE INFOCOM '99 New York, vol. 2, pp. 744-751.

of wavelengths. Simple models, e.g., the independence mogde] | “Survivable WDM mesh networks, Part ll—Restoration,” in
in [4], may be used to reduce the time complexity at the cost 26303 lzlggg Int. Conf. Communications’9%/ancouver, Canada, pp.
of accuracy In some SpeCIf!C tOpOlOgIeS. quever' _develoﬁ'()] L. Li, “Dynémic wavelength routing and network design of multifiber
ment of accurate models with less complexity remains to be wbDM networks,” Ph.D. dissertation, Dept. Elect. Comput. Eng., lowa

investigated in the future. State University, Ames, to be published.
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