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Computing Approximate Blocking Probabilities
In Wavelength Routed All-Optical Networks with
Limited-Range Wavelength Conversion

Tushar Tripathi and Kumar N. SivarajaMlember, IEEE

Abstract—In this paper, we propose a method to calculate bandwidth (25 THz), low loss (0.2 dB/km) and very low bit error
the average blocking probability in all-optical networks using rate (10°-10719).

limited-range wavelength conversion. Previous works have shown ., oy gntical networks, the data remain in the optical do-
that there is a remarkable improvement in blocking probability . .
while using limited-range wavelength conversion, but these Main throughout their path except at the ends. Such paths are

analytical models were either for a path or for a mesh-torus termedlightpaths The currently favored technology to tap the
network. Using a graph-theoretical approach, we extend Birman's  huge bandwidth of optical fiber is wavelength division multi-
model for no wavelength conversion and derive an analytical pjexing (WDM). In WDM networks, the optical spectrum is
expression to compute the blocking probabilities in networks for . . . .
fixed routing. The proposed model is applicable toany network divided into many different channelsf, and each channel corre-
topology. We consider the case where an incoming wavelength Sponds to a different wavelength which can operate at the peak
can be converted tod adjacent outgoing wavelengths on either electronic speed. In wavelength routed WDM networks, we can

side of the input wavelength, in addition to the input wavelength  reyse the wavelength provided no two lightpaths sharing a link
itself, where d is the degree of conversion. Wherd = 0 and are assigned the same wavelength.

d = ((C —1)/2),whereC is the capacity of a link, the proposed ; . .
mode(l(reduce)s/ tg the model previOLFJ)st given for no V\E)avglength In networks using full wavelength conversion, a call is ac-
conversion and the model previously given for full wavelength cepted if on all the links on its route there is at least one free
conversion respectively. Using this model we demonstrate that wayelength. With no wavelength conversion, a call is accepted
the performance improvement obtained by full wavelength . o (e if there exists at least one wavelength which is si-
conversion over no wavelength conversion can almost be achieved . . .
by using limited-range wavelength conversion with the degree of Multaneously free on all the links of that route. This constraint
conversion, d, being only 1 or 2. In a few example networks we is known as thevavelength continuity constrairithis means a
considered, for blocking probabilities up to a few percent, the call can be blocked even if there are free wavelengths (but not
gﬂ;‘:;iﬁg‘i;‘ﬂﬁgé‘?{:ﬁg ?grn;:;ellrallgce?sgr?ﬁ(i)nterzsigr?s almost  the same one) on all the links. Therefore, having full wavelength

qumparisons to simulations show thatgour analytical.model is convgrsion is ad_\{antageous [3], [3], [8] in that it decreases the
accurate for a variety of networks, for various values of the con- blocking probability.
version degreed = 1, 2, 3), and hop length (1-4), and overawide ~ However, implementing all-optical full wavelength conver-
L%ng?r: Zg?rﬁi;‘gnpf?hb:miifn(>?&%ﬁa-ﬂgg%mﬁgﬁglijsalalict’hzc' sion is quite difficult due to technological limitations. So, it is
(and not just the a\?erage bIocki%g probability in the networl?). :(ra]tr?g;rt?ttl:g?\\tlgrlgi\;enStig?(t—:ﬁr\ggitpElrovc\;iiflznpdec; f?)sr:;::ses Eill \l:V;\rqg
limited-range wavelength conversion, if not by using no wave-
length conversion.

Limited wavelength conversion can imply a limit on the

I. INTRODUCTION number of nodes with full wavelength conversion capability

N RECENT years, demand for high bandwidth has beéﬁparse Wavelength conver.s)o[ﬁ], or a limit on the range of
I growing at a very rapid pace led by Internet and multimedi¥avelengths to which a given wavelength can be converted

applications. Networks which employ optical fiber for trans(limited-range conversion)

mission are very attractive because fiber provides an enormou;he gpalygis pregented in [1] and [2,] for calculating blocking
probability with limited-range conversion, though shown to be

beneficial, is restricted to some specific network topologies. In
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Il. LIMITED-RANGE WAVELENGTH CONVERSION
A. Traffic Model

In our case, we consider tlomline blockingmodel [9]. The
lightpaths are set up and taken down on demand. These are anal-
ogous to setting up and taking down circuits in circuit-switched
networks.

B. Assumptions

The following assumptions are used in our analytical model.
9 p ) y ) %ig. 1. Possible wavelength conversions at each nodeifoe= 1. The
1) External calls arrive at each node according to an indénversions are circularly symmetric.
pendent stationary Poisson process with pate

2) Call holding time is exponentially distributed with unlt:second link, respectively; hence, the cardinality of both the sets

mean. . . AT
3) Callsthat cannot be routed in the network are blocked al%equal to the capacity of the'llr(l_Z, .6, |X| - |Y| N .C' “Each
lost vertexuy, € X has an edge incident with the “facing” vertex

4) The capacity of the links, denoted I is the same for Y% € Y andd adjacent vertic_es on either sidewf (see Fig. 1).
all the links in the network. Each call requires a full WaveTherefore, egch v_ertex x W.'" have a d_egree Of2d +1). T_he
length on each link of its path. (2d + 1) vertices in seY” which are adjacent to a vertex in set

5) Wavelengths are assigned uniformly randomly from s are called it_s neighbors. For example, the qeighbors of vertex
set of free wavelengths on the associated path. 2 € X arevertices 1, 2, andgY as shownin Fig. 1. The edges
6) Simplex connections are considered denote the possible conversion from one wavelength to another

7) Existing lightpaths/calls cannot be reassigned diﬁerewfivelength. For the last (respectively, first) vertex, we will have

wavelengths to accommodate the new lightpath/call r§49€S to the immediately higher (respectively, lovdevrtices
quest. and the first (respectively, lasf)vertices from the top (respec-

tively, bottom), i.e., the wavelength conversion is assumed to be

C. Analytical Model for Limited-Range Conversion circularly symmetric. This is merely for the sake of analytical
convenience, as it distributes the load uniformly among all the

_We assume that for any given input wavelength, it is PO%avelengths on a link. LeX,; € X andY; C Y denote those
sible to trqnslatg toa limited range of output wavelengthg, jce.q corresponding to which we have free wavelengths on
Moredprez:llsedly, Itis assurlned Lhat a V\{ar\]/eler?gth cfarr\] bg “9fk i and link j respectively. The cardinalities of seXs; and
verted tod adjacent wavelengths on either side of the 'npli}'j arex andy (free wavelengths on linkandy, respectively).
wavelength, in addition to the input wavelength itself, whére Let T'(X,) denote the neighbors of the vertices in 3¢

is the degree of conversion. Hence, any wavelength can be COR5 we are interested in finding the probability of having

verted to(2d + 1) wavelengths. For example, incoming waveg, , ., neighbors of vertices iX,; which are incident with the
length \; can be converted to any of the outgoing wavelengths . .

2 vertices inY ;. Then, forl < z,y < C
Xildst Ayt Airq. We also assume that the conversions

are circularly symmetric.
Let p,,(x1,x2,---,zy) denote the probability of having pm(z,y) =P{I(X;) N Y;|=m]

choices for the outgoing wavelengths on/rhop path given IT(X) [C — |T(X)]
thatzy, - - -,z wavelengths are free on links- - -, N respec- m y—m
tively. If £ = (1,22, -+, 2zN), = Z C
LID(X)|=1,| X | = <y)
pm(®) = PR =mXy = a1, Xy =an] (1) x Pi(I(X;)| = 1/ X;| = z)
C -1
whereXg is a random variable denoting the number of choices min[C,(2d+1)x] <m> < _ m)
for the outgoing wavelengths on route= {1,2,---, N} and = Z g
the random variableX’; denote the number of free wavelengths l=min[C,z+2d] < )
on link 4. Let us first consider the case of a two-hop rofite- Y
{i, 5}, for which x P(|D(X3)| = 1/ X3 = ). (©)
pm(z,y) = P{X( 5y = m|X; =2, X; = y]. (2) The last equality in (3) has the summation running from

min[C, (z + 2d)] to min[C, (2d + 1)z]. This is because the
This is the probability of havingr. possible outgoing wave- minimum cardinality (neighbors) df (X ;) will be (« + 2d)
lengths on a two link route given thatandy wavelengths are or C, depending on whichever is smaller, and the maximum
free on the first and the second link, respectively. We can thicrdinality (neighbors) can be eith@ror (24 + 1)x, depending
of having a bipartite graphX,Y'), where the set of vertice¥  on whichever is smaller, as the number of neighbors cannot be
andY represent the set of wavelengths available on the first ambre thanC' (the capacity of the link).
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When there is only one wavelength (vertex) free belonging X b
to the setX;, i.e.,|X;| = 1, then the number of neighbors of 1fo] (@] 1
that vertex will be exactly2d + 1), and in this case the lower 2l® 2
and upper limits of summation coincide. In the case when one . 3
has exactlyz wavelengths (vertices) free in the sk, i.e., .%;
|X;| = =, and if all thex wavelengths are adjacent, then we 2,
have onlymin[(x + 2d), C] distinct neighbors. This one ex- ! okl
treme case constitutes the lower limit. Had all the§ee wave- R e .
lengths (vertices) been sufficiently apart from one another so ce ®cC

that each Conmb_Ut_e@d +_1) distinct nglghbors then_We will Fig. 2. This figure is for limited conversion with degrde= 1. If all the
have(2d + 1)z distinct neighbors provide2d + 1)z is less  neighbors must lie within a contiguous rangel afertices, we cannot choose
than C; otherwise this number will bé&’. This other extreme the firstand last vertices from the seX. Here we cannot choose the first and
. P . theIth vertices shown by the hollow circles. For example, if we choosétthe
case constitutes the uppgr limit Of_the summation. For all qtr@ﬁtex its neighbors fall outside the ranigas shown in the figure above.
cases, the number of neighbors lies between these two limits.
Notithar': in ge;ereybm(a:,y) # pm(?{/?/:r)1 buc'; |nterest|ngl3g |It Let us denote the eveR(X;) C Iy by Zx (given that X;| —
can be shown thab(z, y) = po(y,z).* Whend = 0, our mode ). Then the right-hand side of (5) s given by
reduces to Birman’s model [3] for no wavelength conversion. |

this casep,, (z, %) = pm(y, x), by symmetry. We can rearrange P{US_, T(X,;) C ] =PH{Z, or Zy or --- or Z]

the links such that the links of the path have free wavelengths in C
increasing order and then we can use (3) to compyiter, v). < 1 PriZi] (6)
Whend = ((C —1)/2), the method reduces to that given in [41b ) e
for full wavelength conversion. ecause we can chooseontiguous vertices ifi]) ways. Now
The probability term, R¥) in (3) is given by consider one such contiguous set gertices in the seY’ ;, say
setL;. As per our assumption, thevertices in sefX are con-
PIIT(X,)| = I/ X:| = ] tained in the “facing” vertices of the vertices in det. We de-

note this set of “facing” vertices as skt which has cardinality
= P|I(X;)| < 1/X;| = x] . We want to choosg vertices inX; such that their neighbors
- PI{X;)| <1 -1/X;| = «]. (4) are in setl;. If any vertex is in the first vertices or the last
d vertices of the seX;, some neighbors must fall outside the
First, note that BIT’(X;)| < || X;| = #] = 1if Il = C or range of seL; as shown in Fig. 2. Therefore,vertices can be
I = (2d + 1)z since the number of neighbors cannot exceeathosen only fron{/ — 2d) vertices of sefX;. The total number
either number. Also, BIl(X ;)| < I||X;| = 2] = 0if I < of ways in which seX;, such tha{ X;| = =, can be formed is
z 4 2d < C since there are at least+ 2d neighbors, in this (). Therefore, the probability that(X ;)| C ., whenl; is a
case. Hence, for the remainder of the discussion, we assusgéof contiguous vertices of sizgis given by
x4+ 2d <1 < min[C, (2d + 1)z]. 1—2d
Consider the probability thgl'(X;)| < I, given that the < )
verticesI'( X, ) lie in some contiguous range bfsertices (and PrZi] = o
|X;| = z). Inthis range, some of the vertices may not be neigh- < )
bors of X ;. Therefore, the total number of neighbors is at most z
l. Clearly there are cases when we have no more timaigh- Therefore, from (5)—(7), we get
bors but they do not lie in some contiguous rangé \adrtices. ON /1 — 2d
This yields the inequality < ) < )
PH|T(X;)| < ,I contiguou$ < + (8)
PHIT(X,)| < 1/X:| = 1] ( )
> PH|T'(X;)| < 1,1 contiguous/X;| = x]. v

x

(1)

We have already mentioned that[|P{X ;)| < ] is lower
We have boundedpy the Ieft—han.d side of (8) given thaX ;| = =.
Thus, this does not yield a bound on[P(X;)] < I].
We assume the following approximation holds for

) i - c )
PrHF(Xz)| < lv l COI’]tIgUOUiS— Pr[ukzl F(Xz) - lk] (5) r+2d<1 < min[C, (2d + 1)1,]:

where eacly, is a contiguous set of vertices of sizandk varies <C> <l - 2d>
from 1 toC as we can positiohcontiguous vertices i’ ways 1 T

N PO guous v ys PHD(X)| < U/X;| =a] o ~L > 2 7
because the conversion is assumed to be circularly symmetric.

<O>

Ipo(x,y) is the probability that’(X;) N Y; = &. We will prove that z

whenever'(X;) 0 ¥; = ¢, T'(Y;) N X; = ¢. We prove this by contra- \\e will see from numerical results later that this yields a good
diction. Supposé&’(Y;) N X; # ¢. Then there exists a vertex, € X; s.t. . ti to the blocki babiliti £ tf I
u; € I(Y;) N X,. Sinceu;, € T'(Y;), there exists a vertex; € Y, s.t. approximation to the blocking probabiliies, at least for sma

I'(v;) = u;. ThereforeI'(u;) = v, which contradictd’ (X;) N Y; = ¢. values of the conversion degrde
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For the general case of @i-hop route NV > 3, letx; be the The call set-up rate on link when there are idle wavelengths
number of the idle wavelengths on tfia hop. We condition on on link j, «;(w), is obtained by combining the contributions
the set of disjoint eventfXy = k|k = m,z1,22,---on_1}, from the request streams to routes of which ljrik a member.
whereR = {1,---, N—1}. Recall thatXr is arandom variable

denoting the number of possible outgoing wavelengths on route aj(w) =0, if w=0
R. We thus obtain the recursive relation (assume the(fivst 1) = Z ar PXgr > 0|X; = w]
links to be the first link and the last link to be the second link): RijCR
S w=1,---,C. (12)
Pl 2N) = Z (s, an-1)Pm(F28) ) it the route consists of a single link, then the probability term
h=m Pr(-) under the summation sign in (12) will be equal to 1. If the
wherep,,, (k, zy) is given by (3). route consists of two links, Iet¢ = {4, j}. The term P{-) can be
further simplified by conditioning it on the set of disjoint events
D. Fixed Wavelength Routing {X,=1]l=0,.--,C}.

We consider a network with an arbitrary topology witlinks
andC wavelengths on each link. A roufe is a subset of links
{1,---,J}. Calls arrive for routek as a Poisson stream with Z Py
ratear. An incoming call on routeR is set up if it finds a free -
wavelength on all the links from the possible choices of out-
going wavelengths with the given degree of Iimitetj wavelength _ Z g (D1 = pofw, 1)) (13)
conversion. If such a combination of wavelengths is not possible
on the links constituting the path, then the call is blocked and
lost. If the call is accepted, it simultaneously holds the wav#therepo(w, 1) is given by (3).
length/wavelengths on all the links on rougefor the duration
of the call. The holding times of all the calls are assumed to fe Computation of Blocking Probability
exponentially distributed with unit mean. The blocking probability for calls to rout® is

Let X; be the random variable denoting the number of idle
wavelengths on link in equilibrium. LetX = (Xy,---, X ;) Lr =P{Xg =0

PI’[X{Z‘J'} > 0|XJ = w]

[Xz = Z|XJ = w] Pr[XR > 0|XJ =w,X; = l]
=1

=1

and let =q(0), if &= {:}
C C
gj(w) =PlX; =w]; w=0,---,C =33 u wipo(l,w), if R=1{i,j}. (14)
be the idle capacity distribution. Throughout the following ap- (=0 w=0
proximations are made. Blocking probability for routes with more hops can also be cal-
1) The random variableX,, X»,---, X; are mutually in- culated similarly.

dependent. Then . . . o
F. Algorithm for Computation of Blocking Probability

e The algorithm below uses a fixed-point method to compute
- H / the approximate blocking probabilities for the traffic on all the
= routes and the (average) blocking probability of the network.
wherew = (wy,ws, -+, wy). 1) Initialization. For all the route® let Lr = 0. Forj =
2) When there arev idle wavelengths on linkj, the time . let oy (0) = 0, and leta;(m) be chosen arbi-
until the next call is set up on linkis exponentially dis- trarily, m=1,-
tributed with parametet; (w). This parameter is the call  2) Determineg; (- ) from (10) and (11)
set-up rate on ling whenw wavelengths are free on link ~ 3) Obtain new values of;(-),j = 1,---,.J, using (12).
7. (Note that (13) must be used in (12) for 2-hop paths, and

From the approximation (2), it follows that the number of ~ Suitable generalizations for paths with more hops.)
idle wavelengths on link can be viewed as a birth-and-death 4) Calculatel g, for all routesR, using (14). lfmaxg |Lr —

process, and therefore we have Lr| < ¢ (wherec is suitably small positive quantity),
then terminate. Otherwise Iét; = Ly, and go to step 2.
(w) = c(C-1)---(C-—w+1) 4 (0) 5) The (average) blocking probability of the network is then
’ (D (2) - ajw) P given by
w=1,---,C (10) n
where Z ay Ly
-1 (C—wt1)] e
Ju— ... —_— w
2;(0)= |1+ . (11) ar
O= 12 T ® ) 2
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Fig. 3. Example network with six nodes and seven links.

Blooking Probability
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C=16

‘ O O WITHOUT, simuaton
ol S g WITHOUT, analysis
E X X UMTED(d=1), smuaion
s ) LIMITED (d = 1), analysss
0 ¢ UMTED(d22), simudaton
-=- UMTED(d=2), anaysis
Fig. 4. Mesh network with 14 nodes and 18 links. 0 + 4 PUL sindaton
------ FULL, anayss
‘o" 1 1
I1l. NUMERICAL RESULTS 1 2 ] ] » 0
Total Ofored Load (Efangs)

We present simulation and analytical results for an example

network with 6 nodes and 7 links (Fig. 3) a6-node ring networkig-5. Average blocking probability in the example network with sixnodes and
: séven links versus the total offered load, fr= 16 wavelengths per link. The

and a mesh network (Fig. 4) for three different cases: no wavgs

5t shows the analytically calculated values and simulation values for no, full,

length conversion, limited wavelength conversion with degreed limited wavelength conversion with conversion degree1 andd = 2.

d = 1,2, and full wavelength conversion. For the first two net-
works, we consider connections between all possible node pairs,
so that the number of possible routes is 15. For the mesh net-
work, we have taken 80 routes. (These are the routes for which
the minimum hop path is unique.) The offered traffic on each
route is assumed to be equal (uniform traffic) and we plot the
(average) blocking probability (over all routes) versus the total
offered load to the network.

In simulation, for limited wavelength conversion, we choose
a wavelength out of the free wavelengths on the first hop uni-
formly randomly and at each subsequent hop look for the pos-
sible outgoing wavelengths with the given degree of wavelength
conversion. If more than one such wavelength is available, then
once again we choose a wavelength uniformly randomly on this

hop. This is repeated on subsequent hops. If, at some hop (other

than the first), there is no wavelength free which is in the pos-
sible subset of outgoing wavelengths, then we fall back to the
previous hop and choose a wavelength out of the free wave-
lengths minus the earlier chosen free wavelength/wavelengths
uniformly randomly. If we exhaust all the free wavelengths on
the first hop, and still cannot find any possible outgoing wav
length on some hop then we block the call.

Blocking Probabliity
Py
(=3

10*

T T T T T T

X UMITED (d = 1), sinutation
UMITED (d = 1), analysis

2 1 5. J I 1

15 2 %5 ¥ % LY
Total Offered Load (Edangs)

For the six-node example network (Fig. 3), we plot the grapki nodes and seven links.

for 16 wavelengths showing the performance of full, no, and

L3 L]

(Iaf}g. 6. Comparison of the results obtained through analysis and simulation for
limited wavelength conversion with degrée= 1 for the example network with

limited wavelength conversion. From Fig. 5, we see that the péiney match quite well. For the mesh network (Fig. 4), we con-

formance obtained by limited wavelength conversion with dsider 18 one-hop, 29 two-hop, 25 three-hop, and eight four-hop
greed = 1 is close to the performance of full conversion andoutes. We show graphs for 10 wavelengths. From Fig. 9, we
with degreed = 2 it almost matches the full wavelength connote that the blocking performance of limited wavelength con-
version performance. In Fig. 6, we show that our analysis resuersion with degreé = 2 is very close to that of full wavelength

for limited wavelength conversion with degrée- 1 is in good conversion. Our method gives accurate results for higher values
agreement with the results of simulations. In Fig. 7, we plot thaf d as well, for exampled = 3 as shown in [11].

curves for 16 wavelengths for a six-node ring network and with Table | shows path-wise blocking probabilities for the net-
conversion degre¢ = 2, we can virtually achieve the same perwork shown in Fig. 3. Simulation results are given as 95% con-
formance as that of full conversion. In Fig. 8, we compare thHelence intervals estimated by the method of batch means. The
results of our analysis and simulations fbr= 2 and see that number of batches is 20. We consider all the 15 possible routes
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Fig. 7. Average blocking probability in the six-node ring network versus  y¢* i ¥ L L 1 L I
the total offered load, fo€” = 16 wavelengths per link. The plot shows the 5 10 15 2 5 X ¥ L] &
analytically calculated values and simulation values for no, full, and limited Total Otfered Load (Erangs)

wavelength conversion with conversion degiee 1 andd = 2.

Fig. 8. Comparison of the results obtained through analysis and simulation for
limited-wavelength conversion with degrée= 2 for the six-node ring network.

and each link has a capacity of eight wavelengths. The total

Biocking Probablity

0

Fig. 9. Average blocking probability in the mesh network (Fig. 4) versus
the total offered load, fo€ = 10 wavelengths per link. The plot shows the

x

T T T T T

UMITED (d = 2), smuation
UMITED (d = 2), analysis

1 'l A1 1

analytically calculated values and simulation values for no, full, and limited
wavelength conversion with conversion degiee 1 andd = 2.

TABLE |
WE CONSIDER THENETWORK SHOWN IN FIG. 3WITH A TOTAL OFFEREDLOAD
OF SIX ERLANGS. ALL THE 15 ROUTES ARECONSIDERED SO EACH ROUTE
HAS 0.4 ERLANGS OFLOAD. THE DEGREE OFWAVELENGTH CONVERSION IS
d = 2. THE NUMBER OF WAVELENGTHS CONSIDERED IS8. R: ROUTES(SET
OF LINKS), L3 BLOCKING PROBABILITY OBTAINED BY USING SIMULATIONS,
L r: ANALYTICALLY CALCULATED BLOCKING PROBABILITY

R 5%

Lg(%)

2

} | (0.0155,0.0261)

0.0214

(0.0139, 0.0255)

0.0213

(0.0741, 0.0969)

0.0857

(0.0146, 0.0220)

0.0213

(0.0010, 0.0070)

0.0032

(0.0144, 0.0300)

0.0214

0.0000
0.0430
0.0247

(0.0000, 0.0000)
(0.0451, 0.0639)
(0.0174,0.0324)

-

% ) )
Total Oferad Load (Efangs)

0.1077
0.0247
0.1077
0.0430
0.1291
0.1287

(0.1035, 0.1229)
(0.0207, 0.0309)
(0.1054, 0.1288)
(0.0398, 0.0596)
(0.1261, 0.1761)
' | (0.1223,0.1631)

-

s

-

Wl N | W] a] N | =] OV AL B W D] =

N

ot | i

offered load to the network is six Erlangs add= 2. Since

the load is uniformly distributed on all the paths, each path haereased [4]. The graphs plotted also show that at higher load,
a load of 0.4 Erlangs. We observe that analytically calculatstmulation results match very well with the analytical results.
blocking probabilities are in good agreement with the simula- We have presented three examples to show the accuracy of
tion results. We have shown the result for low load as the calur analytical method in estimating the blocking probabilities.
culation of blocking probability using our algorithm becomen all these examples, limited conversion provides a marked im-
more accurate as the load is increased. The reason for this is irazement in the blocking performance of the network as com-
the algorithm presented in the paper is a reduced load algorithpared to no wavelength conversion. Furthermore, the perfor-
and it is well known that it gives accurate results as the loadnsance obtained by limited conversion with small values of the
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conversion degree, suchds= 1 ord = 2, is very close tothe  [4] S. P. Chung, A. Kashper, and K. W. Ross, “Computing approximate

blocklng performance of the network with fullwavelength con- bIOCklng probabllltles for Iarge loss network with State-dependent
. routing,” IEEE/ACM Trans. Networkingvol. 1, pp. 105-115, Feb.
version. 1093,

The only drawback of our analytical model for limited wave- [5] R. Ramaswami and K. N. Sivarajan, “Routing and wavelength assign-
length conversion presented above is that its computational re- ~mentin all-optical networks [EEE/ACM Trans. Networkingol. 3, pp.

. L ) o 489-500, Oct. 1995.
quirements are significant: exponential in terms of the number[G] H. Harai, M. Masayuki, and H. Miyahara, “Performance of alternate

of hops. The complexity of calculating the blocking probability routing methods in all-optical switching networksProc. |EEE
Lg is of the order ofO(CH), where H denotes the number INFOCOM 1997.

fh . eR. Th h h id | [7] S.Subramaniam, M. Azizoglu, and A. K. Somani, “All-optical networks
Oof hops In routek. us, when we have to consider a large with sparse wavelength conversiofEEE/ACM Trans. Networkingol.

number of wavelengths on each link, or when the diameter of 4, pp. 544-557, Aug. 1996.

the network is large, our method will be intractable. We note, [8] M. Kovacevic and A. Acampora, “Benefits of wavelength translation
however. that this computational complexity is the same as that in all-optical clear-channel networkdEEE J. Select. Areas Commun.
) p plexity vol. 14, pp. 868-880, June 1996.

of the model for no wavelength conversion [3]. Very recently, a [9] R. Ramaswami and K. N. SivarajaBptical Networks: A Practical Per-

method of significantly reducing the computational complexity _ spective San Francisco, CA: Morgan Kaufmann, 1998.
in th lenath nversion h been d ribed ELO] A. Sridharan and K. N. Sivarajan, “Blocking in all-optical networks,” in
in the no wavelength conversion case has been described By pi5c \EEE INFOCOM Mar. 2000.

Sridharan and Sivarajan [10]. The adaptation of this reducefl1] T. Tripathiand K. N. Sivarajan, “Computing approximate blocking prob-
Complexity model for the limited Wavelength conversion case abilities in wavelength routed all-optical networks with limited-range

. . . . . ' wavelength conversion,” iRroc. IEEE INFOCOM Mar. 1999.
considered in this paper, is the subject of future research.

IV. CONCLUSION

In this paper, we have proposed a method to calculate the
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